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1.1 BACKGROUND 

The problem of contaminated sediments is 
widespread in freshwater and marine systems 
throughout the world. Contaminated bottom 
sediments can have direct adverse impacts on 
boaom fauna. Contami,nated sediments can also 
be a long-term source of toxic substances to the 
environment and can impact wildlife and humans 
through the consumption of food or water or 
through direct contact. n e s e  impacts may be 
present even though the overlying water meets 
water quality criteria. As a result, something 
more than the traditional water and effluent 
quality-based control and monitoring approaches 
will be needed to protect and restore the quality 
of the Nation's rivers, lakes, estuaries, and 
embayments. 

in recognition of the significance of the 
problem, the U.S. Environmental Protection 
Agency @PA) has begun 8 comprehensive con- 
taminated sediment program. The effort began in 
1985, when EPA examined the potential national 
extent of sediment contamination using existing 
W m e n t  monitoring data from the EPA Storage 
and Retrieval System (STORET) database (Bolton 
e1 al., 1985). These data were compared to 
organic carbon-normalized threshold concen- 
uations calculated from existing water quality 
criteria using the equilibrium partitioning model. 
In 1986, the EPA formed the Sediment Criteria 
Technical Advisory Comminee to examine possi- 
ble approaches for deriving regulatory criteria for 
sediments. In 1988, EPA formed two oversight 
committees to take a comprehensive look at the 
whole range of contaminated sediment issues: the 
Sediment Oversight Steering Committee, which is 
responsible for overall management of the pro- 
gram, and the Sediment Oversight Technical 
Committee, which is oriented toward technical 
issues and is the implementation arm of the 
Steering Committee. These committees have 
prepared a draft outline describing EPA's Contam- 
inated Sediment Management Strategy and have 

formed working groups to focus on specific issues 
and approaches to sediment management. The 
committees are also sponsoring a number of 
activities aimed at providing basic information 
about contaminated sediment issues to persons 
within the Agency and to the interested public. 
This compendium of sediment assessment methods 
is one of the committees' products. 

An important initial step in addressing the 
contaminated sediments problem is the identi- 
fication of scientifically sound methods that can 
be used to assess whether and to what extent sedi- 
ments are "contaminated" or have the potential for 
posing a threat to the environment. ?he Sediment 
Oversight Technical Committee compiled this 
compendium of sediment assessment methods 
through the efforts of the committee members and 
others who are experienced in the state of the aft 
in sediment assessment. 

Many factors can affect the kinds and magni- 
tudes of impacts that contaminated sediments have 
on the environment. The sediment assessment 
tools vary in their suitability and sensitivity for 
detecting these different endpoints and effects. It 
is, therefore, important to properly match the 
assessment methods to the site- and program- 
specific objectives of the study being conducted. 
The sujte of wessrnenr methods presented in this 
compendium offers a rich repertoire of tools from 
which to select the most suitable tests for a given 
situation. 

Unfortunately, there simply is no single 
method that will measure all contaminated sedi- 
ment impacts at all times and to all biological 
organisms. This is the result of a n u m b  of 
factors, including environmental heterogeneity and 
associatad sampling problems, variability in the 
laboratory exposures, analytical variability, differ- 
ing sensitivities of different organisms to different 
types of contaminants, the confounding effects 
caused by the presence of unmeasured contami- 
nants, the synergistic and antagonistic effects of 
contaminants, and the physical properties of 
sediments. While one method will suffice for 
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some circumstances, it is often advisable to use 
several complementary methods rather than a 
single one. When several of these approaches are 
used together, they can provide additional insights 
into the nature and degree of sediment contamha- 
tion problems. The use of complementary assess- 
ment methods can provide a kind of independent 
verification of the degree of sediment contamina- 
tion if the conclusions of the different approaches 
agree. If the conclusions differ, that difference 
indicates a need for caution in interpreting the 
data since some unusual site-specific circumstaac- 
es may be at work. The importance of this type 
of verification increases with the significance of 
the decisions that must be made using the infor- 
mation obtained. In fact, the actual decision- 
making frameworks within which the compendium 
methods are used often include this verification in 
the concept of tiered testing. 

The assessment methods presented in tbe 
compendium are continually being refined and 
improved. Additional methods are also being 
developed. As these methods are developed and 
verified, they will be incorporated into future 
updates of the compendium. 

the most useful overall measures or predictors of 
ecological impacts currently in use rather than 
procedures that may have limited application 
outside of a particular regulatory @mework. 
Nevertheless, many of the methods presented in 
the compendium can be used as part of regulatory 
and/or remedial actions. 

Guidance on how to use the compendium 
methods in a decision-making framework will be 
provided in forthcaning documents and will likely 
include both chemical and biological methods in 
a tiered hierarchical framework suitable for testing 
various hypotheses and endpoints. Currently such 
a document has been prepared by the Sediment 
Oversight Technical Committee to summarize 
existing EPA decision-making processes for 
managing contaminated sediments (Managing 
Contaminated SedimenLF: EPA Decision-Making 
Processes, USEPA, 1990). The information 
provided in the compendium on the relative 
strengths and weahesses of the different assess- 
ment methods can provide assistance in selecting 
the appropriate methods. 

13 OVERVIEW 
1.2 OBJECTIVE 

This document is a compendium of scientifi- 
cally valid and accepted methods that can be used 
to assess sediment quality and predict ecological 
impacts. 

Some regulations require the use of certain 
types of tests (e.g., the Toxicity Characteristic 
Leaching Procedure under tbe Resource Conserva- 
tion and Recovery Act), criteria (e.& the limita- 
tions in the London Dumping Convention), and 
procedures (e.g., risk assessment under the Com- 
prehensive Environmental Response, Compensa- 
tion, and Liability Act). Additional guidance may 
be issued in the future to provide direction when 
addressing sediment contamination under particu- 
lar regulatory programs including these, or other, 
required tests and approaches. These other test 
procedures will not be presented in this compendi- 
um, however, because tbe intent here is to provide 

The compendium is organized in the following 
manner. The remainder of this chapter gives a 
broad overview of the assessment melhods in the 
compendium. The information is presented in 
tabular form to facilitate comparisons between the 
different methods. Chapter 2 outlines quality 
assurancelquaiity control, sampling, and analytical 
considerations that apply to all of the methods. 
Method-specific information is also provided 
where the procedures differ from the general ones. 

The remaining chapters give specific informa- 
tion on each of the sediment assessment methods. 
The information is organized in a consistent 
manner for each assessment method so the reader 
can readily compare the relative strengths, weak- 
nesses, and applicability of each method in order 
to select the best method(s) for a specific situa- 
tion. The information provided for each method 
includes the following: 

I -2 
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How each method is currently used or 
could be used, 

A detailed description of the method, 
including types of data, equipment, and 
sampling procedures needed; 

The applicability of the method to the 
protection of wildlife and humans; 

The utility of the method to produce 
numeric sediment quality criteria; 

The method's applicability to making 
different types of sediment management 
decisions; 

The method's advantages, limitations, 
costs, level of acceptance, and accuracy; 

The degree to which the method is actual- 
ly being used now; 

How well it is validated; and 

Its potential future uses. 

Extensive references are provided after each 
method in case any additional details are required. 
The names, addresses, and telephone numbers of 
the authors of the descriptions of each method are 
provided to facilitate additional follow-up. Given 
the limited level of detail in the compendium, use 
of these references is suggested for actual imple- 
mentation of the methodologies. 

The 12 sediment assessment methods de- 
scribed in the compendium are summarized in 
Table 1-1. The assessment methods can be 
categorized in many different ways. Differentia- 
tion could be made between numeric methods and 
descriptive methods. Numeric methods are chemi- 
cal-specific and can be used to generate numerical 
sediment qgality criteria (Sac) on a chemical-by- 
chemical basis. A potential drawback of desajp- 
tive metbods is that they are not chemical-specific 
and cannot be used alone to generate numerical 
sediment quality criteria for particular chemicals. 
On the other hand, descriptive methods can be 

used to directly assess the overall impact of all 
chemicals that may be present in a sediment, 
whereas it is difficult to use the chemical-specific 
methods to predict the combined effects of several 
chemicals. 

Another differentiation that is often made 
among different sediment assessment methods is 
whether they are based on tbe measurement of the 
concentrations of chemicals of concern or on the 
measurement of biological impacts. For methods 
that have ecological validity, this differentiation 
really applies only to the practical implementation 
of the methods rather than to their scientific basis 
since all ecologically valid methods must ultimate- 
ly be based on an ability to predict or measure 
biological effects. Many of the assessment meth- 
ods use both chemical and biological testing or 
observation. 

Yet another differentiating factor is whether 
the method uses interstitial water (pore water), 
elutriate, or bulk sediment (whole, including the 
solids and interstitial water). This difference also 
relates primarily to implementation rather than to 
a substantive scientific difference since the chem- 
istry of interstitial water and that of the bulk 
sediment ace closely linked. Except for contami- 
nants that might be transferred directly by inges- 
tion, interstitial water is the medium through 
which the contaminants in the bulk sediment are 
transferred to the affected organisms. 

Some of the assessment methods (which 
would be more accurately characterized as up- 
preaches) described in the compendium combine 
numeric and descriptive measures. For example, 
the Sediment Quality Triad (Triad) and Apparent 
Effects Threshold (AET) approaches employ bulk 
sediment toxicity testing, benthic community 
structure analysis, and concentrations of sediment 
contaminants. The Triad is botb descriptive and 
numeric, depending on its use. Typically, the 
Triad approach has been used in a descriptive 
manner to identify contaminated sediments. It has 
also been used, bowever, to generate criteria for 
several chemical contaminants. The International 
Joint Commission (UC) approach would be more 
accurately described as an assessment strategy 
since it employs several of the other sediment 
assessment methods in a tiered, comprehensive 
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Table 1-1. Some Charaderlstlcs of the Sediment Assessment Methods. 

Sodimmt Nothod 
(Chaptor Number) I 

Intomtitid Wder Tcukky 
(5) 

The toxidry of htersll(ial woter Is qunntiflsd nd identlllcsffqn .vduPtion progdur.8 are appIled to 
identily and quantify ct~emicpl aunpanmls responsible for sediment t&Xy. The pocedurm u e  
implemented in three phases to chu.de&e Interstitial wdsr taxicity, Identify the wspeded 
to-, and confirm toxhfd identifdon. 

A sediment quplity vpkrs for a given cont.minant b determined by calcukting the sediment 
concerdrdon of the wntaminant that would correspond to M interstitial water mcontmtbn 
equivalent to the U.S. €PA water quality vlterlon (or the contuninan!. 

Safe sediment conwntrations of specitic themicala u e  sstablihed by determining the Wimt 
chemical concentration thal will res& in wxeptabb tiuw residues. Methods to doriwo m p t -  
oble tisaw residues u e  based on chronic water q u d i  derla and bloconeenbation fodom, 
chronic doseresponse experiments or lisld correlationr, md humm heatlh risk kveh from the 

Equilibrium Pwtitioning 
(6) 

l iuw Residue 
m 

I consumption of frenhwoter fish or mafood. 
I 

Freshwater Benthic 
Muroitwerttebrate structure ud function. 

EnvironmentaJ degradation b measured by mkrdhg .Itemtiom h freshwater benthic canmunRy 

Commny StnJcIure 
and Fundion 

Environmental dogladsdim b measured by evdudng .Iter.tkm h m d n e  berdhk cunmunhy 



procedure. The Sediment-Testing Approach Used 
for Ocean Disposal is the tiered, comprehen- 
sive testing procedure developed by EPA and the 
U.S. Army Corps of Engineers (USACE) for 
determining the suitability of dredged material for 
disposal at designated disposal sites. The proce- 
dure is specified in Eva1ua:wn of Dredged Materi- 
al Proposed for Ocean Diposal-Teshg Manual, 
commonly referred to as the 1991 Green Book 
(USEPA/USACE, 1991). 

To facilitate the user’s selection of tbe.most 
suitable sediment assessment method, Tables 1-2 
through 1-5 highlight the major cbaracteristics of 
each method. Information from individual chap- 
ters that is useful in management decisions is 
presented in summary form and includes method 
descriptions and uses, data and sampling required, 
ability to generate numerical sediment quality 
criteria, and outlook for future use. More pointed- 
ly, the reader will learn what each method pre- 
dicts, what it assumes, how much it will cost, and 
why one might choose a particular method over 
another for a specific situation. 

Regardless of which of lhe compendium 
methods one uses, several considerations must be 

addressed: a sampling program a& to be 
designed; samples need to be collected, storad, 
and analyzed; and quality assuiance/quality control 
is needed throughout the process to debmine the 
uncertainty associated with the results of the 
assessment. Sampling design and QNQC issues 
will be discussed in Cbapter 2. 
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ments: EPA decision-making processes. U.S. 
Environmental Protection Agency, Sediment 
Oversight Technical Committee. EPA 506/6- 
90m2. 

USEPA/USACE. 1991. Evaluation of dredged 
material proposed for ocean disposal-Testing 
manual. U.S. Environmental Protection Agea- 
cy and U.S. Army Corps of Engineers. 





Table 1-2. Summary of Sediment Methods and Applications. (Continued) 

Sedlmont Memod current uw 

induced degradation. 
Ostormines numerical SOC. 

hpparent Eflsch Threshold Used by several programs to 
devsbp guldsllnes for patsctkn 
of aqudc IHe in Puget Sound. 

Abllhy to Generato 

Yes. Used for led, 
P A k ,  and PCBs. 

Yes. 

~ identifying pmbbm mas, 
i prbrltlzing and ranking 
ldegreded areas, Md 
predicting where degrada- 
tion will occur. 

ldentltyhg probbm mas, 
IdsntHying probbm dreml- 
cals in sediments, and 
focusing cleanup adMtlee. 
Screening sediments in 
reguiatoy programs. 

Intended as guidance for 
assessment of conteminadsd 
sediments in mS Great Lakes. 

Yes. 

AquaiC lifb dlrec#y, 
wildlife and human 
health diredly and 
IndirOCttY. 

Aquatlc Itfa. 
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Table 1-3. Summary of Sediment Methods and Sultablllty. 



Table 1-3. Summary of Sediment Methods and Sultabliky. (Continued) 

I I-. 

1-9 
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Table 1-3. Summaty of Sediment Methods and Suitabiltty. (Conbnued) 

MaMkrg bbkgi- Can be applied b 
c a l d c h e m h l  anysediment 
dnta from bbora- type oacunhrg in 
tory splkebsedl- freshwater. 
menl bkassays. estuarine, end 
egulibrlum pad- marlno wdl- 
tkningmodeh. ments. 
and Rdd s M h .  

soumconbd 
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Table 14. Summaty of Sediment Methods and Ease of Use. (Contlnued) 

Sediment QUAI& Straightfornard, Propa lmpbmentalkn Ernpbiul, tbld- W e .  
Trbd wiih a hlgh bvd d n q u l r e e  substanttl based nature d teat 

e-dkbe requlrd resourms. NoneUmbss. p r d d o s  deflnltivs 
to dbd dnb. a mstaffscffve method. prediarOn8 of 

tendency. 

1-13 



Table 16. Summary of Sedlment Methods and Extent of Use. 

Undrrddopment In 

dudltstbn by ASTM'r 

m m b .  

mspogssofstM. 

sodherd tmcki?y eub 

1-14 



Table 1-5. Summary of Sediment Methods and Extent of Use. (Continued) 

Envlronmant.l 
Sdlmml Y a W  AppllcabRIfy 

community wetar scosyslemr. 

TIhd 

agh; W necessary rspH- 
ales u e  obtained. 

Ext.nl ot U r  
Extrnl d 

Wld Vmlldatlon 

1-15 
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Table 14. Summary of Sediment Methods and Extent of Use. (Continued) 

Wghty Wpllcabb to the I Interpretation ol 
On- the minimum 
number of det. sob b 
determined to devdop 
conshtenl guidsllms. Um 
varleblllty Is mlnhd. 
Accuracy In predkUq 
toxkity has no1 been 
dstamlned. 

1-16 



3 Quality Assurance/Quality Control, 
Sampling, and Analytical Considerations 

The purpose of this chapter is to provide a 
brief introduction to some of the most important 
terms and concepts that are integral to the design 
of an adequate program for sediment sample 
collection, handling, and analysis. This chapter is 
intended only as a general guide to sediment 
sampling and sbould not be used as an instruction 
manual for collecting samples. The subjects 
mentioned will not be dealt with in an exhaustive 
manner. The  reader is referred to the references 
cited in this chapter for more complete guidance 
on the particular techniques. 

2.1 ESTABLISHING DATA QUALITY 
OBJECTIVES 

Fundamental to the process of designing a 
stcdy is the establishment of data quality objec- 
tives (DQOs). Tbe most carefully collected and 
analyzed data are of no use if the data collected 
are insufficient or of the wrong type. To avoid 
either of these and other potentially m t l y  errors, 
EPA has initiated the use of the DQO Process. 
The DQO Process is a management tool designed 
to help data users and data collectors design the 
best sampling strategy to reach their objectives 
while minimizing resource requirements. It is a 
multistep, systematic approach to data collection 
that enables the manager to refine goals and 
objectives and help answer the question, "How 
much data is enough?" As the steps of the DQO 
Process are followed, the decisions made in 
previous steps should be reviewed to ensure 
consistency and cohesiveness. 

The first step in the process is to specify the 
problem and identify limitations of time or re- 
sources on the data-collection effort. This process 
allows one to evaluate his or her current knowl- 
edge base of the problems and identify all avail- 
able resources. The next step is to identify what 
decisions or activities will be made based on the 

data. The answer to this question is vital to 
ensure the collection of the right type of data. 
'Ihe decision goals should be as narrow in scope 
as possible, and considerable effort may be re- 
quired to defiie them properly. 

The third step involves identifying all vari- 
ables needed to make a decision. This step 
focuses on eliminating the potential measurement 
or coliection of dah that may not actually be used 
in the decision-making process. The next step 
requires the data collector to set or define the 
boundaries of the study, including the population, 
wbich could consist of people, objects, or media, 
and the boundaries on the population, including 
space, time, and area. 

Developing a decision rule, or how the data 
will be used and summarized, is the next step in 
the process. This step involves desaibing how 
the study results will 'be compiled or calculated 
and defining the decision rule in an "If ..., then ..." 
format. The statement should incorporate the 
study results as "If the results are this, then the 
action should be this." For example, "If PCB 
levels in fish are greater than 2 ppm, then a f s h  
consumption advisory will be issued." This step, 
along with the others, helps define the data collec- 
tion effort by identifying the data needed to fulfill 
the decision rule. 

A very important step in the DQO Process is 
specifying the limits of uncertainty acceptable in 
the data. Thke limits can be expressed as accept- 
able false-positive and false-negative error rates 
for the decision. These error rates must be based 
on careful consideration of the consequences of 
incorrect conclusions being drawn from the data. 
The definitions of false-positive and false-negative 
errors vary with the decision being defined. If a 
decision to take regulatory action is being made, 
a possible false-negative enor could result in no 
action being taken because incorrect data results 
indicated there was no problem. The opposite 
could also occur, where a false positive error 
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resulb in regulatory action being taken when no 
problem exists. It is essential that the potential 
consequences to economic, health, ecological, 
political, and &cia1 issues be considered when 
deciding on amptable false-positive and false- 
negative error rates. Tbis step may involve the 
consultation of a qualified statistician. 

Finally, all steps in the DQO Process should 
be reviewed to design the most efficient sampling 
study. Considerations including cost, time, de- 
fined boundaries, the decision rule, and all other 
factors defined and specified during the DQO 
Process should be incorporated. 

One can refer to "Planning Issues for Super- 
fund Site Remediation" in Haurrdous Material 
Conrrol (Ryti and Neptune, 1991) for an excellent 
example of applying the DQO Process to an actual 
situation. 

Quality assurance and quality control are 
integral components of every aspect of a pro- 
gram's activities. The collection of reliable data 
is contingenl on the use of and adherence to a 
good. Quality Assurance Project Plan; the devel- 
opment of a sound sampling study is contingent 
on the use of the DQO Process; and use and 
implementation of the DQO Process is contingent 
OD a Quality Assurance Program Plan. 

2.2 SAMPLING DESIGN 

2.2.1 Test, Reference, and Control Sediments 

in sediment quality evaluations, there is a 
substantial precedent for using comparisons 
between sites rather than comparison of testing 
results to an independently set numerical bencb- 
mark. This is the result of a number of fadors 
including the standard procedures used in biologi- 
cal testing, the paucity of scientifically acceptable 
numerical sediment quality criteria or standards, 
and the long-standing "nondegradation" philoso- 
phy used in evaluating the acceptability of 
dredged material for open-water disposal. The 
degree of sediment contamination in a particular 
area is often evaluated by comparing the strudure 
of benthic communities, levels of pollutants, or 
bioassay test results in sediments colleded from 

the area being investigated with those in the 
surrounding area. The terms used to describe the 
different sediments in the comparisons are lest 
sediments, conhol sediments, and reference 
sediments. 

As used in sediment assays and assessments, 
a test sediment is sampled from the area whose 
quality is being assessed. A ronlrol sediment is 
a pristine (or nearly so) sediment, free from 
localized anthropogenic inputs of pollutants with 
contamination present only because of inputs from 
the global spread of pollutants ( L e  er al., 1989). 
A control sediment is fully compatible with lhe 
needs of the organisms used in the assay, is 
known to not cause toxicity, and is used primarily 
to verify the health of the test organisms and the 
acceptability of the test conditions (USEPANSA- 
CE, 1991). The control sediment may be artifi- 
cially prepared in order to achieve sufficient 
volumes of a known and consistent quality for use 
in standard testing and for culturing test organisms 
(ASTM, 1990). 

A reference sediment, on the other hand, is 
collected from a location that may contain low to 
moderate levels of pollutants resulting from both 
the giobal inputs and some localized anthropogen- 
ic sources, representing the background levels of 
pollutants in an area (Lee er 41, 1989). The 
reference sediment is to be as similar as possible 
to the test sediments in grain size, total organic 
carbon (TOC), and other physical characteristics 
(Lee et of., 1989; USEPA/USACE, 1991; ASTM, 
1990). Tbe physical environment of the reference 
site should also be as similar as possible to that at 
tbe sites where the test sediments will be collect- 
ed. T h i s  is especially significant for benthic 
community structure comparisons, since communi- 
ty strudure can be very significantly affected by 
water depth, physical transport processes such as 
waves and currents, sediment grain size, and the 
presence of organic debris. 

As used in dredged material assessment, the 
iesults of assays or evaluations on the test sediments 
are compared to those obtained from reference 
sediments to determine whetha the test sediments 
are contaminated. In contrast, the results of assays 
or evaluations using the control sediments am 
usually compared only to past results using thase 
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same control sediments to ensure tbat the tes%@g-eP'for* a1 sis _gether with some .observation" 
was free of some extraneous factors that may h a v e W p l e m 2 n t  ihe analytical results. 
affected tbe reliability of tbe test. Depending-on the 
study objectives, however, controls can also be used 
as a benchmark against which to compare test 
sediments to determine the relative degree of con- 
tamination of sediments collected from different 
sites (ASTM, 1990). 

A clear understanding of h e  end uses of the 
data is essential in the establishment of an appro- 
priate sampling program. A cost-effective study 
for a qualitative overview of potential mntaminat- 
ed sediment impacts will differ markedly from one 
whose purpose is to make statistically-based 
numerical comparisons with criteria or indexes, or 
to reference sites. 

Sediment sampling programs are most often 
undertaken to achieve one or more of the follow- 
ing objectives: 

m To fulfill a regulatory testing requirement: 

B To determine characteristic ambient lev- 
els; 

To monitor trends in contamination levels; 

To identify hot spots of contamination; or 

To screen for potential problems. 

These different objectives will lead to differ- 
ent sampling designs. For example, a study for a 
dredging project may have a specific set of guide- 
lines on sampling frequency, sample site selection 
methodology, and other parameters already deter- 
mined by existing specific guidance. The design 
for a study to determine ambient lcvels will strive 
to obtain uniform, random coverage of an area 
&rough the collection of samples from a relatively 
large number of sites. The design for a study to 
track sediment contamination trends will expend 
iu resources to sample fewer sites but more often. 
A study to identify hot spots would concentrate 
efforts on fewer sites within zones most likely to 
be contaminated, while an initial screening study 
might take very fcw, randomly distributed samples 

Available- information about the area to be 
sampled and its surroundings should be used in 
determining the final sample design. Knowledge 
about bottom topography, currents, areas of dredg- 
ing and the frequency of dredging, locations of 
point and nonpoinl sources of contaminants, 
distribution of grain sizes, and other factors can 
provide the basis for determining wbicb of tbe 
sampling designs a use (e.g., Are there reasons to 
expect localized hot spots of contamination?) and 
where to place sampling locations (e.g., Which 
parts of the area are likely to be similar enough to 
group into tbe same strata?). Preliminary surveys 
of an area using deptb-sounding and sediment- 
profiling equipment can prove invaluable in 
delineating vertical and horizontal distributions of 
sediments (UC, 1988). This infomation can be 
helpful in planning sediment sampling methods 
(grab samples or core samples) and sample site 
selection (grouping similar areas into strata, 
identifying likely locations of hot spots). 

The methods most often used for selecting the 
sample collection sites are bapbazard, worst-case, 
random, stratified random, and exhaustive 
(Higgins, 1988). 

2.2.1. I Haphazard 

The haphazard method, whereby one seleds 
sampling sites based on whim or ease of imple- 
mentation rather than science or howledge, really 
reflects the lack of a design. This method has no 
validity and should not be used. 

2.2.1.2 Worst-case 

The worst-case sampling design is based on 
knowledge regarding the presence and distribution 
of potential sources of sediment contamination in 
an area. It is usually considered cost-effective as 
long as the study objectives are being met. An 
inherent problem with this design is that it results 
in an incomplete characterization of an area and is 
not statistically robust. However, it can be useful 
as an initial survey to determine the potential for 
a contarnination problem, wbicb would be fol- 
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lowed up-mplete sampling later, if 
needed. The effectiveness of this technique 
depends on the availability of reliable historical 
information on contamination, sources, bathyme- 
try, currents, and other kctors. 

2.2.1.3 Rlurdoon 

The random sampling design is mast useful 
for cases where little is known about the likely 
distribution of sediment contamination or souras, 
or when available information indicates a high 
degree of homogeneity in an area. The area to be 
sampled is divided using a grid system. Samples 
are distributed within the grid randomly, wilb each 
location having an equal probability of being 
sampled. The number of samples is selected 
statistically based on the requirements of &e 
survey and the acceptability of false-positive or 
false-negative results. This design yields statisti- 
cally sound results. 

2.2.1.4 Stratifid Random 

The stratified random design is a variation on 
the previous two designs. Available information 
is used to identify different zones that are likely to 
be similar in degree of contamination or other 
characteristics. Samples sites are then randomly 
selected within the different zones. This design 
also yields statistically reliable results. 

2.2.1.5 Erlraushve 

In the exhaustive design, an area is subdivided 
into equal-sized units, each of which is tben 
sampled. This design yields a very complete 
characterization. However, this design is usually 
very costly because of the large number of sam- 
ples that need to be collected. 

2.2.2 Numbers of Samples 

Statistics c8n be used to determine the number 
of samples 'needed. To use statistics in this way, 
one needs to decide what comparisons will be 
made with the resulting data and what will be the 
desired statistical power of the comparisons (Le., 

at what level of confidence will resulting differ- 
ences be tested). In addition, one needs some 
infomation about the inherent eavironmeatal 
variability in the area (Le., the likelihood that an 
observed difference is due to an actual difference 
in contamination rather than just the natural 
heterogeneity in sediment or benthic population 
characteristics in the area). 'Ihere are many 
different statistical approaches to estimating the 
number of samples required and to interpreting the 
hulting test results. Excellent reviews of statisti- 
cal designs and interpretation are given by Baudo 
(1990) for sediment physical and chemical testing 
and by Downing and Rjgler (1984) for benthic 
community structure evaluations. 

In practice, constraints on resources often 
preclude the use of a purely statistical approach to 
determining the number of samples and some 
form of a oost-benefit approach is often used to 
arrive at a reasonable compromise between statis- 
tical power and b e  cost of the study. One of the 
major advantages of the tiered approaches for 
testing and assessment is the cost savings that 
results when information is collected relatively 
inexpensively initially and additional resources are 
expended only when the infomation collected 
(hus far is insuffaent to make a deasion. 

Guidance on how b select a costeffedive 
approach is usually provided in very general 
qualitative terms as to the factors that should be 
considered in arriving at a decision (USEPN 
USACE, 1991; Higgins, 1988; Plumb, 1981). 
Decisions are largely subjective. However, re- 
searchers at EPA's Environmental Researcb 
Laboratory (ERL)-NanagansettMewpowport recently 
developed a four-step procedure to determine the 
optimal cost-effective sampling scheme f a  marine, 
benthic community assessment (USEPA, undated). 
The procedure begins with an initial limited 
sampling using two or more sampling schemes at 
paired sites (test and reference sites). ?be "costs" 
in time and money are assessed for each sampling 
scheme. Next, a statistical power analysis is 
conducted to calculate the number of replicate 
samples needed to acbieve a desired degree of 
statistical 'power" for each sampling scheme. 
Finally, the powerast  efficiencies of the alterna- 
tive sampling schemes are. calculated and the 
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optimum scheme is selected as the one with the 
bighest power-cost efficiency. 

2.3 QUALITY ASSURANC4QUALITY 
CONTROL 

Quality assurance and quality control (QN 
QC) are essential to the production of environ- 
mental monitoring data of known and documented 
quality in a cost-effedive manner. QNQC should 
be an integral part of the process of study design, 
execution, and data evaluation and interpretation. 

All EPA data-collection programs have irnple- 
mented Quality Assurance Program Plans designed 
and overseen by their management to ensure the 
quality of all activities for which their organiza- 
tion is responsible. These programs address all 
quality assurance issues in regard to policy, 
planning, review, and implementation. QA Pro- 
ject Plans are a vital part of the QA Program Plan. 
A QA Project Plan is a project-specific guidance 
compiled to encompass all aspects of the sam- 
plingbnalytical effort. The preparation of a QA 
Project Plan is often met with unneceSSary trepida- 
tion. A QA Project Plan is simply a written 
record of the plans that must be made and fol- 
lowed in executing a study. A QA Project Plan 
provides detailed documentation of all facets of 
how and why a particular study will be undertak- 
en. The Plan also describes the alternative actions 
that wiil be taken in the event that things do not 
go according to the original plans. Once all of the 
purposes and procedures of the proposed study are 
recorded in a QA Project Plan, the Plan can be 
improved or modified, if needed, through reviews 
by persons knowledgeable about different aspects 
of the study (e.g., chemical analysis, sampling 
logistics, navigational positioning, sample preser- 
vation techniques). 

Because the QA Project Plan is a vital tool for 
h e  datacollection process, it is essential that all 
personnel involved in the projecl read and under- 
stand the Plan and that the Plan be available for 
reference throughout the project to ensure proper 
implementation. 

QA Project Plans are important for legal as 
well as scientific reasons. QA Project Plans are 

required for all EPA-associated projec!s (EPA 
Order 5360.1). QA Project Plans become part of 
contracts that are issued to undertake studies (40 
CFR, Part 15). Futthermore, nonadherence to the 
Plan could result in the data being unusable for 
court proceedings or regulatory decisions. 

The QA Project Plan is just as important after 
the study is completed and the data are being used 
to make an evaluation or decision. Tbe Plan 
provides the information needed to assess the 
degree of confidence one can place in the data, as 
well as the comparability of the data collected in 
a particular study with those corn another study. 
A common problem that managers and scientists 
have with using existing data is not that the old 
data are unreliable, but that the data are of un- 
known reliability. 

23.1 QNQC Terminology 

A number of important concepts and terms 
need to be defined to develop an understanding of 
what makes up an adequate QNQC program 
(USEPA, 1983; Delbert and Stark, 1985). 

Accuracy is defined as the difference between 
a measured value and the assumed or expect- 
ed value. Accuracy in percent is 100 minus 
the total error, which is composed of bias and 
random errors. 

Bias is the systematic distortion of a measure- 
ment process that adversely affects the repres- 
entativeness of the results. Bias can result 
from the basic sampling design, the kind of 
equipment used to collect the samples, the 
sample-handling procedures, and poor recov- 
ery of the analyte. Because bias is systematic, 
its magnitude can be predicted if proper QA 
procedures are being used in the field and 
laboratory. 

Compurabil& iS the measure of confideace 
one has in being able to compare one data sa 
with another. Comparability is inaeased if 
similar field and laboratory methods were 
used and decreased if different or unknown 
(undocumented) methods were used. Compa- 
rability between different laboratories can be 
evaluated through the use of inter-laboratory 
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comparisons, or "round-robin" studies, where- 
in standardized samples are analyzed by each 
of the participating laboratories. 

Completeness is the amount of valid data 
obtained (i.e., that met QA/QC acceptance 
criteria) compared to the planned amount 
Completeness is usually expressed as a per- 
centage. 

Dorcr quality refers to the sum of all features 
and characteristics of the data that determine 
its capability to satisfy the objectives of the 
data collection. 

Data quclliry indicators are quantitative statis- 
tics and qualitative descriptors that are used to 
interpret the degree of acceptability or utility 
of data to the user. Data quality indicators 
include bias, precision, accuracy, comparabili- 
ty, completeness, and representativeness. 

Data quality objectives (DQO) are statements 
of the overall uncertainty that a decision- 
maker is willing to a d p t  in results or deci- 
sions derived from the data; and they provide 
the framework for tbe data-collection effort. ' 

Duplicate samples are two samples taken 
from and representative of the same popula- 
tion and carried through all the same steps of 
sampling, storage, and analysis in an identical 
manner. 

Field blank is a clean sample (Le., distilled 
water) carried to the sampling site, exposed to 
sampling conditions, and returned to the 
laboratory and treated as an environmental 
sample. Field blanks are used to try to assess 
contamination problems caused by conditions 
in the field, including contamination of the 
sampling device, sample containers, shipping 
containers, etc. 

Measwemen2 error is the difference between 
the true sample values and the reported values 
and can occur during analysis, data entry, 
database manipulation, or other steps. 

Method sedv@yfmethod delection b i t  
defines the lower limits of reliable analysis of 
a particular parameter inherent in the use of a 
particular test method. n e  method detection 
Limit is the minimum coocentratioh of a 
substance that can be measured with 99 per- 
cent confidence that the analyte concentration 
is greater tban zero in a particular medium (40 
CFR Part 136, Appendix B). 

Precision is the degree of consistency among 
duplicale/replicate measurements. 

Qual@ CLsSllrance is an integrated program 
for ensuring the reliability of monitoring and 
measurement data. It includes the wellde- 
fined plans and procedures for how to ensure 
the production of sumcient data of known and 
documented quality, including monitoring how 
well QC procedures are actually being imple- 
mented. 

Qual& control is the routine application of 
procedures for obtaining prescribed sbndards 
of performance in the monitoring and mea- 
surement process. It is the actual implementa- 
tion of tbe QA plan, effected through mea- 
surements of data quality through tbe use of 
blanks, spikes, etc. Quality control consists of 
both internal and external checks including 
repetitive measurements, internal test samples, 
interchange of technicians and equipment, use 
of independent methods to verify findings, 
exchange of samples and standards among 
laboratories, and use of standard reference 
materials. 

Random ermr is nonsystematic (and, there- 
fore, unpredictable) error that can occur dur- 
ing any part of the sample collection, han- 
dling, and analysis. Hopefully, random errors 
are normally distributed with a mean of zero 
so that the overall evaluation will not be 
affeaed even though individual measurements 
will be affected. 

Representativeness is the degree to which the 
data accurately and precisely represent !he 
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parametcr or condition being sampled. Repre- 
sentativeness is affeded by sampling design 
(e.g., number of samples, method of selecting 
sampling sites), as well as analytical sampling 
accuracy and precision. 

Sampling error is the difference between the 
sampled value and the true value, and is a 
function of natural spatial and temporal vari- 
ability and sampling design. It also includes 
error due to improperly selected/colleckd 
samples or improperly gathered measurements. 
Sampling error is more difficult to control 
than the other type of error, measurement 
error, and typically accounts for most of the 
total error. 

Uncertcrino is the total variability in sampling 
and analysis including systematic error (bias) 
and random error. 

Duplicates, spikes, and blanks are all used to 
assess the quality of the data, to identify any 
systematic problems, and to isolate the sources of 
such problems. 

2.4 SOURCES AND SIGNIFICANCE OF 
MONITORING ERROR 

To increase the accuracy, precision, and 
representativeness of the data collected in a sedi- 
ment assessment study, it is important to be aware 
of and minimize two types of error thal can be 
introduced into sediment contaminant concentra- 
tion data: bias and scatter. Sources of bias in 
sediment studies include the actual heterogeneity 
in the distribution of contaminants in the sedi- 
ments, the sampling ,design (number of samples, 
method for selecting sampling sites), the sampling 
method, the sample preparation procedures, and 
the testing methods. 

Factors that tend to make sediment contami- 
nants distribute themselves heterogeneously 
include the differences in the density of tbe bulk 
contaminant (e.g., sinking versus floating); differ- 
ences in the affinity of the contaminant for parti- 

cles as a function of particle size, organic carbon 
content, etc.; particle sorting as a function of 
water currents and particle size; lateral mixing of 
water and sediments as a fundion of flow or 
distance downstream of the sources; resuspension; 
bioturbation; and biouptake. 

The objective of a well-designed sampling 
program is to minimize the introduction of data 
artifacts associated with the sampling plan, sample 
collection, sample preparation, and sample analy- 
sis while revealing the actual contaminant concen- 
tration profile in space as a function of time. A 
plan that requires pFeferentia1 sampling of areas 
!bat are devoid of aquatic life will likely be biased 
toward high toxicant concentrations, resulting in 
an unrepresentative horizontal spatial sediment 
contaminant profile. Artifactual variability can be 
introduced if the number and size of the samples 
are inappropriate to the scale of the system under 
investigation, yet the sampling sue has to be 
balanced against cost. 

With mped to bias due to sampling method, if 
certain core samplers are used to quantify the 
vertical distribution of a sediment mntaminant, for 
example, the actual vertical profile is likely to be 
distorted -use tbe absolute vertical relationship of 
contaminant concentrations is lost due to differential 
compression of the sample during coring. Another 
example of SampIing method bias occurs when a 
grab sampler is used to collect the surficial sediment 
sample. The potential disproportionate 1 0 s  of fine 
particles from the grab during the drop, closing, and 
withdrawal phases of sampling can result in an 
underquantification of the contaminant surfiaal 
concentration if the contaminant is preferentially 
concentrated on the fines. 

Regarding sample preparation bias, a sample 
preparation procedure that transforms, loses, or 
destroys one member of a homologous series (e.g., 
PCBs, PCDDs, or PCDFs) will not only result in 
an underquantification of the total concentration 
for that toxicant category, but will also misrepre- 
sent the relative proportions of the isomers. 
Analytical method bias can result from the inabili- 
ty Lo separate complex mixtures into individual 
constituents (interference), thus resulting in the 
misidentification or misquantification of a toxi- 
cant; from differences in the sensitivity of the 
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detector for a particular pollutant Over the range of 
concentrations encountered in the sediment (non- 
linear responses); or from poor or varying m v -  
ery of the analyte. 

Analytical variability arises primarily from the 
compounded uncertainty associated with the 
tolerance on each of the components and steps of 
the wet or electronic methods of sample prepara- 
tion (aliquot selection, weighing, drying, grinding, 
sieving, etc.) and analysis. 

-%. 

25 COMPONENTS OF A QUALITY 
ASSURANCE PROJECI' PLAN 

As mentioned previously, a QA Project Plan 
clearly documents the participants' responsibilities; 
what will be done; why it is being done; the 
desired accuracy, precision, completeness, and 
representativeness of the resulting data; who will 
report what information to whom; and what will 
be done in the event something goes wrong. 
Rather than attempting to desaibe the actual 
components of a QA Project Plan in any detail 
here, an example of the table of contents from a 
recent plan is presented in Figure 2-1. In addi- 
tion, actual QA Project Plans from projects similar 
to the one being planned can be extremely useful 
in suggesting the important issues to consider. 
For detailed guidance on preparing QA Project 
Plans, one should refer to Interim Guidelines and 
Specificatwns for Preparing Quality Assurance 
Project Plans (USEPA, 1980). Some good 
examples of actual sediment assessment Quality 
Assurance Project Plans include Burton (1989), 
Crecelius (1990), and Valente and Schoenhen 
(1991). 

2.6 SAMPLE COLLECTION AND 
HANDLING 

2.6.1 Sampling for Physical mod Chemical 

2.6.1.1 Sample Collection Methods 

Analyses 

n e  most appropriate device for a specific 
study depends on the study objectives, sampling 

conditions, parameters to be analyzed, and costef- 
fectiveness of the sampler. There are basically 

samples: dredges, grab samplers, and wrers 
(Baudo, 1990). 

A h d g e '  is a vessel that is drag@ auotss 
the bottom of the surface being sampled, collect- 
ing a composite of surface sediments and associat- 
ed benthic fauna. Dredge samplers are more 
commonly used to sample sediments in marine 
waters than in fresh water. This type of sampler 
is primarily used for oolleding indigenous benthic 
fauna rather than samples f a  analyses or assays. 
Because the sample is mixed with (be overlying 
water, no pore water studies can be made of 
dredged samples. Additionally, because the walls 
o€ tbe dredge are typically nets, they act as a sieve 
and only the coarser material is trapped, resulting 
in the loss of frne sediments and water-soluble 
compounds (ASTh4, 1990). Resulls of dredge 
sampling are considered qualitative in nature since 
it is difficult to determine the actual surface 
sampled by the dredge. 

Crab samplers have jaws that close by a 
trigger mechanism upon impact with the bottom 
surface. Grab samplers offer the advantage of 
being able to collect a large amount of material in 
one sample, but they have the disadvantage of 
giving an unpredictable depth of penetration. 
Grab samplers are recommended wben sampling 
is being performed for routine dredging projects 
because the sediments are continually disrupted by 
marine traffic, bornogenizing the sediments that 
have accumulated since the last dredging (Plumb, 
1981). 

A core sampler is basically a tube tbat is 
inserted into the sediment by various means to 
obtain a cylinder or box sample of material at 
known depths. Corers can be simple, hand-oper- 
ated devices used by scuba divers, or they can be 

three types of devices used to collect sediment 
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large, costly, motor-driven mechanisms that can 
collect samples from great depths. A few types of 
corers include a gravity corer, which uses weights 
attached to the head of the sampling tube to push 
the tube into the sediment; a piston corer, which 
is similar to a gravity corer but also has a piston 
inside the tube that remains stationary during sedi- 
ment penetration and aeates a vacuum that belps 
pull the sampler into the sediment; a vibra-corer, 
which is like a gravity corer except with a vibrat- 
ing head atbcbed to enhance penetration; and a 
multiple corer, which is an array of plastic tubes 
attached to a frame, allowing for the collection of 
several samples at the same location. Because 
gravity corers can compact the sample and distort 
the vertical profile, a piston corer or vibracorer is 
recommended to minimize sample compaction. 
T h e  wrer that disturbs the sediments the least is 
a box corer. Instead of being cylindrical, it is a 
large box-shaped sampler that is deployed inside 
a frame. After the frame is brought to rest on the 
bottom, heavy weights lower the open-ended box 
into (he sediment. A bottom door then swings 
shut upon retrieval to prevent sample loss. The 
advantages of the box corer include its ability to 

' collect a large amount of sample with the center 
of the sample virtually undisturbed. Corers are 
not generally recommended for use in sandy sedi- 
ments since they have difficulty retaining the 
sample upon withdrawal. 

A comparison of the general characteristics of 
various commonly used sediment-sampling devic- 
es for chemical, physical, and biological studies is 
given in Baudo (1990); Plumb (1981); Downing 
and Rigler (1984); and ASTM (1990). 

2.6.2 Sample Handling, Contalners, 
Preservation, and Holding Times 

2.6.2.1 General Requirements 

Roper handling of tbe samples is essential to 
preserve the sample integrity and the validity of 
the results. Mishandling of samples at any stage 
of the sample-collection process could distort 
analytical results, wasting the effort and expense 
of the sampling survey. Some of the basic con- 

siderations in sedime$iLqnp&dndg include 
the following (Plumb, 1981): 

It is essential that noncontaminated sam- 
pling devices are used and that obvious 
sources of contamination such as exhaust 
fumes from the collecting ship, lubricating 
drilling fluids, and powder kom surgical 
gloves be eliminated. 

Sampling devices should be washed be- 
tween samples witb an appropriate series 
of cleansers and solvents to prevent cross- 
contamination from one sample to the 
next. 

Analysis for different parameters requires 
different storage containers to ensure 
noncontamination and to prevent degra- 
dation of the sample. Basic N~CS for 
containers include using plastic or glass 
containers for metal analysis, glass am- 
tainers for organic analysis, and glass or 
plastic for inorganic analysis. Since no 
set guidelines have been determined for 
sediment sampling, a g o d  general rule to 
follow is to use containers recommended 
for water testing. 

A reliable and identifiable sample-labeling 
process should be used. 

Sampling containers should be filled to 
capacity, allowing only enough air space 
for possible expansion of the sample 
resulting from the preservation technique 
(e.g., freezing) to eliminate or greatly 
reduce oxidation of the sample (USEPA/- 
USACE, 1991). Sample containers for 
volatile organics analyses should be filled 
completely, allowing no beadspace. 

Preservation methods are inteaded to maintain 
the integrity of the sample by limiting the deterh 
ration or alteration of a specified parameter by 
hydrolysis, oxidation, and/or biological activity 
wbile the sample awaits analysis. Methods are 
basically limited to pH control, chemical addition 

~ 
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or fuation, sample “extraction~r’4i-sota~~n~or,b 
temperature control. Preservation steps should be 
initiated immediately after collection of the sample 
since significant alteration of the sample can occur 
in the fmt few hours after sampling. Immediate- 
ly after collection, sediment samples are typically 
kept on ice or refrigerated. Upon amval at the 
laboratory, samples are usually preserved by 
drying, freezing, or cold storage (AS“%¶, 1990). 

The type of preservation required will depend 
on the parameters being tested. For example, if 
the sediment is to be tested for both bulk metals 
and particle size, either two samples should be 
collected or the sample should be split, since it is 
recommended that samples for bulk metal analysis 
be preserved by dry ice and stored at less than 
-20°C, whereas samples to be analyzed for particle 
size should be refrigerated at 4OC (USEPA/ 
USACE, 1991). For this reason, it is essential to 
know which tests are to be performed, or poten- 
tially performed, on the samples in advance to 
allow for additional sample collection or splitting 
of samples as needed to comply with differing 
sampling, handling, and preservation requirements. 

method for preserving sediment samples for most 
chemical analysis, although sediments to be used 
for particle size determination, volatile organics, 
and toxicity testing should not be frozen (ASIU, 

Freezing appears to be the generally preferred . 

1990). 

2.6.2.2 Requirements for Specific Analyses 

There are basically four ways to analyze 
chemical and pbysical parameters of sediments: 
bulk analysis, standard elutriate test, fractionation 
procedures, and physical analysis. Brief desaip- 
tions of these types of analyses follow, along with 
any special sample handting procedures, contain- 
ers, or preservation techniques needed. 

Bufk anufysis allows one to evaluate the total 
concentration of a parameter within a sediment 
sample or the toxicity of the whole sediment. 
Most chemical parameters are evaluated by bulk 
analysis. In general, the collection container and 
preservation and storage method are dependent on 
the parameter to be tested. Bulk analysis samples 
can be stored wet, airdried, or frozen. If trace 

organic conmtuents are to be analymi, a glass 
container should be used to store the sample. 
When presaving and storing samples, one ntads 
to take into consideration that other parameters 
could cbange as a result of oxidation, volatiliza- 
tion, OT cbemical instability -(Plumb, 1981). 

Efubiute tests indicate the ability of chemical 
constituents to migrate from the solid phase to the 
liquid phase. An elutriate sample is prepared by 
mixing 01 shaking sediment and water in pn -  
scribed proportions for a prescribed period of time 
and separating the liquid fraction by filtration 
and/or centrifugation. Tbe liquid fraction, the 
elutriak, is then analyzed by methods used for 
analysis of water samples. Sediments to undergo 
elutriate testing should be stored wet, at 4 O C ,  in 
airtight containers and should be tested as soon as 
possible following sample collection. If trace 
organic analyses are to be performed, glass con- 
tainers with Teflon lids are required for storage 
(Plumb, 1981). 

Fmctionah’on procedures provide information 
on the distribution of constituents. Tbe samples 
are extracted multiple times using a series of 
extractants and procedures, thereby isolating 
specific pollutants or classes of pollutants. Pore 
water extraction is a form of fractionation where- 
by the interstitial water in the whole sediment 
sample is extraded by squeezing or centrifugation. 
The resulting water sample can be used in chemi- 
cal and biological tests. To date, fractionation has 
been used primarily for research. As a result, 
most agencies do not subject their sediment 
samples to fractionation procedures (Plumb, 1981). 
However, some fractionation tests, such as the 
toxicity identification evaluation (TIE), a fraction- 
ation procedure to isolate the toxic component of 
a sample, are beginniag to be used to make 
decisions regarding regulatory actions and remedi- 
al approaches since they can be used to assess 
which pollutants are responsible for the toxicity 
observed in a sediment. Samples to be analyzed 
for fractionation should be stored wet, at 4°C and 
in airtight amtainers. Testing procedures should 
start as soon as possible after sample collection 
(Plumb, 1981). 

PApJiCor od‘ysis provides information on 
particle size, color, texture, and mineralogical 
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characterization and includes tests for cation 
.ex&4!ngcwcity, particle size, pH, temperature, 
salinity, oxidation redudion potential, total volatile 
solids, and specific gravity. Samples to undergo 
physical analyses may be stored wet, at 4 O C ,  or 
frozen, depending on tbe parameter to be tested. 
Some of these parameters (e.g., pH) should be 
analyzed immediately up09 collection. 

The 1991 Green Book (USEPAAJSACE, 
1991) suggests tbe use of a grab sampler or corer 
for collection of sediment samples and offers the 
following general guidelines for preservation and 
handling and sample sizes needed for sediment 
samples collected for chemical and physical 
testing: 

Bulk metals should be stored in nonreactive 
containers, such as high-density polyethylene, and 
analyzed as soon as possible. 

Bulk organics, including P a s ,  pesticides, 
and higb-molecular-weight hydrocarbons, should 
be contained in solvent-rinsed glass jars witb 
Teflon lids, preserved by dry ice, and stored at 
less than -20°C in the dark. The samples can be 
stored for up to 10 days. Approximately 475 mL 
of sample should be collected. 

Samples to be analyzed for total organic 
arbon (TOC) should be preserved by dry ice and 
stored at less than -20°C. They can be kept for an 
undetermined amount of time. 

Sediments for particle size testlog should be 
kept refrigerated at 4°C in any sealed container 
and can be kept for an undetermined amount of 
time. 

2.63 Minimum Parameters to Be Tested 

Sampling efforts are performed with a variety 
of objectives in mind, and therefore the minimum 
chemical and physical parameter testing require- 
ments vary between studies or programs. Howev- 
er, some chemical and physical parameters seem 
to be common to several programs. They include 
particle or grain size, total organic carbon, heavy 
metals, acid volatile sulfides, polycyclic aromatic 
hydrocarbons, polychlorinated biphenyls, and 
pesticides. Unionized ammonia must atso be 
measured, taking into account its sensitivity to pH 
and temperature, both of which are affected by 

sample manipulation. When testing sediment 
samples from estuarine or marine environments, 
tbe analysis methods cbasen must address salinity 
since this can alter the analytical results (USEPA/- 

Particle or gmln stzc analysis is a physical 
parameter that determines the distribution of 
particle sizes. Methods for particle size analysis 
are suggested in Folk (1968), Buchanan (1984), 
Plumb (1981), ASTM (1990), and Tetra Tech 
(1985). Plumb (1981) suggests that analysis will 
usually require two or more methods, depending 
on the range of particle sizes earcountered. He 
gives a detailed account of the use of sieves in 
conjunction with electronic particle counters or 
sieves and pipet analysis. Testing ond Reporting 
Requirements for Ocean Disposal of Dredge 
Material off Southern California under Marhe 
Protectwn, Research and Sanctuaries Act Section 
103 Pennits (Ocean Dredged Material Disposal 
Program, 1991) recommends the method given in 
Plumb (1981) for analysis of particle size. 

Total organic carbon ("OC) is an important 
indicator of bioavailability for nonionic hydropho- 
bic organic pollutants. When analyzing for this 
parameter, it is essential that the sampleLbe stored 
in a glass or plastic container and that all air 
bubbles be removed from tbe sample before it is 
sealed and stored. The method given in Plumb 
(1981) is commonly recommended (Teh Tech, 
1985). Plumb (1981) suggests using sample 
ignition, which uses a hydrochloric acid wash to 
separate the inorganic and organic carbon, or 
differential combustion, which uses thermal 
combustion to separate the two carbons by their 
different combustion temperature ranges. The 
1991 Green Book recommends that the analytical 
method to test for aOC be based on bigh-tempera- 
ture combustion rather than on cbemical oxidation. 
Additionally, it recommends using sulfuric sad 
rather than hydrochloric acid rinse. Testing Md 
Reprthg  Requirements for Ocean D k p s a l  of 
Dredge Material off Southern Cafifornia &r 
Marine Protection, Research and Sanctuaries Act 
Section 103 Permits recommends EPA Test 
Method No. 9060 for TOC determinations. The 
method recommended by EPA for use in apply- 
ing organic carbon-normalized sediment quality 

USACE, 1991). 

2-13 



Sediment Classifbtion Methods Comperuiium . 

criteria for nonionic hydrophobic organic chemi- 
cals uses catalytic combustion and nondispersive 
infrared detection (Leonard, 1991). 

Metak are found naturally ocauring in the 
cavironment, but an excess of metals can be an 
indication of anthropogenic contamination. The 
most commonly used metbod to analyze sediments 
for metals is atomic absorption spectrophotometry. 
Plumb (1981) details the use of the direct-flame 
atomic absorption method for all metals except 
arsenic, mercury, and selenium. For these metals, 
he recommends using arsine generation, cold 
vapor technique, and digestion/flarneless atomic 
absorption or hydride generation, respectively. 
The 1991 Green Book points out that the a m e n -  
tration of salt in marine or estuarine samples may 
cause interference in analysis for metals. There- 
fore, the approach of an acid digestion followed 
by atomic absorption spectroscopy should be 
coupled with an appropriate technique to control 
this interference. The 1991 Green Book recom- 
mends USEPA (1986) for analysis of mercury and 
EPRI (1986) for (he analysis of selenium and 
arsenic. Testing and Reporting Requirements for 
Ocean Disposal of Dredge Material of Southern 
California under Marine Protection, Research and 
Sanctuaries Act Section 103 Permits recommends 
the following EPA Test Methods: cadmium (Nos. 
7130, 7131); hexavalent chromium (Nos. 7190, 
7191); copper (No. 7210); lead (Nos. 7420,7421); 
mercury (No. 7471); nickel (No. 7520); selenium 
(Nos. 7740,7741); silver (No. 7760); and zinc 
(No. 7950). 

Acid volatile sulfides (AVS) have been found 
to be closely related to !be toxicity of sediment- 
associated metals (Di Toro et al., 1990). AVS 
have been found to be important in binding 
potentially bioavailable metals, thereby reducing 
their toxicity. The approved method is given in 
USEPA (1991). 

Polyammatic hydrocarbons (PAHs) are 
semivolatile organic priority pollutants, a number 
of wbich are potential carcinogens. Plumb (1981) 
details the methods of methanol extradion/UV 
analysis and ethanol extractionRN specbophotom- 
ttry to analyze for this parameter. Testing und 
Reprtltg Requirements for Ocean DCpsal of 
Dredge Material off Southern California under 

’ 

Marine Protection, Research and Sanc!auaries Act 
Section 103 Pennits recommends EPA Test 
Method Nos 8100,8250 and 8270 for analysis of 
PAHS. 

Polychlorinrrtcd biphenyls (PCB) arc &loci- 
natcd organic compounds that were once used for 
nunemus purposes including as a dielectric fluid 
in electrical transformers. Desirable properties of 
PCBs include low flammability, nonconductivity, 
and nonreactivity. However, FCBs do not break 
down readily and they bioaccumulate in the 
environment. The 1991 Green Book offers gas 
duomatography/electronapture detection (G CY 
ECD) methods as the primary tool for the analysis 
of PCBs, or the use of GCMS using selected ion 
monitoring (SIM). They do not recommend the 
traditional methods of PCB analysis, which quan- 
tify PCBs as arochlor mixtures. Teshg und 
Reporling Requirements for Ocean Disposal of 
Dredge Material off Southern Californiu under 
Marine Protection, Research and Sanctuaries act 
Sectwn I03 Permits recommends the use of the 
methods described in Tetra Tech (1986) and 
NOAA (1989) for analysis of PCBs. 

Pesticides are man-made compounds pre- 
dominantly used in agriculture to control crop 
damaging insects. Some pesticides, especially 
halogenated compounds, persist in the enviroa- 
ment and can contaminate the food chain. Plumb 
(1981) details the method of hexane extraction in 
preparation fpr testing for organophosphorus 
pesticides. The 1991 Green Book recommends 
using GC/ECD or GUMS to analyze for chlari- 
nated pesticides. Testing and Reporting Require- 
ments for Ocean Dkpsal  of Dredge Material ofl 
Southern California under M a r k  Protect@ 
Research and Sanctuaries Act Sectwn 103 Permits 
recommends EPA Test Method No. 8080 to 
analyze for pesticides. 

For analyses of volatlk organic pollutnuts 
and semivolatile organic pollutants, the 1991 
Green Book recommends the methods d e s c r i i  
by Tetra Tech (1986), which should always 
include the use of capillarysolumn GC or GC/MS 
techniques. For volatiles, a purge-and-trap method 
is used, followed by GCMS analysis according to 
U.S. EPA Metbod 624 or U.S. EPA Method 1624, 
Rev. B, Ref. 3 (Tetra Tech, 1986). 

2-14 



I 

2--QNQC, Sampling, and Analytical Conskierations 

As stated previously, the minimum set of 
parameters tested in sediments varies and is based 
on the sampling objectives of the program. Listed 
below are several examples of minimum data sets 
required by specific programs. 

The 1991 Green Book recommends ha t  all 
sediment samples be analyzed for TOC, PAHs, 
grain size, total solidslwater content, and specific 
gravity. The remaining parameters to be sampled 
are compiled from the priority pollutants list based 
on historical testing data, potential contaminants 
due to known industries in the area, and a general 
knowledge of the area to be sampled. 

Testing and Reporting Requirements for 
Ocean Disposal of Dredge Material ofl Southern 
Caiifornia under Marine Protection, Research and 
Sanctuaries Act Section 103 Permits has very 
specific parameters and methods required for 
materials to be disposed of off the coast. Re- 
quired analyses for physical parameters include 
grain size, total solidsbater content, and specific 
gravity. Chemical analyses includes 9 metals, 
ammonia, arsenic, total sulfides, acid volatized 
sulfides (AVS), 11 pesticides including total pesti- 
cides, 9 organic compounds, all PCB congeners, 
individual totals of tetra-, penta- and hexa-chloro- 
biphenyl isomers, and 17 PAHs. 

The EPA Environmental Monitoring and 
Assessment Program -Near Coastal (EMAP-NC) 
established guidelines identified in its Near Coat- 
al Program Plan for 1990: Estuaries (Holland, 
1990) for sediment sampling for determination of 
contaminant levels. They include sample collec- 
tion by means of a Young-modified Van Veen 
grab and, initially, analyzing the NOAA Status 
and Trends suite of contaminants, which include 
chlorinated pesticides, PCBs, PAHs, major ele- 
ments, and toxic metals. EMAP-NC, with the 
assistance of other programs, plans to refine the 
list of contaminants to include pesticides and 
herbicides and other toxic chemicals. 

2.6.4 Sampling lor Benthic Community 
Structure la  Fresh Water 

Maaobenthic organisms play an important 
role in marine, estuarine, and freshwater lotic and 
lentic ecosystems. As major secondary con- 

sumers, they represent an important linkage 
between primary producers and higher trophic 
leveIs for both planktonic and detritus-based f d  
webs. They are a significant food soutce for 
juvenile Trh and austaceans and may improve 
water quality by filter-feeding of particulate matter 
(Holland, 1990). Benthic populations also repre- 
sent diverse taxa and can serve as seatinels for 
environmental stress. Benthic organisms access 
all aspects of the aquatic habitat with varying 
feeding strategies, reproductive modes, life bistory 
characteristics, and physiological tolerances to 
environmental conditions. Most benthic organ- 
isms have limited mobility and cannot avoid 
environmental stressors. As a result, tbe responses 
of m e  species serve as indicators of changes in 
sediment quality (Holland, 1990). This section 
will detail specific procedures and precautions 
necessary for proper condud of benthic sample 
collection and handling in freshwater, marine, and 
estuarine ecosystems. 

2.6.4.1 Sample Collection Methods 

It is helpful to consult Macroinvertebrate 
Field and Laboroto~ Methods for Evaluathg f l u  
Biofogicol Integrity ofsurface Waters (Klemm e& 
aL, 1990), which thoroughly addresses methodolo- 
gy. State environmental regulatory programs 
sbould have a Quality Assurance Program Plan 
describing the field methods and standard operat- 
ing procedures for collecting and evaluating 
benthic mauoinvertebraks. Tbis information 
should be obtained to ensure acceptance and 
comparability of study results with those obtained 
by the state agency. If this information is not 
available, then field methods and standard operat- 
ing procedures from other existing programs 
should be used. 

In soft fleshwater sediments, the most com- 
mon method used to collect benthos is with a grab 
sampler such as a Ponar (15 x 15 an or 23 x 23 
cm) or Ekman grab sampler (15 x 15 an, 23 x 23 
cm, or 30 x 30 an), each of which provides a 
quantitative sample based on the surface area of 
the sampler. l E e  smaller of the sampler sizes are 
most commonly used for freshwater studies 
because of their relative ease of manipulation. 
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The Ekman grab sampler is not as effective in 
areas of vegetative debris but is much lighter than 
the Ponar and easier to use in softer substrates. 
Artificial substrates (Hester-Dendy using several 
3-inch plates and spacers attached by an eyebolt, 
or substrate/rock-filled baskets) provide consistent 
habitat for the benthos to colonize in both soft- 
bottomed and stony areas. Artificial substrates 
can be used in almost any water body and have 
been successfully used to standardhe results 
despite habitat differences (Ohio EPA, 1989; 
Rosenberg and Resh, 1982; and Resh and Jackson, 

A variety of methods for sampling benthos 
hard-bottomed lotic systems arc available, includ- 
ing artificial substrates. If quantification by 
sediment or sampler surface area is needed, a 
Surber-type square-foot sampler with a Standard 
#30-mesb (0.589-mm openings) can be used 
(Klemm et ol., 1990). Tbe traveling kick-net (or 
dip-net) method, also using a #30-mesb net, can 
be used to quantify the sample collected by the 
amount of time spent sampling and the approxi- 
mate surface area sampled (Pollard, 1981; Pollard 
and Kinney, 1979). The Surber-type and kick 
methods can each be used to provide consistent, 
reproducible samples, but both are limited to 
wadable streams. The Surber sampler's optimal 
effectiveness is limited to riffles, whereas kick-net 
or dipnet samplers can be effectively used in all 
available habitats. Although dipnel samplers 
have been effectively used to sample riffles and 
other relatively shallow habitats to determine taxa 
richness, presence of indicator organisms, relative 
abundances, similarity between sites, and other 
information, they do not provide definitive esti- 
mates of the number of individuals or biomass per 
surface area. 

1991). 

.. 

2.6.4.2 Sample Handlkg and Preservation 

The following decisions will need to be made 
once the sample colledion method is chosen: 
(1) whether samples will be picked from debris 
and sorted in the field, (2) which preservative 
should be used, (3) whether a stain (rose bengal) 
or other material will be added to the sample to 

facilitate separating the organisms from debris, 
(4) the trpe of sample containers and labeling of 
the containers required, and (9 the mode of 
transportation of the samples to their destination. 
Many of these decisions are based on professional 
preference or the required logistics of the study. 

Sorting of the benthos from debris and preset- 
vation art hrlly discussed by Klemm et al. (1990). 
American Public Health Association et ai. (1989) 
and Klcmm et al. (1990) defmed the benthos by 
what is retained 011 a standard U30 sieve. How- 
ever, some types of Chironomidae and other small 
benthos pass through a U30-mesh sieve but are 
retained by a W-mesb sieve. It has been recom- 
mended that samples should frrst be passed 
through a U30-mesh sieve. Thea the materials 
washed through should be passed through a (y40- 

mesh sieve, and the materials retained in both 
sieves should be sorted (Ohio EPA, 1989). Once 
the material is washed through the sieves, &e 
organisms should be separated from the vegetation 
and other debris in a white enamel pan. As the 
materials are separated, the organisms can be 
placed in different vials for the major taxa. 
Reservation with either formalin or 70 percent 
ethanol is common. Although formalin is an 
excellent fmative, the human health o o n m  
d a t e d  with its use require extreme caution and 
adequate ventilation. Many programs rely on 70 
percent ethanol as a fixative and preservative. 

A pradical technical reference that details 
procedures for cost-effective biological ~sscss- 

ments of lotic systems has been developed. Rapid 
Bioarsessrnent Protocoh for Use in Streams a d  
Rivers: Benthic Macroinwrtebrates curd Fkh 
(Plafkin et d., 1989) p r e ~ e a t ~  three benthic rapid 
bioassessment protocols (RBPs) md two fish 
RBPs, with a progressive order of increasing rigor 
in evaluation within each series for each class of 

The RBPs are based on integrated assessmeats 
that compare physical conditions of habitat (e+, 
physical strudure, flow regime) and biological 
measures of reference conditions. These refemct  
conditions are derived after systematic monitoring 
of sites that represent the natural range of varia- 
tion in water chemistry, habitat, and biological 
condition. 

organisms. 
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The functional and structural components 
evaluated for aquatic communities comprise eight 
metria for benthic RBPs and 12 metria for the 
fish RBPs. Examples of metria for benthic 
communities include the. following: taxa richness, 
the modified Helsenhofl Biotic Index (summarizes 
overall pollution tolerance of the benthic arthropod 
community with a single ,value; this index was 
modified to include nonarthropod species as well), 
ratio of suaper and filtering collector functional 
feeding groups, ratios of the number of organisms 
in the EPT (Ephemeroptera, Plecoptera, and 
Trichoptera) to the number of Chironomidae 
present, and community similarity indexes. The 
fish protocol is based on the index of biotic 
integrity (IBI) or a fish communily assessment 
approach developed by Karr et a/. (1981). As 
with the approach of metrics in the benthic evalu- 
ations, the metrics of the fish protocol represent 
differing sensitivities. 

2.6.5 Sampling for Benthic Community 
Structure in Marine and Estuarine 
Waters 

Historically, regional monitoring programs 
have used benthic community studies as an effec- 
tive indicator of tbe extent of pollution impacts on 
marine and estuarine ecosystems, as well as the 
effectiveness of management actions. In addition, 
information on changes in benthic population and 
community parameters due to sediment character- 
istics can be used to distinguish natural variation 
from changes due to human activities (Holland, 
1990). 

2.6.5.1 Sample Collection Methods 

Three grab samples are collected for benthic 
species composition, abundance, and biomass. 
Addilional sediment grabs are collected for cherni- 
cal analyses and for use in acute toxicity tests. To 
minimize the possibility of biasing results, benthic 
biology grabs should not be collected consecutive- 
ly, but rather interspersed among the chernis- 
tryhoxicity grabs. While a biology grab is being 
'processed (sieved), grabs should be collected for 
chemistry/toxicity (Holland, 1990). 

3. -m.- 

A m', stainless steel, Yopg4- s s - 4 - -  

Veen grab sampler may be used to colled sedi- 
ments for benthic analyses. The sampler is con- 
structed entirely of stainless steel and has been 
mated with Kynar (similar to Teflon) and is, 
therefore, appropriate for collecting sediment 
samples for botb biological and chemical analyses. 
Tbe top of the sampler is hinged to allow for the 
removal of the top layer of sediment for chemical 
and toxicity analyses. 'Ihis gear is relatively easy 
to operate and requires little specialized training. 
To minimize the chance of sampling the exad 
same location twice, the boat should be moved 
5 meters downstream after three grabs have been 
taken, wbether successful or not (Holland, 1990). 

2.6.5.2 Sample Handling and Preservation 

Grab samples to be used in the assessment of 
maaoinvertebrate communities are processed by 
first extrading a core sample from the sampler. 
The depth of sediment at the middle of h e  sam- 
pler should be at least 7 an. Descriptive informa- 
tion on thk grab is recorded. The depth to the 
black layer of sediment within the core, tbe redox 
potential discontinuity (RPD), is measured in the 
field. Tbe sample is hen extruded from the core 
tube b fill a whirl pac bag, labeled, and recorded. 
The sample should be refrigerated at 4 O C ,  not 
frozen (Holland, 1990). 

The remainder of the grab is processed for 
benthic community analysis. The sediments are 
transferred into a basin and then into a OS-mm 
mesh sieve. The sieve is agitated to wash away 
sediments and leave organisms, detritus, sand 
particles, and pebbles larger than 0 5  mm. A 
gentle flow of water over the sample is acceptable, 
but forceful jets of water should be avoided 
because they can cause mechanical damage to 
fauna. The organisms are rinsed and transferred 
from the sieve into a jar and covered in seawater 
with MgCl added. Tbis "relaxes" the organisms, 
reducing damage fiom addition of the preservative 
(Holland, 1990). Ten percent buffered formalin is 
used to fix and preserve samples. After 30 min- 
ute.~ in the relaxant, formalin with a small amount 
of borax should be added to each sample jar. Tbe 
jar is filled to the rim with seawater to eliminate 
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any air space, eliminating the problem of o r g q - ~ ~ q $ t i ~ . & ~ ~ ~ m d  ii; situ c P+-L comparisons (m 
1990). isms sticking to the cap during shipmenl. %or to 

sieving the next sample, the sieve is Msed and 
brushed thoroughly to prevent aoss-contamination 
of samples. 

2.6.6 Sampling for Bioassays and Torridity 
Tatins 

Environmental impacts on marine ecosystems 
are primarily assessed and monitored using the 
tools outlined in the 1991 Green Book. The 1991 
Green Book is used to make decisions regarding 
the suitability of dredged material for ocean 
dumping. EPA and the USACE have shown that 
the greatest potential for environmental impact 
from dredged material disposal is on the benthic 
environment since benthic organisms burrow into 
and are exposed to sediments and associated 
contaminants for extended periods of time. The 
1991 Green Book uses whole sediment bioassays 
to evaluate potential impacts of dredged sediments 
and, in concert with the identification of contami- 
nants of concern through chemical analysis, serves 
to determine the extent and type of bioavailability. 
In addition, sediment toxicity tests can be used to 
assess spatial and temporal changes in toxicity in 
contaminated areas, rank sediments based on their 
toxicity to benthic organisms, and define cleanup 
goals for contaminated areas. 'Ibis section will 
higblight some of the collection and handling 
methods of sediments for toxicity testing and 
whole sediment bioassays. 

2.6.6.1 Sample Collection, Handling, and 
Preservation 

The sediment environment is composed of 
many microenvironments,- redox gradients, and 
interacting physicochemical and biological pro- 
cesses. Many of these characteristics influence 
sediment toxicity and bioavailability to benthic 
and planktonic organisms, microbial degradation, 
and chemical sorption. Maintaining the integrily 
of a sediment sample during its removal, transport, 
storage, and testing in the laboratory is extremely 
difficult. Any disruption of this environment 
complicates interpretations of treatment effects, 

I 

Sample handling, preservation, and storage 
techniques have to be designed to minimize any 
changes in composition of the sample by retarding 
chemical and/or biological activity and by avoid- 
ing contamination. Sufficient sample volume 
must be collected to perform the necessary analy- 
ses, partition the samples for respective storage 
requirements, and archive portions of the sample 
for possible later analysis. Core sa&*g is 
recommended to best maintain the integrity of the 
sediment for studies of sediment toxicity, inter- 
stitial waters, microbiological processes, and 
chemical fate. Subsampling, compositing, OT 

homogenization of sediment samples may be 
necessary depending on the study objectives. 
Subsamples of the inner core area may be taken 
since this area is more likely to retain its integrity 
and deptb profile and not be contaminated by the 
sampler. Tbe loss of sediment integrity and depth 
profile is an important consideration, as are cbang- 
es in chemical speciation through oxidation and 
reduction resulting in volatilization, sorption, or 
desorption; cbanges in biological activity; com- 
pleteness of mixing; and sampling container 
conramination (ASI'M, 1990). 

Subsamples of the top 1 or 2 an may be 
collected witb a nonreactive sampling tool (e.g., 
polytetrafluoroethylene (FTF)-lined calibration 
scoop). Some studies may require a composite of 
single sediment samples, which usually consist of 
three to five grab samples. Subsamples should be 
collected with a Teflon paddle, placed, in a nonre- 

~ active bowl or pan, and stirred until tbe texture 
and color appear uniform. The sediments should 
be removed and partitioned for chemical and AVS 
analysis. Samples should compledy fill the 
storage containers, leaving no airspace. If tbe 
sample is to be frozen, just enough air space 
should be allowed for expansion to take place. 
The labeling system should be tested prior to use 
in the field, making sure that labels can withstand 
soaking, drying, and freezing without becoming 
detached or illegible (USEPIVUSACE, 1991). 

Maintaining clean and uncontaminated sun- 
pling equipment between samples is necessary. It 
is important to clean the sampling device, scoop, 

~ 
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spatula, and/or mixing bowls between sites. A 
suggested cleaning procedure includes a soap-and- 
water wash followed by an organic solvent rinse 
(ASTM, 1990). 

The choice of sample containers for sediment 
should consider the type of sediment, storage time, 
chemical sorption, and sample composition. For 
sediments containing organics, brown borosilicate 
glass containers with Teflon lid liners are optimal, 
whereas plastic or polycarbonate containers are 
recommended for metal-containing sediments. 
FTF or high-density polyethylene containers are 
relatively inert and are suggested for use with 
samples contaminated with multiple chemical 
types (ASTM, 1990). 

Sediment samples for biological testing should 
be press-sieved through a 1-mm mesh screen to 
remove all living organisms from the sediment 
prior to testing. Other matter retained on the 
screen with the organisms, such as shell frag- 
ments, gravel, and debris, should be recorded and 
discarded. Sediment samples for use in bioassays 
should be well mixed. 

Since the first few hours are the most critical 
to changes in the sample, preservation steps 
should be taken immediately upon sediment 
collection. Tbere is no universal preservation or 
storage technique, and a technique for one group 
of analyses may interfere with other analyses. 
Problems can be overcome by collecting sufficient 
sample volume to use specific preservation or 
storage techniques for specific analytes or tests on 
subsamples. Preservation, whether by refrig- 
eration, freezing, or addition of chemicals, should 
be accomplished in h e  field whenever possible. 
If final presentation techniques cannot be imple- 
mented in the field, samples should be temporarily 
preserved in a manner that retains the integrity of 
the sample. Sediment samples for biological 
analysis should be preserved at 4*C, never frozen 
or dried. Field refrigeration is easily accom- 
plished with coolers and ice; however, samples 
should be segregated from melting ice or cooling 
water. 

Storage containers can be the same as the 
transport containers, and where sediments contain 
volatile compounds, transport and storage should 
be in airtight PTF or glass containers with PI’F- 

lined screw caps. Exposure of sediments to air 
should also be prevented in the handling of AVS- 
containing sediments. AVS is the reactive sulfide 
pool that can reduce metal toxicity by binding 
metals in anoxic sediments. Oxidation of thesc 
sediments can either increase toxicity by disassoci- 
ation of the AVS-metal complex and precipitation 
of the metal species, or reduce toxicity if the 
AVS-metal complex should volatilize (ASTM, 
1990). 

It has been found that sediments can be stored 
at ‘ 4 O C  without significant alterations in toxicity. 
Completion of testing within a 2-week storage 
period is recommended, but limits on storage 
time will depend on sediment and contaminant 
characteristics (ASIU, 1990). 
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In the bulk sediment toxicity test (BSlT) 
approach, test organisms are exposed in the 
laboratory to sediments collected in the field. To 
measure toxicity, a specific biological endpoint 
is used to assess the response of the organisms to 
the sediments. The bulk sediment toxicity ap- 
proach is a descriptive method and cannot be 
used by itself to generate sediment quality crite- 
ria. 

3.1 SPECIFIC APPLICATIONS 
3.1.1 Current, Use 

Sediment toxicity testing has been applied in 
dredged material disposal permit and other 
regulatory programs in the following ways 
(USEPA/USACE, 1993). 

To determine potential biological hazards 
of dredged material intended for disposal 
in an aquatic environment; 

To evaluate the effectiveness of various 
dredged material management adions; 

To indicate the spatial distribution of 
toxicity in contaminated areas, tbe rela- 
tive degree of toxicity, and the changes 
in toxicity along a gradient of pollution 
or with respect to distance from pollutant 
sources (Scott and Redmond, 1989; 
Swartz et al., 1982, 198%); 

I To reveal temporal changes in toxicity 
(i.e., by sampling the same locations 

o v a  time or by assaying layers of buried 
sediment in core samples) (Swartz et al., 
1986, 1991); 

To reveal hot spots of contaminated sedi- 
ment for further investigation (Chapman, 
1986); and 

To rank sediments based on toxicity to 
benthic organisms and to define cleanup 
boundaries of small or large problem 
areas of contaminated sediment. 

BSl'T integrates interactions among complex 
mixtures of contaminants that may be present in 
the field. Many classes of chemical contami- 
nants, including metals, polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls 
(PCBs), dioxins, and chlorinated pesticides can 
contribute to toxicity in effluents and ddiments 
(Chapman et a/., 1982). The BSTT measures the 
total toxic effect of all contaminants, regardless 
of their physical and chemical composition. 

3.1.2 Potential Use 

By itself, BSTI' cannot generate chemical- 
specific toxic effects data, but it can determine 
toxicity. Used in conjunction with toxicity 
identification evaluation procedures (Ankley et 
al., 1990) such as those described in Chapters 5, 
10, and 11, BSTT could help identify causal 
toxicants. To generate sediment quality criteria, 
the procedure must be combined with other 
methods of estimating sediment quality such as 
the Triad (Chapman, 1986b; mapman el al., 
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1987; see Chapter 10) and the Apparent Effects 
Tbresbold (AET) approach (Tetra Tech, 1986; 
FTI, 1988; see Chapter 11). BS7T will be most 
valuable i n  verifying other methods used to 
develop sediment quality criteria. 

3.2 DESCRIPTION 

3.2.1 Description of Methods 

The toxicological approach involves exposing 
test organisms to sediments. The chemical com- 
position of the sediments, which may be complex, 
need not be known. At the end of a specified 
time period, the response of the test organisms is 
examined in relation to a specified biological 
endpoint (e.g., mortality, growth, reproduction, 
cytotoxicily, alterations in development or respira- 
tion rate). Results are then statistically compared 
with control and reference sediment results to 
estimate sediment toxicity. 

3.2.1.J Objectives and Asswnpfions 

The objective of BSIT is to derive toxicity 
data that can be used to predict whether the test 
sediment will be harmful to benthic biota. It is 
assumed that the behavior of chemicals in test 
sediments in the laboratory is similar to that in 
natural in situ sediments. The effects of various 
interactions (e.g., synergism, additivity, antagon- 
ism) among chemicals in the field or in dredged 
materials can be predicted from laboratory results 
without measuring total or bioavailable concen- 
trations of potentially hundreds of contaminants in 
the test sediment (Swartz ef al., 1989) and without 
a priori knowledge of specific pathways of inter- 
action between sediments and test organisms 
(Kemp and Swam, 1989). One of the strengths 
of h i s  test is to integrate the effects of all contam- 
inants. However, the effect of individual contami- 
nants cannot be determined by BSTT', therefore 
limiting its use in source control. This method 
can be used for all classes of sediments and any 
chemical contaminants, but not to answer cause- 
and-effect questions. 

3.2.2.2 Level of Eflorf 

Implementation of this procedure requires a 
moderate amount of laboratory effort. A variety 
of toxicity test procedures (see Methods below) 
have been developed and are fairly straightfonvard 
and well documented. 

3.2.1.2.1 of Sampling Required 

It is recommended that bulk sediments be 
collected for analysis pf total solids, acid volatile 
sulfide, grain size; and total and dissolved organic 
carbon ( A m ,  1990a). Bulk and interstitial 
concentrations of chemicals of interest can be 
determined in subsamples of the sediment added 
to the toxicity test chambers to enhance the 
interpretation of toxicity results. However, meth- 
ods for sampling interstitial water have not been 
standardized (ASTh4,1990b). Sediment variables 
such as pH and Eb should also be monitored. 

3.2.1.2.2 Metbods 

The American Society for Testing and Materi- 
als (ASIU) has developed standard guidelines for 
several BSrrs (ASTM, 199Oa, 1991). The most 
commonly used of these partial life cycle tests 
feature the marine amphipods Rhepoxynius abroni- 
us, Eohauston'us estuarius, A m p i h a  abdito, and 
Grandidierella japonica (ASTM, 1990a); the 
freshwater/estuarine amphipod Hyalella azteca 
(ASTM, 1%); and the freshwater chironomid 
species Chironomus tentans and C. riparius 
( A m ,  199Oc). Brief generalized descriptions of 
these tests are given below. 

BS'lTs with the two freshwater chironomid 
species are functionally very similar, differing 
only in &e age of the.organisms with which the 
test is initiated and the duration of the test. Both 
C. tentuns and C. riparius are available from 
various aquatic toxicology laboratories and am- 
mercial souloes, and both species are cultured 
easily in a laboratory setting. Toxicity tests arc 
initiated by adding C. r&urius 4 days old or C. 
lentam 10-14 days old (second instar) to test 
chambers that contain bulk sediment with over- 
Iying water in various ratios (e.g., 6 watecl 



sediment; Giesy et al., 1988). The length of the 
test also varies with the biological endpoint of 
interest and the species used. If the biological 
endpoint of interest is grcnvlh and survival of the 
larvae, the test is terminated after 10-14 days by 
sieving the C. rbarius or C. tentaw from the 
sediment. It also is possible to conduct the test 
until the adults emerge, which will OCCUT (depend- 
ing on temperature) in approximately 30 days for 
C. riparia and 20-25 days for C. fenlorrs. Toxi- 
city test procedures with C. riprrrius and C. 
fentans are given in more detail in Adams et al. 
(1985), Nebeker et 01. (1984), Giesy et al. (1988), 
Ingersoll and Nelson (1989), and A m  (1991). 

Partial lifecycle toxicity tests with the fresh- 
water/estuarine amphipod H. atteca and bulk 
sediments have been conducted in a number of 
laboratories. H. uzteca are available from various 
aquatic toxicology laboratories and commercial 
sources and can be cultured easily in a laboratory. 
Toxicity tests are initiated by adding juveniles <7 
days old to test chambers tbat contain bulk sedi- 
ment with overlying water in various ratios (e.g., 
4 water3 sediment; Ingersoll and Nelson, 1989). 
"be length of the test can range from r10 days 
(short-term partial life-cycle test) to 30 dais (long- 
term partial life-cycle test) (Nebeker et al., 1984; 
Ingersoll and Nelson, 1989). Depending on the 
length of the test, biological endpoints include 
survival, behavior, growth, and reprodudion. 
More detailed descriptions of toxicity test proce- 
dures are given by Nebeker et ai. (1984), Nebeker 
and Miller (1988), Ingersoll and Nelson (1989), 
and ASTM (1991). 

Partial life-cycle toxicity tests with the marine 
amphipods Rhepoxynius abronius, Eohustorius 
estuanus, Ampelkca abdita, and Grandidierella 
japonica and bulk sediments have been used for 
some time (Swartz et al., 1985a). Amphipods and 
bulk sediments generally are collected from the 
field and acclimated to laboratory conditions for 
2-24 days before toxicity testing. Tbe tests are 
initiated by adding immature or adult amphipods 
to test chambers that contain bulk sediment with 
overlying water in various ratios. The length of 
the test generally is 210 days, and the biological 
responses monitored consist of behavioral effects 
(e.g., emergence from the sediment, ability to 

burrow in clean sediment after exposure to test 
sediment) and mortality. More detailed d d p  
@ns of the toxicity test procedures are given by 
War& et 01. (1985a), DeWitt et 41. (1989), Nipper 
et al. (1989), Scott and Redmond (1989), ASLU 
(199Oa), and the h g c t  Sound Estuary Program 
(1991). &onic test procedures for marine and 
estuarine amphipods are under development at 
several laboratories. Other test procedures for 
marine and estuarine polychaetes, pelecypods, 
shrimp, and fish are desaibed in the USEPN 
USACE (1991) and Reish and LeMay (1988) 
manuals for testing dredged materials before 
disposal. 

32.1.23 Types of Dah Required 

The physical and chemical data described 
above under Section 3 2 . 1 . 2 . 1 , w  of Sampling 
Required, are needed to interpret the test results. 
The required biological data (which vary by test) 
may include mortality and various sublethal 
elf- (e.g., changes in growth, reprodudion, 
respiration ratq behavior, or development). These 
data can be compared to control and refereace 
data to determine tbe occurrence of biological 
effects (ASTM, 1990a). Dilution experiments in 
which uncontaminakd sediment is added to test 
sediment collected from the field can be used to 
calculate I& values, EC, valucs, nocffcd 
concentrations, and lowest-observable~fiezt 
concentrations (Swark et ol., 1989). 

3.2.1.2.4 Necessary Hardware and.Skills 

In general, only readily available and hexpen- 
sive field .and laboratory equipment is needed, 
procedures are fairly simple and straightforward, 
and a minimum of training is necessary to detect 
endpoints through toxicity tests. Interpretation of 
the toxicity data (chemical and biological) requires 
a,higher degree of skill and training. chemical 
sampling methods are generally simple and mu- 
rine, although analysis of chemical samples re- 
quires specialized training and equipment Some 
biological effeds tests also require specialized 
training, handling, and facilities.' 
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3.2.1.3 Adequucy of Documentufwn 

Various sediment toxicity test procedures have 
been developed and well documented for testing 
field sediments (Asru 199oa; Chapman 1986a, 
1988; Lamberson and Swartz, 1988; Meh'an, 
1990; Pug& Sound Estuary Program (PSEP) 1991; 
Swartz, 1987; Thompson et ol., 1989; USEPA/ 
USACE, 1991). Although standardization of 
methodology is progressing, intercalibration 
among laboratories and better field validation are 
needed. 

3.23 Applicability of Method to Human 
Health, Aquatic Life, or Wildlife 
Protection 

The BS'IT approach is suitable only for 
protection of aquatic life. Sediment toxicity test 
procedures incorporate a direct measure of sedi- 
ment biological effects and can be used to predid 
biological effects of contaminated sediments 
before approval of state and federal disposal 
permits. These procedures can be used to assess 
the @xicity of sediments in the natural environ- 
ment and to predid the effects of these sediments 
on resident aquatic life. Combined with other 
approaches such as the AET and the Triad 
approaches (Chapman, 1986b), B!j'ITs can be 
used to establish sediment quality criteria. Use of 
the most sensitive species within a benthic com- 
munity as a test organism will serve to protect the 
structure and function of the entire ecosystem 
(Becker et ol., 1990). 

3.23 Ability of Method to Genemte 
Numerical Criteria for Specific 
Chemicals 

The BSIT approach cannot be used by itself 
to generate sedimcnt quality criteria. Instead it 
must be combined with chemical measurements 
and other data to generate information on the 
effects of individual contaminants. Both the Triad 
and the AET approaches rely on bulk d i m e n t  

toxicity data to derive numerical criteria. Bsrrs 
in conjunaion with sediment quality aiteria 
derived from equilibrium partitioning (USEPA, 
1980; Swartz et of., 1990) can also be used in 
assessments of potentially contaminated sediments 
(see Chapter 6, Equilibrium Partitioning 
Approach). 

33 USEFULNESS 
33.1 Environmental Appliabfffty 

33.1.1 Suitability for Diflerent Sediment Qpes 

The sediment toxicity test approach is suitable 
for any type of sediment. In =me cases, the 
physical or chemical properties of the test sedi- 
ment, such as salinity or grain size, may limit the 
selection of organisms that can be used for testing 
(Ott, 1986; DeWitt ef al., 1989). Appropriate 
controls or statistical models (DeWitt et ol., 1988) 
for sediment properties may be necessafy to 
discriminate chemical toxicity from conventional 
effects. In establishing sediment quality cn'teriql 
the effects of features of the sediment itself, such 
as grain sue, must be recognized (DeWitt er ol., 
1988). Data can be normalized to such factors as 
organic carbon or acid volatile sulfide (DiToro ef 
al., 1990, 1991; Nebeker el al., 1989) and thus 
can be applied to any sediment. However, nor- 
malization techniques are in the developmental 
stage (see Chapter 6, Equilibrium Partitioning 
Approach). 

3.3.1.2 Suitability for Diflerent Chemicals or 
Clusses of Chemicals 

BS'IT is the only currently available approach 
that directly measures the biological cffeds of all 
classes of chemicals, including the combined 
jnteradive (additive, synergistic, antagonistic) 
toxic effects among individual chemicals in 
mixtures of contaminants usually found in field 
sediments (Plesha et ol., 1988; Swartz et of., 
1989). Bioaccumulative chemicals can be eval- 
uated if the length of the test is extended to ensure 
adequate exposure of the test organism. 
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3.3.1.3 Suitability for Predicting Eflects on mass loading of chemicals that might be expected 
as a result of source amtrol. However, the bio- 
logical effeds of source control can be represented 
through the use of BSIT. 

Diferent Organisms 

Tbeoretically, any organism can be used in 
sediment toxicity testing. To protect a biological 
community a n d o  predict theeffeds of con&& 
nated sediments on different organisms, test 33.1.6 Suitability for DiSpsd ApplkariOPrr 

organisms should be selected on the basis of their 
sensitivity to contaminants, their abiiity . to with- 
stand laboratory handling, and their ability to 
survive in control and reference treatments 
(DeWitt et al., 1989; Reish aud LeMay, 1988; 
Sbuba et al., 1981). In tests to determine the 
eff- of contaminated sediments on a particular 
biological community, the test species selected 
should be among the most sensitive found in the 
community of interest, or should be comparably 
sensitive. Test species should include more than 
one type of organism to ensure a range of sensi- 
tivity to various types of contaminants (Beckcr et 
al., 1990). 

BSTI' has been used widely in regulatory 
programs to determine the toxicity of material 
before disposal (Reisa and LeMay, 1988; USEPN 
USACE, 1991). Tbe potential hazard to benthic 
organisms at the disposal site (which is deter- 
mined by making comparisons with the "refer- 
ence" sediments collected near the disposal site) 
can be predicted from laboratory toxicity test 
results. Sediment toxicity tests also can be used 
to monitor conditions at the disposal site both 
before and after a disposal operation. 

3.3.1.4 Suitability for In-Place Pollutunt Control 

Sediment toxicity testing can be used directly 

33.2 General Advantages and Llmltntfons 
33.2.1 Ease of Use 

to monitor in-place pollution. As discussed in 
Section 3.2.1.1, sediment toxicity testing can be 
used to determine the extent of the problem area, 
monitor temporal and spatial trends, detect the 
presence of unsuspected hot spots, assess the need 
for remedial actions, and monitor changes in 
toxicity after remediation. Such tests can also be 
used as a cost-effective and rapid screening tool 
for in situ pollutant reconnaissance surveys and in 
a priori simulations of proposed remedial actions 
to test the effectiveness of capping or other reme- 
dial alternatives. 

3.3.1.5 Suitability for Source Control 

Bulk field sediment toxicity testing can be 
used .to identify suspected sources of sediment 
pollution. Field reconnaissance surveys can reveal 
hot spots near contaminant sources, and a map 
showing contours of sediment toxicity values can 
reveal gradients that identify point and nonpoint 
sources (Swarlz et ul., 1982). Toxicity testing 
cannot be used by itself to verify'reductions in the 

Most sediment toxicity test procedures afe 
simple to use, requiring'lhited expertise and 
standard inexpensive laboratory equipment (PSEP, 
1991). Only a few sublethal effeds tests require 
specialized training. Field sampling requi~s only 
readily available equipment and standard 
procedures (ASTM, 199ob). 

3.3.2.2 Relative Cost 

Individual laboratory toxicity tests and field 
sampling are cost-effective because tbey require 
limited expertise and inexpensive equipment. 
'Such costs generally range from $150 to $500 per 
sampling replicate. Laboratory sediment toxicity 
testing is a comparatively inexpensive and cost- 
effedive method of monitoring the field distri- 
bution of sediment toxicity because it integrates 
the effeds of all toxic contaminants, does not 
require individual chemical measurements, and 
does not require timeconsuming analysis of 
benthic community structure. 



3.3.2.3 Tendency Lo Be Conservatbe 

Sediment toxicity tests c a ~ ~  be made as sensi- 
tive or as conservative (Le., environmentally 
protective) as neceSSary through selection of 
biological endpoints and species of test organism. 
Reliance on mortality as an endpoint may be 
underprotective, while some sublethal endpoints 
(e.&, enzyme inhibition) may be overprotedive. 

3.3.2.4 Level of Acceptance 

BSIT is widely accepted by the scientific and 
regulatory communities and has been tested and 
contested in court. Field sediment toxicity test 
results have been published widely in peer- 
reviewed journals and incorporated into other 
measures of sediment quality such as the AET 
and the Triad approaches. Standard guides for 
sediment toxicity testing continue to be developed 
by &TM (1990a, 199Ob, 1991), and field sedi- 
ment toxicity testing is incorporated into most 
dredged material disposal regulatory programs 
(PSEP, 1991; Reish and LeMay, 1988; USEPA/ 
USACE, 1991). Toxicity testing in general has 
long been the basis for water quality criteria, 
dredged material testing, effluent testing, and 
discharge monitoring. 

3.3.2.5 Ability to Be Implemented by 
Laboratories with mpical Equipment 
and Handling FaciliCies 

Sediment toxicity test methods are easily 
implemented by laboratories with lypical equip- 
ment using inexpensive glassware and procedures 
requiring little specialized training, although the 
interpretation of some sublethal biological end- 
points may require some degree of training and 
experience. field sediment sample collection 
procedures are routine. 

3.3.2.6 Level of Eflort Required to Generate 
Results 

This procedure consists of field sampling and 
a laboratory toxicity test. Compared to an exten- 
sive survey of chemical concentrations or benthic 

community structure analysis, the level of effort is . -  
relatively small. 

3.3.2.7 Degree to Which Results Lend 
Themselves to 1nterpretati.m 

Biological responses to toxic sediment can be 
easily interpreted. Generally, data fit "pass-fail" 
criteria (Le., the result is either above or below a 
predetermined acceptance level) or the result is 
compared statistically to control and reference 
results to determine whether there is a toxic effect. 
Little expert guidance is required for interpretation 
of mortality data although cbronic or sublethal 
effects might require some explanation. 

3.3.2.8 Degree of EnvirOnmenrol Applkabikty 

As noled in Section 3.3.1.1, the sediment 
toxicity test approach applies to a wide range of 
environmental conditions and sediment types. Tbe 
effects of various sediment properties such as 
grain size and organic content can be addressed 
experimentally witb appropriate uncontaminated 
controls. 

33.2.9 Degree of Accuracy a d  Precision 

Because the sediment toxicity test is a iabora- 
torycontrolled experiment, its results have a high 
degree of accuracy, precision, and repeatability. 

3.4 SX'ATUS 
3.4.1 Extent of Usc 

Sediment toxicity tests are widely used in 
research and regulatory programs in both marine 
and freshwater systems (ASl"M, 199Oa, 1991), as 
described in -ion 3.2.1.1. Sediment toxicity 
tests also are incorporated into the evaluation of 
applications for dredged material disposal permits 
and are used to assess the toxicity of sediments 
subjed to regulatory decisions. BSrrs arc used 
to investigate the mechanisms of sediment toxicity 
to benthic organisms (Kemp and S w k ,  198% 
Swam et d., 1988). 
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3.4.2 Extent to Which Approacb Has Been 
Field-Validated 

Field validation of BS7T includes several 
publications in peer-reviewed literature (Chapman, 
1986b; Plesha et d., 1988; Swab! et al., 1982, 
1986, 1989). As more dab become available, 
results can be compared with available informa- 
tion on contaminant concentrations in sediment in 
areas where biological effects have been observed. 
Tbe effects of interactions among contaminants, as 
well as the effects of nonchemical sediment 
variables, must be taken into Ansideration when 
attempts are made at field validation (DeWitt et 
al., 1988; Swam et ol., 1989). As noted in 
Section 3.2.1.3, better field validation of predicted 
effects is needed. 

3.43 Reasons for Llmlted Use 

BS'IT has been widely used in research and 
regulatory programs (see Section 3.4.1, Extent of 
USe). 

3.4.4 Outlook for Future Use and Amount of 
Development Yet Needed 

The outlook for future use of sediment toxi- 
city tests is promising where direct measurement 
of biological effects of toxicants in sediments is 
desired, especially where the effects of chemical 
interactions are of interest. Development and 
standardization of biological testing methods 
should continue, especially for tests using species 
locally available in geographic areas that have not 
been represented such as tropical and arctic re- 
gions. More emphasis should be placed on the 
development of procedures to measure chronic 
effects. Methods should be compared and stand- 
ardized among laboratories, and results should be 
field-validated to establish their ability to predict 
biological effects on populations and communities 
in the field. As more toxicity tests are conducted 
and the results subject to a quality assurance 
review, results should be compiled in a central 
database so that comparisons can be made among 
species, methods, and laboratories. 
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Spiked-Sediment Toxicity Test Approach 
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The toxicological approach to generating sedi- 
ment quality aiteria uses concentration-response 
data from sediments spiked in the laboratory with 
known concentrations of contaminants. Sediments 
are spiked to establish cause-andeffect relation- 
ships between chemicals and adverse biological 
responses (e.&, mortality, redudion in growth or 
reproduction, physiological changes). Individual 
chemicals or other potentially toxic substances can 
be tested alone or in combination to determine 
toxic concentrations of contaminants in sediment. 
This approach can be used to generate sediment 
quality criteria or to validate sediment quality 
aiteria generated by other approaches. 

4.1 SPECIFIC APPLICATIONS 

4.1.1 Current Use 

The spiked-sediment toxicity test (SSIT) 
approach is in the research stage. Although the 
procedures used resemble those used to generate 
water quality criteria, the influence of the variable 
properties of sediment makes generating quality 
criteria values much more complex. 

Where Lc, values and chronic effects data 
are available for chemicals in sediments (see 
Section 4.3.2.3), lhey can be used to identify 
concentrations of chemicals in sediment that are 
protective of aquatic life. The predictive value of 
sediment quality criteria generated by this 
approach should be tested by comparing them 
with field data on chemical concentrations in 
natural sediments and observed biological effects. 
However, interim laboratoryderived criteria can 
be implemented before field validation. 

412 Potentialuse 

This method can be used to address empirical- 
ly the problem of interactions among complex 
mixtures of contaminants that are almost always 
present in the field (Swartz er al., 1988, 1989). 
Cbemical-specific data can be generated for a 
wide variety of classes of chemical contaminants, 
including metals, PAHs, PCBs, dioxins, and 
chlorinated pesticides. Both acute and chronic 
criteria can be established, and the approach is 
applicable to both marine and freshwater systems 
(Tetra Tech, 1986; Battelle, 1988). However, 
unless tbe sediment factor that normalizes for 
bioavailability is known, this procedure must be 
applied to every sediment (Le., a value derived for 
one sediment may not be applied with predictable 
results to another sediment with different 
properties). 

4.2 DESCRIPTION 
4.2.1 Description or Method 

The toxicological approach involves expos- 
ing test organisms to sediments that have been 
spiked with known quantities of potentially toxic 
chemicals or mixtures of compounds. At the 
end of a specified time period, the response of 
the test organism is examined in relation to a 
biological endpoint (e.g., mortality, growth, 
reproduction, cytotoxicity, alterations in  devel- 
opment or respiration rate). Results are then 
statistically compared with results from control 
or reference sediments to identify toxic concen- 
trations of the test chemical. 
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4.2.1 .I Objectives ond A z s ~ ~ t ~ ~ ~ 4 ~ 2 ~ ~ 2 ~ ~ ~ ~ y ~  of Sampling Required 

The objective of this approach is to derive in 
the laboratory concentration-response values that 
can be used to predict the concentrations of 
specific chemicals harmful to resident biota under 
field conditions. The effects of the inter- 
actions-tsynergism, additivity, antagonism- 
among chemicals in &e field can be predicted 
from laboratory results with sediments spiked with 
combinations of chemicals. This method can be 
used for all classes of sediments and any chemical 
contaminant. Tbe bioavailable component of 
contaminants in sediment a n  be determined by 
h i s  method, and an a priori knowledge of specif- 
ic pathways of interaction between sediments and 
Lest organisms is not necessary. Any method of 
expressing tbe bioavailability of contaminants in 
sediment can be used with sediment toxicity tests, 
including the "free" interstitial concentration and 
normalization to organic carbon, acid volatile 
sulfide, and other sediment properties. 

Data generated by this method may be diffi- 
cult to interpret if lhe nomalizing factor for 
bioavailability is unknown. If the normalization 
factor is known, this method can be used to 
validate sediment quality criteria generated by 
other approaches. It is assumed that laboratory 
results  for a given sediment and overlying water 
represent biological effects of similar sediments in 
h e  field, and that the behavior of chemicals in 
spiked sediments is similar to that in natural, in 
situ sediments. 

4.2.1.2 Level of Effort 

Implementation of this procedure requires a 
moderate to considerable amount of laboratory 
effort. The various toxicity test procedures that 
have been developed are generally straightfor- 
ward and well documented (Lamberson and 
Swam, 1988; Melzian, 1990; Nebeker et al., 
1984; Swam et al., 1989; PSEP, 1991). How- 
ever, many individual tests would be required to 
generate an extensive database of sediment quality 
values for a large number of chemicals, chemical 
combinations, and sediment types. 

Collection of sediments from the field is 
required. Depending on the particular study 
objectives, the sediments may be dean (oncontam- 
hated) sediments from a control area, uncontami- 
nated reference sediments for comparison with 
similarly contaminated sediments, or contaminated 
sediments to be spiked with known concentrations 
of chemicals in a test for interactions among 
contaminants. Sufficient sediment must be col- 
lected to provide samples for chemical analysis, 
spiking, and reference or controls (ie., sediment 
for statistical comparison with spiked sediment). 
Depending on the experimental design, tbe follow- 
ing controls might be required: sediment from the 
collection site for test animals (or culture sediment 
for laboratory-cultured animals), positive controls 
with a reference toxicant, carrier controls, and 
reference sediment controls for natural sediment 
features that may affect test animals, such as grain 
size distribution (DeWitt et ai., 1988). 

4.2.1.2.2 Methods 
, 

Various methods of adding chemicals to 
sediment (spiking sediments) have been used. In 
general, the chemical is either added to the sedi- 
ment and mixed in (Birge et ai., 1987; Ditsworth 
et al., 1990; Francis et al., 1984) or added to the 
overlying water (Hansen and Tagatz, 1980; Kemp 
and Swartz, 1988) or to a sediment slurry (Lan- 
drum, 1989; Oliver, 1984; Schuytema et d., 1984) 
and allowed to equilibrate with the sediment. 
Sediments are spiked with a range of concentra- 
tions to generate LC,,, data or to determine a 
minimum concentration at which biological effects 
are observed 

The effect of sediment contaminants on 
benthic biota is determined either by exposing 
known numbers of individual benthic test organ- 
isms to the sediment for a specific length of time 
(Swartz et ol., 1985) or by exposing larvae of 
benthic species to the sediment in flowing natural 
waters (Hansen and Tagatz, 1980). Biological 
responses are determined at the end of the test 
period using response criteria that include mortali- 
ty, changes in growth or reproduction, behavioral 
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or physiological alterations or differences in 
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4.2.1.2.4 Necessary Hardware and Skills 

versus control sediments. 

4.2.1.2.3 Types of Data Required 

Spiked sediments, as well as reference or 
control sediments, must be analyzed for total 
solids, grain size, and total and dissolved organ- 
ic carbon, The concentrations of toxicants 
added to sediment must be determined 'in stock 
solutions as well as in the test sediment. Bulk 
and interstitial levels of the spiked chemicals in 
the test sediment must be determined throughout 
a concentration range at least at the beginning 
and at tbe end of the toxicity test. However, 
methods for sampling interstitial water have not 
been standardized. If sediment properties tbat 
control availability, such as acid voiatile sulfides 
or dissolved or total organic carbon, cbange 
during exposure, measurements must be taken 
before, during and at the end of the exposure 
period. In addition, these changes must be taken 
into account in interpreting the data. Sediment 
parameters such as pH and Eh should also be 
monitored. 

-Biological and chemical data are compared 
statistically with control or reference data to 
determine the occurrence of biological effects, 
and can be used to calculate LC, values, EC, 
values, no-effect concentrations, or lowest- 
observabl e-effect concentrations. Establishment 
of the maximum acceptable toxicant concentra- 
tion requires data from a chronic or life-cycle 
test. 

Data correlating observed biological effects 
with chemical concentrations in spiked sediment 
can be used to calculate probit curves for deriva- 
tion of biological effect level values (e.g., EC,). 
Data from several species of test organisms can 
be ranked, and the lowest contaminant concen- 
trations that affect the most sensitive species can 
be used to establish scdiment quality criteria that 
will protect lbe entire benthic community and 
associated aquatic ecosystem. This approach has 
regulatory and scientific precedence in the 
development of water quality criteria. 

Most toxicity test procedures require a mini- 
mum of specialized hardware and level of skill. 
In general, only readily available and inexpensive 
laboratory equipment is needed, procedures are 
fairly simple and straightforward, and a minimum 
of training is necessary to detect and interpret 
biological endpoints. Allhough analysis of chemi- 
cal samples requires specialized mining and 
equipment, the chemical sampling methods for 
spiked-sediment toxicity are generally simple and 
routine. Some biological effects tests also require 
specialized training and experience, especially to 
interpret &e results. 

4.2.1.3 Adequacy of Ddcwnenrurhn 

Various acute sediment toxicity test proce- 
dures have been developed and are well d y -  
mented for testing freshwater and marine field 
sediments (Chapman, 1986,1988; Iamberson and 
Swartz, 1988; Melzian, 1989; Swartz, 1987). 
Although only a few of these procedures have 
been used witb laboratory-spiked sediments, most 
of the established methods could be used with 
laboratory-prepared sediments as well as with field 
sediments. 

In contrast to acute tests, there are relatively 
few procedures for testing the chronic effects of 
contaminated sediments on benthic invertebrates. 
Lifecycle test metbodology has been presented 9 

for the amphipods Amplkca abdita (Scott and 
Redmond, 1989), Hydellu uzteca (ASIU, 1% 
Borgmann and Munawar, 1989), and Grand- 
idierellu lutosa and G. lignonun (Connell and 
Airey, 1982); the polychaetes Neunthes urenaceo- 
dentutu (Pesch, 1979) and Capitella cupifuta 
(Chapman and Fink, 1984); freshwater oligo- 
chaetes (Wiederholm et ol., 1987); and species of 
Daphnia and Chironomus (ASTM, 1991; Nebeker 
et a]., 1988). Chronic exposures to most sensitive 
life stages are also inherent in the benthic recol- 
onization procedure (Hansen and Tagatz, 1980). 
Further research is needed to develop and validate 
merhodology for other species. 
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,,, 4.2.2 AppUabUty or Metbod to Human 
Health, Aquatic We, or WUdWe 
Pmtection 

Spiked-sediment toxicity tests incoprate a 
dired measure of sediment biological effects. This 
approach is the only method that can quantify the 
intaadive effecb of cornbinations of contaminants 

When cbemical concentrations in tested biota 
are measured after a spiked-sedirnent toxicity test, 
uptake of contaminants by benthic organisms @io- 
accumulation) can be predicted. As an important 
component of food webs in aquatic ecosystems, 
benthic organisms can contribute toxicants a m u -  
lated from contaminated sediments to higher levels 
of the aquatic food web and ultimately affect human 
health. Sediment quality criteria and bioacarmula- 
tion studies using sediment toxicity test methods can 
help to set limits on the disposal of toxic sediments 
and predict uptake of toxicants into food webs. If 
this approach is combined with chemical analysis of 
sediment samples and BSTT, these limits our be 
used to defue areas from which food species should 
not be harvested or consumed or-where direct 
mntad with contaminated sediments can be hazard- 
ous to human health. 

Bioaccumulation studies and sediment quality 
criteria established using data from SSIT with 
several benthic species can also be used to protea 
benthic communities and aquatic species that feed 
on the benthos. Assuming that a sufficient mix of 
taxonomic groups is used, a sediment quality uiteri- 
on based on the responses of the mast sensitive 
s p i e s  within a benthic community can be devel- 
oped. This uiterion can then be employed to 
protect the structure and function of the entire 
ecosystem (Hansen and Tagatz, 1980). 

ditectly. 

433 Abitity of Method to Generate Numerical 
Criteria for Specififi Chemicals 

Laboratory tests with the SSTT approach can be 
used to measure the effects of spedfic chemicals in 
various types of sediments directly and to establish 
unequivocal analysis of causal effeds. Test condi- 
tions allow this method to determine the effects of 
individual chemicals or mixtures of chemicals on 

benthic biota (Plesha et uf., 1988; Swxutz et d., 
1938, 1989), establish pathways of toxicity, and 
p i &  specific effects cuncentratioas (e.g. I.&, 
EC, noelfed concentration). ' h e  inclueace of 
various physical chamctea& ' 'csofthesedimeuton 
chemical toxicity also can be determined (DeWitt et 
d., 1988, Ott 1986). Tbe available data represent 
wnceatrations at which bxicity occurs rather than 
numerical sediment quality uikria. Recent spiked 
sediment studies have provided data that CBO be 
useW in setting preliminary sediment aiteria levels 
based on equilibrium partitioning models and wata 
quality values (Swartz et uf., 1990). 

CbnaxNration-reqonse data have been gener- 
ated using SSIT for a variety of chemicals, includ- 
ing metals and organic cm~pounds. Specific data 
are available for phenanthrene, fluaranthene, zinc, 
mercury, copper, cadmium, hexacblorobenzeae, 
pentachlorophenol, Aroclor 1242 and 1254, &lor- 
dane, DDE, DDT, dieldrin, endosulfan, endrin, 
win, aeosote, and kepone (Adams et al., 1985; 
cainrs et o!., 1984, DeWia et al., 1989; Kemp and 
Swark, 1989; McLeese and Metcalfe, 1980, Me 

et ul., 1982; Nebeker et af., 198% Swartz et 
ol., 3986, 1988, 1989; Tagatz et ul., 1977, 1979, 
1983; Word et d., 1987). Concentrations of nm- 
ionic organic compounds are usually normalized to 
sediment organic carbon or acid volatile sulfide 
(DiToro et a!., 1990, 1991; Nebeker el a!., 1989). 
Normalizing fadors for other compounds in 
sediment currently are being researched. 

43 USEFULNESS 

43.1 Envtonmental Appbbllity 

4.3.1.1 Suircrbikry fm Diferenl Sediment I)pes 

Tbe SSrr approach is suitable for any type of 
sediment. "his approach also can be used to 
establish the bioavailable component of the sedi- 
ment responsible for the observed toxicity. Tbe 
effeds of various physical properties of the sedi- 
ment on chemical toxicity can be determined 
experimentally. In some cases, the physical or 
chemical properties of the test sediment such as 
salinity or grain size may limit the species of 
organisms that can be used for testing, and a 
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substitute species must be used (DeWitt ef ol., 
1988, 1989). When establishing sediment quality 
criteria, the effeds of adverse physical or chemical 
properties of the sediment itself must be reflected. 
When fadors controlling bioavailability (e&, 
organic carbon, acid volatile sulfide) are known, 
data can be normalized to sucb factors, and the 
approach applied to any sediment type. 

4.3.1.2 Suitability for Different Chemicals or 
Classes of Chemicals 

A major advantage of the SSTT method is 
that it is suitable for all classes of chemicals. In 
addition, it is the only approacb currently avail- 
able that can empirically determine the interactive 
effects among individual chemicals in mixtures of 
contaminants usually found in real-world sedi- 
ments (Swartz el al., 1988, 1989). This approach 
also can be used to provide experimental valida- 
tion of sediment quality criteria generated by other 
approaches. 

4.3.1.3 Suitability for Predicting Eflects on 
Diflerent Organisms 

Theoretically, any organism can be used in 
SIT. To protect a biological community and to 
predict the effeds of a toxicant on different organ- 
isms, test organisms should be seleded based on the 
following criteria: (1) their sensitivity to contami- 
nants, (2) their ability to withstand laboratory 
handling, and (3) their ability to survive in control 
treatments. Tests to determine the effeds of 
toxicants on a particular biological community 
should use the mast sensitive species found in the 
community or a species with comparable sensitivity. 

4.3.1.4 Suitability for In-Place Pollutant Control 

SIT can be used to develop sediment quality 
criteria, which will then be used to determine the 
extent of the problem area. It also can be used to 
monitor temporal and spatial trends and to assess the 
need 'for remedial action. Oiteria can be used in 
setting target cleanup levels and in past-cleanup 
monitoring of adual contaminant levels. 

4.3.15 Suhbddy forsoracC Ctmbvf 

SIT am be ambined with wasteload ailom- 
tioa models and used in sou~ce mtrol to tstablish 
maximum ailowable effluent coaceatrations OT nuus 

Cels 
ladings of single cbdcals and mixturts of &ani- 

SSiT can be used to pedid the biological 
effects of oontaminants before approval of dredged 
material -1 or sewage outfall permits. 

432 General Advantages and Umltatlons 

4.32.1 Ease of Use 

Most sediment toxicity test procedures arc 
simple to use, require limited'expertise, and use 
standard laboratory equipment. Some of tbc sub- 
letbal-efCe& tests require specialized training. 

4.322 RelariwCmt 

me cost of individual toxicity tests is re4atively 
low because such tests require limited expertise and 
inexpensive equipment. (See Cnapter 3, Bulk Scdi- 
m a t  Toxicily Approach.) The costs to implement 
this appooacb BS a regulatory tool would be compar- 
atively high because SSlT requites the 00lleCtiOn of 
sediment chemistry data for comparison to data 
established by the sediment toxicity test method. 
Tbe cost of developing a large toxicological data- 
base would be relatively higb because of the large 
number of individual chemicals and sedimeats that 
would have to be tested. Generating the dmnical 
and toxicological data necesary to establish a 
sediment quality criterion for me chemical by this 
method is estimated to cost S100,ooO. 

4.323 Tendency to Be CmeNulh 
/ 

Laboratorycontrolled Ssrr experiments po- 
vide a hi@ degree of acruracy. me tests arc 
controlled sufficiently to give an estimate of &e 
toxicity of individual chemicals in sediment Lab- 
oratory bioassays, especially acute toxicity testr, ut 
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inherently limited in their ability to reflect all of the 
eoological pr0cese.s through which sediment con- 
taminants may affect benthic ecosystem in the field. 

4.3.2.4 Level of Acceptance 

SS'IT methods, which follow the procedures 
and rationale used to develop water quality cri- 
teria, are easily interpreted, technically acceptable, 
and legally defensible. Tbe procedures and 
resulting data have been accepted and published in 
peer-reviewed journal articles, and some proce- 
dures have been incorporated into standard guide- 
lines by A!j"M's subcommittee on sediment 
toxicology (ASTM, 1990a, 19%). 

4.3.2.5 Ability to Be Implemented by 
Laborahes with l)yical Equipment 
and Handling Facilities 

SS'IT methods are implemented easily by 
laboratories with typical equipment, requiring 
inexpensive glassware and little specialized train- 
ing. Spiking sediments may require special 
handling facilities for preparing stock solutions of 
hikhly toxic substances, and the interpretation of 
some sublethal biological endpoints may require 
some degree of training and experience. 

4.3.2.6 Level of Eflort Required to Generule 
Results 

This procedure consists of a laboratory toxi- 
city test and requires a moderate amount of effort 
to begin and end an experiment. The data gener- 
ated must be compiled, and some calculations 
must be made to derive concentration-response 
relationships. The generation of chemical and 
biological data required for a large database of 
sediment quality values based on this approach 
would require a relatively high level of effort. 

4.3.2.7 Degree to Which Results Lend 
Themselves ro Interpretation 

Sediment toxicity tests applied to spiked sedi- 
ments provide an unequivocal analysis of cause- 
and-e ffect relationships between toxic chemicals 

and biological responeiawBecause the procedures 
follow the rationale used in the development of 
water quality criteria, the methods are legally 

* defensible. Toxicity tests have long been accepted 
by both the pubjic and the scientific community as 
a basis for water quality criteria and dredged 
material testing. 

4.3.2.8 Degree of Environmental Applicability 

The Ssrr approach is applicable to a wide 
range of environmenjal conditions and sediment 
types; The confounding effeds of sediment vari- 
ables such as grain size and organic content can 
be addressed experimentally by using toxicity test 
methods or can be addressed by using normal- 
ization equations (DeWitt e: al. 1988). A major 
advantage of SS?T is the ability to predict inter- 
active effects of chemical mixtures such as those 
found in field sediments. 

4.3.2.9 &pee of Accuracy and Preckion 

Because the SSTT is a laboratoryantrolled 
experiment, results have a high degree of accuracy 
and precision. Tbe procedure produces a direct 
dose-response data set for individual chemicals in 
sediment. Sediment criteria generated by this 
approach must be field-validated. 

4.4 SI'ATUS 

4.4.1 Extent of Use 

ss?T procedures are under development in 
several laboratories. Spiking procedures, as well 
as biological test procedures, are currently being 
standardized by ASTM's sediment toxicology 
subcommittee (ASTM, 199Ob). 

4.43 Extent to Wbkb Approach Has Been 
Field-Validated 

Although some results have been published, 
spiked-sediment toxicity test values have not been 
well validated in the field, (Plesha e: ol., 1988; 
Swam e: al., 1989). As more data and criteria 
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values become available, they can be compared 
witb existing information on contaminant levels in 
sediment in areas where biological effects have 
been observed. The effects of interactions among 
contaminants, as well as the effects of nonchemi- 
cal sediment variables, must be considered during 
field validation (DeWitt er ol., 1988; Swartz el of., 
1989). 

4.43 Reasons for Umited Use 

Although some data have been generated and 
compared to field conditions, the approach is still 
in the developmental stage in several laboratories, 
and a relatively large expenditure of 'effort will be 
needed to generate a large database. To date, 
there have been few comparisons of methods and 
species sensitivity, and few chronic toxicity tests 
have been developed. 

4.4.4 Outlook tor Future Use and Amount of 
Development Yet Needed 

The outlook for fulure use of S S n s  or other 
sediment toxicity tests is promising where 
accurate, direct dose-response data are desired, or 
where the effects of chemical interaclions need to 
be examined. Development of sediment-spiking 
and biological-testing methods should continue, 
methods should be compared and standardized 
among laboratories, and results should be field- 
validated to establish their ability to predict 
biological effects in sediments. As more toxicity 
tests are conducted, results should be compiled 
in a central database so that comparisons can 
be made among species, methods, and laboratories 
and so that sediment quality criteria can be 
developed. 
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The interstitial water toxicity approach is a 
muldphase procedure for sssessing sediment toxicity 
using interstitial @ore) water. The use of pore 
water for sediment toxicity assessment is based on 
the strong correlations between contaminant mcen- 
tmtions in pore water and observed exposure of 
benthic mauoinvertebrates to sediment-associated 
contaminants (Adams et al., 1985; Swartz et al., 
1985; 1988; 1990, Connell et al., 1988; Knezovicb 
and Harrison, 1988; USEPA, 1989a; DiTm et al., 
1!?90), as well as correlations between the actual 
toxicity of pore water and bulk sediments to epi- 
benthic or benthic species (Ankley et al., 1991a). 
'Zbe approach combines the quantification of pore 
water toxicity with toxicity identification evaluation 
(TIE) procedures to identify and quantify chemical 
components responsibte for sediment toxicity (US. 
Environmental Proledion Agency, 1988; 198%; 
1989c, 1991a). TIE involves the use of toxicity- 
based fractionation procedures to identify toxic 
compounds in aqueous samples containing mixtures 
of chemicals (Burkhard and Ankley, 1989). In the 
interstitial water toxicity method, TIE procedures are 
implemented in three phases to charaderize the 
nature of the pore water toxicant(s), identify the 
susped toxicant@), and c o n f i i  identification of the 
suspect toxicant(s). 

. 

5.1 SPECIFIC APPLICATIONS 
5.1.1 Cumnt Use 

Tbe TIE procedures described herein were 
developed Over the last 4 years using municipal and 
industrial effluents from more .than 50 locations, as 
well as sediment samples from more than 10 differ- 
ent sites. Tbey have been used with several aquatic 
speiies including cladocerans, f sbes ,  and epibenthic 

rnaaoinvertebrates. Although the methods were 
developed largely with freshwater species, they ate 
generally applicable to, and are aurently being used 
with, marine organisms as well. "be procedures 
have proven to be suocesshl'ih identifying acutely 
toxic substances in more than 90 percent of the 
samples to which they have beea applied (e.g., 
Ankley et al., 199Oa, 1991b; Kuehl et d., lm, 
Amato et 01, 1991; Norbetg-bB et d., 1991; 
Schubauer-Berigan and Ankley, 1991; Ankley and 
Burkhard, 1992). 

5.13 Potential Uses 

"be use of pore water as a fraction to assess 
sediment toxicity, in conjunction with associated 
TIE procedures, can provide'data concerning specif- 
ic compounds responsible for toxicity of contaminat- 
ed sediments. These data coutd be critical to the 
success of remediation of toxic sedimeats, including 
the control of inputs of contaminants. 

In spite of existing uncertainties in preparing 
and using pore water to assess sediment toxicity, the 
ability to identify specific toxicants responsible for 
acute toxicity in contaminated sediments makes pore 
water an important test fraction. ?us this method, 
in conjunction with other sediment classification 
methods, could prove to be extremely valuable. 

5.2 DESCRIPTION 

5.2.1 Description of Method 

three major steps: 
The interstitial water toxicity method involves 

8 Isolation of pore water from sediment 
samples; 



Performance of toxicity tests on pore 
waters; and 

Application of TIE procedures to pore 
water fractions. 

Pore water can be isolated from sediment 
samples by cbmpression (squeezing) techniques, 
displacement of water from sediment via the use 
of inert gases, centrifugation, extraction via dialy- 
sis, and micnsyringe sampling (Knmvich et al., 
1987; Knezovich and Harrison, 1988; Sly, 1988; 
USEPA, 1991b). 'Ihe most representative pore 
water samples may be obtained using the latter 
two procedures. However, the resulting sample 
volumes are too small to be useful for toxicity 
tests and associated TIE work. Centrifugation has 
been used in a number of studies evaluating the 
toxicity of sediment pore water (Giesy et al., 
1988; Swartz et ai., 1989; Hoke et al., 1990; 
Ankley et ol., 1990a; Schubauer-Berigan and 
Ankley, 1991) and comparative studies at Duluth, 
as well as other laboratories, indicate that centrifu- 
gation is a reasonable technique for pore water 
preparation (Schults et al., 1991; U.S. Environ- 
mental Protection Agency, 1991b). Regardless of 
the techniques chosen for pore water isolation, the 
method should not involve filtration either during 
or after preparation (Schubauer-Berigan and 
Ankley, 1991; USEPA, 199lb). 

After preparation of pore water, toxicity tests 
can be performed using either standard test species 
(e.g., USEPA, 1985a, 1985b) or various types of 
efibenlhic or benthic organisms amenable to 
toxicity testing in aqueous samples (AnHey et al., 
1991a; USEPA, 1991b). In samples exhibiting 
acute toxicity, it is then possible to directly apply 
the TIE procedures described below in Section 
5.2.1.2.2. 

5.2.1. Z Objectives and Assumptions 

The objective of the interstitial water toxicity 
method is to derive chemical-specific toxicity data 
in the laboratory that can be used to assess sedi- 
ment toxicity in field situations. With this ap- 
proach, i t  is possible to quantify toxicity in a 
sample and potentially to identify chemical com- 

ponents responsible for I taxiaty3w-Thqpajat*Jz 
assumption in using this method is that the ann- 
pounds that are toxic to tcst organisms in the pore 
water, as it is isolated in the laboratory, are the 
same compounds that cause toxicity in sediments 
in situ. 

5.2.1.2 Level of Effort 

Implementation of h i s  method requires a 
moderate amount of laboratory effort, both to 
perform toxicity tests and to conduct TIE studies. 
The effort expended in the TIE studies will be 
proportional to the complexity of analyses re- 
quired for the identification of suspected toxicants. 

5.2.1.2.1 Type of Sampling Required 

Bulk sediment must be obtained and port 
water prepared lrom the sediments. Routine 
measurement of certain chemical components of 
the pore water should be conducted. These 
measurements should include (but are not limited 
to) pH, hardness, alkalinity, salinity (where appro- 
priate), dissolved oxygen, sulfides, and ammonia. 
Certain of these variables, in patticular pH, also 
should be monitored in Ibe bulk sediment. 

5.2.1.2.2 Methods 

The framework for existing TIE procedures is 
summarized below. Greater detail (e.g., with 
respect to all possible results that could be gener- 
ated) is available elsewhere (USEPA, 1988, 
1989b, 1989c), as are specific methods for per- 
forming sediment TIES (USEPA, 1991b). 

Toxic sediment samples can potentially con- 
tain thousands of chemicals, and usually only a 
handful are responsible for the observed toxicity. 
Tbe goal of the TIE method is to identify quickly 
and cheaply the chemicals causing toxicity. 
However, components causing toxicity can vary 
widely, and potential toxicants include cationic 
metals, polar and nonpolar organics, and anionic 
inorganics, as well as ammonia or hydrogea 
sulfide. In addition, when multiple toxicants am 
present, it must be possible to determine the 
proporlion of the overall toxicity due to tach 
toxicant. 

5-2 
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C L t n s l i t d  Wukr TIE Appnnuh 

After preparation of pore water and, prjor=.,.. 
mance of initial toxicity tests, the first step in the 
TIE is to separate toxic from nontoxic components 
in the pore water sample. To isolate the toxicants, 
sample manipulations and subsequent fractionation 
techniques are used in combination with toxicity 
tests (toxicity tracking). Each fractionation step 
consists of manipulations to identify the physi- 
cal/&emical properties of the sample toxicants, 
thereby enabling selection of the "correct" analyti- 
cal technique for detecting, identifyiog, and 
quantifying the toxicants in the manipulated 
samples. Because there may be significantly 
fewer chemical components in the manipulated 
samples than in- the original sample, the task of 
deciding which component is causing the toxicity 
is much easier. The toxicity-based TIE approach 
enables direct relationships to be established 
between toxicants and measured analytical data 
because toxicants are tracked through all sample 
fractionations, using the most relevant detector 
available, the organism. Establishing this relation- 
ship ultimately results in highly efficient TIES. 

With the toxicity-based TIE approach, detec- 
tion of synergistic and antagonistic interactions, as 
well as matrix effects, for the hxicants is possible 
via toxicily tracking. A priori knowledge of tbe 
toxicants' behavior in the aqueous phase is not 
required. 

The TJE approach is divided into three phases. 
Phase I consists of methods to identify the physi- 
calkhemica1 nature of the constituents causing 
acute toxicity. Phase 11 desaibes fractionation 
schemes and analytical methods to identify the 
toxicants, and Pbase 111 presents procedures to 
confirm that the suspected toxicants are the cause 
of toxicity. 

Phase I: Toxicant Characterization-In Phase 
I, the physical/chemical properties of toxicants are 
characterized by performing manipulations to alter 
or render biologically unavailable generic classes 
of compounds with similar properties. Toxicity 
tests, performed in conjunction with the manipula- 
tions, provide information on the nature of the 
toxicants. Successful completion of Phase I 
occurs when both tbe nature of the components 
causing toxicity, as well as their consistent pres- 

I 

ence'in tnynng%?f w p l ~  can be established. 
After Phase I, the toxicants can be tentatively 
categorized as having chemical charaderistics of 
cationic metals, nonpolar orgauics, polar organics, 
volatiles, oxidants, and/or substances whase 
toxicity is pHdependent. 

An overview of the sample manipulations 
employed in Rase I is shown in Figure 5-1. Not 
shown in Figure 5-1, but performed on all sam- 
ples, are routine water chemistry measurezncats 
including pH, hardness, conductivity, and dis- 
solved oxygen. These routine measurements are 
needed for designidg sample manipulations and 
interpreting test data. The manipulations shown in 
Figure 5-1 are usually sufficient to charaderize 
toxicity caused by a single chemical. Whcn 
multiple toxicants are present, various combina- 
tions of the Phase I manipulations will most likely 
be required Cor toxicant characterization. 

Many of the manipulations in phase I require 
samples that have been pH-adjusted. I h e  adjust- 
ment of pH is a powerful tool for detecting cation- 
ic and anionic toxicants since their behavior is 
strongly influenced by pH. By changing pH, the 
ratio of ionized to un-ionized species in solution 
for a chemical is .changed significantly. "le 
ionized and un-ionized species have dilferent 
physical/chemical properties as well as toxicities 
In Phase I, pH manipulations are used to examine 
two different questions: 

Is the toxicity different at various pHs? 

Does changing the pH, performing a 
sample manipulation, and then readjusting 
to ambient pH affect toxicity? 

Tbe graduated pH test examines the fmt  question, 
and the pH adjustment, aeration, filtration, and 
solid phase extraction (WE) manipulations exam- 
ine the second. 

In the graduated pH test, the pH of a sample 
is adjusted within a physiologically tolerable range 
(e.g., pH 6.0, 7.0, and 8.0) before toxicity testing. 
In many instances, the un-ionized form of a 
toxicant is able to cross biological membranes 
more readily than the ionized form and thus is 
more toxic. This test is designed primarily for 
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ammonia, a relatively common toxicant whose 
toxicity is extremely pH-dependent (USEPA, 
198%). However, different pH values can strong- 
ly affect the toxicity of many common ionizable 
pesticides, and also may influence the bioavail- 
ability and toxicity of certain heavy metals and 
surfactants (Campbell and Stokes, 1985; Doe et 
al., 1988). 

Aeration tests are designed to determine 
whether toxicity is attributable to volatile, oxidiz- 
able, or sublatable compounds. Samples at pH, 
(ambient pH), pH 3, and pH 11 are sparged with 
air for 1 h, readjusted to pH, and tested for toxici- 
ty. The different pH values affect the ionization 
state of polar toxicants, thus making them more or 
less volatile, and also affect the redox potential of 
the system. If toxicity is reduced by air sparging 
at any of the pH values, the presence of volatile or 
oxidizable compounds may be suggested. To 
distinguish the former from the latter situation, 
further experiments are performed using nitrogen 
rather than air to sparge the samples. If toxicity 
remains the same, oxidizable materials are impli- 
cated; if toxicity is again reduced, volatile com- 
pounds are suspect. The pH at which toxicity is 
reduced is important. If nitrogen sparging de- 
creases toxicity at pH,, neutral volatiles are pres- 
ent; if toxicity decreases at pH 11.0 or pH 3.0, 
basic and acidic volatiles, respectively, are impli- 
cated. An additional process through which 
aeration can remove sample toxicants is sublation, 
which is the movement of compounds through 
aqueous solutions at the surface of the air bubbles, 
often followed by deposition on the aeration glass- 
ware. Compounds that exhibit this behavior 
include resin acids and surfactants; in some in- 
stances it may be possible to implicate the pres- 
ence of sublatable compounds by rinsing the 
aeration glassware with clean laboratory dilution 
water and testing this fraction (Ankley et ul., 
1990b). 

Filtration provides information concerning the 
amount of toxicity associated with filterable 
components. In this test, samples at pH, pH 3.0, 
and pH 11.0 are passed through 1 -p  glass fiber 
filters, readjusted to pH,, and tested for toxicity. 
Reductions in toxicity due to filtration could be 
related to factors such as deueased physical 

toxicity, rather than chemical toxicity (Chapman 
et al., 1987), or removal of particle-bound toxi- 
cants, which cauld be important, particularly if 
filter-feeding organisms such as cladocerans are 
the test species. 

Reversed-phase, solid-phase extraction (SPE) 
is designed to determine the extent of toxicity due 
to compounds that are relatively nonpolar at pH, 
pH 3.0, or pH 9.0. This test, in conjundion with 
associated Phase II analytical procedures, is an 
extremely powerhrl TIE tool. In this procedure, 
filtered sample aliquots at pH, pH 3.0, and pH 9.0 
are passed through small columns packed witb an 
odadecyl (C,,) sorbent At pH, the q, sorbent 
will remove neutral compounds such as certain 
pesticides (Junk and Richard, 1988). By shifting 
ionization equilibria at the low and bigh pH 
values, the SPE column also can be used to 
extract organic acids and bases (Wells and Mi- 
chael, 1987). During extraction, the resulting 
post-column effluent is collected and tested for 
toxicity to determine whether tbe manipulation 
removed toxicity and/or whether the capacity of 
the column was exceeded. Following this, the 
column is eluted with solvents, such as methanol, 
which then can be tested for recovery of toxicity. 
If sample toxicity is decreased and subsequently 
recovered in soivent elutions, a nonpolar toxicant 
would be suspeded. 

The presence of toxicity due to cationic metais 
is tested through additions of ethylenediaminetet- 
raacetic acid (EDTA), a strong chelating agent that 
produces nontoxic complexes with many metals. 
As with SPE chromatography, the specificity of 
the EDTA test for a class of ubiquitous toxicants 
makes it a powerful TIE tool. Cations chelated by 
EDTA include certain forms of aluminum, barium, 
cadmium, cobalt, copper, iron, lead, manganese, 
nickel, strontium, and zinc (Stumm and Morgan, 
1981). EDTA does not complex anionic forms of 
metals, and only weakly chelates certain cationic 
metals, such as silver, chromium, and thallium 
(Stumm and Morgan, 1981). 

The oxidant redudion test is designed to 
determine the degree of toxicity associated with 
chemicals reduced, or in some instances chelated, 
by sodium thiosulfate. The toxicity of oxidants 
such as chlorine, bromine, iodine, and manganous 



ions is neutralized by sodium thiosulfate, and 
metals such as copper, cadmium, and silver are 
chelated and rendered biologically unavailable 
(Hockea and Mount, 1990). &cause sodium 
thiosulfate, like EDTA, has low toxicity to most 
aquatic organisms, a relatively wide range of 
concentrations can be tested. 

Pb8sc 11: Toxicant Identlfkrtion-hitial labo- 
ratory work in Phase I1 focuses on isolation of 
the toxicants using chemical fractionation tech- 
niques with toxicity tracking. The ideal isolation 
process would create a subsample that contains 
one chemical, the toxicant. Depending on tbe 
nature of the toxicants, wide differences in the 
techniques, as well as in the amount of effort 
required for fractionation, wiil occur. 

In general, after fractionation, instrumental 
analyses are performed on the toxic subsamples, 
and lists of identified chemicals are assembled 
for each subsample. For each chemical in a list, 
an LC, value is obtained, nsually from the 
literature or occasionally from structure activity 
models (Institute for Biological and Chemical 
Process Analyses, 1986). By comparing concen- 
trations of the identified chemicals to tbeir IK,,, 
values, a list of suspect toxicants is made. This 
list is then refined by actually determining LCs 
values for the suspects using the TIE test species. 
If only one toxicant is present, it should be easily 
identified. For samples with multiple toxicants, 
identification becomes significantly more pro- 
traded since interactions among toxicants may 
need to be examined. If none of the suspected 
toxicants appears to explain the toxicity, the true 
toxicants were probably not detected during 
instrumental analysis. Usually, additional separa- 
tion and associated concentration steps are re- 
quired to increase the analytical sensitivity for 
toxicant identification. 

The information obtained in Phase I provides 
the analytical roadmarks for performing the 
fractionation and identification tasks in Phase 11. 
To illustrate the relationship between Phase I 
data and the analytical approaches employed in 
Phase 11, results for two typical Phase 1 TIE 
evaluations are presented in Table 5-1. Tbe 
Phase I1 methods and approaches appropriate for 

these examples are disc&ed below. 
In h e  fvst sample in Table 5-1, SPE reduced 

toxicity. In Pbase 11, the SPE column is eluted 
with graded, increasingly nonpolar methanol/- 
water solutions, and toxicity testing is performed 
on each fraction (Burkbard cf d., 1990). Al- 
though solvents other than methanol are routinely 
used in analytical work with G, chromatography 
columns, the low toxicity of methanol to aquatic 
organisms (e.g., Lc, 21.5 percent for dado- 
cerans) makes it a solvent of choice for toxicity 
tracking in the fractions. If no toxicity occurs in 
the fractions, the toxicants have been lost and 
further characterization (Phase 1) work is re- 
quired. I€ toxicity occurs in the fractions, Phase 
I1 methods feature concentration of the toxic 
methanolhater hctions; high performance 
liquid chromatography fractionation of the con- 
centrate (again with a C,Jrnethanol/water solvent 
system), witb concurrent toxicity testing of the 
fractions; and, ultimately, identification of sus- 
pected toxicants in the toxic fractions via gas 
cbromatograph y/mass spectroscopy. For pore 
water TIE, toxicity caused by high log k, non- 
polar organics is often not elutable with metha- + 

nol. In these cases, it is useful to elute the SPE 
column with a less polar solvent (Le., methylene 
cbloride) (Schubauer-Berigan and AnWey, 1991). 

Ln the second sample, both EDTA additions 
and SPE reduced toxicity. The reduction of 
toxicity by EDTA strongly suggests the presence 
of toxic levels of cationic metals. Thus, Phase I1 
procedures would include both metal analyses 
and the concentration, fractionation, and identi- 
fication techniques described for nonpolar or- 
ganics in the first example. If analyses identify 
specific metals at codcenbations high enough to 
cause toxicity, various mass balance procedures 
can be used to define the portion of the sample 
toxicity due to the suspected metals and the 
portion of the toxicity due to the suspect non- 
polar compounds. 

Only a very small subset of possible Phase I 
results is shown in Table 5-1, particularly when 
one considers that three of the tests (aeration, 
filtration, SPE) are conducted at three different 
pH values. A complete discussion of the types 
of Phase I results that may be encountered and 





p r o ~ i & ~ - - ' e v i d e n c e ~ ~ , ~ ~ e  validity .- 8 ,  ,of tbe susped 
b e i n g % i x i c a n t .  

Another Phase fl1 procedure is observation of 
symptoms (e.g., time to mortality) in poisoned 
animals. Although this approach does not neces- 
sarily provide support for a given suspect, it can 
be used to provide evidence against a suspected 
toxicant. If the symptoms observed in a standard 
refexence test with a suspected toxicant differ 
greatly from those observed with the pore water 
sample (which contains similar concentrations of 
the suspected toxicant), this is strong evidence for 
a misidentification. 

Confirmatory evidence also can be obtained 
by spiking samples with the suspect toxicants. 
While the results may not be conclusive, an 
increase in toxicity by the same proportion as Lbe 
increase in concentration of the suspect toxicant in 
tbe sample suggests that the suspect is correct. To 
obtain a proportional increase in toxicity from &e 
addition of a suspect toxicant when in fact it is 
not the true toxicant, both the true and suspect 
toxicants would have to have very similar toxicity 
levels and their eflecls would also have to be 
additive. 

Mass balance calculations can be used as 
confirmation steps when toxicity can be at least 
partially removed from the pore water sample, and 
subsequently recovered. This approach can be 
useful in instances when SPE removes toxicity. 
Tbe methanol fractions eluted from the SPE 
column are evaluated individually for toxicity; 
these toxicities are summed and then compared to 
the total amount of toxicity lost from the sample. 

Other techniques, including alteration of water 
quality characteristics (e.g., pH, salinity) in a 
manner designed to affect the toxicity of specific 
compounds, and analysis of body burdens of 
suspected toxicants in exposed animals, also can 
be useful confirmation steps. 

5.2.123 'Qpes of Data Required 

In addition to the routine measurements de- 
suiied above, biological response data, either acute 
or chronic, will be obtained. Specific data colleded 
will depend on the cboice of test organism and 
endpoints. I[ the TIE process is initiated, the 

researcher will f i  obtain data a m d g  the 
physicaVchemica1 c&aracteristicS of the toxicants in 
the pore water, followed by actual identification of 
toxic oompounds, and standard &termination of 
their concentrations in the toxic samples (see See- 
tion 5.2122 above). 

5212.4 Neoessary Hardware and S W  

Pore water preperation and toxicity test poce 
dura are fairly siraightfolward and require am- 
monly available equipment and facilities. Many of 
the TIE procedures also require only mt ine  facili- 
ties. However, certain TIE techniques require some 
degree of advanced analytical capability (e.g., 
atomic absorption spectroscopy, gas rhromatogra- 
phyhass spedroscopy). Similarly, although many 
of the routine toxicity tests require relatively little 
training, certain of the TIE prdures,  in particular 
some of the chemical analyses, require advanced 
technical expertise and experience. 

5.2.IJ Adequacy of Docrmrentah 

I ,  Tbe theoretical basis for using pore water to 
asses toxicity appears to be scientifically sound, 
and pore water has been used for sediment toxicity 
evaluation (Adams et d., 1985; Swam et af., 1985, 
1988,1990, Knexovicb and Harrison, 1988; Connell 
et ul., 1988; Giesy et af., 1988; USEPA, 1989a, 
Ankley et d., 199Oa, 1991a, 1991b; Hoke et aL, 
1990, Schubauer-Berigan and Ankley, 1991). 
Toxicity tests that can be used are in many instances 
well-doaunented, standard procedures (US. EPA, 
1985a; 198%). The TIE techniques involved, 
including those specifcally for sediments, have been 
documented (USEPA, 1988,198%, 198% 199la, 
1991b). Also, sediment TIES with pore water have 
beea su-fully demonstrated (Ankley et d., 
199Oa, 1991b; Schubauer-Berigan et d., 1990, 
Schubauer-Berigan and Ankley, 1991). 

5.2.2 Applicability of Mctbod to H u m n  
Health, Aquatic W e ,  or Wildlife 
Proteaion 

This method can be used to predict acute and 
chronic @e., growth or reprodudive) effects of toxic 
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-, I=- +- ,w7* -* sediment on aquatic organisms and can identify 
toxicants responsible for observed effects. The data 
generated thus can be used to design sediment 
remediation programs that would have an optimal 
likelihood of succzss. These procedures are not 
suitable, however, for evaluating human health 
effects or proteding wildlife, and they cannot be 
used to address biooonczntratable toxicants. 

5.23 Abllity of Method to Generate 
Numerical Criteria for SpccUk 
Chemicals 

Pore water toxicity assessment, in conjunction 
with successful TIE procedures, can be used to 
generate numerical criteria for toxic compounds in 
sediment pore water because the toxicants are 
actually identified. However, it must be estab- 
lished that compounds identified as being toxic to 
test organisms in the laboratory are the same 
compounds (both in form and concentration) 
responsible for toxicity to organisms in field 
situations. This relationship can be evaluated both 
through biosurveys (possibly in conjunction with 
analysis of contaminant residues in organisms 
collected from the field), and laboratory toxicily 
tests in which benthic organisms perceived to be 
affected in contaminated sediments in situ are 
exposed to toxicants identified in the pore water. 
Both types of data also would be required for any 
sediment classification method based on toxicity 
or chemical analyses. 

53 USEFULNESS 

53.1 Environmental Applicability 

5.3.1.1 Suitubility for Diflerent Sediment T y p s  

The pore water toxicity assessment approacb 
is suitable for any sediment from which adequate 
quantities of pore water can be isolated. in typical 
sediments, 20-50 percent of the volume of the 
bulk sediment sample is pore water. For a com- 
plete Phase I characterization with a test species of 
relatively small body size (e.g., cladocerans, larval 
fishes), approximately 15 L of pore water is re- 
quired. This translates into a bulk sediment 

requirement of 3-8 L Bulk sediment volumcs 
needed for Phase Il identification will, of course, 
be dependent on the toxicants present ia tbe pore 
water, but typical volumes required would be 
expected to range from 1 to 20 L 

5.3.1.2 Suitability for Diflerenf Chemicals or 
C h s e s  of Chemicals 

This approach appears to be suitable lor 
various nonpolar organics, cationic metals, and 
ammonia (Adams et al., 1985; Swartz et al., 1985, 
1988, 1990; Knezovich and Harrison, 1988; 
Connell et ol., 1988; USEPA, 1989a; Ankley et 
al., 1990a, 1991b; DiToro et al., 1990). The 
applicability of the approach to toxicants such as 
polar organics or extremely lipophilic compounds 
has yet to be established. Also, the TIE proce- 
dures enable the evaluation of interactive (addi- 
tive, synergistic, antagonistic) effects among 
various toxicants present in pore water samples. 

5.3.1.3 Suisubility for Predicting Effects on 
Diflerent Organisms 

If the TIE procedures successfully identify 
specific toxicants responsible for sediment toxici- 
ty, the impacts of these toxicants on various 
species of Concern can be easily predicted, provid- 
ed that there are data concerning the toxicity of 
the identified compounds to these species. Al- 
though toxicity data may not be available for 
certain benthic species, once suspect toxicants are 
identified, it would be possible to generate toxicity 
data for specific species of concern. 

5.3.1.4 Suitability for In-Phce Polluranr Control 

The pore water toxicity assessment metbod 
and associated TIE procedures could prove to be 
a powerful tool for in-place pollutant control. Be- 
cause sediment toxicants are actually identified, it 
is possible to design remediation plans for toxi- 
cants from point sources or controllable nonpoint 
sources, and to routinely monitor the success of 
these plans througb continued assessment of pore 
water for toxicity and specific chemical toxicants. 
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5.3.1.5 Suitability for Source Control 

Because the potential exists for identifying 
specific sediment toxicants, this method is ideal 
for point source control, as well as controllable 
nonpoint source inputs. 

53.1.6 Sudability for Disposal A p p l k a t k  

As stated above, because specific sediment 
toxicants can be identified, it would be possible to 
identify potential hazards of contaminated sedi- 
ments to aquatic organisms before disposal opera- 
tions, such as those associated with dredging 
(AnWey et al., 1991~). 

53.2 Geneml Advantages and Urnitations 

5.3.2.1 Ease of Use * 

Pore water preparation, routine chemical 
analyses, toxicity test& and certain of tbe TIE 
procedures are reasonably straightforward and 
require relatively little technical expertise or 
extensive laboratory facilities. Because it is 
possible to work with aqueous samples, many of 
the standard toxicity tests developed for toxicity 
assessment of surface waters and effluents can be 
used, in addition to tests with various benthic 
species (e+, USEPA, 1985a, 198%). However, 
interpretation of results of certain of the TIE 
procedures, as well as analytical support for the 
TIE work, requires advanced training and experi- 
ence. Also, several TIE analyses require highly 
sensitive analytical instrumentation for procedures, 
such as atomic absorption spedroscopy and gas 
chromatography/mass spectroscopy. 

5.3.2.2 Relative Cost 

Cost of tbe actual toxicity test procedures is 
relatively low. Cost of the TIE procedures will 
vary depending on the nature of the toxic com- 
pounds; ‘certain toxicants (e.g., pesticides) are 
more costly to identify and quantify than others 
(e.g., ammonia). Also, identification and determi- 
nation of tbe effects of multiple toxicants in 

/- 

samples costs more than the identification of 
single toxicants. Thus, Cost analysis for tbe TIE 
portion of the toxicity assessment is case-specific. 

5.3.2.3 Tendency to Be Conservative 

Depending on the species used and the cnd- 
point evaluated, pore water toxicity tests can be as 
conservative as desired. However, acute pore 
water toxicity tests described for sediment TIE are 
notameant to represent chronic or bioaccumulation 

t endpoints. 

5.3.2.4 Level of Acceptance 

Tbe theoretical basis of pore water toxicity 
assessment is sound (Adams et al., 1985; Swartz 
et al. 1985,1988, 1990, Knezovich and Harrison, 
1988; Connell et al., 1988; USEPA, 198%; 
DiToro et al., 1990, Ankley et ai., 1991a). The 
most important advantage of using pore water as 
a sediment test fraction, however, is the fact that 
it enables the application of recently developed 
TIE procedures for tbe identification of toxic 
compounds in aqueous samples containing wm- 
plex mixtures of chemicals (USEPA, l988,1989b, 
1989c, lWla, 1991b). TIE procedures have 
proven to be extremely powerful tools for work 
with both complex effluents and sediment pore 
water (Ankley et al., 199Oa, 1991b; Kuehl et al., 
1991; Amato et al., 1991; NorbergXing et at., 
1991; Schubauer-Berigan and Ankley, 1991; 
Ankley and Burkhard, 1992). The ability to 
identify specific compounds responsible for the 
toxicity of contaminated sediments clearly could 
be critical to the success of remediation. 

5.3.2.5 Ability to Be Implemented by 
Laboratories with npical Equipment 
and Handling Facilities 

Pore water peparation, toxicity test proce- 
dures, and certain of the TIE methods are easily 
implemented by laboratories with typical q u i p  
ment and a moderate degree of expertise. Inter- 
pretation of some TIE results requires additiond 
technical training and experience, and certain of 
the analytical procedures associated with TIE 
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work require both specialized training and analyti- 
cal instrumentation. 

5.3.2.6 Level of Effbrt Required to Generate 
Results 

This procedure consists of field sampling, 
preparation of pore water, toxicity tests, and 
various TIE procedures. Depending on the 
results of the TIE work, the level of effort ex- 
pended to obtain potentially important data can 
be relatively small. 

5.3.2.7 Degree to Which Results Lend 
Themselves to Interpretation 

Biological responses (Le., toxicity) can be 
easily interpreted, and when properly performed, 
the results of the TIE procedures can be straight- 
forward and easily interpreted; however, this is 
dependent on the complexity of the sample and 
the number of compounds contributing to sample 
toxicity. 

5.3.2.8 Degree of Environmental Applicability 

Pore water toxicity assessment and TIE 
procedures are applicable to virtually all envi- 
ronmental conditions and sediment types. 
Moreover, a wide variety of test organisms can 
be evaluated with this approach. However, 
although data indicate that the toxicity and/or 
bioaccumulation of a variety of contaminants are 
correlated with their pore water concentrations, 
there is no guarantee that this relationship exists 
for all types of contaminants. For example, a 
potentially important route of exposure for 
highly lipophilic compounds is thought to be via 
ingestion of contaminated particles. This route 
is not addressed using pore water exposures. 
Finally, existing TIE procedures are applicable 
for acutely toxic samples, and thus generally 
would not be useful for identifying chronically 
toxic sediment contaminants. 

5.3.2.9 Degree of Accuracy and Precision 

Because the procedures consist of laborato- 

ry-controlled experiments, results obtained are 
statistically accurate and precise. 

5.4 STATUS 

5.4.1 Extent of Use 

Various toxicity tests have been widely a p  
plied to the evaluation of both freshwater and 
marine sediments, and pore water is merely one of 
the possible fractions that can be tested. Theoreti- 
cally, pore water appears to be appropriate for 
sediment toxicity assessment and there have been 
many examples of its use for this purpose (Adams 
et ol., 1985; War@ et al., 1985, 1988, 1990; 
Giesy et al., 1988; Knezovich and Harrison, 1988; 
Connell et al., 1988; USEPA, 1989a; Ankley, 
199oa, lWla,  1991b; DiToro et al., 1990; Hoke 
et al., 1990; Schubauer-Berigan and Ankley, 
1991). The TIE procedures (USEPA, 1988, 
1989b, 1989c, 1991a, 199lb) although developed 
only relatively recenlly, already are widely used in 
both research and regulatory programs. 

5.4.2 Extent b Which AppFoPcb Hns Been 
Fkld-VllidatCd 

Because the procedure is relatively new, thae 
has been little fieM validation. 'Ihu area requires 
research, not only for the pore water TIE methods 
d e s u i i  herein, but for virtually any other sediment 
method involving toxicity tests or chemical analyses. 

Various sediment toxicity tests have been widely 
us6d; however, relatively few studies have evaluated 
pore water toxicity. This is primarily because the 
theoretical basis for using p a e  water has only 
recently beel aitically evaluated Fur this reason# 
there are no standard methods for pore water prcpa- 
ration. Systematic TIE procedures for toxic aqueous 
samples have only recenrly been developed and thm 
have not yet been widely applied to the area of 
sediment toxicity assesment. Because ameat TIE 

ples, pore water appearstobe the best fraction witb 
procedures m o t  be used with bulk sediment ~ 8 m -  
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which to attempt to identify specific sediment 
amtaminants responsible for acute toxicity. 

5.4.4 Outlook for Future Use 8nd Amount of 
Development Yet Needed 

'he outlook for this approach is extremely 
promising because it is the only method currently 
available that enables the identification of specific 
compounds responsible for sediment toxicity with 
m e  degree of certainty. 'Ibis infomation could 
be critical to the success of remediation. Howev- 
er, as with all of the existing sediment methods, 
furlher development is needed, particularly in the 
following areas: . The development of standard and scientif- 

ically sound techniques for pore water 
isolation; 

Further characterization of relationships 
between sediment toxicity in situ and the 
toxicity of sediment pore water in the 
laboratory for different classes of comp 
ounds; and 

The development of TIE procedures to 
identify chronically toxic compounds in 
aqueous samples. 

Research in all these areas is ongoing at ERL 
Duluth. 

For more infomation please contact: 

Gerald Ankley and Nelson Thomas 
U.S. Environmental Protection Agency 
Environmental Research Laboratory 
6201 Congdon Boulevard 
Dulutb, MN 55804 
(218) 720-5603 

Mary K. Schubauer-Berigan 
ASCI Corporation 
6201 Congdon Boulevard 
Duluth, MN 55804 
(218) 720-5619 

5 5  REFERENCES 

Adams, W.J., R A  Kimerle, and R.G. Mosher. 
1985. Aquatic safety assessment of chemicals 
sorbed to sediments. pp. 429453. In: Aquatic 
Toxicology and Hazard Assessment: Seventh 
Symposium. R.D. Cardwell, R. Audy, and R.C. 
Bahner (eds.). ASI'h4 STP 854. American Soci- 
ety for Testing and Materials, Philadelphia, P A  

Amato, J.R., D.I. Mount, EJ. Durhan, M.T. 
Lukasewycz, G.T. Ankley, and E.D. Robert. 
1991. An example of the identification of 
diazinon as a primary toxicant in an effluent. 
Environ. Toxicol. Cbem. In press. 

Ankiey, G.T. and LP. Burkhard. 1992 Identili- 
cation of surfactants as toxicants in a primary 
effluent. Environ. Toxicol. Clem. Submitted. 

Ankley, G.T., A. Katko, and J.W. Arthur. 1990a. 
Identification of ammonia as an important sedi- 
ment-associated toxicant in the lower Fox River 
and Green Bay, Wisconsin. Environ. Toxicol. 
Chem. 9:313-322. 

Ankley, G.T., M.T. Lukasewycz, G.S. Peterson, 
and DA. Jenson. 199ob. Behavior of surfad- 
am in toxicity identification evaluations. 
Chemosphere. 21:3-12. 

Ankley, G.T., M.K. Schubauer-Berigan, and J.R. 
Dierkes. 1991a. Predicting the toxicity of bulk 
sediments to aquatic organisms with aqueous 
test fractions: Pore water versus eiutriak. 
Environ. Toxicol. Chem. In press. 

Ankley, G.T., G.L. Phipps, P.A. Kosian, DJ. Han- 
sen, J.D. Mahony, A.M. Cotter, E.N. Leonard, 
J.R. Dierkes, DA. Benoit, and V.R. Mattson. 
1991b. Acid volatile sulfide as a factor mediat- 
ing cadmium and nickel bioavailability in 
contaminated sediments. Environ. Toximl. 
Cbem. Inpress. 

Ankley, G.T., M.K. Schubauer-Berigaa, and RA. 
Hoke. 1991c. Use of toxicity identification 
evaluation techniques to identify dredged mate- 
rial disposal options: A proposed approach. 
Environ. Management. In press. 

Burkhard, LP., and G.T. Ankley. 1989. 
NETAC's toxicity-based approach to identify 
toxicants. Environ. Sci. Technol. 23:1438- 
1443. 



LInterstifid Wafer TIE Apptoach 

Burkhard, LP., EJ. Durban, and M.T. 
Lukasewycz. 1990. Identification of nonpolar 
toxicants in effluent using toxicity-based frac- 
tionation with gas chromatography/mass spec- 
trometry. Anal. Chem. 63:277-283. 

Campbelt, P.G.C., and P.M. Stokes. 1985. 
Acidification and toxicity of metals to aquatic 
biota. Can. J. Fish. Aq. Sci. 42:2034-2049. 

Chapman, P.M., J.D. Popham, J. Griffin, D. 
Leslie, and J. Michaelson. 1987. Differentia- 
tion of physical from chemical toxicity in solid 
waste fish bioassays. Water Air Soil Pollut. 

Connell, D.W., M. Bowman, and D.W. Hawker. 
1988. Bioconcentration of cblorinated hydrocar- 
bons from sediment by oligochaetes. Eco- 
toxicol. Environ. Safety 16:293-302. 

DiToro, D.M., J.D. Mahony, DJ. Hansen, KJ. 
Scott, M.B. Hicks, S.M. Mays, and M.S. Red- 
mond. 1990. Toxicity of cadmium in sedi- 
ments: the role of acid volatile sulfide. 
Environ. Toxicol. Cbem. 9: 1489-1504. 

Doe, K.G. W.R. Emst, W.R. Parker,G.RJ. Julien, 
and PA. Hennigar. 1988. Influence of pH on 
the acute lethality of fenitrothion, 54-D and 
aminocarb and some pH-altered sublethal effects 
of aminocarb on rainbow trout (Salmo gaird- 
nert). Can. J. Fish. Aq. Sci. 45287-293. 

Giesy, J.P., R.L. Graney, J.L Newsted, C.J. 
Rosiu, A. Benda, R.G. Kreis, and F.J. Howath. 
1988. Comparison of three sediment bioassay 
methods using Detroit River sediments. En- 
viron. Toxicol. Chem. 7483-498. 

Hockett, I.R., and D.R. Mount. 1990. Use of 
metal chelating agents to differentiate among 
sources of toxicity. Eleventh Annual Meeting 
of the Society of Environmental Toxicology and 
nemistry, Abstract, p. 162. 

Hoke, RA., J.P. Giesy, G.T. Ankely, J.L New- 
sted, and J.R. Adams. 1990. Toxicity of 
sediments from western Lake Erie and Maumee 
River at Toledo, Ohio, 1987: Implication for 
current dredged material disposal practices. J. 
Great Lakes Res. 16:457-470. 

Institute for Biological and memica1 Process Analy- 
ses. 1986; User manual for QSAR system. 
Montana State University, Bmman, MT. 

33~295-308. 

Junk, GA., and J.J. Richard. 1988. Organics in 
water: Solid phase extradon on a small scale. 
Anal. mem. rn451-454. 

Knezovich, J.P., and F.L Harrison. 1988. Tbe 
bioavailability of sediment sohed chloro- 
benzenes to larvae of the midge ChironOSnur 
decorus. Ecotoxicol. Environ. Safety 
15:226-241. 

Knezovich, J.P., EL Henderson, and R.G. Wil- 
helm. 1987. "be bioavailability of sediment-- 
sorbed organic chemicals A review. Water Air 
Soil Pollut. 32233-245. 

Kuehl, D.W., G.T. Ankley, LP. Burkhard, and 
DA. Jensen. 1990. Bioassay directed charac- 
terization of the acute toxicity of a aeosote 
leachate. Hazardous Waste Hazardous Mater. 

Norberg-King, TJ., EJ. Durhan, G.T. Ankley, and 
E. Robert. 1991. Application of toxicity identi- 
fication evaluation procedures to the ambient 
waters of the Colusa Basin Drain. Environ. 
Tox. and Ckem. In press. 

Scbubauer-Berigan, M.K., J.R. Dierkes, and G.T. 
Ankley. 1990. Toxicity identification evalua- 
tions of contaminated sediments in the Buffalo 
River, NY aid Saginaw River, MI. National 
Effluent Toxicity Assessment Center Rep. No. 
20-90. Environmental Researcb Laboratory, 
Duluth, MN. 

Scbubauer-Berigan, M.K, and G.T. Ankley. 
1991. The contribution of ammonia, metals, 
and nonpolar organic compounds to the toxicity 
of sediment interstitial water from an Illinois 
River tributary. Environ. Toxicol. Chem. In 
pres. 

Shults, D.W., LM. Smith, S.P. Femro, FA. Rob- 
erts, and C.K. Poindexter. 1991. A comparison 
of methods for measuring trace organic a m -  
pounds and metals in interstitial water. Water 
Res. Inpress. 

Sly, P.G. 1988. Interstitial water quality of lake 
trout spawning habitat. J. Great Lakes Res. 

Stumm, W., and J.J. Morgan. 1981. Aquatic 
chemistry - An introduction emphasizing chemi- 
cal equilibria in natural waters. John Wiley and 
Sons, New York. 583 pp. 

7283-291. 

14:301-315. 

5-13 



~ 

Sdimrnt Classificatbn Methuds Compendium 

Swartz, R . C ,  G.R. Ditsworth, D.W. Schults, and 
J.O. Lambeson. 1985. sediment toxicity to a 
marine infaunal amphipod: Cadmium and its 
interaction witb sewage sludge. Mar. Environ. 
Res. 18:133-153. 

Swam, R.C., P.F. Kemp, D.W. Schults, and J.O. 
h b e r s o n .  1988. Effects of mixtures of sedi- 
ment contaminants on the marine infaunal 
amphipod Rheparynius abronius. Environ. 
Toxicol. Chem. 7:1013-1020. 

Swam, R.C., P.F. Kemp, D.W. schults, G.R. 
Ditsworth, and R.J. Ozretich. 1989. Acute 
toxicity of sediment from Eagle Harbor, Wash- 
ington, to the infaunal amphipod Rheparynius 
obroniw. Environ. Toxicol. Cbem. 8:215-222. 

Swartz, R.C., D.W. Schults, T.H. DeWitt, G.R. 
Ditsworth, and J.O. Lamberson. 1990. Toxi-c- 
ity of fluoranthene in sediment to marine amph- 
ipods: A test of the equilibrium partitioning 
approach to sediment quality criteria. Environ. 
Toxicol. Chem. 9:1071-1080. 

USEPA. 1985a. Methods for measuring the 
acute toxicity of effluents to freshwater and 
marine organisms. EPA/600/485-013. U.S. 
Environmental Protection Agency, Cincinnati, 
OH. 

USEPA. 198Sb. Short-term methods for estimat- 
ing the chronic toxicity of effluents and receiv- 
ing waters to freshwater organisms. 
EPA/600/4-85-014. U.S. Environmental Pro- 

, tection Agency, Cincinnati, OH. 
USEPA. 1985~. Ambient water quality criteria 

for ammonia - 1984. EPA/440/5-85-001. U.S. 
Environmental Protection Agency, Duluth, MN. 

USEPA. 1988. Methods for aquatic toxicity 
identification evaiuations: Pbase I toxicity 
characterization p r d u r e s .  EPA/600-3-88/034. 
U.S. Environmental Protection Agency, Duluth, 
MN. 

USEPA. 1989a. Equilibrium partitioniog 
approacb to generating sediment quality criteria. 
EPA/440/5-89DO2. U.S. Environmental 
Protection Agency, Washington, DC. 

USEPA. 1989b. Methods for aquatic toxicily 
identification evaluations: Phase I1 toxicily 
iden ti f i a t  ion procedures. EPA/600-3-88/035. 
U.S. Environmental Protection Agency, Duluth, 
MN. 

USEPA. 1989~.  Methods for aquatic toxicity 
identification evaluations: Phase 111 toxicity 
confirmation procedures. EPA/600-3-88/036. 
U.S. Environmental Protection Agency, Duluth, 
m. 

USEPA. 1991a. Methods for aquatic toxicity 
identification evaluations: Phase I toxicity 
characterization procedures. Second edilion. 
EPA-6W6-9 1 /003. Environmental Research 
Lsboratory, Duluth, MN. 

USEPA. 1991b. Methods for sediment toxicity 
identification evaluations. National Effluent 
Toxicity Assessment Center Rep. No. 08-91. 
Environmental Research Laboratory, Duluth, 
MN. 

Wells, M.J.M., and J.L. Michael. 1987. 
Reversed-phase solid-phase extraction for aque- 
ous environmental sample preparation in herbi- 
cide residue analysis. J. Chromatogr. Sci. 

I 

25:345-50. 

5-14 



Equilibrium Partitioning Approach 
Chdntopher S. Zanba 
US. Environmental Protection Agency 
401 M Street, SW FyH-586), Washington, DC 30460 
(202) 260-1326 

The equilibrium partitioning (EqP) approach 
focuses on predicting the chemical interaction 
among sediments, interstitial water (i.e., the 
water between sediment particles), and contami- 
nants. Based on correlations with toxicity, 
interstitial water concentrations of contaminants 
appear to be better predictors of biological 
effects than do bulk sediment concentrations. 
The EqP method for generating sediment quality 
criteria is based on predicted contaminant con- 
centrations in interstitial water. Chemically 
contaminated sediments are expected to cause 
adverse biological effects if the predicted inter- 
stitial water concentration for a given contami- 
nant exceeds the chronic water quality criterion 
for that contaminant. 

' 

6.1 SPECIFIC APPLICATIONS 

Specific applications of EqP-based sediment 
quality criteria are under development. The 
primary use of EqP-based sediment criteria will 
be to identify and prevent risks associated with 
contaminants. Because the regulatory needs 
vary widely among and within U.S. EPA offices 
and programs, EqP-based sediment quality 
criteria will be used in a variety of ways. 

EqP-based numerical sediment quality 
criteria would likely be used directly to assess 
risk and would be applied in a tiered approacb. 
In tiered applications, concentrations of sediment 
contaminants that exceed sediment quality 
criteria would be considered as causing unac- 
ceptable impacts. Further testing may or may 
not be required, depending on site-specific and 
program-specific conditions. Sediment contami- 
nants at concentrations less than the sediment 
criteria would not be of concern. However, 
sediments would not be considered safe in cases 

where they are suspected to contain other con- 
taminants at concentrations above safe levels, 
but for which no sediment criteria exist. 

Synergistic, antagonistic, or additive effccts 
of multiple contaminants in the sediments may 
also be of concern. Additional testing in other 
tiers of the evaluation approach, such as bio- 
assays, could be required to determine whether 
the sediment is safe. It is likely that such 
testing would incorporate site-specific consider- 
ations. 

6.1.1 Cumnt Use 

Specific regulatory uses of EqP-based Jedi- 
ment quality aiteria are under development and I 
will be articulated in the Contaminated Sediment 
Management Strategy. The Science Advisory 
Board (SAB) has completed the review of his 
approach for nonionic organic contaminants. 
Based on the findings of this review, the method 
rwill be used for developing national sediment 
quality criteria. (The first five sediment quality 
criteria will be proposed in the Federal Register 
shortly for public comment.) At tbe present 
time, the criteria are for the protection of ben- 
thic organisms. The methodology for develop- 
ing sediment criteria for metal contaminants will 
be presented to the SAB for review in 1993. 
The range of potential applications of the EqP 
approach is large because the approacb accounts 
for contaminant bioavailability and can be used 
to evaluate most sediments. 

Drafl sediment criteria values have been 
developed for a variety of organic compounds 
using the EqP approach. In pilot studies at a 
variety of contaminated sediment sites at which 
site characterization and evaluation activities 
were undertaken, the draft criteria were used in 
the following ways: 
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Identify extent of contamination; Althougb sediment aiteria developed using 
the EqP approacb are similar in many ways to 

Assess the risks or potential risks associ- existing water quality uiteria, their applications 
ated with the sediment contamination; may differ substantially. In most cases, wntami- 

nants in the water column need only be controlled 
Identify responsible parties and the need at the source to eliminate unacceptable adverse 
for source controls; and impacts. In contrast, contaminated sediments 

often have been in place for quite some time, and 
Identify the environmental benefit associ- controlling the source of that pollution (if the 
ated with a variety of remedial options. source still exists) will not be sufficient to allevi- 

ate the problem. Safe removal, treatment, or 
In addition, a number of states have used draft 

EqP-based sediment criteria to evaluate the poten- 
tial effects of sediment contaminants found in 
aquatic habitats. 

6.1.2 Potential Use 

Potential applications of the EqP approach 
include a variety of ongoing activities conducted 
by the U.S. EPA. EqP-based sediment quality 
criteria could play a major role in tbe identifi- 
cation, monitoring, and cleanup of contaminated 
sediment sites on a national basis. Tbis is true, in 
piiii, because EqP-based SQC establish a direct 
cause-andeffect relationship between a contami- 
nant concentration and biological impacts. They 
could also be used to ensure that uncontaminated 
sites remain uncontaminated. In some cases, such 
sediment criteria alone will be sufficient to iden- 
tify and establish cleanup levels for contaminated 
sediments. In other cases, it will be necessary to 
supplement the sediment criteria with biological 
sampling, testing, or other types of analysis before 
a decision can be made. 

EqP-based sediment aiteria will be particular- 
ly valuable at sites wbere sediment contaminant 
concentrations are gradually haeasing. In such 
cases, criteria will permit an assessment of the 
extent to which unacceptable contaminant concen- 
trations are being approached or have been ex- 
ceeded. Comparisons of field measurements to 
sediment aiteria will be a reliable method for 
providing an early warning of a potential problem. 
Sucb an early warning would provide an opportu- 
nily to take corrective action before adverse 
impacts occur. 

disposal of contaminated sediments can also be 
difficult and expensive. For this reason, it is 
anticipated that EqP-based sediment criteria will 
rarely be used as mandatory cleanup levels. 
Rather, they will likely be used to predict OT 

identify the degree and spatial extent of problems 
associated with contaminated areas, and thereby 
facilitate regulatory decisions. 

6.2 DESCRIPTION 

6.2.1 Description of Method 

Concentrations of contaminants in the intersti- 
tial water correlate very closely with toxicity, 
whereas concentrations of contaminants bound to 
the sediment particles do not. The EqP method 
for generating sediment criteria involves predicting 
contaminant concentrations in  the interstitial water 
and comparing those concentrations to quality 
criteria. If the predicted sediment interstitial water 
concentration for a given contaminant exceeds its 
respective chronic water quality criterion, then the 
sediment would be expected to cause adverse 
e f f o .  

The processes that govern the partitioniag of 
chemical contaminants among sediments, inter- 
stitial water, and biota are better understood for 
some kinds of chemicals than for others. Con- 
centrations of sulfides and organic carbon have 
been identified as primary factors tbat control 
phase associations, and therefore bioavailability, 
of trace metals in sediments. However, models 
that can use these factors to predict researcb are 
not fully developed. Mechanisms that control 
tbe partitioning of polar organic compounds are 
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also poorly understood. Polar organic contami- 
nants, however, are not generally considered to 
be a significant problem in sediments. Parti- 
tioning of nonionic organic compounds between 
sediments and interstitial water is highly carre- 
lated with the organic carbon content of sedi- 
ments. Also, the toxicity of nonionic organic 
contaminants in sediments is highly dependent 
on their interstitial water concentrations. Conse- 
quently, to date, the EqP approach is well 
developed for nonionic organic contaminants 
a d  is in the process of development for trace 
metals. 

Interstitial water concentrations can be 
calculated using partition coefficients for speci- 
fic nonionic organic chemicals and criteria con- 
tinuous concentrations from WQC documents. 
The sediment quality criterion for a specific 
chemical is defined as the solid phase concenlra- 
tion that will result in an uncomplexed intersti- 
tial water concentration equal to the chronic 
water quality criterion for that chemical. The 
rationale for using water quality criteria as the 
effect concentrations for - bentbic organisms is 
that the sensitivity range for benthic organisms 
appears to be similar to the sensitivity range for 
water column organisms. Moreover, partition 
coefficients for a wide variety of contaminants 
are available. 

The calculation procedure for nonionic 
organic contaminants is as follows: 

rSQC=K,xcWQC 

where: 
cWQC = Criterion continuous concen- 

tration 
rSQC = Sediment quality criterion 

(pg/kg sediment) 
Icp = Partition coefficient for the 

chemical ( W g  sediment) 
between sediment and water. 

Although the method for developing sediment 
criteria for nonionic organic contaminants has 
been identified, continuous refinement of the 
metbodology is expected. 

6.2.1.1 Objectives and Assumplions 

Three principal assumptions underlie use of 
the EqP-based approach to establish sedimeat 
quality criteria: 

w For sediment-dwelling organisms, the 
uncomplexed interstitial water conmtra- 
tion of a chemical correlates with ob- 
served biological effeds across sediment 
types, and the concentratian at which 
effects are observed is &e same as that 
observed in a water-only exposure. 

rn Partitioning models permit calculation of 
uncomplexed interstitial water concentra- 
tions of the chemical phases of sediments 
controlling availability. 

m Benthic organisms exhibit a range of 
sensitivities to chemicals that is similar to 
the range of sensitivities exhibited by 
water column organisms. 

Data exist supporting each of these assumptions. 

6.2.1.2 Level of Eflort 

6.2.1.2.1 Type of Sampling Required 

Sufficient sediment chemistry sampling is 
required to adequately characterize the area of 
concern. Total organic carbon concentrations are 
also needed, preferably for each sampling station. 

6.2.1.23 Types of Data Required 

Analyses are needed to determine tbe concen- 
trations of the contaminants of concern in the 
sediment (bulk sediment analysis) and the wncen- 
'trations of organic carbon in the sediment. 

6.2.1.2.4 Necessary Hardware and Skills 

The investigator must be able to design an 
appropriate sampling study, condud bulk sediment 
analyses, operate a pocket calculator, and under- 
stand developed values and what they protea. 

~~ 
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6.2.1.3 Adequacy of kwnenlorwn 

The method is very well documented (see 
Section 6.5). 

6.2.2 Applkability of Method to Human 
Health, Aquatic Ufe, or Wildlife 
Protection 

At the present time SQC do not address 
bioaccumulative impacts to aquatic life, wildlife, 
and human health. Efforts are under way to 
derive aiteria protective of these endpoints. 

6.23 Ability of Method to Generate 
Numerical Criteria for Specifk 
Chemicals 

Tbe EqP method generates numerical uiteria 
for a number of nonionic organic chemicals. A 
methodology for developing sediment criteria for 
metal contaminants is being developed. Draft 
aiteria to be proposed in tbe Federal Regbter 
were developed for endrin, phenanthrene, fluor- 
anthene, dieldrin, and acenaphthene. It is expect- 
ed that tbree to five additional sediment criteria 
will be issued each subsequent year. 

Methods for developing sediment aiteria for 
metal contaminants are under development and are 
expected to be reviewed by the SAB in 1993. 

63 USEFULNESS 

63.1 Environmental Applicab~Ity 

One of the principal reasons for selecting the 
EqP approach is that it is applicable in a wide 
variety of aquatic systems, which is a prerequisite 
for the development of national sediment quality 
criteria. 

6.3.1. I Suitability for Diflerent Sediment Typs  

Although aspeds of the EqP method are still 
under development, it is expected that sediment 

criteria for nonionic amtaminants developed using 
this approach will be applicable to all types of 
sediments found in both freshwater and marine 
euvironmtnts witb organic carbon concentrations 
~ 0 . 2  percent organic carbon. Additional work is 
needed to clarify the best use of the EqP approach 
for sediments wilb less than 0.2 percent orgaaic 
carbon. 

6.3.2.2 Suitability for Diflerent Ckmicals or 
Classes of Ckmicals 

The EqP method for developing sediment 
uiteria has been modified for different types of 
contaminants. Nonionic, ionic, and metal antam- 
inants all interact with sediment particles in 
different ways, and partitioning models have to be 
modified to account for these differences. Tbe 
technical approach for developing sediment cri- 
teria for nonionic organic contaminants has been 
well developed and is under peer review. Tbe 0 

technical approach for developing sediment ai- 
teria for metal contaminants is under development 
and is expected to undergo peer review in 1993. 
Ionic contaminants are not believed to cause major 
problems in sodiments, but work plans for sedi- 
ment criteria development methods for these 
compounds have been written. 

6.3.1.3 Suitabifiry for Predicting Effects on 
Different Organism 

As indicated above (see Section 62.1), the 
EqP approach is based on predicted interstitial 
water concentrations of nonionic organic con- 
taminants, and comparisons of these concentra- 
tions witb chronic water quality criteria. Typi- 
cally, water quality criteria are based on toxicity 
information (e.g., median lethal or median effec- 
tive concentrations) for a wide number of species 
and are set low eaougb to be protective of at least 
95 percent of the species tested. Consequently, 
exposure levels that are predicted using the EqP 
approach can be compared with a range of toxic 
effects values tbat are representative of the differ- 
ent kinds of organisms on which water quality 
aiteria are based. 
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6.3.1.4 Suitability for In-Place Pollurant 
Confrol 

The EqP method is suitable for in-place 
pollution control because it can be used to 
identify locations where concentrations of indi- 
vidual contaminants are causing adverse effects. 
Target cleanup levels can be identified, and the 
success of cleanup activities can be determined. 

6.3.1.5 Suitabilify for Source Confrol 

The EqP method is suitable for source 
control. This method predicts the concentration 
of a contaminant above which adverse impacts 
are likely. A direct measure of biological 
effects is not needed to identify safe levels. 

6.3.1.6 Suitability for Disposal Applicafwns 

The EqP method is suitable for predicting 
the effects that contaminated sediments may 
have if moved to an aquatic site. It is not 
applicable to contaminated sediments that are 
disposed of at upland sites. 

6.3.2 General Advantages and Urnitations 

The EqP approach offers the following 
advantages: 

It is consistent with existing water qual- 
ity criteria; 

It establishes a cause-and-effect relation- 
ship; 

It relates risks to specific substances, 
and it can be used to identify probable 
species at risk; 

It is applicable across all types of sedi- 
ments and in all types of aquatic envi- 
ronments, including lentic, lotic, marine, 
and estuarine environments; 

Only site-speciiic chemistry data are needed; 

Site-specific or station-specific sediment 
citeria c ~ l l  be calculated as soon as,- \%.- * 

ment chemistry data are available; 

It incorporates the large quantities of data 
that were used in the development of 
water quality criteria; 

It can be incoporated into existing regu- 
latory mechanisms with little or no nted 
for additional staffing or skills, 

The equilibrium partitioning theory on 
which it is based is well developed; 

It can be modified easily to accommodate 
site-specific circumstances; 

It can be used with additional develop- 
ment to identify risks to bumans and 
wildlife that may occur as a result of 
bioaccumulation; and 

It identifies the degree of sediment con- 
tamination and permits an assessment of 
whether contaminant concentrations are 
approaching an effects level. 

ways: 

rn 

The EqP approach is limited in the following 

Sediment criteria developed using this ap- 
proach do not address possible synergis- 
tic, antagonistic, or additive effects of 
contaminants; 

Interim and draft sediment criteria pres- 
ently exist for only 12 contaminants at 
lhis time; 

The technical approach for developing 
sediment criteria for metal contaminants is 
still under developmen$ 

Sediment quality criteria for nonionic 
chemicals apply to sediments that bave an 
organic carbon concentration d.2 percent; 
and 
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Sufficient water-only toxiaty data do not 
exist for all contaminants of concern. 

6.3.2.2 Erne of Use 

n e  calculation of site-specific Aiment aiteria 
is relatively easy, provided that sediment chemistry 
data adequately characterizing tbe site, a partition 
coefficient, and water quality criteria protective of 
the desired organism are available. 

6.3.2.2 Relatiw Cost 

Because site-specific biological data are not 
needed, the costs associated wilh this method 
depend primarily on the cost of collecting site- 
specific chemistry data. 

6.3.23 Tendency to Be Consemtiwe 

Sediment ui te r ia  are derived using the chronic 
water quality criteria as effed levels. Hence, the 
levels of protection afforded by scdiment aiteria are 
similar to those of water quality criteria. In general, 
water quality criteria are deemed to be protective of 
95 percent of tbe organisms most of the time. Each 
SQC is bracketed with levels of uncertainty. 

6.3.2.4 Level of Acceptance 

The EqP approach and its use in deriving 
sediment quaIity criteria are the result of the efforts 
of many scientists who represent a variety of federal 
agencies, industries, environmental organizations, 
universities, US. EPA laboratories, state agenaes, 
and other institutions. These scientists were in- 
volved in the selection of the EqP approach for 
generating sediment aitcria and have also played a 
role in development of the method. Papers that 
discuss various aspem of this effort have been 
prcsented at scientific conferences. 

6.3.2.5 Ability to Be Implemented by Luhrato&s 
with Typical Equipment and Handling 
Facilities 

. 

No special laboratory faa'lities or requirements 
are needed. Sediment chemistry analysis is ail that 
is required. 

6.3.2.6 ' L e v e ! % i ~  Genqatep 
Results 

Tbe necessary level of effort varies substan- 
tially from site to site and is dependent on many 
factors. Compared with other methods, the EqP 
method generates results quickly and more cost- 
effectively. No site-specific biologic4 data are re- 
quired. 

6.3.2.7 Degree to Which Results Lend 
Themselves 'to Interpretation 

All sediment evaluation procedures require 
m e  level of interpretation. However, a sediment 
criterion that i s  bracketed with an appropriate 
degree of uncertainty can provide pertinent infor- 
mation. For example, sediment cbemistry data 
that identify concentrations below the conservative 
effect level for a particular contaminant could be 
deemed safe for that contaminant. A contaminant 
concentration above the upper uncertainty level 
could be identified immediately as contaminated, 
and some degree of contamination could be 
assigned to those sediments for the individual 
contaminant. Sediments whose concentration of 
a particular contaminant falls within tbe degrees of 
uncertainty could require more detailed interpreta- 
tion and possibly additional testing. 

6.3.2.8 Degree of Environmenlal Applicability 

EqP-based sediment quaIity criteria can be 
applied directly to any contaminated sediment 
containing ~0.2 percent organic carbon and non- 
ionic chemicals for whicb uiteria are available. 
Extensive data analysis and site-specific biological 
data are not required to use sediment criteria 
developed using this metbod. (In some cases 
these attributes may nonetheless be desirable.) As 
a result, the EqP method can be considered envi- 
ronmentally applicable in some cases. Because a 
wide variety of contaminated sediment sites exist, 
absolute statements regarding environmental 
applicability are difficult to make. However, the 
EqP method would be appropriate in many situa- 
tions to predict bioavailability, bioaccumulatioa, 
and biological effeds. 
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6.3.2.9 Degree ofAccuracy and Precision 

Each sediment criterion value developed using 
the EqP method will have an associated degree of 
uncertainty, which will vary from criterion to 
criterion. The principal uncertainties associated 
with sediment criteria developed using the EqP 
mcthod are those associated with partition coeffi- 
cients. Hence, each developed sediment aiterion 
should be and is bracketed with uncertainty, 
thereby providing decision-makers with a greater 
understanding of the meaning of the developed 
values. 

6.4 SI'ATUS 

The method for developing sediment criteria 
for nonionic organic contaminants has been 
developed and has been reviewed by the SAB on 
two separate occasions. Guidelines and guidance 
on the regulatory use of sediment criteria are 
under development. The method for developing 
sediment criteria for metal contaminants is being 
investigated and results are promising. The metals 
method is expected to bc sufficiently well devel- 
oped for peer review by 1993. 

6.4.1 Extent of Use 

Spccific regulatory uses for EqP-based sedi- 
ment quality criteria are being developed. A 
formal framework for the application of sediment 
aitcria is not expected until EPA completes its 
effort to develop a contaminated sediment man- 
agcment strategy. T b e  range of potentia1 applica- 
tions is very large because the need for evaluating 
potentially contaminated sediments arises in many 
contexts. 

Interim sediment criteria values were devel- 
oped for a variety of organic compounds. These 
values were used in a pilot study at a number of 
sites where site characterization and evaluation 
activities were conducted. The interim criteria 
were used in three ways: 

rn To identify the extent of contamination 
and responsible parties; 

rn To assess the risks associated witb sedi- 
ment contamination; and 

rn To identify the environmental benefits 
associated witb a variety of remedial 
options. 

A number of Stales have used interim and 
draft sediment criteria to evaluate the potential 
effects of several contaminants found in sediments 
in state waters. The methodologies for deriving 
sediment criteria have been used in a variety of 
,situations including the evaluation o€ dredged 
material, Superfund site assessments, and &e 
identification of appropriate cleanup levels for 
contaminated sediment sites. 

6.4.2 Extent to Wbkb Approach Has Been 
Field-Validated 

Considerable effort has been made by EPA to 
use field sites as part of the criteria validation 
effort and to aid in designing regulatory programs. 
Table 6-1 lists ongoing and completed studies 
where SQC are being used to diredly support 
sediment activities. In addition to these sites, 
there are other sites and situations (completed, 
ongoing, and planned) where the EqP is being 
applied to field situations. Although these efforts 
are not invoked with criteria development efforts, 
they do provide valuable data on the appropriate- 
ness of the EqP. 

It needs to be understood, however, that "field 
validation" does not describe a specific experimen- 
tal protocol. The idea is to find a site that is 
contaminated with a single chemical and deter- 
mine whether the benthic populations are degraded 
when the SQC is exceeded. However, there are 
practical difficulties. Such a field site amtamin- 
ated with only one chemical must be found, and 
there can be no ongoing sources of the chemical 
since the exposure should be only h m  the sed,- 
ment. A gradient of chemical concentration that 
spans the SQC concentration,is necessary. Tbe 
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Table 61. Ongoing and Completed Studies Udng SQC. 

sediment type must be essentially uniform in the 
gradient so that only chemical concentration is 
changing. The benthic population must be plenti- 
ful enough so that population degradation can be 

' observed as the SQC is exceeded. In spite of the 
difficulties, major field efforts are presently under 
way. 

An intermediate level of field validation is 
provided by the benthic colonization experiments. 
The experimental design is desuibed above. The 
populations that develop are determined entirely 
by natural recruitment. The uniformity of sedi- 
ment type is guaranteed by the experimental 
design. The experiments last from 2 to 4 months 
so that  the sediment can properly be called a 

"natural" sediment. Tbree benthic colonization 
experiments have been performed using spiked 
sediments. The data analysis, which is partially 
complete, itldicates that the experiments are 
consistent with the SQC for the chemicals being 
tested. 

A third type of field validation is proceeding 
as well. It is based on the notion that aithougb it 
is not possible to prove the validity of SQC 
(continual accumulation of evidence in favor of its 
validity does not guarantee that all evidence will 
always be supportive), it is possible to prove that 
it is invalid. If sediments are collected and the 
state of the benthic population i s  evaluated relative 
to control sites horn the same region, there are 
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four possibilities, which are arranged as a trutb 
table in Table 6-2. 

The correlation of the presence or lack of 
benthic impact with exceeding or not exceeding 
the SQC is consistent but not proof of causality. 
'Ihe observation of benthic impact where the SQC 
is not exceeded can be attributed to the impact of 
other chemicals. However, if the SQC is exceed- 
ed, with a proper accounting for the uncertainty of 
SQC, and no benthic impact is observed, then the 
SQC is invalidated. The colleclion of these data 
is an ongoing part of the SQC development effort. 
Analysis to date suggests that these data do not 
invalidate tbe SQC. 

6.43 Reasons for Umited Use 

The EqP method is not commonly used for 
the following reasons: 

"be metbod was developed only recently, 
and sufficient time has not elapsed for the 
principles to be understood and used by 
others. 

Final criteria have not been issued. 

Guidance and technical support docu- 
ments are in draft form and will be issued 
along with final criteria. 

6.4.4 Outlook for Future Use and Amount 
of Development Needed 

This metbod is the only procedure for deriva- 
'tion of sediment quality criteria that is generic 

a a o s  sediments, atcounts for bioavailability of 
chemicals, and relates effects to specific chemi- 
cals. Therefore, EqP-based sediment quality 
criteria will be used mu& as water quality akia 
are being used to define environmentally accept- 
able concentrations. Sediment quality criteria, 
along with sediment toxicity tests analogous to 
water quality criteria and wholeeffluent toxicity 
tests, will play a major role in EPA's management 
of contaminatd sediment. 

6.5 REFERENCES 

USEPA. April 1989. Briefing report to the EPA 
Science Advisory Board on the equilibrium 
partitioning approach to generating sediment 
quality criteria. Office of Water, Regulations 
and Standards, Ch'teria and Standards. 

USEPA. February 1990. Report of the M m e n t  
Oiteria Subcommittee of the Ecological Process- 
es and Effeds Committee - Evaluation of the 
equilibrium partitioning approacb for assessing 
sediment quality. A Science Advisory Board 
Report. 

USEPA. August 1991. Analytical metbod for 
determination of acid volatile sulfide in sediment 
(final draft). Office of Science and Technology, 
Health and Ecological Cjiteria Division. 

USEPA. August 1991. Technical basis far 
establishing sediment quality criteria for non- 
ionic chemicals using equilibrium partitioning. 
Office of Science and Technology, Health and 
Ecological Criteria Division. 

USEPA. November 1991. Proposed sediment 
quality criteria for the protection of benthic 

6-9 



Sdimcnt Classification Methods Compendium 

organisms: Acenaplbthene (draft). Office of 
Science and Technology, Health and Ecological 
Oiteria Division. 

USEPA. November 1991. Sediment quality 
criteria for the protection of benthic organisms: 
Dieldrin (draft). 0ffi;Ce of Science and Technol- 
ogy, Health and Ecological Criteria Division. 

USEPA. November 1991. Sediment quality 
criteria for the protection of benthic organisms: 
Endrin (draft). Office of Science and Technolo- 
gy, Health and Ecological Criteria Division. 

USEPA. November 1991. Sediment quality 
uiteria for the protection of benthic organiC&:-+-~-~ -- 
Fluoranthene (draft). Office of Science and 
Technology, Health and Ecological Oiteria 
Division. 

USEPA. November 1991. Sediment quality 
criteria for tbe protection of benthic organisms: 
Phenanthrene (draft). Office of Science and 
Technology, Health and Ecological Oiteria 
Division. 

6-10 



Tissue Residue Approach 
Philip hi. Cook 
U.S. Environmental Protection Agency, Environmentel Research Lab-Duluth 
6201 Congdon Boulevard., Duluth, MN 55804 
(218) 720-5553, FTS 780-5553 

Anthony R. Curkon 
US. Environmental Protection Agency, Environmental Research Lab-Duluth 
6201 Congdon Boulevard., Duluth, MN 55804 
(218) 720-5523, FTS 780-5523 

Henry Lee II 
US. Environmental Protection Agency, Enviionmental Research Leb-Newport 
Marine Science Drive, Newport, OR 97365 
(503) 8674042 

In the tissue residue approach, sediment 
chemical concentrations that will result in accept- 
able residues in exposed biotic tissues are deter- 
mined. Concentrations of unacceptable tissue 
residues may be derived from toxicity tests per- 
formed during generation of chronic water quality 
aiteria, from bioconcentration factors derived 
from the literature or generated by experimen- 
tation, or by comparison with human health risk 
criteria associated with consumption of contami- 
nated aquatic organisms. The tissue residue 
approach generates numerical aiteria and is most 
applicable for nonpolar organic and organometallic 
compounds. 

7.1 SPECIFIC APPLICATIONS 

7.1.1 Current Use 

Tissue residues of chemical contaminants in 
aquatic organisms, particularly fish, are frequently 
used as  measures of water quality in both fresh- 
water and marine systems. The tendency of 
organisms to bioaccumulate chemicals from water 
and food is one of the factors used in establishing 
national water quality criteria (WQC) for the 
protection of aquatic life (Stephan et al., 1985). 
Nonpolar organic chemicals, which may bio- 
accumulate to levels toxic to organisms or render 
organisms unfit for human food, generally will 

also be found as sediment contaminants. Hydro- 
phobic organic chemicals preferentially distribute 
into organic carbon in sediment- and lipid in 
aquatic biota. The tissue residue approach has 
been used recently to establish the amount of 
reduction of 2,3,7,6-tetracblorodibenzo-pdioxin 
FCDD) concentration in Like Ontario sediments 
necessary to attain acceptable TCDD levels in fish 
(Cook et ai., 1990). The acceptable sediment 
TCDD concentration is being used as a sediment 
criterion to determine the remedial action neces- 
sary to reduce the incremental loading of TCDD 
from the Hyde Park Superfund site to Lake Ontar- 
io (Carey et d., 1989). Tissue residues of benthic 
organisms have also been used in some regulatory 
actions, such as the assessment of bioaccumulation 
potential of dredged materials (USACE, 1991). 

7.13 PotentialUw 

Although tissue residues have been used mom 
commonly to determine the potential for bioaccu- 
mulation of chemical contaminants from sediments 
and dredged materials, they also provide an excel- 
lent measure of "effective exposure dose.": a mea- 
sure of an organism's actual effposure over time to 
a pollutant of concern. lhis exposure measure may 
be related to the dose expected at the water quality 
criterion M related directly to the potential fa 
producing chronic toxic effects. Given the ability to 
measure or predict tissue residues resulting from 
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exposures in amtamhated sediment systems, it is 
p i b l e  to establish sediment criteria based on 
residue-toxicity effects relationships. lhese rela- 
tionships can provide a basis for sediment criteria 
tbat are ftee of uncertaintics narmally associated 
with organism exposures and sediment owtaminant 
bioavailability. This is especially true when Sine 
measurementi provide the basis for the sediment 
residue link to the residue-toxic effect relationship. 

One example of tissue residue-toxic effects 
linkage is the reIationship between the failure o€ 
Great Lakes lake trout (Solwlinus nmaycush) to 
reproduce and bioacmmulation of TQ)D and 
non-orlho substituted PCBs (Mac, 1988). Labora- 
tory studies have shown significant mortality of 
larvae when lake trout ova contain as liale as 50 ppt 
2,3,7$-TCDD (Cook et al., 1990; Walker et ol., 
1991). This residue level is found in Lake Ontario 
lake trout tbat have not sucQssfully reproduced 
naturally for many years. On d e  basis Ff TCDD 
toxic equivalents for organochlorine oomponents 
having the same mode of toxic action, residues in 
lake trout from Lakes Ontario and Michigan may 
provide a measure of the reduction in sediment 
antamination neQssary to reduce fd tissue con- 
centrations to a thresbold presumed to allow repro- 
duction. Tbe same approacb can be used for 
benthic organisms, which may have greater intersite 
variations in residue levels than do fish because of 
benthic organisms’ closer association with 
sediments. 

7.2 DESCRIPTION 
7.21 Description of Method 

The tissue residue approach involves the estab- 
lishment of safe sediment concentrations for individ- 
ual cbemiaals or classes of chemicals by deter- 
mining the sediment cbemical concentration that will 
result in acceptable W u e  residues. This process 
involves two steps: (1) linking toxic effects to resi- 
dues (dose-response relationships) and (2) linking 
chemical residues in specific organisms to sediment 
&emid amtamination concentrations (expafllre 
relationships). Methods to derive unacceptable 
tissue residues include at least three approaches: 

The water quality aiterion-residue 
approach 

The experimental approach; and 

D Tbe human health approactr. 

Each of these approaches is descn’bcd briefly belaw. 

rapid approad for ile&mmm 
&ations of tissue residues involves establishing 
maximum permissible tissue concentrations 
(MITO) acpeded for organisms at the chronic 
water quality criterion wncentration previously 
established for a specific pollutant. MPKs, when 
not available througb residue measurements obtained 
with toxicity tests used for water quality criteria, can 
be obtained by multiplying the water quality uikri- 
on by an appropriate bioconcentration fador (BCF‘) 
obtained from the literature. Whea a reliable 
empirical BCF is not available, the BCF may be 
predicted froln an mol-water partition coefficient 
or a bioconcentration kinetic model. Tbus, &e 
absence of a water quality criterion for a chemical 
does not eliminate this approach as long as appropri- 
ate chronic toxicity test data are available for the 

Experimental Approach-Tissue residuetoxic 
effects linkages can be established through a series 
of chronic doserespoase e~~paiments or field 
correlations. Although this approach has the advan- 
tage of directly determining the tissue residue-toxic 
effects linkages, it can be relatively time aKlsuming 
and costly to implemenl for a large number of 
pollutants. The experimental approach should be 
used to test the assumptions of the water quality 
criterion-residue approacb and to supplement the 
existing tissue residue-toxic effects database. ”he 
expetimental work can be dosely coupled with the 
experiments conduded under the bulk sediment 
toxicity test approach to deriving sediment quality 
criteria (see cbapter 3, Bulk Sediment Toxicity Test 

w8kI’ Q d h y  Crittrioa-R~idut A p p l ~ . c b - - A  . .  g acceptable COLICCZI- 

species of interest. 

Approach). 

Human Health Appm8cb-Human heal& risk 
from consumption of freshwater fish or seafood 
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may be used as the aiterion for tissue residue 
acceptability. A sediment quality aitenon for a 
specific compound can be derived by establishing 
an acceptable human risk level (e+, an excess 
human cancer risk of IxlO") and &en back-calcu- 
lating to the sediment concentration that would 
result in tissue residues associated with this level 
of risk. The human healtb approach can generate 
sediment quality uiteria lower for carcinogenic 
compounds (e.g., P a s ,  dioxins, benzo(a)pyrene) 
than hose  criteria derived from ccological end- 

The choice of method to determine a quantita- 
tive tissue residue-sediment contamination level 
relationsbip depends on the specific pollutants, 
organisms, and water systems of concern, as well 
as the regulatory approach (e.g., remedial action, 
wasteload allocation, Superfund enforcement). 
Tbe linkage between organism residue and sedi- 
ment chemical concentration can be made from 
site-specific measurements of sediment-organism 
partition coefficients (Kuehl et d., 1987); fugacity 
or equilibrium partitioning model (Clark et of., 
1988); predictions of organism residues; or pharm- 
acokinetic-bioenergetic model predictions of 
organism residues that result from uptake from 
food chain, water, and sediment contact 
(Thomann, 1989). The residue approach works 
best for aquatic ecosystems that are at or close to 
steady state with respect to the distribution of 
chemicals between biotic and abiotic components. 
Steady-state conditions are common for most 
sediment contarninants because of their persistence 
and tendency to exert long-term rather than 
episodic bioaccumulation and toxic effects. 

points. 

7.2.1. I Objectives and Asswnptwns 

The objective of this approach is to generate 
nurnericaI sediment quality criteria based on 
acceptable levels of chemical contarninants in 
sediment-exposed biota. This objective is 
parallel to that of the water quality criteria, 
except that organism residues provide measures 
of exposure to chemical contaminants rather than 
water concentrations of contaminants. By using 
tissue - residues rather than interstitial water 
concentrations to measure dose, as in the equi- 

librium partitioning approach (Chapter S), this 
method does not require that the organism be at 
thermodynamic equilibrium with respect to tbe 
sediment contamination level. 'Iht site-sptcific 
residue approach is powerful because it does not 
require knowledge of bioavailability relation- 
ships for each organism in the system. All 
interaction pathways between sediment and 
organisms are incorporated in the determination 
of organism-to-sediment contamination ratios. 
These can be expressed on the basis of sediment 
organic carbon-organism lipid for hydrophobic 
organic chemicals. It is assumed that reduction 
in sediment contaminant concentrations over 
time (e.g., as a result of remedial actions, waste- 
load allocations) will result in parallel reduction 
in exposure, aquatic organism residues, and, 
consequently, the potential for toxic effects. It 
is further assumed that data on residue-to-toxici- 
ty relationships can be obtained from laboratory 
exposures of organisms when such data are not 
already available and that the route of exposure 
responsible for residue accumulation does not 
influence the residue-toxicity relationships. 

7.2.1.2 Level of Effort ' 

Relatively little effort would be required to 
generate preliminary sediment quality criteria 
using MPTCs calculated from existing water 
quality criteria and BCFs. In the absence of 
appropriate water quality criteria or BCFs, the 
level of effort depends on the availability of 
tissue residue action levels and the complexity 
of the sediment contaminant mitigation approach 
to be used. Relatively little effort is required to 
determine the degree to which sediment contam- 
ination concentrations must be r e d u d  for 
single chemicals in  well-mixed systems where 
fish residues are uniformly unacceptable for 
human consumption. Much more effort is 
required for systems having sediment contamina- 
tion "hot spots" where resident aquatic organ- 
isms are eliminated or reduced in number due to 
a complex mixture of sediment contaminants. 
Another complexity that could increase the 
required level of effort is the presence of sedi- 
ment contaminants that are readily metabolized 

7-3 



Sediment Clwificotion Methods Compendium 

to chemicals of greater toxicity that are responsi- 
ble for the observed adverse effects. In some 
cases, residue-toxic effects data would incorpo- 
rate the effects of toxic metabolites. 

7.2.1.2.1 Type of Sampling Required 

Surface sediment samples must be analyzed 
for chemical contaminads of interest. Inler- 
stitial water composition does not need to be 
determined because the residues in biota are 
related to bulk sediment chemical composition. 
Sediment characteristics such as grain size, 
organic carbon content, and metal binding ca- 
pacity are useful for defining sediment-to-biota 
relationships for different sites within an ecosys- 
tem. Biota sampling for residue analysis should 
include sensitive organisms when toxic effects 
are a concern or, in the absence of sensitive 
organisms, organisms whose residues will serve 
as biomarkers for establishing safe sediment 
contaminant levels. 

7.2.1.2.2 Methods 

The tissue residue approach, as discussed in 
Section 7.2, depends on determining residues in 
aquatic organisms that are unacceptable on the 
basis of toxicity to the organism or unsuitability 
for human or animal consumption as food. The 
linkage of sediment contaminant concentrations 
to organism residues is possible through a num- 
ber of approaches including site-specific 
measurements, equilibrium partitioning-based 
predictions, and steady-sbte food chain models. 
The choice of a specific approach depends on 
the chemical of concern, the availability of 
residue-toxic effects data, the contamination 
history (in-place pollutant problem versus a 
continuing or projected sediment contamination 
problem), and the characteristics of the impacted 
ecosystem. The construction of comprehensive, 
systematic strategies €or all potential sediment 
contamination assessments will be achieved 
through further research and development. 

Toxicity iden ti f ication evaluation (TIE) 
procedures (see Chapter 5 )  complement the 
tissue-residue approach. The TIE approach is 

especially useful if sediment assessment begins 
without knowledge of the sediment contaminants 
that are causing toxicity or unacceptable residues 
in biota. Tbe absence of bentbic species or 
failure of fish eggs to hatch may be attributable 
to acutely toxic, but non-residue-forming, chemi- 
cals (e.g., ammonia) in sediments. TIE proce- 
dures can distinguish between potential metal, 
nonpolar organic, polar organic, and inorganic 
chemical sources of toxicity in sediment pore 
waters or elutriates. These procedures enable a 
more complete assessment of the significance of 
residue-associated tQxicity in the system. 

Once potentially toxic, bioaccumulative 
contarninants are identified, either in sediment or 
in aquatic organisms associated through expo- 
sure to sediments, the toxicological significance 
of site-specific sediment-to-biota contaminant 
partition factors can be assessed. Conservative 
generic sediment quality criteria can be generat- 
ed from residue-toxicity relationships by assum- 
ing equilibrium partitioning between the binding 
fractions of organisms and sediments (e.g., lipid 
and sediment organic carbon for nonpolar organ- 
ic chemicals). 

7.2.1.2.3 Types of Data Required 

The tissue residue method requires identifi- 
cation of chemicals in the sediment that are 
likely to be associated with chronic environmen- 
tal effects. An indirect method for identifying 
such chemicals and their locations is to screen 
aquatic organisms for residues as in the National 
Dioxin Study (USEPA, 198%) or the National 
Study of Chemical Residues in Fish (USEPA, 
1992), sponsored by EPA's Office of Water 
Regulations and Standards. When toxicity data 
are not available, either laboratory dose-response 
experiments or quantitative structure-activity 
predictions can be used to establish the toxico- 
logical significance of the tissue residues. Field 
surveys that indicate the absence of sensitive 
organisms in contaminated sediment areas are 
useful for establishing sediment quality criteria, 
especially if interspecies sensitivities to the 
chemicals of concern are known. Tissue resi- 
dues associated with no-effect and lowest- 



observable-effect concentrations are needed 
when the sediment criterion is not based on a 
human health standard. 

7.2.1.2.4 Necessary Hardware and Skills 

Sediment and tissue analyses require com- 
monly available chemical analytical capabilities. 
Some chemicals require advanced instrumental 
analytical techniques, such as high resolution 
gas chromatography/mass spectrometry. 

7.2.1.3 Adequacy of Docmentatwn 

The use of tissue residues to establish sedi- 
ment criteria on the basis of human health ef- 
fects associated with ingestion of contaminated 
fish has been documented. Methods for using 
tissue residue-toxicity relationships to establish 
sediment criteria, although scientifically sound, 
have not been extensively documented. The 
various methods for predicting tissue residues in 
benthos and fish have been well documented. 

7.2.2 Applicability of Method to Human 
Health, Aquatic Life, or Wildlife 
Protection 

Tissue residue measurements are directly 
applicable to human risk assessment when the 
aquatic organism is used as human food. Be- 
cause of this relationship, the tissue residue 
method provides a direct link between human 
health and sediment criteria development. Tis- 
sue residues for wildlife and aquatic organisms 
can be used to assess sediment toxicity when 
there is an established exposure linkage to the 
sediment. The tissue residue approach is most 
advantageous for sediment contaminants that 
adversely impact organisms such as fish that are 
not in direct contact with the sediment or its 
interstitial water. The tissue residue approach is 
well suited to evaluating sediment quality in 
systems that have aquatic food chain connections 
from benthos to birds experiencing eggshell 
thinning or genotoxic effects. The tissue residue 
concentration serves as a quantitative measure of 
sediment contaminant bioavailability, which may 

differ as a function of ecosystem, sediment, 
water, food chain, aad species c h a r a c $ & t i c s a ~  

733 Abillty of Method to Genente 
Numerical Criteria for S p e c k  
Chemicals 

The tissue residue approach can be used to 
generate site-specific numerical criteria for nm- 
polar organic chemicals such as PCDDs, PCDFs, 
b d  PCBs. Tissue residues of ahkiddieldrin 
(USEPA, 1980a) and endrin (USEPA, 198Ob) 
have been used to establish water quality Criteria 
on the basis of human health risks. The DDT and 
PCB water quality criteria are based on toxic 
effects in birds and animals as a function of fish 
residues (USEPA, 198Oc, 198Od). Tissue residues 
of organometallic chemicals such as methyl 
.mercury (USEPA, 1984) and elements sucb as 
selenium (USEPA, 1987a) have been used to 
establish water quality criteria and/or to predict 
toxic effccts. There is some evidence to indicate 
that metal residues in sedimentdwelling aquatic 
organisms can reflect both metal bioavailability 
and potential metal toxicity. Thus, tissue residue- 
toxicity relationships for some elements Auld be 
used as an adjunct to the interstitial water equilib- 
rium partitioning approach. 

7 3  USEFULNESS 

73.1 Environmental AppliabUity 

7.3. 1 .I Suitability for Different Sediment Q p s  

There is no limitation to the suitability of this 
approach for different sediment types since the 
method is sensitive to bioavailability differences 
among sediments. When pelagic organisms arc 
used to assess sediment quality, sediment variabi- 
lity in the water body tends to be averaged. 

7.3.1.2 Suitability for Dinerent Chemicals or 
Classes of Chemicals 

This approach is most applicable to nonpolar 
organics and organometallics that bioaccumulate, 
are slowly metabolized, and exert chronic toxic 
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effects or present risks to human health. This 
approach a b  could work well for chemicals that 
are metabolized by the organism to nontoxic 
forms since the parent compound residue refleds 
this change in toxic potential. In some cases 
residues of known metabolites, which are more 
toxic than the parent compound, can be used to 
establish residue-toxic effects relationships (Krahn 
et of.,  1986). The approach is not useful for 
assessing sediment toxicity associated with non- 
residue-forming toxic chemicals such as ammonia, 
hydrogen sulfide, and polyelectrolytes. Since 
(here is evidence that metal residues in some 
sediment-dwelling organisms are indicative of 
both metal bioavailability and potential metal 
toxicity, sediment quality criteria for metals 
should be aided by a site-specific tissue residue 
approach. However, when biological species 
sequester metals in a nonbiologically available 
form, tissue residue-toxicity effects linkages may 
be obscured. The suitability of the method for 
evaluating additive, synergistic, or antagonistic 
effects associated with complex mixtures of 
sediment contaminants depends on the develop- 
ment of cbemical mixture toxic dose-response 
relationships where dose is indicated by tissue 
residue levels. 

7.3.1.3 Suitability for Predicting Effects on 
Differen& Organisms 

The tissue residue approach should not be 
limited by species unless organism residues cannot 
be obtained or toxic effects cannot be determined 
through water quality criteria or bioassays. The 
key species problem is identification of sensitive 
species for the sediment contaminants of concern. 
When adequate comparative toxicity data exist, 
residues from tolerant organisms may be used to 
infer sediment criteria for sensitive organisms that 
are not found in association with the sediment 
because of toxic effects. 

7.3.1.4 Suitability for In-Phce Pollutant Control 

Evaluation of the association of site-specific 
tissue residues with sediment toxic chemical 
concentrations provides an established method for 

in-place pollutant assessmp for both human 
health"&idd"iecsc3log~cal*nsk% CompaN&d-tissue 
residues in field-adlected organisms to the MFI'C 
would be a direct estimate of ecological risk. Tbe 
use of resident or caged biota for bioaccumulation 
potential and toxicity assssments is useful f a  
detection of the most toxic sediments or mmitor- 
ing of changes in toxicity following remedial 
adion. By weighing the relative toxicity of 
bioaccumulated pollutants (e+, by using "dioxin 
equivalents"), evaluation of tissue residue am-- 
trations can help identify the pollutants most likely 
responsible for toxicity and their additive amtriiu- 
tion to total sediment toxicity. This information 
could then be used to design the most appropriate 
and cost-effective mitigation response. 

e+%.--- .-. . 

7.3.1.5 Suitability for Source Control 

The tissue residue approach is well suited for 
establishing source control. Comparison of the 
existing or predicted tissue residue levels with 
MPTCs generates a quantitative estimate of the 
extent to which a given sediment e x a d s  or is 
below a sediment quality criterion. In conjunction 
with physical transport models, this information 
can then be used directly to determine acceptable 
discharge limits, wasteload allocations, or the 
types of remedial procedures required to acbiewe 
acceptable tissue residue levels. The Lake Ontario 
TCDD-Hyde Park Superfund case example de- 
scribed in Section 7.1.1 demonstrates (he suitabili- 
ty of this approach for establishing source a n -  
trols. The site-specific nature of this approach 
provides strong support for establishing controls 
on existing point and nonpoint sources of sedi- 
ment contamination. 

7.3.1.6 Suitability for Di~psaJ Applicatims 

When site-specific sediment-biota contaminant 
partition coefficients are unavailable, such as for 
eyaluation of proposed disposal operations, the 
residue approach can be applied by predicting 
benthic tissue residues from steady-state toxico- 
kinetic bioaccumulation models or by conducting 
laboratory bioaccumulation tests on the dredged 
material. If adverse effects on fishes, wildlife, or 
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human health are d+-G~e ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ r ~ i d u ~ t o x i u t y  relationship data, and the difficul- 
it would then b e  necessary to apply a trophic 
transfer or equilibrium p&itimhg model to 
predict tissue residues in these higher trophic 
levels. When the disposal site already has sedi- 
ments containing the contaminants of concern, 
residues in existing biota may be used to predict 
residue levels and toxic effects that would result 
from additional disposal of similarly contaminated 
dredged material. 

73.2 General Advantages .ad I l m l b t l o n s  

7.3.2.1 Ease of Use 

The application of sediment quality criteria 
derived from tissue residues for assessing pelagic 
or benthic ecological effects is fairly direct. Tbe 
measured or predicted sediment concentration 
would simply be compared to the sediment quality 
criterion derived from MVTCs. The development 
of a tissue residue toxicity database from laborato- 
ry bioassays would allow convenient access to the 
required biological effects endpoints. Chemical 
analyses of sediment, total organic carbon, and 
tissue samples for assessing existing conditions 
require routine analytical chemistry capabilities 
that do not present unique problems. One poten- 
tial difficulty when using tissue residues in field- 
collected benthos to assess in-place sediments is 
the difficulty in obtaining sufficient benthic 
biomass for chemical analysis. This problem can 
be avoided by conducting laboratory bioaccumula- 
tion tests on field-collected sediment or by placing 
caged benthic organisms in the field. 

7.3.2.2 Relative Cost 

Costs associated with further development of 
the generic tissue residue approach for sediment 
quality criteria include (1) development of a 
residue-toxicity relationship database and (2) vali- 
dation of the relationships between the MPTC and 
chronic impacts on aquatic organisms for different 
cbemical classes of sediment contaminants. The 
cost of applying the method to a particular site, 
however, depends on the number of sediment and 
biota samples to be analyzed, the availability of 

ty in identifying sensitive organisms. Tbe cs&b- 
lishment of a sediment criterion based oa frsb 
residue levels acceptable for protection of human 
health generally results in low analytical cogts 
when mly a few refereaoe sediment sites are 
needed to characterize the system of concern. 

73.2.3 Tendency to €k ConarrvcrriVr 

This approach does not tend to be either 
conservative or liberal for prediction of e o o l ~  
effects unless the system responds in a nonlinear 
manner to reductions in sediment contaminants. 
In tbe case of nonlinearity, the tendency would 
probably be toward conservatism because of the 
greater bioavaiiability of more recently introduced 
sediment contaminants. When human health 
endpoints are used to generate sediment quafity 
criteria, the criteria may be more strict than rims- 
sary to protect resident biota. 

7.3.2.4 Level of Acceptance 

The tissue residue approach is accepted as I 
basis for regulatory decisions such as tbe estab- 
lishment of water quality criteria for the proteaion 
of aquatic life and its uses. The direct prediction 
of chronic toxic effeds from measured or pedict- 
ed tissue residues requires validation before it can 

tend to be long-term exposure problems and can 
bioaccumulate, residues should be acceptable for 
sediment criteria development. This approach 
should be acceptable for identifying sediments 
associated with a degree of exposure which ex- 
ceeds that indicated as deleterious in previous 
experiments. 

be widely endorsed. Since sediment conthinan ts 

7.3.2.5 Abdiry to Be Implemented by 
taboratorus with opical Equipmurt 
and Handling Facifities 

The tissue residue approach requires analyses 
of only sediment and tissue residues when poten- 
tially toxic sediment contaminants are known and 
residue-toxicity relationship data are available. If 
extensive laboratory work is needed to determine 
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chemical residuechronic toxicity dose-response 
relationships for sensitive species, specialized 
aquatic toxicology capabilities are required. In 
theory, residue-toxicity-based MPTQ can be 
obtained for all chemicals subject to water quality 
criteria development. 

7.3.2.6 Lcwl of Effort Reguired to Generate 
Results 

The level of effort depends on the number and 
nature of sediment contaminants, the complexity 
of the contaminant distribution pattern, and the 
regulatory application of the method. Some cases 
will require relatively few analyses of tissue and 
sediment residues and no toxicity testing to apply 
the metbod (e.g., to remedial action decisions, 
wasteload allocations). 

' 

7.3.2.7 Degree to Which Results Lend 
Themselves to Interpretatbn 

Tissue residues that exceed concentrations 
considered safe for human exposure through 
seafood consumption require no interpretation 
wLen used to set residue-based sediment criteria. 
However, the degree of interpretation may be very 
large when evaluating ecotoxicological effeds 
attributed to site-specific measurements of sedi- 
ment-to-biota chemical partitioning. Tbis interpre- 
tation problem exists for all sediment classification 
methods when applied on a site-specific basis. 
Tbe presence of unacceptable residues in indicator 
organisms resident in or linked to an area of 
sediment contamination can be used without 
elaborate interpretation to determine compliance of 
sediments with sediment quality criteria. 

7.3.2.8 Degree of Environment a 1 App I ica bility 

Tbe use of site-specific tissue residues as 
quantitative exposure biomarkers eliminates 
uncertainties associated with chemical bioavail- 
abiiity; exposure duration, frequency, and magni- 
tude; and toxicokinetic/bioenergetic factors. When 
the tissue residue approach is applied on a generic 
basis to generate sediment criteria for different 
chemicals, these uncertainties can be partially 

addressed through classification of sediments and 
exposure environments. 

7.3.2.9 Degree of Accuracy and Precision 

Sediment and tissue residue chemical concen- 
trations can be determined accurately and precise- 
ly for most chemicals. Most uncertainties in 
sedimenVorganism partition coefficients are due to 
biological variability. Accuracy and precision can 
be maximized through site-specific investigations 
of biological factors that influence organism 
linkage to sediment (through food chain, water, or 
direct contact) and through refinement of residue- 
toxicity relationships. 

7.4 STATUS 

7.4.1 Extent of Use 

Use of tissue residues to establish sediment 
criteria oa'the basis of human health effeds has 
been documented. Tissue residues have also been 
used to derive water quality criteria for the protec- 
tion of aquatic life and wildlife connected to the 
aquatic food chain. Tissue residue-toxicity data 
that may be used for deriving numerical sediment 
quality criteria for some chemicals already exist in 
water quality criteria documents, fish consumption 
advisories, and the peer-reviewed literature. Much 
aquatic toxicology work in progress or planned for 
the future could produce the necessary data if 
residue-based dose measurements are incorporated 
into research plans. 

7.4.2 Extent to Wbkh Approach Has Been 
Fkld-Vdidptd 

Sediment TCDD contamination limits have 
been established for Lake Ontario on the basis of 
fish tissue residues. This use of tissue residue to 
generate sediment criteria bas been validated 
through a steady-state model (Endicott et ai., 
1989) and a laboratory bioaccumulation study 
(Cook et ai., 1989) that demonstrated a linear 
relationship at steady-state between sediment 
contaminant concentration and bioaccumulated 
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TCDD in take trout, regardless of route of uptake. 
Declines in DDT residues in fisb and birds since 
its use was banned are associated with declining 
surficial sediment concentrations in the Great 
Lakes, the southern California Bight, and else- 
where. Although other examples of studies 
validating tbe residue approach for single chemi- 
cals are available, its use for complex mixtures of 
chemicals in sediments to predict acceptable 
contaminant concentrations with ecosystem protec- 
tion in mind has not-been validated. 

7.43 Reasons for Umited Use 

Use of the tissue residue approach has been 
limited 

W 

m 

7.4.4 

for the following reasons: 

This method is in a developmental stage 
and has not been formally adopted by 
EPA. 

Aquatic toxicology has only recently pro- 
gressed to an understanding of residue- 
based dose-response relationships for sedi- 
ment contaminants. I 

Regulatory agencies, including EPA, have 
not yet become committed to systematic 
establishment and application of sediment 
criteria methods. 

The available and potentially available 
residue-based toxicity data have not been 
collated into a database for potential 
sediment criteria users. 

Outlook for Future Use and Amount 
of Development Yet Needed 

This method can be implemented with a 
minimal amount of effort in many cases, especial- 
ly where a single chemical or toxicologically 
related family of chemicals is of concern. Guid- 
ance documents should be written and reviewed; 
Tissue residue criteria should be accumulated 
systematically for a database. The use of this 
method in combination with other sediment 
classification methods should be considered. Field 

validation of residue-based ecologicat %ff&; 
predictions is essential. All sediment assessmeat 
methods should be developed with concern f a  
identification of and application to those chemi- 
cals in the aquatic environment that are iong-term 
sediment contaminants having chronic toxicily 
potential. 
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The community, or assemblage, stnidure and 
function of benthic mauoinverkbrates is used exten- 
sively to evaluate the quality of water resources and 
charaderize causes and sources of impacts in lotic 
(flawing water) and lentic (standing water) freshwater 
ecosystems. (Marine benthic oommunity strudure is 
dixussed in Cbapter 9.) Benthic macroinvertebrates 
are relatively sedentary organism hat inhabit or 
depend on the sedimentary environment for their 
various life fundians. Therefore, they are sensitive to 

6 both long-term and short-term changes in habitat, 
sediment, and water quality. 'Ibis chapter discwes 
assessment of benthic macroinvertebrates to determine 
sediment quality in conjundion with an intepted 
approach for asssing the quality of the water 
resources. nis integrated approach uses sediment 
chemistry, sediment toxicity, habitat quality, and ben- 
thic maaoinvertebrate community (assemblage) 
stnrcture and function to evaluate sediment quality, 
similar to the approaches now used to evaluate 
surface water quality. The structural assessment 
relates to the numeric taxonomic distribution of the 
community, and the functional assessnent involves 
trophic level (feeding group) and morphological 
8ssessnent. This chapter addresses the specific 
benthic community assessment methods that are 
available, or being devel6ped, to complement the 
demical and toxicological portions of the sediment 
quality assessment. 

8.1 SPECIFIC APPUCATXONS 

8.1.1 C u m t  use 

nities are used in the following ways to ~ssess the 
Freshwater benthic ~ ~ ~ ~ r ~ i n ~ & r a t e  m u -  

quality of the water fesource (sediments, water, and 
habitat): 

Identification of the quality of ambicat 
sites through a knowledge of the pollution 
tolerances and life history requiremcntsof 
benthic macroinvertebrates; 

Establishment of criteria and standards 
b a d  on community perf or ma^^^ at 
multiple reference sites throughout an 
ecoregion or other regionaiization categor- 
ies; 

Comparison of the quality of referace (or 
least impacted) sites with test (ambient) 
sites; 

Comparison of the quality of ambicat 
sites with historical data to identify tcm- 
poral trends; and 

Determination of spatial gradients of COIL- 
tamination for source characterization. 

8.1.1.1 Ecologkd Uses 

Benthic mauoinvertebrate community (assem- 
blage) structure and function assessments have 
many different applications. Site-specific howl- 
edge of surface water quality, habitat quality, 
sediment chemistry, and sediment toxicity provide 
the best context in whicb to interpret beathic 
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commriinit asssuqm:-$&.-The objectives of 
each particu ar study should determine the types of 
related data necessary. Alone, benthic maaoin- 
vertebrates can be used to meen for potential 
sediment contamination based on spatial gradients 
in community strudure, but they should not be 
used alone to definitively determine sediment 
quality. Benthic macroinvertebrate data must be 
integrated with other available data to determine 
sediment quality. Benthic macroinvertebrate often 
provide &e most important piece of information on 
sediment quality. Care must be exercised to 
collect representative samples to minimize pob- 
lems with data interpretation due to natural varia- 
tions. For example, collections should not be 
made after floods or other physical disturbances 
that may physically alter or remove benthic assem- 
blages. 

Benthic macroinvertebrate community structure 
and function have been used extensively to charac- 
terize freshwater ambient conditions and impacts 
from various sources. Documented changes in 
benthic community structure have resulted from 
crude oil exposure in ponds and streams (Rosen- 
berg and Wiens, 1976; Mozley, 1978; Mozley and 
Butler, 1978; Cushman, 1984; Cushman and Goy- 
ert, 1984) and heavy metal contamination of lake 
sediments and streams (Winner et al., 1975, 1980; 
Wentsel et at., 1977; Moore et al., 1979; Wieder- 
holm, 1984a, 1984b; Waterhouse and Fanell, 
19S5). Benthic macroinvertebrates have been used 
exiensively to ideqtify organic enrichment in lentic 
\ystcms (Cook and Johnson, 1974: Krieger, 1984; 
Rosas et ol., 1985) and lolic systems (Richardson, 
1928; Gaufin and Tamell ,  1952; Hynes, 1970; 
Hilsenhoff, 1977, 1982, 19117, 1988). Benthic 
a m u n i t y  responses to pesticides (van Dyk et al., 
1975; Webb, 1980; Penrose and Lenat, 1982; 
Yasuno et al., 1985), acid- and mine-stressed lotic 
environments (Simpson, 1983; Armitage and 
Blackburn, 1985), thermally stressed water bodies 
(Crossman et al., 1984), and urban and highway 
runoff impads (Smith and Kaster, 1983; Dupuis e? 
al., 1985; Denbow and Davis, 1986) have also 
been documented. Cbironomidae (midge) larvae 
were even found to transport substantial amounts 
of PCBs from contaminated sediments to the 
terrestrial environment (ks son ,  1984). 

---be. 
8.1.1.2 Regdabry Uses 

Assessment of benthic macroinvertebrate com- 
munity (assemblage) structure and/or fundion has 
been used as a regulatory tool for a number of 
years (Davis, 1990). In 1987, USEPA hosted the 
First National Workshop on Biological Monitoring 
and Criteria (USEPA, 1988a, 1988b), which ad- 
dressed the use of benthic maaoinvertebrates, as 
well as fd,  in EPA and State regulatory pro- 
grams. This workshop formally initiated EPA's 
efforts toward development and implementation of 
"biological aiteria" based on benthic macroin- 
vertebrate, fish, and habitat assessments. These , 

biological aiteria, wbich have been predominantly 
based on the maaoinvertebrates, are designed to 
determine whether a specific water body or water 
body segment is meeting its designated use for 
aquatic life (i.e., water quality standards). 

EPA requires the development of biological 
uiteria and adoption by States into their water 
quality standards by September 30,1993 (USEPA, 
1991a, 199ob). This requirement has been sup- 
ported by a formal policy (USEPA, 199oc), pro- 
gram gyidance (USEPA, 1992a), and technical 
guidance 'kd support documents (USEPA, 1991a. 
1991b, 1991c, 1991d, 1991e; 1992b, 1992c). 
Several Stab currently use benthic macroin- 
vertebrates as a regulatory tool, either alone or in 
combination with other ecological parameters 
(Ohio EPA, 1990, USEPA, 1991c, 1991e). 
USEPA also supports tbe use of benthic maaoin- 
vertebrates as a primary environmental indicator 
for surface waters that €PA should use to track 
compliance with Qean Water Act objectives (Abe 
et al., 1992; USEPA, 199Od, 199Oe). 

Under the Clean Water Act, as amended in 
1987, benthic maaoinvertebrates are used for the 
following: 

Measurement of the restoration and main- 
knance of biological integrity in surface 
waters (sedion 101); 

Development of water quality Criteria b a d  
on biological assessment methods when nu- 
merical aiteria for toxicity have not been 
established [Section 303(c)(2XB)1; 

~ 
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m Production of guidance and aikria based 
OD biological monitoring and assessment 
methods [section 304(aX8)]; 

rn Development of improved measures of the 
effects of pollutants on biological integrity 
(section 105); 

rn Production of guidelines for evaluating 
nonpoint sources (NPS) [section 304(f)]; 

rn Listing of waters &at cannot attain desig- 
nated uses without additional NPS 
controls (section 319); 

Listing of waters unable to support bal- 
anced aquatic communities [section 
304(1)1; 

rn Assessment of lake trophic states and 
trends (section 314); 

Production of biennial reports on the 
extent to which waters support balanced 
aquatic communities [section 30S@)]; 
and, 

B Determination of the effect of dredge and 
fill disposal on balanced wetland 
communities (section 404). 

,Benthic macroinvertebrates and biological 
criteria have also been used to evaluate on-site 
and off-site ecological impacts from hazardous 
waste sites. Environmental assessment of a 
Superfund site is done in accordance with EPA's 
responsibility to protect public health and the 
environment under the Comprehensive Environ- 
mental Response, Compensation, and Liability Ad 
of 1980 (CERCLA) as amended by the Superfund 
Amendments and Reauthorization Act of 1986 
(SARA). The regulation that enables EPA to carry 
out its responsibilities under CERCIA/SARA is 
the National Contingency Plan (NCP). 

The NCP calls for the identification and 
mitigation of environmental impacts of these sites 
and the selection of remedial actions that are 
"protective of environmental organisms and 

ecosystems." Federal and state laws and regula- 
tions that aid in this process are potentially "appli- 
cable or relevant and appropriate raquiremcats" 
(ARARs). Compliance with these laws and 
regulations increasingly requires that the site's 
ecological effeds be evaluated and measures be 
taken to mitigate those adverse effects. 

The clean Water Act, as amended by the 
1987 Water Quality Ad, is another ARAR and 
major federal regulation that requires the main- 
tenance and restoration of the chemical, physical, 
and biological integrity of the Nation's waters. 
Most Superfund sites potentially affect surface 
waters and need lo be (tssesEed for both on-site 
and off-site effeds. A detailed discussion of the 
legal and technical requirements for environmeatal 
assessments at Superfund sites can be found in 
EPA's Risk Assessment Guidance for Suprjbuk 
Environmental Evuluaibn Manual (USEPA, 
1989a). As EPA focuses on waterslied and water 
body impads regardless of the programmatic 
sources and causes, the use of benthic macroia- 
vertebrates for assessing the health of surface 
water systems will increasingly become important 

8.13 Potential Usc 

The use of benthic macroinvertebrates to llssess 

sediment contamination will be most successful 
when combined with sediment cbemistry and 
toxicity results, as in the "integrated" Sediment 
Quality Triad approach (see Cbapter 10). Benthic 
macroinvertebrates will best indicate inplace 
pollutant control needs through a site-specific 
knowledge of surface water quality, habitat quality, 
and sediment chemistry and toxicity. Habitat 
quality assessments will help establish reasonable 
expectations for benthic community structure and 
function. None, benthic maaoinvertebrates can be 
used to sueen for potential sediment contaminatioa 
and source identirication by displaying spatial 
gradients in community stnrcture, but they should 
not be used alone to def~t ive ly  determine sedi- 
ment quality or to develop chemical-specrfic guide- 
lines. Benthic maaoinvertebrate data must bc 
integrated with other available data to detemline 
sediment quality as well as the quality of the 
overall water resaurce. 
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8 3  DE!XRWTION 

8.2.1 Description of Method 

me benthic macroinvertebrate community 
strudure and function assessment invohtes the 
following steps: 

(1) Establishment of data quality objectives, 
selection of sample sites and frequency of 
collection in Quality Assurance Program 
Ph; * 

(2) Collection of benthic macroinvertebrates in 
the field (artificial or natural substrates); 

(3) Sorting the organisms from debris (field or 
laboratory); 

(4) Identification to the lowest taxon neceSSary 
(varies depending on the study objectives); 

5 )  Multimetric or composite index quantifica- 
tion (e.g., taxa richness, number of individ- 
uals, indicator organism count, structural 
indexes and ratios, fundional character- 
istics of taxa); 

(6) Assessment of the relationship with other 
environmental measurements including 
numeric habitat quality assessment (e.g., 
conelations, habitat requirements) and 
expecbti ons; 

(7) Comparison with a local 01 regional "refer- 
ence' site (e.g., similarity indexes, non- 
parametric analyses); and 

(8) Complete documentation of the study 
methods, results, database management, 
and discussion of the relevance of the data. 

8.2.1.1 Objectives and Assumpabns 

?be primary objective of benthic mauoinverte- 
brate community (assemblage) stnrdure and bnc- 
tion analyses is to provide data and information to 
assist in determining the quality of the sedi- 

menthvater environment. This determination can 
then be used for tbe purpases desaibed above in 
Section 8.1 (Specific Applications). 

It is assumed that benthic mauoinvenebrates 
can provide consistent and accurate assessments of 
sedimenthvater quality at a given sample location OT 

water body. Specifically, the following assumg 
tions are implicit in this objective: 

The benthic macroinvertebrates are rela- 
tively sedentary, especially compared to 
fish communities, and they depend 00 tbe 
sedimentary (or bentbic) environment for 
their life functions. 

C&emical and physical perturbations of the 
sediments or bottom waters affect benthic 
macroinvertebrates since they are depen- 
dent on the benthic environment for am- 
pletion of their life cycles, and they are 
therefore sensitive to changes in sediment 
and water quality. 

Benthic macroinvertebrates physically 
interact with the sediments to cause cbm- 
ical exchange between the sediment an8 
the overlying water, and therefore tend to 
refled sediment quality as well as water 
quality. 

Minimum habitat quality exists below 
which the community structure and func- 
tion will perform p r l y  regardless of the 
chemical contaminants present or not 
present. 

The optimal use of benthic macrobvexte- 
brates as sediment quality indicators is 8s 
part of an integrated sediment quality as- 
sessment approach using sediment 
chemistry, sediment toxicity, and benthic 
community structure and function. 

Equally important assumptions apply to actual 
benthic maaoinvertebrate sampling strategy, oollec- 
tion, identification, data reduction, interpretation of 
results, and report preparation, It is asumed that 
all US. EPA-supported studies have an adequate 
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Quality Assurance Project Plan (QAPP) and that all 
benthic macroinvertebrate community data are 
reproducible and collected in a manner to minimize 
data interpretation problems with natural variations; 
the methodr nust be consislent within each study. 
Specific QA procedures that should be established 
early in benthic macroinvertebrate community 
studies include the following: 

Rationale for sample location selection; 

Sample collection methods, sorting, and 
storage procedures; 

Taxonomic proficiency evaluations using 
either U.S. EPA check-samples from Cin- 
cinnati-ERL or state-developed check- 
samples, in addition to voucher collec- 
tions from each study area and a list of 
h e  taxonomic references used; 

Multimetric data analysis techniques used 
to objectively assess the data, including 
the structural and functional measures; 
and 

Nonparametric or parametric (as appropri- 
ate) statistical methods used to compare 
site results. 

Each Regional U.S. EPA Quality Assurance 
Office can provide (be details of QAPP require- 
ments. Further discussion of quality assurance 
measures can be found in Klemm et al. (1990), 
Bode (1988), Ohio EPA (1989b), and Stribling 
(1991). 

8.2.1.2 Level of Effort 

The level of effort required to conduct fresh- 
water benthic macroinvertebrate community 
studies is comparable with chemical/physical 
water quality measurements and bioassays and has 
been thoroughly discussed in Plafkin et al. (1989) 
and Ohio EPA (1990a). However, rapid benthic 
community assessment techniques can range from 
1 to 5 hours per site if laboratory identifications 
are not required (Plafkin et af., 1989). As expect- 

ed, the greatest time expenditure is in the travel to 
and from the site and in the sorting and identifica- 
tion of the organisms. 

Separating the organisms from debris and 
sorting the organisms into taxonomic categories 
can take up to 15 hours per sampl-e, with an 
additional 12 hours for identification, for very 
enriched sites with high numbers of individuals 
among several taxa. In such extreme situations, 
subsampling may be preferred. More typically, 
the time spent would be about 3 hours for sorting 
(more time for dredge and artificial substrate 
samples and less time for dip-net samples), 
2 hours for preparing tbe samples (e.g., clearing 
and then mounting the chironomids on microscope 
slides), and 6 hours for identifying the organisms 
to the lowest possible taxonomic level. An exper- 
ienced taxonomist with appropriate keys may 
average only 2 4  hours per site. This typical time 
equates to about 11 hours per site after the sam- 
ples have been collected. These estimates are 
only a general guide to the time it may take to 
perform the identifications and are meant to help 
assess potential or actual project costs. 

8.2.1.2.1 Type of Sampling Required 

The specific sampling metbods to be used are 
dictated by the study needs. Debate will continue 
regarding h e  use of "quantitative" and "qualita- 
tive" sampling methods, but each method is 
acceptable contingent upon bow well it will satisfy 
study objectives, reproducibiiily of the data, and 
consistency of collection. Typically, benthic 
macroinvertebrate data are quantified by the 
surface area of the sampler or sediment being 
collected. However, benthic macroinvertebrates 
can be quantified in other ways depending on the 
objectives of &e study. For example, if the 
objective is to determine the number and types of 
taxa in a study area, rather than the number of 
individuals witbin each taxon, then using a dip-net 
in various habitats within the study area until no 
new taxa are encountered could be considered 
quantitative with relation to the number of taxa 
and time expended. Examples of programs using 
data quantified by methods other than surface area 
of the sampler or substrate include those d e s c r i i  
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by Pollard (1981), Hilsenhoff (1982,1987,1988), 
Cummins and Wilzbach (1985), Bode and Novak 
(1988), Cwnmins (1988), Hite (1988), Lenat 
(1988), Maret (1988), Penrose and Overton 
(1988), Plafldn et 41. (1989), and Shakelford 
(1988). The success of each sampling effort 
depends on a rhorough understanding of the data 
quality objectives of that study and the implemen- 
tation of a quality assurance program. 

8.2.1.2.2 Melhods 

EPA (Klemm et al., 1990) recently published 
Macroinwrtebrate Field cutd Laboratory Methods 
for Evaluating the Biological Integrity of Surface 
Waters, which thoroughly addresses methodology. 
Most state environmental regulatory programs 
have a Quality Assurance Project Plan describing 
the field methods and standard operating proce- 
dures for collecting and evaluating benthic maao- 
invertebrates (Bode, 1988; Illinois EPA, 1987; 
Ohio EPA, 1989a, 1989b). n i s  information 
should be obtained to ensure acceptance and 
comparability of study results with those obtained 
by the state agency. If this information is not 
available, then field methods and standard operat- 
ing procedures from other existing programs 
should be used. Since severat different collection 
and analysis methods are used throughout the 
country depending on water body type (lotic vs. 
lentic), habitat type., substrate type, and familiarity 
with specific methods, it is not practical to recom- 
mend any single sampling method. The general 
quality assurance requirements the use of any one 
particular method is that the method produce data 
that are reproducible, consistently used within the 
program, and applicable by different investigators 
(Klemm et of., 1990). 

Methods Surnmory-In soft freshwater sediments 
the most common metbod used to colled benthos 
is with a grab sampler such as a Ponar (15 x 15 
an or 23 x 23 cm) or Ekman dredge (15 x 15 cm, 
23 x =-an, or 30 x 30 an), each of which 
provides a quantitative sample based on the 
surface area of the sampler. The smaller of the 
surface area sizes are most commonly used for 

freshwater studies because of their relative ease d 
manipulation. ?he Ekman dredge is not as cffcc- 
tive in areas of vegetative debris, but is much 
lighter than the Ponar and easier to use in softer 
substrates. Artificial substrates wester-Dendy 
using several 3-inch plates and spacers attached by 
an eyebolt; or substrak/ro&-filled baskets) pro- 
vide a consistent habitat for the benthos to colo- 
nize in both soft-bottomed and 5tony a m .  
Artificial substrates can be used in almost any 
water body and have been successfully used to 
standardize 'results despite habitat differaces 
(APHA et al., 1989; DePauw, 1986; Hcster and 
Dendy, 1962; Ohio EPA, 1989b; Rosenberg and 
Resh, 1982, 1991), but the major drawback to 
using the artificial substrates is the 4- to 8-week 
period for instream colonization. Tbis would 
require at least two visits for each study site--one 
to place the samplers and one to remove them. 

A variety of methods for sampling hard- 
bottomed lotic systems are available. Colonization 
of substrates and comparisons of the artificial and 
natural substrate methods have been desaibed 
(Beckett and Miller, 1982; Cbadwick and Canton, 
1983; Crossman and Cairns, 1974; Lenat, 1988; 
Ohio EPA, 1989b; Peckarsky, 1986; Plafkin et al., 
1989; Shepard, 1982). If quantification by sedi- 
ment or sampler surface area is needed, a Surber- 
type square-foot sampler (Surber, 1937, 1970) 
with a #M-mesh (0589-mm openings) can be 
used. The traveling kick-net (or dip-net) method, 
also using a iY30-mesh net, can be used to quantify 
the sample collected by the amount of time spent 
sampling and the approximate surface area sam- 
pled (Pollard, 1981; Pollard and Kinney, 1979). 
The Surber-type and kick-net methods can each be 
used to provide consistent, reproducible samples, 
but both are limited Io wadable streams. I h e  
Surber sampler's optimal effectiveness is limited 
to riffles, whereas Lick- or dipnet sampling can 
be used in all available habitats. Although dip-net 
samplers have been effectively used to sample 
riffles and other relatively shallow habitats to 
determine taxa richness, presence of indicator 
organisms, relative abundances, similarity between 
sites, and other information, they do not provide 
definitive estimates of the number of individuals 
or biomass per surface area. 

C 

8-6 



PFreshwater Benthic Mminvcrt&atc Community Shtcture and Function 

For sediment evaluations of lotic systems, a 
combination of artificial substrate (e.g., Hestet- 
Dendy) and natural substrate (dip-net) sampling is 
recommended. 'Tbis combination allows conrpari- 
son of the benthos communities independent of 
habitat so that sedimenthater qualily effects can 
be better assessed. 

Slmpllag Strategy4ampling strategies have 
been addressed by Klemm et al. (1990), Millard 
and Lettenmaier (1986), Plafkh etal. (1989), 
Rosenberg and Resh (1991), Sheldon (1984), and 
USEPA 1990b, 199Oc). Special monitoring strate- 
gies have been prepared for EPA's Environmental 
Moniloring and Assessment Program @ M A P ) ,  
which employs a probabilistic sample design 
(USEPA, 19919; the intensive watershed surveys 
of the US. Geological Survey (Leahy et al., 
1990); and forestry activities in the Pacific North- 
west (USEPA, 199lg). Regardless of the study 
objectives for regulatory use, reference (least- 
impacted) sites will be required for comparison 
with the results from test (ambient) sites. Refer- 
ence sites can be established on a site-specific or 
regional basis. It is preferable to use a regional- 
ization approach because the level of confidence 
in the results is greater using an increased number 
of reference sites, which allows for a verification 
that the sites truly are least-impacted reference 
sites. Regionalization (ecoregions, watersheds) 
has been successfully used in a number of State 
programs to support biological criteria develop- 
ment for benthic maaoinvertebrates (Gallant et 
al., 1989, Ohio EPA, 1990, Arkansas DPCE, 
1987, Hughs et al., 1990, USEPA, 1991% 1991e). 

When using site-specific reference sites to 
detect spatial differences in d i m e n w a t e r  quali- 
ty, or to characterize sources of pollution, the best 
strategy is to collect samples in similar habitats 
upstream and downstream of suspected pollution 
sources or other areas of interest for ambient 
monitoring such as highquality or wild and scenic 
streams (USEPA, 1992b). A minimum of two 
upstream sites and three downstream sites of the 
suspected pollutant source(s) should be sampled, 
however, many programs are limited to only one 
upstream site and one or two downstream sites. If 
habitats vary too widely, then artificial substrates 

should be placed at each site, with multihabitat**% ..,,.A 
dip-net sampling done when the substrates arc 
placed instream and retrieved, to complement the 
artificial substrate data. 

To best d e w  temporal trends, a rued station 
network should be established near the area of 
interest and sampled consistently at least one 
season each year. A reference location should 
also be sampled at the Same times to a w e  that 
differences found in the results can be attniuted 
to changes in water quality ncar the site. It is 
stiongly recommended that a set of reference sites 
be developed withid each ecoregion (or by other 
regionalization methods) and that those reference 
sites be sampled seasonally to better understand 
site-specific seasonal variability. Sampling should 
be done each year during similar flow conditions 
and should not be conduded for at least 1 or 2 
weeks after a major rainfall because of the poten- 
tial for physical disturbances of the substrate 
resulting in potentially lower biological integrity 
ratings. 

Seasonal distributions are always a concern 
for ensuring the collection of a representative 
sample. Therefore, routine sampling or monitor- 
ing is optimal during the seasons indicated in 
Plafkin et al. (1988), and long-term monitoring 
should strive for consistent sampling seasons. Tbe 
benthic maaoinvertebrate discussion group at the 
1987 National Workshop on Instream Biological 
Monitoring and Criteria agreed that the bidogical- 
ly optimal time of year for sampling in lotic 
systems was during the latter part of the season(s) 
that demonstrate a stable base-flow (normal flow) 
and temperature regime (Davis and Simon 1988). 

Sample Repllcstion-4ample replication is a 
component of a good Quality Assurance Program 
Plan. Recommendations and discussion regarding 
sample replication can be found in Plafkin rr 01. 
(1989),Klemm etol. (1990),andUSEPA(1992b). 
Statisticat derivation of the number of samples 
required to decrease the variability of the data 
have been discussed by Green (1978), M d t t  et 
at. (1984), Resh and Price (1984), and Klemm- et 
al. (1990). Tbese metbods generally rely on a 
pri6r knowledge of the variability of the data. 
Tbis prior knowledge is oftm not available nor 
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practical to obtain from a programmatic view 
(e.g., the cost of initial sampling to estimate 
variability and required number of replicates may 
be prohibitive). Another problem with statistically 
determining the number of samples needed is the 
assumplion that the data follow a specific distribu- 
tion such as normal or lognormal, which is not 
necessarily true for biological samples. Also, the 
variability, ’as measured by the variance or 
standard deviation, could be different for each 
descriptive index analyzed (number of taxa versus 
number of individuals, etc.). 

Field Methods-Field sampling methods have 
been adequately addressed by many manuals, 
including the new USEPA maaoinvertebrate field 
and laboratory manual (Klemm et al., lm), the 
ASlU methods for sampling benthos (ASTM, 
1988), Ohio EPA’s Field Methods Manual (Ohio 
EPA, 1989b), Standard Methods (APHA el af., 
1989), USEPA’s Rapid Bioassessment Protocols 
(Plafkin et d., 1989), and USEPA’s Superfund 
Field Compendium (USEPA, 1987). Tbe follow- 
ing decisions will need to be made once the 
sample gear is chosen: 

1 

1 ‘Whether samples will be picked from 
debris and sorted in the field; 

rn Which preservative should be used; 

rn Whether a stain (rose bengal) will be 
added to the sample to facilitate separat- 
ing the organisms from debris; 

rn Wether the samples need to be shipped 
and whether they require a chain-of-cus- 
tody form (as in Superfund samples); and 

8 The type of sample containers and label- 
ing of the containers required. 

Sorting-There are many discussions elsewhere 
of techniques for sample sorting and preparation 
of slides for identification. Klemm el af. (1990), 
Merritt et al. (1984), Pennack (1978) and APHA 
et a!. (1989) offer excellent guidance for sample 
sorting. Hynes (1970, 1971) stated that the 

earlier stages of benthos are retained by a 0.2-mm 
mesh size (approximately the size of a U75 stan- 
dard sieve), and APHA et of. (1989) and Klemm 
et 41. (1990) defined the benthos by a mesh size 
of 0595 (standard sieve #30), wbicb’ is BOW 
standard practice. However, some types of Chiro- 
nomidae and other small benthos pass through the 
#30-mesh sieve but are be retained by the #Qo- 
mesh sieve. It is therefore recommended that 
samples be passed through a #30-mesb sieve and 
that the materials washed through be passed 
through a MO-mesh sieve; the material retained in 
both sieves should *then be sorted (Ohio EPA, 
1989b). Once the material is washed through the 
sieves the organisms should be separated from the 
vegetation and other debris in a white enamel pan. 
As the materials are xparated, the organisms can 
be placed in different vials for the major taxa. 

Taxonomy--The level to which the taxonomy 
should be taken is dependent on the objectives of 
the study. For a system reconnaissance or screen- 
ing survey, it is generally not neceSSary to go 
beyond the family level (Hilsenhoff, 1988; Illinois 
EPA, 1987; Plafkin el ol., 1989; Resh, 1988). For 
studies attempting to identify designated use 
impairment and/or evaluate impacts from a speci- 
fic source, the recommended minimum level of 
taxonomic detail sbould follow the list by Ohio 
EPA (198%). Ohio EPA has successfully imple- 
mented numeric biocriteria based on his taxonom- 
ic detailing. Tbis strategy is to expend the effort 
to differentiate those taxa which are better water 
resource quality indicators and for which taxo- 
nomic keys and expertise are readily available. 
The level of taxonomic detailing must be consis- 
tent within the program and applied for each study 
site. Species-level identifications for all organisms 
are not necessary for a successful program, and 
they commonly depend on the availability of local 
keys. General keys available for genus-level 
identifications * include Memtt and Chmmins 
(1984) Cor insects, Peckarsky et af. (1990) for 
insects and other invertebrates, Peanack (1978, 
1989) for all common invertebrates, Wiederholm 
(1983) for midges, and Klemm (1985) for annelids 
(oligochaetes and leeches). Klemm et 01. (1990) 
provide an excellent list of taxonomic references 
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for other general and specific uses. Regional U.S. 
EPA or state biologists should be contacted to 
determine which of the hundreds of other taxo- 
nomic keys are available for specific taxa, both 
nationally and regionally. 

8.2.1.2.3 Types of Data Required 

The types of data analyses that are required to 
meet program objectives directly affect the types 
of data requited. A list of the families of taxa 
present may be sufficient to meet some program 
objectives. Under other circumstances, species- 
level taxonomy and enumerations may be re- 
quired. The necessary data required to conduct 
different types of analyses can be obtained from 
the following discussion of data analysis methods. 

One of tbe most inconsistent and perplexing 
aspects of a freshwater benthic macroinvertebrate 
community assessment is the numeric representa- 
tion and analysis of the data collected. Structural 
community measures such as richness values, 
diversity and biotic indexes, and enumerations 
have been used almost exclusively. Indicator 
organisms have been used to establish many of the 
biotic indexes but also have the potential' to 
differentiate among types of impads. Recently, 
functional community measures based on feeding 
groups such as shredder, collector, scraper, and 
predator ( C u m i n s  and Merritt, 1984) have 
gained wider application and acceptance due to 
their sensitivity in detecting system perturbation 
on food resources. Sediment and water quality 
assessments based on the benthic macroinverte- 
brate community should use a complementary mix 
of both structural and functional measures. It is 
strongly recommended that a multimetric tech- 
nique be used (Plafkin et oL, 1989; Ohio EPA, 
1990a) so any single index value or observation 
will not substantially influence the results. Dis- 
cussions of various data analysis techniques can 
be found in Hawkes (1979), Cairns (1981), 
IUemm et ul. (1990), Washington (1984), and 
Resh and Jackson (1990). 

m 

Composite Indexes4kmposi te  or multimetric 
indexes combine selected structural or functional 
measures, or "metrics," in a cumulative scoring 

system, as was done with the Index of Biotic 
Integrity (IBI) for the fish community (Kan et d., 
1986). ?hex Composite, or multimetric, indexes 
are highly recommended and are among the most 
used assessment techniques for development of 
biological aiteria for both benthic macroinveate- 
brates and fish. 

Karr and Kerans (1992) provide an outstand- 
ing discussion of the process of developing met- 
ric~ proposed for use in an invertebrate IBI. They 
evaluated 28 potential metria for inclusion and 
have eliminated 10 from furtber consideration. 
The metrics fall into three categories: taxa rid- 
ness and community composition, trophic and 
functional feeding group, and abundance. 

Ohio €PA (1989b, 199Oa) successfully devel- 
oped a similar index for invertebrates using the 
following 10 structural metrics, adjusted for 
drainage area size with each ecoregion, to derive 
a final Invertebrate Community Index (IC0 soore: 

(1) Totat number of taxa; 

(2) Total number of mayfly taxa; 

(3) Total number of caddisfly taxa; 

(4) Total number of dipteran taxa; 

(5 )  Percent mayflies; 

(6) Percent caddisflies; 

(7) Percent Tribe Tanytarsini midges; 

(8) Percent other dipterans and non-insects; 

(9) Percent tolerant organisms, and 

(10) Total number of qualitative EPT taxa. 

The ICI score is part of Ohio EPA's numaic 
bioaiteria for designated use attainment, and it 
was developed using artificial and natural sub- 
strate data for 232 "least-impacted" reference sites. 
A statistical validation of the ICI using a factor 
analysis technique showed bigh correlations 
between the factor analysis scores and the ICI 



scores and little redundancy between the metrics 
(Davis and Lubin, 1989). 

U.S. EPA.(Plafkin et of., 1989) developed a 
composite index for rapid assessments in lotic 
systems using the following two functional and six 
structural metria: 

(1) Taxa richness; 

(2) Modified Hilsenhoff biotic index; 

(3) Ratio of scrapers and filtering collectors 
(functional); 

(4) Ratio of EPT and Cbironomidae abun- 
dances; 

(5) Percent contribution of dominant taxon; 

state's program, the RBPs should undergo a 
rigorous validation effort witbin tbat state. 

Diverslty Indexes-When diversity indexes were 
introduced, they were uscd widely becaw of their 
ability to reduce the complex benthic community 
measurements into a single value that could be 
used by nonbiologist decision-makers. Diversity 
indexes are based on measuring the distribution of 
the number of individuals among the different 
taxa, and use methods that result in euumerations 
by surface area. Tbe most common diversity 
index used for water quality studies is the Shan- 
non, or Shannon-Wiener Index (Shannon and 
Weaver, 1949) as shown below: 

(6) EPT index; 
where: 

(7) Community similarity index; and 

(8) Ratio of shredders to total number of 
organisms (functional). 

These Rapid Bioassessment Protocols (RBPs) 
recommend conducting single-habitat (riffle) dip- 
net sampling. The scores are based on a percent- 
age of the metric values found at a reference site, 
rather than comparison of tbe results based on 
"optimal" values for each metric. Modifications to 
the RBPs can include use of multiple reference 
sites. The RBPs are flexible and can be modified 
for different geographical locations, as evidenced 
by the use of different metrics in Arkansas (Shak- 
elford, 1988) and New York (Bode and Novak, 
1988). The success of the RBFk is in the use of 
the composite index for rapid assessments that 
allows for three levels of taxonomic work (i.e., 
order, family, or genus/species levels). Order and 
family taxonomy do not require laboratory taxono- 
my and m a y  be done in the field. The RBPs 
normally use single-habitat (riffle) sampling and a 
100-organism count in the field. However, they 
can be adapted for most program uses; for exam- 
ple, by employing multihabitat sampling and/or 
various count limitations. To be applicable to a 

ni = Total number of individuals in the 

n = Total number of individuals - 
s = Totalnumberof~axa. 

i" taxon 

(Washington (1984) provides a good explanation 
of how the index derived the name Shannon- 
Wiener Index rather than Shannon-Weaver Index.) 
"beoretically, higher community diversity indi- 
cates better water quality (Wilhm, 1970). How- 
ever, low diversity may be caused by factors other 
tban water quality impacts, such as extremes in 
weather (floods or droughts), poor habitat, or 
seasonal fluctuations. Although diversity indexes 
such as the Shannon-Wiener Index still remain in 
widespread use (Washington, 1984), their limita- 
tions in accurately addressing a variety of pertur- 
bations has decreased their reliability (Cook, 
1976; Hilseohoff, 1977; Hughs, 1978; Chadwick 
and Canton, 1984; Washington, 1984; Mason er 
al., 1985; Resh, 1988). Kaesler el uf., (1978) 
demonstrated that the popular Shannon's Index 
was actually not the preferred index for aquatic 
ecology studies and recommended the use of 
Brillouin's (1962) Index. Resh (1988) reported 
that diversity indexes showed varied results in de- 
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tecthg changes in water quality and that they are 
not tbe optimal measures of water quality. Haw- 
ever, diversity indexes can provide additional 
information as to the community composition and 
should be reported if tbe data are available. Reli- 
ance on these indexes as the only, or predominant, 
measure on which water pollution control deci- 
sions are based is not valid. Washington (1984) 
provides an outstanding review of the history and 
uses of diversity indexes. 

Biotlc Indexes-Biotic indexes use pollution 
tolerance scores for each taxon, weighted by the 
number of individuals assigned to ea& tolerance 
value. If desired, relative abundance measures can 
be used in biotic indexes. An example of a 
widely used biotic index (Hilsenhoff, 1977, 1982) 
is as follows: 

where: 

nj = Number of individuals in taxon i 
a, = Tolerance value assigned to taxon 

n = Total number of individuals in the 
i 

sample. 

Tolerance values can be found in Hilsenboff 
(1987) or can be generated by regional-specific 
knowledge of the organisms' tolerances. Typical 
ranges of organism index values are 0-5, 0-10, or 
0-11, with the higher numbers indicating greater 
tolerance to pollutants. Community indexes are 
generally limited to lotic systems impacted by 
organic enrichment (Woodiwiss, 1%4; Chandler, 
1970; Rilsenboff, 1977; Murphy, 1978; DePauw 
el a!., 1986) or other general perturbations 
(Hawkes, 1979). Biotic indexes based on a 
specific population, rather than community, are 
addressed in the "Indicator Organisms" discussion 
below. Although the first widely applied biotic 
index in this country was developed by Beck 
(1955) for Florida streams, the Hilsenhoff Biotic 
Index (H'llsenhoff, 1977, 1982) has gained great 

popularity and has been updated to reviseJhe 

senhoff, 1987) and to include a family-level biotic 
index (Hilsenhoff, 1988). Because the biotic 
indexes rely heavily on known pollutiondolcrmo# 
of the taxa, Washington (1984), Mason et d. 
(1985), and Hawkes (1979) preferred the biotic 
indexes over the diversity indexes for water 
quality assessments. The sucoess of the Hi&- 
hoff Biotic Index prompted use of the index, 01 
modifications of is in several state programs (e.g., 
Wisconsin, Illinois, New York, North Carolina) 
and EPA (Plakin et ol., 1989) programs. Unfor- 
tunately, tolerance values are not available for 
many taxa because they tend not to exbibit water 
quality preferences, and the assessments arc 
generally limited to organic enrichment. Wash- 
ington (1984) provides an outstanding revim of 
the history and uses of rhese indexes. 

-ring system && a d g e  of~&s.~-&1~*p2-=--fF 

Indicator Ch-gan i sm~dica to r  organisms have 
played a key role in the development of biotic 
indexes for both lotic and lentic systems. One of 
the first classifications based on indicator organ- 
isms was done in the Illinois River by Richardson 
(1928). Simpson and Bode (1980), Bode and 
Simpson (1982), and Rae (1989), among many 
otbers, used Cbironomidae as indicator organisms 
for a variety of toxicants in stream systems. 
Hawkes (1979) provides an excellent review of 
the use of benthic macroinvertebrates for stream 
quality assessments, and Wiederhoh (1980) docs 
the same for lake systems. Data analyses for 
benthic macroinvertebrates in lentic systems have 
not been as progressive as those in lotic systems 
with regard to composite indexes and have relied 
extensively on enumerations, diversity indexes, 
richness values, and indicator organisms (Fitdh, 
1986). Howmiller and Scott (1977),.Krieger 
(1984), and Lauritsea et 41. (1985) used oligo- 
chaete communities b establish a Great Iakcs 
trophic index. Lafont (1984) also used oligo- 
chaetes to indicate frne sediment pollution. 
Brinkhurst et of. (1968) and Winnell and White 
(1985) used chironomids to develop a similar 
index for the Great Lakes, and cowttmanch 
(1987) classified Maine lakes using chironomid 
larvae similar to tbe studies of Saether (1979) and 
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Aagaard (1986) in E u r o p e a n , ~ ~ ~ ~ t h ~ ~ ~ ~ ~ ~ b i o ~ c  index. Although the 
Fuller (1974) presented pollution ecology dah for . m a r e s  Resh (1988) used may not be optimal 
a number of  freshwater benthic maboinverte- 
brates, as did U.S. EPA's pollulion tolerance 
information series on Chironomidae (Beck, 1977, 
Trichoptera (caddisflies) (Harris and Lawrence, 
1978), Ephemeroptera (mayflies) (Hubbard and 
Peters, 1978), and Plecoptera (stoneflies) (Surdick 
and Gaufin, 1978). Washington (1984) also 
reviewed population-based biotic indexes. 

Richness Measures-Richness measures are 
based on the presence or absence of selected taxa. 
Commonly used measures include the total num- 
ber of taxa, the number of EPT (Ephemeroptera, 
Plecoptera, and Tricboptera), and the number of 
families. Tbe higher the richness value is, the 
better the quality of the system. Richness mea- 
sures have been shown to have low variability and 
high accuracy in identifying impact (Resb, 1988) 
and should be applied in each study. 

Enumemtions4numerations involve obtaining 
a sample quantified by surface area to obtain 
specific abundances of each taxon. Examples 
include the number of total individuals, number of 
EFT individuals, ratios of number of individuals 
witbin a taxon to the total number of individuals 
(Ohio EPA, 1989a; Resh, 1988), and ratios of the 
number of individuals within one taxonomic group 
(e.g., EFT) to the number of individuals within 
another taxonomic group (e.g., Chironomidae) 
(Plafkin et ul., 1989; Resh, 1988). Interpretation 
of the enumeration ratios can be difficult without 
prior validation. Most possible enumerations 
comparing individual taxa to the total number of 
individuals are done for many studies, although 
the results may not be presented. Tbe percent 
contribution of the individuals within a taxon at a 
sample site can be compared with the percent 
contribution at tbe reference sites to detect a 
change in community structure. Resh (1988) 
concluded that the seven common enumerations he 
tested had extremely high variability and unac- 
ceptably low accuracy in detecting various im- 
pacts, and he suggested that they are not as useful 
for detecting environmental change as richness 

Cor widespread use, they may still provide insight 
into changes in the community structure. Ohio 
EPA (1!389a) has successfully used enumerations 
Cor the percentage of mayflies, caddisflies, Tany- 
tarsini midges, tolerant organisms, and "other" 
dipterans combined with non-insect individuals as 
a basis for their state biocriteria. 

Similarity Indexes--Community similarity index- 
es measure the similarity between benthic com- 
munities at a reference and a study site, with high 
similarity indicating little change, or impact, 
between the two sites. The use of similarity 
indexes has been reviewed by Brock (1977) and 
Washington (1984). The simplest indexes to 
apply are those which use only the types of taxa 
found, not the abundance of the organisms within 
each taxon. The Jaccard Index (1908) and Van 
Horn's Index (1950) are examples of the simpler 
indexes. Van Horn's Index, used by Ohio EPA 
(1989b), is as follows: 

where: 
a = Number of taxa collected at m e  

b = Number of taxa collected at the 

w = Number of taxa common to both 

site 

other site 

stations. 

A value over 6.5 or 7.0 indicates good similarity. 
P l a h  et al. (1989) use tbe Jaccard Index in the 
rapid bioassessment protocols (RBPs). Other 
indexes such as the percent similarity (Brock 
1977) and the Bray-Curtis (1957) use the abun- 
dance of organisms. 

Fundonal  Lfonnatbn-Community function 
measurements based on habitat, trophic structure, 
and other ecological measures were descriied by 
Kaesler et 01. (1978) and used by Rooke and 
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reported the ECA to provide more information on 
environmental quality than diversity or biotic 
indexes, but the ECA was very time-consuming 
and not practical for rapid assessments. However, 
Cummins and Wilzbach (1985) and Cummins 
(1988) desaibe a rapid assessment method based 
on sampling coarse particulate organic matter and 
determining the functional feeding groups de- 
saibed in Merritt and Cummins (1984). Tbis 
method is recommended in EPA's RBPs (Plafkin 
et al., 1989). Rabeni el af. (1985) elso described 
the usefulness of a functional feeding group 
approach to provide a "more ecologically sound 
classification of water quality" during their devel- 
opment of a biotic index for paper mill impacts. 
Another useful measure of function is observations 
of the incidence of morphological deformities in 
benthic maaoinvertebrates, similar to the observa- 
tions made for Karr's Index of Biotic Integrity 
(IBI) for fish (Karr el of., 1986). Deformities 
have been associated with exposure of metals and 
organic compounds to Chironomidae (Cushman, 
1984; Cushman and Goyert, 1984; Wiederholm, 
1984b; Wanwick, 1985; Warwick et al., 1987) and 
Trichoptera (Simpson, 1980; Petersen and Peter- 
sen, 1983). Karr and Kerans (1992) are develop- 
ing an invertebrate IBI and have evaluated 10 
trophic and functional feeding group metria. 
This promising work is continuing. 

Statistical Approaches-Various statistical 
approaches have been applied to determine wheth- 
er the benthic community at a study site varies 
from that at a reference or other site. An excel- 
lent discussion of this issue appears in Kiemm et 
ul. (1990) and USEPA (1992). Depending on 
the chosen endpoints of the study, rigorous statis- 
tical analysis may not be necessary. For instance, 
if the endpoint is the number of taxa or richness 
measures, the variability is generally quite low and 
accu'racy quite high. In this case, the differences 
between two mmmunities would need to be 
evaluated based on study objectives. A "statisti- 
cal" difference between two communities will not 
always indicate whether more subtle changes in 
community composition are occurring or whether 

mitigation may be warranted before a statistical 
change occu~s. Sometimes whea that change 
occurs, it is too late to p r o w  the community. 
USEPA (199%) has an outstanding diswsion on 
applying uncertainty to decision-making. The 
same data evaluation procedures apply to both the 
marine and freshwater systems. 'Ibe reader is 
referred to the statistical discussion in mapter 9 
(marine benthic community structure). 

Bivariate and multivariate analysis are often 
applied in benthic studies to defme relationsbips 
between and among variables. Examples of these 
analyses include analysis of variance (ANOVA), 
correlations, regressions (including multiple 
regressions), and the two-sample t-test. A major 
drawback to these methods is the assumptiod that 
the data follow a statistical distribution such as a 
normal or lognormal distribution. This assump 
tion is often invalid whea dealing with biological 
populations and communities. 

Alternatively, nonparametric analyses may be 
conducted. Such analyses are not based on as- 
sumptions about a specific distribution of the data. 
Examples of such tests include the chi-square test, 
binomial tests, ranlr'conelations, or tests compara- 
ble to the t-test such as tbe Mann-Whitney tcst 
Whichever statistical metbods are employed, at1 
data assumptions must be clearly stated and 
objectives known. 

82.1.2.4 Necessary Hardware and Ski& 

The hardware needed for field colledion 
includes samplers (e.g., dredges, dipnets), sieves, 
benthic macroinvertebrate containers, forceps, 
white enamel pans, ethanol presentative, and 
appropriate personal gear (e.g., hip boots or chest- 
waders, life vest if needed, and first aid kits). For 
the laboratory, standard biological laboratory 
equipment should be available, such as micro- 
scopes (both dissecting and compound), forceps, 
microscope slides and a v e r  slips, ethanol, potassi- 
um hydroxide, mounting media, and sieves. A 
personal computer (containing a 20-MB or larger 
hard drive) is important for storing and analyzing 
tbe data. 

Trained benthic macroinvertebrate field biolo- 
gists and taxonomists are needed for benthic 
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community assessments. At least one sbould be 
proficient at identifications beyond the family 
level. mat taxonomist should remain involved 
until tbe proficiency of the identifier in reaching 
famfly-level identifications is ensured. A mini- 
mum of a Master of Science degree in a related 
discipline is usually required for the taxonomist to 
have learned the necessary skills. However, 
adequate training is commonly available through 
taxonomy courses and worksbops that can provide 
the necessary proficiency without an advanced 
degree. A demonstration of proficiency by accur- 
ately identifying a check sample prepared by U.S. 
EPA or a state agency is important. A trained 
benthic ecologist is necessary to compile and 
interpret tbe data. Although it would be ideal if 
the benthic ecologist had a rigorous statistical 
background, consultation with a statistician sbould 
be adequate. 

8.2.1 3 Adequacy of Documenkzha 

mere is ample docxlmentation of both field 
methods and analytical techniques. Tbe Jowrol of 
the North American Benthobgkal Suciery is a prime 
miroe of this inionnation, as is technical exchange 
at professional meetings. FurUtemore, there is a 
large volume of published and unpublished material 
that documents use ol this method (USEPA 1992d, 
1991e, 199Og, 1989f, 1988a). 

8.2.2 Applicability of Method to Human 
Heahb, Aquatic W e ,  or WUdlite 
Prowon 

This method is directly applicable to the protec- 
tion of aquatic life since it is based on dired mea- 
surements of benthic macromvertebrates. This 
metbod is directly applicable to the protection of 
those aquatic organisms (e.g., fi) and wildlife that 
directly feed on bentbic macroinvertebrates (e.g., 
small mammals and wading shorebirds). It is 
indirectly applicable to other wildlife tbat depend on 
benthos at other levels in the food chain. 'his 
me&& is also indirectly applicable to the protection 
of human healtb since benthic maaoinvertebrates 
cin sewe as indicators of toxicant impacts tbat may 
affect humans via bioaaxmulation pathways 

8.23 Abllity of Method to Geaente 
Numtrh l  Crkri8 for Speclnc 
Chemicals 

Tbis method is used in conjunction with 
sediment toxicity and chemistry data to charac- 
terize toxicant impacts and assist with determin- 
ing tbe appropriate levels at which &e toxicants 
should be controlled. By itself, however, this 
method would not be used to generate chemical- 
specific criteria. 

8.3 USEFULNESS 
8.3.1 Environmental Applicability 

Bentbic maaoinvertebrates have been rou- 
tinety used to assess environmental quality in a 
variety of geographical areas and ecoregions, as 
was discussed in Section 8.1. 

8.3.1.1 Suitability for Difierent Sediment Types 

Assessment of tbe fresbwater benthic macro- 
invertebrate community structure is well suited 
for evaluating different sediment types since the 
benthos inhabit all substrates (Menit and Cum- 
mins, 1984). Comparisons should be made 
among benthic communities of similar substrate 
since different types and numbers of organisms 
will inhabit different types of substrates. 

8.3.1.2 Suitability for Different Chemicals or 
Classes of Chemicals 

Benthic maaoinvertebrate communities are 
routinely used to assess potential impacts caused 
by many different chemicals or classes of cbemi- 
cals. In addition to the uses described in Sec- 
tion 8.1.1.1 of this chapter, many benthic organ- 
isms are used to indicate stresses from specific 
chemicals or classes of chemicals (Brinkhurst et 
al., 1968; Hart and Fuller, 1974; Saether, 1979; 
Simpson and Bode, 1980; Wiederbolm, 1980; 
Bode end Simpson, unpublished; Winnell and 
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83.1.5 Suitability for Source Control 

Benthic macroinvertebrates have been exten- 
sively used for source charaderization and control in 
many of the state and U.S. EPA monitoring pro- 
grams involving spatial suweys upstream and down- 
stream of suspected sources (Ohio EPA, 1987; Bode 
and Nova& 1988; Courteman& and Davies, 1988; 
Fske, 1988; Mmt,  1988; Penrose and Overton, 
1988; Shakelford, 1988; USEPA, 1991q 1988a, 
1988b; Fandrei, 1989). If a detrimental change is 
deteded in the bentbic macroinvertebrate community 
and that change can be attriiutable to a source, then 
control measures can be implemented through the 
NPDES permit program. Many states aggressively 
pursue this action. 

831.6 Suirabrliry for D k p s d  Applkariorls 

?be diswsion presented in Sedion 9.3.1.6 of 
aapter  9 (marine benthic maaoinvertebrate corn- 

8.3.1.3 Suitability for Predicting €fleets on 
Dineren t Organ isms 

The use of benthic macroinvertebrates as 
indicator organisms has already been discussed. 
Benthic macroinvertebrates can be used to pre- 
dict the effects on other aquatic organisms be- 
cause if the benthic maaoinvertebrate communi- 
ty is impacted, then the impact is likely to be, or 
already has been, detrimenlal to other organisms. 

8.3.1.4 Suitability for In-Place Pollutant Control 

Benthic macroinvertebrates will best indicate 
in-place pollutant control needs through a site- 
specific knowledge of surface water quality, 
habitat quality, and sediment chemistry and toxici- 
ty. Alone, the benthic macroinvertebrates can be 
used to screen for potential sources of sediment 
contamination based on spatial gradients in com- 
munity structure, but they should not be used 
alone to definitively determine sediment quality or 
to develop chemical-specific guidelines. The 
benthic data must be inkgrated with other avail- 
able data to determine sediment quality using a 
"weight-of-evidence" approach. 

munity StnrCnUe) is applicable to fresh water. 
Re€eUlly benthic oommunity a!ssesmeQts b e  beca 
required by US. EPA Region V, as stated in the 
Drap Interim Guidance for the Design and Execu- 
don of Sediment Samplmg E'm Relating to Novi- 
grrtiOnal Maintenance Dredging in Region V -  Mby 
1989 (USEPA, 1989d). In this guidance, benthic 
macroinvertebrate assessments are advised for areas 
that are suitable for open-lake dispolEal or for sedi- 
ments that are difficult to h d e z i z e .  AU benthic 
community assessments will be made in ooncut with 
sediment chemistry and toxicity evaluatiom. 

833 Gewd Advantages and Llmttptbns 

The advantage of using the beathic macroin- 
vertebrates community assessment approach to 
m i n i n g  sediment quality is that it provides an 
economical and accurate indication of the health of 
the syslm under study, and it is based cm direct 
observation rather than theoretidy derived data. 
The major limitation is the difliculty m relating tbe 
finding to the presence of individual cbeanicak and 
specific concentrations of those chemicals for numer- 
ic in-place pollutant management. This method 
should be integrated with sediment chemistry and 
toxicity infomation. 

83.2.1 Ease of Use 

'Ibe equipment requirements for benthic surveys 
is minimal and inexpensive compared to thase for 
chemical/physical analyses or even toxicity tests 
The organisms are easy to obtain, but diffhlt to SOR 
and identity. All materials needed for benthic 
8ssessments are easily obtained through chemical and 
biological supply mpanies  and require no special 
mhanical setup of caliiration. 

83.2.2 Relative Cost 

Tbe atst for benthic macroinvertebrate assess 
ments is economical compared to that for &mis- 
try or toxicological evaluations. Ohio EPA 
(1990a) provided a cost of about $700 to amdud 
a benthic assessment at one sample site. Howev- 
er, this cost included overhead (e&, rent, office 
equipment), all travel expenses, time spent in the 
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field, and report preparation. Ohio EPA conducts 
artificial substrate (composite of five substrates) 
sampling in addition to natural substrate (multi- 
habitat) sampling at each site. Their mst of 
$1,099 ($824 for artificial substrates and $275 for 
qualitative samples) was quite economical com- 
pared to @emical/physical testing ($1,653) or 
bioassay testing ($3,000 to S12,OOO) for each site. 
Plafkin et ol. (1989) discussed staff requirements 
for sample collection and analysis. 

The mast expensive items are the samplers 
and the microscopes to identify the organisms. 
However, most state programs and contractors 
have this equipment available for other program 
needs. The fieldwork can be conducted during the 
time it takes to collect a sediment sample. The 
mast timeansuming aSped is the laboratory 
sorting and identifications, which may average 11 
hours per site. However, this process compares 
favorably with the amount of time required to set 
up and run a toxicity test or to prepare and ana- 
lyze chemical variables. 

8.3.23 Tendency to Be Conserwhve 

IIbe benthic macroinvertebrate community 
assessment provides a conservative measure, since 
the community is responding to both temporal and 
spatial perturbations. There are few chances, if any, 
of obtaining a result indicating a highquality a m -  
munity when an impact oocurs. Because of influ- 
ences other ban sedimenthater quality, it is more 
common to observe an i m p a d  community when 
there is no sedimenthater quality impact. Although 
the primary focus is on community-level infor- 
mation, changes in individual populations could also 
be addressed. However, the ecological significance 
of population changes may not be evident until the 
community is afffeded. 

In a review of surface water chemistry and 
benthic macroinvertebrate community assessments 
over %oo water body segment sites in Ohio, b i d -  
teria based on benthic macroinvertebrates were more 
sensitive (conservative) indicators of water quality 
(Ohio EPA, 199ob). In 495 percent of the seg- 
ments, the benthic and ffib assessment revealed 
impacts not deteded by chemical water quality 
standards violations. In 47.4 percent of the sites, the 

chemical and biological assessment supported m e  
M&=. Only 2 8  perceat of the sites did not have 
a biological impact when the chemistry indicated 
that there would be one. 

8.3.2.4 Level of Accepfance 

Benthic mauoimrertebrate community asses- 
mats  of sedimentpwater quality have been used in 
freshwater systems since the early 1900s 
(Richardson, 1928). Most of the methods employed 
today have been widely accepted for use, although 
the use of fundion measurements is not as well 
documented. Perhaps the single most important 
demonstrati00 of the level of aoceptanae of benthic 
assessments is the growing regulatory use and estab- 
lishment of numerical biological uiteria in state 
water quality standards. 

8.3.2.5 Ability to Be Implemented by Laborabries 
wirh npical Eguipmenl and Handling 
F a C d k  

The only special pieces of equipment required 
are the samplers and sieves, which are easily ob- 
tained from biological supply warehouses. Most 
biological laboratories will have disseaing and 
compound microscopes, chemical reagents, miao- 
soope slides and m e r  dips, forceps, and any other 
materials needed. ?he taboratmy’s capability to 
identify benthic maaoinvdra tes  is less COIII~I~OIL. 

Taxonomy is not a widespread skill and is more 
likely to be f a d  in Consulting f w  than in mdy- 
tical laboratories. 

8.3.2.6 Level of Eflorf Required to Generate 
Res& 

Depending on the study objectives and level 
of effort needed, results can be generated in 
written form in as  little as 1 day (Plaflrin et al. 
1989) or in several months. For example, Ohio 
EPA processes over 500 individual benthic sam- 
ples each year, identifies the organisms, and 
prepares reports for regulatory use in less than 1 
year, with fewer than three full-time employees in 
their benthic maaoinvertebrate unit. The aitical 
period is the turnaround time for the taxonomy. 

~ 
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With ,artificial substrates, an additional 6-week 
colonlzation period is required; unless a rapid 
assessment or moderate sued study is done, a 
written report including interpretation of results 
will typically require between 6 months and 1 
Year- 

-a4 r --"e+.- 

8.3.2.7 Degree to Which Results Lend 
Themrelves to Inkvpretotion 

It is never advisable to have an individual 
without training in benthic ecology interpret benthic 
data. Once the benthic ecologist provides a repoxt 
with recommendations, the results can be easily 
implemented into a management strategy. Al- 
though several numerical indexes that appear simple 
to use are available, data interpretation relies on all 
of the information generated for a study, including 
chemical, physical, and toxicological measurements, 
as well as indicator organisms and fundion mea- 
sures. 

8.3.2.8 Degree of Environmental AppIkabildy 

Benthic macroinvertebrate community structure 
and function is used extensively to evaluate sedi- 
ment and water quality and charaderize impacts in 
lotic and lentic freshwater ecosystems. 

8.3.2.9 Degree of Accwacy and Preckwn 

Since benthic maaoinvertebrates are measured 
directly, this method is highly accurate for charac- 
terizing sedimenthater quality effeds on aquatic 
life. There is little chance, if any, that a high- 
quality community will be indicated when an 
impact actually occurs m e  I1 error with a null 
hypothesis of no community change). Because of 
influences other than sedimenthater quality, it is 
more common to observe an impacted community 
when there is no sediment/quality impad (Type I 
error.with a null hypothesis of no community 
change). For environmental pollution control, a 
5 p e  11 error is much more serious than a 'Qpe I 
error, which is conservative. To reduce the p i -  
bility of a Type II error, the data (including chem- 
istry and toxicity) must be interpreted by a trained 
benthic ecologist. Resh (1988) and USEPA 

(199%) reviewed the levels of accuracy and preci- 
sion for several of the data analysis techniques. 

To ensure as much accuracy and precision in 
the data as passible, a detailed Quality Assurance 
Program Plan should be established and followed. 
Cbzeful and amistent field and laboratory proto- 
mls are necessary. It is also necessary to sample 
during optimal conditions, which cm minimize the 
effects of natural variations in the data. Hcnvever, 
the natural variability, especially seasonal, is E- 
d u d  when using a community-level approad 
rather than a population-level approach. 

8.4 STATUS 

Sedions 8.1.1 (Current Uses) and 8 3  (Useful- 
ness) d e s a i i  the status of the discipline. 

8.4.1 Extent of Use 

nis method is widely used in both regulatory 
and nonregulatory sediment and water quality 
programs. It has been used to assess impads due 
to organic enrichment and a variety of chemical 
classes in both lotic and lentic systems. Benthic 
maminvertebrate community assessments are the 
most widely used i n s t r m  biological measures in 
state water quality programs. 

8.43 Extent b wbicb Approach Hns k e n  
=Id-Vdidated 

Since it is an in sdu study, field validation 
occurs when the approach can consistently and 
accurately assess environmental quality. Most 
benthic studies employ reference stations and rely 
011 other environmental data to validate the method. 
The documentation provided in this paper should 
present adequate documentation of the method's 
validity. 

8.43 Reasons for ILnited Use 

Benthic maminvertebrate community assess- 
ments are very common in freshwater systems 
because of their relatively low cost and high infcx- 
mation output. I 
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8.4.4 Outlook for Future Use and Amount 
of Development Yet Needed 

The outlook for the future use of benthic 
maaoinvertebrate community structure and func- 
tion in sediment quality assessment is very good 
because of the recognition that benthic macro- 
invertebrates provide substantial information that 
the chemistry and toxicity data alone cannot 
provide. With the Clean Water Act mandate to 
maintain and restore biological integrity, benthic 
community assessments can help determine wheth- 
er sediment quality is impairing the designated 
uses and biotic integrity. With the increasing 
reliance on numerical bioniteria, additional sedi- 
ment quality problems will be identified. The area 
where development is most needed is in combin- 
ing benthic community assessments with chemical 
and toxicological data in an integrated approach 
for assessing sediment quality. In addition, the 
functional measures, which also hold much prom- 
ise for sediment assessments, need to be validated 
more thoroughly. 
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Benthic communities are communities of 
organisms that live in or on the sediment. In most 
benthic community structure assessments, primary 
emphasis is placed on determining the species that 
are present and the distribution of individuals 
among those species. These community attributes 
are emphasized largely for pragmatic reasons. 
Although it is relatively simple to collect, identify, 
and enumerate benthic organisms, it is very 
difficult to determine first-hand the spatial distri- 
butions of species and individuals within tbe 
benthic habitat, or the functional interactions that 
occur among the resident organisms or between 
(he resident organisms and the abiotic habitat. 
Hence, information on benthic community compo- 
sition and abundance is typically used in conjunc- 
tion with information in the scientific literature to 
infer the distributions of species and individuals in 
three-dimensional space and the functional attri- 
butes of the community. Because all of the major 
structural and functional attributes of benthic 
communities are affected by sediment quality in 
generally predictable ways, benthic community 
structure assessment is a valuable tool for evaluat- 
ing sediment quality and its effects on a major 
biological component of marine, estuarine, and 
freshwater ecosystems. 

Benthic habitats may be broadly divided into 
hard-bottom habitats and soft-bottom habitals. 
Many types of each exist in marine, estuarine, and 
freshwater ecosystems. Hard-bottom habitats 
include rocky shorelines and bottoms of lentic and 
lotic systems, rocky intertidal and subtidal habitats 
in marine and estuarine systems, and coral reefs. 
Soft-bottom habitats include mud and sand habi- 
tats in marine, estuarine, and freshwater systems; 
marine, estuarine, and freshwater macrophyte 
beds; freshwater wetlands; and estuarine salt 

marshes. Each of these habitats requires dilferent 
sample collection methods and different survey 
design considerations. The empbasis of this 
chapter is on assessments of marine benthic 
community structure in soft-bottom habitats as an 
indicator of sediment quality. Freshwater benthic 
invertebrate community structure is discussed in 
Clapter 8. 

9.1 SPECIFIC APPLICATIONS 

Assessment of benthic community structure is 
an in situ method that can be used alone, as part 
of other approaches [e.g., Sediment Quality Triad 
(see Chapter 10) and Apparent Effects Threshold 
(AET) (see Cbapter ll)], or in combination with 
other sediment assessment techniques (e.g., sedi- 
ment toxicity bioassays). It is commonly used in 
three ways to assess impacts to benthic communi- 
ties and sediment quality: 

B To compare test and reference stations, 
for the purpose of determining the spatial 
extent and magnitude of such impaas; 

To identify spatial gradients of impads, 
and 

rn To identify temporal trends at the same 
locations through time. 

By definition, benthic communities include all 
organisms living on or in the bottom substrate. 
For pradical reasons, assessments of benthic 
community structure in soft sediments usually rely 
on the macrofauna (i.e., organisms retained on a 
1.0- or 0.5-mm sieve) and to a lesset extent the 
meiofauna (i.e., multicellular organisms that pass 
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through a 1.0- or 05-mm sieve). Reasons for the 
more limited use of meiofauna are twofold: 

Althougb they may be sampled quantita- 
tively, their small size makes working 
with tbem difficult, and the taxonomy of 
many of the groups (e&, nematodes) is 
not well known. 

Ihe  functional attributes of the various 
meiofaunal taxa are poorly known, and it 
is therefore difficult to interpret the im- 
portance of the presence or absence of the 
various taxa in relation b environmental 
quality. (For example, knowledge of 
meiofaunal taxa that respond positively or 
negatively to organic enrichment of the 
sediments is extremely limited.) 

Difficulties in quantitatively sampling other size 
classes of benthic organisms such as the mega- 
fauna (i.e., large organisms that are typically 
measured in centimeters) and the microfauna (i.e., 
microbes) usually preclude tbem from consider- 
ation in assessments of benthic community struc- 
ture. Furthermore, although tbe functional impor- 
tance of sediment microbes has been' studied, their 
structural and functional characteristics have not 
been used as indicators of sediment quality. 

9.1.1 Current Use 

Assessments of benthic community structure 
have been used to describe reference conditions, 
baseline conditions, and the effects of natural and 
anthropogenic disturbances. Selected examples of 
current uses of this approach are provided below. 

Organic Enrichment-Pearson and Rosen- 
berg (1978) performed an extensive review of 
benthic community succession in relation to 
organic enrichment of marine and estuarine sedi- 
ments. Based on that review, tbey developed a 
generalized model of structural community chang- 
es (Le., numbers of species, abundances, biomass) 
in relation to organic enrichment, and identified 
opportunistic and pollution-tolerant species that 
are indicative of organic enrichment. Concepts 
developed by Peanon and Rosenberg (1978) have 
subsequently been used by many investigators to 

assess the degree of organic enrichment that has 
occurred in a variety of soft-bottom habitats. For 
example, Dauer and Comer (1980) assessed the 
effects of sewage inputs on benthic po~y~b&te 
populations in a Florida estuary by cblleding 
information on the total numbex of individuals, 
total biomass, and average number of species. 
Tbey compared the sewage-affected site with a 
reference site and examined the response of 
individual species to organic carichmeut. In 
anotbef study in Florida, Grizzle (1984) identified 
indicator species based on life history responses to 
organic enrichment and other physicochemical 
changes. "be taxa identified as indicator spedes 
in enriched areas were generally characterized by 
opportunistic life history strategies. Vidakovic 
(1983) Bssessed the influence of domestic sewage 
on the density and distribution of meiofauna in the 
Northern Adriatic Sea. He concluded that raw 
domestic sewage did not have a negative influence 
on the density and distribution of meiofauna, but 
the nematode/copepod ratio (Parker, 1975) indicat- 
ed that these stations were under stress. 

Cont.mlnrtlon Due C TOXIC Metals .ad 
MctaUoids-Rygg (1985a, 1986) essessed benthic 
community structure in Norwegian fjords wbere 
the disposal of mine tailings had resulted in metals 
contamination of the sediment. His studies 
showed an inverse relationship between concentra- 
tions of metals in the sediment and the species 
richness and abundance of the benthic maao- 
invertebrate fauna. Bryan et d. (1987) examined 
population distributions of the oyster Ostrea 
edulisy, the polychaete NereLF diversicobr, and 
the d e  Cerasrodenna edule in relation to 
wastes from metals mining in the Fa1 Estuary. 
Tbey concluded that the distribution of species is 
dependent on their ability to tolerate copper and 
zinc, and on &e capabilities of a population to 
develop a resistance to metals and thereby main- 
tain their original distribution range. 

6ntaminrtJon Due to Toxic Organic Com- 
pounds-Toxic organic compounds are frequently 
associated with municipal discharges, industrial 
effluents, and storm drains. Tbese discharges may 
also result in organic enrichment and contamina- 
tion by metals or metalloids. The following 
benthic studies provided evaluations of sediment 
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quality in areas primarily affected by toxic organic 
compounds: 

Oeosote contamination. Tagatz er ol. 
(1983) examined the benthic communities 
that colonized uncontaminated sediments 
and sediments contaminated With three 
different concentrations of creosote (177, 
844, and 4,420 p@g) in field and labora- 
tory aquaria to assess the effects of 
marine-grade creosote on qmmunily 
structure. Numbers of individuals and 
numbers of species in fiefd-colonized 
communities were significantly lower in 
all three creosotecontaminated sediments 
than in the controls. In &e laboratory- 
colonized communities only the two 
bigber creosote concentrations had re- 
duced numbers of individuals and species. 
Distribution of individuals within species 
was simiIar for the iaboratory and field 
assemblages of animals. 

Oil contamination. Elmgren er af. (1983) 
determined that acute effects of the Tsesis 
oil spill were noted after 16 days on both 
the macrofauna and meiofauna. Initial 
recovery was noted 2 yr afterrthe spill. 
However, the authors predicted that wm- 
plete recovery would require at least 5 yr. 
Jackson er al. (1989) investigated the ef- 
fects of spilled oil on the Panamanian 
coast and found that shallow subtidal reef 
corals and the infauna of seagrass beds 
bad experienced extensive mortality. 
Aftcr 15 yr, only some of the organisms 
in areas exposed to tbe open sea had 
recovered. Clifton er a!. (1984) per- 
formed field experiments in Willapa Bay, 
Washington, and found that oil in the 
sediments modified the burrowing behav- 
ior of infaunal benibos. 

Dredging and Coastructioa-Related Activf- 
tiescwartz er 41. (1980) examined species 
richness and species abundances just before 
dredging occurred in Yaquina Bay, Oregon, and 
for 2 yr after dredging. Benthic community 
recotonization was followed from the appearance 

of opportunistic taxa thr""ii@-tliiirkcplaccmeat by 
less tolerant taxa. Rhoads et al. (1978) examined 
tbe influence of dredge-spoil disposal on benthic 
infaunal succession in b n g  Island Sound by 
classifying species into groups based on their ap- 
pearance in a disturbed area. Tbey suggested that 
the "equilibrium community is less produdivt 
tban a pioneering stage" and suggested that pro- 
ductivity may be enhanced through managed 
disturbances. The abundance of polychaetes, 
molluscs, and crustaceans is currently used to help 
assess potential biological effects of dredged 
material disposal by the Puget Sound Dredged 
Disposal Analysis Program (SAIC, 1991; Stripfin 
et al., 1991). 

Natural Disturbances-Most studies of 
natural disturbances have assessed the recovery of 
benthic communities after the disturbance (e&, 
Iarge storms and associated wave activity, oxygen 
depletion, salinity reductions, El Nilo). For 
example, Dobbs and Vozarik (1983) sampled 
stations before and after Storm David and ob- 
sewed that the number of species decreased after 
the storm. They also documented changes in the 
rank order of the dominant taxa. Santos and 
Simon (1980) examined defaunation of beathic 
communities before, during, and after annual 
hypoxia in Biscayne Bay. They documented that 
recolonization occurs fairly rapidly after the 
defaunation period. Oscillations in macrobentbic 
populations in the shallow waters of the Peruvian 
coast were examined by Tarazona el 41. (1988). 
Fluduations in density, biomass, species composi- 
tion, and diversity were attributed to the El Nib0 

Assessment of bentbic community structure is 
also used as a component of other sediment 
quality assessment tools. Along with sediment 
chemistry and sediment toxicity bioassays, it is 
one of three components of the Sediment Quality 
Triad (see Oapter 10). It is also a component of 
the Apparent Effects Threshold approach (see 
Qapter 11). 

Of 1982-1983. 

9.1.2 Potential Use 

To date, benthic community assessments 
performed to evaluate sediment quality have 
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focused*acw&ips 'between community 
variables (e.g., numbers of species, total abun- 
dance, biomass) and measures of sediment quality 
(e.g., organic content, concentrations of chemical 
contaminants). Only for organic enrichment have 
individual species been identified that are indica- 
tive of various degrees of sediment alteration [see 
for example Pearson and Rcsenberg (1978), Word 
et al. (1977)) Moreover, for only a very few 
species has the autecological relationship between 
organic enricbment of the sediments and an 
individual species been explored. [For example, 
Fabrikant (1984) explored the autecology of the 
bivalve mollusc Parvilucina tenuisculpto in rela- 
tion to organic enrichment of the sediments in the 
Southern California Bigbt.] A tremendous poten- 
tial exists, however, for identifying species that 
are indicative (by their persistence, enhanced 
abundance, reduced abundance, or absence) of 
sediment contaminants at various concentrations. 
The identification of such taxa will not be simple 
because of the complex ecological interactions that 
occur within benthic communities, and because 
sediments are frequently cpntaminated with a 
mkture of chemicals. A first step in this process 
might be to attempt to identify species or suites of 
species lhat could be used to separate the effeds 
of sediment organic enrichment from sediment 
contamination by toxic substances. 

Another potential use of benthic community 
assessments would be to predict recovery of 
benthic habitats following tbe execution of reme- 
dial actions at contaminated sites. To date, it has 
not been possible to use extant benthic community 
structure to predict recovery because the only 
model that relates benthic community structure to 
sediment quality [Le., the Pearson and Rosenberg 
(1978) model] is not quantitative. Quantification 
of this model and the development of quantitative 
models for other sediment contaminants will be 
required before benthic community assessments 
can be used to predict sediment quality. A valu- 
able byproduct of such models would be the 
ability to predict the capacity of the remediated 
area to support higher trophic level organisms that 
forage on benthic organisms, including commer- 
cially and reaeationally harvested demersal fishes. 

9.2 DESCRIPTION 

93.1 Description ot the Metbod 

An assessment of benthic community structure 
typically involves a field survey that includes 
replicated sampling at each station; sorting and 
identification of the organisms to species or lowest 
possible taxon; analyses of the numbers of taxa, 
numbers of individuals, and sometimes biomass in 
each sample; and identification of the dominant 
taxa. Results of the field survey are then inter- 
preted in conjunction with oher sediment vari- 
ables (e.g., sediment grain size, total organic 
carbon) that were collected concurrently with the 
benthic samples. 

9.2.1.1 Objectives and A s s w n p t k  

The objective of the benlhic community 
structure approacb is to identify degraded and 
potentially degraded sedimenls by examining the 
communities of organisms that inhabit those 
sediments. 'h is  empirical approach assumes the 
following: 

Because benthic infauna are generally 
sedentary, benthic community structure 
reflects the chemical and physical envi- 
ronment at the sampling location. 

I Benthic community structure may be 
altered in a predictable manner over time 
and space by chemical or physical distur- 

. bances. 

The execution of proper data collection 
and analysis methods can reduce natural 
variability of bentbic infaunal data and 
enable the detection of trends in sediment 
quality. 

9.2.1.2 Level of Effort 

The level of effort required to assess benthic 
community structure is relatively high. Regardless 
of the analytical methods, a field survey is re- 
quired to collect the organisms. Tbe sorting and 
identification process is labor4ntensive and usu- 
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ally expensive. Program objectives will determine 
whether the data analyses are simple or CbmpEx. - '&e - 
9.2.1.2.1 Type of Sampling Required 

The type of sampling required to collect benthic 
organisms is dependent on the objectives of the 
sampling progtam and on the area under study. 
Usually, the objective of a benthic sampling 
program is to study the characteristics of and the 
variation in the benthic community that occupies 
specific sampling stations. In this case, all organ- 
isms present in the sediment at that location are 
sampled together: those that normally reside in 
the surface few centimeters of sediment and those 
that normally reside deeper in the sediment (e.g., 
5-15 cm below the surface). In some instances, a 
sampling program may have a different objedive. 
For example, sampling for the Benthic Resources 
Analysis Tecbnique (BRAT) (Lunz and Kendall, 
1982) involves collecting box core samples and 
determining the biomass (and possibly the com- 
munities) present in specific sediment strata (i.e., 
0-2 an, 2-5 cm, 5-10 cm, and 10-15 cm below the 
sediment surface). In that technique, the benthic 
data are compared with the benthic organisms 
consumed by bottomdwelling fish (as determined 
by gut content analyses of fish captured in the 
same area) to determine tbe food value of the 
benthos. 

Cbaracteristics of the area under study also 
influence the type of sampling. In intertidal or 
littoral environments where sampling stations can 
be occupied by walking to the site, samples are 
usually collected using a hand-held corer. If 
stations are located in subtidal areas, then remote 
sampling from a vessel is performed using a box 
corer or grab sampler. Sediment grain size may 
influence final selection of the sampler. Some 
samplers (Le., many box corers) perform poorly in 
sandy sediments, whereas others (i.e., van Veen 
grab, Smith-McIntyre grab) perfom<?dequately in 
a greater range of sediment types (i.e., fine to 
medium sand, silt, silty clay). Methods and 
equipment for sampling infaunal communities are 
further described in several publications (Word, 
1976; Swam, 1978; Eleftheriou and Holme, 1984; 
Nalepa et of., 1988). Blomqvist (1991) provides 

an extensive review of quantitative sampling 
methods, including a detailed bibliography of 
pertinent papers. 

Program objectives and knowledge of benthic 
communities in the study a m  will influeact 
selection of the sieve size through which sediment 
samples will be washed. It is important that the 
sieve mesh sizes be appropriate for the community 
under study (e.g., 64 pm for meiofauna, 0 5  or 1.0 
mm for mauofauna). Generally, the chances of 
retaining most mauofauna species and individuals 
(and therefore increasing sampling accuracy) are 
improved by the use of a finer mesh (but, set 
Bishop and Hartley, 1986). However, sieve size 
is an important determinant of the cost and level 
of effort necessary to obtain quantitative data. 
Very little difference in  the field processing time 
exists between use of a 05-mm and a 1.0-mm 
sieve when sieving sediments finer than coarse 
sand, but laboratory analyses are much more t h e -  
consuming when the smaller mesh is used because 
it retains more abiotic materials and many smaller 
organisms. 

9.2.1.2.2 Methods 

Methods for collecting data on benthic com- 
munity structure are divided into three categories: 
program design, field methods, and laboratory 
methods. Eacb of these categories is briefly 
discussed below. 

Program design includes the selection of 
station locations, level of replication, type of 
sampler, screen size, data analysis methods (dis- 
cussed later), and quality assurance/quality control 
(QNQC) procedures. 'he selection of station 
locations will directly influence the usefulness of 
the resulting data. Stations that will be compared 
to one another (including reference stations) 
should be situated in areas with similar hydro- 
graphy, water depth, and grain size to minimize 
the natural variability in benthic community 
composition that can be attributed to these factors. 
However, such station placement is not always 
attainable because of altered grain size distribu- 
tions that often result from cantaminant sources. 

Selection of the number of replicates is an 
important component of program design because 



T "$r"t.M--Cthei"accuracy and precision with whicb benthic 
community variables are estimated depend in part 
on the size of the sample (including all replicates). 
For example, the abundance of a single taxon is 
generally a less accurate desaiptive variable tban 
is the abundance of the total taxa because of the 
greater variability typically associated with one 
taxon in comparison with the sum of all taxa. 
The total area sampled among the replicates at 
each station should be large enough to estimate a 
given variable within the limits of accuracy and 
precision that are acceptable to meet study objec- 
tives. A single sample may be useful for general 
distributional or trends analyses (Cuff and Cole- 
man, 1979), but the inherent patchiness of benthic 
communities makes collection of a sufficient 
number of replicate samples (a minimum of 3-5, 
depending on study objectives and sampler area) 
necessary to ensure statistical reliability (see 
Elliott, 1977). Within a study area, adequate 
sample size may be determined by maximizing the 
number of species collected or by minimizing the 
error associated with the mean for the variable in 
question (Gonor and Kemp, 1978). Additional 
research on replication is presently being conduct- 
ed by €PA in Newporf Oregon, under the direc- 
tion of S. Ferraro (Swartz, R.C., 15 March 1989, 
personal communication). 

Power analysis can assist in determining the 
appropriate number of replicates. A power analy- 
sis includes consideration of the minimum detect- 
able difference in selected biological variables 
(Le., the minimum difference in mean values of a 
variable at several stations that can be detected 
statistically, given a cemin level of variability 
about those mean values) and the power of the 
statistical test to be used. The power of the test is 
especially important because it defines the proba- 
bility of correctly detecting experimental eff- 
(e.g., differences in biological variables among 
sampling Stations). For a specified variance 
associated with a biological variable, tbe statistical 
power of a test and the minimum detectable 
difference among sampling areas can be expressed 
as a function of sample size. The allocation of 
sampling resources (stations, replication, and 
frequency) can then be determined with regard to 
available resources, practicality of design, and 

desired sensitivity of the subsequent analyses. 
Discussions and examples of this approacb arc 
found in Winer (1971), Saila er ai. (1976), Cohen 
(1979, Moore and McLaughlin (1978); Bros and 
Cowell (1987), Ferraro cf af. (1989). Kronberg 
(1989, Tetra Tech (1987, Self and Mauritsen 
(1988), and Vezina (1988). 

A potential drawback to use of p e r  analysis 
is that it requires aprwri knowledge of variability 
in the benthic communities that will be studied. 
If sucb variability is not known and cannot be 
estimated, then the number of replicates will 
probably refled either funding limitations or 
generally approved sampling methods. For exam- 
ple, Eleftheriou and Holmc (1984) and Swartz 
(1978) recommend that an area of 0 5  m* be 
sampled to assess species composition in coastal 
and estuarine regions. Most studies of benthic 
community structure routinely involve five repli- 
cate 0.1-m2 grab samples. A single 0.1-m2 grab 
sample may be sufficient to obtain "useful d d p  
tive information" for use in cluster analyses 
(Word, 1976). However, a single sample pre- 
dudes direct estimates of within-group variance 
for statistical analyses. Because individuals are 
distributed logarithmically among the species of a 
benthic community (Preston, 1948; Sanders, 1968; 
Gray and Mirza, 1979), species collected in the 
second and successive replicates that were not 
collected in any of the previous replicates most 
often will be numerically "rare." Note that "rare. 
is not synonymous with "unimportant" Hence, a 
single 0.1-mz sample is generally not adequate to 
characterize benthic community structure and 
fundion. In general, fwe 0.1-mz grab samples are 
recommended for determining benthic mmmunity 
structure, unless evaluation of site-specific data 
(i.e., a power analysis) indicates that sufficieut 
sensitivity can be obtained with fewer samples, or 
that a greater number is required due to extreme 
spatial heterogeneity. (Note that at least threc 
samples are required for parametric statistical 
analyses.) 

Another aspect of program design is selection 
of the appropriate degree of navigational accuracy. 
For baseline or distributional studies, repeatable 
station location may not be a high priority, and 
methods such as b r a n  C may be sufficient 

I 

I 9-6 



9-Marinr Benthic Community Shudure Assessmmt 

However, for monitoring programs wbere reoccu- 
pation of exact stations is important (e.g., disposal 
site monitoring), a more accurate positioning 
method (e.g., an electronic distance-measuring 
device or Mini-Ranger) may be required. 

A quantitative sampling device and an appro- 
priate mesh size must be selected to ensure that 
size classes of organisms appropriate for assessing 
sediment quality are collected. Selection of a 
sampler and sieve are discussed above, in Sedion 
9.2.1.2.1. 

Field and laboratory methods must be a n -  
d u d  according to rigorous QNQC protocols. 
Field methods include collecting, sieving, and 
preserving tbe samples. Samples are typically 
preserved in a solution of 10 percent buffered 
formalin for at least 24 h. Laboratory methods 
include rinsing the formalin solution from the 
samples witbin 7-10 days, followed by storage in 
70 percent ethanol. Samples are sorted under a 
dissecting microscope during which all organisms 
are removed from the samples and placed in vials 
for identification and enumeration of individual 
taxa. The time required to sort and identify a 
benthic sample varies greatIy depending on the 
sieve size, sample area, and sediment composition. 
Sorting may take as little as 1 h for a 0.1-m2 
sample sieved tbrough a 1.0-mm saeen, or as 
much as 12 h if wood chips or other debris are 
present. Tbe time needed to identify organisms in 
a sample depends on the number of organisms 
(which is a function of sieve size, habitat, or 
degree of contamination) and number of taxa 
present. The number of hours needed to identify 
organisms in a sample may range from 1 to over 
10 h. 

la addition to the collection of samples for 
analysis of benthic community strudure, separate 
sediment samples should be collected at all sb- 
tions for conventional sediment chemistry vari- 
ables (e.g., sediment organic content, sediment 
grain size distribution). Because organic carbon 
content and sediment grain size naturally affect 
the composition of benthic communities, measure- 
ment of tbese variables will assist in determining 
whether benthic communities are affected by 
reduced sediment quality. 

9.2.1.23 Types of Data Required 

The two primary structural attriiutes of any 
benthic community are the distribution of species 
and individuals in tbreedimensional space, and 
the distribution of individuals among species and 
higher taxa. Given an understanding of these two 
structural attributes, it is possible to infer fundion- 
al.attriiutes of the benthic community, including 
trophic relationsbips, primary and secondary 
productivity, and interadions between the resideat 
bioh and the abiotic habitat. Tbe data required 
for analysis of the structural and fundimal a m i  
utes include the number of taxa (identifications 
should be to the lowest taxonomic level possible), 
the abundance of each taxon, biomass (depending 
on program objectives), and conventional sedimtat 
chemistry variables. However, collection of tbe 
appropriate data does not ensure proper evaluation 
of the structural and functional attributes. The 
seledion and implementation of data analyses me 
equally important, and are discussed in the ftc 

mainder of this section. The data analyses pre- 
sented in this section address primarily stnrctural 
components of benthic communities. However, 
fundional attributes can be inferred from many of 
those structural attributes. 

Various types of data analyses arc used to 
desaibe benthic community structure, depeuding 
on the objectives of the particular program. 
However, several descriptive values are common 
to mast program objectives. All organisms 001- 
leded in each sample are enumerated (is., total 
abundance), and abundances of major taxonomic 
groups are usually summarized. Depending on the 
level of identification, abundances of individual 
taxa, numbers of taxa, and lists and abundances of 
pollution-tolerant and pollution-seasitive taxa in 
each sample may be developed. Biomass of major 
taxonomic p u p s  and total biomass are sometimes 
reported. The composition of the numerically 
dominant taxa are analyzed when species level 
identifications are performed. In addition, desaip 
tive indexes such as diversity [the distribution of 
individuals among sped- sec Washington (1984) 
for additional definitions of diversity], evec~z~css 
(the evenness with which individuals are distriiut- 
cd among taxa), and dominance (the degree to 
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which one or a few species dominate the commu- 
nity) are usually calculated. 

Most programs evaluate the temporal or 
spatial differences i n  benthic community strudure. 
Typically, comparisons of one or more indexes are 
made at Ute same station over time and compared 
to a baseline value, or comparisons are made 
between stations in a study area and stations in a 
reference area. If an adequate number of samples 
is collected (i.e., three or more), statistical tests 
such as t-tests or Analysis of Variance (ANOVA) 
(or their nonparametric analogues) are often 
performed to determine whether significant spatial 
or temporal differences exist among benthic 
communit ies. 

Besides univariate (i.e., single-variable) statis- 
tical analyses, multivariate (i.e., multiple-variable) 
analyses are [requently performed (e.g., Boesch, 
1977; Green and Vascotto, 1978; Gauch, 1982; 
Shin, 1982; Long and Lewis, 1987; Ibanez and 
Dauvin, 1988; Nemec and Brinkburst, 1988a,b; 
Stephenson and Mackie, 1988). Multivariate 
analyses include classification m e h d s  (i.e., 
grouping similar stations into clusters) and ordina- 
tion m e t h e  [i.e., representing sample or species 
relationsbips as faithfully as possible in a low- 
dimensional (two-four dimensions) space]. [See 
Gauch (1982) for an overview of multivariate 
methods.] Multivariate techniques group data and 
display them on a two-dimensional plot or dendro- 
.gram so that stations exhibiting similar communi- 
ties are located claser to one another than to 
stations with dissimilar communities. ?he numeri- 
cal and graphical results can then be compared 
with physical and chemical data collected COLI- 
currently to determine whether those variables 
correlate with trends in benthic communilies. A 
commonly used classification technique involves 
f i t  computing a matrix of similarity indexes that 
represent the degree of similarity in species com- 
position between two stations. Commonly used 
similarity indexes include Bray-Qlrlis, Canberra 
metric, and Euclidian distance indexes. The 
similarity matrix is tben entered into a clustering 
algorithm (e.g., pair-wise averaging, flexible 
sorting) to produce a dendrogram depicting simi- 
hrities among stations. Commonly used ordina- 
tion techniques include principal components 

analysis, detrended correspondence analysis, and ..I 

discriminant function aoalysis. Bernstein and 
Smith (1986) developed an index of benthic 
community change along pollution gradients that 
is derived from results of ordination analysis. Tbe 
index (called lndex 5) is a measure of change 
from reference conditions. 

Benthic community surveys generate large 
dab matrices. Tbese data matrices are often 
reduced by the elimination of certain species 
(Boescb, 19T7) prior to performing multivariate 
analyses. A variety of methods exist for reducing 
data matrices (see Stephenson el ol., 1970, 1972, 
1974; Day el al., 1971; Clifford and Stephenson, 
1975). 

Both parametric statistical tests and multi- 
variate analyses may involve data transformatioas. 
Transformations of the original data may be 
necessary for one or more of the following rea- 
sons: 

Benthic data sets are usually charaderized 
by large abundances of a few species and 
small abundances of many species; 

Tbe distribution of individuals among 
species tends to be lognormal; and 

Sampling efforl may be inconsistent 
( B d ,  1977). 

The two basic types of transformations are strid 
transformations and standardizations. Strict 
transformations are alterations of the original 
values (e.g., species abundances) without reference 
to the range of values wilhin the data. Commonly 
used transformations are square root, logarilhmic, 
and arcsine (Sokal and Rohlf, 1981). Standardiza- 
tions are alterations that depend on some popefly 
of the data under consideration. A common stan- 
dardization is the conversion of values to percent- 
ages. 

Benthic data are transformed to better meet 
the assumptions of parametric tests (c.g., nonnali- 
ty, homogeneity of variances). ln multivariate 
analyses, data are often transformed using loga- 
rithms [e.g., log (x+l)] because of the presenct of 
zero scores. Tbis transformation is also applied 
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when population variance estimates are positively 
correlated with mean values (Sokal and Rohlf, 
1981). Clifford and Stephenson (1975) discuss in 
detail the effects of transformations on commonly 
used resemblance measures. ~ 

Benthic community structure is usually com- 
pared with chemical and physical data that are 
collected concurrently. These comparisons may 
take the form of simple linear correlations, corre- 
lations with duster groups, or correlations using 
multivariate techniques such as discriminant 
analyses. Multiple discriminant analysis attempts 
to isolate groups of similar stations so that vari- 
ables responsible for the separation of groups can 
be identified. Results may be used to determine 
whether differences in community structure are 
due to variations in sediment grain size, variations 
in other physical characteristics of the environ- 
ment, or changes in sediment quality due to toxic 
substances or organic materials. 

The use of different methods and analyses 
may result in different interpretations of the same 
data. For example, use of the same data with 
different standardization methods in a classifica- 
tion analysis can yield very different results (Aus- 
tin and Grieg-Smith, 1968). Generally, the more 
analyses that are conducted on the data, the higher 
the probability of interpreting the data accurately. 

9.2.1.2.4 Necessary Hardware and Skills 

The hardware needed to perform a benthic 
community assessment is fairly common and 
should be readily available. Equipment includes 
field collection gear (e.&, sampling vessel, appro- 
priate sampler, sieves, sample storage containers, 
buffered fixative) and standard biological laborato- 
ry equipment (e.g., microscopes, sieves, bydrome- 
ten or pipets, and a balance). More specialized 
equipment includes a muffle furnace for determin- 
ing total volatile solids concentrations, a taxonom- 
ic reference collection, and a taxonomic reference 
library. Computer equipment and appropriate 
software are required to make studies msteffec- 
tive. A microcomputer is sufficient for most 
analyses, but some complicated multivariate 
analyses may require the use of a minicomputer or 
mainframe computer. 

Trained benthic taxonomists are rquil .4 to 
ensure accurate identifications. Some computer 
programming and some level of data managemeat 
are usually required. A trained benthic ecologist 
is required to synthesize and interpret the data. 
However, the amount of training depends on the 
required level of interpretation. For example, 
interpretation of several multivariate melhods 
would require a higher level of training than inter- 
pretalion of descriptive indexes. 

--%4.%+-% r.p 

9.2.1.3 Adequacy of Docwnenlatbn 

Many different approaches and methods are 
used to analyze benthic data, some of which have 
their origins in classical terrestrial community 
ecology. Because analysis of benthic community 
structure is a relatively old assessment tool, liter- 
ally thousands of papers have been written about 
the method. Several books and p~otocols have 
also been developed to desaibe field and laborato- 
ry techniques [e.g., Holme and Mchtyre (1984), 
Puget Sound Protocols (Tetra Tech, 1986b), U.S. 
EPA 301(h) protocols (Tetra Tech, 1986a)l. 
However, a comprehensive document that de- 
scribes standardized procedures €or analyzing and 
interpreting benthic community data is lacking. 

The most commonly used interpretive ap- 
proaches include measures of diversity and classi- 
fication. Sometimes a general collsensus exists on 
the best techniques to use within an approad 
(e.g., widespread use of Shannon-Wiener diversity 
index, although here is debate as to whether this 
is a suitable index for environmental impact 
analysis). Despite tbis consensus, studies do not 
necessarily follow a specified format. Program 
objedives tend to didate the types of hrpothescs 
posed and analyses used. Many relatively new and 
exciting approaches have been propostd for 
assessing benthic community structure. However, 
most are relatively untested and are not widely 
used [e+, benthic resource analysis technique 
(Lunz and Kendall, 1982), abundance-biomass 
comparison (Warwick, 1986; Warwick cr ul., 
1987), infaunal trophic index (Wad, 1978,1980), 
nematode:copepod ratio (Amjad and Gray, 1983; 
Lambshead, 1984; Shiells and Anderson, 1985; 
Raffaelli, 1982, lognormal distribution (Gray and 
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Mirza, 1979), Index 5 .(.Bernsl$g%and Smith;--- 
1986)) Eacb of these methods has shown prom- 
ise in some situations, but more testing and vali- 
dation are needed before any can gain universal 
acceptance. 

Very few assessments of the information 
gained Crop analyses of data at the species level 
vs. the major taxa level have been underlaken. 
Warwick (1988) evaluated the results of ordina- 
tions run on various hierarchical levels of taxo- 
nomic data for five data sets. 'Ibree of the data 
sets were of rnauofauna (from LQ& Linne, Clyde 
Sea, and Bay of Morlaix); one was of nematodes 
from the Clyde Sea; and the last was of copepods 
from Oslofjord that were subjeded to different 
levels of particulate organic material. He reported 
that in none of those five cases was there any 
substantial loss of information at the family level, 
and that in two cases the sample groupings related 
more closely to the gradient of pollution at the 
phylum level than at the species level. Warwick 
tentativeiy suggested that "antbropogenic effects 
modify community composition at a bigher taxo- 
nomic level than natural environmental variables, 
which influence the fauna more by species re- 
placement." Warwick's paper appears to be the 
only published work to support tbe use of higher 
taxonomic groups for analysis purposes. In cases 
where only major taxa level data bave been 
collected (e.g., and Tetra Tech, 1988), it has 
been difficult to determine differences in cornmu- 
nity structure between impacted areas and refer- 
ence areas, and to establish causes of community 
alterations. Although it would be a cost-saving 
approach, use  of higher taxonomic levels to assess 
benthic communities is currently not an accepted 
approach in the United States. 

9.2.2 ApplicabiIity of Method to Human 
Health, Aquatic Ufe, or Wildlife 
Protec(i0n 

The assessment of benthic community struc- 
ture is directly applicable to the protection of 
aquatic life. Because benthic organisms are 
aquatic, assessments of bentbic community struc- 
ture provide a direct measure of the condition af 

aquatic*life. Furthermore, because benthic organ- 
isms are consumed by other aquatic organisms 
(e+, fish), assessing the condition of benthic 
communities provides information on other aquatic 
organisms. 

Assessment of bentbic community structure is 
both directly applicable to the protection of some 
wildlife (e.g., wading shorebirds that feed on the 
benthic infauna) and indirectly applicable to the 
protection of other wildlife (e.g., fibeating 
wildlife). A substantial decrease in abundance of 
benthic organisms may result in the lass of food 
and a reduction in the value of certain habitat to 
wildlife. For example, distributions of demersal 
fishes have been shown to be affected by changes 
in the cumposition of bemthic infaunal communi- 
lies (e+, see Kleppel el al., 1980), as has the 
distribution of the starfish Asfmpcten verilli 
(Striplin, 1987). 

Assessment of behthic community structure 
may be dircctly or indirectly applied to the protec- 
tion of human health. When changes in commu- 
nity structure are caused by (he presence of toxic 
contaminants, the bioauxrnulation of those con- 
taminants in more tolerant species may sometimes 
be postulated. nose contaminated benthic in- 
fauna may directly affect human health if they arc 
ingested (e+, shellfish contamination), or may 
indirectly affect human health if contaminants are 
transferred through the food web to bumans (e.g, 
consumption of contaminated demersal fib). 

9.23 Ability of Method to Generate 
Nurncrkd Criteria for Specific 
Chemicals 

Bentbic community structure as a stand- 
alone assessment method cannot presently 
generate numerical criteria for specific cbemi- 
cals, nor is it likely that it will without extensive 
research. However, it is an integral component 
of other methods that generate numerical aiteria 
(e.g., Apparent Effects Threshold, Sediment 
Quality Triad). The great number of factors 
influencing benthic community structure at a 
given site generally precludes isolation of cbem- 
ical-specific effects. 
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9 3  USEFULNESS 

Assessment of benthic community structure 
bas become a valued tool for determiniqg sedi- 
ment quality. It is recognized as the only in situ 
measure that provides information on changes in 
ecological relationships among species that inhabit 
potentially contaminated sediment. Its usefulness 
will continue both as an assessment method on its 
own and as a component of otber sediment quality 
assessment tools. 

93.1 Environmentat Applicability 

This method is applicable in a variety of 
environments. As a tool for assessing sediment 
quality, it has been used to a w s s  the effects of 
known or suspected contaminants (e.g., industrial 
or municipal discharges, oil spills). The results of 
such studies reveal the geographic extent of the 
problem area and the type and severity of contam- 
ination. 

9.3.1.1 Suitability for Different Sediment I)pees 

Benthic community structure is well suited for 
assessing spatial and temporal effects of chemical 
contamination and/or organic enrichment in a 
variety of sediment types. However, to the extent 
possible, benthic communities occupying different 
types of sediment should not be compared. Con- 
siderable research has shown that the structure of 
benthic communities in coarse sediments differs 
from that in fine sediments (see Rhoads and 
Young, 1970; Rhoads and Boyer, 1982). Briefly, 
species recruiting into soft, silty sediments must 
be able to Lolerate the deposition of f i e  particu- 
late material. These environments tend to be 
inhabited by subsurface deposit-feeding organisms, 
whereas sandy environments tend to be inhabited 
by both surface suspension-feeding species and 
subsurfacedwelling species. Therefore, the 
experimental design of a benthic survey must 
reflect that the functional attributes of benthic 
communities in silty and sandy environments 
fundamentally differ. 

Whea reference stations are used as the basis 
for determining differences in community structure 
between nonimpaded and potentially impacted 
stations, the reference and test stations should 
exhibit, to the extent possible, similar sedimtnt 
charaderistics (as well as similar water depths 
because benthic communities naturally vary by 
depth). However, it is not always possible for the 
reference and test stations to have sediment that 
has a similar composition; for example, &edged 
material at a dump site may have different charac- 
tetistics than native sediment surrounding the 
dump site. If the experimental design is based on 
sampling the same stations through time to assess 
temporal change, then presumably sediment grain 
s u e  would remain constant. If the objective is to 
sample along a potential gradient of chemical 
contamination or organic enrichment, then all 
stations should have similar grain sizes and water 
depths. However, tbis is not always possible 
because the source of contamination may alter the 
natural grain size distribution of the sediments. 

Benthic community structure is also a suitable 
technique for assessing the presence of anaerobic 
sediments caused by poor flushing or excessive 
organic loading. The sucoess of this approach will 
once again hinge on comparing bentbic mmmuni- 
ty structure between stations with similar grain 
sizes and water depths. 

931.2 Suitability for Different ChemicoLF or 
Classes of Chemicals 

Analysis of benthic community structure is 
frequently used to determine effects of chemicals 
present in the sediment. However, it is not used 
as a method to quantify the relative concentrations 
of individual cbemicals or classes of chemicals 
present in sediment. Although individual species 
may read to certain chemicals, these readions arc 
not quantifiable at the community level. The 
Apparent Effeds Threshold approach (Chapter 10) 
incorporates~cbanges in abundance of major taxa 
for specific chemicals. 

Benthic communities respond predictably to 
general categories of contamination. For example, 
metals contamination of sediments results in 
decreased species diversity (Rygg, 19854 1985b, 
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1986). Organic enrichment, which leads to an 
increase in the food supply, generally results in 
increased diversity and abundance at slight to 
moderate levels of enrichmenl (Pearson and 
Rosenberg, 1978; Rygg, 1986). However, beyond 
some level of organic enrichment, diversity and 
abundance decrease wilb continued organic load- 
ing (Pearson and Rosenberg, 1978). In an area 
receiving both organic enrichment and toxic 
contaminan&, it may be difficult to distinguish the 
effects of these forms of pollution from each 
other. Additional research is greatly needed to 
help separate the effects of multiple sources of 
contaminanls. 

9.3.1.3 Suitability for Predicting Eflecfs on 
Diflerent Organisms 

Changes in benthic communities -that result 
from the presence of organic enrichment or chemi- 
cal pollutants may be useful indicators of the 
potential effects of that pollution on predators of 
the infauna (see Kleppel, 1982; Stn'plin, 1987). 
However, using benthic community structure to 
predict specific effects on potential predators (such 
as benthic-feeding fish or shorebirds) may be 
difficult. In€ormalion on trophic relationships, 
competition, and predation is often not available. 
The capability to predict the effects of altered prey 
communities on predators may improve with 
research on these topics. Factors such as food 
quality, distribution of food, interactions among 
species, and distribution of prey will all be impor- 
tant components of this research. 

9.3.1.4 SuiiPbility for In-Place Pollutant 
cORh.Ol 

.Benthic community structure bas not been 
used to set sediment quality goals or aiteria for 
polluted marine sediments. Benthic communities 
,naturally express sufficient spatial and temporal 
variability to eliminate them from consideration as 
a goal or criterion-setting ' variable. However, 
benthic communities are an integral part of other 
approacbw to asess sediment quality (see a a p -  

lers 10, and 11, and 12) in which bentbic cornu- 
nity structure is the only in situ biological mea- 
sure. 

9.3.1.5 Suirobility for Source Control 

Benthic community assessments can provide 
valuable information for certain aspeas of source 
control. Benthic communities can assist the 
identification of oulfalls that discharge toxic 
chemicals or higb organic loads. Depending on 
lbe nature of @e material being discharged, ben- 
thic communities may be diverse and abundant if 
the material is organically enriched or may be 
depauperate if Ihe material has high levels of toxic 
contaminants. Because bentbic communities are 
not currently useful for idenlifying specific cbemi- 
cals or classes of chemicals present in the sedi- 
ment, they are of limited value for identifying 
specific sources of contaminants. 

Following the control of sources, benthic 
community structure may be used to monitor long- 
term recovery of the receiving environment vetra 
Tech, 1988). It is not recommended as an indica- 
tor of the immediate effeds of controlling sources 
because the sediment will remain contaminated 
until the sediment is actively remediated, or until 
bioturbation and natural deposition of unmn- 
taminated particulates dilute the contaminated 
sediment. Furthermore, this assessment technique 
would be useful only in areas where other mum- 
trolled sources would not obscure sediment recov- 
ery due to the controlled source. Where source 
control has occurred, or is planned on a regional 
level, establishment of one or more stations for the 
analysis of long-term trends in benthic community 
structure is recommended as a method of monitor- 
ing regional sediment recovery. The concentration 
and type of the contaminants and the hydrodynam- 
ics of the study area will govern the length of 
time over which recovery will OCCUI (Perez, IC, 
1 May 1989, personal communication). 

9.3.1.6 Suitability for Disposal Applkatitms 

Regulations concerning biological testing of 
sediment that is dredged under sections 401 and 
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404 of the Clean Water Act do not include assess- 
ments of benthic community structure. Benthic 
communities inhabit only the upper layers of 
sediment that will be dredged. Because sediment 
quality near the sediment surface may not reflect 
sediment‘quality throughout the depth of sediment 
to be dredged, benthic communities are unable to 
provide information that is suitable for assessing 
the entire volume of sediment that will be 
dredged. C;bemical analyses, laboratory bioassays, 
and bioaccurnulation studies can, however, be 
used to asses sediment quality throughout the 
dredging deptb. Section 102 of the Marine Pro- 
tection Research and Sanctuary Act does call for 
monitoring of benthic community structure in 
areas where dredged material is disposed. 

The International Joint Commission (UC) 
recommends use of benthic communities to deter- 
mine whether areas of concern exist in sediments 
that require dredging (UC, 1988a, 1988b). How- 
ever, they do not discuss whether benthic commu- 
nity structure would be used to determine the suit- 
ability of dredged material for open-water dis- 

Analysis of benthic community structure is 
appropriate for postdisposal monitoring of con- 
fined and unconfined disposal sites and for moni- 
toring recovery of areas that were dredged. As 
part of the Puget Sound Dredged Disposal Analy- 
sis (PSDDA) postdisposal monitoring program, 
benthic community structure is used to monitor 
the potential transport of disposed material away 
from the disposal site ( S A I C ,  1991; Striplin et ut., 
1991). Tbe purpose of this asped of the monitor- 
ing program is to determine whether benthic 
communities are altered near the disposal site and, 
if so, whether the changes are due to offsite 
migration of the disposed material. Benthic 
community structure was also incorporated into 
the proposed monitoring program for confmed 
aquatic disposal sites to confirm recolonization of 
the clean sediment cap and to monitor cap integ- 
rity at the Commencement Bay Nearsbore/ 
Tideflats Superfund site in Tacoma, Washington 
(Tetra Tech, 1988). As described earlier, Swartz 
et al. (1980) documented recovery in Yaquina 
Bay, Oregon, following dredging. Rhoads et ul. 

posal. 

(1978) suggested that periodic disturbance sucb as 
dredgiog and disposal may enhance benthic 
productivity. 

93.2 Genernl Advantages and U m i t a h n s  

General advantages of using benthic mmmu- 
nity Structure to determine sediment quality 
include its inberent capability to provide an 
ecological basis for evaluation of sediment quality. 
It is an empirical rather than a theoretical a p  
proach. However, as with most assessment tech- 
niques involving field studies, tbe evaluation of 
benthic communities is costly and time-consum- 
ing. The information gained is often not suitable 
for specific management decisions because of the 
lack of numerical management aiteria and the 
method’s inability to identify specific chemicals 
responsible for an impact. However, the tech- 
nique has been incorporated into other predidive 
techniques (see cllapters 10, 11, and 12) that 
provide information more easily used by resource 
managers. 

9:3.2.1 Ease of Use 

Assessments of benthic community structure 
require field collections, extensive laboratory 
work, and data analysis and interpetation by 
trained benthic ecologists. It is difficult to argue 
that the method is easy to use, especially in 
comparison to other methods that rely on wtab- 
lished criteria. However, the use of benthic 
community structure as a sediment quality assess- 
ment tool is widely accepted, and trained benthic 
ecologists are available throughout the country. 
By using highly experienced individuals to am- 
duct the field, laboratory, and data analysis work, 
potential problems (such as generating “noisy” 
data that obscure real trends, or arriving at differ- 
ent interpretations using the same data) should not 
occur. 

9.3.2.2 Relofive Cost 

The relative cost of conducting an assessment 
of benthic communities is less than the cost to 
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develop and implement other sediment quality 
assessment techniques such as the Apparent 
Effects Threshold and equilibrium partitioning 
approaches. However, once sediment quality 
values have been generated, tbe relative cost of 
conducting a benthic survey is greater &an the 
cost of analyzing sediment for contaminant con- 
centrations and comparing those data to the values 
to determine sediment quality. Sediment toxicity 
bioassays are generally less costly than analysis of 
replicated benthic samples. Because the Triad 
approach requires synoptic analyses of sediment 
chemistry, sediment toxicity, and benthic commu- 
nities, it is more costly to implement than simply 
an analysis of benthic communities. It also 
provides broader information from which to 
determine sediment quality. 

The objectives of benthic community asses- 
ment programs strongly influence cost by dictating 
the number of stations and number of replicates 
per station. The cost per replicate is relatively 
high (Le., S4OO-S1,OOO), but varies greatly depend- 
ing on the size of the area sampled, the screen 
size, the level of the taxonomic identifications, 
and the environment sampled. 

9.3.2.3 T e d n c y  lo Re Comervotive 

Benthic community structure is a moderately 
conservative measure of sediment quality. Be- 
cause benthic community structure reflects the 
collective response of all species, responses of 
individual species that are susceptible to degrada- 
tion in sediment quality may not be obvious at the 
community level because of the lack of response 
in olher species lbat are more tolerant of environ- 
mental degradation. Changes to numerous species 
or dominant species must occur before changes at 
h e  community level are evident. If assessments 
of sediment quality were made using individual 
species instead of communities, they could be 
either conservative by relying on sensitive species 
or not conservative by relying on tolerant species. 

9.3.2.4 b e l  of Acceptance 

Benthic community assessments have been 
used as a sediment quality assessment tool fQr 

several decades in North America, Europc;&td~&~ 
Australia, as well as in South Africa, China, and 
Japan. The method has gained widespread accep 
tance because of its inherent capability to assess 
sediment quality at the community level, thereby 
documenting ecological response to sediment 
perturbations. 

Many me4hods may be used to analyze ben- 
thic community data, as discussed above. Some 
of these methods have gained far wider acceptance 
than have other, sometimes newer, approaches. 
The most widely accepted types of analyses 
include measures of abundance, numbers of taxa, 
diversity, similarity, community classification, and 
the abundance of sensitive and tolerant species. 
Other analytical methods include \be lognomal 
distribution (Gray and Mizra, 1979), the use of 
major taxa instead of species-level data (Warwick, 
1988), and the Infaunal Trophic Index (Word, 
1978, 1980). Each of these may be appropriate 
for certain types of perturbations, but have yet to 
gain widespread acceptance. 

9.3.2.5 Ability to Be Implemented by 
- L46or4torks with fipical Equipment 

and Handling Facilities 

Many laboratories either have the essential 
equipment for conducting benthic community 
surveys or can readily obtain this equipment 
However, locating qualified taxonomists to over- 
see the sorting and to identify the organisms may 
be difficult. Taxonomists require several years of 
training and experience before they are considered 
experts in their respective taxonomic fields. They 
also require access to a reference museum of 
verified organisms to asskt in their identifications. 
A thorough taxonomic library containing original 
desaiptions of species is a b  an integral compo- 
nent of taxonomic laboratories. 

93.2.6 L e d  of Eflort Required to Generate 
RcsultS 

Tbe level of effort required to conduct a 
benthic community survey is dependent on &e 
objectives of the program, which may affect the 
number of stations, number of replicates per sta- 
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tion, taxonomic level of the identifications, and 
data analysis procedures. Regardless of those 
objectives, a field efforl is required; the sampla 
must be sorted, identified, and enumerated; and 
the resulting data must be analyzed. This process 
typically requires several months, but it is not 
unusual for it to require a full year for a very 
large sampling effort, or for a program in wbicb 
the samples require large sorting or idenlification 
times. For example, the sorting time for samples 
collected from deep water silt and clay may be 
1-2 h, whereas that for samples from shallow 
sandy sites might be 4-6 h because shalluw sandy 
areas typically contain more abiotic material. If 
wood chips are present in the sample, &en the 
sorting time can easily exceed 12 h, depending on 
the volume of wood chips. 

9.3.2.7 Degree to Which Results Lend 
Themselves to Interpretation 

The interpretation of benthic community data 
requires an expert who is familiar with the natural 
history of the fauna and the statistical techniques 
that are routinely used to analyze the data. Inter- 
pretation of the many data points generated by this 
approach may require many weeks before mean- 
ingful trends are recognized. Tbe inherent vari- 
ability of benthic communities has so far prevent- 
ed the development of specific benthic aiteria for 
use in assessing pollutant-related trends in sedi- 
ment quality. 

9.3.2.8 Degree of Environmental Applicability 

The assessment of benthic community S ~ U O  

ture is a direct measure of the environmental 
effects of pollutants and, as sucb, is highly appli- 
cable as a method to assess sediment quality. Its 
applicability lies in its ability to provide infoma- 
tion on the effeds of pollutants on ecological 
processes within the sedimentary environment. 

9.3.2.9 Degree of Accuracy and Precision 

Provided that sufficient funding is available to 
collect and process the necessary numbers of 

replicate samples, anal$is o d & & i t T  n -lh 
structure is accurate (defined as how well the data 
represent true field conditions) and precise (de- 
fined as the consistency and reliability of tbc 
samples). The resulting data are obtained directly. 
from the populations under study. Other sediment 
quality assessnent methods described in this 
compendium are not d i r e  measures of field 
conditions and therefore are less likely to be as 
accurate and precise. 

Many factors in the design of a beathic com- 
munity swey directly influence the degree of 
accuracy and precision of the resulting data. 
Tbese factors include station placement, number of 
replicates, appropriateness of reference areas, 
sampler, sieve mesh size, sampling interval, 
quality oZ taxonomy, and the type and quality of 
the data analysis. Tbe best way to ensure high 
degrees of accuracy and precision is to conduct a 
pilot study in the area of interest prior to design- 
ing a major field survey. The pilot swey will 
provide information on variability within beathic 
communities, which then directly affects the 
required number of replicates and station place- 
ment. The analysis of data horn a pilot study 
may also help generate different hypotheses that 
may alter the sampling and analysis plans to better 
define the communities. 

9.4 SI'ATUS 

Many methods to assess sediment quality rely 
on benthic community structure as a measure of 
potential ecological effects of pollutants. Btatbic 
community struchrre has been incorporated into 
programs with vastly different objectives because 
the resident biota are sensitive indicators of many 
kinds of environmental perturbations. Aspects of 
the status of benthic community structure as a 

this &on. 
sediment quality assessment tool are disarssed in 

9.4.1 Extent ofusC 

Assessment of benthic community structurt 
has been a valued tool in marine, estuarine, and 
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freshwater environments for several decades. 
Many of the early programs examined benthic 
communities from an academic viewpoint. Since 
the 197oS, benthic community structure has been 
used as a measure of sediment quality. Since then 
this method has been used to determine the eff- 
of municipal effluents, industrial discharges, 
eutrophication, organic enrichment, oil spills, and 
mine tailings disposal (see Section 9.1.1). It has 
also been used to determine the suitability of 
sediments for dredged material disposal, to moni- 
tor dredged material disposal sites, and to monitor 
recovery of impacted areas following the cessation 
of contaminant loading. 

9.4.2 Extent to Wbicb Approacb Has Been 
Field-Validated 

Because benthic community structure is an in 
situ sediment quality assessment tool, it does not 
require additional field validation. 

9.43 Reasons for  Umited Use 

Although conducting studies of benthic com- 
munity structure is a common practice, the cost 
and amount of time required to generate usable 
results may prevent the method from being imple- 
mented by all who could benefit from its use. In 
fact, Ihe metbod bas been deleted from some 
programs due solely to cost (Bilyard, 1987). In 
some situations, costs and time have been reduced 
by taking the identifications only to the major 
taxonomic level. This reduction of taxonomic 
detail frequently reduces the usefulness of the 
information (Warwick, 1988), which exacerbates 
a perception by some resource managers that the 
data are loo variable to be useful. Detecting 
trends within benthic data is not a simple process. 
However, the proper design and implementation of 
a field survey will radically increase the probabi- 
lity of producing valuable data and results. 

9.4.4 Outlook for Future Use and Amount of 
Development Yet Needed 

?be outlook for the future use of benthic 
community structure as a sediment quality assess- 

ment tool is particularly brigbt because of the 
continuing development of new data analysis 
methods by researchers in Nortb America and 
Europe. The objedive of these methods is gener- 
ally to reduce cost or variability within the data by 
relating aspects of the distributions of organisms 
or organism biomass to specific kinds of environ- 
mental perturbations. Gray and M i m  (1979) 
determined that the lognormal distribution of 
individuals was altered in a predictable manner in 
the presence of slight organic pollution. A more 
recent method for detecting pollution effects on 
marine benthic communities is the species abun- 
dancebiomass comparison (ABC) metbod devel- 
oped by Warwick (1986). This method proposes 
that the relationship between the number of 
individuals among species and the distribution of 
biomass among species changes in a predictable 
manner in the presence of organic pollution. 
Beukema (1988) evaluated the ABC method in an 
intertidal habitat in the Dutch Wadden Sea and 
determined that the method "cannot be applied to 
tidal flat communities without reference to long- 
term and spatial series of control samples." Yet 
another benthic community assessment method 
that remains under development is the Infaunal 
Trophic Index proposed by Word (1978, 1980). 
?bat method is based on changes in tbe feeding 
ecology of benthic infauna in relation to organic 
enrichment. 'Ibe Benthic Resource Assessment 
Technique, developed by Lunz and Kendall 
(1982), quantifies the effeds of changes in benthic 
communities on fish resources. Although the 
BRAT technique is not a direct assessment of 
benthic community smctwe, it provides important 
information 6n tbe relationsbips among benthic 
communities and higher level predators, and 
desaibes how those relationships may cbange in 
tbe presence of pollutants. 

A radically different approach to interpreting 
long-term changes m benthic ammunity structure 
involves use of a sediment profile camera. Rho- 
ads and German0 (1986) developed the RE- 
MOT% (remote ecological mapping of the sea- 
floor) system. Tbey use a vesseldeployed sedi- 
ment-profile camera to pbotograph vertical sec- 
tions of the sediment. Although R E M O W  
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cannot determine the species composition of the 
benthic community, it can document relationships 
between organisms and sediment. Rhoads and 
Gennano (1986) characterized the successional 
stages of benthic communities and suggested that 
mapping these stages will permit the detection of 
changes in benthic communities. When this 
infoxmation is oollected as part of a preliminary 
survey, it can be used to assist in the design of a 
costefficient benthic community survey for 
obtaining geochemical and biological information. 

Additional research is needed on some funda- 
mental aspects of benthic community assessment. 
These include the development of guidelines for 
the identification of reference sites or reference 
values and additional studies into the usefulness of 
identifying infauna to various taxonomic levels. 
U.S. EPA is presently examining some aspeds of 
these questions through the Clean Water Ad 
section 301(h) program, including examination of 
the degree of variability in benthic communities in 
contaminated and reference areas, development of 
a quantitative definition of “balanced indigenous 
populations,” and assessment of tbe effects of 
overlapping contaminant sources on benthic 
infaunal communities. 

The sediment profile camera has been used for 
a variety of other purposes including assessing the 
relationships between sediment quality and eutro- 
phication (Day et al., 1987; Revelas el ol., 1987; 
Rhoads, D.C., 1 May 1989, personal wmmunica- 
tion), monitoring the perimeter of dredged materi- 
al disposal sites (Rhoads, D.C., 1 May 1989, 
personal communication; Diaz, RJ., 1 May 1989, 
personal communication), and evaluating the 
overwintering habitat of blue crabs in Chesapeake 
Bay (Schaffner and Dim, 1988). With further 
research, the sediment profile camera may be used 
for other applications concerning aspects of 
benthic community structure and sediment quality. 
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The Sediment Quality Triad (Triad) approach 
is an effects-based approach to describe sediment 
quality. It typically incorporates measures of 
sediment chemistry, sediment toxicity, and benthic 
infauna communities, although other variables can 
be used. This combination method is both de- 
scriptive and numeric. It is most commonly used 
to describe sediment qualitatively, but has also 
been used to generate chemical-specific sediment 
quality criteria (Chapman, 1986, 1989; Long, 
1989). One application of the Triad approach, the 
Apparent Effects Threshold (AET), is described in 
detail in the following chapter (Chapter 11). 

10.1 SPECIFIC APPLICATIONS 
10.1.1 Cwrerit Use 

The Triad approach can be used to determine 
the extent of pollution-induced degradation of 
sediments in a non -numerical, multiplechemical 
mode (e.g. Chapman et al., 1986, 1987a, 1991a; 
Chapman and Power, 1990; Chapman, 1990). It 
can also be used to determine numerical sediment 
quality criteria directly (e.g. Cbapman, 1986, 
1989) and, through manipulations, to determine 
AET values (see Chapter 11). 

The AET is only one possible method of 
evaluating triad data and is directed solely at 
determining numeric sediment quality values 
(Chapman et of., 1991b, 1991~). The triad a p  
proach has been used in marine coastal waters OII 

the west coast of North America (e.g., Pug& 
Sound, San Francisco Bay, and Vancouver Harbor, 
Canada), in the Gull of Mexico, in freshwater 
environments including the Great Lakes, and in 
the North Sea (Long and Chapman, 1985; chap- 
man, in press; Chapman et ol., 1986, 1987a, in 
press; Cbapman and Power, 1990, Cross e! al., 
1991, in review). Current uses of the Triad 

approach are summarized in Table 10-1 and 
discussed in Section 103.1, Environmcatal 
Applicability. 

10.13 Potential Use 

The Sediment Quality 'Iliad approach can also 
be used to meet the following objectives 

rn To identify problem areas of sedimeat 
contamination where pollution-induced 
degradation is Occuniag; 

m To prioritize and rank degraded areas and 
their environmental significance; and 

m To predid where such degradation will 
OCCUT based on levels of contamination 
and toxicity. 

The Triad approach can be used in any n u -  
ber of situations and is not r e s t r i d  to aquatic 
sediments. For example, it can be used in water 
column work with phytoplankton and in terrestrial 
hazardous waste dump studies with otber organ- 
isms of concern. Other pses are d c s a i i  in 
Section 10.3.1. A complete description of the 
Triad in the context of inkgrated assessments is 
provided in Cbapman et d., 199lb. 

10.2 DESCRIPTION 
10.2.1 Dcscrlption of Metbod 

The Triad appoacb consists of thrce com- 
ponents (Figure 10-1): 

rn Sedimentcbemistry-tomeastmchemical 
contamination; 
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Table 10.1. Current Usen of the Sediment ha l i ty  Triad Approach. 

Use I Comment 

Prioritize areas for remedial 
actions 

Most m m m  usage to dab PS, GM, SF, VH, FW 

Determine size o? areas Assuming increasing imporbwe Ps 

Venfy quality of reference meas Assuming increasing importance Ps 

Determine contaminant CoCIcen- 
VaCons always associated with 
effects standards 

Describe ecological relationships 
between s d m e n t  properties and 
biota at risk 

Common usage; can result in numericd 
sediment quality a r i a  and wt!ing o? 

Along with setting standads and Criteria, 
provides for proactive epproach to mvi- 

FS, NS 

PSI VH, FW, NS 

'ps = Pugel Sound, various kcetlons (Long and Chapman, 1985). 

SF = San Francisco Bay, various location0 (m at PI., 1986,10a7a). 
vH Vancouver Harbor. Canada, various locations (chapman .( PI.. 198% Crow d sl, 1981 ; mow .t J., In 

rwiew) . 
Fw = Various freshwater environmenb (Malueg et a!., 1984; chapman urprrbliched data; Rogm. rJocm TIOCPS 

State, unpublished data; Wiederholm nt ol., 1987). 
NS = North Sea (Chapman, In press; Chapman el aL, in press). 

GM - Gulf of Mexico. Oil platfm (Chapman dd.. lWl8; chpprrpn ud Power. lea0). 

rn Sediment bioassays-to measure toxicity; 

rn I n  situ biological variables - to measure 
in siru alteration (e.g., a change in benthic 
community structure). 

The three components provide complementary 
data. No single component of the Triad approach 
can be used to predict the measurements of the 
other components. For instance, sediment cbemis- 
try provides information on contamination but not 
on biological effects. Sediment bioassays provide 
direct evidence of sediment toxicity. However, 
the laboratory conditions under which bioassays 
are conducted may not accurately refled field 
conditions of exposure to toxic chemicals. I n  situ 
alteration of resident biota measured by infauna 
community analyses provides direct evidence of 
contaminant-related effects in the environment, but 
only if confounding effects not related to pollution 
(e.g., competition, predalion, recruitment cycles, 
sediment type, salinity, temperature, recent dredg- 

ing) uu1 be excluded. In particular, because the 
toxicity of a chemical substance in sediments m a y  
vary With its concentration and With the conditions 
witbin a specific sediment, the importance of any 
particular concentration of a chemical or suite of 
chemicals in sediments cannot be determined 
solely from chemical measurements. Sediment 
conditions include grain size, organic content, pH, 
Eh, chemical form, and presence of other 
chemicals. 

'Ibe three components of the Triad approach 
integrate chemical and biological response data. 
They also provide the strongest evidence for 
identifying pollution-induced degradation. For 
instance, if there are high levels of sedimeat 
contamination, toxicity, and biological alteration, 
the burden of evidence indicates degradation. 
Conversely, low levels of sediment contamination, 
toxicity, and biological alteration indicate non- 
degraded conditions. Conclusions that can be 
drawn from intermediate responses arc listed in 
Table 10-2. 
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Figure 1Gl. Conceptual Model of the Sediment Quality Tried. 
The Triad combines data from chemistry, toxicity bioassays, and in situ studies. Chemistly and 
bioassay estimates are based on laboratory measurements with field-cdleded sediments. In Situ 
studies generally include, but are not limited to, measures of benthic wmmunw structure. Areas 
where the three facets of the Triad show the greatest ovedap (in terns of either p s w e  01 
negative results) provide the strongest 'data for determining sediment quality criteria. 

10.2.1.1 Objectives and Assumptions 

The objectives of lhe Triad approach are to 
independently measure sediment contamination, 
sediment toxicity, and biological alteration, and 
then use the burden of evidence to assess sediment 
quality based on all three sets of measurements. 

The following assumptions apply: 

rn The approach allows for (1) the interac- 
tions between contaminants in complex 
sediment mixtures (e.g., additivily, antag- 
onism, synergism); (2) the actions of 
unidentified toxic chemicals; and (3) the 

effect of environmental factors that influ- 
ence biological responses (including toxi- 
cant concentrations). 

rn Selected chemical contaminant concatra- 
tions are appropriate indicators of overall 
chemical contamination. 

rn Bioassay test results and values of select- 
ed benthic community structure variables 
are appropriate indicators of biological 
effects. 

These components are presently often treated 
in an additive manner, with each having q u a l  
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Table 102. Possible Conclusions Provided by lkhg the Sediment Ouality Triad Approrth. 

1. + + + strong evidence for pdlutim- induced degfadatbn 

2. 

3. + COnBmiMnts we not bioavdlabk 

4. + Unmeasured chemicals or conditions exbt that 

slrong evidence for absence of pdlutionhduced 
dogradatkm 

havelhepotentieltocausedegradation 

5. - + Altwalion in probably not due totoxic chemical 
amtimination 

6. + + ToAc chemicals am stressing the system 

7. + + Unmeasured loxk chemicals are causing degmda- 

0. + + Chemicals are not bioavailabie or dterabon ' knot 

tion 

due b toxic chemicals 

't = Measured difhmnce between test and oonlrol or referents conditbna. 
- - No measurable differenoe between test and control or reterence amditbm. 

weight because there is insufficient information 
available to assign weightings. 

10.2.1.2 L e ~ l o /  €fort 

Ideally, the Triad approacb would be based on 
the use of synoptic data. Sediments for analysis 
of toxicity should -me from the same cornposited 
homogenate, as originally detailed by Chapman 
(1988), ideally from field rather than solely labor- 
atory test replicates. Benthic infauna samples 
should be collected-at the same sampling loca- 
tions. Chemistry and bioassay sediments are 
collected (usually by remote grab), transferred to 
a solvent-rinsed glass or stainless steel bowl, and 
thoroughly homogenized by stirring witb a glass 
or stainless steel spatula until textural and color 
homogeneity are achieved. The homogenized 
sediments are then placed in appropriate sampling 
containers. In general, chemistry and bioassay 
samples should include field ralher than laboratory 
replication. Benthic infaunal samples are colleded 
at  the same location. h the absence of initial 

sampting to detennine the optimum level of 
replication at a site, five field replicate benthic 
samples are recommended per station (see Caapter 
8, Methods). Coincident racher than synoptic 
sampling is possible (e.g., Long and Cbapman, 
1985); bowewer, spatial heterogeneity in s tdimat  
contamination and toxicity make sucb data diffi- 
cult to interpret (Swartz el ol., 1982). 

Adequate quality QAMC measures must be 
followed in all aspeds of the study, from field 
sampling through Laboratory analyses and data 
entry. Detailed QNQC procedures are available 
tbrough international (e&, Keith el ol., 1983) and 
regional publications (e.g., Tetra Tech, 1986a). 

Tbe f i  component of the Wad mvohres 
identification and quantification of inorganic and 
organic anrtamibants present in the sediments. 
aemical  analytes measured are gcaerally re- 
stricted by equipment, technology, and the avail- 
ability of funds and facilities. Local mccaps and 
existing dah also affect target analytes measured. 
cost, if a fa-, must be balanced against tbc 
need for an analytical database sufficiently large 
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Table 10.3. Example Analytes and Detection Umib for Use in the 
Chemtstq Component of Sediment Ouality Ttiad Approach. 

w v t e  

Conventlonalr (mg/kg, dry) 
Grain size 
TOC 
Subdes 
Acid volatile sulfide (AVS)b 

Inorgmlca (mghg, dry) 
Anenic 
Iron 
Chromium 

Cadmium 
Lead 
Mercury 
Nickel 
Silver 
Selenium 
Zinc 

Copper 

Organla W k g ,  dry) 
LPAH' 
Benzo(a)pyrene 
Benzo(e)pyrene 
Benzo (a) anthracene 
Chrysene 
Dibenzoanthracene 
Fluoranthene 
Pyrene 

Detection Detedon 
Limit W y t e  Mi 

nta 
n/a 

nla 
0.5 

5 
5 '  
10 

0.05 
2.5 
1 .o 
0.5 

0.05 
0.05 
0.01 
1 .o 

0.05 
0.05 
0.5 

w'-DDD 

op'-DDT 
op'-DDE 

pp'-DDD 
pp'-DDE 

Dieldrin 
Heptachlor 
Hewchbrobenzeoe 
Lindane 
Mirex 
PCBS' 
PCP 
TCP' 

pp'-DDT 

0.1 5 
0.2s 
0.15 
0.1s 
0.10 
0.10 
0.10 
0.10 
0.10 
0.1 5 
0.10 
2.5 
1 .o 
1 .o 

The detection limits are the Instrumental estimales. Actual detection llmfto may be higher because of me- effect$. 
'TOC = total organic carbon. 
' AVS = Contact 

' LPAH = low-moleculer-weight pdycylic aromatjc hydrocarbons (tncludeo acenaphthena, anthracene, naphhkm 

' PCBs = polychlorinated biphenyls. 
' PCP = pentachlorophenol. 
' TCP = tetrachlorophenol. 

AVS methodology is described by the US. EPA (1991); m o d i o n s  are expected. 
Christopher Zarba at (202) 475-7326 to obtain latest protocols. 

and methylated naphthalenes, fluorene, phenenthrene, and methylated phenanhms). 

to allow determination of the presence (or ab- Total organic carbon and grain size are mea- 
sene) of known toxicants of concern. sued to provide a basis for nonnalizi ig the data 

An example of some of the types and classes to different types of sediments. Acid volatile 
of compounds required to provide a reasonable sulfides (AVS) provide information for detemin- 
characterization of chemical contamination is ing metals availability from sediments. 
shown in Table 10-3. stanol, an indicator of human waste, caa bt 
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Table 1M. Possible Static Sediment Bioassays. 

Marlne Waters 

RhepoxynhJs abronirJ 
(adult amphipod) 

Bivalve Larvae 
development 

Nesnthes sp. 
(jwenile polychaetes) 

Fresh W m r n  

Hyelella aztece 
(adult amphipod) 

Daphnia mgna 
(water flea) 

Chimomus tentans 
(juvenile insect) 

Eohaustorius estuaricrs 
(adult amphimdl 

DumUon 

10 daw 

48hous 

20 days 

10 days 

10 days 

25 days 

10 days 

Endpdnt 

Survival, avoidance 

1 .S 

0.5 

2.0 

1.5 

0.5 

1 .S 

1.5 

Note: Other options indude but are not necessarity resmed to Ampellsce abdlta, corophhnn wUaW, Gran- 
didienella japoniar, Foxbhah xixheus 

measured to differentiate sewage inputs from 
industrial inputs. 

The second Triad component involves identifi- 
cation and quantification of toxicity based on 
laboratory tests using field-collected sediments. 
Ideally, one would test the toxicity of the sedi- 
ments to all ecologically and commercially impor- 
tant fauna living in or associated witb the 
sediments. For logistical reasons, a small number 
of bioassays is conducted to cover as wide a range 
as possible of organism type, life cycle, exposure 
route, and feeding type. The number of tests 
undertaken is affected by &e same constraints as 
those mentioned for sediment chemistry analyses. 

Possible static sediment bioassays that provide 
a reasonable cbaracterization of the degree of 
toxicity are shown in Table 10-4. Obvious omis- 

sions from this list include full lifecycle chronic 
tests, and genotoxic or cytotoxic response tests. 
Such tests merit consideration for inclusion when 
proven accepted methods become available (e.g., 
Long and Budman, 1989). 

Tbe final Triad component involves the 
evaluation of in situ biological alteration. Gener- 
ally, this component is provided by benthic in- 
fauna community data because bentbic organisms 
are relatively sessile and location-specific. Hist+ 
pathology of bottom fish has also been used for 
this Triad component (Chapman, 1%6), but for 
areawide rather than site-specific studies, because 
these fsh are relatively mobile. Several variables 
in combination arc cffedivc in characterizing 
benthic community structure for the Triad 
approach: numbers of taxa, numerical dominance, 

I 0-6 
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total abundance, and percentage composition of 
major taxonomic groups. In the marine environ- 
menl, tbis last category includes any or all of 
polychaetes, amphipods, molluscs, and echino- 
derms. In the freshwater environment, oligo- 
chaetes, chironomids, and other major insed 
groups would fit into the last category. 

Sediment chemistry, toxicity, and benthic 
infauna dah are combined in the Triad approach 
to asses the degree of degradation of each station 
and of each site (see Figure 10-1). All data are 
compared on a quantitative basis and QLD be 
normalized to reference site values by converting 
them to ratio-to-reference (RTR) values as de- 
scribed by Chapman el ul. (1986, 1987a) and 
aapman (1990). The reference site chosen 
(either u priori or (I posterbri) is generally tbe 
least contaminated site of those sampled, and 
ideally its sediment and other characteristics (e.g., 
water depth) would be similar to those of the 
other sites. To determine RTR values, the values 

. of specific variables (e.g., normalized concentra- 
tion of a particular metal, percent mortality in a 
particular bioassay, number of taxa) are divided by 
the corresponding reference values. This process 
normalizes the data so that they can be compared 
even when, for instance, there are large differences 
in the units of measurement. The reference site 
may be a single station (whose RTR value is 1.0 
by definition) or an area containing several sta- 
tions for which data are averaged. 

The RTR criterion is based but does not 
depend on the assumption that the reference site 
concentrations are indicative of reference or 
background conditions. The degree to which 
chemical concentrations are elevated above the 
mean reference concentrations at a selected site is 
used as the aiterion for selecting chemicals most 
likely to be anthropogenically enriched and of 
concern. An index of contamination can be 
calculated for each station by separately detennin- 
ing RTR values for groups of similar chemicals 
(e.g., metals, PAH, chlorinated organics) and then, 
assuming additivity, combining these values as a 
single mean chemistry RTR value. Similarly, an 
index of toxicity can be calculated by combining 
bioassay RTR values as a single mean value. 
Finally, an index of biological alteration can be 

calculated in the Same manner as is toxicity, using 
benthic community structure data. The indexes of 
conlamination can be used to rank stations. These 
summary ranks can also be compared with the 
ranks generated using the sediment bioassay and 
infaunal data. 

The composite RTR values for each Triad 
component can also provide useful visual indexes. 
These values can be plotted on scales with a 
common origin and placed at 120 degrees from 
each other sucb that each of the three v9ues 
becomes tbe vertex of a triangle. The relative 
degree of degradation is derived by calculating 
and comparing the areas of the triangles for each 
station or site. Examples of sucb triaxial plots are 
shown in Figure 10-2, for the eight possible situa- 
tions shown in Table 10-2. These plots also 
provide a visual guide to the characteristics of 
background or reference stations. Because refer- 
ence data usually invotve a site containing more 
&an one reference station, RTR comparisons 
should also be made against individual reference 
stations. Alden (1992) provides a metbod for 
determining confidence limits for such triaxial 
plots. Non-RTR methods of Triad data anaiysis 
are outlined in Section 10.2.1.2.3, Types of Data 
Required. 

10.2.1.2.1 Type of Sampling Required 

As described, synoptic sampling is preferred 
for all three Triad components. Any reasonable 
sampling procedure can be used if it provides 
suitable sediment samples for quantifying sedi- 
ment contamination, toxicity, and biological 
alteration. To date, studies have used remote 
samplers such as a 0.1-m’ Van Veen grab operated 
from a vessel. 

10.2.1.2.2 Methods 

Typical variables included in the chemical 
analyses and sediment bioassays are listed in 
Tables 10-3 and 10-4, respectively. Details for 
bentbic infauna analyses are provided in aap te r  
8. Allhough unit costs vary, costs are generally 
on the order of $l,!XKI €or three separate replicated 
(n=S) sediment bioassays, $1,500 for unreplicated 

10-7 
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Figure 10-2 Sedlment Quality Tdrl TdUial plots for t)w OgM Pouiblo sibatlons Shown In Tabla 1N 
The Sediment Qualw Triad detetminsd, in the amnple situatian, for each of the e@ht psslbia 
outcomes described in Table 10-2. Toxicity, condamination, and alteration am shown nornmbd 
to Ratio-to-Referencss values as desm'bed by Chapmen et ai. (1986, 1987a), 1.0 = ra- 
conditions. Note that the exact symmetry in these exampCes w i d  not be tvutirwly expadmi in 
actus1 studies. 
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chemical analyses, and $2,500 for replicated (n=5) 
benthos. 

10.2.1.2.3 Types of Data Required 

Standard measurements of cbemistry, toxicity, 
and biological alteration are required. These 
measurements can then be combined, as described 
above. Detailed data calculations and analyses are 
as folIows: 

Dura Calculafwnr - Benfhk Dafa 

8 Calculate/detennine endpoints 
taxa richness . total abundance 
numerical dominance 
species diversity 
mean abundances of all species of ma- 
jor taxa (e.g. polychaetes, arnpbipods, 
chironomids, oligochaetes) 

8 Cluster Analysis . e.g., using mean numbers of individuals 
per taxa present at eacb station tested. 

Dafa Calculafions - Chemufry 

Bulk concentration normalized to dry 
weight 

Organic carbon normalized concentration 
of organic compounds 

Normalize to percent fines, sand, silt, and 
clay 

AVS normalized concentration of metals 
(DiToro el ul., 1990; DeWitt et ol., 1990) 

Summarize means, standard deviations, 
ranges for each parameter at each site. 

Dafa Calculatwns - Bioassay 

Between station diffcrences in mean re- 
sponse, ANOVA, multiple comparison 
tests. 

Paired comparison with control response. 

8 Comparison of mean response wich lower 
prediction limit (LPL) (DeWitt et at., 
1988); this comparison addresses possible 
grain-size effeds on amphipods. 

-+ 
%/ 

Non-RTR Methods of Triad Data Analysis 

The traditional reduction technique of calculat- 
ing RTRs (by translating rkultant measures to 
propoflions of comparable values obtained €or the 
reference site) has the following problems (Cross 
el af., 1991; Cross et al., in review): 

Substantial loss of information during the 
conversion of multivariate data into single 
propoflional indexes; 

LAX of any spatial relational information; 

Inability to statically assess significance 
of spatial impads; and 

Requirement of an appropriate reference 
station. 

In addition, Triad results could be strongly 
influenced by the presence of unmeasured toxic 
contaminants that may or may not a v a r y  with 
measured chemicals (Chapman, 1990). Tbe RTR 
approach is useful in specific situations and with 
defined limitations; however, the following op- 
tions are useful for reducing or removing the 
problems identified. 

Ranking-In addition to RTRs, rankings can also 
be assigned to biological, chemical, and toxicolog- 
ical data €or statistical comparisons of the data. 
Using tbe chemistry data as an example, the 
sample with the lowest level of a chemical is 
m r e d  as 1 and the highest is scoted with a 
number that is equal to the number of time peri- 
ods or samples &at are to be naked. Tied dah 
should be scored by calculating an average of the 
tied ranks. Each site will have a rank for each 
biological, chemical, and toxicological parameter. 
An overall mean rank for eacb site can be calcu- 
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lated using eacb of the paramn%%.JW?&ffective- sindependent approach. Community classification 
ly determines how each site compares t o w  
the other sites. 

Average ranks for biological, chemical, and 
toxicological data can also be calculated and can 
be compared using Kendall's coefficient of COD- 
axdance (&, 1984). High concordance will 
indicate that biological, chemical, and toxicologi- 
cal parameters are changing in the same direction 
(improving or degrading). Low concordance will 
indicate that biological, chemical, toxicological 
data are changing independently of each other. 

Multivariate Analysis-Multivariate analysis 
comprises data matrix preparation, analysis inde- 
pendent of the Triad components, analysis concur- 
rent with the Triad components, and Mantel's test. 
Each of these is briefly described here. 

Data Manu Prepararwn 

For each Triad component., data are standard- 
ized to common units wbere possible and inoorpo- 
rated into separate matrices for analysis and 
interpretation. 

Benthos: Data are abundance of each taxon 
per grab sample; transformed to log 
(x+1). 

Chemistry: Values less tban the detection limit 
are omitted to maintain the integrity 
of the matrix. Remaining data are 
log-transformed. 

Bioassay: Because of the number of indepen- 
dent bioassays and differing end- 
points (e.g., mortality, avoidance, 
reburial, etc.), these data cannot be 
standardized to common internal 
units. Various transformations 
(arsine square root, log, ctc.) may 
be used as required. 

Independent A ~ l y s k  of the Tr id  Components 

Each matrix is analyzed separately to deter- 
mine environmental impact as provided by each 

- -  
analysis may be performed for each data matrix 
using cluster analysis. "Boot-strapping" tech- 
niques developed by Nemec and Brinlrburst 
(1988a, 1988b) can be used to test whether clus- 
ters of samples differ significantly from each 
other. 

Concurrent Analysis of the Triad Components 

Tbe ecological ordination technique, principal 
components analysis (PCA), can be used to exam- 
ine relationships between benthos community 
structure, toxicology, and the physicalchemical 
attributes of the bottom sediments, (Cross et d., 
1991, in review). PCA is used to reduce the 
multidimensionality of the benthos data, creating 
two variables (principal component or PC) from 
the original matrix of many variables (taxon 
abundanccs). 7%- PCs can then be correlated 
with Pcs derived from physical-chemical data or 
bioassay results, or with individual physical or 
chemical parameters. High correlations among 
PCs from the three Triad components indi~p 
agreement or concordance of impact assessments. 

Correlations of Pcs from benthic data (or 
bioassay data) with individual chemical parameters 
can be used to assess or develop sediment quality 
aiteria. The impads associated with existing 
aiteria can be expressed as a PC a r e  for benthic 
data, calculated from a regression of these scores 
on chemical concentrations. Sediment quality 
aiteria could also be developed by predicting the 
chemical concentration associated with a signifi- 
cant impact on the benthic community, provided 
that "significant impact" could be unequivocally 
associated with a particular PC score or range of 
scores. 

Mantel's Test 

Another method that can be used to determine 
whether different components of the Triad are 
related is Mantel's test (Mantel, 1967; hgendre 
and Fortin, 1989). Manlel's test uses a random- 
ization poced~re that caIcuiates the probability 
that two distance matrices are more similar than 
would be expected by chance alone. Multivariate 
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(or univariate) distance between each of the sites 
calculated using data from 

For example, to 
develop a distance matrix based on toxicity test 
results, each of the toxicology variables would be 
used to develop the distance. Similar matrices 
would be calculated for benthos and chemistry 
data. 

The randomization prdcedure ensures that the 
relationships between two distance matrices are 
real and not spurious. The distance between two 
stations (A and B) is always partially related to 
the distance between these two and other stations 
(e.g., A and C, B and C). Mantel’s test avoids the 
possibility of spurious correlations by calculating 
correlations between the two matrices based on 
random samples, and comparing the actual correla- 
tion with tbe distribution based on the random 
samples. 

10.2.1.2.4 Necessary Hardware and Skills 

Appropriate sampling equipment and trained 
field and laboratory personnel are required for 
chemical analyses, toxicity tcsting, and benthic 
infaunal analyses. Although the equipment re- 
quired can be both costly and sophisticated, it is 
commonly necessary for sediment contamination 
investigations. The necessary equipment, faciii- 
ties, and expertise are generally available through 
a wide variety of government, university, commer- 
cial, and private facilities. 

10.2.1.3 Adequacy of Documenfation 

Documentation for use of this method is 
provided by Long and Chapman (1989, Chapman 
(1986, 1989, 1990), and Chapman et al. (1986, 
1987a, 1991a, 1991b). Other investigators have 
also successfully applied this method (cf. Chap- 
man et a/., 1991~). 

10.2.2 Applicability of Method to Human 
Healtb, Aquatic Life, or Wildlife 
Protection 

This approach is directly applicable to the 
protection of aquatic life. To date, only benthic 

invertebrates and fish have been used to assess bt 
sizu biological effects and sediment toxicity. 
Protedion of aquatic life may indirectly proted 
wildlife (e.g., wading birds feeding on benthos) 
and bumans (e.g., via consumption of aquatic life). 
Tbe approach can be directly applicable to human 
bealcb and wildlife protection if the Triad compo- 
nents are redirected towards issues such as 
b’aderial contamination and toxic contaminant bio- 
accumulation. For instance, Triad a u l d  be used 
in three ways to address bacterial problem: 
(1) measure bacterial contamination in water or 
sediment, (2) measure bacterial diseases or con- 
centrations in tissues, and (3) pcrlorm laboratory 
tests to quantify relationships between sedi- 
menthvater concentrations and effects. Toxic 
contaminant bioaccumulation could be addressed 
by tbese uses of the Triad approach: (1) measure 
toxic contaminant concentrations in water or 
sediment, (2) measure bioconcentrationbiomag- 
nification in tissues, and (3) perform laboratory 
tests to determine effects related to bioconcen- 
tration and biomagnification. 

10.23 Ability of Method to Generate 
Numerical Criteria for Speclfic 
Chemicals 

The Triad approach has been used to generate 
criteria for three contaminants: lead, PAH, and 
PCBs (Chapman, 1986). These criteria were 
developed in Puget Sound by examining large data 
sets to identify contaminant areas and concen- 
trations that were associated with no or minimal 
biological effeds. The criteria fall within a factor 
of 2 to 10 of values generated for these contami- 
nants by the screeninglevel concentration (see 
Cbapter 11, Section 11.1.1.), the AET approach 
(see aap te r  l l ) ,  and laboratory toxicity methods 
(Chapman et d., 198%). As detailed by C l a p  
man (1989), the AET application of the Triad 
concept providm criteria for benthic infauna and 
each bioassay conducted, whereas the latter com- 
bines all bioassay and in situ biological effects 
data to provide a single value, interpretation, 01 
analysis. However, there has been little work 
since Chapman (1986) on development of the 
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Triad approach for the production of numerical 
sediment quality criteria separate from AET. 

103 USEFULNESS 

103.1 Environmental Applicability 

Although the Triad approach is both labor- 
intensive and expensive, its strengths render it 
extremely cost-cffective for the level of infor- 
mation provided. First, it provides empirical 
evidence of sediment quality (based on observa- 
tion, not theory). Second, it allows ecological 
interpretation of pbysical, chemical, and biological 
properties (i.e., interpretation of how these relate 
to the real environment). Third, it uses a prepon- 
derance-of-evidence approach rather than relying 
on single measurements (Le., all the data rue 
considered). Because of the comprehensive nature 
of Triad studies, additional follow-up studies are 
usually not necessary. Finally, the data generated 
by the Triad approach can be used to generate 
effeds-based classification indexes. 

Tbe Triad approach enables investigators to 

areas. It also provides a test of the quality of 
reference areas @e., do contamination or biologi- 
cal effects occur?). Standards in the form of 
sediment quality uiteria (Chapman, 1986, 1989; 
pT(, 1988a, 1988b) can be set from the contami- 
nant concentrations that are always associated with 
effeds, using the AET application of the Triad. 
'IEe Triad approach also provides the information 
necessary to describe the ecological relationships 
between sediment properlies and biota at risk from 
sediment contamination. 

The Triad approach has been used in dredging 
studies to support dredged material disposal siting 
and disposal decisions (Cbapman, unpublished). 
In multiplying the relative degree of degradation 
at a site by the volume of sediment to be dredged, 
investigators can compare different sites, provided 
that the same reference area is used. This com- 
parison helps investigators determine whether 
dredging will affecf useful habitat or result in 
material unacceptable for ocean disposal. Similar- 

I &timate the size of degraded and nondegraded 

ly, potential disposal sites can be compared with 
each other and with the material to be dredged, 
and then compared to acceptability criteria for 
various uses and options. This application of the 
Triad approach replaces similar but less useful 
comparisons based solely on the total mass of 
chemical contaminants to be dredged. 

In areas where benthic communities have been 
eliminated or drastically changed because of a 
natural event (e.g., storms, oxygen depletion) or 
physical anthropogenic impact (e.g., recent dredg- 
ing, boat scour), the other two Triad components 
(sediment chemistry and toxicity) provide informa- 
tion when conventional univariate approaches 
would prove deficient. Such cases emphasize the 
need to use knowledge of an area in making any 
trpe of environmental assessment, including the 
Sediment Quality Triad. 

Tbe Triad approach can be used to discern 
and ultimately to monitor regional trends in 
sediment quality. Such information is necessary 
to delineate areas that are excessively contami- 
nated with toxic chemicals affecting the biota and, 
therefore, most in need of remedial adion. Pilot 
studies of this nature have been conducted in 
Puget Sound and San Francisco Bay ( b n g  and 
aapman,  1985; Chapman, 1986; aapman er ai., 
1986, 1987a) and in Europe (e.g., Cbaprnan, in 
press; Chapman er of.; in press). 

3.1.1 Suitability for Different Sediment 
me 

The Triad approach can be used with all 
sediment types, including sands, muds, aerobic 
sediments, and anaerobic sediments. It includes 
sediment characterization with physical parameters 
[e.g., , p i n  size, acid volatile sulfides (AVS), and 
total organic carbon (TOC)] that may be important 
in interpreting the Triad compounds. For exam- 
ple, caution must be used in interpreting the 
results of toxicity tests in sediments that remain 
anaerobic in the laboratory despite aeration. 
Specifically, organisms will die from lack of 
oxygen, making it difficult to distinguish that 
mortality from toxicity due to high concentrations 
of contaminants. 
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10.3.1.2 Suifability for Different Chemicals or 
Classes of Chemicals 

The Triad approach can be used with all 
chemicals or classes of cbemjcals, provided that 
bioassay organisms and tests are appropriate for 
all chemicals. For this reason, a battery of bioas- 
say tests IS recommended. Caution must be used 
when testing sediment extracts that may be specif- 
ic to certain chemical classes. Interpretation of 
the results must be restricted to only those 
chemicals. 

10.3.1.3 Suitability for Predicting Eflects on 
Diflerent Organisms 

Application of the Triad approach can be 
limited by the organisms in the environment if the 
in situ effects are determined primarily by the 
same species used in the bioassay tests. In otber 
words, all biological effects data are based on a 
single species. In such cascs, independence of the 
infaunal community analyses and bioassay test 
results cannot be assumed. Hence, more than one 
bioassay test is recommended. Ideally, the tests 
would include a wide variety of organisms, life 
stages, feeding types, and exposure routes. 

10.3.1.4 Suitability for in-Place Pollutant Control 

The Triad approach provides a comprehensive 
approach to in-place pollutant control because it 
allows for assessment of all potential interactions 
between chemical mixtures and the environment. 
This method is comprehensive because it includes 
the measurements of multiple chemicals as well as 
the potential toxic effects of both measured and 
unmeasured chemicals. 

10.3.1.5 Suitability for Source Control 

The Triad approach is as suitable for source 
control as it is for in-place pollutant control. It 
can be an environmental complement to toxicity 
reduction evaluation (TRE) programs that involve 
chemical and loxicily investigations of sediments, 
and effluents and other discharges. 

10.3.1.6 Suitability for Disposal Applkatiwu 

The Triad approach has been used for disposal 
applications, including Navy Homeporting work in 
San Francisco Bay. In that study, the Triad 
approacb clearly separated potential dredge sites 
from one another in terms of the relative level of 
pollution. Although tbe Triad was not used in the 
final decision because of other considerations, 
decision-makers were able to use information 
provided by the Triad to compare the suitability of 
dredging and disposal options. 

103.2 General Advantages and Urnitations 

The following are the major advantages of the 
Triad approach: 

Combines three separate components to 
provide a preponderance-of-evidence 
approach; 

Does not require u priori assumptions 
concerning the specific mechanisms of 
interaction between organisms and toxic 
contaminants; 

Can be used to develop sediment quality 
values (including criteria) for any mea- 
sured contaminant or a combination of 
amtaminants, including both acute and 
chronic effeds; 

Provides empirical evidence of sediment 
quality; 

Can be used for any sediment type; 

Allows ecological interpretation of both 
physicalchemical and biological proper- 
ties; and 

Does not usually required follow-up when 
a complete study is conducted. 

The following are the major limitations to the 
Triad approach: 
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Statistical criteria have not b-een fully 
developed for use with the Triad approach 
(but see Section 10.2.1.2.3, Types of Data 
Required); 

Rigorous criteria for calculating single 
indexes from each of the sediment chem- 
istry, bioassay, and in situ biological 
effects data sets have not been developed 
(but may not be required); 

A large database is required; 

If the approach is used to determine sin- 
gle-chemical criteria, results could be 
strongly influenced by the presence of 
unmcasured toxic contaminants that may 
or may not covary with measured 
chemicals; 

Methods for sediment bioassay testing 
need to be standardized; 

Sample collection, analysis, and inter- 
pretation are labor-intensive and expen- 
sive; and 

The choice of a reference sire is often 
made without adequate in forma tion on 
bow degraded the site may be. 

10.3.2.1 Ease of Use 

The Triad approacb is relatively easy to use 
and understand. The concept is straightforward. 
A high level of chemical and biological expertise 
is required to obtain the data for the three separate 
Triad componenk. However, many laboratories or 
groups of laboratories possess tbe required 
expertise. 

10.3.2.2 Relalive Cost 

Relative cost can be evaluated in either dollars 
or environmental damage. The Triad approach 
may not prevent environmental damage, but it can 
be used to identify contaminated areas for future 
remediation. In terms of dollars, the Triad ap- 

proach requires substantial resources to be imple- 
mented properly, although step-wise, tiered use of 
Triad components is possible. Measured against 
the potential environmental damage due to toxic 
contamination and the costs of remediation, the 
Triad approacb can be extremely cost-effective. 

10.3.2.3 Tendency to Be ConseTvotivC 

The Triad approach provides objective data 
with which to determine and sometimes to predid 
environmental damage. Its predictive ability 
allows for, but does not require, conservatism on 
the part of the decision-makers. 

10.3.2.4 Level of Acceptance 

Tbe Triad approach is gaining a high level of 
acceptance in vm’ous parts of North America and 
in Europe (Forstner el al., 1987; Cbapman, in 
press). In addition, Canada has conduded Triad 
studies in Vancouver to determine the suitability 
of this approach for implementation of the new 
Canadian Environmental Protection A d  (Ooss et 
al., 1991; Cross et al., in review). 

10.3.2.5 Ability to Be Implemented by 
Laboratories with Typical Equipment 
and Handling Facilities 

All aspects of the Triad approacb (Le., benthic 
infaunal studies, sediment chemistry analyses, 
sediment toxicity bioassays) can be conducted by 
any competent, specialist laboratory that is reason- 
ably well equipped. Tbe major requirements are 
adequate QNQC procedures for chemical mea- 
surements; appropriate detedion limits; and, for 
biological analyses, taxonomic experts and a 
taxonomic reference library or museum. 

10.3.2.6 Lewl of Eflort Required to Generate 
Results 

Different levels of effort will generate differ- 
ent levels of results. For instance, results can be 
generated by simply measuring one or two cbcmi- 
cals, determining the number of infauna present, 
and conducting a single sediment toxicity bioas- 
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say. However, the applicability of lbese results 
may be severely limited. Consequently, multiple 
chemicals including inorganic and organic com- 
pounds should be measured, and in sifu biological 
alteration and sediment toxicity should be mea- 
surd multiple times. Although it is possible to 
use previously collected nonsynoptic daQ to 
derive results in a "paper" study (Long and Chap- 
man, 1985), fieldwork ahd synoptic sampling 
generate the most useful results. 

10.3.2.7 Degree to Which Results Lend 
Themselves to Interpretation 

Beyond the general conclusions noted in Table 
10-2, expert judgment is required to implement 
and interpret the Triad approach. In particular, the 
definition of "minimal" and "severe" biological 
effects is required to establish chemical-specific 
criteria. Tbe Triad approach reflects the complex- 
ity of the issues that must be addressed to assess 
environmental quality. 

through data manipulations, to determine AET 
values for sediment quality criteria (Tetra Tech, 
1966a; PTI, 1988a, 1988b). 

The Triad has been used to identify spatial 
and temporal trends of pollution-induced degrada- 
tion. Indexes developed using the Triad approach 
can be numeric (as described in Chapter 11 for the 
AET application of &e Triad concept) or primarily 
descriptive (see Figure 2, Chapman et af., 1987a). 
In either case, the Triad approach provides an 
objective identification of sites where antami- 
nation is causing discernible harm (d. Power cf 
ai ,  1991). 

10.43 Extent to Which Approach Has Bwn 
Fieid-Validated 

Because the Triad approach measures in situ 
biological alteration in the field, field validation is 
an integral part of each complete Triad 
investigation. 

10.43 Re~uons for Umfted Use 
20.3.2.8 Degree of Enviromenfal ApplicabiIily 

As discussed, the Triad approach has an 
extremely high degree of environmental applica- 
bility (see Section 10.3.1). 

10.3.2.9 Degree of Accuracy and Preckwn 

T h e  accuracy and precision of the Triad 
approach have not been quantilativcly determined. 
It is expected to have a high degree of accuracy 
and precision, although these parameters will vary 
with 

10.4 

those of the constituent components. 

STATUS 

10.4.1 Extent of Use 

Development of the formalized Triad concept 
has &curred relatively recently (Long and Chap- 
man, 1985; Chapman, 1986, 1990; Chapman el 
ol., 1986, 1987a, 1988, 1991a). The Triad ap- 
proach has been used directly to establish sedi- 
ment quality criteria (Chapman, 1986) and, 

As previously described, the Triad approach is 
being used in the United States, Canada, and 
Europe for marine, estuarine, and freshwater areas. 
It is not being used in small projects because of 
the cost and expertise required for full 
implementation. 

10.4.4 Outlook for Future Use and Amount 
of Development Yet Needed 

The following areas of the Triad approach 
require development: 

w Determining the appropriateness of the 
various endpoints of different bioassays, 
selected chemical contaminants, selected 
measures of benthic community structure, 
and other potential measures of in situ 
biological alteration; 

w Determining the appropriateness of an 
additive treatment of the data (e&, sum- 
ming bioassay responses to provide a 
single index for toxicity); 



Further development of statistical criteria; 

Development of rigorous criteria for de- 
termining, where and if appropriate, com- 
posite indexes for each of the three Triad 
components; and 

Continued standardization of methods for 
sediment toxicity bioassays. 

Even without development of these areas, the 
Triad approach provides valuable information. 
The argument has been made (Chapman er al., 
1986, 1987a) that the Triad approach provides 
objective information on which to judge the extent 
of pollution-induced degradation. For this reason 
the Triad approach will likely be used much more 
widely ~JI future. 
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Apparent Effects Threshold Approach 
John Malek 
Oft7ce of Puget Sound, US. Environmental Proieciion Agency Region X 
1200 Sixth Avenue, Seattle, WA 98101 
(2M') 553-1286 

In lhe Apparent Effects Threshold (AET) 
approach, empirical data are used to identify 
concentrations of specific chemicals above which 
specific biological effects would always be expect- 
ed. Following the development of AET values for 
a particular geographic area, they can be used to 
predict whether statistically significant biological 
effects are expected at a station with known 
concentrations of toxic chemicals. 

11.1 SPECIFIC APPLICATIONS 

11.1.1 Current Use 

At present, the AET approach is being used 
by several programs as guidelines for the protec- 
ticn of aquatic life in Puget Sound. These guide- 
lines are the culmination of cooperative planning 
and scientific investigations that were initiated by 
several federal and state agencies in the early and 

Three programs and applications of tbe AET 
approach are highlighted below. Notably, all 
these programs involve an element of direct 
biological testing in conjunction ~ 4 t h  the use of 
AET values, in recognition of the fad that no 
approach to chemical sediment quality values is 
100 percent reliable in predicting adverse biologi- 
cal effects. An underlying strategy in many of 
these programs was to develop two sets of sedi- 
ment quality values based primarily on AET 
values: 

mid-1980s. 

One set of values identifies low chemical 
concentrations below which biological 
effects are improbable. 

m A second set of values identifies higher 
chemical concentrations above which 
multiple biological effects are expected. 

The programs incorporate direct biological resting 
in concentration ranges between these two ex- 
tremes to sewe as a "safety net" (i.e., to account 
for the uncertainty of chemical predictions) far 
potential adverse effects or anomalous situations 
at "moderate" chemical concentrations. 

Commencement Bay Nearshore/Tidejlats 
Supergtiurd Inwstigutwn 

Commencement Bay is a beavily industrial- 
ized harbor in Tacoma, WA. Recent surveys have 
indicated over 281 industrial activities in the 
nearshorehideflats area. Comprebensive shoreline 
surveys have identified more than 400 point and 
nonpint source discharges in the study area, 
consisting primarily of seeps, storm drains, and 
open channels. A remedial investigation (RI) 
under Superfund, started in 1983, revealed 25 
major sources contributing to sediment contamina- 
tion, including major chemical manufacturing, 
pulp mills, shipbuilding and repair, and smeiter 
operations. Adverse biological effects were found 
in sediments adjacent to these sources. 

The AET approach was developed during the 
course of the RI to assess sediment quality using 
chemical aud biological effects data li.e., depres- 
sions in the number of individual benthic m a ,  
preseace of tumors and other abnormalities io 
bottom fBh, and several laboratory toxicity tests 
(amphipod mortality, oyster larvae abnormality, 
bacterial bioluminescence)]. AET values were 
also used in the subsequent feasibility study (FS) 
to identify cleanup goals and delime volumes of 
contaminated sediment for remediation. The AET 
values used in the FS were generated from I 
reduced set of biological effects indicators, which 
comprised depressions in total benthic abundanct, 
amphipod mortality, oyster lawae abnormality, 
and bacterial luminescence. 

' 



Puget S o d  Dredged Dispsal Anulysk Program 

In 1985, the Puget Sound Dredged Disposal 
Analysis (PSDDA) program was initiated to 
develop environmentally safe and publicly accept- 
able options for unconfined, open-water disposal 
of dredged material. PSDDA is a cooperative 
program conduded under the direction of the U.S. 
Army Corps ofEngheers (Corps) Seattle District, 
US. EPA Region X, the Washington Department 
of Ecology (Ecology), and the Washington De- 
partment of Natural Resources (WDNR). AET 
values were used to develop chemical-specific 
guidelines to detennine whether biological testing 
on contaminated dredged material is needed. 
Results of the biological testing help determine 
suitable disposal alternatives. 

Above a specified chemical concentration (Le., 
the screening-level concentration or SLC) biologi- 
cal testing is required to determine the suitability 
of dredged material for unconfined, open-water 
disposal. Based primarily on AET values for 
multiple biological indicators, a higher "maximum 
level concentration" was also identified. Abpve 
this latter concentration, failure of biological tesN 
is considered to be predictable. However, an 
optional series of biological tests can be conduded 
under PSDDA to demonstrate the suitability of 
such contaminated material for unconfined, open- 
water disposal (Phillips et al., 1988). 

Urban Bay Toxics Actwn Program 

The Urban Bay Toxics Action Program is a 
rnultiphase program to control pollution of urban 
bays in Puget Sound. ?be program includes steps 
to identify areas where contaminated sediments 
are associated with adverse biological effects, 
specify potential pollution sour-, develop an 
action plan for source control, and form an action 
team for plan implementation. Initiated in 1984 
by Ecology and U.S. EPA Region X's Office of 
Puget Sound, the program is a major component 
of the Puget Sound Estuary Program (PSEP). 
Substantial participation has also been provided by 
the Puget Sound Water Quality Authority (Autbor- 
ity) and other state agencies and local govern- 
ments. Major funding and overall guidance for 

the program is p r o v i d ~ ~ ~ , ~ ~ t S . r E P ~ ~ O ~ ~ ~ o ~ - -  
Wetlaads, Oceans and Watersbeds. 

In the PSEP urban bay program, AET values 
are used in conjunction with site-specific biologi- 
cal tests during the assessment of sediment con- 
tamination to define and rank problem areas. 
Source control adions are well under way, but 
sediment remediation has not yet begun at any of 
the sites (PTX, 1988). 

11.1.2 Potential Use 

The A l T  spproacb to determining sediment 
quality can also be used as follows: 

rn To determine the spatial extent and rela- 
tive priority of areas of contaminated 
sediment 

rn To identify potential problem chemicals in 
impacted sediments and, as a result, to 
focus cleanup activities on potmtial 
sources of problem contaminants; 

To define and .prioritize laboratory studies 
for determining cause-effect relationships; 
and 

With appropriate safety fadors or other 
modifications, to screen sediments in 
regulatory programs that involve extensive 
biological testing. 

Proposed regulations for sediment contamination 
are currently under review in Puget Sound. These 
regulations may include use of AET values to 
develop statewide sediment quality standards. 
Ecology is currently developing a suite of sedi- 
meit management standards, as mandated by the 
Puget Sound Water Quality Authority (1988) in its 
1989 Management Plan. The proposed standards 
are based in part on AET values. Development of 
these standards (Becker el ol., 1989) relies heavily 
on the past and ongoing efforts desaiied in 
Section 11.1.1 and involves active participation by 
Ecology, U.S. EPA, the Authority, WDNR, the 
Corps (Seattle District), and various public intatst 
groups. The draft regulation nurently unda 
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development affects only sediments in Puget 
Sound. As additional data become available from 
other locations, the adopted regulation will eventu- 
ally be broadened and modified to include the 
entire state. 

11.2 DESCRIPTION 

11.2.1 Description of Method 

AET values are derived using a straightfor- 
ward algorithm that relates biological and chemi- 
cal data from field-collected samples. For a given 
data set, the AET for a given chemical is the 
sediment concentration above which a particular 
adverse biological effect (e.g., depressions in the 
total abundance of indigenous benthic infauna) is 
always statistically significant (PsO.05) relative to 
appropriate reference conditions. The calculation 
of an AET for each chemical and biological 
indicator is conducted as follows: 

Collect "matched" chemical and biological 
effects data-nduct chemical and bio- 
logical effects tbting on subsamples of 
the same field sample. (To avoid unac- 
countable losses of benthic organisms, 
benthic infaunal and chemical analyses 
are conducted on separate samples collect- 
ed concurrently at the same location.) 

Identify "impacted" and "nonimpaded" 
stations4tatistically test the significance 
of adverse biological effects relative to 
suitable reference conditions for each 
sediment sample. Suitable reference 
conditions are established by sediments 
exbibiting very low or undetedable con- 
centrations of any toxic chemicals, an ab- 
sence of other adverse effects, and physi- 
cal characteristics that are directly compa- 
rable with those of the (est sediments. 

Identify AET using only "nonimpacted" 
stations-For each chemical, the AET can 
be identified for a given biological indica- 
tor as the highest defected concentration 

among sediment samples that do not 
exhibit statisticall si-icicant effeds. (If 

*+*+ ernicat is u n d e t e h  @all non- 
impacted samples, then no AET can be 
established for tbat chemical and biolog- 
ical indicator.) 

(4) Check for preliminary AET-Verify tbat 
statistically significant biological elf- 
are observed at a chemical concentration 
bigher tban the AET; otherwise, the AET 
should be regarded only as a preliminary 
minimum estimate. 

(5) Repeat Steps (1)(4) for each biological 
indicator. 

The AET approach for a group of field-col- 
le@ sediment samples is shown in Figure 11-1. 
The samples were collected at various locations 
and were analyzed for (1) toxicity in a laboratory 
bioassay and (2) the concentrations of a suite of 
chemicals, including lead and 4-methylphenol. 
Based on &e results of bioassays conducted on the 
sediments from each station, two subpopulations 
of all sediments are represented by bars in the 
figure: 

Sediments that did not exhibit statistically 
significant (bO.05) toxicity relative to 
reference conditions ("nonimpaded" ti&- 
tions) and 

Sediments that exhibited statistically 
significant (Pd.05) toxicity in bioassays 
relative to reference conditions ("impact- 
ed" stations). 

Over the observed range of concentrations for 
tbese sediment samples (horizontal axis in Figwe 
11-1), the sediments fall into two groups for each 
chemical: 

B At low to moderate concentrations, signif- 
icant sediment toxicity ocaurd in some 
samples, but not in others. 

B At concentrations above an apparent 
threshold value, significant sediment 
toxicity occurred in all samples. 
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The f l a p p r o a d ,  applied to sediments tested for lead and I-methyphend tWnc8nttatlOlns and 
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Tbe AET value is defined for each chemical 
as the highest concentration of that chemical in 
tbe sediments that did nof exhibit sediment toxici- 
ty. Above this AET value, significant sediment 
toxicity was alwuys observed in tbe data set 
examined. Data are treated in this manner to 
reduce the weight given to samples in which 
factors other than the contaminant examined (e.g., 
other contaminants, environmental variables) may 
be responsible for the biological effect. 

For each chemical, additional AET values 
could be defined for other biological indicators 
that were tested (e.g., other bioassay responses or 
depressions in the abundances of certain indige- 
nous benthic infauna). 

11.2.1.1 Objectives and Assumpfbs 

The objective of the AET approach is to 
identify concentrations of contaminants that are 
associated exclusively with sediments exhibiting 
statistically significant biological effeds relative to 
reference sediments. AET value generation is a 
conceptually simple process and incorporates the 
complexity of biological-chemical interrelation- 
ships in the environment without relying on o 
priori assumptions about the mechanisms of these 
interrelationships. Although the AET approach 
does not require specific assumptions about 
mechanisms of the uptake and toxic action of 
chemicals, it does rely on more general assump 
tions regarding the interpretation of matched 
biological and chemical data for fieldcollected 
samples, as described below: 

For a given chemical, concentrations can 
be as high as&e AET value and not be 
associated with statistically significant 
biological effects (for the indicator on 
which the AET was based). 

When biological impacts are observed at 
concentrations below an AET value for a 
given chemical, it is assumed that the 
impacts may be related to another chemi- 
cal, chemical interactive effects, or other 
environmental factors (e.g., sediment 
anoxia). 

Tbe AET concept is consistent with a 
relationship between increasing concen- 
trations of toxic chemicals and increasing 
biological effeds (as observed in laborato- 
ry exposure studies). 

"be assumptions in interpreting environmental 
data are demonstrated below with actual field data. 
Using Figure 11-1 as an example, sediment from 
Station SP-14 exhibited severe toxicity, potentially 
related b a greatly elevated concentrations of 4- 
methylphenol (7,400 times reference levels). Tbe 
same sediment frog Station SP-14 contained a 
relatively lcw concentration of lead that was well 
below the AET for lead (Figure 11-1). Despite 
the toxic effects associated with the sample, 
sediments from many other stations with higher 
lead concentrations than Station SP-14 exhibited 
no statistically significant biological effects. 
These results were interpreted to suggest that the 
effects at Station SP-14 were potentially associat- 
ed with 4-methylphenol (or a substance with a 
similar environmental distribution) but were less 
likely to be associated with lead. A converse 
argument can be made for lead and 4-methyl- 
phenol in sediments from Station RS-18. 

Applied in this manner, the AET approach 
bel? to identify measured chemicals that are 
potentially associated with observed effeas at 
each biologically impaued site and eliminates 
from consideration chemicals that are far less 
likely to be associated with effects (Le., the latter 
chemicals have been observed at higher concenlra- 
tions at other sites without associated biological 
effects). Based on the results for lead and 
4-methylphenol, bioassay toxicity at five of the 
impacted sites shown in the figure may be associ- 
ated with elevated concentrations of 4-methyl- 
phenol, and toxicity at eight other sites may be 
associated with elevated concentrations of lead (or 
similarly distributed contaminants). 

As illustrated by these results, the ocaureace 
of biologically impacted stations at concentrations 
below the AET of a single chemical does not 
imply that AET values in general are not protec- 
tive against biological effects, only that single 
chemicals may not account for all stations with 
biological effed. By developing A E T s  for 
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multiple chemicals, a bigh percentage of all 
stations with biological effects are accouated for 
with the AET approach (see Section 11.3.2.9 and 
USEPA, 1988). 

AETs can be expeded to be more predictive 
when developed from a large, diverse database 
with wide ranges of chemical concentrations and 
a wide divessity of measured chemicals. Data sets 
that have large concentration gaps between sta- 
tions and/or do not cover a wide range of concen- 
trations must be sautinized carefully (e.g., to 
discern whether chemical concentrations in the 
data set exceed reference concentrations) to deter- 
mine whether AET generation is appropriate. 

11.2.1.2 Level of Eflort 

11.2.1.2.1 Type of Sampling Required 

Collection of field data for initial generation 
of AETs is a labor-intensive and capital-intensive 
process. The exact level of sampling effort 
required depends on the amount and variety of 
data collected (e.g., the number of samples collect- 
ed, the diversiiy of biological indicators that are 
tested, and the range of chemicals measured). 
One means of minimizing these costs is to com- 
pile existing data that meet appropriate quality 
assurance criteria. Tbere are no definitive require- 
ments for the size and variety of the database, 
although a study of the predictive abilities of the 
AET approach with Puget Sound data (Barrick et 
al., 1988) resulted in the following recommend- 
ations for data collection: 

Colled or compile chemical and biologi- 
cal effeds data from 50 stations or more 
(and from suitable reference areas). 

Bias the positioning of stations to ensure 
sampling of various contaminant sources 
(e.g., urban environments with a range of 
contaminant sources and, preferably, with 
broad geograpbic distribution) over a 
range of contaminant concentrations (pref- 
erably over at least 1-2 orders of magni- 
tude). 

Conduct chemical tests for a wide range 
of cbernical classes (e.g., metals, nonionic 

orgqic compounds, ionizable organic 
compounds). To generate AETs on an 
organic carbon-normalized basis, total 
organic carbon OC) measurements are 
required in all sediments. 

= Ensure that detection limits of e100 ppb 
(lower if possible) are attained for organic 
'compounds. High detection limits (i.e., 
insensitive analyses) can obscure the 
occaurence of chemicals at low to mod- 
erate concentrations; as noted previously, 
only d e w  data are used in AET calcu- 
lations. Metals are naturally occurring 
substances, and most metals concentra- 
tions typically exceed routine detedion 
limits. 

The only strict requirement for field sampling 
of data for AET generation is the colledim of 
"matched" chemical and biological data (as d e  
suibed at the beginning of Section 11.2.1). 
Matched data sets should be used to reduce the 
possibility that uneven (spatially variable) sedi- 
ment contamination could result in associating 
biological and chemical data that are b a d  on 
dissimilar sediment samples. Because the toxic 
responses of stationary organisms (e.g., bioassay 
organisms confmed to a test sediment, or infaunal 
organisms largely -fined to a small area) are 
assumed to be affeded by direct association with 
contaminants in the surrounding environment, it is 
considered essential that chemical and biological 
data be collected from nearly identical subsamples 
from a given station. 

d P S t  

11.2.1.2.2 Methods 

Methodological details for the generation of 
AET values are desqibed at the beginning of 
Section 11.21. 

11.2.1.23 I).pes of Data Required 

-0 fundamental kinds of data uralysis n e  

rn Statistical analysis of the significance of 
biological effects relative b refcram 

required for AET generation: 
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conditions (i.e., classification of stations 
as impacted or nonimpacted for eacb 
biological indicator) and 

rn Generation of an AET value Cor each 
chemical and biological indicator (essen- 
tially a process of ranking stations based 
on chemical concentration). 

Additional kinds of data analysis needed for 
AET generation are quality assurance/quality 
control (QNQC) review of biological and chemi- 
cal data, and evaluation of the appropriateness of 
reference area stations. These topics have been 
described elsewhere (e.g., Bcllcr et al., 1986; 
Bamck et a!., 1988). 

The AET method does not intrinsically require 
a specific method of statistical analysis for deter- 
mination of significance of biological effects 
relative to reference conditions. Existing Puget 
Sound AETs have relied largely on pairwise 
t-tests; details of statistical analyses performed for 
the generation of Puget Sound AET bave been de- 
scribed elsewhere (USEPA, 1988; Bamck et d., 
1988; Beller et al., 1986). For example, the 

. following steps were used to determine the statisti- 
cal significance of amphipod mortality bioassay 
results (Swartz et al., 1985) in field-collected 
sediments: 

All replicates from all stations in the 
reference area used for each study were 
pooled, and a mean bioassay response and 
standard deviation were calculated. 

Results from each potentially impacted 
site were then compared statistically with 
the reference conditions using pairwise 
analysis. 

The F,, test (Sokal and Rohlf, 1969) was 
used to test for homogeneity of variances 
between each pair of mean values. 

If variances were homogenous, then a 
t-test was used to compare the two means. 

If variances were not homogenous, then an 
approximate t-test (SOW and Roblf, 1969) 
was used to compare the two means. 

Statistical significance was tested with a 
pairwise error rate of 0.05 to ensure wn- 
sistency among studies of differing sam- 
ple sizes. 

Data analyses that have been applied to other 
biological indicators are described elsewhere 
(Beller et ai., 1986; Barrick el d, 1988). Nota- 
bly, comparisons to reference conditions were 
somewhat more complicated for benthic infaunal 
abundances than for sediment bioassays. Far 
benthic infaunal comparisons, reference data for 
each potentially impacted site were categorized so 
that comparisons were made with samples collect- 
ed during cbe Same season, at a similar depth, and 
whenever possible, in sediments with similar 
particle size charaderistics (Le,, percentage of 
particles <64 pm) as those of the potentially im- 
pacted site. In this manner, statistical comparisons 
were normalized to account for the influence of 
three of the major natural variables known to 
influence the abundance and distribution of bcn- 
tbic macroinvertebrates All benthic data were 
also log-transformed so tbat data distn'butions 
conformed to the assumptions of the parametric 
statistical tesls that were applied. Additional data 
treatment methods presented elsewhere (Barrick et 
a/., 1988) are not discussed further herein, beause 
lhey are not considered intrinsic to the AEI' a p  
proacb, but rather are options to address poten- 
tially unusual matrices or biologicat conditions. 

11.2.1.2.4 Necasary Hardware and Skills 

'Ibe primary skills required for AET genera- 
tion are related to the development of the biologi- 
calkbemica1 database. Expertise in environmental 
chemistry is required to evaluate chemical data 
quality, and the need for normalization of chani- 
cal data and related factors. Biological and 
statistical expertise are required for the determina- 
tion of statistical significance. For benthic data in 
particular, evaluation of appropriate rcfeteaa 
mnditions and knowledge of benthic taxonomy 
and ecology are necessary. 

Computers are recommended for the efficicot 
generation of AET values. A menudriven data- 
base (SEDQUAL) has been developed for U.S. 
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EPA Region X that is capable of a number of data 
manipulation tasks, including the following: 
(1) storing chemical and biological data, (2) calcu- 
lating AET values, (3) comparing a specified set 
of AET to stored sediment chemistry data to 
identify stations at which adverse biological 
effeds are or are not predicted, and (4) based on 
such comparisons, calculating the rate of correa 
prediction of biological impads. The SEDQUAL 
system, which requires an IBM-AT compatible 
computer with a hard disk, has been documented 
in detail in a user's manual (Nielsen, 1988). The 
SEWUAL database currently includes stored data 
from Pugel Sound (over 1,OOo samples, not all of 
which have biological and chemical data). 

11.2.1.3 Adequacy of Documentation 

Various aspects of the AET approach have 
been extensively documented in reports prepared 
for U.S. EPA and other regulatory agencies, as 
listed below and in the reference list: 

m 

8 

11.2.2 

Generation of Puget Sound AET values 
and evaluation of tbeir predictive ability 
(Beller et al., 1986; Bamck et 01.; 1988); 

Data used to generate Puget Sound AET 
values (appendices of Beller et al., 1986 
and field surveys cited in Beller et al., 
1986 and Barrick et al., 1988); 

Briefing report to the US. EPA Science 
Advisory Board (USEPA, 1988); and 

Policy implications of effects-based ma- 
rine sediment criteria (€'TI, 1987). 

Applicability of Method to Human 
Health, Aquatic Life, or Wildlife 
Protection 

Tbe AET approach has been designed for use 
in evaluating potential adverse impaas to' aquatic 
Life associated with chemical contamination of 
sediments. By empirically determining the associ- 
ation between chemical contamhation and adverse 
biorogiml effects, predictions can be made regard- 
ing the levels of contamination that are always 
associated with adverse effeds (i.e., the AET 

values). These critical levels of contamination can 
then be used to develop guidelines for protecting 
aquatic life (e.g., sediment quality values). AETs 
can be developed for any kind of aquatic organism 
for which biological responses to chemical toxicity 
can be measured. Tbe protectiveness of the AET 
can therefore be ensured by evaluating organisms 
and biological responses with different degrees of 
sensitivity to chemical toxicity. For example, 
evaluations of metabolic changes (i.c., usually a 
very seasitive biological response) in a pollution- 
sensitive species would likely resull in AEI' 
values that (ut lower and more protective than 
evaluations of mortality (i.e., generally a less 
sensitive response) in a more pollution-tolemt 
species. The protectiveness of AETs can also be 
ensured through the application of "safety factors." 
For example, to be protective of ckonic biological 
responses, a factor based on an acutecbroaic ralio 
could be applied to m s  developed on the basis 
of acute biological responses. 

11.23 Ability of Metbod to Generate 
Numerical Criteria for SpcJik: 
CbcmimIs 

Tbe AET approach is not intrinsically limited in 
application to spedfic chemicals or chemical groups. 
In general, the approach can be used for chemicals 
for which data are available. However, when using 
a specific data set to generate AETS, it is preferable 
that AEZ generation be Limited to deanids with 
wide omcatration ranges (ea., ranging from 
reference amcentrations to coocentratioas near direct 
sources) and/or with appropriate detection fiequa- 
Ues (e.g., greater than 10 detedions). A partial list 
of chemicals f a  which AETs have been developed 
is pwented in Table 11-1. 

113 USEFULNESS 

113.1 Envlronmcntal AppIiabUity 

113.1.1 SuirObJliy for Diflerent Sediment 7)pes 

The AEI' approach can be applied to my 
sediment type in saltwater or freshwater environ- 
ments for wbicb biological tests can be anduded. 
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Table 11-1. Selected Chemicals for Which Am8 Haw Been Developed in Puget S o d .  

METALS 

Antimony 
Arsenic 
Cadmium 
Chromium 

awr 
Lead 
Mercury 

Nickel 
Sther 
znc 

ORGANIC COMPOUNDS 

Low-Molecular-Wclght P A k  Hlgh-Moleculmr-Weight P A k  

Naphthalene 
Acenaphthylene 
Acenaphthene 
Fluorene 
Phenanthrene 
Anthracene 
2-Methylnaphthalene 

Fluoranthene 
Pyrene 
Benz(a)anthracene 
Chfysene 
Beruonuoranthenes 
Benzo (a) p yrene 
Indeno(r,2,3c,d)pyrene 
Dibenro( a,h)anthracene 
Benzo(g, hi) perykne 

Phthrlateo Total PCBa 

Dimethyl phthalate 
Diethyl phthalate 
Di-n-butyl phthalate 
Butyl benzyl phthalate 
Bis(2-ethylhexyl)phtalate 
Di-noctyl phthalate 

I 

Benzyl alcohol 
Benzoic mid 
Dibenzofuran 
Hewchlorobutadiene 
N-Nttrmodiphenylamim 

Chlorinated BO~KOM 
1,3-Dichlorobenzene 
1,4-Dichloroberrrene 
1,2-[)ichlorobenzene 
1,2,4-TdchIor~nzene 
Herachlorobenzene (HCB) 

Phenols 

Phend 
P-MethylphenOl 
4-Methylphend 
2,eDimethylphenol 
Pentachlorophend 

Volrtlle Orgrnlcr 

Temchloroetheme 
Ethylbenzene 
Total Nenes 

By normalizing chemical concentrations to appro- 
priate sediment variables (e.g., percent organic 
carbon), differences between different sediment 
types can be minimized in the generation of 
AETs. In practice, identification of unique or 
atypical sediment matrices is important in deter- 
mining the general applicability of AET values 
generated from a specific set of data. 

Differences in physical characteristics (e.g., 
grain si-, habitat exposure) are one major fador 
that may account for stations not meeting predic- 
tions based on existing AET values. Ia Puget 
Sound studies, for example, fine-grainedsediments 

dominated stations tbat bad significant amphipod 
mortality tbat had not been predided, and cause- 
grained sediments dominated stations that had 
significant depressions in benthic infauna that had 
not been predicted by benthic A E T s  (Bamck cr 
a[., 1988)., 

12.3.1.2 Suircrbilify for Differenr Chemicals or 
Classes of Chemicals 

l l e r e  are no constraints on the types of 
chemicals for wbicb AI3s can be developed. An 
AET can be developed for any measured cbtmicai 
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(organic or inorganic) that spans a wideconcentra- 
tion range in the data set used to generate AETs. 
The availability of a wide diversity of chemical 
data increases the probability that toxic agents (or 
chemicals that covary in tbe environment with 
toxic agents) can be included in hterprding 
observed biological impads. 

To date, A E T s  have been developed for over 
60 chemicals frequently detected in the environ- 
ment, including 16 polycyclic aromatic hydrocar- 
bons (PAHs); several alkylated PAHs and related 
nitrogen-, sulfur-, and oxygen-containing hetero- 
cycles; polychlorinated biphenyls (PCBs) (reported 
as tobl PCBs); 5 chlorinated benzenes; 6 phtbalate 
esters; 3 chlorinated hydrocarbon pesticides; 
phenol and 4 alkyl-substituted and chlorinated 
phenols; 10 metals and melalloids, 3 volatile 
organic compoundr, and 5 miscellaneous extract- 
able substances. Dab for other miscellaneous 
cbemicals that were less frequently detected or 
analyzed for in tbe -get Sound area were also 
evaluated for their potential use in developing 
A E T s  (e.g., resin acids and chlorinated phenols in 
seleded sediments born areas influenced by pulp 
and paper mill activity). 

A E T s  have been developed for chemical 
concentrations normalized to sediment dry weight 
and sediment organic carbon content (expressed as 
percent of dry weight sediment). Using a 188- 
sample data set from Puget Sound, A E T s  were 
also developed for data normalized to fme-grained 
particle content (expressed as the percent of silt 
and clay, or <63-pm particulale material, in dry 
weight of sediment). These latter AET values did 
not appear to offer advantages in predictive reli- 
ability over the more commonly used dry weight 
and TOC normalizations (Beller ai al., 1986). 

11.3.1.3 Suitability for Predicting Eflects on 
Different Organisms 

Tbe AET approach can be used to predict 
effects on any life stage of any marine or aquatic 
organism for which a biological response to 
chemical toxicity can be determined. Because the 
approacb is empirical, relying on direct measure- 
ment of the cbemical concentrations associated 
with samples exhibiting adverse effects, the results 

are directly applicable to predicting effects on the - 
organisms used to generate the AET. ' h e  results 
can also be used to predict effeds on nontarget 
organisms by ensuring that the organisms uscd to 
generate an AET are either representative of the 
nontarget organisms or are more sensitive to 
chemical toxicity than those organisms. For 
example, AETs generated for a spcaes of seasi- 
tive amphipod might be considered as poteaive 
of the chemical concentrations associated with 
adverse effects in ocher species of equally or less 
sensitive amphipods. At che same lime, these 
AET might be considered protective of most other 
benthic macroinvertebrate taxa because they are 
based on a member of a benthic taxon (i.e., 
Amphipoda) that is considered to be sensitive to 
chemical toxicity (Bellan-Santini, 1980). By 
contrast, A E T s  generated for a pollution-tolerant 
species such as the polychaete Capitella capdata 
(cf. Pearson and Rosenberg, 1978) might be 
considered representative for other pollution- 
tolerant species, but not protective for m a t  other 
kinds of benthic macroinvertebraus. 

.. 

11.3.1.4 Suitability for In-PLace Pollutant Control 

In remedial adion programs, assessment tools 
such as the AET approach can  be used to address 
the following specific regulatory needs: 

Provide a preponderance of evidence fa 
narrowing a list of problem chemicals 
measured at a site; 

Provide a predictive tool for cases in 
wbich site-specific biological testing 
results are not available; 

Enable designation of problem areas 
within the site; 

Provide a consistent basis on d i d  to 
evaluate sedimeat contamination and to 
separate acceptable from unacceptabk 
conditions; 

Provide an eavirmeatal basis for trig- 
gering sediment medial adion; urd 
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Because AET values are derived from sediments 
with multiple contaminants, they incorporate the 
influence of interactive effects in environmental 
samples. The ability to incorporate the influences 
of chemical mixtures, either by design or default, 
is an advantage for the assesment of in-place 
pollutants. 

22.3.1.5 Suitability for Source Conhol 

The AET approach is well suited for identify- 
ing problem areas. Because specific cause-effect 
relationships arc not proven for specific chemicals 
and biological effects, remedial actions should not 
be designed exclusively for a specific chemical. 
(This caution applies to all approaches because of 
the complex mixture of contaminants in environ- 
mental samples.) The link betwcen problem areas 
and potential sources of contamination is estab- 
lished by analysis of concentration gradients of 
contaminants in these problem areas and the 
presence and composition of contaminants in 
sediments and source materials. The AET ap- 
proach provides a means of narrowing the tist of 
measured chemicals that should be considered for 
source control and provides supportive evidence 
for eliminating chemicals from consideration that 
appear to be present at a concentration too low to 
be associated with adverse biological effects. 
Reduction of the overall contaminant load to a 
problem area such that all measured chemicals are 
below their respective AETs is predicted to result 
in miligation of tbe adverse biological effects. It 
is possible that such source controls may be 
effective because of the concomitant removal of 
an unmeasured contaminant. 

11.3.1.6 Suitability for Dkpsal Applkations 

The evaluation of potential biological impacts 
associated with the disposal of dredged material is 
an important component in the designation of 
disposal sites and review of disposal permits for 
dredged material. AET values provide a prepon- 
dcrance of evidence in determining a "reason to 

*believe" that sediment contamination could result 
in adGke biological effects. Hence, the AET 
approach is a useful tool for assessing the need for 
biological testing during the evaluation of disposal 
alternatives. It is assumed that AET values 
generated for in-place sediments provide a useful 
prediction of whether adverse biological effeds 
will occur in dredged material after disposal at 
aquatic sites. 

113.2 Genernl Advantages and Urnitations 

21.3.2.2 Ease of Use 

In this section, "use" is treated as both genera- 
tion and application. The ease of generating AET 
values depends on the status of the data to be used 
for AET generation (Le., whether field data have 
been collected and whether statistica1 significance 
has been determined for biologica1 indicators). It 
is recornmended that a search for existing data be 
conducted as part of determining the need for 
collecting new samples. The existing database of 
matched biological and chemical data from Puget 
Sound comprises Over 300 samples. Collection of 
new field data (e.g., for application outside of 
Puget Sound) would require a considexable expen- 
diture of effort, as would the statistical analysis of 
a large number of samples. However, if data are 
available and statistical analyses have been per- 
formed, the generation of AET values is very easy 
with the SEDQUAL database (described in See 
tion 11.2.12.4). The menu-driven system allows 
for a considerable amount of flexibility in choos- 
ing stations and biological indicators to be includ- 
ed in AET generation. Application of AET (Le., 
comparison of AET values to cbemical concentra- 
tions in field samples) is also very easy when 
using SEDQUAL, provided that the field data 
have been computerized. Application of AET 
values to chemical data presented in existing 
literature is also straightforward. 

11 -3.2.2 Relative Cost 

The cost of developing AET values can span 
a wide range, depending on the stage of database 
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e * * % i 3 o p m t n t m d  the numbers and kinds of chemi- 
cals and biological indicators used. 'he least 
costly means of developing the values is to use 
existing chemical and biological information, tbus 
minimizing the expenses associated with field 
sampling and laboratory analyses. (Selective 
sampling to confirm whetber existing AET values 
are applicable would still be useful.) "be bistori- 
cal database could be based on the pooled results 
from various studies conducted in a region, pro- 
viding that each study passed QNQC performance 
criteria and satisfied the prerequisites of the AET 
approach (e.g., matched chemical and biological 
measurements and the ability to discriminate 
adverse biological effects). 

If the historical database is judged inadequate 
to generate AETs for a region, then the costs of 
field measurements of chemical concentrations in 
sediments and associated biological effects must 
be incurred to develop the database. These costs 
can vary substantially, depending on the chemicals 
and biological indicators evaluated. Costs would 
be minimized if evaluations were based on a 
limited range of chemicals and a single, inexpen- 
sive biological test. It is recommended that the 
approach be based on a relatively wide range of 
chemicals, and if possible, several kinds of biolog- 
ical indicators. 

The existing database for tbe Puget Sound 
region is based on a wide range of chemicals (Le., 
U.S. EPA priority pollutants and other selected 
chemicals) and four kinds of biological indicators. 
The costs for developing AETs varied consider- 
ably among the four indicators. For example, 
laboratory costs for the least expensive indicator 
(Microtox bioassiy) were approximately $200 per 
station, wbereas costs for the most expensive 
indicator (abundances of benlhic maaoinverte- 
brats) were as high as $1,800 per station. There- 
fore, within the existing database, the range of 
costs for biological testing spanned almost 1 order 
of magnitude. 

Once AET values have been generated, use of 
these values to predict the occurrence of biological 
effects is relatively inexpensive. (3bemical data 
may be compared to AET values by using the 
SEDQUAL database or through manual data 
manipulations. 

11.3.2.3 Tendency to Be Conserva!ive 

The empirical, field-based nature of the AET 
approacb predudes definitive u priori predictions 
of its tendency to be either over- or underprotee 
tive of the environment. The occurrence of 
biologically impaded stations at wnaSrations 
below the AET of a given chemical (see Figure 
11-1) may appear to be underprotective. Howw- 
a, the 0cnurenCe of impacted stations at oonccn- 
trations below the AE" of a single chemical does 
not imply that AETs in general are not protective 
against biological effeds, only that single &mi-  
cals may not accouIlt for all stations with biologi- 
cal effects. If A E T s  are developed for multiple 
chemicals, the approach can account for a higb 
percatage of stations with adverse biological 
effects. 

To date, A E T s  have been developed for acute 
sediment bioassays of mortality in adult am- 
phipods, developmental abnormality in larval 
bivalves, and metabolic alterations in bacteria. All 
of these organism/endpoint combinations are 
considered to be sensitive to cbemical toxicity. 
AETs have also been generated for in sirU reduc- 
tions in the abundances of benthic maao- 
invertebrates. Because these reductions incapo- 
rate chronic (i.e., long-term) exposure to contami- 
nants, they can also be considered as sensitive 
measures of the effects of chemical toxicity. 
However, a more protective approach would be to 
use the lowest of the four kinds of for each 
chemical as the concentration on which prcdic- 
tions are made. Atternatively, the protectiveness 
of any kind of AET could be modified by devel- 
oping sediment quality values based on "safety 
factors" applied to exisling AETs. 

I1 32.4  Lewl of Acceptance 

n e  AET approach has been accepted by 
several federal and state agencies in the Puget 
Sound region as one tool in providing guidelints 
for regulatory decisions. US. EPA has used AET 
values to develop sediment quality values with 
which to evaluate the potential toxicity of amtam- 
hated sediments in urban bays. PSDDA has used 
A I 3  values as a bo41 to develop demical guide- 
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lines for determining whetber biological testing is 
necessary for dredged sediments proposed for 
unconfined, open-water disposal. Ecology has 
used AET to develop sediment management 
standards. ' Ibex standards were promulgated by 
the State of Washington and approved by EPA 
Region X in 1991. The standards are being used 
by a number of water quality programs (e.g., 
source control, remediation). 

Several major characteristics influence the 
acceptability of the AET approach. Tbe most 
attractive characteristic of the approach is proba- 
bly the reliance on empirical information based on 
field-collected sediments or indigenous organisms, 
and exposure of laboratory test organisms to 
environmental samples. A second attractive 
feature of the approach is the setting of an AET at 
the chemical concentration in the data set above 
which adverse biological effects are always ob- 
served. nis characteristic provides consistency 
that, with a representative database used to gener- 
ate AETs, enbances the preponderance of evidence 
of adverse effects in the environment. Tbe AET 
values can be updated as new information is 
collected. The AET approach can also be applied 
-to an existing database in new regions, providing 
certain prerequisites are met by the database (e.g., 
synoptic measurement of chemical and biological 
data, and QNQC guidelines). 

A limitation of the AET approach is that 
field-based approaches do not directly assess 
cause-effed relationships. Because sediments in 
the environment are often contaminated with a 
complex mixture of cbemicals, it is difficult when 
using field-collected sediment for any approach to 
relate observed biological eff- to a single 
chemical. The approach also requires seledion of 
appropriate normalized chemical data to address 
the bioavailability of contaminants to organisms. 
Organic carbon normalization may be most appro- 
priate for nonpolar organic contaminants based on 
tbeoretical considerations. In addition, nonprotec- 
tive AETs could be generated if unusual matrices 
(e.g., slag) that anomalously restrict bioavailability 
are included in the database used to generate the 
AETs, or if biological test results are incorrectly 
classified. Recommended data treatment guide- 
lines for chemical and biological data are dis- 

cussed by Bamck et al. (1988). The AET ap 
proach was reviewed by the US. EPA Science 
Advisory Board (SAB, 1989), which noted the 
method had 'major strengths in its ability to 
determine biological effects and asses  interadhe 
chemical effeds." 

11.3.2.5 Ability to Be Implemented by 
Luboratories with npka l  Equipment 
and Handling Facilities 

If applicable data do not already exist, the 
development of AET values requires a relatively 
extensive amount of field sampling and laboratory 
analysis. Tbe chemical analyses required for 
development of AET represent standard analytical 
procedures. A laboratory with appropriately 
trained staff should be able to conduct tbe neces- 
sary benthic community analyses and sediment 
bioassays. Specific methods for performing the 
chemical and biological tests that were used to 
develop Puget Sound AET are detailed in the 
Puget Sound Protocols (Tetra Tech, 1986). These 
efforts can be minimized by using bistorical data 
whenever p i b l e .  Once AETs are developed, 
their routine implementation is relatively easy. h 
addition, they can be easily updated as additional 
data become available. 

11.3.2.6 Lewl of Effort Required to Generate 
R e d &  

As noted in Section 11.32.1, the SEDQUAL 
database facilitates AET generation and applica- 
tion. After field data bave been colleded, the 
most time-consuming task is data e n d  and 
verification. Entry of chemical and biological data 
for 50 samples requires roughly 16 perron-hours 
(assuming 75 chemicals have been measured and 
biological effeds are being coded simply as 
"impactedn or 'nonimpaded"). Generating a se~ 
of AET values for a given biological indicator, 75 
chemicals, and 50 stations takes approximately 
0.75-1 h of computer time on SEDQUAL (and 
about 5 d n  of labor to set up the analysis). To 
compare a set of AET (for 75 chemicals) to a 50- 
sample set of field data takes approximately 05- 
0.75 h of computer time on SEDQUAL, (and 
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roughly 5 min of labor to set up the analysis). 
SEDQUAL is capable of comparing any kind of 
chemical sediment aiteria to field data, but re- 
quires that the numerical criteria be entered in the 
database. 

11.3.2.7 Degree to Which Results Lend 
Themselves to Interpretation 

The manner in which the AET approach can 
be used to interpret matched biological and chemi- 
cal data from field-collected sediments is de- 
scribed in Section 11.2.1. As noted previously, 
the use of AET can help investigators eliminate 
chemicals from further consideration (as the cause 
of an observed effect); however, the approach 
cannot identify specific causeeffect relationships. 
Because the AET approach is empirical, it is not 
well suited to identifying specific toxic agents or 
elucidating mechanisms of biological uptake and 
metabolism. However, certain general relalion- 
ships could be examined on an u posteriori basis 
with the AET approach (e.g., testing the relative 
importance of different ways of normalizing 
cbemical concentration data in predicting adyerse 
biological effects). 

A number of environmental factors may 
complicate the interpretation of the data. Al- 
though the AET concept is simple, the generation 
of AET values based on environmental data 
incorporates many complex biological-chemical 
interrelationships. For example, the AET ap- 
proach incorporates the net effects of the follow- 
ing factors that may be important in fieldcollected 
sediments: 

m Interactive effects of chemicals (e&, 
synergism, antagonism, and additivity); 

I Unmeasured chemicals and other unmea- 
sured, potentially adverse variables; and 

Matrix effeds and bioavailability (Le., 
phase associations between contaminants 
and sediments that affed bioavailability of 
the contaminants, such as the incorpora- 
tion of PAH in soot particles). 

The AET approach cannot quantify the bdi- 
vidual contributions of interactive effects, unmea- 

sured chemicals, or matrix effects in environmen- 
tal samples, but AET values may be influenced by 
these factors. AET values are expected to be 
reliable predictors of adverse effects tbat could 
result from the influence of these environmental 
factors if the samples used to generate A E T s  are 
representative of samples for whicb AET predic- 
tions are made. Alternatively, isolated o c ~ n e o c -  
es of such environmental factors in a data set used 
to generate AETs may limit the predictive reliabil- 
ity of those AET values. If confounding environ- 
mental factors render the AET approach unreli- 
able, then this should be evident from validation 
tests in which biological effects are predicted in 
adual environmental samples. 

A more detailed discussioa of the interpreta- 
tion of AETs and the confounding effeds of 
environmental factors is presented in U.S. EPA 
(1988). 

11.3.2.8 Degree of Environmental Appkabddy 

The AEX approach has a high degree of 
environmental applicability based 011 its reliance 
on chemical and biological measurements made 
directly on environmental samples. Such infor- 
mation provides tangible evidence that various 
chemical concentrations either are or are not 
associated with adverse biological effects in 
typically complex environmental settings. 

?he environmental applicability of the AET 
approach has been quantified for the four kinds of 
AI3 developed for Puget Sound by evaluating the 
reliability with which each kind of AET predicted 
che presence or absence of adverse biological 
effects in field samples collected from Puget 
Sound (USEPA, 1988). Tbe overall reliability of 
the four tests ranged from 85 to 96 percent, 
indicating that all four kinds of AETs wtre rela- 
tively accurate at predicting tbe presence or 
absence of effeds for samples from the existing 
database. This higb level of reliability suggests 
that AETs have a relatively bigb degree of envi- 
ronmental applicability in Pug& Sound, and it has 
been a primary fador in the use of tbe A€I' 
approach by agencies in the hget Sound region. 
AET values generated for Puget Sound bave also 
been used as examples of effects-based &art 
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uiteria to provide an initial estimate of the magni- 
tude of potential problem areas in coastal regions 
of Ibe United States for the U.S. EPA Office of 
Policy Analysis (PTI, 1987). 

11.3.2.9 Degree of Accuracy and Precision 

In this section, accuracy is considered to be 
the ability of AET to predict biological effects and 
precision represents the expected variability 
(uncertainty range) for a given AET value for a 
given data set. 

In previous evaluations of the AET approach 
and other sediment quality values using field- 
collected data, the accuracy of the approach was 
defined by two qualities: 

Sensitivity in detecting environmental 
problems (i.e., are all biologically impact- 
ed sediments identified by the predictions 
of the chemical sediment criteria?) 

Efficiency in screening environmental 
problems @e., are onfy biologically im- 
pacted sediments identified by the predic- 
tions of the chemical sediment criteria?). 

Sensitivity is defined as the proportion of all 
stations exhibiting adverse biological effeds that 
are correctly predicted using sediment criteria. 
Efficiency is defined as the proportion of all 
stations predicted to have adverse biological 
effects that actually are impacted. Ideally, a 
sediment criteria approach should be efficient as 
well as sensitive. For example, a sediment criteria 
approach that sets values for a wide range of 
chemicals near their analytical detection limits will 
likely be conservative (i.e., sensitive) but ineffi- 
cient. That is, it will predict a large percentage of 
sediments with biological effects. It will also 
predict impacts at many stations where there are 
no biological effects, but chemical concentrations 
are slightly elevated. n e  concepts of sensitivity 
and efficiency are illustrated in Figure 11-2. 

The overall reliability of any sediment criteria 
approach addresses both sensitivity and efficiency. 
This measure is defined as the proportion of all 
stations for which correct Predictions were made 

for either the presence or absence of advase 
biological effeds: 

All ryiolp e-*&&a 
+ 

oumn A#&-@pdkIdm- 
UlidWJ 

= 

High reliability results from coned prediction of 
a large percentage of the impaded stations @e., 
higb sensitivity, few false negatives) and corrtct 
predidion of a large percentage of the ma- 
impacted stations (is., higb efficiency, few false 
positives). An assessment of AET reliability was 
recently conducted using a large database compris- 
ing samples from 13 Puget Sound embaymeats 
(Banick ef ul., 1988). These evaluations suggest 
that the AET approach is relatively sensitive for 
the biological indicators tested and also relatively 
efficient. For example, 68-83 percent sensitivity 
and 55-75 percent efficiency were observed when 
AEzs generated from a 188-sample data set wac 
evaluated with an independent 146-sample data 
set. The ranges of sensitivity and efficiency cited 
above represent the ability of benthic infaunal 
AET values to predid statistically significant ,, 

depressions in the abundances of benthic inhuna 
in fieldallected samples and the ability of am- 
phipod mortality bioassay AET values to predict 
statistically significant mortality in bioassays 
conduded on field-collected sediment. 

Precision of the AET approach has not been 
as intensively investigated as accuracy. AET 
values are the result of parametric statistical 
procedures (i.e., determination of the significance 
of biological effeds relative to reference oondi- 
tions) and nonparametric methods (e.g., ranking of 
stations by concentration), and thus are not ameaa- 
ble to the routine definition of confidence inter- 
vals. However, the degree of AET precision is 
considered to depend on the following factors: 

Tbe concentration range between the AET 
(determined by a nmimpaded statim) 
and the next highest concentration that is 
associated with a statistically s i g n i f i i t  
effed; 

Classification error associated with the 
statistical significance of biological in&- 

T d  uI.l a f m i a u  m&dd 

11-15 



Sediment CIassificatia Methds Compendium 

~ 

IMPACTEO PREDICTED 

~ 

I 

WRREC7LY PREDICTED 

SENSITIVITY = C/B x 100 = 5/8 x 100 = 63% 
EFFICIENCY = C/A x 100 = 5f7 x 100 = 71% 

FOR A GWEN BIOLOGICAL INDICATOR: 

A ALL STATIONS PREDICTED TO 8E IMPACTED 
B ALL STATIONS KNOWN TO BE IMPACTED 
C ALL STATIONS CORRECRY PREDICTED TO BE IMPACTED 

Figure 11-2. Measures of reliability (sensitivity and effidency). 

cator results (i.e., whether a station is 
properly classified as impaded or non- 
impacted, as related to Type I and Type II 
statistical error); 
The weight of evidence or number of 
observations supporting a given AET 
value; and 
The analytical error associated with quan- 
tification of chemical results. 

Detailed discussion of these factors is provided in 
Beller el a!. (1986). 

One approach used in Puget Sound to estimate 
the uncertainty range around the AET value was 
to defme the lower limit as the concentration at 
the nonimpaded station immediately below the 
AET and to define the upper h i t  as the concen- 
tration at the impacted station immediately above 
the AET. These limits are based largely on 
probabilities of statistical classification error. For 
data sets with large concentration gaps between 
stations, such uncertainty ranges will be wider and 
precision will be poorer tban for data sets wjtb 
more continuous distributions. The number of 
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stations used to establish an AET would be ex- 
pede4 to have a marked effect on AET uncertain- 
ty because small data sets would tend to have less 
continuous distributions of chemical concentra- 
tions than large data sets. Based on analyses 
conducted with Puget Sound dab, tbe magnitude 
of the AET uncertainty for 10 chemicals or chemi- 
cal groups that arc commonly detected is typically 
less &an one-third lo one-half of &e value of the 
AET itself (considering botb amphipod mortality 
bioassay and bentbic infaunal AET data). Based 
on quality assurance information for these data, 
analytical enor is probably a minor component of 
overall precision, particularly for metals. 

11.4 STATUS 

11.4.1 Extont of Use 

Tbc AETapproach is used by several agencies 
and sediment management programs in the Pacific 
Northwest to provide guideline values for regula- 
tory decisions. The State of Washington has 
developed sediment management standards primar- 
ily using the AET approach but also including 
equilibrium partitioning values. These standards 
were promulgated by the Slate and approved by 
EPA, Region X, in 1991 and are currently being 
impfemented in a variety of programs. The 
standards are the culmination of cooperative 
planning and scientific investigations by several 
federal and state agencies throughout the 198O's, 
including: 

Superfund investigations at Commence- 
ment Bay and Eagle Harbor; 

Puget Sound Dredged Disposal Analysis 
(PSDDA); 

Urban Bay Toxics Action Program; and 

Puget Sound Water Quality Authority 
Managemenl Plan. 

A key result of these efforts has been the recogni- 
tion by regulators of two separate levels of sedi- 

ment contamination and has led lo the b e l o p  
ment of two sets of sediment quality values. Tbis 
separation in management use of sediment values 
arose from the semitivity and effiaency couceqls 
of reliability previously discussed. 'zbis manage- 
ment decision was made because it was d&- 
mined that none aC the available approaches for 
developing sediment quality values would result in 
100 percent sensitive and 100 percent efficient 
values. Different strategies have been used by 
different programs for use of AET-generated 
values. In general, the lowest AEX (termed 
LAE.T) for my of the biological tests is used to 
establish the lower level where there is IiUle 
concern of sediment contamination (e.g., the goal 
for remedial actions). "%e AEZ approacb bas 
developed higher chemical levels (termed HAEQ, 
above which adverse effects are predicted for 111 
the biological tests. In  most regulatory programs 
direct biological testing is allowed to resolve the 
differences in predictions of tbese two secs of 
sediment quality values (Le., prediaion of sdversc 
biological effed by highly sensitive sediment 
quality values, which a1 lower chemical concestra- 
tions are not predided by highly efficient sedi- 
ment quality values). To date, such sediment 
quality values developed were €or and used in 
marine and estuarine environments. 'Ibe State ol 
Washington and EPA, Region X, are gathering 
chemical and biological data to potentially develop 
companion values for freshwater stdimenu. 

m e r  efforts are under way outside Puga 
Sound and tbe Pacific Northwest to develop sedi- 
ment quality values using the AET appoa&. lhese 
include Qlifmia and the Great Lakes region ia tbe 
United Sates, and the countries of Canada, N w  
Zealand, and Australia internationally. 

11.43 Extent io Which Appro8ch Has B e n  
F&ld-Vdi&tod 

As described in U.S. EPA (1988), the reliabili- 
ty of A E T s  generated from Puget Sound dara was 
evaluated with testr of sessitivity and efficiency 
(defmed in Section 11.3.2.9). Testr of Lbe m i -  
tivity and efficiency of the AET approach WQC 

carried out in several steps, as desaibed below: 
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The chemical database was subdivided 
into groups of stations that were tested for 
the same biological effects indicators. 
Specifically, all chemistry stations with 
associated amphipod bioassay data were 
grouped together (287 statims), all chem- 
istry stations with associated benthic 
infaunal data were grouped together (201 
stations), all chemistry stations with asso- 
ciated oyster larvae bioassay data were 
grouped together (56 stations), and all 
chemistry stations with associated Micro- 
tox bioassay data were grouped together 
(50 stations). Stations with more than 
one biological indicator were included in 
each appropriate group. 

The stations in each group were classified 
as impacted or nonimpaded based on the 
appropriate statistical aiteria (Le., F- 
and t-tests at alpha = 0.05). 

Several tests of reliability were conducted 
at this point: 

Test 1: values (dry weight) 
were generated with the entire 
Puget Sound database 8vailable in 
1988, and seositivity and efficiency 
tests were performed against the 
Same database for each biological 
indicator. 

Test 2 The test described above 
was repeated in two parts: (a) using 
TOC-normalized A€I' values for 
nonionic organic compounds and 
dry weight-normalized AET values 
for all other compounds (i.e., ioniz- 
able organic compounds, metals, 
and metalloids), and (b) using 
TOC-normalized data for all chemi- 
cals. Test 2 allowed for u p s t e r b  
ri evaluation of the relative success 
of dry weigbt and TOC normaiiza- 
tion for nonionic organic chemicals. 

Test 3: Because the efficiency of 
the AET based on the entire Puget 
Sound database is 100 percent by 

oonstraint (as in Tests 1 and Z), 
predictive efficiency was estimated 
by the following procedure. For 
each biological indicator, a single 
station was sequentially deleted 
dram the total database, A€I's were 
recalculated for the remaining data 
set, and biological effects w a c  
predicted €or the single deleted 
station. Ibe predictive effiaency 
was the cumulative rtsult for the 
sequential deletions of single sta- 
tions. For example, the 287-sample 
database for amphipod bioassay 
results can be used to provide a 
286-sample independent database 
for predicting (in sequence) effects 
on all 287 samples. 

\ 

Test 4: In this test, independent 
data sets were used to generate and 
test AETs to mnfm the sensitivity 
and efficiency measurements in 
Tests 1 and 3. AETs (dry weigbt) 
generated with 188 stations from 
diverse geographic regions in Puget 
Sound were tested with a m p l e  
tely independent set of 146 Puget 
Sound stations. 

In addition, the influence of geographic 
location and other factors 011 AET predidive 
ability were examined (Banick el ol., 1988). 
Further testing of Puget Sound AET values using 
matched biological/chemical data from dba 
geographic areas is desirable before recommend- 
ing dired application of the Puget Sound values in 
other geographic regions. 

11.43 Rcasoos for Limited Uw 

The AET approacb is beiig increasingly used 
outside of Puget Sound and the PaciTic Northwest 
to evaluate and compare different classes of 
sediments and to develop bay-, site-, or region- 
specific sediment quality values for a variety of 
regulatory uses. Because the approach is based on 
empirical data, direct application of values from 

11-18 



17-AET A v h  

Puget Sound or another area to a specific bay, 
site, or region usually encounters some conflicting 
or confounding data. Because regional reference 
areas are used to determine the significance of 
adverse biological effects in the AET approach, 
the AI3 developed for one region may be over- 
protective or underprotective of the resources in 
the other area. Additionally, the mix of chemicals 
in one region's sediments may not be h e  same in 
another region. The use of the AET approach 
and use of specific AET values should not be con- 
fused. 

Development of site-specific AETs for other 
geographic areas may require additional sampling. 
Because many past studies were not multidiscipli- 
nary, measurements were often made only for 
chemistry or biology rather than for both kinds of 
information. In sucb cases, there will be a limiled 
amount of appropriate historical data that can be 
used to develop AETs. The integration or com- 
parison of AET data sets among different regions 
can also be restricted because appropriate biologi- 
cal indicators for generating AETs may vary 
among regions. 

11.4.4 Outlook for Future Use and Amount of 
Development Yet Needed 

Tbe following two approaches to AEZ devel- 
opment could be particularly beneficial in expand- 
ing the use of this approach: 

= Use of laboratory cause-effect (spiking) 
studies to evaluate AET predictions on a 
chemical-specific basis and 

Use of a large set of matched biologicall 
chemical data from different geographic 
areas to test the predictive ability of AET 
and to test the "precision" of AET values 
based on data sets from different areas. 

The AET approach was presented to (USEPA, 
1988) and reviewed by the US. EPA Science 
Advisory Board (SAB, 1989). The SAB noted 
major strengths and limitations of the method and 
provided recommendations that would improve the 
validity of tbe AET values. The method was 

amsidered to contain sufficient merit for use in 
developing location-specific sediment quality 
values. Because of the specificity of the method, 
ie., the empirical applications at specific locali- 
ties, under specific environmental conditions, the 
approach secmed less useful for development of 
general, broadly applicable (i.e., national) sedi- 
ment quality criteria. 
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A.sgm.maJpof r."t- the Sediment Assessment 
Strategy Recommended by the International 
Joint Commission 
Phillppe Ross 
The Citadel, Department of Biology 
Charleston, SC 29409 
(803) 792-7875 

The International Joint Commission (IJC) 
Sediment Subcommittee has published a document 
entitled Procedures for the Assessment of Conram- 
inotedSediment Problem in the Greaf L o k s  (XK, 
1988a). An overview of the UC strategy for 
assessing contaminated sediments is provided in  
this chapter. However, because it would be 
inappropriate to reproduce all, or substantially all, 
of the document in this chapter, Qe  interested 
reader is referred to the IJC (1988a) document 
itself for an explanation of details that are not 
provided herein. 

12.1 SPECIFIC APPLTCATIONS 

12.1.1 Current Use 

The IJC (1988a) document is intended as 
guidance for the assessment of contaminated 
sediments in the Great Lakes. Its first application 
is in a work plan for sediment investigations at 
Great Lakes areas of concern (AOCb, as identified 
by the UC). Section 118(c)(3) of the Water 
Quality Act of 1987 calls for U.S. EPA's Great 
Lakes National Program Office to survey at least 
five AOCs as part of a 5-yr study and demon- 
stration program called ARCS (Assessment and 
Remediation of Contaminated Sediments). The 
strategy recommended by UC (198th) will be 
applied through a series of activities involving 
physical mapping and characterization, sampling, 
chemical analyses, toxicity testing, and in situ 
community analysis. The assessment began in 
1989 and was completed in 1991. The ARCS 
program also seeks to improve upon the UC 

' 

(1988a) approach by comparing various test 
methods and by evaluating cost-effective recon- 
naissance and saeening methods. 

12.1.2 Potentip1 Use 

Otber AOCs will eventually be evaluated in 
the process of developing remedial adion plans. 
It is possible that other Great Lakes harbors, 
rivers, and estuaries will be added to the.list of 
AOCs, in which case remedial adion plans would 
have to be developed there. h addition, the 
guidance document could potentially be used to 
assess suspected sediment contamination outside 
the Great Lakes basin. 

12.2 DESCRIPTION 

12.2.1 Description of Method 

12.2.1.1 Objectives and Assumptions 

In response to tbe need for a common 
approach to the assessment of contaminated 
sediments, the IJC's Sediment Subcommittee has 
developed a strategy based on protocols that 
emphasize biological monitoring. The approach 
is intended for use in comprehensive assess- 
ments of areas (e.g., bays, harbors, rivers, other 
depositional zones) where sediment contamina- 
tion and the need for remedial action are sus- 
pected. While the suggested strategy attempts to 
minimize the cost and expertise, the assessments 
are relatively large undertakings appropriate to 
situations where large-scale remedial actions 
might be contemplated. In such cases, the cost 
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of conducting accurate assessments would be 
justified if the subsequent remedial options 
could cost far more than the assessments. It was 
not the primary intent of the subcommittee to 
provide guidance for small-scale decision-mak- 
ing activities, such as sample-by-sample disposal 
of dredged material from navigation channels. 
Nevertheless, some of the component methods 
described could be useful and cost-effective in 
this regard. The first major assumption, there- 
fore, is that the scope of the study in question is 
sufficient to warrant a large-scale integrated 
investigation. 

Another fundamental assumption is that the 
ultimate concern of a problem assessment focus- 
es on whether sediment contaminants are exert- 
ing biological stress or are being bioaccumu- 
lated. Accepting this assumption, it follows that 
adequate assessments of sediment quality should 
involve components of chemistry, toxicity, and 
infaunal community structure (Chapman and 
Long 1983), a concept frequently referred to as 
the Sediment Quality Triad approach (see Chap- 
ter 9). The proposed strategy has the following 
objectives: 

To provide accurate assessments of spe- 
cific problems by using a modified 
"triad" approach, which integrates chem- 
ical, physical, and biological informa- 
tion; 

To perform tasks in a sequence sa that 
the results from each technique can be 
used to reduce subsequent samp- 
ling requirements and costs; 

To provide adequate proof of linkage 
between the contamination and the ob- 
served biological impact; 

To quantify problem severity, thereby 
enabling intercomparisons between and 
within areas of investigation (thus allow- 
ing development of a priority list for 
remedial actions and the objective selec- 
tion of appropriate remedial options); 

To amsider the effeds on different species 
and differeat trophic levels, since biological 
impairmeat may ocw in the water oolumn 
and the sedimencr if rcwpemion oows 
and since there is no such thing as the 
universal "most-sensitive species" (cairas, 
1986). 

The IJC approach is an integrated strategy that 
pvides the necesfary data to iaentify sediment- 
assodated amtamination as the problem SOUT&, 

specify effects, ranK problem severity, and assist in 
the selection of medial options. While the ILSS~SS- 

meat portion of the doauneat identifies a set of the 
best aurently available asesment tools (see Section 
1221.22), it is assumed that decisions will be made 
based on the drcumstances unique to cach AOC 
There is no substitute for expexima (expert judg- 
meat), and it is also Bssumed that appopiate 
expertise will be assembled before the assessnent 
study plan is fmulated. 

12.2.1.2 tcNel ofEflini 

1221.21 Type of sampling Required 

'Ihe UC (1988a) approach involves two stages. 
stage I, the initial assessment, is u~ed fop areas 
where an inadequate or outdated database exists. In 
the UC documens Stage I is not subdivided, while 
stage II is broken into Phases I, II, III, and IV. 
stage I uses only Siru assessment techaiques aod 
criteria: a limited physical descriptioa of the area 
(e.g., basin s i z  and shape, bathymetry) and the 
sediments, bulk chemical analyses, resideat benthic 
community organization (e+, family-level ichtifi- 
cations), fish amtaminnnt body burdens (one impor- 
tant spies, seleded by expert judgment), and 
extend abnormalities w collected specimeas. A n y  
one of the following criteria provides suffiaient 
justification far pmxeding to Stage 1I: 

B Crmcentr&ons of metals above badylrwnd 
levels in sedimcntq 
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Concentrations of hazardous persistent 
organic compounds above detedion levels 
in f i  or benthos; 

'Ihe absence of a healthy benthic commu- 
airy (e+, absence of clean water organisms 
such as amphipods or mayflies, presence of 
a community dominated by oligochaetes, 
the complete absence of invertebrates); and 

Resene of external abnormalities in fish. 

'Ihese conditions must be supported by evidenoe 
that the observed situation is not due to a major 
sediment perturbation, such as &edging or substrate 
modification. 

Available data may preclude the need for a 
Stage I assessment. The cost and effort that Stage I 
entails should be avoided if there is already strong 
evidence of a contamination problem. 

When 'a probable sediment contamination 
problem is identified, eitber through the initial 
assessment or from the examination of existing data, 
then Stage 11, the detailed assessment, should be 
undertaken. Zbe detailed assessment consists of 
four phases, which togetbet define the sediment 
problem in the most costeffective manner. The  
phases are not inflexible prolocols, but rather logical 
groupings of work units. The expert invesligator 
should be responsible for the final study design. 

In Phase I of Stage 14 extensive information on 
the physical composition of the sediments is collect- 
ed. These data are used to defme areas or zones of 
homogeneity within a study area. Knowledge of 
these zones allows sampling requirements for 
Base IT to be estimated. 

In Phase n of Stage IT., the benthic community 
structure is examined to the lowest possible taxo- 
nomic level (e+, species of variety), along with the 
surficial sediment chemistry (e.g., pH, total organic 
carbon, redox potential, metals, extradable organic 
compounds). Phase Il results can be combined with 
Phase 1 data to reduce the sampling effort in the 
next phase. 

In Phase ID. of Stage TI, a batmy o l  laboratory 
bioassays (e.g., Miczotox, algal, daphnid, bentbic 
invertebrate, fd, Ames test) are performed on a 

smaller number of sediment samples than thase in 
the Phase 11 sample set. Since fresh sediment must 
be collected for this phase, precision position-r-g 
equipment is required to relocate previously sampled 
sites. Pbase lIl COSIS can be reduced by performing 
acute lethality bioassays on a sediment sample 
before proceeding to tests that measure chronic n 
sublethal effeas. Also in Phase m, sediment cores 
are collected, dated, and sectioned for stratified 
chemical analyses and bioassays. Finally, adult fisb 
are examined histopathologically for internal (e.g., 
Liver) tumors. In relatively confined geograpbicd 
areas, pbases II and III may be combined because 
huther sampling may be mOre costly than amdud- 
ing additional bioassays and relocating Phase II tzts 

In this 
case, Phase II sampling will include, extra material 
for Phase III. 

In tbe fourth and fmal phase of Stage XI sedi- 
ment dynamics (e.g., ecaunulation, tesuspeasion, 
movement) and factors affeding them are quanti- 
lied. All of the foregoing information is nectssay 
for tbe selection of appropriate medial optims 
For example, depositional histmy, 8s revealed by 
sampling sediment cores, and sediment dynamicsare 
critical pieus of information in the selection and 
cost evaluation of remedial options. 

Gleria that clearly indicate when SOme form d 
remedial adion must be considered (based on the 
results of Stage IT) am essential. Because of the 
absence of definitive sediment action uiteria at time 
of writing, the criteria proposed by the UC (1988a) 
are highly canservative, following the language of 
the 1978 Great Lakes Water Quality Agreemtat ps 

revised in 1987 (especially Annexes 1 and 12), in 
order to m o t e  maximum protection and tffadive 
restoration of the Great Lakes ecosystem. 'Ibt UC 
(1988a) urges tbat these criteria be reviewed regu- 
larly to a s w e  that they cantinue to fulfill thcir 

for Phase m sampling may be difficult. 

intended purpose. 

1221.22 Methods 

During Stage I, the minimum amount of idor- 
matioa necessary to 8ssess potential problem sedi- 
meats is colleded. A variety of physical, chemical, 
and biological measurements are recanmarded, IS 

outlined bew 
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A geographical description of the area and 
its bathymetry is required. 

Sediment grain size - Size analysis tech- 
niques based on seltling velocity (Ameri- 
can Society for Testing and Materials, 
1964; Duncan and LaHaie, 1979) are re- 
commended. The sand fraction is re- 
moved by a 6 2 - p  sieve and analyzed 
separately from the fine-grained material. 

m Sediment water content - 'Ibe water content 
can be determined during sample prepara- 
tion for grain size and olher analyses by 
comparison of sample weights before and 
after either freeze-drying or ovendrying 
(Adams et al., 1980). 

rn Redox potential (Eh) and pH should be 
measured [specific metbods are not rex- 
ommended by IJC (1988a) ]. 

rn Organic carbon - It is recommended that 
total sediment organic &n be measured 
as described by Plumb (1981). 

phosphorus - W o  measurements are sug- 
gested: total phosphorus, as extracted from 
sediment by sodium carbonate fusion or by 
percbloric acid digestion, and bioavailable 
phosphorus, as estimated by NaOH extract- 
able phosphorus (Williams et af., 1980). 

Ten metals (lead, nickel, copper, zinc, 
cadmium, chromium, iron, manganese, 
mercury, and arsenic) are reammended for 
routine analysis at Great Lakes AOQ. 
Additional metal analyses are left to the 
judgment of the investigator. An extraction 
procedure using a mix of hydrochloric and 
nitric acids (1:l) is suggested (Plumb, 
1981). 

Persistent organic compounds - The reader 
is referred (0 the U.S. EPA (1984) p10Lb 
ools for broad scans and analyses of indi- 
vidual compoun&. When the strategy was 
written, no standardized cbemical protocols 

for estimating bioavailability of trace organ- 
ic compounds wae identified. 

External abnormalities in fsh - The pres- 
en= of one or more external abnormalities 
is ofteu indicative of anlhropogeaically 
induced stress or damage. In the case of 
the bmwn bullhead, Ictalurus nebuiaw, 
phenomena sua as stubbed barbels, skin 
discoloration (melanoma), and skin tumors 
are highly correlated with liver can- 
incidence (Smith et ol., 1988). It is recom- 
mended that iocally occuning catfii (par- 
tidarly I. nebulosus) be examined for 
tumors, melanoma, blindness, and barbel 
abnormalities during a %ge I assessment. 

rn htaminant body burdens - The benthic 
infauna are in continuous contad with the 
sediments, providing a direcr measure of 
the spedfic relationship between localized 
sediment contaminant concentrations and 
bioavailability. Carp are also regularly in 
contad with and ingest large quantities of 
sediments. Tbey represent a larger spatial 
and temporal integration of oontaminants 
than do the benthic infauna. Couedioa of 
adult common carp ( C y p h  capb) for 
tissue residue analysis is recommended. 
Three to five T i  per replicate should be 
compiled. The number of replicates is 
determined using variability estimates frcmn 
monitoring programs (Schmitt et d., 1983) 
and a chosen level of precision, to calculate 
au idealized sample size @. 3 7 ,  Solral and 
Rohlf, 1969). It is also recommended that 
the mast abundant benthic invextebrate 
species (often oligochaete worms in am- 
taminated sediments) be sampled in early 
summer, prior to thermal stratification. 
Standard U.S. EPA methods are suggested 
for tissue residue analysis. "be problem of 
obtaining enough biomass for analysis (at 
least 1 g) is recognized. 

Benthic community structure - a 
Stage I assessment, a preliminary analysis 
of community structure impairment is 
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recommended. ,A qualitative study with 
minimal replicatioin*-Li** 
to the family level is suggested. B ~ U G  
it is important ha t  rare taxa be sampled, 
simple techniques lhat employ inexpen- 
sive equipment but take large samples are 
recommended. l l i s  approach should 
suffice to identify the existence of a 
stressed community for tbe purposes of 
Stage I criteria (see Section 12.2.1.2.1 
above). 

Phase 11 of the detailed assessment consists of 
more foarsed analyscs to supplement or complement 
information obtained in Stage I. Pbase I of the 
detailed assessment focuses on physical mapping of 
the environment. The most important asped of the 
physical assessment of a suspected contaminated 
sediment deposit is its threedimensional mapping. 
A rectangular @d pattern is recommended for the 
initial mapping operation. Concurrent with b o w  
sampling at grid intersections, echo-sounder and 
side-scan sonar surveys should be performed to 
improve spatial resolution of sediment zones and 
bottom features. Detailed surveys should include 
piston coring for stratigraphic resolution. 'Ibe grid 
sampling results should be examined using cluster 
analysis (or siinilar techniques), which are easy to 
interpret and functional wilh a small number of 
variables. Basic infomation required in this phase 
includes geographic location, areal extent., thickness 
and total sediment volume, average depths of 
overlying water, and the grain size propaties of the 
deposit. Phase 1 results are used to select sampling 
sites for later phases. 

Phase 11 of the detailed assessment focuses on 
surficial sediment chemistry and benthic oommunity 
structure. Based on the previous mapping of homo- 
geneous zones (Phase I), effort in Wase Kf can be 
expended in depositional areas and in those areas 
wich fine-grained sediments. Sudiaal chemistry 
sampling should be coincident with the sampling for 
detailed benthic community structure analysis. Total 
organic carbon, redox potential, pH, metals, and 
penistent organics should be measured. Investiga- 
tors are referred to Plumb (1981), Williams et uL 
(1980), and US. EPA (1984) for colledion and 
analysis methods. 

/ 

Since the main objective of Stage II commu- 
F- nity structure assessment is to examine subtle 

distinctions in stress respnse, more detailed 
taxonomic data are required in this phase than 
were required in Stage I. In the study design and 
sample collection steps, investigators are urged b 
follow the 10 principles of sampling set forth by 
Green (1979). Further guidance is given in Elliott 
(1977) for critical factors such as site selection, 
sample numbers, sampling design, and data analy- 
ses. To help investigators assess community 
impact, IJC (1988a)' provides a partial list of 
literature desaiptibns of normal nearshore com- 
munities in habitats that most closely approximate 
Great Lakes AOCc. A detailed discussion of 
statistical methods is also included. 

Phase 111 of the detailed (Stage II) assessment 
consists of obtaining additional information COD- 
cerning sediment toxicity (i.e., bioassays and f i h  
bistopathology) and stratigraphic characterization 
of sediment cores. A suite of bioassays is pro- 
posed for toxicological evaluation of sediments: 

Microtox - an acute, liquid-phase (elu- 
(riate or pore-water) test with lumintiscent 
bacteria (Bulich, 1984); 

Algal photosynthesis - an acute, liquid- 
phase test using natural communities 
[algal fractionation bioassay (Munawar 
and Munawar, 1987)) or the laboratory 
species SelemsfWn cupricomutwn (Ross 
et al., 1988); 

Zooplankton life-cycle tests (Daphnia 
m a p  liquid and solid phases) mwitor- 
ing growth and reprodudion (Nebeker et 
af., 1984, hBlanc  and Surprenant., 1985); 

Clwonic, solid-phase tests using the bea- 
thic invertebrates Chironomur tentans 
(Nebeker et al., 1984), Hyalellu Ozteca 
(Nebeker el ol., 1984), or Hexagenia 
limbato (Malueg et a]., 1983); 

A solid-phase fish bioaccumulation test 
with the fathead minnow Pimephlcs 
promelas (Mac et ol., 1984) 
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K.. ~ ~ ' i q u i d r p h a s e - i ( e x b a ~ ) - ' A m e s  Sulmo- 
nello/miuosome assay, a bacterial muta- 
genicity test pennant et al., 1987). 

In addition to bioassays, histopathologid exami- 
nations of indigenous adult f s h  (especially Icta- 
lurus nebhus), focusing on preneoplastic and 
neoplastic liver lesions (Couch and Harsbbarger, 
1985), are recommended. 

Also included in Phase III (Stage II) work are 
chemical analyses and dating of sediment cores. 
Isotopic (I4, -e, '"Ck) and biostratigraphic 
[i.e., ragweed (Ambrwkz) pollen] methods are both 
recommended for dating sediment cores. 'Ihis 
dating is necessary to establisb the threedimen- 
sional configuralion of the contaminated sediment 
mas and b assign a date to the sediment deposi- 
tional unit. 

In Phase N (Stage XI) of the detailed assess- 
ment, studies on sediment dynamics are necessary 
to determine the following: 

Poteatial water column impads through 
resuspension; . 

Movement of contaminated sediment out 
of the AOC; 

The quality and rate of new sediment 
aocumulation; and 

Vertical and horizontal redistribution of 
sediments and their contaminant burdens 
within an AOC 

Tbis information is essential for the development 
and evaluation of a remediation plan. In the 
absence of practical predictive models, suspended 
sediment charaderization (Poulton, 1987), shear 
strength measurements (Tenaghi and Peck, 1967, 
and resuspension studies (Tsai and Lick, 1986) are 
recommended. 

12.2.1.2.3 Types of Data Required 

The Stage I initial assessment should be 
based on aberrant macrozoobenthic community ' 

structure (ascertained from family-level taxo- 
nomic identification); metals concentrations 
above background levels in tbe surficial stdi- 
ments (ascertained from dating); hazardous per- 
sistent organic compound concentrations above 
detection levels in carp, benthos, or surficial 
sediments; metals concentrations in carp or 
benthos, established on a case-by-case basis; and 
presence in fishes of external abnormalities 
known to have contaminant-related etiologies. 

The Stage 11 detailed assessment should be 
based on a phased sampling of the physical, 
chemical, and biological aspects of the sedi- 
ments. The biological impacts should be as- 
sessed with both field (benthic invertebrate 
community structure and incidence of fish liver 
tumors) and laboratory (battery of selected 
bioassays) methods. The phased sampling 
approach will allow subsequent testing require- 
ments to be reduced. When Phases I and I1 of 
Stage I1 have revealed homogeneous zones of 
sediment type and similar community structure, 
the number of Phase I11 samples can be appro- 
priately scaled down. Impairment due to sedi- 
ment contamination and the probable need for 
remediation are established when the biomoni- 
toring results from the detailed assessment 
demonstrate significant departures from controls. 

Each section of UC (1988a) contains I de- 
tailed discussion of the statistical procedures 
required, with references and examples. The 
preferred method of interpretation is left to the 
expert investigator in many cases. 

12.2.1.2.4 Necessary Hardware and Skills 

The initial assessment, and to an even 
greater degree the detailed assessment, requires 
a large array of field and laboratory equipment. 
Although none of the items reammended are 
unusual or inordinately sophisticated, one labo- 
ratory or field unit is unlikely to have all the 
required apparatus. Specific suggestions for 
hardware and skills are provided by UC (1988a). 
Because this approach is intended for major 
sediment assessment efforts, several p u p s  
would probably have to be mobilized to conmi- 
ute to the effort. 
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12.2.1.3 Adequacy of Docwnentalwn 

Each component method described in UC 
(1988a) is fully referenced in the text and acoom- 
p i e d  by a separate bibliography. Some methods 
are. more developed than others, and areas where 
additional validation or calibration is needed are 
clearly identified in the text. 

12.22 Appliublllty of Metbod to Hum811 
Health, Aquntlc Ute, or Wildllfe 
Protection 

The IJC strategy includes dired measures of 
effects on benthic infauna and fishes and is thus 
directly applicable to aquatic biota. Existing 
sediment assessment methods (e.g., Apparent 
Effects Threshold, Sediment Quality Triad) could 
be used to evaluate the results of the Stage I1 
detailed assessment and to determine whether 
chemically contaminated sediments have affected 
aquatic biota in h e  vicinity of AOO. Although 
the UC (1988a) strategy was not designed to 
assess the effects of toxic chemicals on wildlife or 
humans, the tissue residue data and the sediment 
chemistry data may be useful in preliminary 
evaluations of contaminant exposure to these 
populations. Wildlife exposure could occuf 
through consumption of chemically contaminated 
prey. Human exposure could occur through 
consumption of chemically contaminated fish or 
through dermal absorption by direct contad witb 
chemically contaminated sediments or water. 

- 

12.23 Ability of Method to Generate 
Numerical Criteria tor S p d k  
Chemicals 

The document was designed to provide guid- 
ance to assessment programs. Nevertheless, since 
chemical, toxicological, and infaunal data are 
colleded in the Stage II assessment, it is possible 
that these data could be used to develop chemical- 
specific criteria. For example, data from the Stage 
II assessment could be used to develop empirical 
sediment quality values (e.g., AETvalues) that are 
protective of aquatic biota in locations other than 
the AOC under consideration. 

123 USEFULNESS 
123.1 Environmental Appliabiuty 

12.3.1.1 Suitabil* for Diflereur S e W t  
VPS 

The approach recommeaded in UC (19888) is 
suitable for any sediment type. Indeed, one of its 
major objectives is to cbaractcrizc md p~vide  a 
three-dimensional map of the antaminated d- 
ment mass, including physical, chemical, and 
biological variables. 'Ibe investigator is give0 the 
flexibility to choose the appropriate sampling 
methods for the sediment type or types in the 
AOC under study. 

12.3.1 .Z Suitability for Diflerent ChnniccrLr 
or Classes of Chemicals 

The document is intended for situations wbae 
contamination is wspccted, but where the toxic 
chemicals may or may not be identilied. Tbe 
methods reammeadd by, UC (1988a) are cffcc- 
tive for most contaminants found in Great Lab 
sediments. 'Ibc broad-based nature of the rp 
proach contains sufficient flexibility to deal with 
anomalous situations. 

12.3.1.3 Suitability for Predicting Effects OR 

Diierent Orgmimtr 

Tbe proposed strategy indudes both labomtory 
testing and analysis of indigenous aommunitics 
(i.e., fsh, maaozoobeuthos). In this way, labon- 
tory results (i.e., chemistry, toxicity) that can be 
compared to standard conditions and literature 
values may be placed in the oontcxt of empirically 
derived effects data from the site under investiga- 
tion. 

12.3.1.4 Suitability for In-Place Pollutan! 
Control 

The guidance document was developed specif- 
ically for the assessment of in-place pollutant 
problems. It is designed to fit into the framework 
of evaluating and choosing remedial optioas by 
providing an adequate database w which to base 
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such decisions. A companion document (UC, 
1988b) provides guidance in the seledion of 
courses of remediation. 

12.3.1.5 SudubiZify for Source Control 

The detailed assessment provides an adequate 
framework for identifying hot spots, and for 
establishing significant differences from back- 
ground conditions. In some cases, the resultant 
maps may provide further evidence of contaminant 
soutces and migration patterns, using spatial 
autocorrelation techniques. Presumably, sucb 
evidence could facilitate regulation of identified 
sources. However, source control is not a primary 
objective of the UC (1988a) strategy. 

X2.3.1.6 Suitability for Disposal AppliccltiOnr 

Although the document was not intended for 
the use in decision-making related to the disposal 
of material from navigational dredging, the data 
generated from an initial assessment could be used 
to make initial disposal decisions. Other practices 
for the assessment of dredged material may be 
more cost-effective, however. 

123.2 General Advantages and h i t a t b n s  

12.3.2.1 Ease of Use 

The proposed strategy is designed to be applica- 
ble to the AOC under investigation. It is intended 
to flexible, relying on the judgment and arperience 
of those who apply it. A detailed assessment would 
be practical only in cases where a major remedial 
effort is amtanplated. 

12.3.2.2 Relatiw Cosf 

m e  Stage I and II assessments are cwtly 
compared to other l e s  comprehensive metbods of 
assessing sediment quality. However, when ann- 
pared to the potential remedial oosts, the sssessmeat 
COSI are relatively small. The sequential approach 
is designed to reduce sampling, analysis, and cx- 
pense where possible. In many cases, the Stage I 
assessment need not be done. If it is clear that a 

sediment amtamination problem exists, then the 
investigators may ProQed d i r e d y  to Stage II 
sssessmeot. Alternatively, if the Stage I asessment 
produces no results of amm, then Stage 11 need 
notbemhtaken. TbecostofadetailedssPess- 
meat, although relatively high, is amtrolled sane 
what by the sequential approach to data wU&. 
No fm cost fipm are m e n t l y  available, but as- 
sessments planned for priority AO(S uader Sedion 
118(cx3) of the Water Quality Ad of 1987 axe 
projected to cost in the range of SS00,ooO. These 
costs are expedal to vary frm site to site. 

12.3.2.3 Tendency to Be C o n s d  

'Lbe s&ategy is designed to be highly potectivc 
of the environment. It annbines chemical analysis, 
toxicity testing, and examination of indigeMnrs 
communities to easure that no significant effects are 
overlooked. Because the application of criteria is 
left to the expert judgment of the investigator, tbc 
d e p  of conservatism in dedsioninaking will be 
variable. 

123.2.4 Level of AccepsMce 

?he guidance doamrent (UC, 1988a) Qes not 
desaibe a new method, but rather a combinatioa of 
s e v d  types of metbods, each widely accepted in 
its own sphere. The strategy as a whole is being 
used for the first time in 1989. 

None of the methods is particularly unusual 01 
difidt, but the detailed assessment requires a 
breadth ofexpertk and rcsourQsthat an in- 
aganization may not possess. Ibc strategy will 
need to be implemented by drawiag 011 avaricty of 
arpertise in a given geographical ma. 

123.2.6 L e d  of Effm Required to G!encrate 
R d &  

?he total level of effort f a  a detailed asses- 
meat will be relatively high in most cases. This 
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strategy is most suitable for major evaluation 
projects. 

12.3.2.7 
Degree to which Results Lend Themselves to 
Interpretation 

The actual statistical Hnalysis and interpreta- 
tion to generate effects conclusions are relatively 
complex and should be done only by trained 
investigators. Specific statistical protocols are 
not recommended. However, the reader is given 
an array of choices, witb comments on their 
respective strengths and weaknesses. The ulti- 
mate decision is left to the investigator. The 
inclusion of chemical, toxicological, and in- 
faunal information in the database allows the 
investigator to compare different types of indica- 
tors before making decisions. 

12.3.2.8 Degree of Environmental 
Applicability 

One of lhe strengths of a strategy that in- 
cludes in situ community analysis is that effects 
data have a high degree of environmental rele- 
vance. Site-relevant species can even be substi- 
tuted in the bioassay battery if necessary, and 
the body burden and community structure data 
are always site-specific. 

12.3.2.9 Degree of Accuracy and Precision 

The strategy proposed by the IJC (1988a) is 
not a single method, but rather guidance for a 
study design containing many options and 
decision points. Overall precision or accuracy 
values would be impossible to calculate. Never- 
theless, the criteria for selecting recommended 
protocols included a consideration of attainable 
precision. In many sections, the investigator is 
directed to choose the required level of precision 
for a given measurement during the study design 
process. The “accuracy” of an integrated strat- 
egy is difficult to assess, but the methods recom- 
mended by the IJC (1988a) were chosen for 
their relevance to the Great Lakes ecosystem, 

12.4 SI’ATUS 

12.4.1 Extent of Use 

UC’s (1988a) document was published in 
December 1988 and distributed in early 1989. 
The strategy is intended for the Great Lakes, and 
was used for the first t h e  in 1989. Most of the 
individual methods recommended are widely used 
and accepted. 

12.43 Extent to Wbkb the Appmach Has 
Been Fleld-Valldated 

The first extensive field validation of the ap- 
proach was conducted in 1989i1991 as part of the 
ARCS program under section 118(c)(3) of lbe 
Water Quality Act of 1987. The ARCS Sediment 
assessment reports are expected to be released in 
1993. 

12.43 Reasons Cor U m i t d  Use 

Most component protocols are in wide use. 
Because the IJC (1988a) document desaibes a 
major eff& witb an integrated approach, the 
ARCS program is tbe only project where an 
undertaking using this approach has been initiated. 

12.4.4 Outlook for Future Use and 
Development 

With the backing of both signatories to the 
Great b k e s  Water Quality Agreement, the docu- 
ment seems destined for widespread use in the 
Great Lakes basin. As methods progress, each 
section of the document will be updated. 
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The Evaluation of Dredged Material Pro- 
posed for Ocean Dkposal--Testkg Manual 
(USEPANSACE, 1991) commonly referred to 
as the 'Green Book," was published in February 
1991 by the U S .  Environmental Protection 
Agency (USEPA) and the U.S. Army Corps of 
Engineers (USACE). The Green Book contains 
national guidance for evaluating the suitability 
of dredged material for ocean disposal; it re- 
places the guidance of the original manual 
(USEPA/USAa, 1977) that was published by 
USEPA and the USACE in 1977. The manual 
stresses the use of bioassay and bioawmulation 
testing as evaluative tools, and it contains tech- 
nical guidance on the use of such tests. The 
following is a summary of the 1991 manual and 
the approach used by USEPA and the USACE 
to determine the suitability of dredged material 
for ocean disposal. The manual will be revised 
at a future date, based on the findings of an 
EPA Science Advisory Board (SAB) review 
(SAB, 19!32), and changes will be made to the 
Ocean Dumping Regulations (referenced below). 

13.1 APPLICATION 

The 1991 USEPNSACE Green Book 
provides updated guidance for dredging appli- 
cants, scientists, and regulators to evaluate 
dredged-material compliance with the 1977 U.S. 
Ocean Dumping Regulations [Title 40, Code of 
Federal Regulations (CFR), Parts 220-228). The 
manual is applicable to all activities involving 
the transportation of dredged material for the 
purpose of dumping it in ocean waters oulside 
the baseline from which the territorial sea is 
measured. The guidance in this manual is appli- 

cable to dredging operations conducted under 
permits as well as to federal projects conducted 
by the USACE. The procedures in tbis manual 
do not apply to activities excluded by 
40 CFR 220.1. 

It is important to note that the regulations 
are legally binding and that the guidance provid- 
ed in this manual is responsive to the specilic 
requirements of these regulations, but rhe manu- 
al does not cany rhe force of law. 'Ihe docu- 
ment simply provides guidance on evaluating the 
potential environmental impact of dredged-mate- 
rial ocean disposal. 

The manual is organized into tiers for em- 
dent evaluation of the suitability of dredged 
material for ocean disposal. Within the tias, 
specific physical, chemical, and biological tests 
are recommended. To meet specific regional 
needs, USEPA Region and USACE Distrid 
ofices are to develop local agreements and 
manuals to implement the national guidance in 
the 1991 Green Book (such as using local spe- 
des in biological tests and screening for particu- 
lar contaminants in chemical analyses). 

13.1.1 Current Use 

"be 1991 Green Book replaces the 1977 
Green Book. USEPA Region and USACE Di- 
trict offices are developing local agreements and 
regional testing manuals that implement the 
1991 Green Book guidance and establish parnit 
procedures for dredging and dredged-material 
disposal. 

Projects that have been issued undet 
USACE permits prior to the completion of the 
new local agreemenVmanua1 for the area cov- 
ered by the project may continue to be evaluated 
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according to the 1977 guidance manual and Ihe 
existing local guidance. New dredged-material 
disposal projecu, projects that have not had 
sampling and analysis plans approved prior to 
finalization of the local agreementhnanual, 
should be evaluated under the updated guidance 
in the 1991 Green Book. Ongoing projects that 
have been approved based on 1977 Green Book 
guidance should be reevaluated according to 
1991 Green Book guidance and the new local 
agreementhnanual within 3 years of permit 
approval. 

13.1.2 Potential Use 

The Green Book guidance, and revisions 
thereof, will be applied to dredged-material 
evaluations for the foreseeable future. 

T h e  manual will be revised at a future date 
based on (1) the findings of an EPA SAB re- 
view (SAB, 1992), (2) technical advances in 
assessing sediment contamination and marine 
environmental impact, and (3) changes to the 
Ocean Dumping Regulations. 

13.2 DESCRIPTION 

Analysis of sediment to determine i b  suit- 
ability for Ocean disposal is conducted accord- 
ing to the procedures in the 1991 Green Book. 
The 1991 Green Book recommends procedures 
that satisfy section 103 of the Marine Protec- 
tion, Research, and Sanctuaries Act of 1972 
(MPRSA), Public Law 92-532. The MPRSA 
was enacted to regulate Ocean dumping of all 
materials that might adversely affect human 
health, the marine environment, or other legiti- 
mate uses of the oceans. In addition, the 
MPRSA implements the Convention on the 
Prevention of Marine Pollution by Dumping of 
Wastes and Other Matter (Lmdon Dumping 
Convention), of which the United States is a 
signatory. MPRSA seclion 103 specifies that 
all proposed operations involving the trans- 
portation and dumping of dredged material 
into OCean waters must be evaluated to de- 
termine the potential environmental impact of 

‘YI. such activities. These environmental evalua- 
tions must be in agreement with the criteria 
published in 40 CFR Parts 220-228 and 
33 CFR Parts 320-330 and 335-338. 

Technical guidance on specific methods 
for testing dredged material is presented in the 
1991 Green Book. If the results of the appro- 
priate tests show that the proposed dredged 
material meets the chemical- and biological- 
effects criteria, and meets other requirements 
in tbe regulations, disposal of the material at a 
designated ocean dredged-material disposal site 
(ODMDS) is supported. If the test results 
show that the material does not meet the cri- 
teria set forth in the regulations, significant 
impact on the Ocean environment is predicted. 
Significant adverse impact may include ad- 
verse consequences to the marine ecosystem 
and negative human-health effects from uses 
of the marine environment. 

The manual does not present guidance for 
the disposal of dredged material that fails to 
meet the regulatory criteria. Such dispaal 
involves management decisions and case-spe- 
cific engineering work (e.g., control of dump 
releases, disposal-site capping, submarine 
burial, and predisposal treatment) that are 
beyond the scope of the document. 

13.2.1 Description of Mctbod 

Integral to the 1991 Green Book is a 
tiered-testing procedure to characterize 
dredged material and predict its impact on the 
water-column and benthic environment at 
ODMDSs. The procedure was developed by 
USEPA and USACE personnel and twting- 
laboratory researchers, and is consistent with 
&e requirements of the Ocean Dumping Regu- 
lations, state-of-the-art dredged-material 
evaluation techniques, and the realities of the 
testing and permitting process for new and 
existing projects. Knowledge of local condi- 
tions is’ both recommended and necessary to 
adapt the national guidance in the manual to 
specific dredged-material projects. USEPA 
Regions and USACE Districts are presently 
developing local agreements/manuals to apply 
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the national guidance of the m a n u a l w f i c  
dredging and disposal areas. 

The tiered-testing procedure in the Green 
Book comprises four tiers, with decisior. points 
at each tier (Figure 13-1). Each successive tier 
provides increasing investigative intensity to 
generate the information for permitting deci- 
sions on oce8n disposal. 

The tiered-testing procedure is constructed 
to determine whether the dredged material 
meets the limiting permissible concentration 
(LPC), as defined in section 227.27 of the 
Ocean Dumping Regulations. The LPC for the 
liquid-phase concentration of dredged material 
in the water column is the concentration that, 
after allowance for initial mixing, does not ex- 
ceed applicable marine water-quality criteria 
(WQC) or a toxicity lhreshald of 0.01 of the 
acutely toxic concentration. The LPC of the 
suspended particulate and solid phases is the 
concentration that will not cause unreasonable 
toxicity or bioaccumulation. 

The overall tiered-testing procedure is rela- 
lively flexible. The dredged-material evaluator 
can enter and exit tbe testing procedures at any 
tier. However, to begin the evaluation in Tier 
11, 111, or IV, the existing data must satisfy the 
requirements of the earlier lier(s). Additional- 
ly, Tier 11 testing for waterquality criteria 
(WQC) compliance is mandatory if the water- 
column evaluation cannot be completed within 
Tier I. To exit any tier before reaching a 
decision on LPC compliance, the dredged- 
material evaluator must select an option other 
than open-ocean disposal. 

In most cases, determinations of LPC com- 
pliance can be made in Tier I, 11, or 111. In 
extraordinary cases, where LPC compliance 
cannot be determined by Tier 111, the dredged 
material must be evaluated under Tier IV. 
Tier IV tests are case-specific investigations of 
potential impact of the dredged material at the 
ODMDS. Significant investment in  the re- 
search and development of analytical methods 
is usually necessary to conduct Tier Tv evalu- 
ations, and tbe applicant might select an alter- 
native to open-ocean disposal instead of 
proceeding with Tier N testing. Similarly, an 

applicant can try to save time and money by 
proceeding directly to Tier XI, 111, or N if it is 
believed that analysis in the earlier tiers will 
not lead to a definitive evaluation. The only 
absolute requirement is that the dredged mate- 
rial must comply with the regulations if it is to 
be dumped at an ODMDS. The tiered-testing 
procedure facilitates this determination. 

In summary, the 1991 Green Book 

Includes state-of-the-art methods to 
determine the potential impact of ma- 
rine-sediment disposal; 

Ensures adherence to the Ocean Dump- 
ing Regulations (40 CFR Parts 220- 
228); 

Incorporates existing (and valuable) 
regional expertise and guidance into 
the evaluation process; and 

Provides' for National consistency in 
evaluating dredged material for ocean 
disposa 1. 

13.2.1.1 Objectives and Assumptions 

The objective of the tiered-testing proce- 
dure is to determine wbether the water-column 
and benthic LPC is met for the proposed 
dredged material, as defined in the Ocean 
Dumping Regulations. Three decision options 
are possible as the dredged-material evaluator 
proceeds through the tiers. 

The LPC is met; the ocean disposal 
option is supported, further evaluation 
is unnecessary. 

The LPC evaluation is inconclusive; 
the ocean disposal option is not sup- 
ported; proceed to the next tier. 

The LPC is not met; the ocean disposal 
option is not supported; further evalua- 
tion is unnecessary. 

133 
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Bo& the water-column and benthic LPC 
considerations must be satisfactorily resolved for 
the open-ocean disposal option to be supported. 
An inconclusive evaluation in Tiers 1-111 requires 
the dredging appliynt to conduct additional 
testing in subsequent tiers, or to decide not to 
oceandump. However, a determination of LPC 
noncompliance does not necessarily exclude all 
possibilities for ocean disposal. Management 
actions might be feasiblc to make the dredged 
material meet the LPC. Management actions for 
dredged material that exceeds water-column or 
benthic LPC are not included in the Green Book 
because of the wide range of available options 
and the project-specific nature of such work. 

It is assumed that the users of the 1991 
Green Book are generally familiar wilb the need 
for and methods of dredged-material testinp. 
The manual is not a standalone document. The 
guidance in the manual requires the evaluator to 
consult the regulations frequently (40 CFR Parts 
220-228 is included in the Green Book as Ap- 
pendix A) and to have a general understanding 
of material contained in the numerous citations 
and references. The guidance in the manual 
concentrates on data collection and decision 
points, and it only summarizes recommended 
field and laboratory procedures that can be used 
to obtain data. T h e  user must refer to the origi- 
nal sources for most of the physical, chemical, 
and biological testing procedures. 

13.2.1.2 Level of €floor& 

Tier I: Initial Assessments-Tier I is used to 
identify contaminants of concern and determine 
dredged-material LPC compliance through anal- 
ysis of existing physical, chemical, and biologi- 
cal information. For many dredging projects, 
tbere is a wealth of readily available information 
on tbe proposed dredged material and on the 
cbaraAeristics of the disposal site. This is espe- 
cially true of areas that have historically under- 
gone maintenance dredging or have been the 
subject of other studies, such as fishery assess- 
ments. The available information for a given 
area might not be sufficient to reach a final LPC 
evaluation, but often there are accessible high- 

quality data that can supplement the results of 
tests in subsequent tiers and facilitate reaching 
an early decision with lowered expenditure of 
time and resources. 

Whatever the source of information for 
Tier I evaluations, the quality of the data must 
be evaluated and weighed accordingly. The 
references in a a p t e r  13 of the manual, Quality- 
Assurance Considerations, should be consulted 
for guidance for evaluating the quality of data 
obbined from different information sources. 

If the information set compiled in Tier I is 
complete and comparable to information that 
would appropriately satisfy the LPC in Tier TI, 
m, or IV, a decision on regulatory compliance 
be completed without proceeding into the next 
tiers. For compliance determination to be com- 
pleted within Tier I, the weight of evidence of 
the collected infomation must convincingly 
show &at the dredged-material disposal either 
will or will ndt meet tbe LPC. 

Included in Tier I is an assessment of the 
three exclusionary criteria in 40 CFR 227.13@): 
(1) the dredged material is predominantly sand, 
gravel, or rock from a high-energy area; (2) the 
material is suitable for beach nourishment; or 
(3) the material is similar to the disposal site 
and from an area far removed from pollution 
sources. If one or more of the above exclusion- 
ary aiteria can be satisfied, the LPC is met for 
the dredged material and no furtber evaluation is 
required. If none of the exclusionary criteria is 
met and the collected information is insufficient 
to rea& a defmitive LPC determination, the 
evaluation process moves to Tier 11. 

mer 11: PbysicaVCbemkal E v a l u a t b n c T i e r  
II consists of physical and chemical data evalua- 
.tion. To determine marine WQC compliance, a 
numerical mixing model is used; to evaluate 
benthic-impact potential for nonpolar organic 
compounds, a theoretical bioammulation poten- 
tial (TBP) calculation is used. The conceptual 
purpose of the lier is to provide reliable, rapid 
screening of impact potential without the need 
for further testing. This purpose is fulfilled for 
watercolumn evaluations, but at present tbere is 
no USEPA-approved single screening procedure 
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for deposited sediment. When technically sound 
sediment-quality criteria (SQC) are developed 
and approved for dredged-material evaluation, 
rhey will be incorporated at this level. 

mer 11: Water-Column PbysicaVCbcmical 
Evaluatkns-The Tier 11 watercolumn wal- 
uation for WQC compliance k a two-step po- 
cess that includes the application of a numerical 
mixing model. In Step 1, tbe model is used as a 
screen; all of the contaminants in the dredged 
material are assumed to be released into the 
water column during the disposal process. If the 
model predicts that the concentration of contam- 
inants of concern released into the water column 
is less than the applicable WQC and if no syner- 
gistic effects among the contaminants are 
suspected, the dredged material meets the water- 
column LPC and no further watercolumn evalu- 
ations are necessary. 

If LPC compliance cannot be shown in 
Step 1, Step 2 is conducted. In Step 2, chemical 
data from an elutriate test of the dredged materi- 
al are run in the model. Compared to the as- 
sumption of total contaminant' release in the Step 
1 meen, the elutriate data applied in Step 2 are 
a more precise representation of the concentra- 
tion of contaminants that would actually be 
released into the water column during ocean dis- 
posal of dredged material. 

If the model predicts in Step 2 that any 
WQC are exceeded, the water-column LPC is 
no; met (open-ocean disposal not supported). If 
tbere are WQC for all of the contaminants of 
concern, if no WQC are exceeded by the Step 2 
model, and if no contaminant synergistic effects 
are suspected, the watercolumn LPC is met and 
no further water-column evaluations are neces- 
sary (open-ocean disposal supported). If there 
are contaminants of concern without WQC or if 
synergistic effects are suspected, watercolumn 
toxicity and water-column LPC compliance must 
be evaluated in Tier III. 

Numerical Models lor Initial Mixing-Numer- 
ical models are used to evaluate dredged-mate- 
rial dilution during the initial-mixing phase of 
Ocean disposal, as defined in the regulations. 

The 1991 Green Book recommends using the 
USACE Automated Dredging and Disposal 
Alternatives Management System (ADDAMS) 
models to evaluate initial mixing of dredged 
material at ODMDSs. ADDAMS models can be 
run on a personal computer with a minimum of 
hardware. The models account for the physical 
processes of dredged-material disposal at open- 
water disposal sites by calculating the water- 
column concentrations o l  dissolved contaminants 
and suspended sediments and the initial deposi- 
tion of material 'on the bottom. Three separate 
ADDAMS models address different methods of 
disposal: 

I DIFID Disposal from an instanta- 
neous dump 

I DIFCD Disposal lrom a continuous 
discharge 

I DIFHD Disposal from a hopper 
dredge 

To evaluate initial mixing following ocean 
disposal, the appropriate model is run for rhc 
contamhunt requiring tire gmarest amount of 
dilution to meet the LPC. Tbe models simulate 
movement of the disposed material as it falls 
through the water column, as it is transported 
and diffused by the ambient current, and as it 
spreads Over the botlom. Tbe models have 
some limitations; for example, the DIFID model 
will not work for very shallow disposal sites 
where the discharge time from the barge exceeds 
the descent period to the bottom. However, the 
models can simulate a wide range of disposal 
options. USEPA and the USACE are in the 
process of field-verifying these models. 

Appendix B of the 1991 Green Book is t 
summary of the ADDAMS models; the comput- 
er diskettes that accompany the manual contain 
the models themselves. ADDAMS modeling 
personnel at the USACE Waterways Experiment 
Station (WES), Viclrsburg, Mississippi, am 
available to supply model updates, answet qua- 
tions, and assist with the seledion and running 
of the individual models. 
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Table 13-1. 1991 Green Book Species for Water-Column and Benthic Evaluatlons. 

Crustaceans 
Mysids 

Mysidopsis sp.' 
Neomysis sp.' 
Holmesimysis sp.' 

Palaemonetes sp. 
Penaeus sp. 
Pandalus sp. 

Caliinectes sapidus 
Cancer sp. 

Shrimp 

Crab 

Fish 
Menidia sp.' 
Cyma togaster aggregatzt 
Cyprinodon variegatus 
Lagodon rhomboides 
Leiostomus X8nthUNS 
Cithericfhys stigmaeus 
Leuresthes ten uis 
Coryphaena hippurus 

Zooplankton 
Copepods 

Mussel larvae 

Oyster larvae 

Acartia sp.' 

Mytilus eduliJ 

Crassostrea virginkit 
Ostrea sp.' 

Sirongylocentro tus 
purpura tus 

Lylechinus pictus 

Sea-urchin larvae 

crustaceans 
Infaunal Amphipods 

Rhepoxynius sp.. 

Grandiderelia japonica 
Corophium insidiosum 

Ampelkc&? sp.. 
Eohaustorius sp.' 

MFMS 
MVsidopsis sp. 
Neomysis sp. 
Holmesimysis sp. 

Penaeus sp. 
Palaemonetes sp. 
Crangon sp. 
Pandalus sp. 
Sicpnia ingentis 

cellinectes sapidus 
Cancer sp. 

CIewlandia ios 
Atherinops amnis 

Shrimp 

Crab 

= Fmh 

m Burrowing Polychaetes 
Neanthes sp: 
Ner8js Sp.' 
Nephthys sp. 
G/ycera sp. 

Abarenicde sp. 

Y d i a  limatule 
Mamma sp. 
Nucola sp. 
Protothaca stamhea 
Tepas iWQni- 
hlercenaria mercenarja 

Arenicda sp. 

m MoUwcs 

Wecommended test species. 
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The model output can present water-column 
contaminant concentrations in milligrams per 
liter. These concentrations are compared to the 
appropriate LPCs to determine compliance. 

'Ker 11: Benthic PbysicaUChemical Evalua- 
tions--As previously noted, only benthic effects 
attributkd to nonpolar organic chemicals in the 
deposited sediment can be addressed in Tier I1 at 
the present time. Nonpolar organic chemicals in- 
clude all organic compounds that do not dissociate 
or form ions. Tbese include chlorinated hydrocar- 
bon pesticides, other halogenated hydrocarbons, 
polychlorinatcd biphenyls (PCBs), most polynu- 
clear aromatic hydrocarbons (PAHs), dioxins, and 
furans. It does not include polar organic com- 
pounds, organometals, and metals. If all of the 
contaminants of concern in the dredged material 
are nonpolar organic compounds, h e  theoretical 

for the dredged material and the reference sedi- 
ment' to determine benthic LPC compliance. The 
TBP calculation is an environmentally consewa- 
tive sueen, based on calculating the concentration 
of the nonpolar organic chemical in the sediment, 
tbe total organiccarbon concentration, and the 
percent lipid content of an organism of interest. If 
tbe TBP of the dredged material is not statistically 
greater than that of the reference material, the 
LPC for the nonpolar organic contaminants is met. 
(Acute-toxicity evaluations must be performed 
under Tier Ill unless sufficient toxicity information 
was obtained under Ticr 1.) 

If any of the contaminants of concern are 
polar organic compounds or have suspeded toxic 
components or if the dredged-material TBP ex- 
ceeds the referencematerial TI3P described above, 
the bioammulation evaluation for bentbic impad 
by the dredged material must take place in Tier Ill 
or IV. 'Ibe benefit of additional tests in Tier I1 to 
sueen for bentbic impact is recognized by USEPA 

I bioaccurnulation potential (TBP) can be calculated 

~~~ 

'A relerencc sediment is delincd as I sediment. substantial: 
ly free of mtaminank, that is as similar as ,ptsdicable to 
the grain size of the dredged material and the sediwnt at 
the disposal site, and that reflects the ad i t ions  that would 
exist in thc vicinity of the disposal site had no ddged- 
material disposal ever taken p l a a ,  but had all other influ-. 
enoes on sediment condition taken place. 

c c  

and the USACE, and new (ests are under devel&"h+- 
ment and evaluation. When the scientific and 
regulatory community verifies one or more of 
these tests, they will be incorporated intoTier II in 
a future Green Book revision. Meanwhile, evalu- 
ation of benthic impad that cannot be made in 
Tier I must be ampleted in Tier III or IV. 

Tkr 111: BiObgkal Evaluotions--TSer XII tests 
include (1) determination of waterco~umn toxicity 
and (2) assessment of contaminant toxicity and 
bioaccumulation from the material to be dredged. 
?be evaluations in this tier are based on the output 
from Tiers I and II and comprise standardized 
bioassays wilb the organisms listed in Table 13-1. 

TTer 111: Water-Column Biological Evalua- 
tions-Tier I11 water-column tests are acute tests 
that evaluate the toxicity of the dissolved and 
suspended portions of the dredged material that 
remains in thc water column after initial mixing. 
Tbe bioassays are run if tbe Tier II evaluations 
are inconclusive, e.g., if tbere are not applicable 
WQC for all contaminants of concern or here is 
reason to suspect synergistic effeds among the 
contaminants. (See Tier 11.) The tests involve 
exposing fish, crustaceans, and zooplankton to a 
dilution series containing both dissolved- and 
suspended-sediment components of h e  dredged 
material. A typical test monitors organism mor- 
tality over a %-h period. 

Tbe results of the bioassays are used to calm- 
lak the I& concentration of the dredged malerial 
in the water a h n n .  ?be LPC for (his evaluation 
is 1 percent of the outside the OD- 
during the initial 4-h mixing period and anywhere 
in the marine environment 4th after disposal. 
Following the determination of the LPC for the 
proposed dredged material, the data are used to 
run the numerical model (see model disas ion  
above) and determine LPC compliance. 

' 

TPer In: Benthic 'Biological Evaluations-Ben- 
thic evaluations in Tier III consist of toxicity and 
bioaccumulation tests. To conduct these tes!s, the 
1991 Green Book provides laboratory guidance 
an sedimart preparation; treatment, reference-, 
and control-sediment tests; ,replicates, organism 
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bandling; testcbamber conditm;wQA considera- 
tions; and data analysis. n e  organisms used in 
the tests are surrogates for disposal-site species 
and are used lo estimate dredged-material effects. 
The toxicity tests quantify mortality. If the mor- 
tality of the test species in the dredged-material 
bioassays is greater than the allowable percentage 
over the mortality in the referencesediment bio- 
assays, the LPC is not met. If, however, the 
dredged-material tests below the allowable per- 
centage, or the increased mortality k statistically 
insignificant, the LPC is met. 

The bioaccumulation tests evaluate tbe poten- 
tial of benthic organums to accumulate contami- 
nants from the dredged material in their tissues. 
At the conclusion of the tests, tbe tissues of the 
organisms are analyzed for the conIaminants of 
concern that are identified in Tier I. 

Section 227.27 of the Ocean Dumping Reg- 
ulations requires that benthic bioassays be con- 
duded on dredged material with filter-feeding, 
deposit -feeding, and burrowing species. Infaunal 
amphipods, such as Ampelkca sp. and Rhepary- 
nius sp., are sensitive bioindicators and strongly 
recommended in the Green Book as the p r e f e d  
species for toxicity tests. Infaunal amphipods 
filter-feed, deposil-feed, and, to some extent, bur- 
row in the sediment, thereby fulfilling the three 
organism categories in the regulations. For bioac- 
cumulation evaluations, the manual recommends 
using a burrowing polychaete (e.g., Neanlhes sp. 
or Nerek sp.) and a deposit-feeding bivalve mol- 
lusc (e.g., Macoma sp. or Yoldia fimutufa). In 
summary, the manual recommends &at at least 
two species be tested for acute toxicity and at 
least two other species for bioaccumulation evalu- 
ation. Each set of (est species should cover the 
three species types stipulated in the regulations. 
The ecological and economic relevance of the 
organisms and the pradical aspects of using the 
species in the laboratory, such as tolerance to 
graii-size ranges and seasonal availability, also 
must be considered when selecting the test 
species. 

The Tier III bioaccumulation evaluation mm- 
pares the contaminant level in the tissues of the 
organisms to two criteria: (1) the United States 
Food and Drug Administration (FDA) Action 

b e l s  for Poisonous or Deleterious Substances in 
Fish and Shellfish for Human Consumption and 
(2) the contaminant levels in organisms (bat are 
exposed to h e  reference sediment. Regardless of 
the statistical comparison to the reference-material 
test organisms, if the level in the tissues of 
dredged-material organisms statistically exceeds 
@e FDA levels in any’ category, the U C  is not 
met. If the dredged-material results are lower 
than the FDA action levels and not statistically 
greater than the reference material level, the LPC 
for bioaccumulation is satisfied. However, if bio- 
accumulation exceeds that found in the reference- 
material tests, the test results must be evaluated 
against case-specific criteria. USEPA and the 
USACE develop the evaluative criteria case by 
case from local technical infonnation that ad- 
dresses the bioaccumulation aspeds of the benthic 
aiteria of section 227.13(~)(3) of the regulations. 

At present, tests for chronic sublethal expo- 
sure to benthic contaminants are being developed. 
When the tests are approved by USEPA, they 
will be incorporated in Tier In in future updates 
to the Green Book. 

Tler 1V: Advanced Biologkal E v a l u a d o ~  
Tier TV consists of bioassay and bioaccumulation 
tests to evaluate the long-term benthic and water- 
column impact of dredged material. Tests at this 
level are selected to address Specific issues for a 
specific dredging operation that could not be fully 
evaluated in h e  earlier tiers. Since these tests are 
case-specific and since they require significant 
time and money to complete, evaluative aiteria 
must be agreed on in advance by USEPA and by 
the USACE to determine compliance with the 
LPC. 

Conducting Tier TV benthic testing is possible 
With current methods, but the 1991 Green Book 
emphasizes that this tier is not intended for rou- 
tine application. Tier W benthic tests consume 
significant resources of the dredging applicant 
and of the regulatory authority, and a rial  non- 
compliance determination is still possible. There- 
fore, the applicant must weigh the options and 
decide whether to @om Tier IV testing or to 
consider an alternative that does not involve 
ocean dumping, such as upland disposal. If the 
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applicant elects to proceed with Tier W testing, 
the role of the regulatory authority is to design 
tests that lead to a def'mitive.LPC evaluation for 
the project. 

Under Tier IV evaluations, bioaccumulation 
testing measures the steady-state body burden of 
contaminants of concxm in tissues of organivns 
subjected to long-term laboratory exposures or in 
tissues of appropriately sampled field organisms. 
Tbe contaminant concentration in the tissues of 
dredged-material test organisms is compared 
against the appropriate FDA action levels and 
against bioaccumulation data obtained from or- 
ganisms that are exposed to reference-material 
sediment. If contaminant bioaccumulation in the 
dredged-material organisms is less than the FDA 
levels but greater than the levels in the reference- 
material organisms, organisms are collected from 
the vicinity of the disposal site and analyzed for 
the contaminants of mncem. If the contaminant 
bioaccumulation of the dredged-material organ- 
isms is lower than the steady-state body burden 
of the fieldcollecteh organisms, the LPC for bio- 
accumulation is met. If fieldcollected organisms 
have contaminant levels lower than those of the 
dredged-material organisms, case-specific aiteria 
are developed to make a f i a l  LPC compliance 
determination for bioaccumulation. 

13.2.1.2.1 Type of Sampling Required 

%ion 8.0 of the 1991 Green Book, Collec- 
tion and Preservation of Samples, provides gener- 
al information on sampling plans and sample 
bandling, preservation, and storage. 

To adequately and efficiently condud a 
dredged-material evaluation, a comprehensive 
sampling plan should be in place before sampling 
begins. Sufficient amounts of sediment and water 
should be collected to conduct the necessary eval- 
uations. Careful consideration of maximum 
allowable and recommended holding times for 
sediments, as well as the exigencies of resamp 
ling, should.be given careful consideration. Ad- 
ditionally, sample size should be small enough to 
be conveniently handled and transported, but 
large enough to meet the requirements for all 
planned analyses. Tbe overall confidence of the 

final LPC determination is based on the following 
three factors. 

Colleding representative samples; 

rn Using appropriate sampling techniques; 
and 

rn Roteaing or preserving the samples until 
they are tested. 

Table 13-2 shows the general sampling re- 
quirements to condud dredged-material testing. 
Actual sampling requirements are project-specific 
and are determined during the development of the 
project plan, based on the guidance that is provid- 
ed in the 1991 Green Book and in local agree- 
mentshanuals. 

13.2.1.2.2 Methods 

As desaibed in Section 13.2.1.21 above, 
only existing infmation is evaluated in Tier I, 
This requires the careful compilation and ana1y;is 
of such information. If the information cannot 
show that the proposed dredged material meets 
one of the exclusionary uiteria, or if the 
information is insufficient to rea& an LPC deter- 
mination, physical, chemical, and biological infor- 
mation on the dredged material and the ODMDS 
must be collected in Tiers I1 and/or III. 

Proper sample collection, handling, and pres- 
enation are critical to the accurate evaluation of 
Tier I1 and III test results. Sampling methods are 
usually developed by individual testing laborato- 
ries and documented in standard operating prm- 
dure (SOP) documents. Consistent use of SOPS 
in the field and laboratory ensure that sampling 
and analytical errors are minimized. 

Methods necessary to conduct toxicity and 
bioaccllmulation evaluations may include the 
following: 

Sieving, 

Combustion; 

rn Gravimetry; 
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Table 132. Sample-Collectlon Requirements 

Water Samdee Sedlment SamDlee 

Dlsposal Dndglng Dredglng Reference 
Slte Slte Control’ Slte Slte 

ler 11 
Water Column 

Screen 0 
Etutriate 0 

0 
0 

0 0 

ler I1 
Benthic 0 0 

ler 111 
Water Column Ob 0 

ler 111 
Benthic 0 O 0 

ler IV 
Water Cdumn n O 0 

Isr IV 
Benthic 0 n 

’May or may not have to be fieldcollected. 
bDilution water; dlsposal-site water, artificial water, or clean seawater. 

’ -  

, 

Gas chromatography (GC); 

Electron-capture detection (ECD), 

Mass spectrometry (MS); 

Graphite furnace atomic absorption spec- 
troscopy (GFAAS); 

Atomic absorption spectroscopy (AAS); 

Inductively coupled plasma (ICP) tech- 
nique; 

96-h elutriate toxicity bioassays; 

10day whole-sediment toxicity bi+ 
=Y s; 

8 loday whole-sediment bioaccurnulatioa 
tests (for trace-metals analysis only); and 

rn B d a y  whole-sediment bioaocumulatioa 
tests. 

Project-specific methods neccssaty to 
conduct Tier IV water-column and benthic 
evaluations may include laboratory and/or field 
evaluations of long-term toxicity or bioac- 
cumulation effects of the dredged material, 
such as the following: 

8 Population-survival assessments; 

m Community-cbange assessments; and 

Reproduction assessments. 
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13.2.1.23 Types of Data Required 

AS disarssed in  section^ 13.2.12.1-13.2.1.2.4 
above, data required to conduct the W C  evalua- 
tions may include the following: 

Physical sediment data; 

Organic- and inorganic-chemistry sedi- 
ment data; 

Organic- and inorganic-chemistry sedi- 
ment-elutriate data; 

Physical-oceanography data; 

Bioassay data; 

Bioaccumulation data; and 

Field species data. 

13.2.1.2.4 Necessary Hardware and Skills 

’Ibe bardware and skills necessary to condud 
1991 Green Book evaluations are relatively spe- 
cialized. Many federal, state, and contract labora- 
tories have capabilities to condud most or all of 
the neceSSary evaluations. However, to conserve 
time and resources, field sampling, laboratory 
work, data management, and analysis of the re- 
sults are often amducted by separate organizations 
according to aptitude, cost, and scheduling 
parameters. 

The general categories of capabilities ne~es- 
sary to reach a Tier III dredged-material Ipc 
compliance determination are the following: 

8 Regulation and literature research; 

Field sampling at the dredging site, dis- 
posal site, and reference site; 

rn Physical analysis of sediment samples; 

rn Trace-metal (chemical) analysis of water 
and sediment samples; 

8 Organicampound (chemical) analysis of 
water and sediment samples; 

8 Numerical modeling for initial-mixing 
analysis; 

ples; 
8 Toxicity bioassay testing of elucriate sam- 

8 Toxicity bioassay testing of wboleaedi- 
ment samples; 

8 Bioaccumulation testing, 

8 Chemical analysis of tissue samples; 

8 Statistical analysis of test resultq 

8 Quality-assurance implementation 
(throughout evaluation); and 

rn Compliance determination. 

13.2.1.3 Lkwnentaiion 

’fhrougbout the 1991 Green Book, r e f e m a s  
are provided for the recommended sampling and 
testing methods, data analyses, QA procedures, 
and additional testing guidanae. For convenience 
to manual usen, a aopy of the US. Ocean h p  
ing Regulations (40 CFR Parts 220-2243) is includ- 
ed in the 1991 Green Bookas Appendix A 

Information on documentation and record- 
keeping is interspetsed throughout the testing 
guidance. Records ensure that all arpeaS of the 
field and laboratory work are documented so that 
the resulting data may be properly interpetea 
Dredged-material test data may be rejeded if tbeir 
history cannot be confidently traced. 

13.2.2 Applkability of Metbod to Horn811 
Health, Marine We, or Wildlife 
Protection 

The effects-based guidance provided in the 
1991 Green Book is directly applicable to the 
protection of human heallb, marine life, and 
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wildlife because it is based on determining LPC 
compliance. If the testing shows that either the 
LPC for the water-column or benthic environ- 
ment will be exceeded, ocean disposal for the 
proposed dredged material is not supported. In 
40 CFR 227.27(a), the LPC is defined as the 
concentration of the iiquid phase of the dredged 
material that will not exceed either the estab- 
lished WQC or 1 peroent of the acutely toxic 
concentration following the initial-mixing phase 
(initial mixing is defined in 40 CFR 229.29). In 
40 CFR 227.27@), the LP(s for the suspended 
particulate and solid phases are defined as those 
concentrations ", . . that will not cause unrea- 
sonable acute or chronic taxicity or other suble- 
thal adverse elifects based on bioassay results 
using appropriately sensitive marine organisms 
. . . or will not came accumulation of toxic 
materials in h e  hwnan fd chain." 

The tiered-testing procedure in the manual 
establishes a conservative, yet workable, deci- 
sion-making process for environmentally protect- 
ive dredged-material management. Dredged 
material that poses no risk of adverse impact is 
readily supported for ocean dispbsal early in the 
procedure (i.e., Tier I or 11). Dredged material 
&at has unknown impact potential is evaluated 
to the level required to make a definitive LPC 
compliance determination. Only dredged male- 
rial that is shown to meet both the watercolumn 
and benthic LPC through state-of-the-art analyti- 
cal techniques is supported for open-ocean 
disposat. 

13.23 Ability of (be Testing lo Gtnemte 
Numerical Criteria for SpceUk 
Chemicals 

The physical, chemical, and biological data 
generated by the Tier II, 111, and IV tests can be 
used 40 field-validate SQC that are presently 
under development. The state-of-the-art samp 
ling and analytical techniques contained in the 
1991 Green Book guidance will provide for in- 
creases in method reproducibitity, confidence of 
the test data, and utility to SQC research and 
development projects. 

133 USEFULNESS 
U3.1 EnvhnmenW ApplicPbUty 

The guidance in the 1991 Green Book is 
suitable for dredged material regulated undet 
MPRSA because it is based on biologicaleffects 
testing, which takes into account synergistic, 
antagonistic, and additive effects of all mntami- 
nants in the material. "lis approach includes 
both water-column and benthic impad, and 
8ssesses both toxicity and bioaccumulation. 
Adaptations of the guidance are also being a p  
plied to nearshore and Great L e k s  dredge dis- 
posal projeds, and the tiered testing framework 
may serve as a model for sediment assessm'emts 
under other regulatory and nonregulatory 
programs- 

13.3.1.1 Suitability for Diflerent Sediment ' 
q P  

Except for extremely coarse- or angular- 
grain sediments, the tiered-testing approach is 
suitable for all sediment types. The test organ- 
isms recommended in the manual are suitable 
for most medium- and fme-grain dredged mate- 
rial. If tbe dredged material being tested is 
composed of very coarse sediments, or the 
dredged material has other physical properties 
that are potentially incompatible with recom- 
mended test species, alternative organisms may 
be used if they meet 40 CFR 227.27(c) and are 
ecologically relevant to the disposal site. Al- 
ternative test organisms may also be ncassary 
to avoid grain-shape insensitivities when using 
sediment-ingesting organ isms. Noncontam i- 
aant-related mortality has been linked on at 
least one occasion to internal organism damage 
that was caused by highly angular sediment of 
moderate grain size (Oakland Harbor sediment; 
Word et d., 1990). Sample handling and 
chemical extraction of very coarse-sediment 
dredged material can also cause analytical 
problems. 

In general, few analytical problems uc 
caused by sediment type. Grain-size problems 
occur rarely because (1) most large-grain-size 
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sediment contains few contaminants and meets 
tbe LPC in either Tier I or 11, and (2) the 
tiered-testing procedure is relatively flexible 
and allows for alternative evaluation methods. 

13.3.1.2 Suitability for Different Chemicals or 
Clrrsses of Chemical Canrominanls 

Since the guidance in the 1991 Green Book 
uses efleds-based tests, it does not rely on the 
explicit identification of contaminants for de& 
sion-making. However, the guidance is suitable 
for detecting and quantifying a wide range of 
organic and inorganic chemicals. In Tier I of the 
testing procedure, target analytes are determined 
for the proposed dredged material. If contami- 
nation is suspected, but specific contaminants 
cannot be isolated in the Tier I evaluation, the 
manual recommends that the dredged material be 
scanned for a broad spectrum of contaminants. A 
list of 131 potential target analytes is provided in 
Table 9-1 of the 1991 Green Book, Priority Pol- 
lutant and 301(1) Pesticides fisted According to 
Structural Compound aass. 

Extensive guidance for laboratory analysis of 
organic and inorganic compounds is provided in 
Seaion 9 of the manual, Phjsical Analysis of 
Sediment and Chemical Analysis of sediment, 
Water, and Tissue Samples. Target analytes for 
the water and tissue analyses are the same as 
those for whole-sediment analyses. Guidance is 
also provided in Section 9 of the manual for 
minimizing salt interferences with the cbemical 
analyses. 

13.3.1.3 Sudability for Predicting Eflecrs on 
Different Organinns 

All four tiers of the tiered-testing procedure 
consider effects on marine organisms that are 
representative of organisms that are indigenous to 
ODMDSs and have known impad toleranoes. In 
Tier I, information on the proposed &edged 
material’s effect on laboratory and indigenous 
species is. analyzed. In Tier 11, the theoretical 
bioammulation potential (TBP) for nonpolar 
inorganic contaminants in the dredged material is 
calculated and compared against lhat of the refer- 

ence site. In Tier 111, watercolumn toxicity, 
benthic toxicily, and beathic bioaccumulation are 
determined for ecologically relevant laboratory 
organisms. In Tier IVY case-specific bioassays 
and bioacaunulation studies are conducted 011 

laboratory and/or field organisms. 

13.3.1.4 Suitability for Jn-Place Pollutant 
Control 

Tbe 1991 Green Book was developed to 
determine water-column and benthic LPC com- 
pliance for proposed dredged material, not for 
in-place management of contaminated sediments. 
However, the physical, chemical, and biological 
tests that are recommended in the tiered-testing 
procedure are readily adaptable to nondredging 
management of sediments. 

The sediment data that are generated with 
the guidance in the manual must be of suffi- 
ciently high quality to develop LPC detemnina- 
tioas for the dredged material. If tbese data 
show that the dredged material does oot meet 
the LPC for OCean disposal, the same data are 

, readily adaptable to other sediment-management 
uses, including in-piace pollutant management, 

13.3.1.5 Suitability for Source Control 

The purpose of the detailed sampling and 
testing guidance in the 1991 Green Book is to 
fully characterize the dredged material that is 
proposed for ocean disposal. Although it is not 
the intended purpose, this characterization may 
be useful for controlling sources of contaminants 
that are entering the sediments. 

If portions of a proposed project exceed the 
Lpc, it benefits the applicant to isolate the com- 
pliant and noncompliant areas to economize 
management of the dredged material. For exam- 
ple, material that meets the LPC might be dis- 
posed of at an ObMDS and material that does 
not meet the LPC might disposed of upland. 
During the process of site characterization, coll- 
taminant gradients and source locations might be 
identified (such as occurred in New Bedford 
Harbor, Massachusetts) and remedial or enforce- 
ment adions can be directed 8s appropriate. 
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13.3.1.6 Suitability for Disposal 
Applica twns 

As discussed in Section 13.1 above, tbe 
guidance in the 1991 Green Book is used to 
conduct LPC evaluations, which are in turn 
used to support ocean-disposal management 
decisions. Tbe manual is not intended to pro- 
vide guidance on other disposal options avail- 
able to dredged-material managers. Some 
Ocean and nonocean disposal options may re- 
quire. additional or alternative analyses of the 
dredged material to reach decision points. 
Numerous other guidance manuals on dredged- 
material management are available from 
USEPA and the USACE. 

133.2 General Advantages and Limitations 

13.3.2.1 Ease of Use 

As discussed in Section 13.2.1 .above, the 
tiered-testing procedure is relatively flexible. 
The dredged-material evaluator can enter and 
exit the testing procedures at any lier. Howev- 
er, to begin the evaluation in Tier 11,111, or  IV, 
the data must satisfy the requirements of the 
earlier tier(s). The overall ease of use of the 
testing procedure depends on the evaluator's 
familiarity with the following: 

Federal regulations pertinent to 
dredged-material testing and disposal; 

Sources of existing dredged-material 
(sediment-quality) information; 

Sampling design; 

Numerical modeling; 

Physical, chemical, and biological 
testing; 

Statistical analysis; and 

Quality assurance. 

13.3.2.2 Relative Cost 

Tiers I, 11, 111, and lV are ordered by 
increasing complexity and cost. Tier I is rela- 
tively inexpensive and consists solely of as- 
sembly and analysis of existing information. 
Tier IV can be very expensive, consisting of 
case-specific toxicity and bioaccurnulation 
analysis, including extensive field and labora- 
tory studies. However, significant time and 
resources can be saved if the earlier tiers are 
completed to the maximum extent possible 
before proceeding to the later tier@). For ex- 
ample, an in-depth analysis of -grey literature" 
(university reports, etc.) might show the possi- 
ble existence of 'hot spots" within a project. 
The sampling plan could then be designed to 
appropriately sample these areas of wncem 
during a single sampling event, thereby saving 
tbe time and expense required to conduct addi- 
tional sampling at a later time. Similarly, 
money and time will be saved if LPC compli- 
ance for nonpolar organic contaminants can be 
shown in the Tier I1 TBP calculation rather 
than in the Tier III laboratory testing and 
analysis. 

As all dredging'projeds contain case-spe- 
cific components, it is difficult to estimate the 
overall cost of a typical dredged-material anal- 
ysis. USEPA and the USACE predid that the 
updated methods in the manual would not 
cause a significant increase in evaluation ex- 
penses and actually might lead to lower testing 
costs because LPC determinations might be 
achieved earlier in the testing process, thereby 
making full-scale bioassay and bioaccumulation 
laboratory tests unnecessary. Also, as the 
recommended analytical methods become re- 
fined, market pressures will force costs lower. 

13.3.2.3 Tendency to Be Conservative 

As discussed in Section 13.22 above, the 
tiered-testing procedure is very protective of 
human health and the marine environment. It 
is a sequential and comprehensive analysis of 
the proposed dredged material's biological 
effects, as shown by previous studies, model- 
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ing, and laboratory testing. However, the 
tiered-testing procedure is an =expert system"; 
that is, the product of the procedure (LPC com- 
pliance determination) is only as good as the 
information that is integrated into it. 

To reach a defensible and ecologically 
sound LPC evaluation, high-quality information 
is required. "here is risk of an inaccurate com- 
pliance determination if incomplete or inac- 
curate information is used, or if good informa- 
tion is misapplied. The regulations and numer- 
ous references in the manual should be consult- 
ed, and well-trained and experienced evaluators 
should be involved throughout the decision- 
making process. 

13.3.2.4 Level of Acceptance 

The 1991 Green Book is the official 
USEPANSACE guidance manual for deter- 
mining the suitability of dredged material for 
Ocean disposal. During the development of the 
updated manual, comments from USEPA and 
USACE Headquarters, USEPA Regions, 
USACE Districts, other federal agencies, port 
authorities, special-interest groups, and the 
general public were solicited, received, and 
addressed as appropriate. In 1990, USEPA and 
the USACE conducted a public meeting on the 
document' and held six regional training ses- 
sions' on the updated methods. The final 
manual is the product of extensive USEPN 
USACE dredged material program experience, 
current state-of-the-art testing methods, and 
review by a wide array of individuals and 
agencies. 

13.3.2.5 Ability to Be Implemented by 
Laboratories with Typical 
Equipment and Handling Facilities 

Many evaluations recommended in the 
1991 Green Book, particularly for organic and 
chemical analysis, require standard laboratory 

equipment and handling facilities. However, 
some laboratories have difficulty attaining 
accurate and precise test results for low con- 
taminant concentrations. Agency and contract 
laboratories that presently do not have the 
capabilities to condud precise analyses will 
have to make significant investments in q u i p -  
ment, personnel, and training. It s expected 
that contract laboratories will choose to special- 
ize in only a few methods to be efficient and 
competitive in the dredged-material testing 
market. Quality assurance (QA) program de- 
velopment, although not quipment-intensive, is 
also a necessary and significant investment for 
testing laboratories. QA programs are neces- 
sary to ensure that sample and data integrity 
are of sufficient quality and defeasible. -, 

13.3.2.6 Level of Effort Required to 
Generate Results - 

The overall level of effort necessary to 
conduct dredged-material analysis is compar- 
able to that required by the preceding guidance 
(1977 Green Book). The level of effort is 
relatively low in Tier I and relatively high in 
Tiers In and TV. 

13.3.2.7 Degree to Which Results Lend 
Themselves to Interpretation 

The analysis of raw data that are generated 
during the tiered-testing procedure is relatively 
complex, especially for bioassay and bio- 
accumulation test data. Interpretation of results 
is specifically described and decision points 
and values, are clearly defined in the 1991 
Green Book. Section 13 of the manual, Statis- 
tical Methods, presents guidance for handling 
the following: 

rn Unequal numbers of experimental aui- 
mals assigned to each treatment con- 
tainer or lass of animals during the 
experiment; 

'Washington, DC. 
%anagansett, RI; Gulf Breeze, 
port, OR; San Frsnosco, CA; and Washington, DC. 

Vidcsburg, MS; Ney- rn Unequal numbers of.replications of the 
treatments (i.e., containers or aquaria); 
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Measurements scheduled for selected 
time intervals but actually performed at 
other times; 

Different conditions of salinity, pH, 
dissolved oxygen, temperature, etc., 
among exposure chambers; and 

Differences in placement conditions of 
the testing containers or in the animals 
assigned to different treatments. 

USEPA and the USACE are presently develop- 
ing software and additional guidance to facili- 
tate data interpretation for dredged-material 
evaluations. 

13.3.2.8 Degree of Environmental 
App Iica biiity 

The USEPAAJSACE (1991) effects-based 
approach used to evaluate marine sediments has 
wide environmental and regulatory applicabil- 
ity. The approach uses test organisms that 

Are sensitive to impact; 

Are reasonable representatives of indi- 
genous ODMDS species; 

Fulfill the species categories required 
by 40 CFR 227.27(c,d); 

rn Have extensive test databases; and 

Are hardy enough to withstand labora- 
tory procedures. 

Alternative test species that meet the guidance 
in the- 1991 Green Book may be used to avoid 
testing problems such as grain-size tolerance 
and seasonal availability. Complete elucidation 
and quantification of all chemical components 
in the sediment are useful, but not required, for 
regulatory decision-making. The overall 
approach is environmentally conservative and 
relatively economical. 

One feature of the 1991 Green Book guid- 
ance posing environmental limitations is the 
numenail modeling that is used in Tier I and II 
water-column evaluations. The ADDAMS 
models are not suitable for calculating water- 
column impacts at disposal sites that are 
extremely shallow (i.e., where the discharge 
period from the disposal vcssel is longer than 
the descent time to the bottom). Additionally, 
there is some uncertainty about the applicabil- 
ity 'of the models for extremely deep (>200 m) 
ODMDSs. 

13.3.2.9 Degree of Accuracy and ReciSbu 

The 1991 Green Book guidance strongly 
emphasizes the importance of a comprehensive 
QA program to achieve sufficient data quality 
during the tiered evaluation proccss. QA issues ' 
are addressed in subsections throughout the 
data-generation sections of the manual, m d  
Section 13, Quality-Assurance Consideration, 
gives guidance on the structure and compo- 
nents of QA programs and dataquality 
assessment. 

The general guidance for QA program de- 
velopment includes information on field and 
laboratory sample handling, personnel training, 
and documentation. For chemical analyses, the 
guidance recommends appropriate use of meth- 
od blanks, procedural blanks, matrix 
spikehatrix-spike duplicates (MSSD), m d  
standard reference materials (SRM) to deter- 
mine accuracy and precision of the data. For 
biological testing, the importance of control- 
sediment tests, reference-site tests, and refer- 
ence-toxicant testing is discussed. 

U A  STATUS 

n.41 EacntofUa+ 

'Ibt 1991 Green Book guidance will be rp 
plied to all cvaluatioas for dredged material that is 
pposed fa disposal outside the baseline of the 
tenitorid sea (non-state waters). Until completion 
of oagoing work OII a national tcsting manual fa 
dispasal shoreward of the baseline of the tenitaial 
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sea (Clean Water A d  M i o n  404 waters), porlions 
of the Green Book guidance are also expeded to 
be applied to nearshore and internal-water 
dredged-material disposal projeds in the United 
states. 

13.4.2 Extent to Whkb the Appmcb Has 
Been FieId-Vddated 

Large portions of the tiered-testing procedure 
for dredged material have been field-validated 
since the publication of tbe original guidance in 
19n by ongoing state and federal dredging p m  
grams. Several large-scale, long-term 
USEPANSACE projects in the New England and 
West Coast regions have applied and improved on 
(he methods in the 1977 manual. "be guidance in 
&e 1991 Green Book contains methods proven for 
marine sediment analyses, developed for national 
testing consistency, and organized into tiers for 
efficient compliance determination. Tbe tiered 
approacb for environmental monitoring of aquatic 
cccuystems is strongly recommended by the 
Nationaf Research Council (NRC, 1990). 

13.43 Reasons for United Use 

Only extreme time and resource constraints 
(national emergencies, etc.) would limit the use of 
the guidance in the manual. Most of the reaxn- 
mended procedures ,are already widely applied. 

13.4.4 Outlook tor Future Use and 
Development 

USEPA and the USACE will continue to 
support and apply the guidance in the manual botb 
nationally and regionally. Ongoing public and 
private research and development of evaluation 
methods will continue to expand federal and state 
dredgurg-program experience. 
ne manual will be revised at a future date 

based on (1) the finding of an EPA SAB review 
(SAB, 1992); (2) technical advances in assessing 
sediment contamination and marine environmental 
impact; and (3) cbanges to the Ocean Dumping 
Regulations. 
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Sediment quality criteria based on multiple 
methods have been recommended for broad 
applications in the United States (USEPABAB, 
1989; Adam et al., in press). The approach used 
by the National Status and Trends Program 
(NSTP) of the National Oceanic and Atmospheric 
Administration (NOM) to develop informal, 
effeds-based guidelines involves the identification 
of the ranges in chemical concentrations associat- 
ed with biological effects based on a weight of 
evidence from many studies. In this approach, the 
data for many chemicals are assembled from 
modeling, laboratory, and field studies to deter- 
mine the ranges in chemical concentrations that 
are rarely, sometimes, and usually associated with 
toxicity. The data from many of the studies of the 
individual approaches desaibed elsewhere in this 
document are compiled and examined to develop 
no-effects, possible-effects, and probable-effeds 
ranges (Figure 14-1). 

14.1 SPECIFIC APPLICATIONS 
14.1.1 Current Use 

The NSTP Approach was used initially to 
develop informal guidelines for use by the Nation- 
al Status and Trends (NS&T) Program (Long and 
Morgan, 1990; Long, 1992). N O M  analyzes 
sediments from numerous locations nationwide as 
a part of its monitoring program. The guidelines 
were developed as tools for identifying locations 
in which there is a potential for toxicity to living 

resources for which N O M  is the federal steward. 
Areas in which chemical concentrations often 
exceeded the guidelines were identified as high 
priorities for investigations of toxicity with biolog- 
ical tests. 

Environment Canada evaluated many candi- 
date approaches to the development of sediment 
quality guidelines and elected to develop its 
national guidelines using the NSTP Approach 

. (MacDonald and Smith, 1991; MacDonald et 01, 
1991). The Florida Department of Environmental 
Regulation elected to use the NSTP Approach to 
develop state sediment quality guidelines as a part 
of its sediment management strategy (MacDonald, 
1W). The California Water Resources coatrot 
Board will use the NOAA guidelines in its initial 
evaluations of ambient chemical data. Following 
that step, data from field studies, laboratory 
bioassays, and equilibrium partitioning models 
will be used to develop sediment quality objec- 
tives (brenzato et ol., 1991). Fiially, the Inter- 
national Council for Exploration of the Sea Srudy 
Group on the Biological Significance of Contami- 
nants in Marine Sediments has eleaed to adopt 
the NSTP Approad in the development of guide- 
lines for participating nations (Dr. Herb Windom, 
Working Group on Marine Sediments, ICES, 
personal communication), 

Guidelines developed with the NsrP A p  
proach were used by N O M  to identify chemicals 
that ouaured in concentrations that were suffi- 
ciently high to warrant concern and to idmtify 
sampling sites and areas in which there was a 
potential for toxicity ( h n g  and Morgan, 1990; 
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Long et al., 1991; b n g  and Markel,' 1992). It 
was presumed that the potential for toxicity was 
relatively high in areas where numerous chemicals 
exceeded the upper bounds of the guidelines. 
Likewise, it was assumedthat the potential for 
toxicity was relatively low in areas wbeae none of 
the chemical concentrations exceeded the lower 
bounds of the guidelines. In those regions wilh 
the highest potential for toxicity, NOAA has 
implemented regional suweys of toxicity, using B 

battery of biological analyses and tests. 
Also, N O M  has used the guidelines in 

assessments and prioritization of hazardous waste 
sites (Dr. Alyce Fritz, N O M  Hazardous Materials 
Response and Assessment Division, personal 
communication). Other agencies and consultants 
have used the guidelines as a means of placing 
ambient chemical data into perspective with 
respect to the potential Cor toxicity (for example, 
Squibb et al., 1991 for New York/New Jersey 
Harbor; Mannheim and Hathaway, 1991 for 
Boston Harbor; Soule et al., 1991 for Marina Del 
Rey). 'Ibe Florida Department of Environmental 
Regulation has used the guidelines as informal 
tools for interpreting ambient chemical data and 
for identifying regional priorities for sediment 
quality management (MacDonald, 1992). 

14.13 Potential Use 

Potential uses of the guidelines are as follows: 

Identification of potentially toxic chemi- 
cals in ambient sediments; 

Ranking and prioritization of areas and 
sampling sites for further investigation; 

Assessment of potential ecological haz- 
ards of contaminated sediments; 

Design of spiked-sediment bioassay ex- 
periments; 

Description of the kinds of toxic effects 
previously associated with specific con- 
centrations oC chemicals; 

Quantification of the relative likelihood of 
toxicity over specific ranges in chemical 
concentrations; and 

Identification of the need for sediment 
management initiatives. 

14.2 DESCRIITION 

1 4 2 1  Description of Method 

The NsrP Approach invokes a simple evalu- 
ation of available data to identify three ranges in 
concentrations for eacb chemical: 

rn No-Effeds Range: The range in ooncen- 
trations over which toxic effeds are rarely 
or never &sewed, 

rn PossiMe-Effeds Range: "le range in 
concentrations over which toxic effeaS 
are occasionally observed, and 

Probable-Effeds Range: 'Ibe range in 
concentrations Over which toxic effects 
are frequently or always observed. 

These ranges are identified by evaluating 
information from numerous studies in which 
matching biological and chemical daUi were 
developed. The specific steps in the method are: 

Compile matching chemical and biologi- 
cal data from laboratory spiked-sediment 
bioassays, qu i1  Mum-partitioning mod- 
els, and field studies and determine the 
chemical concentrations associated with 
no observed effects and those associated 
with adversk cffecls. 

Enter the data into a database, including 
the type of biological test performed, the 
adverse effecqs) measured, the chemical 
concentrations associated with observa- 
tions of either effects or no effects, the 
type of study metbod and approach, and 
the degree of concordance between the 
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measure of effects and the concentration 
of the chemical. 

(3) For those analytes for which sufficient 
data exist, prepare data tables sorted 
according to ascending cbemical concen- 
trations. 

(4) Arithmetically determine the no-effects 
range, possible-effects range, and prob- 
able-effects range for each chemical. 

The steps taken to select and screen candi- 
date data sets are described in Section 
14.2.1.2.3. The approach is intended to encour- 
age periodic updates as new data become avail- 
able. 

'Avo slightly different methods have been 
used to determine the three chemical ranges. 
First, two percentiles in the chemical concentra- 
tions associated with toxicity were derived by 
Long and Morgan (1990): the lower 10th per- 
centile and the 50th percentile (median). The 
lower 10th percentile was identified as the 
Effects Range-Low (ERL), and the median was 
identified as tbe Effects Range-Median (ERM). 
In their evaluation of the ascending data tables, 
Long and Morgan (1990) used only the chemical 

' concentrations that had been associated with 
toxicity (i.e., the "effects" data). The conceptual 
basis for this approach and the three ranges are 
illustrated in Figure 14-2. 

Later, MacDonald (1992) identified the three 
ranges wikh a method that used both the concen- 
trations associated with biological effects (the 
"effects" data) and those associated with no 
observed effects (the "no-effects" data). In this 
method, a tbreshold effects level (TEL) was 
calculated first as the square root of the product 
of the lower l5tb-percentile concentration asso- 
ciated with observations of biological effects 
(the ERL) and the 50th-percentile concentration 
of the no-observed-effects data (the NER-M). A 
safety factor of 0.5 was applied to the TEL to 
define a No-Observable-Effects Level (NOEL). 
Next, a Probable-Effects Level (PEL) was 
calculated as the square root of the product of 
the 50th-percentile concentration of the effects 

data (the ERM) and the 85th-percentile concen- 
tration of the no effects data (the NER-M). 

Neither of these methods is preferred or 
advocated over the other. The significant fea- 
ture of this approach is the use of a weight of 
evidence developed in the ascending tables, not 
in the specific method of using the data tables. 
In addition to the two methods described here, 
many others could be applied to the ascending 
data tables to derive guidelines. The method 
used by MacDonald (1992) considered both the 
"effects" end "no-effects" data, whereas that of 
Long and Morgan (1990) used only the "effects" 
data. Different percentiles in tbe ascending data 
were used in tbe two methods. Despite these 
differences in the methods, the agreement be- 
tween the NOEU and ERLs and between the 
PELS and the ERMs was very good, usually 
within a factor of 2. 

In both documents, the lower of the two 
guidelines for each chemical was assumed to 
represent the concentration below which toxic 
effects rarely occurred. The range in concentra- 
tions between the two values was that in which 
effects occasionally occurred. Toxic effects 
usually or frequently occurred at concentrations 
above the upper guideline value. 

As an example, .Figure 14-2 compares the 
frequency distribution of toxic effects and no- 
effects data associated with concentrations of 
naptbthalene to the ERL and ERM concentra- 
tions for naphthalene. Long and Morgan (1990) 
reported the ERL as 340 ppb dry wt. and the 
ERM as 2100 ppb dry wt. for naphthalene, 
based on an ascending data table of 49 data 
points. These guidelines defined three ranges of 
chemical concentrations: the no-effects range 
(0-340 ppb); the possible-effects range 
(340-2100 ppb); and the probabIe-effects range 
(>2100 ppb). Only 10.5 percent of the chemical 
concentrations below the ERL were associated 
witb toxic effects; suggesting that toxicity is 
unlikely below the ERL concentrations. In 
contrast, 81 percent of the chemical concentra- 
tions between the ERL and ERM values were 
associated with the toxic effects and 93 percent 
of the data points were associated with toxicity 
at concentrations above the ERM value. 

~~ 
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14.2.1.1 Objectives and Assumptwns 

The objective of the NSTP Approach is to 
provide informal, effects-based guidelines that 
are based on a weight of evidence and reported 
as ranges in concentrations. Tbe guidelines are 
based on chemical concentrations associated 
witb measures of biological effects, thereby 
providing toxicological and/or biological releva- 
nce to the guidelines. They are based on data 
from multiple studies and research methods, thus 
providing a weight of evidence. In recognition 
of the variability in the kinds of data tbat are 
available, the y are presented as ranges, instead 
of absolute values, thereby providing a flexible 
interpretive tool with broad applicability. They 
arc presented along with all of the supporting 
evidence in ascending tables, providing the user 
an intcrpretive framework for comparison with 
ambient data. 

In this approach it is assumed that the data 
from all individual studies arc equal in weight and 
credibility, although they may have involved very 
different methods and test endpoints. It is as- 
sumed that the metbods used by the individual 
investigators were reasonably accurate. Most 
important, it is assumed that as h e  concentrations 
increase, the potential for toxicity also increases, 
thereby providing a conceptual basis for identify- 
ing the ranges in concentrations frequently associ- 
ated with no toxic effects and those frequently 
associated with toxic effects. The guidelines can 
be formulated to account for site-specific factors 
that control bioavailability (see Section 14.3.1.1). 

14.2.1.2 Level of Eflort 
14.2.1.2.1 Type of Sampling Required 

The NST" Approach relies on the use of a 
database cornpiled from a wide variety of sedi- 
ment quality assessments. The database currently 
contains over 800 enuies generated by the three 
major approaches to the establishment of effects- 
based guidelines: equilibrium-partitioning models; 
laboratory spiked-sediment bioassays; and various 
assessments of matching, field-collected, sediment 
chemistry, and biological effects data. The NSTP 

Approach was specifically designed to use existing 
data, therefore eliminating or minimizing the need 
for additional sampling. However, evaluation of 
the regional applicability of the guidelinks could, 
in some cases, require further site-specific investi- 
gations, the magnitude of which could vary con- 
siderably. 

14.2.1.2.2 Methods 

The metbods for deriving numerical sediment 
quality guidelines using the NSTP Approach are 
summarized in Sedion 14.2.1. Also, these meth- 
ods are described by Long and Morgan (1990) and 
MacDonald (1992). 

14.2.1.2.3 Types of Data Required 

The NSTP Approach was intended to integrate 
a diverse assortment of information into a single 
database to support the derivation of numerical 
guidelines. Consequently, data from numerous 
modeling, laboratory, and field studies were 
collated into one database. Ideally, the database 
used to establish guidelines should include entries 
from all three of these types of approaches. 
Suitable data were available from a wide variety 
of sources. While collection and analysis of these 
data sets were labor-intensive, subsequent, incre 
mental updates of the database should be relative- 
ly simple and inexpensive. 

The data compiled from numerous studies 
were entered into the Biological Effects Database 
for Sediments (BEDS) by MacDonald (1992). All 
of the compiled data were fully evaluated prior to 
incorporation into the BEDS to ensure internal 
consistency in the database. The screening proce- 
dures used to support the development of the 
BEDS were designed to ensure tbat only relevant 
and highquality data were used to derive the 
guidelines. No subjective biases were employed 
in screening the data; as many sources of data 
were included as possible. Candidate data from 
each study were evaluated to determine the ac- 
ceptability of the experimental design, the test 
protocols, the analylical methods, and the statisti- 
cal procedures that were used. Only data in which 
there were matched measures of sediment cbemis- 
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try and biological effects were included. Tbe 
database included only those data in which either 
statistically significant biological results were 
obtained or in which major differences in the 
biological results between samples were reported. 

The BEDS currently includes over 800 data 
entries, mainly data from studies performed 
throughout North America. It was developed 
jointly by N O M ,  Florida Department of Environ- 
mental Regulation, Environment Canada, and 
MacDonald Environmental Services Lrd. 

In the evaluation of candidate data from field 
studies, only those data were used in which at 
least a 10-fold difference in the concentrations of 
at least one chemical among the samples was 
reported. Once his criterion was met, the data 
from many of the field studies were evaluated to 
determine the mean chemical concentrations in 
toxic samples (i.e., significantly different from 
controls) and those in nontoxic samples or in 
samples with relatively depauperate benthic com- 
munities (i.e., those with low abundance or species 
richness) versus those with more robust communi- 
ties. Further, those mean concentrations in biolog- 
ically affected samples that exceeded by twofold 
or more the mean concentrations in the back- 
ground, reference, or nonaffected samples were 
assigned an asterisk in the ascending tables. The 
asterisks symbolized that a biological effect was 
noted and that there was a strong association 
between the chemical gradient and the biological 
gradient. Concentrations associated with nontoxic 
reference conditions were noted as "no effects." 
Those in wbich tbere was no concordance between 
the measures of effects and chemical concentra- 
tions were noted as "no gradient" or 'no concor- 
dance." Tbe concentrations derived in the model- 
ing and spiked-sediment bioassays were always 
assigned asterisks. The concentrations with 
asterisks were used as "effects" data by both Long 
and Morgan (1990) and MacDonald (1992). 

14.2.1.2.4 Necessary Hardware and Skills 

The primary skills required to derive guidelines 
are associated with the development of tbe database. 
Expertise is required to evaluate the suitability of the 
biological and chemistry data, using the screening 

uiteria. This process requires experience in the 
evaluation of sediment data and the methods that 
were used to develop the data. 

The database bas been developed m a personal 
computer and is readily transfaable to other sys- 
tans, but requires knowledge of the use of a am- 
puter. 'Ibe database provides a means of storing 
and accessing all of the information that dates 
dfeanical concentrations to adverse biological ef- 
feds. Tbis information can be manipulated in this 
environment or exported into otba formats. 

14.2.1.3 A&quacy of Docrmrentatim 

"be NSrP Approach was documented by h g  
and Morgan (1990), in which the approach 'was 
peer-reviewed both within and outside NO& A 
second printing of the document was hued in 1992, 
following m e r  review. A synapsis of the ap 
proach was d e s a i i  in a scientific journal (Long, 
1992). ' h e  approach bas been d e s u i i  orally in 
numerous technical and scientific forums. Mac- 
Donald and Smith (1991) and MacDonald er d. 
(1991) d m i  the application of the approach in 
the development of guidelines far Canada. Mac- 
Donald (1992) d e s u i i  the use of the approach in 
a statewide sediment management strategy for 
Florida. 

14.22 Applkability OCMetbod to Humm 
Health, Aquatic Ue, or WildWe 
Protocrion 

'IEe guidelines are inmded to provide an esti- 
mate of the potential for ahverse biological e€f& of 
sedimentgssociated contaminants oo benthic organ- 
isms, based on a weight of evidence from analyses 
wormed with multiple spedes anWor biological 
communities. They accunmodate and rely on the 
data fkom tests of acute and chronic toxicity and from 
analyses of benthic community strucbre. Tbe guide 
lines are basedon data fmm many diflerent areasand 
oceanographic regimes, thaeby broadening their 
applicabiity. aUrently, the data enlaed into the 
BEDS are fnrm mly marine and estuarine areas. 

Tbe guidelines pwide a means of  numerical)^ 
d a t i n g  the peroent frequency of biological effebr 
over the rhree ranges of a>rIOenhtianS. The asoend- 
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mg tables accompanying the guidelines a b  v i d e  
a supplementary basis for interpreting new ambient 
chemical data. Also, these tables provide a visual and 
statistical means of estimating tbe relative degree of 
-in9 in the guidelines. 

'ibe guidelines are not intended to be used for the 
proledon of human life or wildlife. Rather, they are 
intended to be USBd in mat ing  the pdential for 
adverse effects among benthic communities. 

Long and Morgan (1990) reported numerical 
guidelines for 41 chemicals, including 12 trace 
metals, 18 polynuclear aromatic hydrocarbons 
(PAHs), and 11 synthetic organic annpounds. 
MacDonald (1992) developed guidelines for 9 trace 
metals, tdal PCBs, 13 PAHs, 3 classes of PAHs, and 

CMlCepLuaUy, guidelines derived using this 
appach could be developed f a  any toxic chemical, 
provided sufficient data exist and provided tbe 
loxicity of the chemical is doseresponsive. h g  and 
Margan (1990) sssigned a high degree of d i d e n c e  
to @&lines for cbemicals for which data existed 
irom many different appoaches, different regions, 
and in which there was a good agreement in the dah 
ban different studies MacDonakl(1!392) calabted 
guidelines only for those chemicals for wbicb there 
was a minimum of 40 data points, after determining 
the minimum amwnl of data aecessary to calculate 
reliabk and consistent values. "bese minimum data 
requirements were established by iteratively calculat- 
ing guidelines using dab sets of increasing size (e.g, 
4 to 60 data points) and dekrmmn * ' g when the 
estimate of the guidelines stabilized. 

Zpestiddes 

143 UsErmLNESs 

143.1 Eavfroamental Appucfbruty 

143.1.1 ' SudabdUy for Dflerenl SedimerJ Typs 

' h e  NSI'P Approach can be applied equally to 
any sediment type that oocurs in hesbwater, estuarine, 
and marine environments. Shoe the database lhat 

-* L?---k*+- . 

wide variety of d imea t  types, the resuitant guide 
Lines are d d e r e d  to be widely applicable. 

supports the guidelines amtains infamation €icm a 

An 
increasing amount of informatia~ suggests that the 
bioarailability, an4 therefore, toxicity, of many 
amtaminants is amlroUd by sum laQrs as ' TW,  
AVS, and p i n  size. ?be BEDS ammUy BCC~CII- 

modates the data for tbese variables, 
quently, tbe guidelines amld be nmnalized to the 
sppoPiate fadas that a ~ t r o l  bicmvailability. 
H<lw~rer, insuffKjent information cummtly exists to 
derive guideliaes*tbat are expessed in tbese tern. 
It is antiapated tbat future revisions of tbe guidelines 

their applicability. 
Partly to increase the suibbility of tbe guidelines 

to different sediment types, they are e3tpressed as 
ranges in amcentralions, notabsolutes. I k s e  ranges 
w i d e  a basis for evaluating &bemid amcentratia~~ 
in the different types of sediments represented in the 
BEDS. In addition, the -ding data tables used to 
generate the guidelines can be examined b calcuhte 
Gquency distnbutiars of effeds and no tffeds 
within each range of concentrations. These fkqueacy 

ty of toxic effeds. 

ame- 

will be expresed in lhese tenrrs, thereby incregsirg 

dislnbutions on be used as estimates of the probabili- 

14.3.1.2 Suircrbility for Diflerent Chemicals 
or C h s e s  of ChemicaLr 

The approach can be applied to a wide variety 
of chemicals for which analytical methods are 
available. 'Ihus far, numerical guidelines have 
been developed by b n g  and Morgan (1990) and 
by MacDoaald (1992) for 43 and 28 cbemicals or 
classes of chemicals, respectively. Data are 
included in the BEDS for Over 200 chemicals of 
classes of chemicals. Guidelines could be devel- 
oped for all of tbese substances wbea sufficient 
information b e a m s  available. 

14.3.1.3 Suitabjljg for Predkhg Eflecfx on 
Diflerent Organisms 

Since the database compiled from many 
different studies is based on tests or analyses 
performed with many different species, the guide- 
lines are widely applicable to benthic organisms. 
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-da--&i’species studied in ea& invcstiga- 
tion is(are) listed in the database; therefore, 
species-specific applicability can be evaluated by 
tbe users. Furthermore, the ERL values often are 
based on data from relatively sensitive species or 
life stages, and, therefore, can be used as guide- 
lines suitable for the protection of sensitive spe- 
cies. 

143.1.4 Suitability for in-Place Pollutunt 
Control 

Numerical sediment guidelines developed 
using the NSTP Approach can be used in a variety 
of ways as a tool in pollutant control. Specifical- 
ly, these assessment tools respond to regulatory 
requirements by : 

. 

Providing a basis for evaluating existing 
sediment chemistry data and ranking areas 
of concern and chemicals of concern in 
terms of their potential for causing toxici- 
ty and 

D Identifying the need for further investiga- 
tions, such as biological testing, to sup- 
port regulatory decisions. 

As is the case with all of the other approaches 
that rely on data collected in the field, the guide- 
lines derived using the NSTP Approach integrate 
information obtained from studies of complex 
mixtures of contaminants and thereby consider 
their intetactive effects. Consideration of the 
effects of mntaminant mixtures is an advantage in 
the assessment of in-place pollutants in real-world 
conditions. However, tbis approach also relies on 
and gives equal weight to the data from equili- 
brium-partitioning models and laboratory spiked- 
sediment bioassays performed with single chemi- 
cals (see Sedion 14.2.1.1). 

143.1.5 Suitabiliv for Source Control 

A reasonable amount of confidence in sedi- 
ment quality guidelines is needed to justify using 
them in source control adions. Since the guide- 
lines are developed with a weigbt of evidence 

compiled from many different studies, they pro- 
vide a aedible and defensible basis for evaluating 
contaminants in mil-world amditions. ?be 
guidelines provide an efficient basis for identify- 
ing priority chemicals and piority areas that 
would benefit from sowce controls. In addition, 
the ascending tables provide a basis for estirnrthg 
the probability of observing adverse effects at sites 
of interest, reducing the probability of effeds 
through sou~ce controls, and evaluating the im- 
provements in sediment quality following the 
implementation of sou~ce control measures. 

14.3.1.6 Suitability for Dredged Material 
Disposal AppliCariOnr 

Neither the numerical guidelines nor the 
hmeworks that have been developed for their 
application are intended to replace accepted testing 
protocols for dredged material disposal evalua- 
tions. Nonetheless, these guidelines can provide 
relevant tools for estimating the potential for 
adverse biological elf& of contaminants asoci- 
a d  with solid-phase sediments. 

24.3.2.2 Eare of Use 

Tbe approach has the advantage of relying on 
existing dab. Therefore, guidelines can be devtl- 
oped relatively quickly and easily. 

’Tbe originat efforts by Long and Mogan (1990) 
and h4acDonald (1992) b assemble the databases 
used to develop the guidelines were lah-intmsive. 
Numerousrepotts and data scts were located, m d a  
huge amount of data was entered into spreadrhaets. 
However, these data now exist in a centraliz4 
amputerized database, the BEDS. Subscqucat 
derivations of guidelines based on iterative cxpan- 
dons of the BEDS database should be & a W y  
quick, easy, and inexpensive. 

Tbe guidelines arc easily used and in- 
Chemical data can be readily compared with the 
guidelines and with the asanding tables. The fre 
quency of cnxmencc of toxicity mer the ~ O ~ U A S ,  
possibleelfeds, and @ableeffects ranges can be 
calculated and compared with the chemical data 
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Sediments in which numerous cbemicals occur at 
concenuations that fall within the probable-effects 
ranges have a higher probability of being toxic than 
&ode in which most of the chemical concentrations 
arc witbin the no-effects range. llis type of simple 
interpretation makes the guidelines very easy to use. 

14.3.2.2 Relahw Cost 

The original effort of Long and Morgan (1990) 
involved rougbly one year of labor. The confma- 
tion and expansion of the database by MacDonaId 
(1992) involved more than another year of labor. 
n e  costs of subsequent iterations of the guidelines 
based on furtbcr expansions of the database would 
vary with the amount of data entered and the num- 
ber of chemicals. Tbe calculations of the guideline 
values hemselves are very simple and quick. Also, 
the guidelines can be used very quickly and easily. 

If the ne-y data are not available for entry 
into a database, then tbe cosls to generate &em 
could be relatively high. If initialed de m o ,  
modeling, bioassay, and field studies necessary to 
generate sufficient data could vary considerably in 
costs and time, depcnding on tbe amount of data 
needed. 

14.23 Tendency to Be Conservative 

The predidive capabilities of the guidelines 
have not been independently quantified. Tbe 
protectiveness of the guidelines could be inaeased 
by considering data only from chronic subletbal 
endpoints or by applying a numerical safety fador, 
such as was applied in the Florida guidelines Wac- 
Donald, 1992). Also, the guidelines would become 
more conservative if data were included only from 
areas in which toxicants were highly bioavailable. 

14.3.2.4 Level of Acceptance 

The NSTP Approach has been published by 
NOAA, following an in-house and outside peer 
review. It has been published in a peer-reviewed 
scientific journal. Tbe approacb has been used by 
Environment Qnada and Florida Department of 
Environmental Regulation in the development of 
lheir respective guidelines. .It has been adopted by 

a committee of the International Council for Explo- 
ration of the Sea for use by member nations. The 
slate of California bas adopted a similar approach to 
the development of sediment quality objectives 
(Loternto et ai., 1991). 

The numerical guidelines developed by use of 
the approacb have been used by N O M  to compare 
and ranktbe potential for toxicity at monitoring sites 
nationwide, within San Francisco Bay, and within 
Tampa Bay. Approximately 1500 copies of the 
report by Long and Morgan (1990) have been 
distriiuted. Users of tbe report have compared 
ambient concentrations with the guidelines in 
sssessments of hazardous waste sites, analyses of 
prospedive dredge material, evaluations of survey 
and monitoring data, and estimates of ecological risk 
(for example, Mannbeim and Hathaway, 1991; 
Soule et af., 1991; Squibb et ai., 1991). N O M  
routinely uses the guidelines in its s t h a t e s  of 
ecological risk at National Priority list hazardous 
waste sites. Tbe guidelines have been used as a 
basis for interpretation of chemical data in court 
cases. 

14.3.2.5 Ability to Be Implemented by 
Laboratories with Qpical 
Equipment and Handing Facilities 

The spreadsheets and database needed to 
generate the guidelines can be prepared with a 
personal computer and need not be very mompli- 
cated. Entry of data into the database and the 
generation of the ascending tables are very simple. 
The calculations of the guidelines can be per- 
formed manually, on a desk-top calculator or a 
personal computer. The database can be supple- 
mented with new data as they become available. 
Implementation of the approach can become more 
laborious and complicated if the necessary data 
must be generated de IWVO. 

14.3.2.6 Lswl of Eflorf Requked to 
Generate Resulrs 

As outlined in Section 14.3.2.2, the level of 
effort required in the development of the original 
set of guidelines was relatively high. Subsequent 
iterations of the guidelines for other purposes, 
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other chemicals, or for the same chemicals follow- 
ing additions to the database would be relatively 
easy. Entry of new data points from spiked- 
sediment bioassays, equ i I i bnu m -partitioning 
models, or apparenl effects tbresholds into the 
database would require only a few minutes. 
Manipulation of raw matching data from biologi- 
cal and chemical analyses performed in a field 
study would require from a few hours to several 
days, depending on the sue of the data set, fol- 
lowed by entry of the data points into the data- 
base. 

14.3.2.7 Degree to Which Resulfs Lend 
Themselves to Interpretation 

The guidelines and the ascending data tables 
on which they are based can be used in a number 
of ways. First, the data from analyses of ambient 
samples can be compared visually with the two 
numerical guidelines to determine whether the 
ambient concentrations exceed either of the guide- 
lines. Second, the ambient concentrations can be 
compared with the data in the ascending tables to 
determine the kinds of toxic effects that have been 
observed in previous studies at the concentrations 
of concern. Finally, the frequencies of toxicity in 
the no-effects, possible-effects, and probable- 
effects ranges can be used to predict the probabil- 
ity of toxicity associated with any contaminant 
concentration. 

The guidelines developed thus far with this 
approach do not account for the effects of factors 
that control bioavailability of the toxicants. This 
is not a weakness of the approach; rather, it is a 
weakness of the available data. Nevertheless, this 
weakness may hinder interpretation of ambient 
data with the guidelines. The BEDS database 
includes a provision for entering data from analy- 
ses of acid volatile sulfides and total organic 
carbon (and other potential normalizers) and, 
therefore, would lend itself to recalculation of 
guidelines normalized to these factors once Lhe 
necessary data become available. 

An important strength of tbis approach is that 
it provides the user some flexibility in the use and 
interpretation of the guidelines. All of the data 
are provided in ascending order for the user to see 

and evaluate. The degree of certainty in the data 
can be assessed and judged by the user. Ranges 
in concentrations are provided, instead of rigid, 
single absolute values. 

One of the most attradive features of this 
approach is the estimation of the probability of 
biological effects, based on the frequency distriiu- 
tions of effects for each chemical. For example, 
the data in the BEDS database indicate that only 
5.8 percent of the chemical concentrations within 
the noeffects range for cadmium (0 to 1 mglLg) 
determined by MacDonald (1992) were associated 
with adverse biological effects (Figure 14-3). 
These data suggest that there is a low probability 
of observing adverse effects within this range. 
Within the probable effects range for cadmium 
( ~ 7 5  m a ) ,  roughly 68 percent of the database 
entries were associated with adverse effects. 
These data suggest that there is a relatively high 
probability of observing adverse effects within this 
range. Positive concordance between frequency of 
effects and chemical concentrations should inspire 
confidence in the guideline values. 

Evaluation of the guidelines for mercury 
reveals that a lower level of confidence should be 
placed on the guidelines for this element. The 
data in the BEDS database indicate that within the 
noeffects range (0 to 0.1 rngflrg), roughly 7 
percent of the entries were associated with adverse 
effects (Figure 14-4). However, frequency distri- 
butions of effects are similar within the possible- 
effects range (0.1 to 1.4 mg/kg) and the probable- 
effects range (>1.4 mg/kg), namely 30.1 percent 
and 33.3 percent, respectively. Therefore, it is 
more difficult to adequately determine the unac- 
ceptable levels of mercury in sediments than with, 
say, cadmium. 

14.3.2.8 Degree of Envumental  
Applicability 

The guidelines are highly applicable to the 
interpretation of environmental data. They are 
generated with data from environmentally realistic 
field studies, as well as theoretical modeling 
studies and controlled laboratory experiments. 
They are generated with data from many different 
regions in which the mixtures and concentrations 
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of chemicals differ and in which sedimentological 
properties differ. They are generated with tests 
using different species with different sensitivities 
to toxicants. Tbey arc universally applicable in 
North America since they were generated with 
data from many regions in the United States and 
Canada. Confidence in the utilily of the guide- 
lines i s  inspired by the weight of evidence from 
these multiple studies. 

14.3.2.9 Degree of Accuracy and Precision 

By iteratively adding and removing different 
data sets from the ascending tables, MacDonald 
(1992) determined that a minimum of 40 data sets 
were needed to develop consistent and reliable 
guidelines. Clearly, some variability in the guide- 
lines is to be expected as data are added or delet- 
ed, but, once the minimum amount of data is 
cornpiled, this variability appears to be minimal. 

MacDonald (1992) generally doubled or 
tripled the amount of data in the ascending tables 
compiled by Long and Morgan (1990) mainly 
with new data from field studies and laboratory 
spiked-sediment bioassays. Also, MacDonald 
(1992) considered only estuarine and marine data, 
thereby deleting the freshwater data included in 
Long and Morgan (1990). Tbe effects on the 
guideline concentrations of eliminating some data 
and adding a substantial amount of new data are 
illustrated in Tables 14-1 and 14-2. The ERL and 
ERM values, based on the Long and Morgan 
(1990) data tables and the larger MacDonald 
(1992) tables, are compared by using the methods 
of Long and Morgan (1990) applied to both data 
sets. 

For 13 aromatic hydrocarbons, the average of 
the ratios betu;een the two sets of guidelines was 
1 5  (1.9 for tbe ERLs and 1.2 for the ERMs). For 
eight trace metals, the average of the ratios be- 
tween the two sets of guidelines was 1.7. The 
trace metals ERL values changed more than the 
ERM values (average ratios of 1.9 for the ERIs  
and 1.5 for the ERMs). 

Overall, 7 of the 23 ERL values did not 
change and the ratios between the two sets of 
ERL values ranged from 1.0 to 9.4. Also, 7 of 
the 23 ERM values did not change. Of the 46’ 

values, 14 remained unchanged, 17 increased, and 
15 decreased. Tbe overall mean factors of change 
were less than twofold for botb trace metals and 
PAHs. These observations suggest that the guide- 
lines are not terribly sensitive to the addition of 
new data once a minimum amount bas been 
compiled. Also, they suggest that the guidelines 
originally developed by Long and Morgan (1990) 
generally are substantiated by additional data 
compiled by MacDonald (1992). 

The accuracy of the guidelines in predicting 
toxicity bas not .yet been quantified. However, in 
tbe Hudson-Raritan estuary, the concentrations of 
many chemicals quantified in previous studies 
(Squibb at al., 1992) frequently exceeded the 
ERM guidelines in the Arthur Kill and rarely 
exceeded them in the lower Hudson River. In a 
recent s w e y  funded by NOAA, sediments from 
the Arthur Kill were extremely toxic to amphipods 
and otber species, whereas the sediments from the 
lower Hudson River were not toxic. 

14.4 STATUS 

14.4.1 Extent o f  Use 

The NSTP Approach is being used by 
NOM’S National Status and Trends Program, by 
Environment Canada, and by the Florida Depart- 
ment of EnvironmentaI Regulation. A variation 
oa the approach is being pursued by the California 
Water Resources Control Board. Other states and 
regional districts have inquired about the possible 
use of the approach. 

14.43 Extent to Wbkb Approacb Has Been 
Field-Vali&kd 

Validations of the guidelines have not yet 
b k n  quanuled. As desaibed in Section 14.3.2.9, 
the original set of guidelines generaIly were 
substantiated by the addition of considerable 
amounts of new data, largely from field studies 
performed in many regions. Tbe concordance 
between predictions of toxicity with the guidelines 
and actual observations of toxicity has been very 

~ 
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Table 141. Ratios Between the Guideline Value8 for Polynudeat Aromatic Hydrocarbons DetemJned With 
Data from Long and Morgan (1990) and Those Determined with Data from Maclknaid (1992). 

Total number of data points available are listed (with those 
used to determine guidelines in parentheses). 

Pdynuclur womrtk hydrocirboru (ppb d.w.) 

AcensphthOM 
ERL 
ERM 

ERL 
ERM 

ERL 
ERM 

ERL 
ERM 

ERL 
ERM 

phenanthrene 
ERL 
ERM 

ERL 
ERM 

benzo(a)pyrene 
ERL 
ERM 

ERL 
ERM 

dibenzo(&h)arthiamne 
ERL 
ERM 

ERL 
ERM 

ERL 
ERM 

ERL 
ERM 

Anthracene 

2-methylnathphPlene 

M p M h d O f l O  

benzo(a)anthracene 

drysem 

fluoranthone 

pyrone 

totel PAH 

n=69(30) 
16 
500 
n=es(46) 
85.3 
1100 

19 
540 
n-49(28) 
70 
670 
n=97(44) 
160 
2100 
n=101(51) 
240 
1500 ' 
ndl(43) 
261 
1600 
n=89(44) ' 

430 
1600 
n-89(45) 
384 
2800 
n=76(31) 
65.4 
260 
n=l17(?l) 
600 
51 00 
n = W W  
665 
2600 
n=T8(34) 
4022 
44.790 

n395(48) 

Mean chpngo in PAH ERLs 
Mean c)renge In PAH ERMs 
Overall mean Chpngs h PAH vdws 

n=3!5(15) 
150 
650 
n=39(26) 
85 
960 
n=44(28) 
35 
640 
n-Sl(15) 
85 
670 
n=50(28) 
340 
21 00 
n=49p4) 
225 
i 3 m  
n=w=) 
230 
1600 
n - w m  
100 
2500 
n=41(27) 
100 
2800 
n=23(18) 
60 
260 
n=51@3) 
600 
3600 
-ww 
550 
2200 
nfBt34) 
4ooo 
355,MK) 

1.90 
1.17 
1.53 

2.W.O) 
9.4 
1.3 
23(1.8) 
1 .o 
1.1 
2.2(1.7) 
1.8 
1.2 
1.6(1.9) 
1.1 
1.0 
l.V(l.6) 
2.1 
1.0 
Zl(1.5) 
1.1 
1.1 

1.1 
1 .o 
2.1 (1.6) 
1.1 
1.6 

1 .o 
1 .o 
2.3(1.7) 
1.1 
1.0 
2.3(1.8) 
1 .o 
1.4 

1 .Q 
1.2 

1 .o 
1.3 

l.Q(l.4) 

2.2(1.7) 

2.2(1 .e) 

1.2(1 .O) 

. 
+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 
+ 

. 
+ 
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TrMe 14-2. Ratios Between the Guideline Values for Total PCB, and lmw Metals Determined wllh 
Data from Long and Morgan (lOs0) and Those Determined with Data hwn Macbonald (1992). 

Total number of data points evailable am listed (with W e  
used to detmine guidelines in parentheses). 

PdycNorhrtmd Bfph.nyi (ppb dw.) 0 

WII PCB 
ERL 
ERM 

Traa Notab epm dw.) 

ERL 
EAM 

ERL 
ERM 

ERL 
ERM 

ERL 
ERM 

ERL 
ERM 

ERL 
ERM 

ERL 
ERM 

ERL 
ERM 

ERL 
ERM 

abnium 

ohromiun 

bd  

may 

dker 

zinc 

n=126(50) 
22.7 
180 

n=143(27) 
8.2 
70.0 
n-261(64) 
1.2 
9.6 
n=221(76) 
34.0 
270 
n=197(37) 
81 
370 
n=21 003)  
46.7 
223 
n= 169(42) 
0.1s 
0.71 
n=l69(1 B) 
20.9 
51 .6 
n==(#) 
1.0 
3.7 
n=214(74) 
150 
410 

1.q1.q 
2 2  
2 2  

sql .I) 
4.0 
1.2 

4.2 
1.0 
24(1.5) 
2 0  
1.4 
2q14 
1.0 
2 6  
2Se.6) 
1.5 
2.0 
22(1.4) 
1.0 . 
1.5 
3.ql . l )  
1.4 
1.0 
2q1.q 
1.0 
.1.7 
27(1 .e) 
1.25 
1.5 

1.0 
1.9 

2SQ.3) 

1.74 
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good thus far, but the degree of concordance has 
not been quantified. Additional opportunities to 
field-validate the guidelines will be available in 
fulure studies in Tampa Bay, the Hudson-Raritan 
esluary, and southern California. 

14.43 Reasons for Umited Use 

'Ihe NSTP Approach initially was used by 
NOAA to develop informal guidelines for internal 
agency use. Therefore, knowledge of and access 
to the guidelines was limited. As interest in the 
guidelines increased, tbey were released in a 
government document with a limited distribution. 
Therefore, the main reason for the limited use of 
!he approach has been the limited'awareness of its 
existence. Furthermore, tbe equilibrium-partition- 
ing approach to national criteria and the mast 
successful regional approach io criteria (apparent 
effects thresholds in Washington) have received 
considerable attention. Moreover, the guidelines 
tbus far have not considered the potential for 
bioavailabili ty or bioaccumulation because of a 
lack of data. 

14.4.4 Outlook for Future Use and 
of Development Yet N d e d  

Amount 

There is significant potential for the expanded 
use of the NSTP Approach. Canada, Florida, and 
California currently are using the approach to 
develop their respective guidelines. Since the 
approach relies on existing data, other region- 
specific guidelines could be developed easily, 
using the data available from specific regions. 
The approach can be used to validate criteria 
developed with other single-method approaches. 
The database can be accessed for specific regions 
or for fresh, estuarine, or marine waters. 

Several types of data are needed to furtber 
develop the approach. First, additional data are 
needed from studies in which TOC, grain size, 
end acid volatile sulfides were measured. Second, 
additional data are needed from spiked-sediment 
bioassays to establish cause-effect relationships. 
Third, additional data are needed from field 
studies in which very strong chemical gradients 
were observed. These studies should include 

measures of the toxicity and chemical contamina- 
tion of bulk sediments and pore water. Tbey 
would benefit from toxicity identification evalua- 
tions to identify the causative agents nkpcmsible 
for the observed biological effeds (Ankley, 
1989). A number of large field surveys are under 
way and being planned by NOAA and will lead to 
additional data to be included in the database. 
Once these additional data are available, they 
could be entered into the database and used to 
develop updated or new guidelines. 
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