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Introduction
This guide is intended to assist with characterizing injury 

to freshwater benthic macroinvertebrates (BMIs) in Natural 
Resource Damage Assessment and Restoration (NRDAR) 
cases. The contents are narrowly focused on insects, crusta-
ceans, snails, and other invertebrate fauna that are typically 
considered part of BMI communities and are not intended to 
address studies of injury to larger benthic taxa such as freshwa-
ter mussels, crayfish, or benthic fishes or amphibians. Although 
some percentage of the community functions as predators, 
BMIs are predominantly primary consumers (for example, 
scrapers, shredders, and filterer/gatherer feeding groups 
[detailed in the “Identification and Metrics” section]) that play 
an essential role in converting carbon and nitrogen from plant 
tissues into animal biomass for higher-order consumers, espe-
cially in flowing waters. Aquatic contaminants can disrupt the 
quantity and quality of energy transferred (ecosystem function) 
by reducing invertebrate biomass and diversity. Additionally, the 
accumulation of toxic residues in invertebrate tissues may be a 
source of exposure leading to adverse effects in higher trophic 
levels. The goal of NRDAR BMI assessments is to establish 
direct linkages of contaminant exposure to injuries reflected by 
changes in community structure (for example, reduced density 
and taxa richness) or by effects at the individual population 
level (for example, survival, growth, and reproduction). BMIs 
are infrequently the U.S. Department of Interior (DOI)-managed 
resource in a NRDAR case, with managed resources more 
frequently including migratory birds, fish, or other insectivo-
rous vertebrates. Therefore, it is critical to have clearly defined 
objectives for evaluating BMIs and an understanding of how 
invertebrate data relate to the quantification of injuries to the 
DOI-managed resource; some of these pathways are shown in 
figure 1. This guide is intended to assist decisions on whether 
or not to proceed with BMI studies, use of existing informa-
tion and data for screening purposes, and what types of studies 
can support a BMI-injury determination. Examples of the latter 
are illustrated in figure 2, and these broader categories of study 
types form the basis for the sections that follow. This document 
is intended to provide general considerations and best prac-
tices for assessing BMIs. Relevant guidance and references are 
listed throughout the report as sources for specific methods and 
analysis.

The following components of (BMI) studies are cov-
ered in the following guide:The “Characterizing Chemical 
Exposure” section discusses the following:

• Exposure may be by way of water, sediment, and
(or) diet.

• For chemical of interest, considerations include con-
centration, potential toxicity, mobility, persistence,
fate, and factors that affect bioavailability.

• Contaminants in invertebrate tissue may lead to
adverse effects in higher trophic levels.

The “Benthic Community Surveys” section discusses the 
following:

• Study objectives and habitat influence methods for
sampling, processing, and identification.

• Abundance and taxonomic composition are the fre-
quent basis for benthic assessment.

• Documentation of habitat quality is required to clarify
contaminant effects.

The “Toxicity Testing” section discusses the following:
• Effects may be quantified at individual or population

levels while controlling noncontaminant factors.

• Standardized test methods rely on sensitive, easily
cultured test organisms.

• In situ toxicity tests are a compromise between causal
inference of laboratory toxicity tests and site specificity
of field assessments.

The “Data Analysis” section discusses the following:
• Relations between exposure and effects should be

demonstrated, and water quality and habitat variation
should be incorporated as influential and (or) con-
founding factors.

• Responses of invertebrates exposed to contaminants
are compared to those under reference conditions.

• Thresholds for injury are estimated based on con-
centration-response models.
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Figure 1. Benthic macroinvertebrate sampling and testing tools for Natural Resource Damage Assessment and Restoration.
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The “Monitoring Restoration Success” section discusses 
the following:

• Methodologies for assessing restoration are similar to 
methods for assessment.

• Long-term monitoring can be used to support adaptive 
management.

Characterizing Chemical Exposure
Characterizing injury to an aquatic ecosystem requires 

understanding of the nature of chemical contaminants present 
and their concentrations in environmental media. This infor-
mation is important whether the BMI community (or a particu-
lar taxon) is the receptor of interest or is viewed as a potential 
source of contaminants to organisms at higher trophic levels. 
Armed with an initial understanding of the range of chemi-
cals present in water or sediment, it is important to identify 
which chemicals and exposure levels pose substantial hazard 
of toxicity and (or) bioaccumulation. It is also important 
to understand factors like mobility and persistence of these 
chemicals for efficient targeting of samples. For example, 
toxic effects of ammonia are often related to acute effects of 
dissolved ammonia; however, toxic effects of persistent pollut-
ants like polychlorinated biphenyls and metals are more likely 
a result of chronic exposure by way of water, diet, and sedi-
ments. In addition to understanding the source of contaminant 
exposures, knowledge of chemical cofactors that influence 
contaminant bioavailability may be necessary. Bioavailability 
is the amount of a chemical that is taken up from the environ-
ment and able to elicit an adverse effect. These cofactors may 

include, but are not limited to, sediment organic matter, acid-
volatile sulfide, pH, dissolved organic carbon, alkalinity, and 
hardness.

Although measuring contaminants in environmental 
media is essential for estimating injury, measuring contami-
nant concentrations in BMI tissue may also be necessary 
for demonstrating exposure of the invertebrate. Measuring 
contaminant concentrations in invertebrates can be difficult 
because of the large dry mass of tissue required to achieve 
acceptable analytical detection limits; often, large numbers 
of organisms must be composited to produce a single sample. 
If the primary interest is in food chain transfer from inverte-
brates to higher trophic levels (for example, fish or amphib-
ians), and the diet of the higher levels is well characterized, it 
may be more efficient to focus on concentrations in the higher 
trophic level receptors. However, in some cases where tissue 
concentrations are measured, there may be sufficient informa-
tion to relate tissue concentrations in invertebrates to expected 
effect levels (Jarvinen and Ankley, 1999). Additionally, some 
persistent contaminants including polychlorinated biphenyls, 
mercury, and metals can remain in the tissues of emergent 
adult insects, which can transfer aquatic contaminants into ter-
restrial ecosystems (Kraus and others, 2014).

Characterizing chemical exposure with a limited scope 
can also be a useful reconnaissance tool for practitioners. 
Reconnaissance is a preliminary survey of the area and can 
help a practitioner determine the potential next steps. A 
preliminary sample collection during reconnaissance may be 
done in-house with limited resources, and it does not need to 
necessarily meet the rigor reserved for the NRDAR sample 
collection and preparation. However, data generated during 
reconnaissance could assist in directing future sampling efforts 
should they be deemed useful.

Hyalella azteca
Sediment

Laboratory toxicity testingIn situ toxicity testing

Tissue contaminant 
concentrations

Community structure 
and function: richness, 

abundance, density

Survival and growth 
of test organisms

Survival and growth 
of test organisms

Field-collected 
sediment and water

Chemical analysis 
and screening for 

all samples

Field assessment of benthos

Figure 2. Overview of the various types of studies that can support benthic macroinvertebrate injury determination.
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Benthic Community Surveys
The process of sampling and evaluating of BMI commu-

nities is roughly divided into three major activities: field sam-
pling, sorting and counting of the BMI, and identification of 
BMI and calculation of metrics. Issues related to these major 
activities are discussed further in the following sections.

Field Sampling

Sampling methodology for the BMI community analysis 
is extremely varied, and the selection of methods depends 
on the objectives of the study and other factors such as water 
current velocity and habitat type. Broad categories of habitat 
types include lentic (still water) and lotic (flowing water) habi-
tats. The lotic habitats have been further divided, with respect 
to sampling gear, into shallower streams or rivers that tend to 
be higher gradient, and larger, deeper, lower gradient riv-
ers. Furthermore, different sampling devices may be selected 
depending on the nature of bottom substrata in the study area, 
which may range from fine sediment in pools to cobbles in 
riffles. Qualitative and quantitative sampling methods are 
available for all habitats, and these methods provide different 
information. Qualitative sampling focuses on the number of 
taxa present and their relative abundances (semiquantitative), 
whereas quantitative sampling determines absolute abundance, 
density, or even biomass/secondary production for a defined 
physical area. Merritt and others (2019a) provide an exten-
sive list of options for sampling methods in lotic and lentic 
habitats.

Most State agencies tasked with addressing requirements 
of the Clean Water Act (33 U.S.C. 1251 et seq.) sample BMI 
communities with a kick-net device like a D-frame net, most 
commonly with a 500-micrometer (µm) mesh-size (Carter 
and Resh 2001; 2013). These programs frequently follow 
protocols similar to those described in the U.S. Environmental 
Protection Agency’s “Rapid Bioassessment Protocols for 
Use in Streams and Wadeable Rivers—Periphyton, Benthic 
Macroinvertebrates and Fish”(Barbour and others, 1999). For 
trustees, it may be prudent to follow protocols established 
by the State in which the NRDAR is located. Additionally, 
coordination or cooperative sampling with the State is recom-
mended to benefit from additional expertise and potentially 
comparable data.

A critical component of understanding differences in 
the structure and function of a BMI community is assess-
ment of the physical habitat. When possible, it is desirable to 
sample BMIs from habitats of equal quality at reference and 
contaminated sites, so that chemical stressors are not con-
founded. Detailed and time-intensive quantitative techniques 
can be used to assess physical habitats like pebble counts 
(Wolman, 1954), particle size distributions, and grain classifi-
cations (Blair and McPherson, 1999), and the propensity of a 
streambed to change or shift, otherwise known as relative bed 
stability (Kaufmann and others, 1999). Alternatively, Barbour 

and others (1999) provide detailed and widely used protocols 
for visually assessing physical habitats by assigning sites into 
well-defined categories (ranging from poor to optimal) for 10 
different measures of physical habitats that are supportive of 
BMI communities. This process allows for less investment of 
time and results in a single numerical value that represents the 
quality of the habitat based on the scores for the individual 
metrics. Similar to macroinvertebrate sampling, it may be pru-
dent to follow protocols for habitat assessment that are utilized 
by the State in which the NRDAR is located.

Sorting and Counting Benthic 
Macroinvertebrates

After sampling in the field, preserved samples are typi-
cally returned to the laboratory for separation, identification, 
and the counting of invertebrates collected. Out of the mul-
tiple methods available for counting, the primary choice is 
between the subsampling method and the full enumeration 
method. Qualitative and semiquantitative sampling methods 
typically involve subsampling, which is when a fixed count of 
organisms, often with an allowable range (for example, plus 
or minus 10 percent) is separated from litter material. Fixed 
counts can be limited to between 100 to 550 organisms (Carter 
and Resh, 2001). Although full enumeration of every organism 
collected in a sample is time consuming, there are multiple 
benefits to this approach. These benefits include the following:

• The identification of a greater number of taxa, and, in 
particular, a greater number of rare taxa (Pence and 
others, 2021).

• The ability to estimate total abundance and, if a fixed 
area was sampled, density of organisms per unit area.

In full enumeration studies, the greater number of taxa 
detected can result in a greater ability to detect differences 
in community metrics between moderately polluted streams 
and reference streams (Pence and others, 2021). Another 
consideration is that the effort required to fully enumerate a 
contaminated site may be small if the invertebrates are limited, 
and defining this condition can assist in injury determinations. 
Conversely, if the physical habitat is somewhat poor at the site 
of discharge/release and the available nearby reference sites, 
using the minimum fixed counts of invertebrates may prevent 
a later need for censoring data at a site where too few macroin-
vertebrates were collected. Whichever method is selected, it is 
important to use the same method of sampling at both refer-
ence and contaminated sites.

Identification and Metrics

Once invertebrates have been sorted and enumerated, 
organisms are identified to some level of taxonomic specific-
ity. When possible, identifications can be made by an expe-
rienced or certified taxonomist; for example, the Society 
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for Freshwater Science conducts a taxonomy certification 
program. As an alternative, some digital photographs of 
various types of invertebrates that were collected and identi-
fied for verification could be maintained at a later time as 
needed. Identifications are usually made at least to family 
level, but preferably to “lowest practical taxonomic level,” 
which for many taxa is genus. Identification to species level 
has some benefits, but it typically requires a high degree of 
specific expertise, as well as often rearing organisms to adult 
stage. This information is used to calculate various metrics 
or multimetric indices. A list of metrics that have been tested 
repeatedly for responsiveness to environmental perturbations, 
including the predicted directional response to perturbation, 
is provided in table 7–1 of Barbour and others (1999). These 
metrics fall into several categories, including metrics based on 
the following:

• Counts of taxa present (richness).
• Composition (for example, the percent of the  

community that is in the order Ephemeroptera [mayflies]).
• Tolerance measures.
• Functional feeding groups (FFGs).
• Habit measures, related to how organisms move or 

stay stationary within their environment.
Multimetric indices combine several metrics into a single 

value that is calibrated and known to be useful for delineating 
references from impacted conditions. Many of these indices 
were developed for a specific State, region, or habitat type, 
and they should only be used in locations or ecoregions for 
which they were developed and (or) calibrated.

For purposes of NRDAR, useful metrics include those 
based on the number of taxa, abundance, density, or per-
cent of a community that belongs to three sensitive insect 
orders: Ephemeroptera (mayflies), Plecoptera (stoneflies), 
and Trichoptera (caddisflies), otherwise known as the “EPT” 
taxa (Barbour and others, 1999). These metrics are frequently 
useful for demonstrating the departure from the baseline. The 
number of Ephemeroptera taxa and percent Ephemeroptera are 
both particularly sensitive to certain types of contaminants like 
metals and major ions (Pond and others, 2008).

Merritt and others (2019a) provide extensive tables 
assigning individual insect genera to FFGs, which are broad 
categorizations of how invertebrates obtain nutrition. Metrics 
based on FFGs may be sensitive to certain contaminants but 

also provide information about ecosystem function. For exam-
ple, if a contaminant causes a particular taxon to be absent 
from a site, evaluating FFG metrics can demonstrate whether 
other taxa provide functional redundancy or if there is a loss 
of the ecosystem service they provide. Also, FFG metrics may 
be especially useful in combination with quantitative sampling 
and full enumeration, allowing estimates of the abundance 
and (or) density of taxa present. Reduced density of certain 
FFGs could also be an indication of a reduction in ecosystem 
function when a richness metric might not indicate this loss. 
For example, the areal density of grazing mayflies could be 
even more indicative of injury than simply how many kinds of 
mayflies are present. Although potentially useful for assessing 
ecosystem services, the relevance of FFGs to an injury claim 
should be clearly defined.

Results of BMI surveys may be confounded by temporal 
variation of the target community. Natural variation can be 
driven by thermal patterns, flow patterns, or simply by the 
different phenologies of life cycles for different taxa. These 
factors can affect which taxa are present at the site and the size 
class of the present organisms. Size is not only correlated with 
sensitivity, but it also affects the ability to detect and identify 
invertebrates. Observed differences in community metrics 
may be influenced by this natural variation due to differences 
in when samples are collected (Boehme and others, 2016). 
For this reason, methods, manuals, and State agencies typi-
cally define an “index period(s)”, during which time samples 
should be collected. These frequently span through the sum-
mer months, such as June–September, or when a State has two 
index periods, such as March–June and August–December. 
Again, the number and duration of index periods vary and 
depend on the location of interest.

A final point on BMI community assessment is to be 
cognizant of other sources of data or information related to the 
site of interest that has not been necessarily collected as part 
of the NRDAR process. Evaluation and incorporation of these 
data may be assisted by considering points detailed in this 
section. The “Key Considerations in Selecting Methods for 
BMI Community Sampling and Analysis” sidebar highlights 
key considerations for sampling and the assessment of BMI 
communities.
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Toxicity Testing
Assessment of injury to benthic communities based on 

field surveys alone has some limitations, notably the possibil-
ity that habitat degradation not associated with oil or hazard-
ous substance releases may modify invertebrate communi-
ties. Associations between exposure to chemical pollutants 
and community responses can be further documented with 
controlled laboratory toxicity tests. These tests may focus on 
documenting contaminant effects in field-collected water or 
sediment compared to reference sites, or they may focus on 
characterizing site-specific toxicity thresholds for contami-
nants of concern.

Laboratory toxicity tests typically rely on standardized 
methods that provide a high level of confidence in test-
ing results. As discussed in the “Characterizing Chemical 
Exposure” section, the environmental fate of the oil or hazard-
ous substance of interest will determine exposure route and 
the type of toxicity test (that is, surface water, pore water, or 
sediment) that should be performed. Successful laboratory 
tests can provide rigorous proof of cause-and-effect rela-
tions between chemical exposure and responses of inverte-
brates. The most widely applicable strategy for evaluating 
toxic effects on benthic invertebrates is laboratory tests with 
field-collected sediments (American Society for Testing and 
Materials, 2020). Tests for toxicity of effluents, which are also 
applicable to testing ambient waters, are designed to test fish 
and planktonic invertebrates; however, they may be adapted 
for testing benthic invertebrates as well. Standard test methods 
can be used for repeatedly testing sediment from sites under-
going remediation to quantify the recovery of invertebrate 
populations (Steevens and others, 2020). This repeated labora-
tory testing is most valuable if it is performed in coordination 
with ongoing biomonitoring of invertebrate communities.

Laboratory tests have limitations as well, such as dif-
ficulty of maintaining exposure conditions (for example, water 
quality, food quality, and dietary exposure) comparable to 
conditions in the field. Comparisons of laboratory and field 
responses may be hampered by the difficulty of calibrating 
individual responses (survival, growth, and fecundity) from 
toxicity tests with aggregate responses (species richness, age/
size structure, and abundance) from community surveys. One 
approach that may reduce this laboratory-field disconnect is 
the modification of standard methods to allow testing with res-
ident species from the study area or closely related surrogates.

Studies with test organisms exposed to chemicals in situ 
have been recommended to avoid some of the limitations 
of both laboratory toxicity tests (for example, lack of site 
specificity) and field surveys (for example, limited evidence of 
causality) (Burton and others, 2005). Test organisms deployed 
in the field presumably experience more realistic exposure 
conditions, making their individual-level responses more 
directly comparable with responses of resident invertebrate 
communities. In situ assessments are especially well-suited 
for documenting effects of episodic or transient pollution 
events. However, the rarity of in situ tests reflects the limita-
tions of the approach because cages may create unfavorable 
holding conditions that obscure site effects. In situ tests are 
subject to greater risks from stochastic events such as vandal-
ism, sedimentation, and high- or low-flow events. The biggest 
limitation of in situ testing with invertebrates likely is the lack 
of standard methods and the difficulty of finding laboratories 
or investigators with the ability to perform in situ tests.

Key Considerations in Selecting 
Methods for BMI Community 
Sampling and Analysis*:

• What is the broad habitat category (lentic, shallow 
lotic, deep lotic), and the fine-scale habitat of inter-
est (riffle, run, pool)?

• Should sampling for macroinvertebrates target mul-
tiple habitats or a single habitat type?

• Is injury likely to reflect direct impact on benthic 
community structure or function, or indirect effects 
by way of contaminant uptake and trophic transfer?

• Will qualitative methods be sufficient or is quantita-
tive analysis required?

• How will injury be evaluated (for example, compar-
ing multimetric index reference values, or statistical 
comparison of metrics among sites)?

• When sorting and identifying organisms, will 
subsampling suffice, or will full enumeration be 
beneficial?

• How will the sampling season potentially impact 
conclusions?

*Case managers should consult with the assigned DOI 
economist and attorney in determining the answers to these 
questions. The sampling design should align with NRDAR 
injury quantification and scaling methods.
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Data Analysis
In all situations regarding collecting data for NRDAR, 

data must meet quality-assurance and -control guidelines to 
be legally appropriate for the NRDAR case. Barbour and 
others (1999) and U.S. Environmental Protection Agency 
(2016) among others provide guidance on appropriate quality-
assurance procedures for activities ranging from sample label-
ling to taxonomic identification. Other data-quality questions 
include the following:

• Are the sampling methods appropriate for the ecosys-
tem of interest?

• Do laboratory toxicity tests meet test acceptability 
criteria (for example, table A2.1 in American Society 
for Testing and Materials, 2020)?

• Were appropriate quality-control samples incorporated 
in analytical chemistry?

Data from field and laboratory studies with benthic inver-
tebrates may be analyzed with a variety of statistical tools, 
depending on the objectives of the study. Multivariate statisti-
cal methods, such as ordination and cluster analysis, are useful 
as exploratory data analyses to look for spatial or temporal 
patterns in community data and associations of these data with 
environmental conditions. Results of these analyses may be 
helpful for identifying chemicals of concern and sensitive taxa 
for toxicity studies.

Significant observed toxic effects are often determined by 
the analysis of variance (ANOVA) or related techniques, and 
the responses in contaminated field sites or higher laboratory 
exposure levels can be compared to baseline responses. The 
nature of these comparisons differs between laboratory and 
field studies. In laboratory toxicity tests, the baseline response 
is estimated by a negative control that receives no added 
chemical but is known to support survival, growth, or repro-
duction of the test organisms. Controls are not available in 
field studies, so investigators may select one of the following:

• A site-specific reference, either upstream of contamina-
tion within the same watershed, or in an adjacent but 
unaffected watershed.

• A regional reference condition, sometimes termed as 
“reference envelope,” wherein baseline responses are 
drawn from a suite of relatively unimpaired sites.

Because it is normal for baseline responses to vary among 
low-chemical reference sites, determinations of impairment 
are typically made by comparison to the range of responses 
from multiple reference samples. For example, a common 
approach is to define a deviation from reference condition as 
a high or low quantile (for example, 10th percentile) of the ref-
erence distribution (Hawkins and others, 2010). Specifically, 
low quantiles are used for metrics that decline with increased 
perturbation and high quantiles are used for those that increase 
with increased perturbation. Further background on the refer-
ence condition and considerations useful in selecting reference 
sites can be found in Hughes (1995), Reynoldson and oth-
ers (1997), Barbour and others (1999), Stoddard and others 
(2006), and the U.S. Environmental Protection Agency (2006, 
2016). Another potential approach for showing departure 
from the baseline is the Before-After-Control-Impact model, 
which requires temporal baseline data prior to the discharge 
or release of oil or a hazardous substance (Smith and oth-
ers, 1993).

If ANOVA detects significant toxicity in a laboratory or 
field study, the next step in the data analysis is often to resort 
to concentration-response modeling that utilizes nonlinear 
regression to estimate threshold concentrations for toxic 
effects. Based on ANOVA, the concordance of spatial patterns 
of toxicity with exceedance of toxicity thresholds, which are 
estimated by concentration-response models, provides strong 
evidence of exposure and effects. The estimation of thresholds 
by regression methods to estimate a specified level of effect 
is a widely accepted approach for demonstrating departure 
from control response(s). Thresholds for different levels of 
effect may be appropriate to meet the objectives of NRDAR 
studies. If conditions for laboratory tests are comparable to 
those in the field, modeled effect concentrations may serve as 
benchmarks for assessing toxicity in sites that have not been 
tested directly. Pathways for appropriate assessment tools and 
endpoints for BMIs, given the relation between the BMI and 
the DOI-managed resource, are provided in figure 1. Table 1 
expands on figure 1 with more details on the tools, endpoints, 
and references that are potentially useful in injury quantifica-
tion and claim development.
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Monitoring Restoration Success
A similar suite of techniques used for assessing baseline 

and injury can be used to monitor remediation or restoration 
efforts and document movement along the restoration trajec-
tory. For BMIs, careful consideration must be given to points 
made in the “Key Considerations in Selecting Methods for 
BMI Community Sampling and Analysis” sidebar, particularly 
the seasonality of sampling during restoration monitoring. For 
example, after remediation or restoration, it would be most 
common to do the following:

• Compare contaminant concentrations in water and 
sediment against known thresholds.

• Test water and (or) sediment toxicity in the laboratory 
after cleanup.

• Assess the suitability of remediated and restored physi-
cal habitat.

• Compare BMI communities to upstream sites or 
regional reference conditions.

In some instances, when an active restoration effort is 
not considered advantageous for the system, managers may 
prefer to monitor over time (months, years, or decades) to 
assess recovery rates to support adaptive management deci-
sions (Magar and others, 2009). Frequency of monitoring after 
restoration is case-specific; however, take note of the follow-
ing considerations: (1) in some cases, remedial efforts could 
initially make things worse for invertebrate communities; (2) 
if remediation of the release or discharge is successful and 
physical habitat is rehabilitated, invertebrate communities 
may respond quickly; and (3) stochastic events like drought(s) 
or flooding may necessitate changes in a monitoring plan. A 
higher frequency of sampling may be necessary until the spa-
tial and temporal variations in data are characterized.

Table 1. Examples of benthic invertebrate assessment tools and endpoints for Natural Resource Damage Assessment and Restoration 
claim development.

[EPT, Ephemeroptera (mayflies), Plecoptera (stoneflies), and Trichoptera (caddisflies)]

Tool Endpoint Key References

Water chemistry Ambient water quality criteria Ambient water quality criteria (https://www.epa.gov/
wqc/national-recommended-water-quality-criteria-
aquatic-life-criteria-table)

Sediment and (or) pore water chemistry Sediment quality guidelines MacDonald and others, 2000
Equilibrium partitioning sediment 

benchmarks
U.S. Environmental Protection Agency, 2003, 2005, 

2008; 
Cleveland and others, 2017

Tissue chemistry Tissue effect thresholds, diet effects 
thresholds

Jarvinen and Ankley, 1999; 
Adams and others, 2011; 
McElroy and others, 2011; 
Steevens and others, 2005; 
Kraus and others, 2020

Water or sediment toxicity testing Survival, growth, reproduction, biomass American Society for Testing and Materials 2016; 
U.S. Environmental Protection Agency, 2002a, b; 
American Society for Testing and Materials, 2020; 
U.S. Environmental Protection Agency, 2000

Benthic macroinvertebrate community 
sampling

Abundance/density: overall, EPT, sensi-
tive taxa, functional feeding groups

Barbour and others, 1999; 
Carter and Resh, 2013; 
Hughes, 1995; 
Kaufmann and others, 1999; 
Merritt and others, 2019b; 
Moulton and others, 2000, 2002; 
U.S. Environmental Protection Agency, 2006, 
2013b, 2016

https://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-life-criteria-table
https://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-life-criteria-table
https://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-life-criteria-table
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