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Abstract Environmental quality benchmarks (EQBs) such as
water or sediment quality guidelines comprise one line of
evidence for assessing the potential harm from chemicals
and other stressors (physical, biological). They are useful but
not perfect tools, should not always be used, and should never
be used alone for final decision-making. The Bgood^ can be
designed to be situation-specific and can provide understand-
able scientific input to decision-makers. The Bbad^ includes
perception that they are absolutes (i.e., definitive binary deci-
sion points), no or limited adaptability based on good science
or common sense, and protection of individual organisms not
populations of organisms. The Bugly^ includes benchmarks
based on simplistic indices (information loss, misleading re-
sults), misuse of biomarkers, and misapplication of EQBs.
Other factors to be considered include the following: appro-
priately deriving EQBs, uncertainty, the laboratory is not the
field, contaminant uptake and cause-effect, and specifics re-
garding sediment quality benchmarks (i.e., their specific
Bgood,^ Bbad,^ and Bugly^ components). EQBs are not always
needed or useful.
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Introduction

Environmental quality benchmarks (EQBs) are tools, one line
of evidence (LoE) for assessing potential harm from
chemicals and other stress, both physical and biological.
EQBs can be developed for individual stressors, for mixtures
of stressors (e.g., considering contaminant competition and
interaction at biological uptake sites), and in different matrices
(e.g., air, effluent, water, sediment, soil, and tissue). They are
not perfect; there are no perfect tools (i.e., there are no indi-
vidual tools or LoE that provide all necessary biological and
chemical information for assessment and decision-making).
However, they can be useful tools. But, like all tools, they
can be misused and should not always be used. They and their
usage can be Bgood,^ Bbad,^ or Bugly^ as discussed below.

The Bgood^

Appropriately derived EQBs provide two useful decision
points: negligible concern if the EQB is not exceeded and
possible concern if the EQB is exceeded. Appropriately de-
rived EQBs can assist in determining stressor(s) of potential
concern, chemical contaminants, and physical and biological
stressors.

EQBs should not be used alone for final decision-making,
but should incorporate uncertainty (ranges in recognition of
uncertainty, not single numbers in denial of uncertainty), mod-
ifying factors, and consider all stressors. Chemical contami-
nants can include inorganic and organic substances, dissolved
oxygen, pH, etc. Physical stressors can include habitat change
or loss, temperature changes, etc. Biological stressors can in-
clude invasive species, eutrophication, harmful algal blooms,
etc. Because of variability between different stressor effects,
considering the combined effects of different stressors ideally
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requires narrative, not solely numeric EQBs for single sub-
stances. It must be recognized that we are protecting popula-
tions and communities, not individual species unless they are
unique, threatened, and/or endangered. Ideally, we are using
EQBs to protect ecosystem services (the benefits humans ob-
tain from ecosystems).

EQBs can be designed to be situation-specific, for exam-
ple, specific to a particular geographic location, combination
of ecosystem services, or combination of stressors. They are
as much Bart^ as Bscience.^ They can provide understandable
scientific input to decision makers. Specifically, they allow
clarity regarding uncertainty, urgency, priorities, and signifi-
cance regarding further actions, provided they are not too
prescriptive, misrepresented, or misunderstood (Chapman
2000; Johnson and Sumpter 2016). Allowance by regulatory
agencies for the development of site-specific EQB derivation
is definitely Bgood^ (e.g., CCME 2003, 2007).

A good example of how EQBs have developed based on
scientific developments is provided by metals in water as de-
scribed by Chapman (2008). Initially, only total metal concen-
trations in water were measured, then dissolved metal concen-
trations, modifying factors such as hardness were applied,
and, finally, the biotic ligand is now used to set benchmarks
for some metals in water. Similar developments apply to
metals in sediment, where acid volatile sulfides have been
measured as a component of divalent metal sediment quality
benchmarks (Campbell et al. 2006; Chapman 2008).

The Bbad^

There are four Bbad^ perceptions or beliefs related to EQBs
from some users and other stakeholders: the perception that
they are absolutes (i.e., definitive binary decision points); the
belief that laboratory toxicity tests, the basis of many EQBs,
provide real-world results; the belief that correlation equals
causation (i.e., exceedance of an EQB explains an adverse
biological effect); and the belief that EQBs are based on
protecting all individual organisms. These perceptions and
beliefs are incorrect.

EQBs are not absolutes For example, sediment quality
values derived in different jurisdictions and by different re-
searchers can vary by orders of magnitude for the same sub-
stance (Chapman and Mann 1999; Chapman et al. 1999).
Water quality values similarly can vary by orders of magni-
tude for the same substance (Hahn et al. 2014).

Laboratory toxicity tests do not provide real-world results
The laboratory is not the field. For example, Proulx and Hare
(2008) and Martin et al. (2008) found that uptake of metals in
larvae of two Chironomus species in the laboratory was dif-
ferent than observed in field-collected larvae. They

determined that this was due to the different feeding strategies
of the two species. One species feeds mainly within surface
toxic sediment; the other feeds within deeper, anoxic sedi-
ment. Laboratory sediment toxicity tests are conducted on
homogenized sediment from both surface and deeper sedi-
ment; the laboratory sediment to which the larvae were ex-
posed bore no relationship to the field sediments.

Another example is provided by Colombo et al. (2016), who
investigated the effects of sediment bioturbation by the aquatic
oligochaete Lumbriculus variegatus on zinc chemistry and tox-
icity to the epibenthic chironomid larvae, Chironomus tepperi.
They found that the presence of L. variegatus significantly
decreased zinc toxicity to C. tepperi. This was due to a combi-
nation of geochemical and ecological processes. Bioturbation
reduced pore water zinc and bioavailability in overlying water.
It also modified microbial abundance and structure, resulting in
more food for the chironomid larvae but also more zinc adsorp-
tion by the microbial community, reducing bioavailability via
water uptake to the larvae. Single species laboratory toxicity
tests do not consider these (or other) processes.

Laboratory tests provide a range of numbers, due to the
innate variability of such testing; for instance, replicate tests
of the same substance by the same laboratory will not provide
exactly the same result. They are typically conservative (i.e.,
overprotective as they provide the worst case information).
Test organisms are naïve (i.e., not previously exposed to the
stressors they are tested against); there is no allowance for
compensation and regulation that can result in tolerance (ac-
climation and/or adaptation). Exposure conditions are conser-
vative (e.g., food and behavior are restricted, exposure is max-
imized). Exposure and toxicity modifying factors are typically
absent (e.g., aging of contaminants in sediments or soils as
opposed to laboratory spiking; reduced bioavailability in wa-
ter (e.g., hardness, pH, etc.)), and laboratory cultures can be
unduly sensitive (e.g., due to in-breeding, nutritional deficien-
cies). Burton (2016) noted that Blaboratory-based guidelines
are overly conservative, ignoring spatial-temporal exposure
and chemical bioavailability dynamics, the influence of
refugia, exosystem-context, and the artifacts associated with
sediment homogenization and sediment spiking.^

Correlation is not causation. Correlation of effects with
measured sediment contaminants does not necessarily indicate
causation, which could be due to unmeasured contaminants,
combinations of measured or unmeasured contaminants, or
other stressors. Correlation is only indicative; causation can
only be definitively determined by subsequent investigative
studies (e.g., Environment Canada and OntarioMinistry of the
Environment 2008; Chapman 2016).

EQBs are not based on protecting individual organisms that
are neither threatened nor endangered. They are based on
protecting populations and communities (i.e., protecting com-
munity function, not necessarily structure) except for threat-
ened or endangered species, which merit individual protection.
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The Bugly^

Uncertainty is endemic in all scientific endeavors, including
the use of EQBs. Uncertainty has four different forms, only
one of which can be addressed directly for EQBs. Human
error can be reduced by implementing appropriate quality
assurance/quality control during data development and
assessment.

Two of the other three different forms of uncertainty can
only be reduced by considering other lines of evidence (LoE),
i.e., not relying solely on EQBs. Uncertainty related to imper-
fect knowledge can be reduced by obtaining necessary addi-
tional knowledge from other LoE. Uncertainty related to sim-
plification of the real world can be reduced by increased real-
ism based on other LoE (i.e., going beyond numbers based on
laboratory studies). The last of the four different forms of
uncertainty, stochasticity (natural variability; Bnoise^), cannot
be reduced. However, its boundaries (temporal and spatial)
can be estimated/described with other LoE.

It is Bugly^when there is limited opportunity for changes to
EQBs based on good science or common sense; in other
words, there is no adaptability to EQBs once they are devel-
oped despite, for instance, scientific advances that not only
merit but also require changes. For example, development of
selenium benchmarks based on the state-of-the-science for
both water and tissue concentrations took almost two decades
in the USA (USEPA 2016); Canada has not revised its seleni-
um water quality guideline, developed in 1981 (http://www.
env.gov.bc.ca/wat/wq/BCguidelines/selenium/selenium.
html). Similarly, it is Bugly^ when there is no adaptability
despite common sense that would dictate otherwise; for
instance, evidence that the EQBs are ineffective or
inappropriate. Unfortunately, regulatory EQBs are not
rapidly or sometimes ever revised.

Conducting testing at environmentally unrealistic concen-
trations is not only irrelevant but also misleading. Phuong
et al. (2016) noted that, in the case of microplastic (MP), most
laboratory experiments are Bperformed with MP concentra-
tions of a higher order of magnitude than those in the field…
[they do] not mimic the natural environment.^ This is an ex-
cellent example of unsupported speculation that can be incor-
rectly used to support EQBs based on the suggestion, not the
proof, of adverse effects.

It is equally Bugly^ to use toxicological and other data to
develop EQBs that are basically simplistic indices that scale
data to provide definitive binary decision points. Indices are
the result of information loss and typically provide misleading
results (Chapman 2011; Green and Chapman 2011).
Environmental complexity must be recognized and respected,
neither ignored nor simplified.

EQBs serve for screening, not for definitive decision-
making without consideration of other LoE. They should def-
initely not be misused alone to, for instance, identify the need

for chemical source control measures, trigger management
and/or regulatory actions, or set remediation objectives.

Example: sediment and water quality benchmarks

Sediment quality benchmarks (SQBs) provide specific exam-
ples of the Bgood,^ Bbad,^ and Bugly^; similar examples exist
for water quality benchmarks (WQBs). There are five major
Bgood^ aspects to correctly derived and used SQBs and
WQGs: using cause-effect relationships between contaminant
concentrations and biological effects; associating a chemical
exceeding a field-derived SQB or WQB with a potential bio-
logical effect, such that an exceedance is not necessarily in-
dicative of an actual biological effect (Johnson and Sumpter
2016); adequate data entries for both effects and no-effects
data (e.g., >20 of each); not combining freshwater and saltwa-
ter chemical and biological data without technically defensible
justification; and not evaluating contaminants separately,
without accounting for the potential presence of elevated con-
centrations of other contaminants.

There are three major Bbad^ aspects to SQBs and WQBs:
relying on correlative relationships between contaminant con-
centrations and biological effects, inadequate data entries for
both effects and no-effects data, and inappropriately combin-
ing freshwater and saltwater chemical and biological data.
Correlative relationships do not consider unquantified
chemicals or other stressors that may have been responsible
for observed biological effects. For example, some SQBs de-
rived using field data are based on the presence or absence of a
benthic species—this is not how benthic communities are
assessed by ecologists; they are assessed based on consider-
ation of all species present not the presence or absence of
individual species. Finally, correlative relationships ignore
the presence of exposure and toxicity modifying factors
(ETMFs) and other confounding factors, for instance, physical
stressors (e.g., habitat, scour), chemical stressors (e.g., ammo-
nia, sulfide and in particular acid volatile sulfides for divalent
metals, total organic carbon, black carbon, water quality), and
biological stressors (e.g., competition, predation).

There are five major Bugly^ aspects to SQBs and WQBs.
First, databases may be inadequate; they may contain elevated
concentrations ofmultiple co-occurring contaminants or a pre-
ponderance of relatively low contaminant concentrations.
Second, screening criteria for comparing mean chemical con-
centrations in toxic samples compared to mean chemical con-
centrations in non-toxic samples can be variable (e.g., factor-
of-one or factor-of-two screening). Third, SQBs and WQBs
from lightly contaminated sites can inappropriately be applied
to more heavily contaminated sites. Fourth, SQBs and WQBs
can be set such that there is limited opportunity for changes
based on changing scientific evidence, resulting in reliance on
dated SQBs (i.e., not based on the current state-of-the-
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science). Fifth, SQBs and WQBs can be developed with no
consideration of bioavailability or modifying factors—this is
typically how they are developed, based solely on total chem-
ical concentrations despite the fact that frameworks exist
allowing developers to take bioavailability into account with,
for instance, a range of SQBs depending on such factors as
particle size and organic carbon content (Chapman 2008).

Conclusions

EQBs must be developed, presented, and recognized as adapt-
able (i.e., subject to change as the state-of-knowledge ad-
vances). They should be used to filter out sites, cases, and
situations of negligible concern from those of possible con-
cern; prioritize remaining sites, cases, and situations for fur-
ther investigation; determine stressors of potential concern for
further investigation; and provide, when combined with other
LoE, necessary information for management decision-mak-
ing. They should not be used when they are wrong (e.g.,
definitive binary decision points with no consideration of un-
certainty), inappropriate (e.g., not based on the state-of-the-
science), or unnecessary (e.g., at either end of the stressor-
affected spectrum of adverse biological effects). EQBs should
never be developed for their own sake (e.g., to add to publi-
cation lists).

EQBs are a powerful, but imperfect LoE for assessing po-
tential harm from chemicals and other stressors. They can be a
useful tool, but can also be misused. They need to be devel-
oped and used appropriately, incorporating both good science
and common sense. This is critically important for environ-
mental decision-making and environmental protection, which
should be focused on solutions to real and pressing issues
rather than wasting time and resources on relatively insignif-
icant issues.
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