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Abstract Current ecological risk assessment (ERA) schemes
focus mainly on bioaccumulation and toxicity of pollutants in
individual organisms. Ecological models are tools mainly
used to assess ecological risks of pollutants to ecosystems,
communities, and populations. Their main advantage is the
relatively direct integration of the species sensitivity to organic
pollutants, the fate and mechanism of action in the environ-
ment of toxicants, and life-history features of the individual
organism of concern. To promote scientific consensus on
ERA schemes, this review is intended to provide a guideline
on short-term ERA involving dioxin chemicals and to identify
key findings for exposure assessment based on policies of
different agencies. It also presents possible adverse effects of
dioxins on ecosystems, toxicity equivalence methodology,

environmental fate and transport modeling, and development
of stressor-response profiles for dioxin-like chemicals.
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Introduction

Dioxin-like compounds (DLCs) have been classified by the
World Health Organization (WHO) as one of the persistent
toxic chemical substances in the environment, and they are
associated with several occupational activities and industrial
accidents around the world (NSW 2013; Rezayi et al. 2014b;
WHO 2002). The health effects of dioxin compounds and
their exposure contaminates in the environment have been
featured extensively in toxicological and epidemiologic stud-
ies as significant pollutants because of their resistance toward
metabolism and hydrophobic nature, poisoning incident, long
lifetimes, and high bioaccumulation in fatty tissues in humans
and animals (Proestou et al. 2014; Rezayi et al. 2013a;
Tavakoly Sany et al. 2014b; US EPA 2013b). The most toxic
congener for this class is 2,3,7,8-tetrachlorodibenzo-para-di-
oxin (TCDD), which has extensive toxicological effects such
asmodulation of the immune system, teratogenesis, and tumor
promotion (Haffner and Schecter 2014; Rezayi et al. 2013b;
US EPA 2010; US EPA 2012; Van den Berg et al. 1998,
2006).

Dioxin exposure to humans has not been reported prior to
industrialization (Schecter et al. 2006; US EPA 2013b). But
after industrialization, the most toxic dioxins have been com-
monly found in all environmental matrices at various spatial
scales, with higher concentrations among chemical workers in
industrialized countries (Abraham et al. 2015; Bigus et al.
2014; Saadati et al. 2013; Schecter 1994; Schecter and Con-
stable 2013; Tavakoly Sany et al. 2014a; Tehrani et al. 2013;
US EPA 2004; WHO 2002). DLCs contain 10 of the
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polychlorinated dibenzofurans (PCDFs), seven of the
polychlorinated dibenzodioxins (PCDDs), and 12 of the
polychlorinated biphenyls (PCBs) (Olli et al. 2013; US EPA
2004). Increased PCDFs/PCDD concentrations were reported
in North American lake sediments during 1920–1940 due to
the commercial production of dioxin and PCBs in 1929. In
1957, toxic dioxins such as TCDD were frequently identified
as unwanted pollutants. Common instances of dioxin expo-
sure include the application of Agent Orange herbicide during
the Vietnam War between 1961 and 1971 (IOM 2005;
Schecter et al. 2005; Schecter et al. 2003). Dioxins were found
at Love Canal (Smith et al. 1983), in chemical workers in the
USA and Germany (Flesch-Janys et al. 1995; Steenland and
Deddens 2003), in fly ash in Japanese incinerators (Olie et al.
1977), and in Seveso in Italy following an industrial accident
in 1976 (Bertazzi et al. 2001).

Yucheng and Yusho disasters in Taiwan and Japan, respec-
tively, were due to the ingestion of rice oil contaminated by
PCDFs and PCBs (Masuda 1994). Thus, comprehensive gov-
ernment documents related to TCDD toxicity and its health
effect have been provided by different agencies [such as
WHO, the United States Environment Protection Agency
(US EPA), Disease Registry of the Centers for Disease Con-
trol (CDC), and the Agency for Toxic Substances] based on
the several toxicological and epidemiologic studies (US EPA
2010; US EPA 2012; US EPA 2013b; WHO 2002).

The present article will provide an integrated overview of
available key studies with the objectives (i) to summarize a
series of critical studies to describe a guideline to assess eco-
logical risks associated with exposure to complex mixtures of
DLCs and (ii) to highlight the key findings on issues
concerning the risks such as toxicity equivalent factor, dioxins
transfer in the environment based on the weaknesses, and
strengths of the available evidence. This integrative review
will give a synopsis of dioxin science and its key findings to
characterize risk to use by environmental managers and risk
assessors.

Chemical structure of dioxin-like compounds

Dioxin-like compounds are toxicologically and structurally
related to halogenated aromatic hydrocarbons (HAHs) having
similar chemical structure and mechanism of toxic action
(Haffner and Schecter 2014; Long and Bonefeld-rgensen
2012; US EPA 2012), and they also induce a similar spectrum
of biological responses via activation of a specific intracellular
receptor such as aryl hydrocarbon receptor (AhR) (Guyot
et al. 2013; Sorg 2013). DLCs contain polychlorinated
dibenzo-p dioxins (PCDDs), polychlorodibenzo furans
(PCDFs), polybrominated dibenzofurans (PBDFs),
polybrominated dibenzo-p-dioxins (PBDDs), and dioxin-like
biphenyls (PCBs) and their relevant compounds such as

mono-ortho-substituted PCBs (PCB 105, 114, 118, 123,
156, 157, 189) and non-ortho coplanar PCBs (PCB 77, 81,
126, and 169) (Olli et al. 2013; US EPA 2004). PCDF and
PCDD are by-products of incineration procedures and organic
synthesis, whereas PCBs are used as coolant fluids and dielec-
tric in capacitors, electric motors, and transformers (Sorg
2013; WHO 2002).

DLCs include two benzene rings connected by two oxygen
atoms and consist of four to eight chlorine atom substitutions
in the 2,3,7 and 8 positions with DLCs toxicity (Figure S1).
DLCs contain 10 of the polychlorinated dibenzofurans
(PCDFs), seven of the polychlorinated dibenzodioxins
(PCDDs), and twelve of the polychlorinated biphenyls
(PCBs) (Olli et al. 2013; US EPA 2004). These PCB com-
pounds are known as coplanar PCBs because rotation ability
of their rings into the same plane (US EPA 1994). Chemical
basic structures of PCDFs, PCDDs, and a PCB were shown in
figure S1.

Assessments of AhR-signaling pathways

In general, wildlife can be exposed to a mixture of dioxin
congeners. Several molecular mechanisms of DLCs toxicity
have been defined (Kulkarni et al. 2008; Long and Bonefeld-
rgensen 2012; Sorg 2013). DLCs can cause the inappropriate
pattern of interference or gene expression or with different
signaling routes and cause the disruption and differentiation
of tissue, cellular, and biochemical processes (Haffner and
Schecter 2014; Schecter et al. 2006; Sorg 2013; van den Berg
et al. 2013).

The most common bioassays for the estimation of dioxin
toxicity including dioxin effects are mediated through the sig-
nal transduction pathway of the AhR and created a specific
complex of atypical enzymes that induce several biological
responses, induction or repression of gene expression and de-
fects of the developmental and reproductive system (Kulkarni
et al. 2008; Long and Bonefeld-rgensen 2012; Sorg 2013).
The AhR is an intracellular ligand-dependent transcriptional
factor in cytoplasm (Rice et al. 2008; Schecter et al. 2006). In
the absence of agonists, this receptor is maintained in an inac-
tive form by chaperone proteins: (a) the heat shock protein 90
(HSP90), (b) the prostaglandin E synthase 3 (cytosolic or
p23), (c) the AhR-interacting protein (ARA9 or AIP), and
(d) HBV X-associated protein 2 (XAP-2) (McIntosh et al.
2010; Möglich et al. 2009; Sorg 2013).

DLCs are formed as complex mixtures, and several conge-
ners of DLCs activate AhR. These complications increase the
difficulty to evaluate risks of DLCs because estimation of the
concentration of each congener does not necessarily reflect
whole AhR activation or signaling pathways (Long and
Bonefeld-rgensen 2012; Rice et al. 2008; US EPA 2010;
Van den Berg et al. 2006). Thus, the toxic equivalency factors
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(TEFs) have been estimated experimentally for each congener
of DLCs to estimate the total toxicity of dioxin and their rel-
evant congeners based on a variety of responses, endpoints,
and uncertainties in the available data (Parvez et al. 2013; US
EPA 2008; US EPA 2010; Van den Berg et al. 2006). TEF is a
factor showing the potential of each dioxin congener to induce
AhR activation related to the reference substance, which TEF
value for TCDD is fixed to 1.0 (Long and Bonefeld-rgensen
2012; Van den Berg et al. 2006). Whole activation of AhR
receptors by different dioxin congeners is expressed as TCDD
toxic equivalent (TEQ) based on the AhR signaling assess-
ment. The classical method of TEQs is estimated based on
multiplying the individual concentration of dioxin congeners
(PCDFs/PCDDs/PCBs) in an environmental mixture by their
respective TEF (Eq. 1) (US EPA 2008; Van den Berg et al.
2006). In complex mixtures, the TEQ is estimated by sum-
ming the TEQs of all congeners (Van den Berg et al. 1998).

TEQ ¼
X

n
i¼1 Ci � TEFð Þ ð1Þ

Ci concentration of individual dioxin congeners.
TEFi TEF values are estimated experimentally for

individual congeners of DLCs (Table S1).
TEQ TCDD toxicity equivalence.
n number of individual dioxin congeners in mixture

These TEF and TEQ approaches for DLCs were defined
based on the dose addition concept with several assumptions,
under which the same toxicodynamics and toxicokinetics are
considered for all DLCs (Kulkarni et al. 2008). The dioxin
compounds bind to the AhR with the same toxic mode of
action to induce AhR-mediated effects, and the dioxin and
DLCs must accumulate and be persistent in the food web.
Moreover, it is assumed that toxicological interactions (antag-
onism and synergism) do not occur between the DLCs in
environmental samples (US EPA 2010; Van den Berg et al.
2006; van den Berg et al. 2013).

As stated in several studies, the use of TEF concept has
been accepted as a Buseful, interim method^ to simplify the
assessment of the potential risk of DLC mixtures because this
method reduces the general uncertainties in the process of risk
assessment (US EPA 2003; US EPA 2013b). Likewise, in this
concept, TCDD equivalents are internationally being applied
as a replacement for exposure estimates based on total PCBs
or TCDD (US EPA 1994; US EPA 2003; US EPA 2010). The
justifiable index was developed based on the last consensus
values for TEFs, which has helped risk managers to better
assess public health risks of DLCs, but its application depends
on the availability of representative, reliable exposure data and
TEFs (Long et al. 2006; Long and Bonefeld-rgensen 2012).
Consequently, TEFs are applicable to provide a retrospective
assessment from possibilities of pervious exposure to

chemical stressors and to deliver prospective assessment of
future adverse effects (Parvez et al. 2013; US EPA 2003).

Several drawbacks have also been indicated for using the
TEF concept including very expensive, time-consuming gas
chromatography mass spectrometry estimation and high
sample volume requirements, presence of congeners not
commonly estimated or unknown substances with AhR af-
finity, often low concentrations of congeners with the con-
centrations lower than detection limits, unknown or not rou-
tinely estimated AhR-active compounds available, the TEF
values are not available for several HAHs, possible syner-
gistic or antagonistic interactions between HAHs, the dif-
ferent shape of the dose–response curve, and differences in
responsiveness of individual species (Long and Bonefeld-
rgensen 2012; Long et al. 2003; US EPA 2008; US EPA
2013b). Therefore, it is essential to assess DLCs based on
the integrated techniques.

The US EPA provides several comprehensive environmen-
tal reports in response to questions raised at the 2005 WHO
expert meeting. The main question is whether the TEF values
for DLCs for dermal and inhalation exposure pathways can be
or not be used (US EPA 2010; US EPA 2013b). In addition to
the ingestion routes, the TEFs can be used to calculate dermal
or inhalation exposure pathways, assuming exposures to
DLCs via these routes is estimated based on the fractional
contribution of dermal, inhalation, and oral route exposures
to identify the predicted TEQ value (US EPA 2013b). In the
absence of toxicity factors for dermal routes, a simplified par-
adigm has been devised by the US EPA to convert a route-to-
route (oral to dermal) extrapolation based on adjusting for
absorption through skin and oral toxicity values. US EPA
experts believe that slop factors and most oral reference doses
(RfDs) are the specific values of substances administered per
body weight and unit time, whereas the absorption dose is the
appropriate amount to estimate exposure for dermal pathways.
Thus, the dermal absorption factor was estimated for TCDD
based on relationships between obtained dose–response of
oral toxicity studied and adjusting for absorption dose through
dermal contact. The dermal absorption factor (ABS) of TCDD
has been considered, instead of TEFs, to evaluate dermal ex-
posure (US EPA 2003; US EPA 2008). There is no toxicity
value to assess the risk posed by inhalation of dioxin either via
volatiles or particulates. The US EPA provides screening
levels of dioxin for inhalation risk according to the particulate
emission from soil, calculated by the California EPA reference
concentration (RfC) for TCDD, where the contribution of the
inhalation route compared to the ingestion route is well below
1 % (US EPA 2010). Other questions are related to the possi-
bility of using dioxin TEFs to assess ecological risk and cancer
and non-cancer risks. Based on several scientific reports from
the US EPA and WHO, TEFs can be applied for all mediated
effects through AhR binding by the dioxin compounds (US
EPA 2010; US EPA 2013b; WHO 2002).
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Ecological risk assessment

Ecological risk assessment (ERA) is performed to provide
scientific information into meaningful data about the risk of
the anthropogenic activities in environment (Tavakoly Sany
et al. 2014c; Tavakoly Sany et al. 2014d; US EPA 2012). Four
phases are considered to assess ecological risk: planning,
problem formulation, analysis, and characterization of risk
(Table 1) (Shea and Thorsen 2012; Glenn and Suter II
2006). The application of TEF is presented in the context of
each phase to provide accurate estimation of the AhR-
mediated risks (US EPA 2008; US EPA 2010).

Planning

The planning phase to assess ecological risks is preceded by
the risk management decision that is related to make manage-
ment goals, find appropriate methods, and determine the
scope and size of the ecological risks (Shea and Thorsen
2012). The risk assessors also consider multiple parameters
(other chemicals of concern, time, data adequacy, cost, scien-
tific uncertainty, social conditions, or political) during the
planning phase (Rezayi et al. 2014a; US EPA 2008). Identify-
ing and quantifying scientific uncertainties is essential to per-
form successful risk assessment. The details of all the uncer-
tainties inherent to the TEQmethodology and their application
to risk assessment are described in all phases of ERA by US
EPA and Van den Berg in 2006 (US EPA 2008; Van den Berg
et al. 1998; Van den Berg et al. 2006).

The risk managers should verify that assumptions inherent
in using the TEF concept are valid for the particular situation
(e.g., the chemicals of concern are AHR agonists, congener-
specific exposure data are available, and organisms are sensi-
tive to an AHR-mediated mechanism of toxicity) to which the
methodology is being used (Sorg 2013; van den Berg et al.
2013). In this framework, the TEF concept only applies for
ecologically adverse effects associated with DLCs. It is essen-
tial to employ additional methods to account for other adverse
effects associated with other chemicals that may be present
(e.g., PCBs and furans) (US EPA 2008; US EPA 2010).

There are several bioanalytical methods that have the po-
tential of accounting to estimate the adverse effects of chem-
ical mixtures that act via the AhR. Such chemicals are not
likely to be detected by a chemical method that estimates only
PCDDs/Fs and PCBs (Shea and Thorsen 2012; Sorg 2013; US
EPA 2008). The bioanalytical methods are faster methods
with lower cost than chemical methods for TEF estimation.
However, the experts at the US EPA do not recommend ap-
plying the bioanalytical tools as an alternative to the toxicity
equivalence method and congener-specific analysis because
of limitations in current technology, lack of consistent quality
criteria relevant to recent bioanalytical tools, and lack of

standard testing procedures (Rezayi et al. 2012; US EPA
2008; van den Berg et al. 2013).

The US EPA in 2008 listed the following important con-
siderations for risk assessors for selecting the most appropriate
analytical method to estimate risks from dioxin compounds
(US EPA 2008):

1. The possibility of the presence of other chemicals, which
could be expected to increase risk, posed by the dioxin
congeners.

2. Aroclor standards usually cannot adequately present the
environmental PCB mixtures because environmental
weathering may significantly change the congeners’ pro-
files of Aroclor standards (Aroclors are made by the con-
gener profiles present in the original formulation). Thus,
several uncertainties defined to assess effects and expo-
sure during the toxicity tests based on the assumption that
congener profiles of the Aroclor standard (as a commer-
cial mixtures) are representative of PCB profiles in weath-
ered environmental samples (either biota or exposure
media).

3. The total PCDD/Fs and PCB concentration can be
overestimated based on homologue (level-of-chlorina-
tion) analysis because of the overlapping of congeners,
which may be measured in a specific or another homo-
logue group analysis.

4. The determination of total PCBs, Aroclors, and homo-
logues groups is not amenable to bioaccumulation model-
ing (fate and transport), and the toxicity equivalence
method cannot be directly used for these groups. Since,
large uncertainties are introduced in applying of TEFs to
estimate concentration of PCB congeners based on
Aroclor or homologue analyses due to differential
weathering and bioaccumulation processes.

5. Regardless of the models or determination applied to as-
sess risk, the chemical determination and characterization
of the uncertainties associated with undetected chemicals
should be clearly reported to the risk assessors or risk
managers.

6. In all ERA, the dose metric (i.e., concentration of chem-
ical compounds) should be constant among the effects
assessment and the exposure assessment.

Problem formulation

Problem formulation is preliminary hypotheses to evaluate the
adverse effects, which may occur, or have occurred, as a con-
sequence of exposure to dioxin-like congeners (Dourson et al.
2013; US EPA 1998). In this phase, integration of available
information (on stressor, sources and characteristics of the
ecosystem, exposure characteristics and effects) is normally
performed to evaluate ecological risk. This initial evaluation
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provides the basis to select endpoints (any species that are
both sensitive and exposure to toxicity of DLCs) and develop
conceptual models and an analysis plan (Dourson et al. 2013;
US EPA 1998; US EPA 2008).

Assessment of endpoints

It is necessary to consider the following principal criteria for
selecting appropriate endpoints for risk assessment: suscepti-
bility to potential chemical stressors, relevance to manage-
ment targets, and ecological relevance (Shea and Thorsen
2012; Glenn and Suter II 2006). The following sections
describe the unique characteristics and effects of dioxin-like
congeners to identify organisms to assess endpoints based on
the two criteria—susceptibility and ecological relevance (US
EPA 2008).

Susceptibility Susceptibility includes two main parameters:
sensitivity (how stressors affect an organism) and exposure
(the intensity, duration, and frequency of contact among
stressors and organisms) (Hung et al. 2013; US EPA 2008).

The US EPA 2003 evaluated the sensitivity of various an-
imals to dioxin-induced toxicity based on the activation of
AhR signaling pathways, which is known as a main toxicity
indicator of potential susceptibility for organisms exposed to
DLCs. One or more forms of the AhR have been detected in
several fish, mammals, and birds especially in their embryonic
or early-life stages (Farmahin et al. 2013; Ross et al. 2013; US
EPA 2008; Van den Berg et al. 1998; Van den Berg et al. 2006;
van den Berg et al. 2013). The presence of these receptors is
sufficient to introduce these animals as most sensitive end-
points to DLCs toxicity, and they are considered to assess
ecological risks of DLCs (Brown et al. 1997; Gendron 2013;
Hahn 1998).

The toxicological significance of these organisms is still
uncertain because their toxic effects data are extremely limited
(Ross et al. 2013; US EPA 2008; US EPA 2010). Several
studies recorded that dioxin congeners (mainly TCDD and
PCBs) are commonly ineffectual at causing adverse effects
on growth, reproduction, and survival in a wide variety of
invertebrates including midges, amphipods, cladocerans,
sandworms, snails, clams, purple sea urchin, oligochaete
worms, mosquito larvae, and grass shrimp (Brown et al.
1997; Gendron 2013; Hahn 1998; Hahn 2002; US EPA
2008). Based on previous finding, the insensitivity of inverte-
brates to dioxin toxicity is due to lack of the ability of inver-
tebrate AhR homologues to bind the ßeta-naphthol flavone
and prototypical AhR ligands (TCDD) (Butler et al. 2001).
Likewise, limited research has demonstrated that in spite of
the significant accumulation of dioxin congeners (μg/g con-
centrations) in aquatic organisms (especially in algae and
duckweed), they are insensitive to dioxin congeners, and no
adverse effects of dioxin congeners were observed for these

aquatic organisms (Kster et al. 2007; Spiegel et al. 2013; US
EPA 2008). Based on these differences in sensitivity between
endpoints and species, risk managers or risk assessors should
consider the uncertainty to establish a successful risk
assessment.

To assess ecological risk, the following alternative expres-
sions should generally be considered as exposure to assess the
relative susceptibility of species: (1) concentrations of DLCs
in sediment, water, and species diet; (2) concentrations of
DLCs in specific tissues of the species; and (3) concentrations
of DLCs in the whole body of the species (US EPA 2008). As
indicated in several studies, the endpoints must involve organ-
isms that not only are susceptible in term of sensitivity but also
are exposed through bioaccumulation of DLCs (US EPA
1998; US EPA 2010). It is essential to consider the following
points to select appropriate exposure by risk assessors:

1. Spatial (life stages of endpoints) and temporal gradients of
exposure when selecting species with the greatest bioac-
cumulation and exposure (Bain 2013; Diepens et al. 2014;
US EPA 2008).

2. Benthic invertebrates whose food chains are connected to
polluted sediments have greater exposures than pelagic
invertebrates whose food chains are connected to surface
water because of the high concentration of organic pollut-
ants in sediments and the higher equilibrium of inverte-
brates with sediment than water (Burkhard et al. 2003;
Weisbrod et al. 2007).

3. The ability of DLCs to be metabolized by the organisms
that would reduce their bioaccumulation by increasing
elimination. Invertebrates do not have enough ability to
metabolize DLCs, while vertebrates significantly metab-
olize PCDFs, PCDDs, and to a limited extent of some
PCBs (Norstrom 2002; Van Geest et al. 2011).

4. Dioxin congeners possessing chlorines at 2, 3, 7, and 8
positions (most toxic congeners) are significantly
bioaccumulated by vertebrates due to their low ability to
metabolize these dioxin congeners (Koenig et al. 2012;
Lyons et al. 2014; US EPA 2008; US EPA 2012).

As explained in this section, species that are highly sensi-
tive and experience high bioaccumulation and high exposure
will be the species at greatest risk. Thus, it is essential to
consider both sensitivity and exposure to evaluate species
susceptibility.

Ecological relevance In 1992, the US EPA stated that,
Becologically relevant endpoints reflect important characteris-
tics of the system and are functionally related to other
endpoints^ (Glenn and Suter II 2006; US EPA 2008). In
1998, the US EPA provided the guidelines for ERA, in which
multiple Bdioxin-sensitive^ species were identified as ecologi-
cally relevant endpoints at any level of biological organization.
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These species are relevant to the function and biodiversity of
the ecosystems and sustenance of the natural structure. Thus,
they are functionally related to other endpoints and have the
ability to reflect main characteristics of an ecosystem (Shea and
Thorsen 2012; US EPA 1998; Zwiernik et al. 2008).

For example, based on the results of several studies, pisciv-
orous birds (herring gull, belted kingfisher, bald eagle) (Ngo
et al. 2006; Seston et al. 2012), predaceous fish (lake trout)
(Arcand-Hoy and Benson 1998; Giesy et al. 2002; King-
Heiden et al. 2012), and mammals (mink, river otter) (Basu
et al. 2007; Elliott et al. 1999; Zwiernik et al. 2008) have been
considered as main classes of ecologically relevant species to
assess the potential of ecological risks posed by TCDD to
associated wildlife and aquatic organisms. Hence, they are
employed as a keystone connection between trophic levels
within the food web as well as representing both a sensitive
and an ecologically relevant assessment endpoint in most
ERA programs (Shea and Thorsen 2012; US EPA 1998).
The guidelines for ERA identified five classifications to eval-
uate adverse effects or changes in assessment endpoints (US
EPA 1998; US EPA 2008):

1. Nature of the effects: these effects include the mortality in
a wide range of species due to developmental and repro-
ductive toxicity because they are particularly ecologically
relevant. Thus, they have potential to decrease the popu-
lations of organisms and to subsequently cause changes in
the function, structure, and biodiversity of ecosystems.

2. Intensity of the effects: these effects have the potential to
be great because of their potent developmental and repro-
ductive toxicants.

3. Temporal and spatial scale effects: these effects are related
to persist dioxin-like congeners in environmental matri-
ces, for ecologically relevant time periods, making large
potential effects in temporal and spatial scales of effects.

4. Potential for recovery: there is low or no opportunity for
recovery due to the critical effects of AHR agonists on
developmental stages of sensitive species.

Development of conceptual models

A conceptual model describes the movement of dioxin-like
congeners (as stressors) from a source, the further exposure
of ecological entities, subsequent exposure by bioaccumula-
tion through food webs, and finally the hypothesized adverse
ecological effects from these exposures (Shea and Thorsen
2012; US EPA 2008). As a matter of fact, the conceptual
model is defined to show sources of DLCs, affected media,
potential or known environmental fate and endpoints recep-
tors, and potential or known pathways of migration (dermal,
ingestion or inhalation) (EnHealth 2012; Tavakoly Sany et al.
2015; US EPA 2013b; US EPA 2014b).

DLCs are unwanted pollutants almost exclusively pro-
duced through industrial processes (Kruse et al. 2014; Lu
et al. 2014; Proestou et al. 2014; Rezayi et al. 2011; WHO
2002). The US EPA has divided sources of DLCs into five
groups (US EPA 2013a):

(i) Chemical manufacturing: PCDD/PCDFs are produced as
chemical products from industrial manufacturing, includ-
ing phenoxy herbicides (2,4,5-T), chlorinated phenols
(pentachlorophenol, or PCP), PCBs, and chlorinated ali-
phatic compounds (ethylene dichloride), and chlorine-
bleached wood pulp.

(ii) Combustion sources: PCDD/Fs are produced during
combustion processes such as burning of various fuels
(petroleum products, wood and coal), waste incineration
(urban sewage sludge, solid waste, medical wastes, and
hazards waste), uncontrolled and poorly combusted
sources (open burning of wastes, building fires, and for-
est fires), and high temperature sources (cement kilns
and incineration). Based on some evidence, very small
amounts of PCBs are formed in combustion systems.

(iii) Metals refining and smelting: PCDD/Fs produced dur-
ing various operations of industrial metals such as iron
ore sintering, scrap metal recovery, and steel production.

(iv) Photochemical and biological processes: PCDD/Fs
might be produced during photolysis of highly chlori-
nated phenols and formed during the action of microor-
ganisms on chlorinated phenolic compounds.

(v) Reservoir sources: reservoirs are places with a high po-
tential for circulation and redistribution of DLCs and
PCBs, which are previously produced in environmental
media.

In cases of environmental fate, it is essential to consider the
individual DLC values because of the great variation in phys-
icochemical properties of individual dioxin-like congeners in
environmental media. The DLCs are essentially insoluble in
water, they tend to bioaccumulate in the food chain, and they
are generally classified as semi-volatile. Although some stud-
ies have reported that DLCs can degrade in environmental
media, they are known as persistent and immobile in sedi-
ments and soil (Kruse et al. 2014; Lyons et al. 2014). The
two main routes for dioxin congeners to enter the human diet
and food chains are air-to-plant-to-animal and water/sedi-
ment-to-fish. DLCs are transported through the atmosphere
as attached to airborne particle or vapors and deposited on
sediment, soil, and plants by dry or wet deposition, which
are the primary means of DLC dispersal in environmental
media. The compounds are bioaccumulated in the fatty tissues
of animals that feed on these plants. These compounds enter
the aquatic food chains via direct atmospheric deposition or by
surface erosion and runoff from watersheds. In aquatic sys-
tems, they can be volatilized out of the surface waters into the
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atmosphere, they can be resuspended into the water bodies, or
they can become buried in deeper sediments, which are con-
sidered as a permanent sink for DLCs. Moreover, fish are able
to accumulate DLCs by direct contact with suspended parti-
cles in water and sediment and by their consumption of aquat-
ic organisms (Lyons et al. 2014; US EPA 2008) (Figure S2).
Humans could potentially be exposed via three exposure path-
ways: inhalation, dermal contact, and ingestion. In ambient
air, intake of DLCs can be by general inhalation and inhalation
of resuspended dust. Contact with the polluted sediment or
soil may expose human to dioxins (dermal contact) (US
EPA 2008; US EPA 2012).

Analysis plan

The analysis plan is the last step in the problem formulation
phase that includes the clear description of the hypothesis,
data needs, assessment design, measures, methods, assump-
tions, and extrapolations. The analysis plan leads to a clear
understanding of the limitations, strengths, and transparent
description of the assumptions associated with all methods
(Bain 2013; Glenn and Suter II 2006).

In the application of the TEF concept to assess ecological
risk, the analysis plan identifies suitable methods to provide:
estimating dioxin-like congener concentrations in media and/
or biota, exposure (frequency, duration, and intensity), toxicity
effects (laboratory or field studies), selecting consensus TEFs
and characterizing uncertainties (US EPA 2008).

Consideration in analysis

Analysis is a process that characterizes the exposure and ef-
fects and their relationships with ecosystem characteristics
and between each other (Shea and Thorsen 2012; Glenn and
Suter II 2006). The selection of TEF is a main connection
between exposures and effects because this method fits well
with the conceptual model and acts as a bridge among effects
and exposures by accumulating exposure to complex mixtures
of DLCs into a single value (US EPA 2008; van den Berg et al.
2013).

Characterization of exposure

Characterization of exposure provides a description of poten-
tial contact of a receptor species with chemical stressors (Shea
and Thorsen 2012; US EPA 1998). Main considerations of an
exposure profile for DLCs are the following (US EPA 2008;
WHO 2002): (a) identification of receptors (the exposed eco-
logical entity) based on predictions or measurements of DLC
concentration in sediment, water, diet, and tissue (dose matric)
in spatial and temporal scales; (b) an accounting exposure
pathway (way a stressor taken from the sources by the recep-
tors) based on the differential fate and transport of DLCs in the

ecosystems; (c) predictions and/or measurements of the bio-
accumulation for each DLC; and (d) estimation of TEQs
based on dose metrics of the toxicity data being applied for
risk estimation.

Transport and redistribution of DLCs on particles through
water and atmospheric pathways are the main mechanisms
that lead to spatial and temporal variations (Shields et al.
2010). Available scientific evidence shows that PCBs tend to
be partitioned from water to air to a greater extent than
PCDD/Fs, which are more likely removed from environmen-
tal media either by deposition or by photodegradation. In the
environment, photodegradation of non-sorbed species at the
water–air and soil–air interfaces (in the gaseous phase) is iden-
tified as the only significant transformation process for DLCs
(Kruse et al. 2014; Shields et al. 2010).

Estimation of dioxin-like congeners in water is very diffi-
cult because of a high degree of water hydrophobicity espe-
cially for PCDD/Fs, which are in lower concentration in com-
parison with PCBs (Burkhard et al. 2004; Tavakoly Sany et al.
2014b; US EPA 2008). In abiotic media, concentrations of
individual dioxin-like compounds usually cannot reflect the
dioxin concentration profile calculated in the wildlife tissue
samples (Burkhard et al. 2004; Lyons et al. 2014). Since indi-
vidual dioxin congeners show the different physicochemical
properties in bioaccumulation, biomagnification, bioavailabil-
ity, and metabolism, their relative concentrations in organisms
vary with trophic level and species (Burkhard 2003; Burkhard
et al. 2004; US EPA 2012).

Thus, bioaccumulation factors (BAFs) are employed to
PCDD/Fs and PCB concentrations in abiotic media to esti-
mate predicted concentration of DLCs in organisms (biotic
media) (Arnot and Gobas 2006; Burkhard 2003; US EPA
2008; US EPA 2009). It is essential to convert dioxin concen-
trations in abiotic media to concentrations in the organisms’
tissues as well as their foods using scientific models or BAF or
prior to employing TEFs to estimate TEQs (Arnot and Gobas
2006; Lyons et al. 2014; Tavakoly Sany et al. 2014a).

In ERA, if estimated concentrations of all dioxin congeners
in tissues or diets of organisms associated with specific end-
points are available, then TEQs can be estimated directly
based on Eq. 1. Otherwise, risk assessors have to consider
how they will predict or estimate concentrations of all DLCs
of concern in diets or tissues (Burkhard et al. 2004; Lyons
et al. 2014). If the estimated concentrations in tissues and diets
are not available, it will be necessary to estimate bioaccumu-
lation for DLCs of concern in risk assessments involving the
toxicity equivalence methodology (Arnot and Gobas 2006;
US EPA 2008; US EPA 2009). The bio-concentration factors
(BCFs) were previously applied to estimate bioaccumulation,
but BCFs have poor applicability for hydrophobic chemicals
especially PCDD/Fs and PCBs. In hydrophobic chemicals,
application of BCFs leads to underestimation of uptake, bio-
accumulation, and elimination of chemicals. This shows a net
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uptake through all pathways of exposure because BCFs are
estimated based on the uptake of the hydrophobic chemicals
by aquatic species only from water via the gills (respiration)
under laboratory conditions (Arnot and Gobas 2006; Lyons
et al. 2014; US EPA 2008; US EPA 2009).

BAFs and biota-sediment accumulation factors (BSAFs)
are applied as alternatives to BCFs and essential connectors
of concentrations of dioxin congeners in the relevant tissues or
diet of organisms with concentrations of DLCs in abiotic me-
dia (Lyons et al. 2014; Norstrom 2002; US EPA 2008). These
factors are obtained from direct estimations from environmen-
tal media and an organism’s tissue or prediction of elimination
rates and uptake of chemicals as results of exposure pathways
(Arnot and Gobas 2006; US EPA 2009).

When tissue concentrations of the chemicals are not avail-
able for the ecosystem and/or species of concern, it is possible
to use a hybrid modeling approach to estimate BAFs and
BSAFs by extrapolation from other ecosystems or species
(Burkhard and Cook 2006; US EPA 2009). In addition, the
US EPA has recently provided an extensive data (20,000) set
of BSAFs from 20 locations for organic chemicals (US EPA
2014a).

Characterization of ecological effects

An ecological effect that characterization describes effects of
DLCs (as stressor) based on stressor–response profiles. In the
environment, PCDD/Fs and PCBs are generally present as
complex mixtures. Thus, to assess their ecological risk, one
needs to evaluate their cumulative effects and to quantify their
individual exposures as well. The cumulative effects of DLCs
are generally evaluated based on the stressor–response profile
for TCDD because this profile is often the best or only avail-
able data to assess endpoints of concern for dioxin-like con-
geners (Shea and Thorsen 2012; US EPA 2008).

In recent decades, adverse health effects of DLCs have
been characterized in wildlife species and humans (Goodman
and Sauer 1992; Smith et al. 1976; Sparschu et al. 1971; Yang
et al. 2000). Based on epidemiology data and on animal data
(Table 2), TCDD is considered as Bthe most carcinogenic
man-made chemical^ (Keller et al. 2007; Keller et al. 2008).
These results came from (1) theoretical animals models, (2)
mutagenic metabolic conversions of other polycyclic aromatic
hydrocarbons (PAHs), and (3) relationships between the ex-
pression of genes involved in oncogenesis and AhR signaling
(Audebert et al. 2010; Santos 2009; Simon et al. 2009; Sorg
2013).

Results showed that acute exposure to TCDD leads to
death even in tiny doses. The estimated LD50 value of TCCD
was around 10,000 μg/kg body weight (bw) for hamsters,
while it was 1 μg/kg bw for guinea pigs. Although the LD50

value of TCCD is unknown for humans, it is clearly higher
than that of guinea pigs based on results of poisoning episodes

(Schecter et al. 2006). Recent pharmacokinetic studies deter-
mined the biological half-life of TCDD based on its metabo-
lism and bioavailability (Aylward et al. 2004; Aylward et al.
2005; Eadon et al. 1986; Emond et al. 2005; Hassoun et al.
2003; Sonne et al. 2014; Warner et al. 2013). The half-life of
TCDD is dose-dependent with fast elimination at higher con-
centrations (Aylward et al. 2013; Warner et al. 2013). Like-
wise, they found a relationship between the body fat content
and TCDD sensitivity and concluded that there is positive
significant correlation between amounts of body fat and per-
sistence of TCDD because accumulation of dioxin congeners
in body fat is a detoxification mechanism that eliminate bio-
logically active xenobiotics from their target organs (Aylward
et al. 2004; Aylward et al. 2005; Eadon et al. 1986; Emond
et al. 2005; Li et al. 1997). Following acute TCDD intoxica-
tion, biological half-life typically takes from 6 to 8 weeks in
nonhuman primates and 2 to 4 weeks in rodents but it takes
from 7 to 11 years in humans with wide individual variations
(Birnbaum and Tuomisto 2000; Schecter et al. 2006).

The target organs show different kinetics in pathology and
recovery. The pancreas and the liver are the first organs to be
affected and recover within 6–10 weeks. The clinical manifes-
tations of the skin following dioxin exposure start to develop
numerous dermal hematoma only after several weeks,
reaching a peak at 18 months and reduce slowly over a long
period of time (3–5 years) (Schecter et al. 2006). A summary
of effects associated with exposure to TCDD and other con-
geners of DLCs in wildlife is presented in Table 2.

Risk characterization

The risk characterization is the last step of ERA, in which the
final estimate of risk is done based on the combination of
exposure profile and stressor–response profile, which is de-
veloped during the analysis phase (Shea and Thorsen 2012;
Glenn and Suter II 2006). The following techniques can be
used to develop risk estimation: field observational studies,
comparisons of effects estimates and single-point exposure,
categorical rankings, comparisons relationships among the
entire stressor-response, and process models based on theoret-
ical approximations of effects and exposure (Shea and
Thorsen 2012; Glenn and Suter II 2006).

In case of dioxin-like congeners, effects are usually mea-
sured based on toxicity studies of 2,3,7,8-TCDD. Exposure is
defined by the TEQ to show the combined contribution of
each dioxin-like congener that comprises the mixture. In risk
assessment, the TEQ value is compared with toxicity of 2,3,7,
8-TCDD to estimate the magnitude and likelihood effects. The
quotient method is the simplest risk assessment method based
on the ratio of the toxicity equivalence exposure point con-
centration divided by a toxicity reference value; with quotients
more than 1 qualitatively indicating an increased probability
effect (US EPA 2008; US EPA 2012).
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Conclusion

In this review, a set of key studies related to the perspective of
developing toxicity values of DLCs were characterized based
on exposure assessment and dose–response information to
assess possible ecological risks to protect wildlife. The objec-
tive of this effort is to reduce the scope of analyses and models
in relevant studies to a manageable size by focusing on the
more relevant studies on the perspective of developing toxic-
ity values of DLCs.

Based on several studies, a number of DLCs (PCDDs,
PCDFs, and PCBs) can be described as bioaccumulative and
persistent in the environment, and these compounds frequent-
ly occur as chemical mixtures in the environmental media
with cumulative impacts. These chemicals have been shown
to cause toxicity to fish, birds, and mammals through a mech-
anism of action mediated by the signal transduction pathway
of the AhR.

The selection of a biologically relevant critical exposure is
vital for risk assessment. The critical exposure needs to be
quantifiable on an individual level and be susceptible to
TCDD and other dioxin congeners for a specific health end-
points as well as availability of exposure information in the
epidemiologic studies is a primary factor. In the case of animal
studies, dose limits are considered as the most important
criteria.

DLCs frequently occur as chemical mixtures in the envi-
ronmental media with cumulative impacts. As described in
this framework, the use of the toxicity equivalence methodol-
ogy has several advantages to estimate ecological risks from
chemical mixtures of DLCs. There is a growing body of evi-
dence of the use of alternative methods (congener-specific
analyses and Aroclor or homologue methods) that may result
in underestimation or overestimation of the risks of chemical
mixtures of DLCs due to the significant analytical uncer-
tainties associated with those methods.

Thus, estimation of DLC concentrations, estimates of ex-
posures (using the toxicity equivalence methodology), and
bioaccumulation model predictions are likely to be more ac-
curate compared to alternative methods. Another advantage of
toxicity equivalence methodology is that the ecological risk
assessor can select appropriate relative potency factors for
DLCs. International TEF values have been established for
fish, birds, and mammals based on practical approaches by
WHO (Van den Berg et al. 2006; WHO 2002), and these
values represent reasonable estimation of TEC. Several envi-
ronmental agencies such as National Response Corporation
(NRC), US EPA, and WHO have concluded that even with
the inherent uncertainties associated with the application of
the toxicity equivalence methodology, this methodology pro-
vides a scientifically justifiable, reasonable, and widely ac-
cepted method to measure the toxicological and biological
potency of DLCs when the whole mixture data are not

available for dioxin exposures. Furthermore, it is essential to
understand that this methodology must be applied based on
the appropriate chemicals, target species, and media which are
consistent with underlying assumptions. Although, addressing
key risk characterization is desirable, more studies are needed
to update toxicity data for the DLCs and the TEF application
considering the following issues: evaluating the fraction of the
TEQ attributable to each chemical class of DLCs (PCDDs/Fs),
TCDD, and dioxin-like PCBs; applying TEFs to several path-
way (dermal, oral, and inhalation) exposure to assess the frac-
tional contributions of each congeners within each route for
prediction of TEQ; and performing a sensitivity analysis to
characterize the application of TEF variability on the TEQ.
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