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Abstract
Water quality criteria (WQC) play an important role in the environmental management of pollutants in different countries 
or institutions. It has been found that endocrine disrupting chemicals (EDCs) can potentially alter functions of the endocrine 
system and consequently cause adverse effects in aquatic organisms. Therefore, the complicated modes of action and mecha-
nisms of EDCs should be carefully considered in WQC studies. For example, the research regarding the WQC derivation 
of EDCs should prioritize sensitive aquatic species in consideration of the WQC derivation. Second, the chronic toxicity of 
EDCs should be of utmost concern. In addition, the appropriate effects and endpoints of EDCs should be carefully selected 
for the WQC derivation. Moreover, it was pointed out that some new methods should be taken into consideration in the 
WQC studies of EDCs in the near future.
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Environmental management processes require environmen-
tal quality standards as supporting tools and a scientific basis 
(Wu et al. 2010). Environmental quality standards, including 
water quality standards, are based on the scientific founda-
tion of water quality criteria (WQC) although many other 
factors (such as social, legal, and economic conditions) 
should also be taken into consideration. Research regard-
ing WQC has been gradually carried out throughout the 
world since the beginning of the twentieth century. At the 
present time, many countries and regions have developed 
WQC guidelines as management tools in order to protect 
aquatic organisms from the adverse effects of toxic chemi-
cals (US EPA 1985; CCME 2007; WHO 2011; HJ831-2017 
2017; Warne et al. 2018; Matthiessen et al. 2017). The WQC 

reflect the concentrations which are maximumly accepted 
or do not cause harmful effects in the environment. This is 
especially relevant for sensitive species/taxa impacted by 
the adverse effects of toxic chemicals in ecosystems. WQC 
derivation methods include assessing factors methods (AF); 
species sensitivity distribution methods (SSD); toxicity 
percentage ranking methods (TPR), and so on. In order to 
derive appropriate WQC, the general steps are as follows: (1) 
The collection, selection, and classification of the available 
toxicity data of the chemicals of concern. The toxicity data 
generally include both acute and chronic toxicity data; (2) 
The identification of environmental toxicity-modifying fac-
tors (such as pH, hardness, organic matter, and so on) which 
influence the toxicity and quantify the relationships between 
those factors and the toxicity levels; (3) The toxicity data 
are standardized based on the quantitative relationships; (4) 
The values of the WQC are derived by following the proce-
dures of SSD or TPR methods (Feng et al. 2019; Wu et al. 
2013). The aforementioned methods generally enable broad 
applications to conventional toxic chemicals. For example, 
the US EPA and other research institutions have released 
WQC for such heavy metals as copper, iron, zinc, cadmium 
and so on (USEPA 1980, 1984a, b, 1987, 2001, 2004, 2007; 
Wu et al. 2011). Previously, Yang et al. (2012, 2013) derived 
freshwater aquatic life criteria for Tetrabromobisphenol A, 
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perfluorooctane sulfonate (PFOS), and perfluorooctanoic 
acid (PFOA), respectively.

EDCs refer to exogenous substances or mixtures which 
alter the functions of the endocrine system and conse-
quently cause adverse health effects in an intact organism 
or its progeny or in populations or subpopulations (IPCS 
2002; Bergman et al. 2012). In recent years, with the in-
depth understanding of the toxicity mechanisms of EDCs, 
researchers have realized that there are significant differ-
ences between conventional toxic chemicals and EDCs. For 
example, some water environmental parameters (such as pH, 
hardness, and the content levels of dissolved organic carbon 
(DOC), as well as physicochemical properties, will affect 
the derivation of WQC for heavy metals (Feng et al. 2019; 
Wu et al. 2013). In the WQC derivation of conventional 
toxic chemicals, the values of the toxicity data are generally 
adjusted and standardized using covariance models, such as 
the biotic ligand model (BLM) and bioavailability models 
(Stauber et al. 2020; Deforest et al. 2020, 2018; Meina et al. 
2020). However, it has been found that the aforementioned 
models are not suitable for EDCs. It has been determined 
that due to EDCs’ complex toxicity mechanisms and dif-
ficulties encountered when confirming EDCs’ toxicological 
endpoints, it is hard to derive the WQC of EDCs. Therefore, 
based on the above-mentioned findings, this study’s aim was 
to address the challenges faced by the present WQC research 
of EDCs in order to introduce some recommendations for 
those challenges.

EDCs are used in a variety of ways, including industry, 
food, and pharmaceutical processes, in which they have been 
identified as contaminants of emerging concern (CECs). 
EDCs contain a wide variety of chemicals, such as poly-
chorinated biphenyls (PCBs), organochlorine pesticides 
(OCPs), nonylphenol, organophosphorus flame retardants 
(OPFRs), and so on. The toxic effects of EDCs are highly 
specific. For example, it has been determined that they spe-
cifically cause harmful effects on the endocrine system. 
High trophic level organisms, particularly vertebrates, tend 
to develop highly conserved endocrine systems. It has been 
determined that almost all high trophic level organisms 
develop hypothalamic-pituitary–gonadal axis (HPG axis); 
hypothalamic-pituitary-thyroid axis (HPT axis); and hypo-
thalamic–pituitary–adrenal axis (HPA axis). In addition, 
some invertebrates also have endocrine systems which con-
trol a similar range of bodily functions. However, it has been 
observed that those systems have evolved along markedly 
different lines when compared with the endocrine systems 
of vertebrates (Bergman et al. 2012; Caldwell et al. 2008). 
Humans, as well as high trophic level organisms, regulate 
bodily development, growth, reproduction, metabolism, 
immunity, and behavior processes through endocrine sys-
tems composed of endocrine glands, hormones, and recep-
tors. EDCs can interfere with endocrine systems and result 

in the initiation of molecular events. Such events may poten-
tially result in biochemical, behavioral, and histopathologi-
cal effects and directly lead to endocrine responses in which 
individual or population-relevant endpoints (including sur-
vival, growth, or reproduction endpoints) may be impacted 
(USEPA 2008). The specificity and complexity of the modes 
of actions and mechanisms of such toxic chemicals (EDCs) 
are of major concern due to their adverse effects on ecosys-
tems. Therefore, it is important to differentiate them from 
conventional toxic chemicals.

Due to the differences between EDCs and conventional 
toxic chemicals in regard to toxicological mechanisms and 
action modes, WQCs by hazards of EDCs have been cham-
pioned for the following reasons: (1) The determination of 
the dosage-effect relationships; (2) Concerns for the pos-
sible insensitivity of the current eco-toxicological tests for 
detecting certain types of endocrine system perturbation 
(for example, species sensitivity and sensitive life stages); 
(3) The possibility that short-term exposures to EDCs may 
lead to long-term consequences not addressed during test-
ing processes (for example, latent effects such as delayed or 
multigenerational impacts); (4) The occasional occurrence 
of non-monotonic dosage-response relationships (NMDRs) 
(Bergman et  al. 2012; Parrott et  al. 2017; Matthiessen 
et al. 2017); and (5) The possible absence of thresholds of 
the effects in some instances (for example, true threshold 
issues). The challenges and uncertainties in the research of 
the WQCs of the aforementioned chemicals were introduced 
in detail in this research, as shown in Fig. 1.

The first challenge was to define the minimum data 
requirements in terms of the sensitive species to the EDCs. 
As detailed in Fig. 1 (Species: minimum data requirements), 
various countries defined the minimum data requirements 
for aquatic organisms of different flora and trophic levels 
from various biological categories based on previous WQC 
studies (USEPA 1985, 2008; Warne et al. 2018; Feng et al. 
2019). When compared with other species or taxa, it has 
been found that vertebrates which have developed highly 
conserved endocrine systems tend to be more sensitive to 
endocrine disrupting effects (Caldwell et al. 2008; USEPA 
2008). Therefore, it was considered that vertebrates should 
be prioritized in the WQC derivation of EDCs. For exam-
ple, it is known that synthetic estrogen can potentially cause 
endocrine disruption, resulting in reproductive toxicity. 
Comparisons of no observed effect concentrations (NOECs) 
across taxa have demonstrated that fish are the most sen-
sitive, followed by another vertebrate taxon, amphibians 
(frogs). It was determined that the NOEC for vitellogenin 
induction was 0.5 ng/L and the sex ratios of Danio rerio 
changed at 1 ng/L. Meanwhile, for invertebrates, such as 
Daphnia magna, reproduction disorder was observed to 
occur at 387,000 ng/L (Bergman et al. 2012; Caldwell et al. 
2008; USEPA 2008). Therefore, it was recommended that 
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the primary focus should be placed on those sensitive spe-
cies. Although previous studies have reported that some 
invertebrates may possess receptors for hormones, inverte-
brates have developed different endocrine system structures 
which function differently from those of vertebrates. For 
example, it has been found that juvenile hormones (JH), 
ecdysteroids (Ec), and retinoid X receptors (ant)agonist can 
potentially interfere with the life processes of such inver-
tebrate as Daphnia magna, potamopyrgus antipodarumw, 
and Chironomus. Such disruptions may lead to abnormal 
growth, development, reproduction, and so on. However, it 
is not clear at this time how the EDCs act upon the afore-
mentioned species. The information regarding the detailed 
toxicity mechanisms of invertebrates is still lacking (Duft 
et al. 2007; Li et al. 2008; Cherbas et al. 1989; Caldwell 
et al. 2008). Both the EDCs toxicity effects on invertebrates 
and the mechanisms involved require further study (Ford and 
LeBlanc 2020). In addition, it is currently considered that 
plants are not likely to be sensitive, since they do not pos-
sess endocrine systems or receptors (Bergman et al. 2012; 
Caldwell et al. 2008).

This study considered that in addition to the selection 
of sensitive species, it was of major importance to select 
appropriate toxicological endpoints. Traditional WQCs 
contains only two values generally: short-term criteria and 
long-term criteria (Fig. 1). The short-term criteria or crite-
ria of maximum concentration (CMC) are usually derived 
using acute toxicological endpoints (generally median lethal 
concentration levels  (LC50) or median effect concentration 
levels  (EC50)). Meanwhile, the long-term criteria or criteria 

of continuous concentration (CCC) are derived from the 
chronic toxicological endpoints (generally the lowest 
observed effect concentrations, LOEC); NOEC; maximum 
acceptable toxicant concentrations, MATC; 10/20 per-
centile effect concentrations,  (EC10/EC20). In most cases, 
environmentally relevant concentrations of EDCs are too 
low to cause acute toxicity. It has been found that EDCs 
generally do not cause severe acute toxic effects under short 
term exposure conditions. EDCs are initially designed to 
“adjust” body biochemistry and may have different poten-
cies on different receptors. Therefore, specific cells and tis-
sues or molecular targets may be much more sensitive to 
EDCs at low dosages (Bergman et al. 2012). Also, EDCs 
may cause irreversible chronic effects, such as sex reversal, 
intersex, low fecundity and fertility, alterations in behaviors/
secondary sex characteristics/vitellogenin levels (Bergman 
et al. 2012; USEPA 2008). Considering the characteristics of 
high specificity and potency, the chronic toxicity particularly 
sensitive chronic toxicology endpoints and the long-term cri-
teria of the EDCs should be the primary concerns in WQC 
derivation processes. According to the findings of Jin et al. 
(2014, 2011) and Liu et al. (2016), freshwater organisms 
are more sensitive to the endpoints of reproduction toxicity 
of 4-nonylphenol (NP) or diethylhexyl phthalate (DEHP). 
Therefore, reproduction toxicity should be the main focus, 
rather than such other endpoints as survival, growth/devel-
opment, or biochemical and molecular biology.

Furthermore, it was considered to be important to con-
firm that there must be affirmative connections between 
the different levels of effects caused by the EDCs and the 

Fig. 1  Differences and uncertainties in the WQC derivation of endocrine disrupting chemicals
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endpoints. However, some uncertainties regarding the rela-
tionships between the effects and apical adverse endpoints 
still exist at present. Those uncertainties include delayed 
effects, multi-generational effects, and NMDRs. Many 
effects (from molecular through intact organism individual-
level changes) have been used to evaluate endocrine mecha-
nisms in different taxa, but the links between those effects 
and the population-level endpoints is often undefined. This 
lack of definition is another source of major uncertainties for 
WQC derivation. The relationships between the endocrine 
perturbations at lower levels of biological organization and 
the population-level adverse endpoints may become better 
understood when new methodologies are applied in future, 
such as adverse outcome pathways (AOPs) and population 
modeling (Knapen et al. 2020). The Organization for Eco-
nomic Co-operation and Development (OECD) (OECD 
2018) has published a guidance document addressing how 
AOPs are constructed and used for risk assessments of 
EDCs. Based on in vitro, in vivo, and in silicon data, an AOP 
can be constructed which is consistent with different levels 
of biological toxicity effects and endpoints. Molecular initi-
ate events (MIEs) are known to lead to final apical endpoints 
and adverse outcomes (AO) through a series of key events 
(KEs). The reliability of all the events and dosage-response 
relationships must be verified during the construction pro-
cesses of authoritative and scientific AOP. This has assisted 
in creating a foundation, as well as confirming the affirma-
tive connections between the different levels of toxicity 
effects and apical endpoints (Shi et al. 2021). Latent effects 
(such as delayed effects and multi-generational effects) are 
undetected toxic effects which are generally caused by short-
term exposure or early life exposure. WQC datasets that lack 
information derived from exposure to sensitive life-stages 
should be treated with caution. It is recommended that full 
life cycle tests and multi-generational tests for organisms 
are carried out rather than partial life-stage tests for organ-
isms in consideration of possible latent effects. In addition, 
NMDRs often result from various simultaneous operations 
of more than one mechanism or system adaptations and 
compensations during the exposure phases before biologi-
cal homeostasis has been re-established (Matthiessen et al. 
2017; Parrott et al. 2017). NMDRs can occur in both in vitro 
and short-term in vivo studies (for certain endpoints) with 
EDCs. However, they may not be broadly predicted in long-
term in vivo studies with apical endpoints. In the cases of the 
absence of toxic thresholds for EDCs, probabilistic methods 
for the prediction of true thresholds should be applied.

Finally, the majority of the uncertainties could potentially 
also be addressed through the use acute to chronic ratios 
(ACR), although the chronic toxicity and long-term criteria 
of EDCs should be the primary concerns. ACRs are gener-
ally used when chronic toxicity data are insufficient. How-
ever, this is not a reasonable approach for deriving long-term 

criteria or the CCC of EDCs. In the WQC derivation pro-
cess, the CMC are defined as having a one-hour averaging 
period, and the CCC a 96-h averaging period. That is to say, 
if the CMC is 96-fold higher than the CCC, it is mathemati-
cally impossible to exceed the CMC without also exceeding 
the CCC (USEPA 2008). Previous studies have reported that 
the ACRs of EDCs are generally larger in order of magni-
tude than that of conventional toxic chemicals. For example, 
the ACRs of 17α-ethinyl estradiol and 17β-trenbolone in 
fish are determined to be approximately 1000 to 300,000 
(Caldwell et al. 2008). It has been foundthat large ACRs 
introduce uncertainties and inaccuracies when deriving their 
long-term criteria using ACRs (Caldwell et al. 2008; USEPA 
2008). Therefore, it is recommended that the long-term cri-
teria should be directly developed from a sufficiently robust 
set of chronic data.

With the development and progress of various disciplines, 
research regarding WQC will continue to develop. In order 
to ensure that the research on WQC is scientific and rational, 
some new methods can provide important supplementation 
and support for the WQC study of chemicals like EDCs 
(Fig. 2). For example, carrying out high throughput in vitro 
assays through toxicological database will help save time 
and expensive costs when considering the numerous EDCs 
produced annually by humans (Wang et al. 2018a). As men-
tioned above, AOPs can be developed which will assist in 
improving the current understanding of the relationships 
between the different levels of effects and the toxicological 
endpoints in the WQC derivation. Increasingly advanced 
predictive models in silico (such as quantitative structure 
activity relationships (QSAR) models, mode of action mod-
els, adverse outcomes pathway models), along with in vivo 
assays, have been applied to construct AOPs (Wang et al. 
2018b; Ekins 2007). The development and applications of 
such omics as genomics, proteomics, and metabonomic/
metabolomics can also be applied to the WQC derivation 
of EDCs. Researchers have applied omics to such areas as 
ecological monitoring and risk assessments (Xu et al. 2020). 
Omics can provide useful tools and methods for observation, 
detection and investigation of toxicity effects and mecha-
nisms. Therefore, omics can help carry out high through-
put test, discover toxicity mechanisms and measure toxicity 
effects of different levels. All of the aforementioned newly 
developed conceptions, methods, and techniques will help 
identify sensitive species and establish relationships between 
effects and endpoints, which will make WQC research on 
EDCs in the future more scientific.

It has been determined that the different modes of action 
and the mechanisms of EDCs differentiate themselves from 
conventional chemicals in WQC derivation. EDCs act spe-
cifically on the endocrine system.

In consideration of the high specificity and potency of 
EDCs, the following recommendations were made:
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1. The species particular vertebrates which are the most 
sensitive to endocrine disruption effects should be pri-
oritized in the WQC derivation processes.

2. The chronic toxicity of EDCs should be of utmost con-
cern in the WQC derivation.

3. It is important to select the appropriate endpoints of 
EDCs and establish robust linkage between the effects 
and endpoints among the different taxa, life-stages, bio-
logical levels, and pathways.

4. The long-term criteria of EDCs should be directly devel-
oped from sufficiently chronic toxicity data.

At the same time, emerging scientific research methods 
and concepts should also be continuously applied in order 
to further the research regarding WQC.
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