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g r a p h i c a l a b s t r a c t
� Ammonia nitrogen (AN) and un-
ionized ammonia (NH3) were inves-
tigated in seven river systems in
China.

� Seasonal distributions of AN and NH3

were different.
� The Hai, Huai, Yellow River Basin
were more polluted than the others.

� NH3 posed greater acute ecological
risk than AN, while chronic risk
posed by both were deemed to be
great.

� Concentrations and risks of AN and
NH3 have been decreasing during
recent years.
a r t i c l e i n f o

Article history:
Received 7 August 2017
Received in revised form
3 March 2018
Accepted 15 March 2018
Available online 15 March 2018

Handling Editor: Jian-Ying Hu

Keywords:
Eutrophication
Nutrients pollution
Unionized-ammonia toxicity
Ecological risk assessment
a b s t r a c t

Previous studies showed that continuous exposure to ammonia nitrogen (AN) contributed to regional
losses of benthic invertebrate diversity in China. Yet, the overall ecological risk of AN to aquatic organ-
isms in major riverine systems of China has not been appropriately studied. Our research then investi-
gated temporal (seasonally/yearly) and spatial distributions of AN and un-ionized ammonia (NH3) in
major Chinese river basins using historic data generated between 2007 and 2014, and developed risk
assessment criteria. Our results showed that the highest average AN concentrations occurred during
winter (0.82e2.76mg/L) and the lowest during summer (0.36e0.78mg/L). NH3 exhibited the opposite
trend with the highest average concentrations mostly observed during spring (15.13e92.84 mg/L) and the
lowest concentrations mainly during winter (10.53e45.43 mg/L). Both AN and NH3 concentrations
steadily increased and reached maximum levels in 2008 (AN: 1.22mg/L and NH3: 50.65 mg/L), and then
decreased. Temporal trends showed that the Yellow, Hai, and Huai river basins had the highest AN and
NH3 concentrations. Subsequently, conventional (hazard quotients) and probabilistic (joint probability
curves) methods were applied to assess the hazards and risks posed by AN and NH3. The results showed
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that the probability of exceeding the acute toxicity threshold for 5% of species (exposed to AN or NH3)
was less than 13.3% and gradually decreased over time. To protect aquatic organisms, an acute criterion of
51.4 mg NH3/L and a chronic criterion of 1.14mg AN/L at pH¼ 7.5, 20 �C were developed and are rec-
ommended for future risk assessment studies.

© 2018 Published by Elsevier Ltd.
1. Introduction

Ammonia nitrogen (AN) is very common in treated and
untreated wastewater discharged into lakes and rivers through
point and non-point sources (Constable et al., 2003; Armstrong
et al., 2012). In freshwater systems, AN is composed of the
ammonium ion (NHþ 4) and un-ionized ammonia (NH3) that
are normally found in equilibrium. Higher temperatures and pH
increase the ratio of NH3 to NHþ 4 (Mayes et al., 1986; USEPA,
1999). The study of environmental AN is important because it is
known to adversely affect various kinds of aquatic organisms
(USEPA, 1999), such as vertebrates (Armstrong et al., 2012),
invertebrates (Mummert et al., 2003), algae (Kallqvist and Svenson,
2003), and microbes (Anthonisen et al., 1976), and these effects
could alter the ecosystems’ structure and function. Due to a rapid
economic development in the past few decades, AN pollution in
surface waters has become a common phenomenon, increasingly
raising public concerns in China.

According to data provided by the Chinese Ministry of Envi-
ronmental Protection (http://www.mep.gov.cn/hjzl/), annual emis-
sions of AN exceeded 2.3 million tons between 2011 and 2014. Thus,
environmental AN has become a major riverine contaminant in
systems such as the Yellow and the Hai river basins (MEP, 2013).
Previous research suggested that AN posed the highest risk of out of
nine common contaminants to the Keelung River in Taiwan (Chen,
2005). Another assessment of the ecological risk posed by waste-
water AN showed that 8% of the time NH3 concentrations in Ham-
ilton Harbor (Ontario, Canada) could cause 10% mortality to rainbow
trout and 36% of the time NH3 concentrations could cause a 20%
reduction in reproduction or growth (Constable et al., 2003).

To protect aquatic organisms from exposure to AN, guidelines and
criteria based on NH3 or AN rather than NHþ 4 have been estab-
lished around the world (USEPA, 1999; Constable et al., 2003). For
example, Australian and New Zealand set a criterion of <30 mg/L NH3

at pH 8.0 (warm-water) (ANZECC& ARMCANZ, 2000); while Canada
and England have more rigorous standards of 19 and 15 mg NH3/L
(CCME, 2000; Johnson et al., 2007). To protect fish reproduction and
food supplies, the Chinese government recommends a threshold of
20 mg NH3/L for commercial fisheries (SEPA, 1989). China uses a 6-
grade water quality classification. Grade-1 is the highest water
quality, and water quality lower than grade-5 is not used for crop
irrigation. Integrated AN wastewater discharge standards for most
enterprises (excluding the dye and petrochemical industries) allow
grade 3 and 4 water to enter the environment, representing 15 and
25 NH3 mg/L concentrations (SEPA, 1998). Although AN wastewater
concentrations are immediately diluted when discharged to
receiving waters, NH3 concentrations can still cause adverse effects
on aquatic organisms, especially at higher pH (Passell et al., 2007).
Recent research efforts have been initiated in China to evaluate AN
ecological risk and to establish criteria (Yan et al., 2011; Wang et al.,
2016c; Yang et al., 2017). However, little is known about country-
wide AN and NH3 concentrations and their associated risk to major
river systems in China.

The seven major water systems in China are of the most eco-
nomic and ecological importance, including the Songhua, Liao, Hai,
Huai, Yellow, Yangtze, and Pearl Rivers, with a total drainage area of
4.4 million km2 throughout the country. These river basins are
known to be contaminated to various degrees by industry, urban-
ization, and agriculture (http://www.mep.gov.cn/hjzl/). Each river
basin has unique geographical, hydrodynamic and physical char-
acteristics, and their water quality is affected by local conditions
(Qu and Fan, 2010; Wang et al., 2016a). The objectives of this study
are: 1) To investigate seasonal, spatial and temporal AN and NH3
concentrations in seven major Chinese rivers; 2) To derive acute
and chronic NH3 criteria based on sensitivities of aquatic species
native to China; and 3) To apply a multi-tiered assessment (using
deterministic and probabilistic methods) to assess the ecological
risk of AN and NH3.
2. Materials and methods

2.1. Exposure concentrations of AN and NH3

Historical concentration values of AN in Chinese surface waters
from 2007 to 2014 were collected from weekly reports from the
Ministry of Environmental Protection of the People's Republic of
China Data Center (http://datacenter.mep.gov.cn/). The total num-
ber of sites for which data were available for the period of
2007e2014, was 98, 98, 98, 98, 111, 131, 131 and 145, respectively
(Supporting information Fig. S1).

Concentrations of NH3 were calculated by use of the Henderson-
Hasselbach relationship (Equations (1) and (2)) (USEPA, 1999,
2013).

fNH3 ¼ 1=ð1þ 10∧ðpK� pHÞÞ (1)

CðNH3Þ ¼ CðANÞ*fNH3 (2)

where: pH¼ negative log10 of the hydrogen ion activity (-Log
[Hþ]); pK is the acid dissociation constant for water (Equation (3))

pK ¼ 0:09018þ 2729:92=ð273:2þ TÞ (3)

where: T is water temperature in �C, which is derived from air
temperature.

Values of pH were collected from weekly reports from the
Ministry of Environmental Protection of the People's Republic of
China Data Center (http://datacenter.mep.gov.cn/).

Measurements of air temperature at the main cities (including
capital cities and independent municipalities) from 2007 to 2014
were collected from the China Statistical Yearbook (http://www.
stats.gov.cn/tjsj/ndsj/). According to equations (1)e(3), pH was
the most important NH3 concentration factor when compared to
water temperature. Also, water temperature was more stable rela-
tive to pH. Previous studies were conducted to test NH3 prediction
variations comparing air temperature- or water temperature-based
methods, suggesting that monthly air temperatures can be used to
derive water temperatures for NH3 prediction (Erickson and Stefan,
1996; Mohseni and Stefan, 1999). Therefore, we used air tempera-
tures at the sampling sites to calculate corresponding water
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temperatures (Equations (4) and (5)).

Twater ¼ 0ð � 20+C � Tair � 0+C; Þ (4)

Twater ¼ 0:898 Tair þ 3:47Tair þ 3:47ðTair >0+C; Þ (5)

where: Tair is the air temperature, Twater is water temperature.
Concentrations of AN were converted to concentrations of NH3

(Equations (1)e(3)). Concentrations of AN and NH3 did not meet
assumptions of normality and homogeneity of variance, so the
Mann-Whitney, a non-parametric test was used to compare con-
centrations among years and river basins. (Origin Lab; version
2015; www.originlab.com).

2.2. Toxicity data and generation of species sensitivity distribution
(SSD)

Toxic potency and sensitivity data for aquatic organisms to AN
were collected from the U.S. Environmental Protection Agency
(USEPA) database (USEPA, 2013) and the CNKI database (http://
www.cnki.net/). Data were screened to ensure that they met a
number of requirements, such as exposure duration(s) and testing
methods (Stephan et al., 1985), and whether the selected species
were endemic to China. Toxicity data, expressed as AN, were con-
verted to NH3, based on pH and temperature.

Additional toxicity values were collected from the peer-
reviewed literature. Lethal or effect concentrations affecting 50%
of the test population (LC50 or EC50) values were selected as acute
measurement endpoints. Chronic toxicity data were limited, so
acute to chronic ratios (ACRs) were used to derive a chronic crite-
rion for NH3. According to USEPA methods (Stephan et al., 1985),
data on the toxicity of NH3 to Daphnia magna, Cyprinus carpio, and
Lepomis macrochirus were used to derive ACRs (USEPA, 2013).
Genus mean acute values (GMAV) were used to construct a species
sensitivity distribution (SSD) (Wheelera et al., 2002) and then fitted
with three parametric regression models (log-normal, log-logistic
and Weibull) to derive an acute criterion.

The Kolmogorov-Smirnov (K-S) test was applied to determine
whether log-transformed data were consistent with a normal dis-
tribution (p> 0.05 means normal distribution). Relative goodness
of fit for three models was tested using the Akaike Information
Criterion (AIC). Smaller values of AIC indicated better goodness of
fit (Bozdogan, 1987). Values for protecting 95% species from effects
(HC5) and its 95% confidence intervals were derived from the
regression model with the minimum AIC value. Considering the
choice of species and reduction of uncertainty, the acute criterion
was obtained by dividing the HC5 of the model by an application
factor (safety factor) of 5.0 (Jin et al., 2014). Toxicity data for AN
were collected from Yan et al. (2011). All statistical analyses were
conducted with R software (R Development Core Team, http://
www.rproject.org/).

2.3. Assessment of ecological risk posed by an and NH3

The risk that AN and NH3 pose to the ecosystems can be assessed
by comparing their environmental concentrations to criteria devel-
oped to provide various protection levels (Solomon et al., 2000).
Criteria can be derived from concentrations that produce effects such
as mortality, impaired growth, or reproduction in different species
(Calow and Forbes, 2003; Malaj et al., 2014). Probabilistic ecological
risk assessments (PERAs) consider both uncertainty of exposure and
distributions of effects (Solomon et al., 2000) and have been applied
to a number of studies to account for actual concentration variability
in surface waters and to quantify effects on ecological structure or
function (Wang et al., 2009; Jin et al., 2014; Liu et al., 2016).
A deterministic approach (hazard quotients, HQs) was calcu-
lated (Equation (6)) to describe potential adverse effects of AN and
NH3 in seven river basins. By comparing proportions of HQ in each
category: HQ� 1 (Greater effect), 0.3<HQ< 1 (Lesser effect),
HQ� 0.3 (De minimis effects) (Jin et al., 2015a), the year and river
basin with the greatest proportion of HQs exceeding 0.3 for AN and
NH3 were identified.

HQ ¼ MEC
acute ðchronicÞ criteria

(6)

Measured Environmental Concentrations (MEC) of AN at each
location were compared to acute and chronic criteria for AN
(Yan et al., 2011), which were based on toxicity data of species
endemic to China. Subsequently, the MEC of NH3 were compared to
criteria derived from this study (Section 2.2).

Joint probability curves (JPC) and areas under the JPC were used
to describe risk by comparing probabilities of exposure and effect of
AN and NH3 using the Probabilistic Risk Assessment Tool (PRAT)
(Solomon et al., 2000). The closer the joint probability curve was to
the axes, the less the joint risk of exposure and effects (Solomon
et al., 2000). The shapes of joint probability curves were used to
determine the relative-contribution-probability contributed by
exposure and response aspects of the probabilistic assessment. The
area under the curve gave an overall estimate of the joint proba-
bility for adverse effects. The risk was directly proportional to the
joint probability, which was a function of exposure probability and
effects.
3. Results and discussion

3.1. Seasonal variation of AN and NH3

When comparing the seasonal concentrations, the highest
average AN concentrations were observed during winter, while the
lowest concentrations were found during summer. The average AN
concentrations inwinter ranged from 0.82mg/L (2014) to 2.76mg/L
(2008), while in summer the average AN concentrations ranged
from 0.36mg/L (2014) to 0.78mg/L (2008). A summary of all the
average concentrations can be found in Fig. 1 and in the Supporting
Information, Table S1.

Reduced metabolism of nitrifying bacteria due to lower tem-
perature, as well as reduced dilution of wastewater due to lower
river water level in winter (dry season) could contribute to the
higher concentrations of AN in winter over summer (Siripong and
Rittmann, 2007; Cho et al., 2014). In contrast, during summer
(wet season) the AN concentration might be diluted by the large
amounts of precipitation which seems to be corroborated by our
results and those of other studies (Chen et al., 2004). A similar
seasonal AN concentration distribution pattern was previously
observed in the Wei River (Wang et al., 2016b). The result of other
researchers showed that besides natural factors such as rainfall and
water, temperature, anthropogenic factors such as nitrogen-
containing wastewater, and runoff fertilizers could also influence
seasonal AN concentration patterns (Gong et al., 2015; Wang et al.,
2016b; Rattan et al., 2017).

The NH3 concentrations also varied seasonally. The highest
average NH3 concentrations were mostly observed during spring
(15.13 mg/L in 2014 to 92.84 mg/L in 2008), while the lowest NH3
concentrations were observed mainly during winter (10.53 mg/L in
2014 to 45.43 mg/L in 2008; Fig. 1 and Supporting Information
Table S2). The main reason for such seasonal distributions of NH3
concentrations could be the higher temperatures and pH levels
during spring than in winter. In addition, higher temperatures
could enhance algae growth rates and increase AN consumption as
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Fig. 1. Seasonal variability of concentrations of AN and NH3. Seasonal values were taken between the years 2007e2014.
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a nitrogen source. Such changes seem to have resulted in higher pH
(Constable et al., 2003) and decreased AN concentrations at the
same time. A previous study showed that high spring NH3 con-
centrations (and sometimes during the summer) increased toxicity
levels and also led to river eutrophication (Chen et al., 2010). The
seasonal AN and NH3 variability highlight the need to seasonal AN
control and management.
3.2. Temporal variations of AN and NH3

Concentrations of AN and NH3 gradually increased with the
highest concentrations observed during 2008, and then decreased.
The average concentrations of AN and NH3 were 1.22mg/L and
50.65 mg/L in 2008. The lowest AN and NH3 average concentrations
were observed in 2014 and the values were 0.55mg/L and 14.13 mg/
L (Supporting Information Table S3eS4). The concentrations of AN
in 2007 and 2009 were not significantly different from those in
2008, while in other years, the concentrations of AN were signifi-
cantly lower (p< 0.05) than those observed in 2008 (Fig. 2). Unlike
AN, NH3 concentrations measured in other years were all signifi-
cantly lower than those measured in 2008.

Such general decreasing trends of AN and NH3 could be
explained bymultiple factors. First, the 11th Five-Year Plan in China
considered AN emissions a primary contaminant of concern in
some river basins (MEP, 2009, 2010). Aiming to improve the dete-
riorating water environment, the Chinese government later
promulgated additional policies to reduce AN emissions by 10%
during the 12th Five-Year Plan (State Council, 2012). In order to
meet the emissions target, central and regional governments
established and updated sewage treatment facilities. In addition,
the central and regional governments also took actions to reduce
AN contamination caused by agricultural practices, especially in the
livestock and poultry industries (State Council, 2011). Furthermore,
the result of the structural decomposition analysis showed that the
same measures adopted during the 11th Five-Year Plan, including
improving end-of-pipe abatement efficiency and phasing out of less
advanced treatment, could address industrial wastewater emis-
sions caused by economic growth during 12th Five-Year Plan
(Zhang et al., 2015).
3.3. Spatial variation of AN and NH3

The highest average concentrations of AN and NH3 were
observed in Hai river basin, followed by those in the Yellow and
Huai river basins (Fig. 3). Average AN concentrations in the Hai river
basin ranged from 0.55 to 2.27mg/L and the NH3 averaged from
11.74 to 186.47 mg/L. The relatively higher concentrations in the Hai
river basin were likely associated with its greater urbanization. It
was estimated that 45% in this area was urbanized with a popula-
tion of 145million (Wang et al., 2014). The large AN load discharged
into the Hai river basin has become a major water quality control
concern (Wang et al., 2014). In addition, relatively high pH in the
Hai river basin, which ranged 7.67e8.54 between 2001 and 2010
(Peng et al., 2015), resulted in greater NH3 concentrations.

Similarly, the Yellow river basin is also an area of high urbani-
zation. Previous studies indicated that wastewater and fertilizer
runoff could bemajor AN sources (Xia et al., 2001; Chen et al., 2004;
Gong et al., 2015). Average NH3 concentrations ranged from 20.14 to
65.87 mg/L in the Yellow river basin. The pH values in the Yellow
river basin were relatively high could have also contributed to the
high NH3 concentrations.

Average AN concentrations in the Huai river basin ranged from
0.85 to 2.74mg/L. These concentrations pattern were similar to
those found in previously published results (Yang et al., 2016). The
main AN contributors in the Huai river basin were likely concen-
trated animal feedlot operations (CAFOs) and sewage treatment
plants (STPs) (Yang et al., 2016). The large spatial variability of AN
and NH3 concentrations in the different river basins strengthens
the need for regional governments to develop regional plans and
management strategies, and to identify and control the major local
pollution sources.

3.4. Assessment of potential toxicity of NH3

A total of 32 toxicity data sets were selected for the assessment
of acute effects. The most sensitive genus to acute NH3 effects was
Siniperca (fish). The most tolerant genus was Gobiocypris (fish;
Supporting Information Tables S5eS6). NH3 fish toxicity could
cause: an abnormal proliferation of gill tissues (Lang et al., 1987),
ATP cycle suppression in brain and weakened immune system



Fig. 2. Concentrations of AN and NH3 in seven major river systems of China from the years 2007e2014. The analysis was conducted using the Mann-Whitney test. The 2008 data
was used as control group for AN and NH3, (“*” p < 0.05). Boxplots represented the concentration distribution of AN and NH3 from 2007 to 2014. Error bars represented the lowest
datum still within 1.5 interquartile range of the lower quartile, and the highest datum still within 1.5 interquartile of the upper quartile.

Fig. 3. Average AN and NH3 concentrations and standard deviations by year. Colors represented the seven riverine systems investigated in this study. Average were tested using the
Mann- Whitney test. The Yellow river basin data was used as the control group for AN analysis. For NH3 Huai river basin data were used because it had the greatest average
concentration. “*” represented a difference between average values (p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Table 1
Goodness of fit for threemodels and thresholds (HC5) with 95% confidence intervals
for acute toxicity data.

Model AIC K-S test for
normality

HC5 with 95%
CI (mg/L)

Acute criterion
(mg/L)

log-logistic 22.67 0.8633 295.12(186.21e478.63) NO
log-normal 21.53 0.699 292.42(199.53e446.68) NO
Weibull 19.27 0.9918 257.04(165.96e426.58) 51.41
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defenses (Camargo and Alonso, 2006), and the disturbance of
the energy metabolism pathway equilibrium via activation of
N-methyl-Daspartic acid (NMDA) receptors in the central nervous
system (Randall and Tsui, 2002), among other adverse effects.

Three statistical models (Log-logistic, Log-normal, and Weibull)
were used to construct the SSDs based on acute lethality. The
Weibull model resulted in the smallest AIC value (18.27), compared
to 22.67 (Log-logistic) and 21.53 (Log-normal), which was selected
to calculate acute criterion (Table 1 and Support Information
Fig S2). The ACR analysis data used to calculate the chronic criterion
Fig. 4. Proportions of samples with acute and chronic hazard (HQ> 0.3) of AN and NH3 in t
diagonal lines represents NH3).
can be found in the Supporting Information (Table S6). Acute and
chronic criteria for NH3 to protect aquatic organisms were 51.4 mg/L
and 13.6 mg/L, respectively. These criteria were lower than the
criteria (acute: 118.0 mg/L, chronic: 45.9 mg/L) previously derived by
other researchers (Li et al., 2017). However, the acute and chronic
values were higher than the long-term predicted no-effect con-
centrations (acute: 6.8 mg/L, chronic: 1.1 mg/L) proposed by the
European Chemicals Bureau (Johnson et al., 2007). Considering the
specific sensitivities of organisms (Wu et al., 2010; Jin et al., 2015b),
NH3 criteria only derived with Chinese species could better protect
native organisms from AN exposure.

Variations among water quality parameters of the river basins
investigated in this study might have resulted in different spatial
AN concentrations, as well as different toxicity levels (Wang et al.,
2016c). Therefore, in the present study, a site-specific criterion
for AN was derived for each of the seven river basins, taking into
account pH and temperature values at each sampling site as stated
in themethodology section. The site-specific criteria were design to
be protective of aquatic organisms inhabiting in specific rivers
(Yan et al., 2011).
he studied rivers. Data are shown yearly from 2007 to 2014 (the histogram with white



L. Zhang et al. / Chemosphere 202 (2018) 136e144142
3.5. Ecological risks posed by an and NH3

A multi-tier ecological risk assessment of AN and NH3 was
conducted using deterministic (HQ) and probabilistic methods.
The result of such analysis showed that up to 32.5% of samples
from the Hai river basin in 2007 and 54.3% of samples from the
Huai river basin in 2008 had acute HQ > 0.3 due to AN or NH3
exposure (Fig. 4). Data samples with chronic HQ > 0.3 ranged
from 16.5% in the Pearl river basin to 85.3% in the Huai river basin
for AN, 16.4% in the Songhua river basin to 89.1% in the Huai river
basin for NH3. Furthermore, probabilities of acute lethality due to
exposure to AN or NH3 were calculated. The results showed that
the probability of exceeding the acute toxicity threshold for 5% of
species exposed to AN and NH3 were <13.3%. In fact, such
probability gradually decreased from 13.3% to 0.0001% between
the years 2007e2014 for AN and from 10.4% to 0.02% for NH3
(Fig. 5).

Acute HQs resulting from NH3 were generally higher than
those of AN, although similar chronic HQs were observed for NH3
and AN across China (Fig. 4). This could be due to the lower acute
toxicity potency of AN comparing to that of NH3 (Kallqvist and
Svenson, 2003; Alonso and Camargo, 2004). The concentrations
of NH3 can fluctuate within few hours due to varying tempera-
ture and pH, which led to a rapidly changing toxicity of NH3 in
Fig. 5. Probabilities of exceeding the acute toxicity threshold for 5% of species exposed to AN
the environment (Maltby, 1995). It was known that acute expo-
sures to very low concentrations of NH3 could still result in
cumulative adverse effects, depending on the inter-exposure
period and whether that period of exposure was sufficiently
long to allow the repair of damage by regeneration of a-keto-
glutarate in the brain (Mitz and Giesy, 1985; Milne et al., 2000). In
this study, the acute criterion of 51.4 NH3 mg/L is recommended
for use when assessing acute AN risk and a chronic criterion of
1.14 mg AN/L at pH¼ 7.5, 20 �C is recommended for assessing
chronic AN effects.

Among the investigated river basins, the potential adverse
effects in the Hai, Huai, and Yellow river basins were greater than
those of the Songhua, Yangtze, and Pearl river basins. The higher
risks caused by AN and NH3 in the Hai, Huai and Yellow river
basins were the result of higher AN concentrations. The AN and
NH3 risks identified by the present study highlighted the need for
regional and season-specific management of AN. The decreasing
AN and NH3 concentrations over years was consistent with the
results of the HQ analysis, suggesting an improving water quality
of the major rivers. Results of this multi-tier risk assessment
confirmed that the HQ method can readily screen the chemicals
that have potential adverse effects on organisms, and probabilistic
approaches can refine the assessment to better inform the deci-
sion-makers.
or NH3 in seven Chinese rivers, the data represent values from the years 2004e2015.
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3.6. Uncertainty analysis

In the present study uncertainties in risk assessment were
mainly associated with the representativeness of data for the toxic
potency of various species to NH3 and systematic errors in
measuring or predicting NH3 concentrations. Although species
native to China were considered to better representing the regional
situation, the species chosen could not fully represent the target
community to protect. Because a limited number of species were
used in developing the SSDs, the resolution of the criterion to
protect species was less than ideal. Another limitation was that
toxicity values used for risk calculations were derived from
laboratory toxicity tests, which might not realistically mimic the
acclimations and adaptations of wild animals (Maltby, 1995;
Dehedin et al., 2013), although an application factor of 5.0 was used
to reduce the uncertainty to some extent (Jin et al., 2014).

Systematic errors such as measuring instruments accuracy and
methods also existed. Limited knowledge and information included
the interactions among organisms and limited monitoring equip-
ment. In addition, surface water temperatures at sampling sites
were not available from the original water quality reports, thus they
were translated from air temperatures for corresponding sites.
Furthermore, nitrogenous contaminants, such as nitrites, could also
have influenced AN and NH3 concentrations through biotransfor-
mation (Luo et al., 2016).

4. Conclusions

Concentrations distributions and ecological risks of AN and NH3
to aquatic organisms native to China were investigated in seven
major river systems of China from the years 2007e2014. The
highest AN seasonal concentrations were observed during winter,
while the highest NH3 concentrations were observed during the
spring in most years. The average yearly concentrations AN and
NH3 were found the highest between the years 2007 and 2008 and
started to decrease in the year 2011. The Hai, Yellow and Huai river
basins had the highest AN and NH3 concentrations and associated
hazards. Risk assessments indicated low acute risks of AN and NH3
exposures. However, the chronic risks of AN and NH3 were both
high, suggesting a high likelihood of adverse effects on native
aquatic organisms after long-term exposure to AN in all the studied
rivers. An acute criterion of 51.4 mg NH3/L and chronic criterion of
1.14mg AN/L at pH¼ 7.5, 20 �C are recommended to protect aquatic
organisms from the adverse effects posed by AN.
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 Fig. S1 Geographical location of Chinese sites where the data for this study were 

collected. Data were generated between the years 2007 to 2014. 

 

 

 

 

 

 

 

 



3 

 

 

 

Fig. S2. Parametric distribution curves of acute toxicity. From left to right: Log-logistic, 

Log-normal, and Weibull. 
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Table S1. Seasonal AN variation in the seven major river systems of China from the 

years 2007-2014. Values represent average±standard deviation. The units are mg/L. 

Season 2007 2008 2009 2010 2011 2012 2013 2014 

Spring 1.31±2.91 1.34±3.45 1.23±2.92 1.10±3.47 0.89±2.13 0.60±1.35 0.58±1.56 0.46±1.19 

Summer 0.72±1.82 0.78±2.15 0.71±1.65 0.57±1.42 0.56±1.34 0.44±1.07 0.39±0.97 0.36±0.83 

Autumn 1.13±2.90 0.91±2.08 0.84±2.27 0.70±1.95 0.72±1.66 0.52±1.47 0.52±1.27 0.53±1.55 

Winter 1.91±3.78 2.76±4.21 1.53±2.97 1.32±3.64 1.14±3.31 0.89±2.18 0.87±2.04 0.82±2.25 
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Table S2. Seasonal NH3 variation in seven major river systems of China from the years 

2007-2014. Values represent average±standard deviation. The units are µg/L. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Season 2007 2008 2009 2010 2011 2012 2013 2014 

Spring 
61.86± 

133.28 

92.84± 

169.5 

80.30± 

37.39 

42.32± 

42.79 

45.78± 

52.37 

21.46± 

60.70 

21.10± 

25.44 

15.13± 

76.73 

Summer 
38.90± 

157.89 

40.35± 

511.11 

39.46± 

142.01 

29.64± 

113.88 

32.13± 

119.08 

33.72± 

97.81 

20.80± 

109.17 

18.64± 

69.90 

Autumn 
37.49± 

271.89 

25.19± 

134.53 

15.73± 

434.71 

16.37± 

184.03 

17.42± 

158.56 

10.55± 

230.41 

8.85± 

79.57 

12.11± 

42.27 

Winter 
39.90± 

182.54 

45.43± 

90.74 

44.08± 

240.53 

17.07± 

42.54 

22.82± 

81.43 

14.23± 

31.87 

16.90± 

47.42 

10.53± 

20.59 
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Table S3. Statistics of AN concentrations in the seven major river systems of China 

from the years 2007 to 2014 (mg/L). 

 

Values 2007 2008 2009 2010 2011 2012 2013 2014 

Minimum 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Median 0.32 0.35 0.33 0.29 0.29 0.24 0.23 0.22 

Mean 1.24 1.22 1.08 0.92 0.82 0.60 0.59 0.55 

Maximum 30.40 31.70 38.80 45.70 60.70 30.10 22.10 22.30 
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Table S4. Statistics of NH3 concentrations in seven major river systems of China from 

the years 2007 to 2014 (µg/L). 

 

Values 2007 2008 2009 2010 2011 2012 2013 2014 

Minimum 0.02 0.01 0.01 0.04 0.02 0.01 0.01 0.00 

Median 6.53 7.31 6.54 5.8 6.52 3.95 3.55 3.34 

Mean 44.4 50.65 44.68 26.34 29.34 20.12 16.89 14.13 

Maximum 5851.94 7111.43 7417.04 2823.37 1844.65 3688.52 2127 2391.81 
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Table S5. Acute NH3 toxicity for freshwater organisms native to China. 

 

GMAV(mg/L) Genus family order class phylum 

0.19 Siniperca Percichthyidae Perciformes Actinopterygii Chordata 

0.27 Carassius Cyprinidae Cypriniformes Actinopterygii Chordata 

0.29 Acipenser Acipenseridae Acipenseriformes Actinopterygii Chordata 

0.30 Corbicula Cyrenidae Veneroida Bivalvia Mollusca 

0.33 Hypophthalmichthys Cyprinidae Cypriniformes Actinopterygii Chordata 

0.40 Oncorhynchus Salmonidae Salmoniformes Actinopterygii Chordata 

0.46 Tetraodon Tetraodontidae Tetraodontiforms Actinopterygii Chordata 

0.62 Pelteobagrus Bagridae Siluriformes Actinopterygii Chordata 

0.70 Poecilia Poeciliidae Cyprinodontiformes Actinopterygii Chordata 

0.82 Lymnaea Lymnaeidae Basommatophora Gastropoda Mollusca 

0.86 Salvelinus Salmonidae Salmoniformes Actinopterygii Chordata 

0.88 Lepomis Centrarchidae Perciformes Actinopterygii Chordata 

0.92 Macrobrachium Palaemonidae Decapoda Malacostraca Arthropoda 

0.95 Simocephalus Daphniidae Diplostraca Branchiopoda Arthropoda 

1.01 Penaeus Penaeidae Decapoda Malacostraca Arthropoda 

1.09 Ceriodaphnia Daphniidae Diplostraca Branchiopoda Arthropoda 

1.14 Cottus Cottidae Scorpaeniformes Actinopterygii Chordata 

1.18 Cyprinus Cyprinidae Cypriniformes Actinopterygii Chordata 

1.25 Lumbriculus Lumbriculidae Lumbriculida Clitellata Annelida 

1.30 Ictalurus Lctaluridae Siluriformes Actinopterygii Chordata 

1.30 Daphnia Daphniidae Cladocera Branchiopoda Arthropoda 

1.31 Eriocheir Varunidae Decapoda Malacostraca Arthropoda 

1.45 Chydorus Chydoridae Diplodtraca Branchiopoda Arthropoda 

1.63 Gasterosteus Gasterosteidae Gasterosteiformes Actinopterygii Chordata 

1.67 Oreochromis Cichildae Perciformes Actinopterygii Chordata 

1.90 Silurue Silurudae Siluriformes Actinopterygii Chordata 

2.08 Chironomus Chironomidae Diptera Insecta Arthropoda 

2.17 Gambusia Poeciliidae Cyprinodontiformes Actinopterygii Chordata 

2.22 Tubifex Naididae Oligochaeta Clitellata Annelida 

2.29 Misgurnus Cobitidae Cypriniformes Actinopterygii Chordata 

3.16 Procambarus Cambaridae Decapoda Malacostraca Arthropoda 

3.36 Gobiocypris Cyprinidae Cypriniformes Actinopterygii Chordata 
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Table S6. Acute-chronic NH3 ratio for species native to China. 

 

Species 
Acute value 

(mg/L) 

Chronic 

value (mg/L) 
ACR ACRs 

Chronic 

criterion (µg/L) 

Daphnia magna 1.3 0.72 1.82 

3.79 13. 6 Cyprinus carpio 1.18 0.28 4.16 

Lepomis macrochirus  0.88 0.12 7.19 
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