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Abstract: To evaluate the variation in ecological risk induced by pollutants from the construction of
Baihetan Dam, the largest hydropower station under construction in the world, this study proposes
a fuzzy hazard quotient (HQ) model designed on the basis of triangular fuzzy number (TFN)
theory. The fuzzy HQ model uses hazardous TEN to evaluate the ecological risk including uncertain
observation data, and the transition TEN to analyze the variation in ecological risk before and after
the dam construction. The results show the following: (i) The ecological risk of ammonia nitrogen
(NH3-N) showed a marked increasing trend after the construction of the dam because this activity
weakened the degradation ability of the water body. The chronic hazard of NH3-N was classified
as “medium” grade and its acute hazard was “low” grade. (ii) The crucial acute hazard factor
for the local aquatic ecosystem was copper (Cu) and the key chronic hazard factor was lead (Pb).
(iii) After the construction of Baihetan Dam, both the long-term and short-term hazardous TFNs of
Cu were classified as “medium” grade. The acute hazard of Pb belonged to “low” grade with high
certainty, whereas its chronic hazard classification had uncertainties. Its long-term hazardous vectors
upstream were {0.000, 0.928, 0.072}, whereas its long-term hazardous vectors downstream were {0.000,
0.108, 0.892}. (iv) Both of the ecological risks of Cu and Pb showed substantial decreasing trends
after the construction of Baihetan Dam because the impounding effect of Baihetan Dam promoted
the settlement of heavy metals with sediment. (v) The hazardous TFN method can be applied to
perform an ecological risk evaluation that accounts for uncertainties in the observation data set,
and the transition TFN method can analyze the variation in ecological risk with a small sample
size. Therefore, the fuzzy HQ model is effective for the evaluation of ecological risk induced by

dam construction.

Keywords: Baihetan Dam; ecological risk of pollutants; fuzzy hazard quotient model; triangular

fuzzy number

1. Introduction

Baihetan Hydropower Station is the largest hydropower station under construction in
the world [1,2]. The dam of this hydropower station is a double-curvature arch dam. Its
height is 289 m, ranking third in China [1,2]. The dam is located on the Jinsha River, a major
river in the upper reaches of the Yangtze [1,2]. Jinsha River is an important habitat and
spawning ground for freshwater fish in China, but Baihetan Dam has profoundly altered
its hydrological and environmental characteristics [1,2]. Therefore, assessing the ecological
risks posed to the Jinsha River by the construction of Baihetan Dam is important.

The impact of dams on the water environment of rivers is a key topic in water re-
source management. For example, Agostinho et al. [3] analyzed the impact of dams on the
flood regime of the Upper Parana River and evaluated its effects on assemblage attributes,
reproduction, and recruitment. Yang et al. [4] conducted a spatial assessment of the hydro-
logic alterations caused by dam construction in the middle and lower Yellow River, China.
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Graf [5] evaluated the pervasive influence of an extensive water control infrastructure
including more than 75,000 dams on the hydrology and geomorphology of large rivers in
the United States. In general, the influence of dams on aquatic ecology that occurs through
changing hydrological rhythms has received extensive attention.

In addition to hydrological functions, dams can affect the health of aquatic ecosystems
by altering the distribution of pollutants. For example, in an ecological impact assessment
of the Xiangjiaba Dam on the Yangtze River, Lu et al. [6] found that ammonia nitrogen (NHj-
N) trapped in the reservoir could directly harm the health of fish by damaging the liver
and nerves, which caused the fish deaths in the Xiangjiaba reservoir area in July 2014 [6].
Therefore, to comprehensively evaluate the role of dams in river water environments, we
have to study the influences of dams on the ecological risks from pollutants.

In the current literature, hazard quotient (HQ) is the model most widely used to
quantify the risks of pollutants to the aquatic ecosystem. HQ is the ratio of exposure
concentration and safety criteria, which is concise and intuitive. For these advantages,
HQ has obtained many applications in global ecological risk assessment. For example,
Liang et al. [7] used HQ to assess the human health impacts of heavy metals on the surface
waters of Taihu Lake, China. Feng et al. [8] conducted an ecological and risk assessment
of polycyclic aromatic hydrocarbons in the Yellow River water based on the HQ model.
Ding et al. [9] applied HQ to assess the ecological risk of ammonia in the Shaying River
Basin, China.

Although HQ has been effectively applied in assessing the ecological risk of pollutants
in natural water bodies, it faces the following challenges when assessing the influence
of dams on the threat of pollutants: (i) Given that the dam construction changes the
hydrodynamic conditions, the distribution of pollutants in water is usually uneven, which
brings uncertainty to the exposure concentration values [6]. (ii) As the dams are usually far
from urban areas, environmental monitoring data are not abundant [6]. Therefore, using
conventional mathematical statistics, time series analysis, or machine learning methods to
evaluate the changing rule of HQ values induced by dam construction is difficult.

The objectives of this study are as follows: (i) Based on triangular fuzzy number (TEN)
theory, a fuzzy HQ model, which includes a hazardous TFN model and a transitional
TFN model, is designed. The hazardous TFN model is used to evaluate the ecological risk
including uncertain observation data, and the transition TFN model is used to evaluate the
ecological risk variation induced by dam construction. (ii) Based on the hazardous TFN
model, the ecological risks of NH3-N, copper (Cu), and lead (Pb) in locations upstream and
downstream of Baihetan Dam are evaluated, and the critical threat factors to the aquatic
ecosystem are revealed. (iii) Based on the transition TFN model, the variation in fuzzy HQs
before and after the construction of Baihetan Dam is analyzed, and the influences of the
dam on the ecological risks from pollutants are revealed. The fuzzy HQ model provides
a new method to assess ecological risk with sparse observation data and quantify the
influences of dam construction on the pollutant hazards, which are important for clarifying
the role of the dam in the river water environment.

2. Methods and Materials
2.1. Study Area

Figure 1 shows the Baihetan Hydropower Station situated on the Jinsha River. Its
location is 102°54’ E longitude and 27°17’ N latitude [1,2]. The installed capacity of the
Baihetan Hydropower Station is 16 million kilowatts, which is the third largest in the world.
The station has a double-curvature arch dam with a height of 289 m [1,2].

The Baihetan Hydropower Station is the largest hydropower station under construc-
tion in the world [1,2]. Its cofferdam intercept was completed in November 2015 [1,2]. The
construction of Baihetan Dam began in August 2017 and was completed in May 2021 [1,2].
In July 2021, the first generator set was placed in operation [1,2]. According to the schedule,
the construction of Baihetan Hydropower Station will be fully completed in 2023 [1,2].
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Figure 1. Study area. The photo of Baihetan Dam is from the official website of the China Three
Gorges Corporation [10].

The evaluation data of this paper came from the environmental survey of the Hy-
drology Bureau of Changjiang Water Resources Commission (HBCWRC) and Nanchang
University, China. Figure 1 shows the Jinsha River is an important habitat and spawning
ground for freshwater fish. To assess the impact of Baihetan Dam on the local environ-
ment, HBCWRC and Nanchang University assigned three monitoring sites upstream and
downstream of the dam. In August 2015, three parallel water samples were collected at
each monitoring site and sent to HBCWRC and Nanchang University for a water quality
test, which reflected the environmental conditions before the construction of the dam. In
August 2021, three parallel water samples were collected at each monitoring site and sent
to HBCWRC and Nanchang University again for a water quality test which reflected the
environmental conditions after the construction of Baihetan Dam.

Many pollutants, such as NH3-N, heavy metals, and toxic organic contaminants, may
induce hazards to aquatic organisms. The following principles were followed in selecting
the representative pollutants for evaluation:

(i) The representative pollutants should have definite biological safety thresholds.

Biological safety standards for toxic organic contaminants, chromium, vanadium, and
arsenic were few because ecological risk assessment in China is in its infancy. As a result,
these contaminants were not used for ecological risk evaluation in this study.

(ii) The representative pollutants should have the potential to exceed their biological
safety threshold.

According to the preliminary investigation, the concentrations of mercury and titanium
were below the detection limit at sites both upstream and downstream from Baihetan Dam.
Moreover, the concentrations of zinc and manganese were much lower than their biological
safety threshold. As a result, these contaminants were also not used for ecological risk
evaluation in this study.

Three pollutants, namely, NH3-N, Cu, and Pb, satisfied the aforementioned principles.
All of these pollutants have definite toxic effects, biological standards, and potential to
exceed their safety thresholds. NH3-N can directly harm fish health by damaging the
nervous system, respiratory system, and liver tissue [11]. Cu can cause an imbalance in
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the immune function of the organism, damage liver function, and threaten the growth,
development, reproduction and other life activities of fish [12]. Pb can affect the growth
and development of aquatic animals at different stages and enter the human body through
the food chain, harming the nervous and digestive systems [13].

Therefore, NH3-N, Cu, and Pb were selected as the representative pollutants for
ecological risk evaluation in this study. The experimental method was based on the Chinese
“Surface Water Environmental Quality Standards (GB 3838-2002)” [14]. The raw observation
data are provided in Tables S1 and S2 of the Supplementary Materials.

2.2. HQ Model

HQ is the ratio of a pollutant’s exposure concentration and biosafety criteria [6]. The
biosafety criteria are divided into long-term and short-term criteria, which reflect the
allowable thresholds of chronic and acute toxicities, respectively [6]. Therefore, HQ is also
divided into long-term and short-term HQ, reflecting the chronic and acute hazards of
pollutants to aquatic ecosystems, respectively [6].

Supposing m pollutants are evaluated, the exposure concentration value of the ith
pollutant is denoted as x;, the long-term criteria is /;, and the short-term criteria is s;.

The long-term HQ of the ith pollutant is defined as [6]:

Xi

Q=7 M

The short-term HQ of the ith pollutant is defined as [6]:

gi= 2 @)

Si

The biosafety criteria of NH3-N, Cu, and Pb in the Jinsha River, according to
Wang et al. [15], Wu et al. [12], and He et al. [13], are listed in Table 1.

Table 1. Water quality safety criteria of NH3-N, Cu, and Pb.

Pollutant Short-Term Criteria Long-Term Criteria
NH3-N 1.1800 mg/L 0.1600 mg/L
Cu 0.0300 mg/L 0.0094 mg/L
Pb 0.1310 mg/L 0.0051 mg/L

In Chinese ecological risk assessment, HQ is usually divided into three grades: low
(<0.1), medium (0.1-1), and high (>1), which represent that the ecological risk is negligible,
allowable but not negligible, and not allowable, respectively [6].

Compared with the natural water body, in assessing the impact of dams on the threats
of pollutants, the conventional HQ model faces the following challenges:

(i) The concentration distribution of pollutants in the water is usually uneven because the
dam construction changes the hydrodynamic conditions [6]. As a result, the exposure
concentration in Equations (1) and (2) is not a unique value but has uncertainty.

(ii) As the dams are usually far from urban areas, the environmental monitoring data
are not abundant [6]. For example, due to inconvenient transportation, only two
investigations were made for this paper, which reflect the environmental conditions
before and after the construction of Baihetan Dam. Therefore, using conventional
mathematical statistics, time series analysis, or machine learning methods to evaluate
the changing patterns of HQ values induced by dam construction is difficult.

To address these challenges, the HQ model must be improved to deal with the uncer-
tainty in the exposure concentration values and evaluate the changes in the ecological risk
induced by dam construction.
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2.3. TEN Theory

Fuzzy math theory was designed to address ambiguous concepts, such as good-bad,
beautiful-ugly, and old-young [12,15]. Clearly, these concepts have opposite meanings, but
their boundaries are vague. In this condition, determining that the research object belongs
to a certain concept is difficult. Therefore, fuzzy math theory uses the membership function
to quantify the possibility that the research object belongs to each concept [12,15].

Even if the boundaries of the concepts are determined, due to the influences of moni-
toring error and the inhomogeneity of the research object, the observation data often have
uncertainties that cause difficulty in obtaining a definite judgment [12,15]. For example,
suppose the safety threshold of Pb is 0.0051 mg/L, and the upper limit and lower limit of
its observation data are 0.006 mg/L and 0.004 mg/L, respectively. Evidently, determining
whether the concentrations of Pb are acceptable is difficult. In such situations, fuzzy math
theory is also an effective evaluation tool to reveal the quantitative relationship between
the research object and each concept.

TEN is a fuzzy mathematical evaluation method proposed by Zadeh [12,15]. For a
fuzzy variable x, its TFN is defined as T(x) = {x, xg, x5}, where x;, xg, and xs are the lower
limit, the most probable value, and the upper limit of x, respectively. In TFN, the calculation
method of membership function u(x) is listed, as shown in Figure 2.

ua
1 | )
X=X Xy —X
Xo =X, X — Xq
u=0 : u=0
0 ' » X
XL Xq Xs

Figure 2. Membership function u(x).

Based on the assumption that the water quality grade is x € [a,b], the probability that
T(x) belongs to this grade is calculated as [12,15]:

b
J u(x)dx

_ x=a
P=——F— ®)

J u(x)dx

X=—00

Furthermore, assuming that T(x) = {x;, xg, xs} and T(y) = {y1, yo, ys} are two different
TFENs and A is a constant larger than 0, they satisfy the following operational properties [16,17].

(1) Subtraction rule [16,17]:

T(x) = T(y) = {xL — ys,xq — Yo, xs — Y} )
(2) Number multiplication rule [16,17]:

T(x)={A-xp, A -xq,A x5} 5)

Compared with a mathematical statistics method that requires more probability distri-
bution information, TEN can reflect the main uncertainty information of pollutants using
fewer digital characteristics [16,17]. Therefore, when the survey data are not abundant,
TFN is widely used for uncertainty analysis in water resource management [16,17].
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2.4. Fuzzy HQ Model

In this section, a fuzzy HQ model is designed based on TEN theory. As an improve-
ment to the conventional HQ, the fuzzy HQ model includes a hazardous TFN model and
a transitional TFN model. The hazardous TFN model is used to evaluate the ecological
risk including uncertainty factors, and the transition TFN model is used to evaluate the
ecological risk variation induced by dam construction.

2.4.1. Hazardous TFN Model

As introduced in Section 2.2, for the nonuniformity of hydraulic conditions, the
exposure concentrations of pollutants often have uncertainties. Supposing # monitoring
sites in the evaluation area, the observation data of the ith pollutant at the jth site are
denoted as x;;. According to the construction habit of TEN, x;r, x;o, and x;5 can be selected
as the minimum, mean, and maximum values of the monitoring data set. Therefore, the
exposure concentrations of the ith pollutant can be represented as the TFN: T(x;) = {x;r, X0,
xjs}, which is generated by:

T(x;) = {xiL, xig, xis } = {.min {xij}, inj/”,j_nglézlx {xij}} (6)
= =12..n

j=12..n

Table 1 shows that the long-term and short-term criteria can be considered constants.
According to the number multiplication rule in Equation (5), long-term HQ and short-term
HQ can also be written as TFNs, T(Q;) = {Qjr, Qiq, Qis} and T(g;) = {gir, giq. is}, respectively,
and their calculation method is:

T(Qi) = {QiL, Qi Qis} = {x[—f,x;—?%}
T(q:) = {qir. qi0, 9is } = {%";—?%}

where T(Q;) and T(g;) represent the chronic and acute ecological hazards of the pollutants,
respectively, which include uncertainty factors. Thus, this paper defines T(Q;) and T(g;)
as the long-term hazardous TEN and the short-term hazardous TFEN, respectively. The
hazardous TFNs are illustrated in Figure 3.

@)

uA Long-term hazardous TFN

QI:O‘]- Qi=1
Low Medium High

ps = P(Q <0.1) piLZ E_' P(0.1<Q,<1) DiLs =P(Q>1)

’ >
Qi Qio Qis Qi
uA Short-term hazardous TFN
¢i=0.1 gi=1
1 Low Medium High

Py =P(G/<0): p;, =P(01<q <1) | Ps=P(g >D)

Qi Gio Gis "G

Figure 3. Illustrations of hazardous TFNS.
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Figure 3 shows that after considering the uncertainties, the range of HQ values may be
distributed in multiple risk grades. To solve this problem, the long-term hazardous vector
{pLil, pLiz, pLig} and short-term hazardous vector {p°;1, p°i», p*i3} are further designed in this
paper. pfi1, ptin, and p*i3 quantify the probabilities that the chronic ecological hazard of the
ith pollutant is classified as low, medium, and high, respectively. p°;1, p°;2, and p®;3 quantify
the probabilities that the acute ecological hazard of the ith pollutant is low, medium, and
high, respectively.

According to the probability calculation rule of TFN in Equation (3), pt;1, p'i2, and
p*is can be generated as follows:

0 0.1 < Qir
(01-Qur)? } -0
L (Qig—Qir)(Qis—Qir) Qi <01=0Qig
P (Qis—0.1)2 (8)
_ is—0. ‘ <0
! (Qis—Qir)-(Qis—Qig) Qig <0.1 < Qjs
1 Qis <0.1
0 1<Qu
1-0i)*
(Qis—Q(iL)'(gQ—QiL) 0.1<Qir <1<Qig
1- el 01< 0 < O <1< 0
(Qis—QiL)'(Qis—QiQ) 1<Qi < QZQ <1< Qs
! 01<Qi <Qis<1
09-(11-2:Q;
(QiS_Q(iL)'(QiQi)QiL) Qr<0l1<1<L QiQ
L
P2 = (01-Qi1)*(Qis—Qig) +(Qis—1)* (Qio—Qir) )
B i <01 <Q; < O:
1 (Qis—Qir) (Qig—Qir) (Qis—Qiq) Qir £01<Qip<1<Qjs
0.1-Q;1)?
1= (Qis—(QiL)'EQQLiZg—QiL) Qi £01<Qip<Qis<1
0.9-(2:Qjs—1.1
(QiS*Q(iL)'(SQis*)Q,'Q) Qin<01<1<Q;s
Qis—0.1)2
(QiS_(QiLS)'(Qii_QiQ) Qi <01<Qis<1
0 Qis <0.1
1 1< Qi
_ (1-Qi)* 4 <O
L ! (Qis—Qir)-(Qio—Qir) QiL <1=Qig
Piz = Q17 (10)
is— ‘ <0
(Qis—Qig)-(Qis—Qir) Qig <1< Qis
0 Qis <1

The calculation method of {p°;1, p°;2, p°;3} is similar to {p’;1, p*i2, p"3}. The variables
Qir, Qig, and Q;s in Equations (8)—(10) are simply replaced with g;1, g,0, and g;s, respectively.

2.4.2. Transition TFN Model

Although the hazardous TFN model can evaluate the ecological risk including uncer-
tainty factors, it cannot quantify the ecological risk variation induced by dam construction.
To address this problem, this study further proposes the transition TFN model.

The long-term hazardous TFNs before and after dam construction are denoted as

T(Q:) = (Qir, Qig, Qis) and T(Q) = (Qj;, fQ, QJs), respectively. According to the subtrac-
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tion rule introduced in Equation (4), the difference between T(Q;) = (Q;1, Qig, Qis) and
T(Q;) = (Q;1, Qig- Qis), is also a TEN: T(D;) = (Djr,, Digy, Djs). Its calculation method is:

T(D;) = {Di1, Dig, Dis} = T(Q}) — T(Q;) = {QfL - Qis, Qig — Qig, Qjs — QiL} (11)
Figure 4 shows an illustration of T(D;).

UA

D;<0: The chronic ecological hazard D;>0: The chronic ecological hazard
decreases after the dam construction - increases after the dam construction

P(Di<0) P(Di>0)

heccccccccaad

Di. 0 Dig Dis !
Figure 4. Diagram of T(D;).

Figure 4 shows that T(D;) represents the variation of the chronic ecological hazard
induced by dam construction. Furthermore, values of D; > 0 indicate that compared with the
initial condition, the chronic ecological hazard of the ith pollutant increases after the dam
construction. In contrast, values of D; < 0 indicate that compared with the initial condition,
the chronic ecological hazard of the ith pollutant decreases after the dam construction.
Therefore, the probabilities that P(D; > 0) and P(D; < 0) can be used to quantify the variation
trend of the chronic ecological hazard induced by dam construction.

According to the probability calculation rule of TEN in Equation (3), P(D; > 0) and
P(D; < 0) can be generated as follows:

1 0< Dy
1-— (DD }Dlﬁj i} Dy, <0< Dig
is—Di}-qDig—Dir
P(D; > 0) = b2 (12)
is ‘ ‘
{Dis—Dig }{Dis—Dj.} Dig =0 < Dis
0 Dig <0
0 0< D;.
Dy Dip <0< DiQ
{Dig—DiL } {Dis—Dj.} -
P(D; <0) = D2 (13)
1= {Dis—Dig } {Dis—Dj} Dig <0 < Dis
1 Djs <0

According to the general convention of TFN, when P(D; > 0) is larger than 0.95, the
increasing trend of the chronic ecological hazard after dam construction can be considered
substantial. Conversly, when P(D; < 0) is larger than 0.95, the decreasing trend of the
chronic ecological hazard after dam construction can be considered notable.

The short-term hazardous TFNs before and after dam construction are denoted
as T(q;) = (iL, 9ig, g9is) and T(q;) = (q;‘L,q;‘Q,q;‘S), respectively. The difference between
T(a:) = Qiv, 9iq. 9is) and T(q7) = (471, ;. 9;s) is also a TEN: T(d;) = (dr, diq, ds). Its calcula-
tion method is:

T(d;) = {dir, dig, dis} = T(q;) — T(q;) = {LI?L — qis, Gig — 9iQ/ 9is — %’L} (14)
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(mg/L

Concentrations

Similarly, the probabilities that P(d; > 0) and P(d; < 0) represent the variation trend of
the acute ecological hazard induced by dam construction, and their calculation methods
are similar to P(D; > 0) and P(D; < 0). The variables D;;, D;o, and D;s in Equations (12)—(13)
are simply replaced with d;;, d;, and ds, respectively.

3. Results and Discussion
3.1. Concentrations of Pollutants

As shown in Tables S1 and S2 in the Supplementary Materials, whether before or after
the dam construction, each pollutant in each sampling site had three parallel monitoring
values to control error. When the parallel sample error was controlled within 5%, the mean
values were selected as the evaluation data.

In fuzzy theory, at least three observation data points are required to generate the TFN
for each pollutant. The lower limit, the most probable value, and the upper limit of this
TFN is the minimum value, mean value, and maximum value of these three observation
data points. Tables S1 and S2 in the Supplementary Materials illustrate that whether before
or after the dam construction, each pollutant in the upstream and downstream locations
had three data points. Therefore, a TEN can be designed for each pollutant in the upstream
and downstream sites in each evaluation period.

The minimum, mean, and maximum values of pollutants are shown in Figure 5.

NH;-N Cu
0.060 015 .
00132
0.050 0.048 0.0128 o
o 2 ~ 0025
0.040 = D.0104 D.0103 el
o 0.037 g £ 0020
0033 = 0.005 00082 00083 -
0.027 - 8 5014
2 0 0.0067 ).0070 g ( 15
0.021 = \e B
: g g ooto
0010 o 0003 o S
0.000 5 8,000
Upstream Dovwnstream  Upstream  Dovnstream Upstream Downstream — Upstream Downstream Upstream Downstream  Upstream Downstream
Before the dam construction After the dam construction Before the dam construction  After the dam construction Before the dam construction After the dam construction

Figure 5. Concentrations of pollutants. Upstream Downstream Before the dam construction Aefore
the dam construction.

Figure 5 shows that before the construction of Baihetan Dam, the average concentra-
tions of NH3-N upstream and downstream of the dam were 0.025 mg/L and 0.021 mg/L,
respectively. After dam construction, the average concentrations of NH; —N upstream and
downstream of the dam were 0.040 mg/L and 0.037 mg/L, respectively, which was an
increase of approximately 60%.

The variation in heavy metal concentration was opposite to that of NH3-N. Figure 5
shows that before the construction of Baihetan Dam, the average values of Cu and Pb
upstream were 0.0104 mg/L and 0.0240 mg/L, respectively, whereas after its construction,
these values decreased to 0.0067 mg/L and 0.0048 mg/L, respectively. Similarly, before
the construction of Baihetan Dam, the average values of Cu and Pb downstream were
0.0103 and 0.0259 mg/L, respectively, whereas after construction, these values decreased
to 0.0070 mg/L and 0.0055 mg/L, respectively. Compared with the initial state, after the
construction of the dam, the concentrations of Cu and Pb were reduced by about 30% and
80%, respectively.

Overall, after the construction of Baihetan Dam, the average concentrations of NH3-N
increased, whereas the concentrations of Cu and Pb decreased. Combined with relevant
research, this occurred for the following two reasons:

(i) The construction of Baihetan Dam changed the hydraulic conditions of the Jinsha River.
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The Jinsha River is the main upper stream channel of the Yangtze River [18]. Flowing
from the Qinghai-Tibet Plateau to Sichuan Basin, the longitudinal ratio drop of the Jinsha
River reaches 1 m/km [19]. As a result, the water flow of the Jinsha River is turbulent.
According to Yang et al. [20], the average velocity of the Jinsha River is approximately
0.64 m/s. Owing to the high flow rate, before the construction of the dam, the water body
of the Jinsha River had a strong self-purification ability for NH3-N. However, after the
construction of Baihetan Dam, the water velocity decreased due to its impounding effect.
Therefore, the self-purification ability of the water body was weakened, and accordingly,
the concentration of NH3-N increased.

Unlike NH3-N, heavy metals such as Cu and Pb are stable and extremely difficult to
degrade [21]. In addition, according to Yan et al. [22], heavy metals are easily adsorbed
on sediment particles. Before the construction of the dam, the water flow was more able
to carry sand due to the rapid flow rate. According to Zhang [23], the concentration of
suspended solids in the Jinsha River was approximately 8.06 g/L in 1999, which was the
highest in the Yangtze River Basin. Owing to this high sediment content and the strong
adsorption of heavy metals, the concentrations of Cu and Pb were relatively high prior to
the construction of Baihetan Dam. However, after the dam construction, the water velocity
decreased due to its impounding effect [24]. Heavy metals were more readily deposited on
the bottom of the river with the sediment; therefore, the heavy metal content in the water
body also decreased.

(ii) The pollution sources in the basin changed.

According to Lu et al. [6], the main source of NH3-N in the Jinsha River is domestic
sewage, whereas agricultural pollution is not prominent. Qiaojia County, where Baihetan
Dam is located, was once one of the poorest areas in China [25]. It is located in a remote
mountainous area with poor transportation. The population was small, and various
industries were underdeveloped, so the living conditions of local residents were poor and
the amount of domestic sewage produced was small. However, according to Fan et al. [25],
the construction of Baihetan Dam not only improved the local transportation conditions
but also brought USD 260 million in investment for Qiaojia County, which considerably
contributed to the development of the local economy and the improvement of living
standards. Therefore, domestic sewage generated in Qiaojia County and the emissions of
NH3-N increased.

In contrast to NH3-N, the main source of Cu and Pb is the mining industry [26].
The Jinsha River flows through the region with the most abundant mineral resources in
China [26]. However, because heavy metal pollution seriously threatens the health and
stability of the ecosystem, to achieve sustainable development, since 2015, the Chinese
government has started the strictest pollution source control policy [27]. According to
an environment survey of Yunnan Province, the heavy metal discharge load in Yunnan
Province dropped by about 70% from 2016 to 2020 [28]. Therefore, the heavy metal pollution
in the Jinsha River has also substantially improved.

3.2. Ecological Risk Assessment

The hazardous TFENs of NH3-N before and after the construction of Baihetan Dam, as
estimated by the hazardous TFN model, are illustrated in Figures 6 and 7, respectively.

Figure 6 shows that before the construction of the dam, the long-term hazardous TFNs
of NH3-N upstream and downstream were {0.081, 0.156, 0.206} and {0.094, 0.133, 0.169},
respectively, and the short-term hazardous TFNs were {0.011, 0.021, 0.028} and {0.013, 0.018,
0.023}, respectively. However, Figure 7 shows that after the construction of Baihetan Dam,
the long-term hazardous TFNs of NH3-N in the upstream and downstream locations were
{0.188, 0.250, 0.294} and {0.138, 0.231, 0.300}, respectively, and the short-term hazardous
TFNs of NHj3-N were {0.025, 0.034, 0.040} and {0.019, 0.031, 0.041}, respectively.
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Figure 6. Hazardous TFNs of NH3-N before dam construction.
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Figure 7. Hazardous TFNs of NH3-N after dam construction.

According to the evaluation results of hazardous vectors, there was more certainty in
the grade changes for chronic ecological risk of NH3-N after the construction of Baihetan
Dam. Figure 6 shows that the long-term hazardous vectors of NH3-N in the upstream
and downstream locations were {0.039, 0.961, 0.000} and {0.012, 0.988, 0.000}, respectively,
which reflected that their chronic ecological risks were mainly medium grade and few
were in the low grade. Nevertheless, Figure 7 shows that after dam construction, both of
the chronic hazards of NH3-N upstream and downstream locations were all classified as
medium grade.
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The grade variation in the acute ecological risk of NH3-N slightly differed from its
chronic risk. According to the evaluation results of hazardous vectors, all the acute risks of
NH3-N were completely low grade before and after the construction of Baihetan Dam.

According to the hazardous TFN model, the hazardous TENs of Cu before and after
the construction of Baihetan Dam are illustrated in Figures 8 and 9, respectively.
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Figure 8. Hazardous TFNs of Cu before dam construction.
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Figure 9. Hazardous TFNs of Cu after dam construction.
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Figure 8 shows that before the construction of Baihetan Dam, the long-term hazardous
TENs of Cu in the upstream and downstream locations were {0.830, 1.106, 1.404} and
{0.766, 1.096, 1.362}, respectively, and their short-term hazardous TFNs of Cu were {0.260,
0.347, 0.440} and {0.240, 0.343, 0.427}, respectively. However, Figure 9 shows that after
the construction of Baihetan Dam, the long-term hazardous TENs of Cu in the upstream
and downstream locations were {0.585, 0.713, 0.872} and {0.638, 0.745, 0.883}, respectively,
and their short-term hazardous TFNs of Cu were {0.183, 0.223, 0.273} and {0.200, 0.233,
0.277}, respectively.

According to the evaluation results of hazardous vectors, the chronic ecological risk of
Cu had a grade variation after the construction of Baihetan Dam. Figure 8 shows that the
long-term hazardous vectors of Cu upstream and downstream were {0.000, 0.182, 0.818}
and {0.000, 0.278, 0.772}, respectively. This result showed that their chronic ecological risks
were mainly high grade and were slightly represented in the medium grade. Nevertheless,
Figure 9 shows that after the dam construction, both of the chronic hazards of Cu upstream
and downstream locations were all classified as medium grade.

The grade variation of the acute ecological risk of Cu slightly differed from its chronic
risk. According to the evaluation results of hazardous vectors, all the acute risks of Cu were
medium grade before and after the construction of Baihetan Dam.

The hazardous TFNs of Pb before and after the dam, as estimated by the hazardous
TFN model, are illustrated in Figures 10 and 11, respectively.
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Figure 10. Hazardous TFNs of Pb before dam construction.

Figure 10 shows that before the construction of Baihetan Dam, the long-term hazardous
TFNs of Pb in the upstream and downstream locations were {3.216, 3.765, 4.824} and {2.941,
4.000, 4.627}, respectively, and their short-term hazardous TFNs of Pb were {0.166, 0.183,
0.220} and {0.160, 0.198, 0.217}, respectively. However, Figure 11 shows that after the con-
struction of Baihetan Dam, the long-term hazardous TENs of Pb upstream and downstream
locations were {0.824, 0.941, 1.039} and {0.941, 1.078, 1.176}, respectively, and their short-term
hazardous TENs were {0.032, 0.037, 0.040} and {0.037, 0.042, 0.046}, respectively.
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Figure 11. Hazardous TFNs of Pb after dam construction.

According to the evaluation results of hazardous vectors, both the chronic and acute
ecological risks of Pb had grade variations after the construction of Baihetan Dam. Figure 10
shows that the long-term hazardous vectors of Pb at upstream and downstream locations
were {0.000, 0.000, 1.000}, which were categorized completely as high grade. Both the
short-term hazardous vectors of Pb at upstream and downstream locations were {0.000,
1.000, 0.000}, which were completely medium grade.

However, Figure 11 shows that after dam construction, the long-term hazardous vec-
tors of Pb upstream were {0.000, 0.928, 0.072}, which reflected that the chronic ecological risk
was mainly medium grade with some belonging to high grade. The long-term hazardous
vectors of Pb downstream were {0.000, 0.108, 0.892}, which showed the chronic ecological
risk was mainly high grade and some categorized as medium grade. Furthermore, both the
short-term hazardous vectors of Pb upstream and downstream were {1.000, 0.000, 0.000},
which could be completely categorized as low grade.

Overall, the critical factors for the chronic and acute risks were different. The key
chronic threat was Pb, whereas the key acute threat was Cu because Pb and Cu have
different pathogenic mechanisms for aquatic organisms.

According to Wang et al. [29], compared with Pb, Cu?* ions more easily bind to the
sulthydryl moiety of the protein, which interferes with its conformation and causes acute
damage to the respiratory system and liver of fish [29]. Therefore, Table 1 shows that the
short-term safety tolerance threshold of Cu is only 0.0300 mg/L, which is much stricter
than that of Pb (0.1310 mg/L).

In contrast, because Pb is not an essential element for organisms, its metabolism is
much slower, and readily accumulates in organisms [30]. Therefore, the chronic harm of Pb
is more prominent than that of Cu [30]. Table 1 shows that the long-term safety tolerance
threshold of Pb is only 0.0051 mg/L, which is much smaller than that of Cu (0.0094 mg/L).

3.3. Influence of Baihetan Dam on Ecological Risk

The variations in ecological risks before and after the construction of Baihetan Dam,
as estimated by the transition TFN model, are listed in Figures 12-14.
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Figure 12. Transition TEN of ecological risk of NH3-N.
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Figure 14. Transition TFN of ecological risk of Pb.
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Figure 12 shows the long-term and short-term hazardous transition TFNs of NH3-N in
the upstream locations were {—0.019, 0.094, 0.213} and {—0.003, 0.013, 0.029}, respectively,
both of which had a probability of 0.982 of being larger than 0. However, the long-term and
short-term hazardous transition TFNs downstream were {—0.031, 0.098, 0.206} and {—0.004,
0.013, 0.028}, respectively, both of which had a probability of 0.977 of being larger than 0.
Both the chronic and acute ecological risks of NH3-N showed a marked increasing trend
after the construction of Baihetan Dam, indicated by the fact that the probability estimates
0.982 and 0.979 were larger than 0.95.

The transition TFNs of Cu are opposite to those of NH3-N. Figure 13 shows that the
long-term and short-term hazardous transition TFNs of Cu upstream were {—0.819, —0.394,
0.043} and {—0.257, —0.123, 0.013}, respectively, both of which had a probability of 0.995
of being less than 0. However, the long-term and short-term hazardous transition TFNs
downstream were {—0.723, —0.351, 0.117} and {—0.227, —0.110, 0.037}, respectively, both of
which had a probability of 0.965 of being less than 0. Both the chronic and acute ecological
risks of Cu showed a substantial decreasing trend after the construction of Baihetan Dam,
indicated by the fact that the probability estimates 0.995 and 0.965 were larger than 0.95.

The transition TFNs of Pb were opposite to those of Cu. Figure 14 shows that the
long-term transition TFNs of Pb upstream and downstream were {—4.824, —3.765, —3.216}
and {—4.627, —4.000, —2.941}, respectively, and their short-term transition TFNs were
{—0.188, —0.147, —0.125} and {—0.180, —0.156, —0.115}, respectively. The ecological risk
induced by Pb certainly decreased after the construction of Baihetan Dam because all these
transition TFNs had a probability of 1.000 of being less than 0.

Overall, after the construction of Baihetan Dam, the ecological risk of NH3-N showed
a marked increasing trend, whereas the ecological risks of Cu and Pb showed substantial
decreasing trends. This result is consistent with the variation in pollutant concentrations
discussed in Section 3.1. However, compared with upstream of the dam, the probability
of an increase in NHj3-N risk and the probability of a decrease in Cu ecological risk were
slightly smaller downstream, which indicated that dam construction had a more substantial
impact on the ecological risk upstream.

According to Lu et al. [6], the reason for the phenomenon might be that the dam had a
more prominent impact on the hydraulic conditions upstream. Under natural conditions,
the water body maintained a certain velocity [6]. After dam construction, the upstream
water level was raised due to its backwater action and the flow velocity was often close
to zero [6]. However, dams usually need to maintain a discharge flow, so the water body
downstream still has a certain velocity [6]. As a result, the changes in degradation capacity
and sediment settlement were more prominent upstream.

3.4. Comparisons between Traditional HQ and Fuzzy HQ

The fuzzy HQ model was designed based on TFN theory. In the fuzzy HQ model,
long-term and short-term HQs were written as TFNs. Given the large amount of evaluation
results, this study only took the long-term HQ assessment of Cu as an example to illustrate
the differences between HQ and fuzzy HQ. The results of the conventional HQ and fuzzy
HQ evaluations of Cu are shown in Tables 2 and 3, respectively.

Table 2. Long-term HQ evaluation result of Cu based on traditional HQ model.

Evaluation Items Upstream Downstream
Ecological risk Long—term HQ [0.830, 1.404] [0.766, 1.362]
before dam construction Grade / /
Ecological risk Long-term HQ [0.585, 0.872] [0.638, 0.883]
after dam construction Grade Medium Medium

Changes in ecological risk / /
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Table 3. Long-term HQ evaluation result of Cu based on the fuzzy HQ model.

Evaluation Items Upstream Downstream
Eeolosical risk before d Long-term HQ {0.830, 1.106, 1.404} {0.766, 1.096, 1.362}
cological risk before dam Grade High High

construction

Ecological risk

after dam construction

Changes in
ecological risk

Hazardous vectors
Long-term HQ

{0.000, 0.182, 0.818}
{0.585, 0.713, 0.872}

{0.000, 0.278, 0.772}
{0.638, 0.745, 0.883}

Grade Medium Medium
Hazardous vectors {0.000, 1.000, 0.000} {0.000, 1.000, 0.000}
Transition TFN {—0.819, —0.394, 0.043} {—0.723, —0.351, 0.017}
Probability of risk decreasing 0.995 0.965
Probability of risk increasing 0.005 0.035

As shown in Tables 2 and 3, three differences exist between the results of the conven-
tional HQ and fuzzy HQ.

(i) The traditional HQ model can produce an approximate range of HQs. The range
of values obtained by fuzzy HQ is consistent with that of conventional HQ, which
indicates that the fuzzy HQ model is plausible and valid. On this basis, the fuzzy
HQ model is designed based on TEN theory and can further quantify the possibility
of ecological risk belonging to each grade, which comprehensively and accurately
reflects the uncertainties of the concentration distribution of pollutants in the water.

(i) When the range of HQs is not a subset of the judgment interval, the traditional HQ is
almost unable to identify the ecological hazard grade. Table 2 shows that the range of
long-term HQ of Cu in the upstream locations before dam construction was [0.830, 1.404],
which crossed two judgment intervals, medium (0.1-1), and high (>1). The conventional
HQ cannot calculate the probability of the long-term HQ falling into the two judgment
intervals; therefore, it cannot identify the ecological hazard grade. Nevertheless, the
fuzzy HQ model solves this problem by introducing hazardous vectors.

(iii) Traditional HQ cannot accurately reflect the changes in ecological risks before and
after dam construction. The fuzzy HQ model includes a hazardous TFN model and a
transitional TFN model. The transition TEN model is specifically used to evaluate the
ecological risk variation induced by dam construction. For example, Table 3 shows
that the chronic ecological risk of Cu upstream and downstream was mainly high
grade before the dam construction and completely medium grade afterwards. The
chronic ecological risk of Cu had a variation in grades with a considerable downward
trend after the construction of Baihetan Dam.

4. Conclusions

The crucial acute hazard factor to the local aquatic ecosystem was Cu, and the key
chronic hazard factor was Pb. After the construction of Baihetan Dam, the chronic hazard
of NH3-N was medium grade, and its acute hazard was low grade. Both the long-term
and short-term hazardous TFNs of Cu were medium grade. The acute hazard of Pb was
certainly low grade, whereas its chronic hazard had uncertainties. Its long-term hazardous
vectors in the upstream locations were {0.000, 0.928, 0.072}, whereas its long-term hazardous
vectors in the downstream locations were {0.000, 0.108, 0.892}.

Both of the ecological risks of Cu and Pb showed marked decreasing trends after the
construction of Baihetan Dam, whereas the ecological risk of NH3-N showed a substantial
increasing trend. The major reason for this variation in ecological risk was that the con-
struction of Baihetan Dam changed the hydraulic conditions of the Jinsha River. For the
construction of this dam, the impounding effect reduced the rates of nutrient degradation
but promoted the settlement of heavy metals with sediment.

The hazardous TFN method can deal with the ecological risk evaluation that included
certainties in the observation data set, and the transition TFN method can analyze the
variation in ecological risk using a small sample size. Therefore, the fuzzy HQ model is
effective in the ecological risk evaluation induced by dam construction.
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At present, the fuzzy HQ model designed cannot assess the comprehensive ecological
risk of multiple pollutants resulting from synergistic or cumulative effects among different
pollutants. Therefore, the fuzzy HQ model still needs further improvement to better deal
with these synergistic and cumulative effects among pollutants.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14172694/s1, Table S1: Observation data before dam construction;
Table S2: Observation data after dam construction.
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