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Abstract: The extensive use of antibiotics in the Taihu Lake Basin has led to a significant
threat to human and environmental health. In this context, the QWASI model is developed to
simulate the fate of typical antibiotics in Lake Taihu. Through this model, real-time tracking of
the dynamic changes in antibiotic content is possible. The study primarily focuses on
evaluating the fate and transfer of antibiotics in the water and sediment phases of the lake. The
model results indicate that most of the simulated concentrations and mass fluxes are within the
same order of magnitude as the measured values, demonstrating a good simulation effect.
However, an underestimation of the simulated output value occurs in some cases. The sediment
layer serves as the main accumulation site for antibiotics, and the mass balance equation is a
crucial tool for simulating the environmental distribution of antibiotics. Sulfamethoxazole
(SMX) exhibits a relatively high concentration in water due to its large model input. The
sensitivity analysis reveals that for ATM, SMX, and OFX, the five input parameters with the
most significant impact are the half-life in water, sediment-water partition coefficient, sediment
solids concentration, sediment particle density, and sediment-water diffusion MTC. For OTC,
the impact of lake water depth is more prominent than the sediment-water mass transfer rate.
The uncertainty analysis effectively showcases the model’s stability, with the water phase
concentration showing better stability. In this process, each factor is assigned a correlation
coefficient to represent its influence on the original content. The sediment phase antibiotic
concentration has a relatively high uncertainty. The source intensity assessment in this study
utilizes direct monitoring data of the Taihu Lake water body, ensuring higher accuracy. The
major factor contributing to prediction errors is the ambiguity of the sediment phase, which is
affected by numerous environmental factors. Importantly, when considering the fate of
antibiotics in the lake, the biomechanical characteristics of potential drug delivery systems play
a vital role. The movement and dispersion of antibiotics within the water and sediment are
influenced by biomechanical forces. In the sediment, the porosity and permeability, which are
related to biomechanical properties, can determine the rate at which antibiotics penetrate and
accumulate. Understanding these biomechanical aspects of drug delivery systems can help in
devising more effective strategies for antibiotic remediation. It can also provide insights into
how the physical environment interacts with the chemical behavior of antibiotics, ultimately
contributing to a more comprehensive understanding of the environmental fate of antibiotics
in Lake Taihu. This is the first study to explore the fate of antibiotics in Lake Taihu and offers
valuable recommendations for the restoration of antibiotic-contaminated lakes. It enriches the
research perspectives on water management, especially in relation to addressing water
pollution caused by antibiotic abuse.

Keywords: QWASI model; antibiotics; environmental fate; Taihu Lake; biomechanical
characteristics; drug delivery systems
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1. Introduction

Antibiotics are widely used in the prevention and treatment of diseases in
humans, livestock and aquatic organisms, and they can also be used to promote the
growth in animal husbandry [1]. It is precisely because of the wide use of antibiotics
that the problem of antibiotic abuse and pollution in developing countries has become
increasingly serious in recent years [2]. Since the human body or animals cannot fully
absorb antibiotics after ingestion, most antibiotics will be discharged into the
environment in the form of maternal or metabolic products, and the water environment
is the main environment for receiving antibiotics [3,4]. As a new type of pollutant,
antibiotics are everywhere in the water environment. The environmental problems
caused by antibiotics in recent years have been highly valued by countries all over the
world [5-7]. As an important subject in the research of water environmental pollutants,
the research of antibiotics in lakes has been very extensive, but mainly focused on their
residues in lake water and surface sediments [8].

Taihu lake, the third largest freshwater lake in China, is the largest shallow
freshwater lake in East China. With the rapid development of urbanization and
industrialization in the recent decades, Taihu lake faces increasingly severe water
scarcity and serious water pollution problems [9]. Current researches also showed that
the antibiotic pollution in Taihu Lake was very serious [5—7]. Researchers not only
need a lot of energy to control the pollution, but also need to make accurate prediction
of the distribution of antibiotics in the water body of Taihu Lake, so as to facilitate the
subsequent pollution control work. The previous articles have discussed that the
current researches mainly focus on the residual situation of antibiotics in the lake.
There is still no corresponding research on the specific fate of antibiotics in Taihu
Lake, which requires building a mathematical model to carry out more accurate
simulation [10]. Fugacity model provides us with an important means to simulate the
multi-medium fate of pollutants in the environment. In 1983, Mackay et al. [11,12]
firstly proposed the QWASI model to simulate the fate of chemical substances in lakes
and rivers, which can be directly obtained from the Canadian Environmental Modeling
and Chemistry Center (CEMC) as software [13]. At the same time, the QWASI model
has been successfully applied to the environmental fate simulation of many
compounds. Abbasi et al. [14] have successfully used the QWASI model to simulate
and predict the methoxychlorine and other substances in Naiwar Lake (Kenya). Wang
et al. [15] have established an improved QWASI model for the new pollutants (ECs)
in the urban sewage lagoon system to predict the fate of ECs in the sewage lagoon.
Liu et al. [16] used the improved QWASI model to simulate the environmental fate of
Zn and Pb in shallow lakes during the glacial period. As Taihu Lake is a shallow
freshwater lake, its overall environment is in non-equilibrium and steady state, so the
QWASI model can be used to simulate the antibiotics in Taihu Lake. At the same time,
no researcher has previously simulated the environmental fate of antibiotics in Taihu
Lake, so this study will focus on this.

Therefore, the objective of this study are as follows:

(1) To calculate the source intensity input of four antibiotics in Taihu Lake
according to the monitoring data;

(2) To analyze the environmental fate behavior of typical antibiotics in Taihu
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Lake and validate the model output;
(3) To analyze the sensitivity of the input parameters, and the uncertainty of the
model is further analyzed to validate the stability of the model.

2. Materials and methods

2.1. Study area and sampling points

The Taihu Lake (30.5-32.8' N, 119.8-121.55" E) is located in East China, which
has the best economic development in China. The Taihu Lake spans Jiangsu and
Zhejiang provinces, bordering Wuxi City in the north, Huzhou City in the south,
Yixing City in the west, and Suzhou City in the east. The water area of Taihu Lake is
2156.16 square kilometers, and the lake shoreline is 393.2 kilometers long. The social
economy in Taihu Lake Basin has maintained rapid development, and the population
growth trend has slowed down. The per capita water resources in the basin are far
below the national average level. The panoramic picture of Tai Lake is shown in
Figure 1.

The average depth of Taihu Lake is 1.9 m, less than 5 m in general. There are 22
sampling points in Taihu Lake area in this study. 54.5% of the rivers in the whole year
mainly enter Taihu Lake (according to the monthly proportion of entering and leaving
the lake, the same below), with a total of 12 rivers, including the Taige Canal in
Zhushan Lake, Yincun Port, Shedu Port in the western coastal area, Guandu Port,
Hongxiang Port, Chengdong Port, Dapu Port, Wuxi Port, and Hexi New Port,
Changxing Port, Yangjiapu Port, Maoer Port in the southern coastal area. Among them,
the rivers with large amount of water entering the lake are Chengdong Port Bridge and
Wuxi Bridge; 18.2% of the watercourses are mainly out of the lake, with a total of 4
watercourses, including Wangyu River, Liangxi River, Tiaoxi River and Dagian Port.
The watercourse with a large amount of water out of the lake is Hangchang Bridge;
27.3% of the watercourses are mainly detention, with a total of 6 watercourses,
including Daxi Port, Zhihu Port, Wujin Port, Caoqgiao River, Dagang River and Jiapu
Port.

Jiangsu

Zhejiang

0 5 10 20 km
|

Figure 1. Based on Alber projected panorama of Tai Lake.
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2.2. Target antibiotic data collection and source intensity calculation

According to previous research results, 4 antibiotics are selected as target
pollutants in Taihu Lake in this study. In this study, a total of 4 typical antibiotics which
had been detected widely within Taihu lake were selected as target chemicals. They
are belong to four different antibacterial classes: (1) sulfonamides (SAs), including
sulfamethoxazole (SMX); (2) tetracyclines (TCs), including oxytetracycline (OTC);
(3) fluoroquinolones (FQs), including ofloxacin (OFX); (4) macrolides (MCs),
including azithromycin (ATM) [17]. The physiochemical properties of these target
antibiotics are presented in Table 1.

Table 1. Physical and chemical properties and environmental behavior parameters of target antibiotics.

ATM SMX OTC OFX
CAS 83905-01-5 723-46-6 79-57-2 82419-36-1
Molecular Formula C33H72N2012 CioH1N303S C22H24N209 CisH20FN304
Molar mass (g /mol) 749 253 460 361
Vapor pressure (Pa) 3.53x 1072 1.73 x 107 4.60 x 10721 2.43 x 1071
Melting point (°C) 114 170 327 240
Koc (L/kg) 4293 1530 233 44,100
Henry’s law constant (Pa - m3 - mol™1) 5.37 x 1072 9.69 x 1078 4,79 x 10722 1.18 x 10710
Solubility (mg/L) 85 400 313 3400
Half-life in water (hours) 11 529 216 120
Half-life in sediment (hours) 16,776 568 1750 13,000
log K ow 4.02 0.89 -1.22 0.7
Ky 450 x 10723 4.42 x 107° 273 x 107 1.04 x 10715

Since the data of water volume in and out of the lake around Taihu Lake are
compiled with the hydrological patrol section or single station as the smallest unit, in
order to calculate and match, the pollution load in and out of the lake is calculated and
counted with the hydrological patrol section or single station as the unit. The
hydrological monitoring data of Taihu Lake is presented in Table 2. When there is
only one water quality monitoring section in the patrol section or single station, the
water quality concentration of the section shall be taken as the representative value of
the patrol section (station). When multiple water quality monitoring sections are set at
the patrol section or single station, the arithmetic mean of water quality concentration
is taken as the representative water quality of the same river at multiple sections; The
weighted average of water quality concentration is taken as the representative value of
the survey section by using the water inflow as the weight for the sections on different
rivers. For the inflow pollution load of rivers around Taihu Lake, the method of the
product of the instantaneous water quality concentration of rivers entering the lake and
the average flow in a representative period is used to calculate the inflow pollution
load of a single month (or a single day) of a single patrol section (station), and then
the annual inflow pollution load of each patrol section (station) is obtained by quarterly
accumulation, and finally the total inflow pollution load of each patrol section (station)
is obtained by accumulation.
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Table 2. Cross sections of various monitoring rivers in the Taihu Lake.

Order River channel Administrative district ~ Control section Section width (m) Distance to river
number name mouth (km)
1 Wangyu River Suzhou, Jiangsu Province Under Wangting 110 2.8
Interchange
2 Daxi Port Daxi Port Gate 15 0.1
. R Wuxi City, Jiangsu L
3 Liangxi River Province Jingyigiao 26 1.6
4 Zhihu Port Hushan Bridge 54 11
5 Wujin Port ghan_gzhou City, Jiangsu Gongxianggiao 32 1.3
rovince
6 Taige Canal Fenshui Bridge 30 1.8
7 Caoqgiao River Fenshui Old Bridge 24 1.9
8 Yincun Port Wouxi Bridge 64 0.1
9 Shedu Port Shedu Port Bridge 25 13
Yixing City, Jiangsu .
10 Guandu Port Province (county-level Guandu Port Bridge 24 1
11 Hongxiang Port gltg/,)subordmate to Wuxi Hongxiang Port Bridge 31 1
iy,
12 Chengdong Port Chengdong Port Bridge 74 1
13 Dapu Port Dapu Port Bridge 47 13
14 Wouxi Port Wouxi Bridge 20 0.8
15 Dagang River Dongdagang Bridge 16 0.9
16 Jiapu Port Jiapu Bridge 18 0.7
17 Hexi New Port Hexi No.8 Bridge 32 0.2
18 Changxing Port Xintang Bridge 56 0.3
" Huzhou City, Zhejiang . .
19 Yangjiapu Port Province Yangjiapu Bridge 64 0.1
20 Maoer Port Jiujiu Bridge 110 12
21 Tiaoxi River Hangchang Bridge 110 11
22 Dagian Port Big money gate 40 0.2

The calculation method of pollution load of rivers around Taihu Lake into the

lake is calculated according to the following formula:

24
W = Z Wi
i=1

4
W; = Z CnQn
n=1

where, W is the total amount of pollutants entering the lake in all survey sections

(1

)

(stations); W; is the amount of pollutants entering the lake in the i patrol section

(station); C,, is the representative value of water quality of pollutants entering the lake

in the n'™ quarter of the survey section (station); Q,, is the water inflow into the lake in

the n™ quarter of the survey section (station).

2.3. Model framework

The multimedia model based on the concept of fugacity, is a series of models
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established by the Canadian Modeling Center. The environmental system in this study
is a shallow lake, which is characterized by steady state, non-equilibrium and fluidity.
The substances are assumed in a non-equilibrium state between phases. And consider
the steady state input and output of pollutants and various reactions occur in phases,
as well as various diffusion and non-diffusion processes of substances between
adjacent phases. Among these, the QWASI model should apply to Taihu Lake system,
allowing prediction of the processes of antibiotics migration and transformation
between air, water and sediment phases, by assuming a uniform level of water mixing.
Based on the description of Taihu Lake, the model in this study was divided into three
modules. The transport process of antibiotics in the QWASI model is shown in Figure
2 and each environmental phase was represented by numbers (air-1; water-2;
sediment-4). Based on these, the target antibiotics are not only transported in several
major media, but also settled and degraded in each medium. After considering all
environmental processes, specific mass balance equations are as follows:
Air:

(Ex 4 Ga1Cp1 + Daq fo 4 D31 f3) = f1(D12 + D13+ Dp1 + Dgy) = 0 3)
Water:
(Ez + GazCpy + D13 f1 + Dyp fo) — f2(D21 + Doy + Dy + Dy3) =0 @)
Sediment:
(Es + Dasf3) — fa(Daz + Dra + Dgs) = 0 (5)

where, f: fugacity (Pa); E:Emission rate (mol/h); G,: Advection velocity (m*/h); Cg:
Background concentration (mol/m?); D: Transport rate of chemical substances during
transport (mol/Pa/h); D1,: The D value from media 1 to media 2, and other subscripts
also mean the same; Subscript R: represents reaction.

The concentration of antibiotics is calculated as follows:

Cy =Zy X fx (6)

where, C: Concentration (mol/m3); Z: Fugacity capacity (mol/(m3 - Pa)). The
definition of the fugacity capacity (Z) value is shown in Table 3.

Atmosphere /7 X\,

i
v

Interphase

Soil layer

mDegradation

Figure 2. The transport process of antibiotics in various media in the QWASI model.
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Table 3. Definition of the fugacity capacity (Z) values (mol/m? Pa).

Compartment Equation Definition

Air Za = 1/RT R is the gas constant (8.314Pa - m3/(mol - K)); Tis
the absolute temperature (K).

Water Zw=1/H H is the Henry’s Law constant (Pa - m3/mol).

Solid in water (Zzsorid), and Zsotia = Koc X Psqiy X Zw Koc is organic carbon normalized partition coefficients

sediment (Zysolia) (L/kg); psa is density of the solid phase (kg/L).

Bulk air Zy=Zyp X (1= X1q) + Zog X Xqq Xiq is the volume fraction of suspended particles in air.

Bulk water Zy =Zy X (1 - X, Sup) + Zs01ia X Xosup Xosup 18 the volume fraction of suspended particles in

Bulk sediment

water, respectively.

Zy = Zasotia X (1 — Xaw) + Zyy X Xaw Xaw is the volume fraction of water in sediment.

2.4. Model parameters

The input parameters of the model include environmental attribute parameters
and physiochemical properties parameters of typical antibiotics. Environmental
attribute parameters include water area (A), water depth (/4,), sediment depth (4,),
solid content in each medium, organic carbon content in water and sediment, and
migration rate of environmental media of Taihu Lake. Some environmental attribute
parameters used in this study are from Taihu Lake Yearbook, related papers, etc., and
some parameters are recommended values. The QWASI model adopted in this study
considers the three main media of air, water and sediment. The solution of the QWASI
model uses the existing model framework in the Excel developed by the Canadian
CEMC Modeling Center. The input parameters of the physiochemical properties of the
antibiotics are mainly from the website http://pubchem.ncbi.nlm.nih.gov/ (Table 1).
As well as literature, environmental parameters mainly come from the measurement
and research data of Taihu Lake Basin Hydrology and Water Resources Monitoring
Center. And environmental attribute parameters of this study are shown in Table 4.

Table 4. Environmental attribute parameters of this study.

Parameter Character Numerical value Unit
Water area A 2445000000 m?
Lake depth h, 1.9 m
Depth of sediment layer hy 0.03 m
Volume fraction of aerosol Vf, 40 ug/m?
Volume fraction of particulate matter in water Viw 31 mg/L
Volume fraction of particulate matter in sediment Vfs 0.47 m3/m3
Aerosol density Da 1500 kg/m?3
Water density Pw 1420 kg/m3
Sediment density Ds 1420 kg/m?3
Organic carbon content of water body oG, 0.01 g/g
Organic carbon content of sediment 0C, 0.01 g/g
Organic carbon content of resuspended sediment 0Cy 0.08 g/g9
River flow into the lake Gog 1321978 m3-h71

River flow out of the lake

959740 m3-h71
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Table 4. (Continued).

Parameter Character Numerical value Unit
Aerosol deposition rate 0, 7.2 m-ht
Rainfall rate Ug 1.23 m-year™!
Air-water mass transfer coefficient at atmospheric side of water kya 1 m-h71
column

Air-water mass transfer coefficient at water side of water column kyw 0.01 m-ht
Sediment-water diffusion mass transfer coefficient ksw 0.004 m-ht

2.5. Sensitivity analysis

This study quantitatively analyzes the sensitivity of the relevant parameters in the
model. It is aim to evaluate how each input parameter affects the model outcomes and
to identify the most influential inputs [18]. The commonly used local analysis method
is to test the influence of the change of a single parameter on the model results (OAT).
The OAT method is used to analyze the sensitivity of the environmental attribute
parameters and physiochemical property parameters of the model. The five most
critical sensitivity parameters are judged according to the results of the sensitivity
analysis. The sensitivity coefficient is calculated by the ratio of the change of output
value to the change of input parameter. The specific formula is as follows:

— (Y1.01 - Yl.O)/Yl.O (7)
(X1.01 - Xl.O)/Xl.O

where, X; o;and X;  represents 1.01 times and 1.0 times of input parameters; Y, ;, and

Y, , represents 1.01 times and 1.0 times of the output value corresponding to the input

parameter. The sensitivity coefficient quantifies the influence of parameters, and the
effective sensitivity parameters will be given in the following specific result analysis.

2.6. Uncertainty analysis

The Monte Carlo method can effectively reflect the range of predicted values of
the model and verify the stability of random factors based on the model [19,20]. It can
analyze the uncertainty of the model parameters to verify the stability of the model.
According to the lognormal distribution characteristics of parameter values, random
values were selected from each input parameter distribution. Oracle Crystal ball is
used for Monte Carlo analysis. After 10,000 calculations, the average value, minimum
value, maximum value, 5th percentile value, median value and 95th percentile value
of the simulated concentration is compared. Coefficients of variation (CVs) were used
to quantify the differences [15,21].

3. Results and discussion

3.1. Source input estimation results

The estimation of source intensity in this study is based on 22 sampling points.
In 2017, each sampling point will be sampled once a month. According to the monthly
instantaneous flow monitoring, the river flow velocity and antibiotic concentration at
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each inlet and outlet of the river can be measured. In the absence of continuous river
water quality monitoring data at present, based on the monthly water quality
monitoring results, the time flux of pollutants entering the lake in the river or patrol
section is estimated by the product of instantaneous concentration and average flow in
the representative period. For the algorithm of pollution load out of the lake, according
to the monitoring results for many years, the water quality of Taihu Lake is relatively
stable, and the change range over time is small. The same calculation method is used
for the calculation of pollution load out of the lake. The calculation results are shown
in Table 5.

Table 5. Source intensity input of 4 antibiotics.

Annual input load (kg/year) Annual input concentration (ng/L)
ATM 9650.695 0.932
SMX 12600.460 5.647
OTC 5501.688 0.498
OFX 9222.290 1.000

According to the calculation results shown in Table 5, among all the antibiotics,
it can be seen that the distribution of pollution load of antibiotics flowing into Taihu
Lake in 2017 is SMX > ATM > OFX > OTC, and the comparison of annual input
concentration is SMX > OFX > ATM > OTC. The input of source intensity will
directly affect the output of the model and the different fate of different antibiotics in
multimedia of Taihu Lake. In addition, the source intensity input method used in this
study, which is estimated with actual values, is different from previous studies, and it
has greater accuracy. Among previous studies, the source intensity input used by
Huang et al. [13] in the study of the environmental fate of polycyclic aromatic
hydrocarbons (PAHs) in Shanghai is based on the comprehensive evaluation of the
data of previous papers and yearbook data.

3.2. Simulation results and model validation
3.2.1. Predicted antibiotics concentrations in Taihu Lake

The predicted results of the concentration of 4 antibiotics in Taihu Lake are
shown in Figure 3. After calculated, 4 antibiotics have total concentrations below
0.500 ng/L. In addition, the concentration of 4 antibiotics in the sediment phase is
higher than that in the water phase. Since the concentration of SMX in the source
intensity input is the highest, the concentration of SMX in the two environmental
media is significantly higher than others. And the simulated concentration in the two
phases reaches 0.199 ng/L and 0.477 ng/L respectively. In the sediment phase, the
predicted concentration of OFX is obviously higher than that of ATM and OTC,
reaching 0.166 ng/L. And the concentrations of ATM and OTC in this phase reach
0.014 ng/L and 0.057 ng/L respectively, which may be due to the higher Ky, value
of OFX compared with ATM and OTC. In the water phase, the predicted
concentrations of ATM, OTC and OFX are equivalent, 0.004 ng/L, 0.040 ng/L and
0.038 ng/L respectively. For the prediction of air phase, antibiotics are not shown here
because they are not volatile and have low concentration [22].
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Figure 3. Concentration changes of four antibiotics in various media.

3.2.2. Fate of 4 antibiotics in Taihu Lake

The simulation results of 4 antibiotics are given in the form of mass balance
diagram in Figure 4, and all transfer fluxes are shown in average. The model output
includes all attributes, concentration, fugacity, mass and other complete matrix
characteristics of antibiotics in the lake model. Since the Ky, values of the 4
antibiotics are relatively low, the mass of their volatilization to the air phase can be
ignored. Their degradation half-life is different in the different phases, so their
predicted distribution in Taihu Lake is also different. The total mass flux of 4
antibiotics flowing into the lake water has been introduced in 3.1. It is mainly
discharged directly. The proportion of 4 antibiotics discharged directly into Taihu Lake
accounts for more than 99%, which can basically exclude the advection input of rivers
entering the lake. The loss of 4 antibiotics in the aqueous phase is basically through
reaction loss. The loss of reaction is 99.3%, 75.8%, 88.5% and 92.9%, respectively.
The reaction loss of ATM is the largest, and the advection loss is the smallest. This
shows that ATM is easier to react with substances in water, and it also has the lowest
solubility. It is worth noting that the proportion of OFX deposited in water is large,
which is due to its larger water-sediment exchange coefficient [23—25]. For sediment
phase, the loss of four antibiotics is mainly through exchange to the water phase and
reaction, and the advection loss can be ignored. Generally, the higher Ky can increase
the portion of chemicals in sediments [26]. The K, value of SMX reached 44,100
L/kg, far higher than the other antibiotics (35.7%), and the simulation results also
showed this feature.

10
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Figure 4. Mass balance diagram of 4 antibiotics in the Taihu Lake.

Figure 5 shows the transfer fluxes of 4 antibiotics across the water sediment
interface in Taihu Lake. The transfer fluxes of 4 antibiotics from water to sediment is
higher than that from sediment to water, which indicates that sediment can be used as
the “sink” of chemicals in Taihu Lake, which is consistent with the research reported
by previous scholars [15,27]. It can be concluded that lake sediments are the final
destination of most antibiotics. Previous research showed that heavy metals will also
accumulate in a large amount in the sediments, but antibiotics, as an organic matter,
are more likely to be biotransformed after they flow into the sediments of the stratum,
which requires us to add biofacies and make a specific discussion [16]. At the same
time, if we want to obtain the time required for the aquatic ecosystem to eliminate
these antibiotics in a large amount, we need a IV level model for simulation evaluation
[19]. In general, the environmental fate simulation of 4 antibiotics in Taihu Lake
requires a complex function, and the mass balance model is a vital means to clarify

the impact of plenty of parameters and the ultimate fate of antibiotics.
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Figure 5. Transport flux of 4 antibiotics at the water sediment interface in Taihu
Lake.

3.2.3. Model validation

The most direct way to validate the reliability of the model is to compare the
predicting data with monitoring data. The actual outflow of target antibiotics from
Taihu Lake is calculated by the method mentioned in Chapter 2. The actual outflow
flux of antibiotics is calculated according to the lake water velocity and antibiotic
concentration measured at several outflow points of Taihu Lake. According to Figure
6, the actual outflow and predicted outflow of the 4 antibiotics are within a level of
magnitude, which shows that the prediction effect of the model is good. The possible
reasons for the deviation between the model prediction and the actual situation are as
follows: the input parameters of the model are partly from the literature or empirical
values, which cannot represent the actual environmental attribute characteristics.
Overall, the simulation results are comparable with the prediction results, validating
the potential use of this modeling system.

I Predicted flux

I Monitoring flux
OFX ®

OTC

SMX

ATM

0 200 400 600  BOO 1000 1200 1400 1600 1800 2000

Figure 6. Comparison between simulated flux and actual flux.

3.3. Sensitivity analysis and uncertainty analysis
3.3.1. Sensitivity analysis

The sensitivity analysis of the 17 most important input parameters of the model
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through the OAT method is shown in Figure 7. The influence of each parameter on
each antibiotic is different. The five input parameters that have the most significant
impact on ATM, SMX and OFX are half-life in water, partition Coefficient of
sediment-water, concentration of solids in sediment, density of particles in sediment
and diffusion of sediment-water MTC, the sensitivity coefficient (S) exceeds 0.2.
Significantly, the most influential factor on typical antibiotics is almost the half-life of
antibiotics in water. This is because most half-lives are estimated by chance (not the
result of experiments), and the uncertainty may exceed 10 times [28]. For OTC, the
impact of lake water depth is obviously more important than the sediment-water mass
transfer rate, which may be due to its low sediment-water exchange coefficient. At the
same time, the river flow into the lake is positively correlated with the concentration
of 4 antibiotics, while the river flow out of the lake is negatively correlated with the
concentration of 4 antibiotics.

1.0 | -ATM
[ smx
08 [ Jorc
‘ B orx

0.6 -

04

The sensitivity coefficient

u || -
L | L

_[]2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Il 1

0.0

5] Q

PO LA LN P PPN

Figure 7. Parameter sensitivity analysis results. P1: Half-lives in water; P2: Half-
lives in sediment; P3: Partition Coefficient of suspended particles-water; P4:
Partition Coefficient of sediment-water; P5: Partition Coefficient of resuspended
sediment-water; P6: Water surface area; P7: Water layer depth; P8: Sediment layer
depth; P9: Concentration of solids in water; P10: Concentration of solids in
sediment; P11: Density of particles in water; P12: Density of particles in sediment;
P13: Water inflow rates; P14: Water outflow rates; P15: Sedimentation rate; P16:
Sediment resuspension rate; P17: Diffusion of sediment-water MTC.

3.3.2. Uncertainty analysis

The values of predicted antibiotics concentrations in water and sediment phases
after 10,000 simulations, are shown in Figure 8. The coefficient of variation (CV) of
the predicted concentrations are employed to quantify the uncertainties. The CV values
of the simulated concentrations of antibiotics in the two phases are between 8.35% and
21.73%, indicating that the model has good stability (Figure 9). In addition, the
concentration in water phase shows better stability. According to the model output
concentration obtained by Monte Carlo analysis, the average and median values of the
predicted concentrations of the model fall between the 5% and 95% places, also
indicating that the model has good stability. The predicted concentrations of ATM,
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SMX and OFX in water have low uncertainty (CV < 0.1), while the predicted
concentrations of ATM and OFX in sediment have high uncertainty (CV >0.2). Hence
the higher uncertainty is the antibiotics concentration of sediment phase, and is related
to the parameters in sensitivity analysis. This indicated that parameters involving

sediment phase are vital to the model output.
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Figure 8. Statistical value of concentrations uncertainty analysis of the model.
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Figure 9. Summary of CV values of the output concentration of four antibiotics in the two-phase.
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3.4. Discussion

(1) A new method is used to estimate the antibiotic source intensity input in Taihu
Lake. The hydrology and water resources monitoring center of Taihu Lake basin is
used to measure the flow of rivers entering and leaving Taihu Lake at 22 monitoring
points. The corresponding input value of source intensity is obtained by calculating
the mass fluxes and concentrations of target antibiotics into the lake through
reasonable calculation methods. The method effectively avoids the large deviation
between the model output and the actual result caused by the large difference in the
source intensity assessment level. However, due to the fact that the sampling is
conducted once a month, there may also be corresponding problems. It is
recommended to increase the sampling frequency in the future, and consider it
comprehensively in combination with the yearbook data.

(2) The concentrations of ATM, SMX, OTC and OFX simulated by the model in
the sediment phase are higher than those in the water phase. The concentration of SMX
in the two phases is the highest, reaching 0.199 ng/L and 0.477 ng/L respectively.
The mass balance diagram of 4 antibiotics in Taihu Lake is also given. The main way
for antibiotics to enter Taihu Lake is direct discharge (99%), and the proportion of
advection input is very low. Antibiotics in the aqueous phase mainly pass through
reaction loss, and ATM advection loss accounts for the smallest proportion, which
indicates that ATM is easier to combine with substances in water, and also verifies that
its solubility is smaller. OFX has a higher water-sediment exchange coefficient, so the
loss of antibiotics in the sediment phase with a larger proportion of deposition is
mainly through exchange to the water phase and reaction, and the advection loss can
be ignored. The antibiotic transfer fluxes across the water-sediment interface are very
interesting, and the results show that the sediment is a “sink” of antibiotics.

(3) Through sensitivity analysis, the most important factors affecting the fate of
antibiotics in the environment can be obtained. Monte Carlo analysis is used to analyze
the uncertainty of the model, and CV value is used to quantify the uncertainty. The
results show that the model has good stability. In response to the sensitivity analysis,
the CV value of antibiotic concentration in sediment phase is larger, so the
concentration of antibiotic in sediment phase has higher uncertainty.

4. Conclusions

This study systematically calculated and simulated the emissions and fate of 4
antibiotics in Taihu Lake, which can provide guidance for antibiotic management in
the lake. The comparison between the predicted values and measured values showed
that QWASI model had a good simulation effect on the environmental fate of typical
antibiotics in Taihu Lake. Since the SMX, as a sulfonamide antibiotic, is the most used
in medicine, the results show that the source intensity input of SMX is the highest, and
the source intensity input of OTC is the lowest. The mass balance diagrams of 4
antibiotics show that the migration process of antibiotics in the lake is a complex
functional process, and the concentration on sediment layer is higher. The model
validation results show that the model simulation effect is good, which also proves
that the QAWSI model is suitable for simulating shallow lakes. Several vital influence
parameters obtained from the sensitivity analysis also provide a better context for the
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uncertainty analysis of the model. Meanwhile, the statistical value given by the
uncertainty analysis shows that the model is stable. The environmental fate simulation
of antibiotics in Taihu Lake by QWASI model provides a better scientific
understanding for the sustainable development of the lake.
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