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Abstract

Purpose Antibiotics are emerging contaminants of increasing concern in recent years. A total of 71 representative farmland soils
along the Fenhe River in Shanxi Province were collected to investigate the occurrence of tetracyclines (TCs), sulfonamides
(SAs), and quinolones (QLs). Additionally, the effects of population, livestock and poultry density, and soil properties on
antibiotic distribution were also evaluated.

Materials and methods Farmland topsoil samples along the Fenhe River were collected and freeze-dried at —20 °C. The
antibiotics in soils were extracted with a mixture of acetonitrile, EDTA-SPB, and Mg(NOs),-NH;5-H,O at the ratio of 2:1:1 (v/
v/v). The extracted antibiotics were analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS).

Results and discussion The antibiotics were universally detected. The detection frequencies of sulfaclozine, enrofloxacin,
norfloxacin, and ciprofloxacin reached 100%. Norfloxacin was the most abundant antibiotic in soils (27.21 ug kg™ '). The
distribution of antibiotics in soils along Fenhe River varied as midstream (8.62 pgkg ') > downstream (4.58 pgkg ') > upstream
(3.49 ug kg ). Oxytetracycline along the upstream and midstream was mainly caused by the emission of livestock and poultry
and the overuse of human. The main sources of antibiotics along the downstream were livestock and poultry farms. Antibiotics
were generally negatively correlated with sand content, pH, and organic matter, while cation exchange capacity had positive
correlation with most of antibiotics such as tetracycline, sulfamonomethoxine, enrofloxacin, sulfameter, and sulfachinoxalin. SAs
and TCs had little ecological risk, while QLs posed low or medium ecological risks.

Conclusions This study provided a scientific basis for antibiotic pollution control and agricultural safety supervision along the
Fenhe River. Although no high risk of antibiotics was observed in soil samples based on the calculation, the widespread
distribution of antibiotics in farmland soil along Fenhe River should be addressed.

Keywords Antibiotics - Farmland soil - Environmental factors - Risk assessment - Spatial distribution

1 Introduction

Antibiotics are chemical substances produced by soil micro-
organisms or synthesized, which have the functions of killing
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microorganisms, inhibiting the growth of microorganisms, as
well as preventing and treating bacterial diseases (Klaus
2009). Antibiotics are widely used to prevent or treat animal
diseases and promote animal growth (Liu et al. 2018). China is
one of the biggest manufacturers and consumers for antibi-
otics, and the amount of antibiotics used in China was up to
92,700 tons in 2013 (Liu et al. 2016). In particular, tetracy-
clines (TCs), sulfonamides (SAs), quinolones (QLs), and
macrolides (MLs) have been widely used in animal husband-
ry, fisheries, and human healthcare in China (Huang et al.
2013a). Most antibiotics used in animals are difficult to be
absorbed by the gastrointestinal tract of animals. Therefore,
a large part of antibiotics are excreted as parent compound or
as metabolites, and then enter the environment through direct
application of manure to the farmland (Briones et al. 2016).
The excreted antibiotics are re-distributed in water, soil,
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sediments, and organisms through a series of migration and
transformation processes, such as adsorption, degradation, mi-
gration, and bioaccumulation (Migliore et al. 2003; Lapworth
et al. 2012), resulting in serious environmental risks and un-
predictable ecological impacts.

It is recognized that antibiotics may cause toxic effects on
plants and microorganisms at a relatively high residual level.
In addition, being exposed to antibiotics might induce resis-
tance genes, which may pose great threats to public health
(Zouetal. 2011). Therefore, the determination and risk assess-
ment of antibiotics in soil has led to a growing concern (Gao
et al. 2015). However, the current studies on environmental
risks are not completely consistent because the ecological ef-
fects are dose-dependent. In addition, soil antibiotics are de-
graded or adsorbed onto soil particles rapidly, resulting in
reduced bioavailability (Subbiah et al. 2016).

Soil is usually considered as the primary sink of antibiotics.
To date, the antibiotics in soil have raised a growing concern.
Several studies have been conducted to explore the occurrence
and environmental fate of antibiotics in soil (Ho et al. 2014;
Gao et al. 2015; Yang et al. 2016). Although the contents of
antibiotics are quite different in different regions because the
antibiotics types, sources, and environmental conditions are
complex, the antibiotics in soil are generally detected at a level
of ng kg™ (Yang et al. 2016).

The first map on antibiotic concentration in water system in
China (Zhang et al. 2015) showed that Fenhe River Basin had
relatively high total content and density of antibiotics.
However, little information is available on the occurrence
and distribution of antibiotics in soils along the Fenhe River.
Fenhe River Basin is the main grain-producing area in Shanxi
Province. The dense population as well as the developed live-
stock and poultry industry along Fenhe River result in a wide-
spread use of antibiotics. As a result, it is urgent to examine
the occurrence and distribution of antibiotics in farmland soil
along the Fenhe River. In this study, 16 antibiotics (4 TCs, 8
SAs, and 4 QLs) in soils collected from farmland along Fenhe
River were analyzed to investigate the spatial distribution and
sources of antibiotics. The data in this study will be helpful for
antibiotic control and agricultural safety production along the
Fenhe River.

2 Materials and methods
2.1 Chemicals and reagents

The 16 antibiotics including 4 tetracyclines (TCs), 4 quino-
lones (QLs), and 8 sulfonamides (SAs) were purchased from
Dr. Ehrenstorfer GmbH (Germany). The isotope-labeled inter-
nal standards (enrofloxacin-D5, sulfamethazine-D4, and sul-
fadimethoxine-D6) and surrogate standards (demeclocycline,
ciprofloxacin-D§, and sulfamethoxazole-D4) were also
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obtained from Dr. Ehrenstorfer GmbH (Germany). The infor-
mation on all antibiotic compounds is shown in Table 1.

Methanol and acetonitrile (HPLC grade) were purchased
from DIKMA Company. Other chemicals (formic acid,
disodium ethylenediamine tetraacetate (Na,EDTA), magne-
sium nitrate (Mg(NOs3),), sodium dihydrogen phosphate
(NaH,PO,), and phosphoric acid (H;PO,)) were obtained
from Kermel Chemical Reagent Limited Corporation
(Tianjin, China).

The solution of 50% Mg(NOs), was obtained by dissolving
50.0 g of Mg(NO3),"6H,0 in 100 mL of water. The solution
of 2.5% NH;3-H,0O was obtained by dissolving 1 mL of 25%
NH;'H,O in 10 mL of water. The mixture of Mg(NO3),-NH3-
H,0 was obtained by mixing 50% Mg(NOs), and 2.5% NH;-
H,0 at 96:4 (v/v). Sodium phosphate buffer (SPB) was pre-
pared by mixing 10.56 g of NaH,PO, and 0.82 mL of H;PO,
in 1 L water. The mixture of EDTA-SPB (pH 4) was obtained
by dissolving 80.0 g of Na,EDTA in 1 L SPB. The extraction
solvent was obtained by mixing acetonitrile, EDTA-SPB, and
Mg(NOs),-NH;-H,O at the ratio of 2:1:1 (v/v/v).

2.2 Study area

Fenhe River is 713 km, which is the largest river in Shanxi
Province and the second largest tributary of the Yellow River.
Fenhe River consists of upstream (from the source of the
Fenhe River to the Lancun Village of Taiyuan City), mid-
stream (from the entrance to the Lancun to Linghuo
Mountain), and downstream (from the Linghuo Mountain en-
trance to the Yellow River) (Fig. 1). Fenhe River Basin is the
main grain-producing and residential area of Shanxi Province.

2.3 Soil collection

In order to investigate the spatial distribution of antibiotics in
soil along Fenhe River, 71 representative sampling sites in
upstream (17 samples), midstream (35 samples), and down-
stream (19 samples) along the Fenhe River were selected ac-
cording to the animal husbandry and the distribution of tribu-
taries (Fig. 1). The farmland topsoil (0-20 cm) samples from
these sampling sites were collected in spring 2017. The col-
lected soil samples were stored in brown glass bottles at —20
°C. All soil samples were freeze-dried and homogenized by
sieving through a 0.149 mm mesh, and then stored at — 20 °C
until antibiotic analysis.

2.4 Analysis of soil physicochemical properties

The soil texture was determined by soil particle size analyzer.
The organic matter content was determined by potassium di-
chromate oil bath method. The cation exchange content was
determined by sodium acetate flame photometry. The physi-
cochemical properties of farmland soils along the Fenhe River
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Table 1 Information on the

targeted antibiotics in this study Antibiotic Abbreviation Molecular formula Molecular weight lg Kow
Tetracycline TC CyoHy4N>Og 444 .44 1.30
Oxytetracycline OTC CyoHy4N>09 460.44 —-1.22
Chlortetracycline CTC CyH53CIN,Og 478.88 -0.62
Doxycycline DOC C51H3004 330.47 0.52
Tetracycline-D6 (IS) TC-D6 CyH 2DgN,Og 450.54
Demeclocycline (SS) DMCTC C,1H,CIN,Og 464.86
Sulfadiazine SDZ Ci0H10N40,S 250.28 —0.092
Sulfamethoxazole SMX Ci0H11N305S 253.27 0.89
Sulfamethazine SMZ Ci,H14N4O,S 278.33 0.89
Sulfamonomethoxine SMM C11H2N405S 280.30 0.18
Sulfachinoxalin SCX C14H1oN40,8 300.34 0.54
Sulfadimethoxine SDM C1oH4N,O,S 310.33 0.79
Sulfameter SM C11H1,N405S 280.30 0.25
Sulfaclozine SCz C1oHoCIN4O,S 284.72 0.25
Sulfadimethoxine-D6 (IS) SDM-D6 C1,HgDgN4O4S 316.33
Sulfamethoxazole-D4 (SS) SMX-D4 C1oH7D4N305S 257.28
Ofloxacin OFC C1gH,0FN3Oy4 361.37 -0.39
Enrofloxacin EFC C9H»9FN503 359.39 0.70
Norfloxacin NFC Cy6H1gFN30O5 319.33 -1.03
Ciprofloxacin CFC C7H;sFN503 331.34 0.28
Enrofloxacin-D5 (IS) EFC-D5 Cy9H17DsFN3 05 364.39
Ciprofloxacin-D8 (SS) CFC-D8 C;7H;oDgFN305 339.40

are shown in Table S4 (Electronic Supplementary Material—
ESM). The pH values of soils ranged from 7.2 to 8.5. The soil
organic matter ranged from 3.45 to 124.53 g kg '. The soil
organic matter in most soil samples ranged from 10 to
25 g kg'. Additionally, the average contents of soil organic
matter in the soil from the upstream, midstream, and down-
stream were 44.14, 31.01, and 16.64 g kg™, respectively. The
texture of the soils was dominated by sand (average content:
87.29%), followed by silt (average content: 10.64%), while
clay content was relatively poor (average content: 1.80%).
The detailed information on soil physicochemical properties
is shown in Fig. S1 (ESM).

2.5 Antibiotic analysis
2.5.1 Extraction of antibiotics from soils

The extraction of soil samples followed the previous method
described by Huang et al. (2013b). Briefly, 2 g of the
pretreated soil was accurately weighed into a 50 mL
polytetrafluoroethylene (PTFE) centrifuge tube. The surrogate
standards (SS) (100 pug kg ") were spiked into soil, storing
overnight in dark. Approximately 20 mL of extraction solvent
was added to centrifuge tube. The centrifuge tube was shaken
in the dark (250 r minfl, 25+ 1 °C) for 30 min, ultra-sonicated

for 15 min, centrifuged at 2795xg for 10 min. The supernatant
was collected into a beaker. The residue was extracted with
20 mL of extraction solvent twice again. Next, the superna-
tants were combined and diluted to 500 mL to ensure that the
organic solvent content in the solution was less than 5%.

The extracting solution was cleaned up by solid-phase ex-
traction (SPE). SAX cartridges (500 mg/6 mL) and PLS car-
tridges (500 mg/6 mL) were connected in series. The tandem
columns were activated sequentially with 10 mL of methanol
and 10 mL of ultrapure water. The extracting solution was
then loaded through the tandem cartridges at a flow rate of
5 mL min ', The cartridge was subsequently washed with
10 mL of ultrapure water and dried under vacuum for
20 min. Finally, the target analytes were eluted with 10 mL
of methanol (containing 0.2% formic acid). The eluent was
evaporated to nearly dry under a gentle stream of N, in a water
bath (45 °C). The extracts were reconstituted with 1 mL of
mixture solvent solution (0.2% formic acid, 30% methanol in
ultrapure water), and then filtered through a 0.45 um organic
phase filter for LC-MS/MS analysis.

2.5.2 Determination of antibiotics using LC-MS/MS

Mobile phase A was ultrapure water (containing 0.1% formic
acid), and B was acetonitrile (containing 0.1% formic acid).
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Fig. 1 Distribution of sampling
sites of soil along the Fenhe River N
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The gradient elution program is described as follows: 0—
5 min: (Vo:Vg=90:10); 5-10 min: (V5:Vg=75:25); 10—
16 min: (V4:Vg=63:37); 16-22 min: (V,:Vp=5:95); 22—
26 min: (Vo:Vg=90:10). The column temperature was
40 °C. The flow rate was 0.8 mL min™'. The injection volume
was 10 pL. The target antibiotics were detected in ESI (+)
mode. The quantitative analysis was performed using multiple
responses monitoring mode (MRM). Table S2 (ESM) lists the
precursor mass, product ion mass, and DP, CE, CEP, CXP
parameters for the analysis of antibiotics using MRM
detection.

2.5.3 Quality assurance and quality control

The antibiotic concentration was quantified by the internal stan-
dard calibration. Calibration standards were made in concentra-
tions between 0.05 and 300 mg L' by serial dilution of the stock
solution (Xu et al. 2014). The calibration curves presented good
linear relationship (Table S2-ESM) for all individual antibiotics.
The recoveries were monitored by adding surrogate stan-
dards to each soil sample before extraction (Huang et al.
2013b). The recoveries of TCs, SAs, and QLs were 50.06 +
7.96%, 68.34 £15.99%, and 40.23 +9.61%, respectively.
“Instrument blank sample” and “solvent blank sample”
were applied to ensure the accuracy of the experiment.
“Instrument blank samples” were prepared by filtering the
solution (0.2% formic acid, 30% methanol in ultrapure water)
through 0.45 pum organic phase filter. “Solvent blank samples™

@ Springer

¢ 1. Hejin 7. Jiexiu *  Sampling Site
' ;5 2. Wanrong 8. Pingyao County boundary
y o~ 3. Jishan 9. Wenshui === City boundary
4. Xiangfen 10. Qixian —— Fenhe River
55 110km S Hijiang; 1. L
6. Lingshi 12. Qingxu

were obtained by preparing the extract solvents according to
the sample extraction method.

2.6 Risk assessment

The ecological risk of antibiotics in the soils along the Fenhe
River was assessed on the basis of the risk quotient (RQ), which
was calculated as the ratio of the predicted or measured environ-
mental concentration (PEC or MEC) to the predicted no-effect
concentration (PNEC). (Hanna et al. 2018). In general, RQ < 0.1
indicates low risk, 0.1 <RQ < 1 shows medium risk, and RQ > 1
symbolizes high risk. PNECy; is obtained from EC50 divided
by an assessment factor (AF) of 1000 or 100. The value of AF is
1000 when the risk data is obtained by an acute toxicity test or
100 when based on a chronic toxicity test. The PNECy; is esti-
mated from PNEC,, ., through the equilibrium partition ap-
proach as the following equation recommended by Li et al.
(2015): PNEC,j1 = PNEC yaier X Ky, Where Ky is the soil-water
partition coefficient. In this study, the toxicity data of targeted
antibiotics were collected from literatures (Table S3-ESM). The
EC50 of other antibiotics (SM, SCX, SCZ, SMM, and DOC) are
not available because of the limited testing results.

2.7 Statistical analysis

Data was analyzed using excel and SPSS 10.0. Correlation
analysis was performed by SPSS 10.0. Redundancy analysis
(RDA) was performed based on Canoco 4.5.
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3 Results and discussion
3.1 Occurrence of antibiotics in soils

A total of 16 antibiotics grouped into 3 classes (TCs, QLs, and
SAs) were detected in the soils along the Fenhe River. The
levels of all the selected antibiotics were generally observed to
be at the level of ug kg . Except for doxycycline (DOC), the
detection frequencies of all other antibiotics selected were
from 5.63 to 100% (Table 2). The predominant antibiotics
with the highest detection frequency (100%) included SCZ,
EFC, NFC, and CFC. The relatively high detection frequen-
cies of SMX and OFC were also observed (above 95%). The
high detection frequencies of these antibiotics indicate the
high usage of these antibiotics in this area. TCs were detected
with relatively low frequencies, particularly CTC (5.63%).
QLs exhibited the highest concentration, with mean level of
5.03 ug kg ', which were considered to be the main antibi-
otics along the Fenhe River. NFC showed the highest level
among the antibiotics studied, with the average concentration
0f0.86 pg kg ', while TCs had a relatively low concentration.
In general, QLs, as compounds used by both humans and
animals, had the highest levels and the highest detection effi-
ciencies. This finding is most likely due to that QLs are ex-
tensively used in animal husbandry (Xu et al. 2015). In addi-
tion, QLs molecules are rich in polar/ionic functional groups
and are closely related to soil particles, making them easier to
accumulate in the soils (Qi et al. 2009).

It has been reported that TCs, SAs, and QLs are widespread
in farmland soils worldwide. The levels of antibiotics in farm-
land soils from other sites are summarized in Table S5 (ESM).
Compared with other areas, the antibiotic levels in soil along
Fenhe River is relatively low. The reason for this finding may
be due to the physical and chemical properties of the soil, the
types and quantities of soil microbial communities, and the
types of grown crops (Jjemba 2002; Zhang et al. 2009; Liu
etal. 2009). The levels of antibiotics in the soil from this study
did not exceed the threshold values of the antibiotic
ecotoxicity effect specified by the International Veterinary
Drug Registration Standards Research Committee
(100 pg kgfl) (Huang et al. 2013a, b). However, the resistance
gene contamination caused by antibiotic residues and antibi-
otic metabolite contamination may cause greater environmen-
tal effects (Su et al. 2013; Zhang et al. 2014). Therefore, the
large-scale use and long-term effect of antibiotics cannot be
ignored.

3.2 Spatial distribution characteristics of antibiotics

Table 3 lists the average level of antibiotics. Figure 2 illus-
trates the antibiotic distribution in soil along Fenhe River. In
general, the antibiotic levels in soil along the midstream and
downstream of Fenhe River were higher than those along the

upstream. This finding can be explained by the highly dense
urbanization along the midstream and downstream of Fenhe
River (Zhang and Liao 2017). The spatial distribution of an-
tibiotics was related to antibiotic classes. The average levels of
QLs and TCs varied as midstream > downstream > upstream,
while SAs varied as upstream > downstream > midstream.
Additionally, it can be observed from Table 3 that the antibi-
otics distributed differently in each section of Fenhe River.
The total levels of 16 target antibiotics in the midstream,
downstream, and upstream soils were 8.62 pg kg ',
4.58 ug kg', and 3.49 g kg ', respectively. The average
levels of antibiotics in upstream varied as QLs > SAs > TCs,
while those in midstream and downstream varied as QLs >

TCs > SAs. Evidently, QLs had the highest levels and the
most widespreadly detected compounds.

The sampling sites along Fenhe River were distributed in
23 different counties and cities in Shanxi Province. The levels
of 16 target antibiotics in different areas are shown in Fig. 3. In
general, more attention should be paid to Qingxu County
(QX), Lingshi County (LS), Ningwu County (NW), and
Jiexiu City (JX), where it had relatively high levels of antibi-
otics. Specifically, OTC exhibited the highest level in JX
(19.33 ug kg ™). It is speculated that the OTC in soil may be
from the excrement of livestock and poultry and the overuse
of antibiotics by human, because the highest population den-
sity and livestock and poultry density in JX according to the
Statistical Yearbook of Shanxi Province in 2011. High levels
of QLs were observed in QX, with the total level of
39.33 ug kg . It can be explained that the exit of the sewage
discharge culvert of Taiyuan City is located in QX. In addi-
tion, the livestock and poultry breeding industry in QX rela-
tively developed, suggesting the potentially extensive use of
antibiotics. LS is located in the downstream of JX and the exit
of Jinzhong Basin, and the Fenhe River begins to enter the
valley from here. The collection effect may result in the accu-
mulation of antibiotics, causing relatively high levels of anti-
biotics in LS. In contrast to QLs and TCs, lower levels of SAs
were observed in soil along Fenhe River. NW, the source of
the Fenhe River, had the highest levels (2.18 ug kgfl) of
antibiotics, while the levels in other counties and cities
showed relatively low levels of antibiotics (< 1 pg kg ).

3.3 Correlation analysis of antibiotics
with population, livestock, and poultry density

The population, livestock, and poultry density of 23 counties
and cities along the Fenhe River in the past 5 years (2013—
2017) were investigated through the Statistical Yearbook of
Shanxi Province. The data for population, livestock, and poul-
try density in different years were slightly fluctuant with the
relative standard deviation (RSD) in the range from 0.57 to
23.57%, 0.87 to 32.80%, and 3.57 to 26.55%, respectively.
Therefore, the mean values of 5 years were considered for the
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Table 2 Concentration range and

detection of antibiotics in soil Antibiotic ~ Concentration range Median Mean + SD Detection rate
samples (ng kg (ngkg ™ (ng kg ) (%)
TC ND-5.00 0.03 0.27+0.71 54.93
OTC ND-0.68 ND 0.83+0.82 16.9
CTC ND-0.45 ND 0.01+0.06 5.63
DOC ND ND ND 0
TCs ND-6.29 1.11+0.91
SMX ND-0.54 0.05 0.07+0.08 97.18
SMZ ND-0.03 ND 0.01+0.01 46.48
SDZ ND-0.33 ND 0.02+0.05 42.25
SCX ND-0.21 ND 0.01+0.03 3521
SMM ND-0.08 0.01 0.01+0.02 71.83
SDM ND-0.17 0.01 0.02+0.03 66.00
SCz ND-0.15 0.01 0.02+0.02 100
SM ND-0.07 ND 0.01+0.01 57.75
SAs ND-1.58 0.17+0.25
NFC 0.08-27.21 0.86 2.54+4.87 100
OFC 0.01-12.22 0.35 1.09+2.23 98.6
CFC 0.06-13.21 0.55 1.22+1.83 100
EFC 0.01-1.29 0.11 0.17+0.19 100
QLs 0.04-27.20 5.03+2.83
ND not detected

following correlation analysis. The results of correlation anal-
ysis between the levels of antibiotics and variables

(population, livestock, and poultry density) are shown in
Table S6 (ESM).

Table 3 Concentrations of

antibiotics along the Fenhe River Antibiotic ~ Upstream/ Midstream/ Downstream/
range (mean value) range (mean value) range(mean value)

NFC 0.08-5.47 (1.511) 0.09-27.21 (3.530) 0.08-5.56 (1.649)
OFC 0.08-2.26 (0.536) ND-12.22 (1.649) 0.07-3.63 (1.020)
CFC 0.06-4.93 (1.014) 0.09-13.21 (1.409) 0.17-2.95 (1.067)
EFC 0.01-0.45 (0.120) 0.01-1.29 (0.165) 0.04-0.56 (0.241)
>QLs 0.34-8.13 (3.180) 0.30-39.88 (6.499) 0.36-12.70 (3.977)
TC ND-0.45 (0.113) ND-5.00 (0.283) ND-1.97 (0.380)
OTC ND ND-57.45 (1.684) ND-0.11 (0.011)
CTC ND ND ND-0.45 (0.042)
DOC ND ND ND

>TCs ND-0.45 (0.113) ND-60.20 (1.966) ND-1.97 (0.433)
SDZ ND-0.05 (0.008) ND-0.11 (0.008) ND-0.33 (0.050)
SMX ND-0.17 (0.044) 0.01-0.54 (0.100) 0.01-0.11 (0.053)
SMZ ND-0.03 (0.006) ND-0.02 (0.006) ND-0.02 (0.004)
SMM ND-0.08 (0.014) ND-0.06 (0.008) ND-0.07 (0.016)
SCX ND-0.21 (0.033) ND-0.06 (0.003) ND-0.03 (0.009)
SDM ND-0.17 (0.044) ND-0.15 (0.012) ND-0.05 (0.014)
SM ND-0.07 (0.013) ND-0.04 (0.003) ND-0.02 (0.007)
SCZ ND-0.15 (0.031) ND-0.06 (0.016) ND-0.04 (0.017)
>'SAs 0.01-36.79 (0.193) 0.04-0.60 (0.155) 0.03-0.39 (0.169)
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Fig. 2 Spatial distribution of three types of antibiotics along the Fenhe River

For the upstream, the levels of QLs and SAs did not have
significant correlation with population, livestock, and poultry
density, indicating the relatively complex sources of QLs and
SAs in the soil along the upstream of Fenhe River. OTC, one
of TCs, had a significantly positive correlation with popula-
tion density (p < 0.01), and also had significantly positive cor-
relations with livestock and poultry density (p <0.05). This
finding suggests that the overuse of OTC in livestock and
poultry and clinical use may be the main source of OTC in
the soil from this area. This result was different from that of
Meijiang River Basin (Zhang et al. 2017), which may due to
the different livestock and poultry density, antibiotic use, as
well as soil properties in the two studies. Similar to the up-
stream, the level of OTC in soil form midstream of Fenhe
River significantly positively correlated with the population
density, livestock, and poultry density. This finding was con-
sistent with the highest OTC level in JX as described above.

For the antibiotic levels in the soil from downstream of
Fenhe River, the three classes of antibiotics were significantly
related to livestock and poultry density, while not significantly
related to population density. The levels of seven antibiotics
(NFC, TC, CFC, OTC, CTC, SMM, and SDM) significantly
positively correlated with the density of livestock. SMZ sig-
nificantly positively correlated with the density of poultry.
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Thus it is speculated that the sources of the antibiotics in
farmland soil along the downstream of Fenhe River
are most likely due to the excessive use of antibiotics
in livestock and poultry farms. This result is consistent
with those in previous studies. Previous studies have
reported that the levels of antibiotics in the soil adjacent
to livestock and poultry farms are relatively high (Park
et al. 2002; Li et al. 2011; Xiang et al. 2016).
Evidently, the livestock manure is one of the most im-
portant sources of antibiotics in farmland soil.

3.4 Redundancy analysis

To evaluate the potential relationship between the levels of
antibiotics and environmental variables (e.g., soil pH, organic
matter content, cation exchange capacity (CEC), and soil me-
chanical composition), detrended analysis (DCA) was con-
ducted first. In this study, DCA result indicates that the length
of gradient in the first axis was 1.975 <3, so that a RDA
model can be used reasonably. The correlations between the
levels of antibiotics and environmental variables with the first
two axes of RDA are shown in Fig. 4 and Table S7 (ESM).
It can be noted from Table S7 (ESM) that the first axis of
environmental factor explained 64.9% of the species
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Fig. 3 Antibiotic concentration in each county along the Fenhe River (DOC was not detected in all soil samples)

variation, and the first four axes explained 98.8%. These re-  proportion of the factor, and the angle of intersection between
sults indicate that the levels of antibiotics in soil along Fenhe  the arrows indicates the correlation.
River were also affected by various environmental factors. As Soil pH had no correlation with OTC, SDM, and SCZ,

shown in Fig. 4, the length of the arrow indicates the  while it had negative correlations with other antibiotics
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studied. Soil pH has a significant impact on adsorption of
antibiotics on soils particles by changing the charge state of
antibiotics and adsorption media (Park et al. 2002). As report-
ed by Zhang and Dong (2007), the adsorption of antibiotics on
soil particles decreased as the pH increased, resulting in the
decrease in the levels of antibiotics in surface soil.
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It can be observed that soil organic matter had positive
correlations with SMX, NFC, and OFC. However, soil organ-
ic matter had little influence on other antibiotics studied or
even had negative correlation with other antibiotics studied.
Antibiotic adsorption capacity is strongly related to soil organ-
ic matter. Antibiotics can be adsorbed by polar functional
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groups of organic matter (e.g., carboxyl groups, phenolic hy-
droxyl groups, carbonyl groups, amine groups, and methoxy
groups), causing strong retention of antibiotics by soil parti-
cles (Wang and Wang 2015). However, soil organic matter can
reduce the adsorption of antibiotics by shielding the adsorp-
tion sites on the surface of soil particles, leading to the fact that
soil organic matter is not always the main factor for antibiotic
adsorption on soil particles (Wang and Wang 2015).
Therefore, there was also absent or even negative correlations
between antibiotics and soil organic matter in this study.

Several antibiotics (TC, SMM, EFC, SM, and SCX) posi-
tively correlated with CEC. CEC is one of the main factors
affecting the adsorption of antibiotics on soil (Sassman and
Lee 2005). Cation exchange is one of the most important
adsorption mechanisms for adsorption of antibiotics on soil
(Jiang et al. 2013). Evidently, the increase in CEC promoted
the adsorption of antibiotics on the soil in this study.

Most of antibiotics negatively correlated with sand con-
tents, while clay contents had little influence on antibiotic
levels in soil along Fenhe River. Soil rich in clay has high
adsorption capacity because of large specific surface area,
high surface energy, and interlayer (Gong et al. 2012). In this
study, however, the soils along Fenhe River were dominated
by sand, with an average content of 87.29%, while the average
clay content only accounted for 1.80%. Therefore, the low
clay contents in soils along Fenhe River may also be an im-
portant reason for the relatively low levels of antibiotics in
these soils.

3.5 Risk assessment

The RQ values of antibiotics ranged from 0 to 0.92 in this
study (Table S8—ESM), suggesting low to medium risks of
antibiotics in soil along Fenhe River. Specifically, SAs and
TCs in the soils along the Fenhe River almost had no ecolog-
ical risk, while QLs had low to medium risks. The proportions
of the medium risks of NFC, CFC, and OFC in soil samples

< Organic matter Sand
[l

pH

o
<

06 ' ' ' Y

Fig. 4 Redundant analysis of antibiotics and environmental variables
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were 21.13%, 11.27%, and 2.82%, respectively (Fig. 5).
Although no high risks of antibiotics were observed, it is nec-
essary to notice that short-term risk assessment may underes-
timate the potential risk of antibiotics. Long-term exposure to
antibiotics with low and subtoxic levels may change the mi-
crobial ecology, promote the development and spread of anti-
biotic resistance, which will ultimately have an unpredictable
impact on human health through the food chain (Wang and
Wang 2015). Therefore, further investigation of the chronic
and comprehensive risks of antibiotics in farmland soil should
be conducted (Li et al. 2014).

4 Conclusions

Antibiotics were ubiquitous in farmland soils along Fenhe
River. QLs were the widely detected antibiotics and had the
highest levels. Take different river sections into account, QLs
and TCs varied as midstream > downstream > upstream, while
SAs varied as upstream > downstream > midstream. Qingxu
County, Lingshi County, and Jiexiu City had the highest levels
of antibiotics, which should be a concern. The spatial distri-
bution of antibiotics was affected by population, livestock,
and poultry density as well as soil properties. OTC level in
farmland soil along Fenhe River was related to the overuse of
livestock and poultry farms and human clinical. The antibiotic
levels in the soil along the downstream of Fenhe River mainly
attributed to antibiotic emissions from livestock and poultry
farms. Based on the results of the Pearson correlation analysis,
soil properties such as pH, CEC, and mechanical composition
also played an important role in the fate of antibiotics in the
farmland soil along Fenhe River. Risk analysis showed that
SAs and TCs almost had no ecological risk, while QLs posed
from low to medium ecological risks.
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Fig. 5 Ecological risk assessment results of quinolones
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