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Abstract In regions with high livestock densities,
the usage of antibiotics and metals for veterinary
purposes or as growth promoters poses a risk in
manured soils. We investigated to which degree
the concentrations and depth distributions of Cu,
Zn, Cr and As could be used as a tracer to
discover contaminations with sulfonamides, tetra-
cyclines and fluoroquinolones. Besides, we esti-
mated the potential vertical translocation of antibi-
otics and compared the results to measured data.
In the peri-urban region of Beijing, China, soil

was sampled from agricultural fields and a dry
riverbed contaminated by organic waste disposal.
The antibiotic concentrations reached 110 μg kg−1

sulfamethazine, 111 μg kg−1 chlortetracycline and
62 μg kg−1 enrofloxacin in the topsoil of agricul-
tural fields. Intriguingly, total concentrations of
Cu, Zn, Cr and As were smaller than 65, 130,
36 and 10 mg kg−1 in surface soil, respectively,
therewith fulfilling Chinese quality standards. Cor-
relations between sulfamethazine concentrations
and Cu or Zn suggest that in regions with high
manure applications, one might use the frequently
existing monitoring data for metals to identify
potential pollution hotspots for antibiotics in top-
soils. In the subsoils, we found sulfamethazine
down to ≥2 m depth on agricultural sites and
down to ≥4 m depth in the riverbed. As no trans-
location of metals was observed, subsoil antibiotic
contamination could not be predicted from metal
data. Nevertheless, sulfonamide stocks in the sub-
soil could be estimated with an accuracy of 35–
200 % from fertilisation data and potential
leaching rates. While this may not be sufficient
for precise prediction of antibiotic exposure, it
may very well be useful for the pre-identification
of risk hotspots for subsequent in-depth assess-
ment studies.
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Introduction

Veterinary antibiotics are administered for medical pur-
poses, but in some countries (e.g. USA, Brazil, India)
they are also used as growth promoters in animal hus-
bandry (WHO 2001). Despite a ban on the use of
veterinary antibiotics as feed additives in China, some
of these substances are applied on a large scale in
subtherapeutic doses (Zhu et al. 2013). Due to their
pharmacokinetic properties, antibiotics are excreted to
a major percentage and accumulate in animal waste, as
was frequently documented by analysis of manure sam-
ples (e.g. Hu et al. 2010; Chen et al. 2012). Heavy
metals, especially Cu and Zn, also exhibit growth-
promoting properties and are therefore often added to
animal fodder (Nicholson et al. 1999; Luo et al. 2009),
and thus accumulated in manure (Cang et al. 2004;
Xiong et al. 2010). Besides, there also is evidence for
the usage of Cr and As as feed additives in China (Zhang
et al. 2005). Hence, regions with intensive livestock
farming and excessive disposal of animal wastes on
arable land face the risk of soil contamination with
veterinary antibiotics and several metals. The concom-
itant application of antibiotics and heavy metals sug-
gests that more readily available data sets of heavy metal
concentrations in soils with organic fertilisation back-
ground could possibly be used to identify potential
hotspots of antibiotic contamination. If true, this would
reduce the cost and time-intensive antibiotic analyses,
thereby greatly accelerating environmental risk assess-
ment studies.

In the peri-urban districts of the BeijingMunicipality,
P.R. China, intensive animal farming results in high
animal densities in relation to the area of agricultural
land (Heimann 2013; Roelcke et al. 2013). Thus, the
available arable land receives a severe surplus of nutri-
ents from organic fertilisers and surface water bodies are
contaminated by the disposal of excessive amounts of
organic residues (Kamphuis et al. 2004). Considering
that leaching experiments have documented the mobil-
ity of various classes of antibiotics in soil (Boxall et al.
2002; Golet et al. 2003; Kay et al. 2004, 2005;
Ostermann et al. 2013), a major threat in areas influ-
enced by intensive animal husbandry is the contamina-
tion of ground- and drinking water with antibiotic sub-
stances (Hu et al. 2010; Hirsch et al. 1999; Tong et al.
2009). Similar risks arise from Cu and Zn, which have
been detected in drainage water in column experiments
(Kaschl et al. 2002; Zhao et al. 2009) and under field

conditions (McBride et al. 1999; Aldrich et al. 2002).
Despite potential leaching losses, strong sorption of
pharmaceuticals and metals (Higgins 1984; Welp and
Brümmer 1999) can lead to an accumulation in agricul-
tural soils (Gupta and Charles 1999; Dalkmann et al.
2012). Yet, combined investigation of leaching and
accumulation of antibiotics in agricultural soils is still
scarce (Aust et al. 2008; Tai et al. 2010, 2011; Tamtam
et al. 2011; Huang et al. 2013; Wu et al. 2013) and
seldom includes the class of sulfonamides or the simul-
taneous assessment of heavy metals (Aust et al. 2008;
Tamtam et al. 2011).

The objective of our study was to quantify concen-
trations of antibiotics, heavy metals and As in top- and
subsoils of different agricultural management systems in
a Chinese peri-urban region characterised by high live-
stock densities. In total, 12 important veterinary antibi-
otics of the classes sulfonamides, tetracyclines and
fluoroquinolones, known to exhibit different sorption
strength, as well as the growth-promoting metals Cu,
Zn and Cr, and the metalloid As were investigated. We
hypothesised (i) that the combined usage of organic and
inorganic growth promoters enables us to use elevated
metal and metalloid concentrations as proxy for a po-
tential contamination with antibiotics, (ii) that after ex-
cessive manure applications even strongly sorbing sub-
stances are leached, and (iii) that subsoil stocks of
antibiotics can be deduced from fertilisation data and
average leaching rates.

Materials and methods

Study region, soil sampling, basic soil characterisation

The Shunyi District is situated in the peri-urban area of
the Beijing Municipality, P.R China, and is a major food
production base for the Beijing market especially re-
garding the supply with pigs and ducks (Kamphuis et al.
2004). The agricultural land area of approximately
40,000 ha is mainly cultivated with wheat, maize, open
field vegetables and fruit trees. The intensive production
of animal products in the district results in a mean
livestock density of 10.6 livestock units ha−1 (Hou
et al. 2012). The mean annual precipitation is about
625 mm, 75 % of which about occurs in summer
(June–August); the mean annual temperature is
11.5 °C (Kamphuis et al. 2004). In March 2009, 24
agricultural field sites including different crop rotations
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and fertilisation treatments were sampled in this area
and a neighbouring district (approx. 39°56N, 118° 20 E,
Table 1); two of these sites were poplar plantations that
had not been fertilised for at least 9 years and were
sampled as control plots (Table 1). Soil samples were
taken in depth intervals of 0–20, 20–60, 60–90, 90–120,
120–160 and 160–200 cm. Four to six subsamples were
taken on a subsection of each field with horizontal dis-
tances between corings ranging from 5 to 20 m (depend-
ing on field size) and pooled to a composite sample. The
dominating soil types in the experimental region were
Eutric Cambisols (Heimann 2013) with slightly calcaric
properties in the topsoil and often calcic properties in the
subsoil. The pH values in the topsoil ranged from 5.9 to
7.5 (0.01 M CaCl2). The texture in the topsoil (typically
20 cm in this area) ranged from sandy loam to loam, with
silt loam being the dominating texture. In the subsoil,
loam and silt textures also dominated; however, here
occasionally also pure sand was found (Heimann
2013). Detailed soil properties are listed in Online Re-
source 1. In addition to the agricultural fields, a site
adjacent to a small stream in a dry riverbed was sampled
as potential hotspot of contamination, as large volumes of
effluent from a pig farm and its biogas plant had been
discarded into this river over the past 20 years. Here, a
single coring was carried out and sampled to a maximum
depth of 4 m in 11 intervals (0–20, 20–50, 50–90, 90–
130, 130–170, 170–210, 210–250, 250–290, 290–340,
340–370, 370–400 cm). To avoid cross-contamination
between sampling depths, the auger was cleaned thor-
oughly between different depth intervals and only the
inner part of the drilled soil core was used for analyses.
Samples were transported in cooled boxes on ice imme-
diately after their collection. Aliquots for the extraction of
antibiotics were stored at −20 °C and lyophilised before
extraction. Aliquots for the basic characterisation and
extraction of metals and As were air-dried and sieved to
a particle size of less than 2 mm.

A basic soil characterisation was carried out using
aliquots of air-dried samples (≤2 mm), including soil
texture (ISO 11277 2002), pH value (0.01 M CaCl2,
glass electrode WTW 330i, SEN Tix 21, WTW
Werkstätten GmbH,Weilheim, Germany) and carbonate
content (ISO 10693 1994).

Extraction and analyses of metals and As

Copper, Zn, Cr and As concentrations extractable with
both EDTA (Quevauviller et al. 1996) and aqua regia

(ISO 11466 1995) were determined for all topsoil sam-
ples, and additionally down to the maximum sampling
depth for those five agricultural sites with the highest
topsoil concentrations (2 m), as well as for the contam-
inated riverbed (4 m). Quantification of these elements
was done with ICP-OES (Horiba Jobin Yvon Model 75
Plus, Unterhaching, Germany).

Extraction of antibiotics

Standards of the investigated substances chlortetracy-
cline, oxytetracycline, tetracycline, difloxacin (all in
form of hydrochloride), enrofloxacin, sulfathiazole,
sulfamethoxypyridazine, sulfadimethoxine, sulfameth-
oxazole, sulfadiazine and sulfamethazine were pur-
chased from Sigma-Aldrich (Schnelldorf, Germany)
while 4-epi-oxytetracycline, 4-epi-tetracycline, 4-epi-
chlortetracycline and doxycycline (the latter three as
hydrochloride) were obtained from Fisher Scientific
(Schwerte, Germany). 13C6-Sulfadiazine and 13C/15N-
difloxacinhydrochloride (Institute of Environmental Bi-
ology and Chemodynamics of RWTH Aachen Univer-
sity), 13C6-sulfamethazine, 13C6-sulfamethoxazole
(Cambridge Isotope Laboratories, Saarbrücken, Germa-
ny) and D5-enrofloxacin (Sigma-Aldrich, Schnelldorf,
Germany) served as internal standards. All substances
had a declared purity of >95 %. Internal standard solu-
tion was prepared in acetonitrile at a concentration of
1 ng ml−1 and stored in the dark at −20 °C. During
extraction, epimerisation of tetracyclines was likely;
thus, when tetracycline, chlortetracycline and oxytetra-
cycline concentrations are mentioned in the following,
these concentrations refer to the sum of the original
substance and the associated epimers. The 100 mg l−1

stock solution of the tetracyclines and their epimers in
methanol with 0.5 % formic acid was stored at −20 °C.

The extraction of sulfonamides was carried out ac-
cording to Förster et al. (2008) with 25 ml acetonitrile/
Millipore water 1:4 (v/v) and 5 g of soil in a microwave
oven at 150 °C (500W) for 15 min. For topsoil samples,
an aliquot of the supernatant was centrifuged (15,000×g,
20 min) to sediment particles before analysis. The limit
of quantification (LOQ) for topsoil was 5 μg kg−1 dry
soil. On 11 field sites with high topsoil concentrations,
subsoil samples were analysed additionally. A cleanup
and pre-concentration of extracts by solid phase extrac-
tion was added as extra step for the subsoil samples due
to expected smaller concentrations compared to the
topsoil. This improved the quantification limit to
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0.4 μg kg−1. Prior to solid phase extraction, the micro-
wave extract was centrifuged at room temperature
(2,500×g, 20 min) to prevent the clogging of cartridges.
Following a dilution of the extract to 500 ml with
Millipore water to reduce the acetonitrile content to
<1 %, a pH value of 4 was adjusted with formic acid
and sodium hydroxide. For solid phase extraction, a
Chromabond SB cartridge (1000 mg, Macherey &
Nagel, Düren, Germany) was used for removal of inter-
fering matrix components, followed in tandem by an
Oasis hydrophilic-lipophilic-balanced reversed-phase
(HLB) cartridge (200 mg, Waters, Eschborn, Germany).
Cartridges were pre-conditioned with 6 ml methanol
(pH 2.5) followed by 6 ml Millipore water (pH 2.5),
before addition of the diluted and acidified extracts.
Cartridges were air-dried under negative pressure for
30 min before discarding the Chromabond anion ex-
change cartridge in order to assure the complete amount
of extract being loaded onto the SB cartridge. Elution of
the HLB cartridges was carried out with 6 ml methanol.
The volume of the eluate was reduced to 0.5 ml by
rotary evaporation at 40 °C and the weight was deter-
mined after dilution to approximately 1 ml with
acetonitrile/Millipore 1:4 (v/v). Finally, 50 μl of internal
standard solution was added and the sample stored at
−20 °C until analysis.

Tetracyclines were extracted by pressurised liquid
extraction (ASE 350 system, Dionex, Idstein, Germany)
using the method of Jacobsen et al. (2004) with slight
modifications. Stainless steel extraction cells (34 ml)
were filled from bottom to top with (i) methanol-rinsed
cellulose filters (Dionex, Idstein, Germany), (ii) glass
wool (Labomedic, Bonn, Germany) and (iii) 5 g of
lyophilised soil mixed with 5 g of acid-washed sea sand
(VWR, Langenfeld, Germany). A 1:1 (v/v) mixture of
methanol and 0.2 M citric acid with a pH of 4.7 adjusted
with sodium hydroxide was used for extraction in two
cycles (10 and 3 min static extraction) at 10,340 kPa and
room temperature. Due to a lack of appropriate internal
tetracycline standards, the method of standard addition
(see Eq. 1) was applied for quantification of tetracy-
clines to overcome observed matrix effects. To this
end, 25 μl of standard solution (1 ng μl−1) was added
to one of two aliquots, which were then analysed on the
same day without further treatment.

Fluoroquinolones were also extracted by pressurised
liquid extraction following the method of Golet et al.
(2002) with slight modifications. Extraction cells
(34 ml) were filled with methanol-rinsed cellulose filtersT
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and 5 g of lyophilised soil mixed with 5 g of acid-
washed sea sand. After five extraction cycles (10 min
static extraction time and 180 s nitrogen purge), 50 ng of
internal standard solution was added to 950 μl aliquot of
the extractant. Samples were stored frozen and received
no further treatment until measurement. The LOQ for
tetracyclines and fluoroquinolones was 15 μg kg−1.

The recoveries of all soil extraction methods were
determined by thoroughly mixing air-dried soil samples
with defined antibiotic amounts and extracting the anti-
biotics with the respective methods 24 h after applica-
tion. For sulfonamides, recoveries of 69 % (sulfathia-
zole), 73 % (sulfadiazine), 76 % (sulfamethazine), 80 %
(sulfamethoxazole), 84 % (sulfamethoxypyridazine)
and 86% (sulfadimethoxine) were achieved. The recov-
eries for tetracyclines were 25 % for oxytetracycline,
33 % for chlortetracycline, 37 % for doxycycline and
47 % for tetracycline, while for fluoroquinolones the
recovery ranged from 41 % (enrofloxacin) to 73 %
(difloxacin).

Analyses and quantification of antibiotics

For separation and quantification of the antibiotic con-
centrations, a HPLC (Surveyor autosampler plus and
Surveyor MS pump plus, Thermo Scientific, Dreieich,
Germany) coupled with a tandem mass spectrometer
(TSQ QuantumUltra, Thermo Scientific, Dreieich, Ger-
many) was used. Tetracyclines were ionised by electro
spray ionisation (ESI), sulfonamides by an atmospheric
pressure chemical ionisation source (APCI) and
fluoroquinolones by heated electro spray ionisation
(HESI), all run in the positive ion mode and with an
injection volume of 10 μl. Sulfonamides were separated
using a Nucleodur Sphinx RP column (3 μm,Macherey
& Nagel, Düren, Germany) at a temperature of 15 °C,
with mobile phases chosen according to Jacobsen et al.
(2004). The mobile phases A (Millipore water/metha-
nol—1:20 (v/v) with 0.5 % formic acid), B (methanol/
Millipore water—1:20 (v/v) with 0.5 % formic acid) and
C (acetonitrile with 0.1 % formic acid) were run with a
flow of 300 μl min−1 from 100 % B to 95 % A and 5 %
C during the first 22 min, then back to 100 % B within
4 min, which was kept constant for 4 min. Column
conditions and mobile phases were the same for tetra-
cyclines, but the gradient was run from 100%B to 95%
A and 5 % Cwithin 16 min and then back to 100 % B in
10 min , which s tayed constant for 4 min .
Fluoroquinolones were separated with an XBridge

C18 column (3.5 μm, Waters, Eschborn, Germany).
Methanol and Millipore water, each with 0.1 % formic
acid, served as mobile phases D and E. The gradient was
run from 5 % D and 95 % E to 60 % D within 5 min,
increasing to 80 % D in a further 10 min and then
reaching 95 % within one more minute. This composi-
tion stayed constant for 50 s and re-changed to initial
percentages within 10 s, which was then run for the last
8 min.

For the analysis of sulfonamides, the APCI and MS
system was set to a spray voltage of 4,000 Vand sheath
and auxiliary gas pressures of 25 and 20 arbitrary units,
respectively. Optimum temperatures for vaporiser and
capillary were 355 and 200 °C, respectively. Argon
served as collision gas with a pressure of 0.25 Pa. Tet-
racyclines were ionised under a spray of 3,500 V,
vaporiser and capillary temperatures both reached
300 °C, and a sheath gas of 30 arbitrary units was
applied. The collision pressure was set to 0.21 Pa.

Sulfonamide and fluoroquinolone concentrations
were quantified by the response ratio of the study com-
pound and the internal standards. 13C6-Sulfadiazine
served as internal standard for sulfadiazine and sulfathi-
azole, 13C6-sulfamethazine as standard for sulfametha-
zine, 13C6-sulfamethoxazole as standard for sulfameth-
oxazole, sulfadimethoxine and sulfamethoxipyridazine,
while 13C/15N-difloxacinhydrochloride and D5-
enrofloxacin served as internal standards for quantifica-
tion of difloxacin and enrofloxacin, respectively. An
external standard sequence with concentrations of 1–
75 ng ml−1 for sulfonamides and 1–100 ng ml−1 for
fluoroquinolones was used. As pre-tests showed that
the standard sequence for tetracyclines was linear in
the relevant concentration range, their concentrations
were quantified by the method of single point standard
addition according to the following Eq. (1):

y0 ¼ X � PA sampleð Þ= PA standardð Þ‐PA sampleð Þ
� �

; ð1Þ

where y0 is the unknown concentration of the sample
(ng vial−1), X is the amount of standard added (25 ng
vial−1), PA(sample) is the peak area of the sample and
PA(standard) is the peak area of the sample with standard
addition.

The following procedure for data analysis for tables
and figures was applied: arithmetic means of antibiotic
concentrations were calculated in case that all analytical
replicates were higher than the limit of quantification. If
all replicates were smaller than the limit of
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quantification, this was depicted as <LOQ (e.g.
<5 μg kg−1, for sulfonamides) in tables. If one or two
of the analytical replicates were smaller than the limit of
quantification, this was presented as <maximum value
measured of the analytical replicates. For the calculation
of mean values in figures, only those analytical repli-
cates that exceeded the LOQ were considered.

Prediction of sulfamethazine subsoil stocks, statistics

To estimate sulfamethazine stocks (SMZ(subsoil stock))
in microgram per square metre surface area and 20–
200 cm depth from organic fertiliser application and
potential leaching rates, we applied the following
equation:

SMZ subsoil stockð Þ
¼ SMZ manure concentrationð Þ

� fertilizer amountð Þ
� fertilisation durationð Þ � leaching rate ð2Þ

where SMZ(manure concentration) and the leaching
rate are results from a previous field lysimeter study
carried out in the same region (Ostermann et al. 2013):
The average sulfamethazine concentration in fresh mat-
ter pig manure was found to be 3,800 μg kg−1 and of the
applied sulfamethazine an average rate of 1.3 % was
leached below 20 cm depth. The information about the
annually applied manure amount (fertiliser(amount))
and the number of years with this fertilisation practice
(fertilisation(duration)) were derived from a farmers’
survey carried out for the sampled sites. Degradation
rates were not included in the equation as these are
usually unknown under field conditions due to unknown
formation of non-extractable and bound residues. In-
stead, we considered the dissipation rate, which is inte-
gral part of the leaching rate. Since the leaching rate was
determined under field conditions, it effectively
accounted for the dissipation of antibiotics during the
soil passage after manure application.

Due to non-linearity of the data, a Spearman rank
correlation test was carried out with the Statistica 8.0
software package (Statsoft, Hamburg, Germany) to elu-
cidate correlations between the metal contents and the
antibiotic concentrations in the topsoil.

Results and discussion

Topsoil concentrations of antibiotics in different
agricultural management systems

All three investigated classes of antibiotics were found
on the field sites. From the class of sulfonamides, sul-
famethazine and sulfadiazine were detected, from the
class of tetracyclines, chlortetracyline and oxytetracy-
cline, and the fluoroquinolone, enrofloxacin were also
frequently detected (Table 1). On 58 % of the field sites,
at least one antibiotic substance was found, with sulfon-
amides being detected most frequently (on 46 % of all
fields), typically in the lower microgram per kilogram
range (Table 1). Other sites in China investigated by Li
et al. (2011) exhibited distinctly higher contaminations,
with at least one tetracycline, two sulfonamides and
three quinolones present in the topsoil of all of the
fields, most of which receiving manure as fertiliser.
Chen et al. (2012) equally detected several antibiotic
substances in all of their investigated fields. In contrast
to other antibiotics screening studies, one third of our
sampled field sites only received mineral fertilisers or
industrially produced organic fertilisers, thus explaining
why we found antibiotics less frequently.

The type of fertilisation had a strong influence on the
occurrence and concentrations of antibiotics in the top-
soil (Fig. 1). All fields receiving pig manure, chicken
manure or both invariably contained at least one antibi-
otic substance in contrast to fields receiving other
fertiliser types (Table 1). This was in accordance with
the prevalence of antibiotics in animal wastes. Wei et al.
(2011) detected antibiotics in wastewater from pig hus-
bandry facilities with a higher frequency than in waste-
water from cattle or chicken facilities, while Zhao et al.
(2010) observed higher sulfonamide concentrations in
chicken manure than in cattle or pig manure. Our study
did not only reveal a widespread soil contamination as a
consequence of fertilisation with pig and chicken ma-
nure but also the highest concentrations were detected in
these fields (110 μg kg−1 sulfamethazine, 111 μg kg−1

chlortetracycline and 62μg kg−1 enrofloxacin) (Table 1).
The high concentration levels can be traced back to the
high manure application rates typical for this region,
especially in vegetable cultivation (Hou et al. 2012;
Heimann 2013) (Table 1).

In one case, the sulfamethazine concentration, and, in
two cases, the chlortetracycline concentrations in top-
soils exceeded the trigger value of 100 μg kg−1 for a
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detailed environmental risk assessment during the reg-
istration process of veterinary medicals (EMEA 2008).
Li et al. (2011) found similar maximum concentrations
for sulfamethazine and chlortetracycline in Chinese veg-
etable fields, whereas their maximum enrofloxacin con-
centrations were much higher than ours and reached
1,348 μg kg−1. In contrast, Hu et al. (2010) found
distinctly higher tetracycline concentrations
(1,079 μg kg−1), much lower sulfonamide concentra-
tions and fluoroquinolone concentrations in the same
range as our findings for sites in northern China. These
differences probably resulted from regional variations
concerning types and intensities of antibiotic applica-
tions, as becomes clear from manure analyses in differ-
ent regions of China (Tong et al. 2009; Zhao et al. 2010;
Wei et al. 2011). Altogether, these studies substantiate
the risk of high antibiotic concentrations on agricultural
fields, but they also corroborate that there is quite a

pronounced spatial heterogeneity among plots, depend-
ing on fertilisation history.

Enrofloxacin was also detected on two fields that had
exclusively received mineral fertiliser for at least five
years (Plot 4 and 7); sulfamethazine was detected on one
site that had not been fertilised during the last nine years
(Plot 2) (Table 1). These findings point to the potential
persistence of these compound classes in the soil envi-
ronment (e.g., Förster et al. 2009; Rosendahl et al. 2012)
and imply a long-term impact of applications of manure
contaminated with antibiotics.

To scan for maximum pollution loads, soil of a dry
riverbed that had received a constant influx of pig farm
and biogas plant effluent for the past 20 years was
sampled as potential local contamination hotspot. This
site exhibited high sulfamethazine (844 μg kg−1) and
chlortetracycline (2,375 μg kg−1) concentrations in 0–
20 cm. The chlortetracycline concentrations exceeded
the critical trigger value for detailed environmental risk
assessment by a factor greater than 20. Sulfadiazine,
oxytetracycline, enrofloxacin, sulfamethoxypyridazine,
tetracycline and difloxacin were also found, but their
concentrations did not reach the critical trigger value.
The finding of the latter three substances indicates that
the upstream river had probably received manifold farm
wastewaters in addition to the biogas plant effluent of the
experimental pig farm, as these substances did not occur
in any other soil sampled in the investigated region.

Heavy metals as proxies for antibiotic loads
in the surface soils

The sites containing antibiotics also displayed signifi-
cant amounts of heavy metals. Total Cu concentrations
in topsoils ranging from 12 to 65 mg kg−1 (mean=
22.9 mg kg−1) and Zn concentrations ranging from 56
to 130 mg kg−1 (mean=74.7 mg kg−1) (Online Resource
2) were well in line with other findings on agricultural
sites in China (Huang and Jin 2008; Teng et al. 2010;
Fang et al. 2011). EDTA-extractable concentrations of
Cu ranged from 3.2 to 45.6 mg kg−1 and of Zn from 1.4
to 74.5 mg kg−1. The higher total concentrations of Cu
and Zn were found on the open-field vegetable sites
receiving high amounts of manure (Table 1), which
was in agreement with findings by Cang et al. (2004)
and Luo et al. (2009), who documented the usage of
these feed additives in Chinese pig and chicken hus-
bandry. The concentration ranges observed for Cr and
As were less wide with 22–36 mg kg−1 soil (Cr) and 4–
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Fig. 1 Distribution of sulfamethazine (SMZ), sulfadiazine (SDZ),
chlortetracycline (CTC), oxytetracycline (OTC) and enrofloxacin
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percentile with a line showing the median when possible and
whiskers representing the 10th and 90th percentile. For calculation
of mean values, only data that exceeded the limit of quantification
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10 mg kg−1 (As); the observed As concentrations were
distinctly lower than on other agricultural sites where
regular manure application resulted in a significant in-
crease (Gupta and Charles 1999).

The Chinese environmental quality standard for soils
(GB15618-1995, described by Huang and Jin 2008)
was consulted to evaluate the environmental risk asso-
ciated with the observed metal and As concentrations.
This quality standard defines total concentrations of
35 mg kg−1 Cu, 100 mg kg−1 Zn, 90 mg kg−1 Cr and
15 mg kg−1 As also extracted with aqua regia as back-
ground values for natural soils. The concentration of
total Cu in the agricultural topsoils exceeded the “natu-
ral background concentration” at 4 of the 24 investigat-
ed sites (17 %), for the concentration of Zn the back-
ground value was exceeded at three sites (13 %) (Online
Resource 2). Neither for Cr nor for As did the concen-
trations observed in the fields reach or exceed the re-
spective background values (Online Resource 2), sug-
gesting that the application of Cr and As as growth
promoter with the animal feed was not common in the
investigated region. The second criterion of this Chinese
quality standard, which ensures the safety for agricul-
tural production (total concentrations of Cu: 50 mg kg−1

at pH <6.5 and 100 mg kg−1 at pH >6.5; Zn:
200 mg kg−1 at pH <6.5, 250 mg kg−1 at pH 6.5–7.5,
and 300 mg kg−1 at pH >7.5), was not reached (Huang
and Jin 2008). For EDTA-extractable fractions, no
standardised threshold values exist, which limits the
evaluation of these results. Total concentrations indicate
that environmental risks associated with the use of
heavy metals were obviously lower than those associat-
ed with antibiotics on the investigated sites. The dry
riverbed again formed an exception. Here, also the
topsoil concentration of Cu (287 mg kg−1) exceeded
the second quali ty cri terion and that of Zn
(820 mg kg−1 Zn) even the thi rd cr i ter ion
(500 mg kg−1) by far. Equally, EDTA-extractable con-
centrations were much larger than for the other sites
reflecting the massive anthropogenic input of organic
wastes (Fig. 2). Elevated contents of Cr and As were
again not observed. We therefore focused on correlating
antibiotic concentrations with those of Cu and Zn for
testing the suitability of elevated heavy metal concen-
trations as proxy to detect antibiotic contaminations.

The high concentrations of antibiotics on field sites
that had been fertilised with pig or chicken manure
coincided with elevated Cu and Zn concentrations. This
supports the assumption that these manure types were a

common source for these contaminants. Indeed, we
found significant correlations between sulfamethazine
and total Cu concentrations (Spearman rank correlation
r2=0.72, p<0.001) as well as between sulfamethazine
and total Zn concentrations (r2=0.76, p<0.001) for
topsoils (Fig. 2). Similar relationships were found with
the occurrence of EDTA-extractable heavy metals
(Spearman rank correlation for Cu and sulfamethazine:
r2=0.74, p<0.001; and for Zn and sulfamethazine: r2=
0.77, p<0.001). Thus, contrary to our expectation, using
EDTA-extractable concentrations instead of total con-
centrations did not improve the correlation between
metals and antibiotics. A correlation with concentrations
of other antibiotic substances could not be tested due to
the only sporadic detection of the latter (Table 1).

The quantification of heavy metals is easier and less
cost intensive than the quantification of antibiotics.

Fig. 2 Relationship between sulfamethazine and total and EDTA-
extractable Cu or Zn concentrations in the topsoil of 24 agricul-
tural field sites in peri-urban Beijing, China. Vertical lines repre-
sent the background value for total concentration in uncontami-
nated, natural soils according to the Chinese environmental quality
standard GB15618, 1995; described by Huang and Jin (2008)
(35 mg kg−1 for Cu and 100 mg kg−1 for Zn). For calculation of
mean values, only data exceeding the limit of quantification were
considered here
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Thus, the observed correlations give support to the idea
that it might be possible to identify regional hotspots of
contaminations with veterinary antibiotics. Despite the
large number of factors influencing concentrations of
antibiotics and heavy metals in manure and soils (e.g.
husbandry conditions, degradation, sorption, variable
background values of metals), the suggested method
seems suitable to pre-select sampling sites on the basis
of available data on Cu and Zn concentrations.

The use of total heavy metal concentrations can be
advantageous compared with the use of EDTA-
extractable amounts because (i) the majority of existing
soil heavy metal data sets comprises total metal concen-
trations instead of EDTA or salt-extractable fractions,
and (ii) in those cases where data on EDTA or salt-
extractable fractions are available, a wide range of
methods was usually applied (e.g. EDTA, DTPA, CaCl2,
NaNO3, NH4NO3) and results obtained from these
methods differ significantly (Menzies et al. 2007).

When applying backwards the proposed localisation
of sites with high antibiotic contaminations from total
Cu and Zn data to our fields, wewould have been able to
exclude all those sites from a risk assessment that lacked
the detections of any antibiotics (Fig. 2). Noteworthy,
however, we would have also pre-excluded sites
with concentrations of sulfamethazine reaching
80 μg kg−1 soil.

Depth distributions of antibiotics, Cu and Zn

As lysimeter experiments in the same study area sug-
gested that antibiotics may also leach into the subsoil
(Ostermann et al. 2013), we extended our screening
below the topsoils. Indeed, sulfamethazine was quanti-
fiable below the plough horizon (i.e. >20 cm depth) on
46 % of all the investigated agricultural field sites (n=
24, Table 1) and reached the maximum sampling depth
interval of 160–200 cm on six (25 %) of the field sites
(Table 1). Despite lower topsoil concentrations, sulfadi-
azine was also detected twice in 160–200 cm soil depth.
To our knowledge, the occurrence of sulfonamides
down to such a depth has not been reported so far,
although their mobility in soil has well been document-
ed in leaching experiments (Boxall et al. 2002; Kay et al.
2004, 2005). The maximum detection depth for sulfon-
amides so far was 120 cm; at this depth of a Luvisol,
Tamtam et al. (2011) found sulfamethoxazole with a
concentration of less than 2 μg kg−1 after long-term
irrigation with wastewater.

In contrast to the sulfonamides, tetracyclines and
fluoroquinolones were not detected below the topsoil
on the agricultural fields, which is in accordance with
their reported strong sorption to soil constituents
(Thiele-Bruhn 2003). However, Tamtam et al. (2011)
reported the detection of a quinolone antibiotic down to
1 m depth on a long-term wastewater irrigation site, and
Tai et al. (2010 and 2011) and Huang et al. (2013) also
found tetracyclines and fluoroquinolones down to
80 cm depth (which was the maximum sampling depth).
Our exclusive detection of tetracyclines and
fluoroquinolones in topsoils can be explained by the
promoting effect of bivalent cations on the sorption of
these agents. All investigated soils contained carbon-
ates, and the sorption of tetracyclines, which are zwit-
terionic or negatively charged at the given soil pH (Jia
et al. 2006; Zhang et al. 2011), is usually enhanced by
metal bridging with these cations. The same applies to
fluoroquinolones (Nowara et al. 1997; Vasudevan et al.
2009; Guaita et al. 2011).

In the dry riverbed soil, sulfamethazine was detected
even down to the maximum sampled depth interval of
370–400 cm (Table 2). The observed mobility of sul-
fonamide antibiotics in soils poses the threat that these
pollutants might enter groundwater bodies and thus
potentially influence drinking water quality.

Screening the subsoils for heavy metal loads revealed
that neither in any of the agricultural fields nor even in
the riverbed the concentrations of Cu and Zn in subsoils
exceeded the proposed Chinese background value for
natural soils. Hence, using Cu and Zn concentrations for
localizing hotspots of antibiotic loads would be restrict-
ed to the surface soil and may not be extended to subsoil
depths. In part, this may be due to a peculiarity of the
investigated soil in the region, as most of the sites
exhibited pH values in the surface soil of >7, thus
promoting the precipitation and retardation of Cu and
Zn in the slightly calcareous topsoils. Nevertheless, the
occurrence of lime is also abundant in many other top-
and subsoils worldwide, i.e. we generally think that it
would be risky to also predict antibiotic leaching from
heavy metal screening data.

Prediction of subsoil contamination with sulfonamides
using input and leaching data

Results from our previous field lysimeter study carried
out in the same experimental region showed that 1.3 %
of manure-derived sulfamethazine was translocated
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below 20 cm depth after 600 mm precipitation
(Ostermann et al. 2013). Hence, we tested a simple
approach to predict the vertical translocation of sulfa-
methazine by comparing calculated and measured sub-
soil stocks as outlined in Eq. 2. Measured stocks were
deduced from subsoil sulfamethazine concentrations as-
suming a soil bulk density of 1.4 g cm−3 (Fig. 3). By
combining the average sulfamethazine concentration of
regionally sampled pig manure (3.8 mg kg−1 fresh mat-
ter; Ostermann et al. 2013) with questionnaire informa-
tion from the sampled field sites (annual amount of pig
manure application and number of years with this un-
changed manure fertilisation, Table 1), we calculated the
theoretical subsoil sulfamethazine stock for those sites
fertilised with pig manure. Despite this very simple
approach, the measured subsoil stocks were in most
cases well reproduced by the calculated stocks
(Fig. 3); the largest error in these calculations was an
underestimation by the factor of 2.8 (plot 23) and an
overestimation by the factor of 2.1 (plot 22). Hence,
using the potential translocation rate of antibiotics that
was determined on a single field site (Ostermann et al.
2013) also helped to assess sulfamethazine loads for the
subsoils of other fields in the same region with an
accuracy of 35 to 200 % of the measured concentration.
Such an accuracy is not adequate for in-depth process
studies on the combined fate and effects of these antibi-
otics. However, after validating the approach with a

larger set of data points, it may be sufficient for provid-
ing a promising qualitative tool for a future pre-
assessment of hotspots of antibiotic translocation into
the subsoil and potentially into the groundwater in re-
gions with similar climatic conditions and soil texture.

Over the last decade, numerous data sets on topsoil
antibiotic concentrations have been collected; however,
these studies seldom include information on subsoil
concentrations. Our predictions indicate that for those
studies that also surveyed basic management data (ap-
plied manure amount, duration of fertilisation history
and antibiotic concentration in the manure), subsoil

Table 2 Depth distribution of all antibiotic substances detected at
the investigated pollution hotspot “riverbed soil” (triplicate lab
analyses, without replicates for ENRO and DIF) and the corre-
sponding soil texture; sulfamethazine (SMZ), sulfadiazine (SDZ),

sulfamethoxypyridazine (SMP), tetracycline (TC), chlortetracy-
cline (CTC), oxytetracycline (OTC), enrofloxacin (ENRO),
difloxacin (DIF)

Depth cm Sand/silt content g kg−1 Antibiotic concentration±standard error (μg kg−1)

SMZ SDZ SMP TC CTC OTC ENRO DIF

0–20 280/558 844±18 5.2±0.2 68±2.0 80±1.9 2,375±327 81±2.1 84 56

20–50 652/253 36±7.9 –a – – – – –

50–90 20/859 7.6±0.4 – – – – – – –

90–130 28/761 2.8±0.2 – – – – – – –

130–170 45/781 14±0.6 – – – – – – –

170–210 113/841 21±0.4 – – – – – – –

210–250 38/732 26±0.2 – – – – – – –

250–290 183/704 25±0.8 – – – – – – –

290–310 90/809 25±1.4 – – – – – – –

310–370 610/373 3.5±0.2 – – – – – – –

370–400 628/346 10±0.9 – – – – – – –

a Not detected

Fig. 3 Measured and calculated sulfamethazine stocks in 20–
200 cm depth for all plots receiving pig manure. The added line
shows the 1:1 line
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antibiotic concentrations can be estimated with a suffi-
cient accuracy. This approach offers a promising out-
look to predict sulfamethazine contamination in the
subsoil on a large scale based on existing data sets. As
antibiotic pools in the subsoil are less affected by mi-
crobial metabolism or degradation compared to the top-
soil pool (Kasteel et al. 2010), it is essential to include
these potentially persistent pools in advanced risk as-
sessment studies.

Conclusions

Soils in the peri-urban region of Beijing with
intensive animal husbandry exhibited frequent oc-
currence of antibiotics as well as elevated levels of
Cu and Zn that slightly exceeded the Chinese
natural background levels. Concentrations of these
heavy metals, which are applied for growth-
promoting purposes in animal husbandry, could
be used as promising tool for identification of
potential antibiotics pollution hotspots. Notably,
the occurrence of sulfonamides was not restricted
to the surface soil; we failed, however, to detect a
significant leaching of the investigated heavy
metals in these calcareous soils, i.e. Cu and Zn
have been proxies only for a contamination with
antibiotics in surface soils but not in subsurface
ones. Yet, the measured stocks of sulfamethazine
in subsoils corresponded to stocks deduced from
fertilisation data, average concentrations in manure
and leaching rates assessed in a former lysimeter
study. Altogether, it is thus also possible to iden-
tify sites with distinct translocation of sulfon-
amides from available farm and literature data. In
contrast, tetracyclines and fluoroquinolones were
not translocated to greater depths despite high
topsoil concentrations.
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