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• Soils groups according to basic soils
properties and sorption of compounds
matched.

• Soils groups according to microbial
community structure and half-lives
corresponded.

• Half-lives could be predicted using one
microbial criterion and sorption coeffi-
cient.

• Simultaneous application of all com-
poundsmostly reduced their dissipation
in soils.

• The average increase in multiple-solute
half-lives varied between 7 and 39%.
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Pharmaceuticals may enter soils due to the application of treated wastewater or biosolids. Their leakage from
soils towards the groundwater, and their uptake by plants is largely controlled by sorption and degradation of
those compounds in soils. Standard laboratory batch degradation and sorption experiments were performed
using soil samples obtained from the top horizons of seven different soil types and 6 pharmaceuticals (carbamaz-
epine, irbesartan, fexofenadine, clindamycin and sulfamethoxazole), which were applied either as single-solute
solutions or as mixtures (not for sorption). The highest dissipation half-lives were observed for citalopram (av-
erage DT50,S for a single compound of 152 ± 53.5 days) followed by carbamazepine (106.0 ± 17.5 days),
irbesartan (24.4 ± 3.5 days), fexofenadine (23.5 ± 20.9 days), clindamycin (10.8 ± 4.2 days) and sulfamethox-
azole (9.6 ± 2.0 days). The simultaneous application of all compounds increased the half-lives (DT50,M) of all
compounds (particularly carbamazepine, citalopram, fexofenadine and irbesartan), which is likely explained
by the negative impact of antibiotics (sulfamethoxazole and clindamycin) on soil microbial community. How-
ever, this trend was not consistent in all soils. In several cases, the DT50,S values were even higher than the
DT50,M values. Principal component analyses showed that while knowledge of basic soil properties determines
grouping of soils according sorption behavior, knowledge of the microbial community structure could be used
to group soils according to the dissipation behavior of tested compounds in these soils. The derived multiple lin-
ear regression models for estimating dissipation half-lives (DT50,S) for citalopram, clindamycin, fexofenadine,
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irbesartan and sulfamethoxazole always included at least one microbial factor (either amount of phosphorus in
microbial biomass or microbial biomarkers derived from phospholipid fatty acids) that deceased half-lives
(i.e., enhanced dissipations). Equations for citalopram, clindamycin, fexofenadine and sulfamethoxazole included
the Freundlich sorption coefficient, which likely increased half-lives (i.e., prolonged dissipations).

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Treated wastewater is often utilized to irrigate agricultural land in
countries suffering fromwater deficiency that have a warm and dry cli-
mate, such as countries in the Middle East and Southern Europe
(e.g., Carter et al., 2019; Lesser et al., 2018; Picó et al., 2020). Reclaimed
wastewater is also increasingly utilized for irrigation in countries that
have not previously suffered from a water shortage but face a change
in a rainfall distribution throughout a year and a scarcity ofwater during
vegetation seasons due to climate change (e.g., Helmecke et al., 2020).
Another product of wastewater management is sewage sludge, which
is frequently used as amendment to increase organic matter and nutri-
ent content in soils (e.g., Ivanová et al., 2018; Verlicchi and Zambello,
2015). It has been documented that some pollutants of emerging con-
cern, such as human pharmaceuticals, are not entirely removed from
treated wastewater (e.g., Peña-Guzmán et al., 2019; Khan et al., 2020;
Loos et al., 2013). Similarly, sewage sludge can contain a large number
of pharmaceuticals, and some of them can occur in high concentrations
(e.g., Ivanová et al., 2018; Kodešová et al., 2019b; Verlicchi and
Zambello, 2015). The environment can also be polluted by veterinary
pharmaceuticals from animal urine or farm waste (e.g., Charuaud
et al., 2019). Pharmaceuticals that contaminate soils may subsequently
leach to groundwater (e.g., Burri et al., 2019; Godfrey et al., 2007;
Fram and Belitz, 2011; Lesser et al., 2018; Li, 2014; Loos et al., 2010)
or can be taken up by plants (e.g., Ahmed et al., 2015; Al-Farsi et al.,
2017; Christou et al., 2019; Goldstein et al., 2014; Klement et al., 2020;
Kodešová et al., 2019a, 2019b; Li et al., 2018, 2019a, 2019b; Malchi
et al., 2014; Montemurro et al., 2017; Mordechay et al., 2018; Shenker
et al., 2011; Winker et al., 2010; Wu et al., 2013). Further propagation
of pharmaceuticals in the environment depends on their sorption and
dissipation in the vadose zone (e.g., Carter et al., 2019; Kümmerer,
2009a, 2009b; Zhi et al., 2019). The knowledge of the properties charac-
terizing sorption and dissipation of various pharmaceuticals in this en-
vironment is crucial, for example, when using models simulating
transport of these compounds in soils and their uptake by plants
(e.g., Brunetti et al., 2019).

While sorption of pharmaceuticals in soils and sediments is increas-
ingly studied (e.g., Li et al., 2020; Schaffer and Licha, 2015; Zhi et al.,
2019), dissipation of these compounds is studied less frequently
(e.g., Zhi et al., 2019). Studies have focused on the impacts of soil steril-
ization, incubation conditions (e.g., aerobic vs. anaerobic, diverse tem-
peratures) and different amendments on the degradation of a specific
compound. Compounds' dissipation rates aremostly due to biodegrada-
tion as demonstrated by comparing dissipation rates for sterile and
nonsterile soils and sediments (e.g., Al-Khazrajy et al., 2018; Hurtado
et al., 2017; Liu et al., 2010; Shen et al., 2018; Srinivasan and Sarmah,
2014; Wu et al., 2012; Yu et al., 2013; Zhang et al., 2017). Among
others, Biel-Maeso et al. (2019) showed that dissipation of the most
studied compounds was considerably increased under aerobic
conditions compared with anaerobic conditions. Dissipation of some
pharmaceuticals (e.g., antibiotics) may also be controlled by the initial
compound concentration in soils, i.e., inhibition of degrading microor-
ganisms in the context of higher concentrations (e.g., sulfadiazine and
sulfamethoxazole studied by Shen et al., 2018; sulfamethoxazole tested
by Srinivasan and Sarmah, 2014). On the other hand, Zhang et al. (2017)
did not found significant differences in dissipation half-lives of the same
compounds (sulfadiazine and sulfamethoxazole) at varying initial con-
centrations. Dissipation of compounds could also be enhanced by
increased nutrient content and microbial biomass due to manure
amendments (Zhang et al., 2017; Shen et al., 2018). In contrast, Albero
et al. (2018) found that the amendment of soil with compostedmanure
increased half-lives of six veterinary antibiotics (one fluoroquinolone,
two tetracyclines, two sulfonamides and one lincosamide) between 6
and 53% likely due to higher sorption of compounds in manured soil
and thus reduced availability. Similar effects of organic fertilization
(e.g., a sewage sludge, green waste compost and farmyard manure, or
composted sewage sludge, respectively) on sulfamethoxazole, its main
metabolites N-ac-sulfamethoxazole and ciprofloxacin, or triclosan and
carbamazepine was observed by Andriamalala et al. (2018) and Shao
et al. (2018).

Whereas there have been developed several models for estimating
sorption coefficients of pharmaceuticals in soils and sediments from
sorbent and compound properties (e.g., Carter et al., 2020; Klement
et al., 2018; Kodešová et al., 2015; Li et al., 2020), models for estimating
dissipation half-lives has not been proposed. Previous studies only eval-
uated dissipation half-lives in few soils or sediments. Therefore, they
could not correlate assessed half-lives to soil properties, parameters
characterizing sorption of compound in soils or soil microbial commu-
nity composition. Al-Khazrajy et al. (2018) attempted to estimate dissi-
pation rates from selected freshwater sediment properties and
microbial activity (assessed using 2,3,5-triphenyltetrazolium chloride
solution, Monteiro and Boxall, 2009). They identified equations for
predicting dissipation rates for 3 of 6 tested compounds: dissipation
rates of diltiazem using clay content and logarithm ofmicrobial activity,
dissipation rates of ranitidine using organic carbon content and loga-
rithm of microbial activity, and dissipation rates of cimetidine using
silt content. All mentioned factors increased dissipation rates in tested
sediments. No significant relationships were obtained for other com-
pounds (amitriptyline, atenolol and mefenamic acid). Kodešová et al.
(2016) documented that dissipation half-lives of 7 tested compounds
(atenolol, metoprolol, trimethoprim, sulfamethoxazole, clindamycin,
clarithromycin, carbamazepine) mostly did not depend on basic soil
properties but on the overall soil type conditions. In general, for com-
pounds thatwere degradable in the studied soils, lower average dissipa-
tion half-lives and variability were determined for better quality soils
(soils with well-developed structure, high nutrition content and associ-
ated biological conditions as Chernozems) comparedwith lower quality
soils (Cambisols). However, actual soil microbial properties were not
evaluated.

Some pharmaceuticals may largely affect activity of the soil micro-
bial community, i.e., antibiotics can inhibit the degradation of microor-
ganisms (Caracciolo et al., 2015; D'Alessio et al., 2019; Grenni et al.,
2018). As a result, dissipation of other compounds that occur in soils to-
gether with such compounds can be reduced. On the other hand, bio-
degradation of pharmaceuticals that simultaneously occur in soils
might also be enhanced if these compounds interact with each other
(Grenni et al., 2018). To date, degradation of a single compound in
soils or sediments have been mostly studied, or studies were focused
on behaviors of antibiotic mixtures and their influence on respective
microbial community (e.g., Chen and Xie, 2018; Grenni et al., 2018;
Thelusmond et al., 2019; Zhi et al., 2019).

Dissipation of many pharmaceuticals in soils is unknown. In addi-
tion, dissipation rates of pharmaceuticals in different soil types can be
quite different. Therefore, the first goal of this study was to determine
whether knowledge of soil properties and initial microbial composition
of 7 diverse soils (samples were obtained from topsoils of 7 soil types)
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can help to estimate probable trends in dissipation of 6 selected com-
pounds in these soils. Although dissipation of 3 compounds (carbamaz-
epine, clindamycin and sulfamethoxazole) under soil conditions have
been evaluated in several studies (e.g., Kodešová et al., 2016; Koba
et al., 2016, 2017), dissipation of 3 other compounds (citalopram,
fexofenadine, irbesartan) in soils have not been explored to date. The in-
fluence of sorption of compounds in soils, which can reduce availability
of compounds for microbial degradation, was also suggested. The sec-
ond goal of this study was to determine whether and how two antibi-
otics (clindamycin and sulfamethoxazole) applied together with other
four pharmaceuticals influence dissipation rates of all compounds in
tested soils compared to applications as single compounds.

2. Materials and methods

2.1. Soils

The studywas performedon the soil samples obtained from the 0- to
25-cmsurface layer of 7 soil types (Table 1) thatwere previously used in
studies by Kodešová et al. (2015, 2016) and Klement et al. (2018): SChS
- Stagnic Chernozem Siltic developed on marlite, HCh - Haplic Cherno-
zem on loess, GP - Greyic Phaeozem on loess, HL - Haplic Luvisol on
loess, AE - Arenosol Epieutric on sand, HCa - Haplic Cambisol on
paragneiss, and DCa - Dystric Cambisol on orthogneiss. The new sam-
ples were taken from the surface horizons (0–25 cm). A part of each
sample was homogenized and stored at 4 °C prior measuring microbial
activities; subsamples for biomarker analysis were freeze dried and
stored at −80 °C until extraction. The remaining soils were air-dried,
ground, and sifted through a 2-mm sieve. Standard laboratory proce-
dures (see Appendix A part S2.1) were used to determine basic physical
and chemical properties in Table 1 by Schmidtová et al. (2020): particle
density (ϱs), particle size distribution (fractions of clay, silt, and sand),
organic carbon content (Cox), CaCO3 content, pH (pHH2O, pHKCl, and
pHCaCl2), cation exchange capacity (CEC), hydrolytic acidity (i.e., sum
of H+ cations) (HA), base cation saturation (BCS, the difference
Table 1
Basic soil and microbial characteristics: pHH2O, pHKCl, pHCaCl2, organic carbon content (Cox), sal
hydrolytic acidity (HA), basic cation saturation (BCS), sorption complex saturation (SCS), soil
(NNH4), sum of mineral nitrogen (Nmin), basal respiration (BR), substrate induced respiration
(TC), TC/TN ratio (C/N): SChS - Stagnic ChernozemSiltic developed onmarlite, HCh - Haplic Che
Epieutric on sand, HCa - Haplic Cambisol on paragneiss, DCa - Dystric Cambisol on orthogneiss

SChS HCh GP

pHH2O 8.06 8.08 7.45
pHKCl 7.18 7.04 6.92
pHCaCl2 7.41 7.35 7.14
Cox % 2.89 1.75 1.36
Salinity H2O μS cm−1 210.0 97.2 169.0
Salinity ethanol μS cm−1 33.1 9.1 37.3
EA mmol+ kg−1 0.57 0.82 0.95
CEC mmol+ kg−1 273.0 235.0 165.0
HA mmol+ kg−1 3.61 4.21 6.61
BCS mmol+ kg−1 269.4 230.8 158.4
SCS % 98.7 98.2 96.0
ϱs g cm−3 2.48 2.53 2.54
Clay % 20.7 36.5 17.0
Silt % 52.2 58.1 66.5
Sand % 27.2 5.4 16.5
NNO3 mg kg−1 52.12 6.78 23.82
NNH4 mg kg−1 3.58 1.47 1.11
Nmin mg kg−1 55.70 8.58 24.72
BR μg C g−1 h−1 3.81 2.27 2.07
SIR μg C g−1 h−1 14.75 4.64 5.15
Cmic μg C g−1 670.5 363.9 298.0
Nmic μg N g−1 59.1 44.5 30.6
Pmic μg P g−1 24.3 19.0 12.5
TC mg g−1 64.1 25.0 15.7
TN mg g−1 3.29 1.82 1.53
C/N 19.5 13.8 10.3
between CEC and HA), sorption complex saturation (SCS, the percent-
age of BCS in CEC), exchangeable acidity (EA), and salinity in water
and ethanol. In addition, properties mainly affecting microbial condi-
tions were measured: nitrogen content (Nmin, NNO3, NNH4) (ISO,
11261:1995), total carbon (TC) and nitrogen (TN), and TC/TN ratio (C/
N). Soil TC and TN concentrations were determined by dry combustion
on an elemental analyzer (MicroCube, Elementar, Germany). The aver-
age values and standard deviations (Table 1) indicate large range of
evaluated properties and thus suitability of these soil samples for this
type of study.

2.2. Microbial analyses

Basal respiration (BR), substrate induced respiration (SIR), and mi-
crobial biomass C (Cmic), N (Nmic) and P (Pmic) (Table 1) weremeasured
in soils after a preincubation period (see Section 2.4) in triplicate. BR
and SIR were estimated from the headspace CO2 accumulation rates
(Anderson and Domsch, 1985). Cmic, Nmic and Pmic were determined
using the chloroform fumigation extraction method (Brookes et al.,
1982, 1985; Vance et al., 1987). The methods are in detail described in
the Appendix A part S2.2.

The composition of soil microbial communities was determined
using phospholipid fatty acid (PLFA) analysis. Themethod has been pre-
sented by Frková et al. (2020). The procedure is also explained in the
Appendix A part S2.2. Briefly, PLFAs were extracted according to Bligh
and Dyer (1959) with modifications by Frostegård et al. (2011). Phos-
pholipids were eluted with 2 cm3 methanol and subjected tomild alka-
line metanolysis according to Dowling et al. (1986) and Oravecz et al.
(2004). Samples were analyzed on an Agilent Trace 1310 GC (Agilent,
Wilmington, Delaware, USA) equipped with a flame ionization detector
and a 60 m × 0.32 mm BPX70 × 0.25 μm column (SGE Analytical Sci-
ence) (Kotas et al., 2018). The resultswere processed using Chromeleon
7.2. PLFAs with b12 C and N20 C atomswere excluded from the analysis
of soil microbial communities, as well as PLFAs with less than 0.5% of
total in peak area. The responses from all the remaining PLFAs
inity in water and ethanol, exchangeable acidity (EA), cation exchange capacity (CEC), soil
particle density, clay, silt and sand contents, nitrogen in nitrate (NNO3) and ammonium
(SIR), microbial biomass C (Cmic), N (Nmic) and P (Pmic), total carbon (TC) and nitrogen
rnozemon loess, GP - Greyic Phaeozem on loess, HL - Haplic Luvisol on loess, AE - Arenosol
.

HL HCa DCa AE Average St. dev.

7.29 5.84 5.77 5.41 6.84 1.14
5.74 4.58 4.68 3.96 5.73 1.34
6.29 5.36 5.26 4.35 6.17 1.20
1.06 1.85 2.23 0.55 1.67 0.77

57.0 57.3 54.3 15.9 94.4 70.1
10.8 14.5 11.9 2.3 17.0 13.0
0.57 2.84 1.89 5.36 1.85 1.75

118.0 183.0 196.0 38.0 172.6 77.2
16.8 51.7 61.3 30.9 25.0 23.7

101.2 131.3 134.7 7.1 147.6 85.8
85.7 71.8 68.7 18.6 76.8 28.5
2.59 2.55 2.49 2.61 2.54 0.05

12.4 18.3 19.4 7.6 18.8 9.0
72.9 41.3 57.7 7.0 50.8 21.8
14.7 40.4 22.9 85.4 30.4 26.6
11.54 24.79 6.99 1.21 18.2 17.4
1.07 0.89 2.03 2.10 1.8 0.9

13.85 25.52 9.92 4.03 20.33 17.57
2.10 2.41 2.08 0.37 2.16 1.00
3.38 9.05 4.69 2.34 6.28 4.28

195.6 283.5 218.1 120.0 307.1 178.1
26.9 39.8 29.3 12.8 34.7 14.7
24.4 26.6 16.7 24.9 21.19 5.22
10.9 18.8 24.9 4.1 23.4 19.5
1.19 1.93 2.49 0.36 1.8 0.9
9.19 9.77 10.0 11.4 12.0 3.63
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(Table S2) were summed to obtain the total PLFA biomass (PLFAtot,
nmol g−1 of dry soil). Grouping according to main microbial taxa
using indicative fatty acids was performed according to Johansen and
Olsson (2005) and Willers et al. (2015) (Table 2). The average values
and standard deviations (Tables 1 and 2) indicate large range of evalu-
ated properties and thus suitability of these soil samples for this type
of study.

2.3. Selected pharmaceuticals

Six compounds (Table S3)were selected based on results of our pre-
vious studies partly describing their behaviors in soil environment
(Kodešová et al., 2015, 2016; Klement et al., 2018). Three compounds,
including carbamazepine (CAR), clindamycin (CLI) and sulfamethoxa-
zole (SUL), were selected from 7 compounds, for which sorption and
dissipation of a single compound in 13 soils were evaluated by
Kodešová et al. (2015, 2016). In this new study, SUL and CLI represented
two antibiotics of low (4.7–15 days) andmoderate (9.3–21.3 days) half-
lives in topsoils, respectively, and CAR represented a compound that is
very persistent in soils. The other 3 compounds citalopram (CIT),
irbesartan (IRB) and fexofenadine (FEX) were used by Klement et al.
(2018) to assess sorption of a single compound in 7 soils. Their degrada-
tion behavior in soils is unknown. Selected compounds have different
properties and occur as different forms in the environment depending
on soil pH (i.e., neutral, anion, cation, and zwitter-ion) (Table S3),
which considerably affects their sorption in soils (Kodešová et al.,
2015, 2016; Klement et al., 2018) andmight influence their transforma-
tion in soils. All tested pharmaceuticals were purchased from TCI
(Japan) and are of 97% (CAR) and 98% (CIT, CLI, FEX, IRB, and SUL) ana-
lytical grade purity. Isotope-labeled analogues of the native compounds
(CAR-D8, CIT-D3, CLI-D3, FEX-D6, IRB-D4, and SUL-D4) were purchased
from Toronto Research Chemicals (Canada) and used as internal stan-
dards for chemical analysis.

2.4. Degradation experiment

The batch degradation method (OECD, 2002) was used to evaluate
degradation rates and half-lives of pharmaceuticals in soils. Twenty-
four 100-mL high-density polyethylene bottles with soil mixed with
pharmaceutical were prepared for each soil and compound. Fifty
Table 2
Microbial biomass assessed using the phospholipid fatty acids (PLFAs): SChS - Stagnic Chernoze
loess, HL - Haplic Luvisol on loess, AE - Arenosol Epieutric on sand, HCa - Haplic Cambisol on p

SChS HCh GP

PLFAtot nmol g−1 175.28 116.62 148.67
PLFA origin

Actinomycetes nmol g−1 12.08 11.13 11.24
Fungi nmol g−1 7.24 2.54 6.56
General bacteria nmol g−1 30.40 22.21 26.56
Gram-negative bacteria nmol g−1 50.01 32.65 43.89
Gram-positive bacteria nmol g−1 29.12 17.23 23.86
Microphototrophs/plants nmol g−1 2.00 1.12 1.91
Protozoa nmol g−1 0.82 0.64 0.91
Protozoa/fungi nmol g−1 11.46 6.52 9.65
Not-specific/NA nmol g−1 32.16 22.58 24.07

General marker
Bacteria nmol g−1 121.60 83.22 105.55
Fungi nmol g−1 7.24 2.54 6.56
NA nmol g−1 46.44 30.87 36.55

Saturation
Branched nmol g−1 41.20 28.36 35.10
Monounsaturated nmol g−1 70.15 47.78 61.73
OH-subs nmol g−1 2.03 1.41 1.80
Polyunsaturated nmol g−1 22.42 11.86 20.16
Saturated nmol g−1 31.92 21.16 23.37
NA nmol g−1 7.56 6.05 6.51
grams of air-dried soil (time needed for sample drying, grinding, and
sieving did not exceed 5 days) was always placed into the bottle, and
6 cm3 (3 cm3 in the case of AE) of fresh water was added using
VITLAB®Genius (5–50 mL) (VITLAB GmbH). The soils were incubated
in the dark at a constant temperature of 20 °C. This initial incubation
with water was chosen in order to guarantee optimal microbial condi-
tions, which could be impaired even by very short drying in air
(OECD, 2002). Next, 6 cm3 (4 cm3 in the case of Arenosol) of a solution
of one pharmaceutical ormixture of all pharmaceuticals was added, and
incubation continued. Both doses were designed to achieve approxi-
mately the one third (1st step) and two thirds (2nd step) of water hold-
ing capacity, respectively. Concentrations of solutions were calculated
to reach similar compound loads per dry soil unit (1 μg g−1), which cor-
responds to the concentration assumed for instance by Grossberger
et al. (2014), Kodešová et al. (2016), Monteiro and Boxall (2009), and
Srinivasan and Sarmah (2014). The following concentrations of applied
solutionswere assumed: 8.3 μg cm−3 (SChS, HCh, HL, GP, HCa, andDCa)
and 12.5 μg cm−3 (AE). Precise water and solution volumes in each bot-
tle were calculated from recordedmasses of empty bottles, bottles with
soil, bottles with soil and freshwater, and of bottles with soil, water and
solution. During the incubation, the incubation bottles were regularly
weighted at 2-week intervals to assess soil water contents, and water
losses were compensated by adding water. After dosing of water or so-
lution, each bottle was shaken for 30 s to achieve uniform water and
compound distribution in a soil sample. Three bottles for each soil
with each pharmaceutical were placed in the freezer immediately
after applying compound solutions (time = 0 days). Three bottles for
each pharmaceutical and soil were also removed from the incubator 1,
2, 5, 12, 23, 40 and 61 days after the pharmaceutical application and
put in the freezer. Samples were stored at −20 °C until compound ex-
traction,whichwas performed immediately after completing the degra-
dation experiment. Such short-term storage in freezer should not affect
compounds concentration (Fedorova et al., 2014). The approach (except
6 days preincubation with water) was the same as that applied by
Kodešová et al. (2016) to obtain comparable results.

Compounds remaining in soils were extracted using the procedure
thatwas adopted from themethod validated for all 6 tested pharmaceu-
ticals by Golovko et al. (2016). Briefly, the whole contents of the bottle
were extracted with mixtures A (acetonitrile/water mixture - 1:1 v/v,
with 0.1% of formic acid) and B (acetonitrile/2-propanol/water mixture
mSiltic developed onmarlite, HCh - Haplic Chernozem on loess, GP - Greyic Phaeozem on
aragneiss, DCa - Dystric Cambisol on orthogneiss.

HL HCa DCa AE Average St. dev.

136.26 173.62 171.44 46.72 138.37 45.97

9.30 11.05 9.91 1.98 9.53 3.45
5.11 6.52 7.26 4.77 5.71 1.70

22.28 30.06 27.98 7.45 23.85 7.96
33.83 42.77 45.09 8.67 36.70 13.82
22.21 28.62 27.61 6.74 22.20 8.01
1.18 2.01 2.15 1.25 1.66 0.45
1.45 0.99 1.44 0.87 1.02 0.31
8.17 15.76 11.39 4.87 9.69 3.61

32.74 35.86 38.61 10.12 28.02 9.82

87.61 112.50 110.59 24.84 92.27 32.74
5.11 6.52 7.26 4.77 5.71 1.70

43.54 54.61 53.59 17.11 40.39 13.35

31.50 39.68 37.52 8.72 31.73 11.09
48.60 63.44 64.98 14.52 53.03 18.93
1.92 1.77 1.67 0.28 1.55 0.60

18.11 26.57 23.89 12.41 19.35 5.61
30.72 35.63 37.98 7.33 26.87 10.54
5.42 6.53 5.40 3.46 5.85 1.29
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- 3:3:4 v/v/v, with 0.1% formic acid) in three consequent steps (A:B:B,
60:35:20 mL) using an ultrasonic bath (DT255, Bandelin electronic,
Sonorex digitec, Berlin, Germany). After soil particle sedimentation,
three supernatants from each bottle were mixed, and 10-cm3 aliquots
were filtered through a syringe filter (0.45 μm, regenerated cellulose,
Labicom, Olomouc, Czech Republic) into 10-cm3 vials. The possible im-
pact (due to compound sorption) of the syringe filter material on the
measured pharmaceuticals' concentrations was tested previously
(Lindberg et al., 2014). No noticeable effect on the recovery of the stud-
ied compoundswas found. Actual concentrations of studied compounds
in applied solutions and extracts were determined using liquid chroma-
tographywith high-resolution mass spectrometry (LC-HRMS), which is
described below.

Compound concentrations in soils (c, μg g−1) were calculated based
on the concentrations of soil extracts, their volumes and soil mass. Re-
coveries (Table S4) of each compound in each soil (3 bottles per treat-
ment) were calculated from the initially applied compound load into
the bottle (solute concentration (μg cm−3) in solution multiplied by
its volume (cm3)) and recovered compound amount at day 0 (solute
concentration in soil (μg g−1) multiplied by soil mass (g)). Recoveries
of compounds in all 7 soils (%) were: CAR 96 ± 26 (S) and 99 ± 25
(M), CIT 100 ± 21 (S) and 98 ± 24 (M), CLI 73 ± 6 (S) and 77 ± 13
(M), FEX 77 ± 5 and 78 ± 12 (M), IRB 87 ± 16 (S) and 92 ± 23 (M),
and SUL 84 ± 14 (S) and 87 ± 15 (M). High variability in recovery is
given by the measurement uncertainty that can be in this matrix
(i.e., 7 soils of a high variability of soil properties) up to 30% (Golovko
et al., 2016; Kodešová et al., 2016).

Since mathematical models for simulating transport of organic con-
taminants in soils usually assume the first-order kinetic model to de-
scribe compound dissipation in soils (e.g., Beulke et al., 2000; Šimůnek
et al., 2016), the data points given by time (=0, 1, 2, 5, 12, 23, 40 and
61 days) and corresponding remaining compound's concentrations in
soils were fitted with the first-order kinetic model:

ct
c0

¼ e−kRt ð1Þ

where c0 (μg g−1) is the initial concentration, ct (μg g−1) is the concen-
tration in time, t (day) is time, and kR (day−1) is the first-order rate con-
stant (Table S5). Next, compound dissipation half-life DT50 (day) was
calculated as follows (Table 3):

DT50 ¼ ln2
kR

ð2Þ

It should be noted that coefficients of determinations (Table S5) ex-
pressing the correspondences between the measured remaining con-
centrations and those calculated using Eq. (1) calculated for CAR and
CIT were low in some cases due to larger variability of measured values
comparedwith the other compounds. The reason for this increased var-
iability could be significant persistence of these two compounds in soils
and greater sensitivity to actual conditions in the incubation bottle. The
other reason for the low correlation values for CAR and CIT was, that
while trends in dissipation of largely degradable compounds played a
greater role than measurement inaccuracy (impact of which decreased
with decreasing concentration in soils), in the case of the more persis-
tent compounds the measurement uncertainty exceeded the effect of
the dissipation trend. It should be noted that recently there have been
developed new tools for a kinetic evaluation of a chemical degradation
data (e.g., Ranke et al., 2018) using various functions, which could likely
in few cases provide better fits of measured values for SUL, CLI, FEX and
IRB and more accurate estimate of DT50 values. However, these tools
would not help to provide better estimates of the dissipation half-lives
of CAR and CIT. In addition, the resulting DT50 values could not be
adopted in simulation models. Therefore, these tools were not utilized
in this study. The medium uncertainty of the evaluated DT50 values for
these two compounds could potentially influence the results of the
following statistical analyses particularly when analyzing correlations
between half-lives and various soil and microbial factors.

2.5. Sorption experiment

A batch equilibrium method (OECD, 2000) was used to evaluate
sorption isotherms for single compound solutions and the same soils
by Schmidtová et al. (2020), whichwere expressed using the Freundlich
equation:

s ¼ K Fc
1=n ð3Þ

where KF (cm3/n μg1−1/n g−1) and n are empirical coefficients. The
methods are described in Schmidtová et al. (2020), Bořík et al. (2020)
and the Appendix A part S2.5. Final values were presented by
Schmidtová et al. (2020). In present study, to relate compounds' sorp-
tion affinities (which were described by KF values that were n depen-
dent) to their half-lives as well as soil and microbial characteristics,
the same procedure proposed by Kodešová et al. (2015) and Klement
et al. (2018)was applied. The average n coefficient (navg)was calculated
for each pharmaceutical, and new KF,navg values were optimized assum-
ing a fixed value of navg for all soils (Table 3).

2.6. Chemical analyses

One hundred-μL aliquots of extracted samples from degradation ex-
periments were spiked with isotopically labeled internal standards and
analyzed by LC-HRMS (HTS XT-CTC autosampler from CTC Analytics
AG; LC pump Accela 1250 and Q-Exactive plus mass spectrometer,
both from Thermo Fisher Scientific) in full scan and electrospray posi-
tive mode (scan range for mass was 100–700 m/z, resolution 70,000
FWHM) using the 16-minute method according to Koba et al. (2016).
A Hypersil Gold aQ column (50 × 2.1mm; 5 μmparticles, Thermo Fisher
Scientific) was used for chromatographic separation. More information
about conditions of analysis, including gradient elution conditions, m/z
values, retention time, and limits of quantification (LOQ), is provided
in Table S5A. TraceFinder 3.3 software (Thermo Fisher Scientific) was
used for data processing.Methods of internal andmatrixmatching stan-
dards were used for calculation of concentrations of chosen
pharmaceuticals.

2.7. Statistical analyses

Simple correlations between measured physical, chemical and mi-
crobiological soil properties; Freundlich sorption coefficients; and dissi-
pation half-lives were assessed using the Pearson product moment
correlation coefficient and p-value, which tests the statistical signifi-
cance of the estimated correlations. Multiple linear regressions were
also used to obtainmodels for estimating dissipation half-lives resulting
from single compound applications based on KF values, PLFAs and soil
properties related to microbial abundance and activity. It should be
noted that DT50 values for FEX in AE were identified as outliers and ex-
cluded from all statistical analyses. Next, principal components analyses
were used to evaluate the general behavior of compounds with respect
to soil conditions. Analyses were performed using STAGRAPHICS Centu-
rion XV Version 15.2.06.

3. Results and discussion

3.1. Dissipation of a single pharmaceutical in soils

The largest persistence (i.e., the largest dissipation half-lives in
Table 3) of compounds in tested soils was observed for CIT (average
DT50,S, 152.1 days; range, 86.7–223.1 days) followed by CAR (105.6
days; 90.2–140.9 days). Considerably lower dissipation half-lives were
obtained for IRB (average DT50,S, 24.4 days; range, 19.0–29.2 days),



Table 3
The Freundlich sorption coefficient, KF (cm3/n μg1–1/n g−1), the half-lives DT50,S (days) resulted from the application of a single pharmaceutical and DT50,M (days) resulted from application
of themixture of all compounds: SChS - Stagnic Chernozem Siltic developed onmarlite, HCh - Haplic Chernozemon loess, GP - Greyic Phaeozemon loess, HL - Haplic Luvisol on loess, AE -
Arenosol Epieutric on sand, HCa - Haplic Cambisol on paragneiss, DCa - Dystric Cambisol on orthogneiss, CAR – carbamazepine, CIT – citalopram, CLI – clindamycin, FEX – fexofenadine,
IRB – irbesartan, SUL – sulfamethoxazole.

SChS HCh GP HL HCa DCa AE Average St. dev.

CAR KF for n = 1.02 cm3/n μg1–1/n g−1 4.05 2.52 2.07 1.67 2.31 3.70 1.05 2.48 1.07
CIT KF for n = 0.92 cm3/n μg1–1/n g−1 6.77 106 3.21 106 1.68 106 8.88 105 2.80 105 1.06 105 1.06 105 1.86 106 2.43 106

CLI KF for n = 0.91 cm3/n μg1–1/n g−1 19.28 12.13 10.12 8.39 6.09 4.61 3.44 9.15 5.41
FEX KF for n = 1.05 cm3/n μg1–1/n g−1 29.3 22.5 18.1 18.4 40.0 54.3 65.7 35.5 18.7
IRB KF for n = 0.51 cm3/n μg1–1/n g−1 1.50 0.75 0.58 0.87 3.32 6.08 8.97 3.15 3.23
SUL KF for n = 1.25 cm3/n μg1–1/n g−1 0.565 0.374 0.367 0.800 3.132 4.173 0.978 1.48 1.53
CAR DT50,S days 140.9 100.7 101.2 93.7 99.9 91.7 90.2 102.6 17.5

DT50,M days 160.6 145.6 170.9 85.1 128 146.9 97 133.4 32.1
DT50,M-DT50,S days 19.7 44.9 69.7 −8.6 28.1 55.2 6.8 30.8 27.6
DT50,M-DT50,S % 14.0 44.6 68.9 −9.2 28.1 60.2 7.5 30.6 28.7

CIT DT50,S days 208.2 146.3 223.1 124.9 86.7 179.6 95.7 152.1 53.5
DT50,M days 310.8 134.6 236.7 172.4 175 59 241.9 190.1 81.9
DT50,M-DT50,S days 102.6 −11.7 13.6 47.5 88.3 −120.6 146.2 38.0 88.2
DT50,M-DT50,S % 49.3 −8.0 6.1 38.0 101.8 −67.1 152.8 39.0 72.5

CLI DT50,S days 14.7 18.4 9.1 8.6 7.4 7.4 10.3 10.8 4.2
DT50,M days 8.2 17.5 9 13.5 10.3 15.6 8.7 11.8 3.7
DT50,M-DT50,S days −6.5 −0.9 −0.1 4.9 2.9 8.2 −1.6 1.0 4.8
DT50,M-DT50,S % −44.2 −4.9 −1.1 57.0 39.2 110.8 −15.5 20.2 52.3

FEX DT50,S days 9 26 11.5 21.7 13.3 14.3 69 23.5 20.9
DT50,M days 16.4 23.9 13.5 35.8 14.4 11.1 88.5 29.1 27.5
DT50,M-DT50,S days 7.4 −2.1 2 14.1 1.1 −3.2 19.5 5.5 8.6
DT50,M-DT50,S % 82.2 −8.1 17.4 65.0 8.3 −22.4 28.3 24.4 37.8

IRB DT50,S days 24.2 29.2 26.4 23.1 19 21.8 27.2 24.4 3.5
DT50,M days 25.7 34.1 31.4 28.1 20.4 37 45 31.7 8.0
DT50,M-DT50,S days 1.5 4.9 5 5 1.4 15.2 17.8 7.3 6.6
DT50,M-DT50,S % 6.2 16.8 18.9 21.6 7.4 69.7 65.4 29.4 26.7

SUL DT50,S days 7.8 9.6 6.8 9.2 12.7 10.8 10.6 9.6 2.0
DT50,M days 11.8 10.3 7.3 9.5 13.3 8.3 10.4 10.1 2.0
DT50,M-DT50,S days 4 0.7 0.5 0.3 0.6 −2.5 −0.2 0.5 1.9
DT50,M-DT50,S % 51.3 7.3 7.4 3.3 4.7 −23.1 −1.9 7.0 22.2

Table 4
The correlation coefficients describing relationship between the half-lives DT50,S (days) resulted from the application of a single pharmaceutical or DT50,M (days) resulted from application
of the mixture of all compounds and the Freundlich sorption coefficient, KF (cm3/n μg1–1/n g−1), basal respiration, BR (μg C g−1 h−1), substrate induced respiration, SIR (μg C g−1 h−1),
microbial biomass C, Cmic (μg g−1), N, Nmic (μg g−1) and P, Pmic (μg g−1) and microbial biomass assessed using the phospholipid fatty acids, PLFAs (nmol g−1): CAR – carbamazepine,
CIT – citalopram, CLI – clindamycin, FEX – fexofenadine, IRB – irbesartan, SUL – sulfamethoxazole.

DT50,S - Single compound application DT50,M - Multiple compounds application

CAR CIT CLI FEXa IRB SUL CAR CIT CLI FEXa IRB SUL

KF 0.651 0.557 0.672 −0.323 −0.082 0.714 – – – – – –
BR 0.819⁎ 0.527 0.315 −0.494 −0.290 −0.321 0.563 0.211 −0.013 −0.164 −0.755⁎ 0.289
SIR 0.922⁎⁎ 0.350 0.251 −0.659 −0.335 −0.162 0.504 0.511 −0.416 −0.372 −0.660 0.567
Cmic 0.971⁎⁎⁎ 0.560 0.560 −0.416 0.043 −0.451 0.622 0.508 −0.219 −0.214 −0.503 0.345
Nmic 0.846⁎ 0.420 0.557 −0.261 −0.101 −0.240 0.602 0.255 0.017 −0.196 −0.664 0.441
Pmic 0.172 −0.720 −0.017 0.038 −0.367 0.529 −0.645 0.286 −0.263 0.375 −0.273 0.847⁎

PLFAtot 0.444 0.458 −0.192 −0.873⁎ −0.648 −0.068 0.545 −0.152 0.066 −0.663 −0.772⁎ 0.101
PLFA origin

Actinomycetes 0.496 0.540 0.198 −0.469 −0.270 −0.286 0.657 −0.095 0.226 −0.506 −0.761⁎ 0.046
Fungi 0.344 0.409 −0.606 −0.924⁎⁎ −0.677 −0.073 0.349 0.176 −0.512 −0.602 −0.344 −0.026
General bacteria 0.486 0.487 −0.076 −0.900⁎ −0.554 −0.116 0.624 −0.115 0.079 −0.777 −0.794⁎ 0.120
Gram negative bacteria 0.533 0.625 −0.058 −0.961⁎⁎ −0.475 −0.258 0.685 −0.063 0.045 −0.772 −0.718 −0.004
Gram positive bacteria 0.461 0.441 −0.231 −0.878⁎ −0.682 −0.065 0.513 −0.106 0.005 −0.595 −0.786⁎ 0.126
Microphototrophs/plants 0.349 0.462 −0.425 −0.904⁎ −0.616 0.025 0.631 −0.001 −0.317 −0.883⁎ −0.384 0.025
Protozoa −0.404 −0.056 −0.728 −0.008 −0.600 0.120 −0.387 −0.514 0.249 0.210 −0.044 −0.340
Protozoa/fungi 0.296 0.067 −0.419 −0.688 −0.853⁎ 0.317 0.355 −0.084 −0.182 −0.592 −0.783⁎ 0.416

General marker
Bacteria 0.509 0.547 −0.078 −0.953⁎⁎ −0.531 −0.183 0.636 −0.091 0.063 −0.753 −0.769⁎ 0.063
Fungi 0.344 0.409 −0.606 −0.924⁎⁎ −0.677 −0.073 0.349 0.176 −0.512 −0.602 −0.344 −0.026

Saturation
Branched 0.488 0.487 −0.105 −0.918⁎⁎ −0.577 −0.136 0.575 −0.106 0.074 −0.660 −0.804⁎ 0.105
Monounsaturated 0.510 0.584 −0.074 −0.951⁎⁎ −0.508 −0.203 0.673 −0.094 0.061 −0.808 −0.732 0.029
OH-subs 0.464 0.504 −0.061 −0.652 −0.466 −0.307 0.436 −0.049 0.112 0.066 −0.814⁎ −0.004
Polyunsaturated 0.271 0.195 −0.572 −0.800 −0.885⁎⁎ 0.205 0.331 −0.079 −0.242 −0.590 −0.673 0.221
Saturated 0.246 0.236 −0.319 −0.446 −0.779⁎ 0.162 0.278 −0.368 0.236 −0.289 −0.702 0.133

a Half-lives values for FEX in AE were as outliers excluded from analyses.
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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Table 5
Multiple linear regressionmodels for estimatingDT50,S values (days) fromKF (cm3/n μg1–1/
n g−1), microbial biomass P, Pmic (μg g−1), microbial biomass assessed using the phospho-
lipid fatty acids (nmol g−1), i.e., total PLFA (PLFAtot), total fungal PLFA (Fungi), total bac-
terial PLFA (Bacteria), total Gram-negative bacterial PLFA (Gnegative), and total
polyunsaturated PLFA (Poly): CAR – carbamazepine, CIT – citalopram, CLI – clindamycin,
FEX – fexofenadine, IRB – irbesartan, SUL – sulfamethoxazole.

Pharmaceutical Multiple linear regression models for
estimating DT50,S

R2 (%)

CAR DT50,S = 76.2⁎⁎ + 0.10.6 KF 42.3 (p = 0.114)
CIT DT50,S = 290.2⁎⁎ − 7.66 Pmic

⁎ + 0.0000130
KF

⁎
86.7⁎ (p = 0.018)

CLI DT50,S = 14.9⁎⁎ − 1.58 Fungi⁎ + 0.546 KF
⁎ 86.9⁎ (p = 0.017)

FEX DT50,S = 58.7⁎⁎⁎ − 0.413 Bacteria⁎⁎ 90.8⁎⁎ (p =
0.003)a

DT50,S = 61.0⁎⁎ − 0.468 Bacteria⁎⁎ + 0.109
KF

95.0⁎ (p = 0.011)a

DT50,S = 69.4⁎⁎⁎ − 0.573 Bacteria⁎⁎⁎ +
0.197 KF

⁎
99.2⁎⁎⁎(p =
0.0001)

DT50,S = 52.4⁎⁎ − 0.237 PLFAtot⁎ 76.3⁎ (p = 0.023)a

DT50,S = 59.2⁎⁎ − 0.325 PLFAtot⁎ + 0.219
KF

89.0⁎ (p = 0.036)a

DT50,S = 65.9⁎⁎⁎ − 0.386 PLFAtot⁎⁎⁎ +
0.311 KF

⁎⁎
98.5⁎⁎⁎ (p =
0.0001)

IRB DT50,S = 35.0⁎⁎⁎ − 0.549 Poly⁎⁎ 78.4⁎⁎ (p = 0.008)
SUL DT50,S = 8.28⁎⁎ + 0.921 KF 51.0 (p = 0.072)

DT50,S = 11.4⁎⁎ − 0.631 Fungi + 1.26 KF
⁎ 73.8 (p = 0.069)

DT50,S = 10.5⁎⁎ − 0.0678 Gnegative + 1.08
KF

⁎
72.0 (p = 0.078)

a half-lives values for FEX in AE were excluded from analyses.
⁎⁎⁎ p b 0.001.
⁎⁎ p b 0.01.
⁎ p b 0.05.
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FEX (23.5 days; 9.0–69 days), CLI (10.8 days; 7.4–18.4) and SUL (9.6
days; 6.8–12.7). A large persistence of CAR in soils has also been re-
ported in previous studies. Our DT50,S values for CAR (Table 3) were
lower than the DT50 values reported by Dalkmann et al. (2014)
(355–1624 days), Shao et al. (2018) (108–1732 days), and Martinez-
Hernandez et al. (2016) (194–326 days) as well as DT50 values evalu-
ated in outdoor mesocosms by Walters et al. (2010) (462–533 days)
and Grossberger et al. (2014) (147 and N200 days). Significant stability
of CAR in tested soils (observed dissipation could not be fitted by the
first-order kinetic model) was also documented by Biel-Maeso et al.
(2019). Lower values, which were obtained under laboratory condi-
tions, were reported by Monteiro and Boxall (2009) (60 days) and Yu
et al. (2013) (28–39 days). Slightly lower values were found under
field conditions (98 and 75 days for surface and subsurface soils, respec-
tively) by Al-Rajab et al. (2015). Similar values were reported by Li et al.
(2013) (46–173 days). Hurtado et al. (2017) reported DT50 N 40 days.
Interestingly, considerably higher values of DT50 were obtained for the
same soils in our previous study (Kodešová et al., 2016). In this former
study, the DT50 values were generally greater than 1000 days except
HL (329 days) and DCa (418 days). One possible reason for differences
in half-lives obtained from our previous and present studies could be
differences in soils sampling time, i.e., spring 2018 (present study) ver-
sus autumn 2014 (previous study). It has been assumed that the organic
matter fraction can reduce carbamazepine bioavailability (e.g., Al-Rajab
et al., 2015; Shao et al., 2018; Yu et al., 2013). Jirků et al. (2013) docu-
mented that organic content varied within the year and considerably
differed in different years for 3 of the tested soils (i.e., GP, HL and
HCa). However, basic soil properties (particularly organic carbon con-
tent) of soils sampled for our previous and present study did not consid-
erably differ. Soil samples obtained in different seasons could exhibit
different microbial biomass and activity with values higher during the
spring compared with autumn. For instance, nitrification can have a
moderately positive (Dawas-Massalha et al., 2014) or no (Kruglova
et al., 2014) influence on CARdissipation in soils, and soil bacteria, Strep-
tomycetes in particular, can efficiently degrade carbamazepine under
laboratory conditions (Popa et al., 2014; Ungureanu et al., 2015). Unfor-
tunately, we do not have information aboutmicrobial conditions in pre-
viously studied soil samples; thus, we cannot compare those criteria.
Another reason for observed differences in CAR half-lives between stud-
ies could be slightly different experimental procedures. In our previous
study, we did not preincubate soils (i.e., 6 days of incubation of soils
samples under 20 °C and soil water content corresponding to a half of
the soil water capacity) before application of pharmaceuticals. Although
soil sample processing followed the same method and was very fast in
both experiments, bacterial activity could be suppressed. During the
preincubation period, bacterial activity could be triggered that resulted
in a better starting point for CAR degradation in soils compared with no
preincubation.

The other two compounds that were assessed in our previous study
(Kodešová et al., 2016) were CLI and SUL. Regarding CLI, the DT50,S
values (Table 3) were again slightly lower than values (13–21 days) re-
ported by Kodešová et al. (2016) in the same topsoils. Our results could
also be compared with dissipation half-lives in biosolids presented by
Wu et al. (2009) and Chenxi et al. (2008), who documented faster deg-
radation in the first few days followed by stabilization afterwards. Both
effects can be explained by better initial conditions for compound mi-
crobial degradation in preincubated soils (present study) and biosolids
with large microbial abundance (Wu et al., 2009; Chenxi et al., 2008)
compared with nonpreincubated soils (Kodešová et al., 2016).

In the case of SUL, the DT50,S values (Table 3) were similar those
(5–15 days) reported by Kodešová et al. (2016). This finding indicates
that different preincubation treatments (i.e., not and preincubated soil
samples in our previous and present study, respectively) did not influ-
ence dissipation of SUL in the selected soils. The finding could poten-
tially be explained by a very fast dissipation of this compound in the
soil environment, which was also documented by other studies in
different soils by Srinivasan and Sarmah (2014) (4–13 days) and Lin
and Gan (2011) (9–11 days). On the other hand, higher dissipation
half-lives in topsoils were published by Albero et al. (2018) (18–24
days), Shen et al. (2018) (29–36 days) and Wu et al. (2012) (38–55
days). Higher dissipation half-lives were also observed in subsoils by
Kodešová et al. (2016) (66 and 152 days) and lake sediments by
Zhang et al. (2013) (42–57 days). The biotic SUL transformation again
appeared to be the major factor affecting compound dissipation
(Srinivasan and Sarmah, 2014; Wu et al., 2012). At broad spectrum of
soil bacteria or mixed microbial consortia may degrade SUL by meta-
bolic or cometabolic pathways (reviewed in Wang and Wang, 2018).
Thus, different half-lives found in the literature were results of different
bioavailabilities of SUL dependent on its concentration together with
presence of microbial members responsible for degradation in tested
soils and sediments.

While dissipation of CAR and SUL (also partly CLI) in soils has been
documented in several studies, dissipation of CIT in this environment
has not been studied to date. The moderately lower persistence of CIT
(DT50 of 41 days) compared to the DT50,S values in Table 3 was docu-
mented by Iranzo et al. (2018), who studied dissipation of CIT in
composted sludge from a waste-water treatment plant. The large per-
sistence of CIT could be partly explained by its very large sorption affin-
ity to soils (e.g., Table 3 or Klement et al., 2018). Similar to CIT, our DT50,S
values for IRB could be compared onlywith half-lives reported by Iranzo
et al. (2018) in composted sludge from thewastewater treatment plant.
Their values (9–27.7 days) were similar or slightly lower than our ob-
tained values (Table 3). To the best of our knowledge, no study has ad-
dressed FEX dissipation in soils, sediments or in soils related materials.

3.2. Simultaneous degradation of all pharmaceuticals in soils

The dissipation half-lives (DT50,M) of compounds applied into soils
simultaneously (Table 3) were mostly increased compared with values
(DT50,S) from a single compound application,whichmay indicate a neg-
ative impact of antibiotics on soil microbial communities
(e.g., Caracciolo et al., 2015; Grenni et al., 2018). However, the impact
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of simultaneous application on the half-lives of selected pharmaceuti-
cals was not consistent in all soils. The least influence on half-lives
was observed for SUL (higher DT50,M in SChS, HCh, GP, HL, and HCa
and lower DT50,M in DCa and AE). An ambiguous trend was observed
for CLI (higher DT50,M in SChS, HCh, GP and AE and lower DT50,M in
HL, HCa, and DCa). Dissipations of other non-antibiotic compounds
were likely mostly decreased by the presence of antibiotics. However,
lower DT50,M values compared with DT50,S values were also obtained
for CIT and FEX in HCh and DCa and CAR in HL. The results of our
study cannot confirm that enhanced dissipation of selected compounds
in some soils was due to interactions with each other (e.g., Grenni et al.,
2018). It can be hypothesized that compoundswere less sorbed in some
soils due to a competition of compounds for sorption sites and thus
were more available for microbes. An inconsistent influence of simulta-
neous applications of compounds on their dissipations in different soils
is also documented by insignificant positive correlations between DT50,S
and DT50,M values (Table S7). Therefore, it is not possible to propose gen-
eral relationships for estimating compounds half-lives in mixtures with
other compounds from values obtained from single compound applica-
tions. The large persistence of some compounds in the mixture with
other compounds increases their potential to migrate in the subsurface
water environment and thus should be assumed in studies assessingpo-
tential threats related to the spread of pharmaceuticals in the environ-
ment. Despite the large variability of the percentage of increase/
decrease in half-lives, average values that vary between 7 and 39%
(Table 3) can be at least used to adjust half-lives resulting from single
compound dissipation tests at diverse levels to simulate limit scenarios
when assessing potential migration of these compounds in the soil
environment.

3.3. Relationships among half-lives, KF values and soil properties

Regarding KF values, a significant positive relationship (Table S7)
was found between the CAR KF sorption coefficient and Cox (R =
0.971, p b 0.05 in all cases, when not different), CEC (R = 0.862) and
BCS (R = 0.756) (Table S1). This finding indicates that the sorption af-
finity of organic compounds in neutral forms correlates positively to or-
ganic matter content, which was documented previously (Kodešová
et al., 2015), and properties that correlate with Cox (Table S7). A signif-
icant positive relationship (R = 0.976) was identified between the KF

sorption coefficients of the positively charged compounds CIT and CLI,
and the KF values of both compounds positively correlated with BCS
(R = 0.836 and R = 0.875, for CIT and CLI, respectively). This finding
can be explained by a sorption of cations on the negatively charged sur-
face of soil components (Kodešová et al., 2015; Klement et al., 2018).
The significant positive relationship (R= 0.985) was also identified be-
tween the KF sorption coefficients of FEX and IRB, and a significantly
negative correlation was observed between the KF values for both com-
pounds and SCS (R=−0.889, and R=−0.942, for FEX and IRB, respec-
tively). These findings are again consistentwith results of Klement et al.
(2018) and associated with repulsion between the negative charges of
their molecules and component surface. Finally, as observed by
Kodešová et al. (2015), a strong positive relationship (R = 0.957) was
found between the SUL KF values and HA, which can be again explained
by its negative charge in soils with higher pH and neutral form in soils
with low pH and high HA (i.e., Cambisols), in which its sorption is less
or not influenced by repulsion between negative charges.

While correlation analyses showed meaningful statistically signifi-
cant relationships (p b 0.05) between some soil properties and the KF

values (Table S7), analyses for half-lives generally showed no relation-
ships (Table S8). One exception is that the DT50,S values for SUL
Fig. 1.Grouping soils according: a) basic soil properties (first 15 lines in Table 1); b) Freundlich s
DT50 resulted from both treatments, DT50,S and DT50,M (Table 3); e) half-lives resulted from t
applications, DT50,M; g) all soil properties in Table 1; f) half-lives resulted from both treatmen
to the components related to different properties and datasets shown in this figure (i.e., in a, b
correlated with HA (R= 0.806, p = 0.0285). This finding may be asso-
ciated with the positive correlation between the KF values and HA
(Table S7). Therefore, the dissipation half-live increasedwith increasing
sorption affinity of SUL to soils, thus decreasing its availability. However,
the positive correlations between the KF and DT50,S values of SUL were
not statistically significant (Table 4 or S8). Similar correlations
(Table S8) between the DT50,S values for CAR and BCS (R = 0.759) can
be partly explained by the positive relationship between KF values and
BCS (Table S7). However, the positive correlations between the KF and
DT50,S values of CAR were not statistically significant (Table 4 or S8).
Nonsignificant positive correlations were also identified between the
KF and DT50,S values for CIT and CLI, and even negative correlations
were obtained between the KF and DT50,S values for FEX and IRB
(Table 4 or S8). In general, as also found in our previous study
(Kodešová et al., 2016), dissipation half-lives cannot be related to a sin-
gle property of soils. In addition, although Kodešová et al. (2016) docu-
mented statistically significant positive relationships between the KF

values and half-lives of CLI and SUL measured in topsoils, a nonsignifi-
cant correlation was observed in the present study.

Sorption coefficients for mixture of all compounds were not mea-
sured. Since sorption coefficients of all or some compounds should be
impacted by their competition for sorption sites or synergy (Kočárek
et al., 2016; Fér et al., 2018; Schmidtová et al., 2020), correlations be-
tween DT50,M and evaluated KF were not calculated.

3.4. Relationships between half-lives and soil microbial biomass/biomarkers

Half-lives of FEX and IRB negatively correlated with some of themi-
crobial factors (Table 4), i.e., dissipation of these two compounds in-
creased with some of the increasing microbial factors. For instance,
significant and insignificant correlations were found between the
DT50,S values and the overall microbial biomass (PLFAtot) for FEX (R =
−0.873, p = 0.023) and IRB (R = −0.648, p = 0.116), respectively,
and between the DT50,M values and PLFAtot for IRB (R = −0.772, p =
0.042) and FEX (R = −0.663, p = 0.152), respectively. These findings
suggest a scenario wherein “the higher the biomass, the faster the dissi-
pation”. However, in general, nomeaningful correlationswere found for
CAR, CLI, SUL and CIT. The reason could be that CAR is mainly metabo-
lized by enzymes in human, animal and plant bodies (e.g., Kodešová
et al., 2019a; Malchi et al., 2014; Paltiel et al., 2016) that are generally
not present in soils (e.g., Thelusmond et al., 2019), andmicrobial degra-
dation is likely very slow and linked to specific microbial members of
the community (Popa et al., 2014; Ungureanu et al., 2015). CIT is
strongly sorbed in soils, thus being mostly unavailable for degradation.
Therefore, microbial factors did not play a major role. Regarding CLI
and SUL, these compounds could variably modify microbial activity
(Frková et al., 2020). However, theDT50,S values of CLI negatively but in-
significantly correlatedwith the total fungal PLFA (Fungi) (R=−0.606,
p = 0.149 for DT50,S and R = −0.512, p = 0.240 for DT50,M) and the
total protozoal PLFA (Protozoa) (R = −0.728, p = 0.064 for DT50,S).

3.5. Estimation of dissipation half-lives from KF values, soil properties and
microbial indicators

Results of multiple linear regressionswere evaluatedwith respect to
expected impacts of particular factors on the dissipation of compounds
in soils, e.g., increased microbial biomass or specific microbial markers
stimulate dissipation of biodegradable compounds, while the higher
sorption of compounds in soils would inhibit it. This notion means
that the equations showing the opposite effects were excluded.
Resulting regression models for DT50,S of CIT, CLI, FEX, IRB and SUL in
orption coefficients, KF (Table 3); c) phospholipid fatty acids, PLFAs (Table S2); d) half-lives
he single compound applications, DT50,S; f) half-lives resulted from multiple compound
ts, DT50,S and DT50,M, and KF values (Table 3). Weights of the components corresponding
, c, d, e and f) are shown in Fig. S1 and corresponding Figs. S1a, b, c, d, e and f.
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Table 5 always included at least one microbial factor (either Pmic or
PLFA-derived microbial markers). In the case of CAR, CIT, CLI, FEX and
SUL equations included the KF values. However, it should be mentioned
that in the case of CAR and SUL, the resulting multiple linear regression
modelswere not statistically significant at the 95% or greater confidence
level. Despite this, the models for both antibiotics CLI and SUL (of the
highest R2 and lowest p-value) included the same factors (i.e., fungal
PLFA content and KF), which may indicate similar mechanisms
(i.e., stimulation and inhibition, respectively) controlling their dissipa-
tion in soils. The potential of fungal members of the microbial commu-
nity to degrade SUL in soils was documented by their enhanced activity
(Chen et al., 2016) or increased proportion of fungal biomass in loamy
sand soil (Gutiérrez et al., 2010) or in ChernozemHaplic and Phaeozem
Greyic (Frková et al., 2020). Antibiotics are efficiently degraded by var-
ious soil microorganisms (Wang andWang, 2018;Martin-Laurent et al.,
2019), including resistant soil bacteria, which exhibit increased num-
bers due to environmental pollution (e.g., Fahrenfeld et al., 2014;
Goodman and Gilman, 2011; Heuer et al., 2008). In our study, the sec-
ond model for SUL includes KF and biomass of Gram-negative bacteria
(Table 5) likely because these bacteria are more likely to acquire and
spread plasmid-mediated antibiotic resistance in the environment
(Stokes and Gillings, 2011). A decreased G+/G- ratio, which indicates
a stimulatory effect on Gram-negative bacteria after the application of
SUL or CLI into some soils, was also observed by Frková et al. (2020).

Bacteria seemed to be themain factors controlling dissipation of FEX
(Tables 4 and 5). An increased R2was achievedwhen the KF valueswere
also included (Table 5). However, the impact of the KF values was statis-
tically insignificant, and the statistical significance of the model de-
creased. Close correlations were observed between half-lives and
other microbial indicators (Table 5), including PLFAtot. Models derived
either fromPLFAtot or from PLFAtot and KF (Table 5) were less significant
than those derived for the total bacterial biomass (General bacteria).
Statistical analyses (Table 4) and previous multiple linear regressions
(Table 5) were performed without the DT50,S values for FEX in AE. Sim-
ilar models (to those discussed above) of greater statistical significance
were obtained when all the DT50,S values for FEX were included
(Table 5). Resulting models showed an overall stimulation effect of
the entire microbial community and the inhibitory influence of rela-
tively high sorption of FEX in soils although the simple correlation be-
tween DT50,S and KF was negative (Table 4). The sum of
polyunsaturated PLFAs (e.g., fungi, protozoa, microphototrophs/plants
and some of nonspecific organisms, i.e., microeukaryotes) was the
only factor affecting DT50,S in the best model derived for IRB (Table 5).
Inclusion of the KF values did not improve model performance. How-
ever, Table 4 shows that all microbial PLFAmarkers negatively (not sta-
tistically significantly) correlatedwith theDT50,S values and correlations
increased for the DT50,M values. Similar to FEX, these findings may illus-
trate the overall stimulation effect of the entiremicrobial community on
IRB dissipation in soils but no considerable impact of KF.

In the case of highly sorbed CIT, dissipationwas negatively related to
the amount of phosphorus in microbial biomass and positively related
to the coefficient describing its sorption in soils. In fact, no reliable
modelwas derived for CAR. It has been previously documented that dis-
sipation of CAR in soils is very slow likely because the enzymes respon-
sible for the transformation of carbamazepine are not common in
agriculture soils (Thelusmond et al., 2016, 2018, 2019). It should also
be mentioned that statistical analyses for CIT and CAR were affected
by moderate uncertainty in the evaluated DT50,S values (as discussed
in part 2.7). Thus, the model derived for CIT is also uncertain.

The presented models for predicting dissipation half-lives of tested
pharmaceuticals are more difficult to use in practice compared with
those proposed for instance by Al-Khazrajy et al. (2018) for diltiazem,
ranitidine and cimetidine, who used more easily measured indicators
(i.e., microbial activity, clay content, silt content and carbon content).
Correlations between half-lives and easier to determine indicators of
microbial abundance and activity (BR and SIR in Table 4) were weak
or not meaningful (i.e., positive correlations). Multiple linear regres-
sions also did not result in statistically significant models. Nevertheless,
our results proved the main impact of microbial PLFA markers on half-
lives of compounds rapidly dissipating from soils (i.e., CLI, SUL, FEX
and IRB). In addition, our findings also confirmed that sorption of
some compounds in soils could reduce their dissipation from soils.

3.6. Behavior of compounds with respect to soil type

Principal component analysis (Figs. 1 and S1) showed that separa-
tion of soil types first by two PC (Figs. 1b and S1b) derived from all KF

values in Table 3 corresponds to the distribution derived from the
basic soil properties (Figs. 1a and S1a) in Table 1 (15 lines pHH2O –
Sand), i.e., Group 1: soils developed on loess HCh, GP, and HL; Group
2: both Cambisols HCa and DCa; Group 3: AE; Group 4: SChS. Division
of soil types (Figs. 1e and S1e) based on DT50,S values in Table 3 closely
corresponds to distributions (Figs. 1c and S1c) derived from the micro-
bial community composition (PLFA) in Table S2, i.e., Group 1: HCa, Dca,
and HL; Group 2: GP and SChS; Group 3: AE; Group 4: HCh. Similarity in
soil distribution (Figs. 1d and S1d) derived from both DT50 values
(i.e., DT50,S and DT50,M) with that derived from the PLFA (Figs. 1c and
S1c) was also documented. Similar correspondence was not found for
the DT50,M values (Figs. 1f and S1f) likely due to the variable impact of
simultaneous application in different soils.When assuming all soil prop-
erties (Table 1), both characteristics describing compounds' behavior in
soil (i.e., KF and DT50) distributions (Fig. 1f, h) differ. However, two
groups can be identified in both cases, i.e., Group 1: both Cambisols
HCa and DCa; Group 2: two of soils developed on loess GP and H-
Ch. These findings proved previously formulated hypothesis by
Kodešová et al. (2016) for trimethoprim, sulfamethoxazole,
clindamycin, atenolol and metoprolol. This hypothesis states that
while sorption of pharmaceuticals in soils is related to basic soil proper-
ties, their dissipation is controlled by overall soil properties controlling
microbial composition in soils. Of note, in a study by Koba et al.
(2017) who studied transformation of 3 antibiotics (CLI, SUL and tri-
methoprim) in 12 soil materials (including 7 soils in present study),
soils were grouped according their substrates and character as follows:
Group 1: three soils developed on loess and one on marlite substrate;
Group 2: two soils developed on sandy materials; Group 3: four
Cambisols. The results (Fig. 1d, e) slightly differ from results in our pre-
vious paper (Koba et al., 2017). The difference can be explained by the
fact that our present study did not only include antibiotics
(i.e., antibiotic behaviors can follow similar patterns). In addition, the
behaviors of some of compounds (e.g., CAR) considerably differ from
behaviors of other compounds.

3.7. Potential environmental threat related to the occurrence of studied
compounds in soils

Given its great persistency and low sorption affinity in soils (Table 3
or Kodešová et al., 2015, 2016), CAR is a highlymobile compound in the
subsurface water environment. Thus, this compound frequently occurs
in groundwater (e.g., Fram and Belitz, 2011; Godfrey et al., 2007; Li,
2014; Huntscha et al., 2012; Loos et al., 2010; Radovic et al., 2015). It
has also been documented that CAR is freely taken up by plants
(e.g., Goldstein et al., 2014; Hurtado et al., 2017; Klement et al., 2020;
Kodešová et al., 2019a, 2019b; Malchi et al., 2014; Montemurro et al.,
2017; Mordechay et al., 2018; Shenker et al., 2011; Winker et al.,
2010; Wu et al., 2013).

On the other hand, due to its low dissipation half-lives and higher
sorption (Table 3 or Kodešová et al., 2015, 2016) CLI should not exten-
sively migrate in the vadose zone (e.g., de Jongh et al., 2012). Potential
uptake of CLI by plants is likely very limited. For instance, Kodešová
et al. (2019b) reported no uptake of CLI and very low uptake of its me-
tabolite clindamycin sulfoxide from sewage sludge applied into 7 soils
as a soil amendment.
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Although SUL rapidly dissipates in topsoils, it can rapidly migrate
though topsoils under particular conditions (e.g., under intensive ir-
rigation with contaminated water) due to its very low sorption
(Table 3 or Kodešová et al. (2015, 2016)). Subsequently, due to its
high dissipation half-life in subsoils (Kodešová et al., 2016) and
low sorption affinity to soils and sediments, SUL can easily migrate
in the subsurface water environment (i.e., frequent SUL occurrences
in groundwater have been published by Fram and Belitz (2011),
Godfrey et al. (2007), Li (2014) and Loos et al. (2010)). Furthermore,
it has been documented that SUL can also be taken up by plants
(e.g., Ahmed et al. (2015); Klement et al., 2020; Kodešová et al.,
2019a; Malchi et al., 2014; Wu et al., 2013).

Given its large sorption, CIT is lessmobile in the subsurfacewater en-
vironment. However, CIT can be taken up by plants from sewage sludge
incorporated into soils (e.g., Kodešová et al., 2019b).

The sorption of IRB in soil (Table 3 or Klement et al., 2018) is strongly
soil-specific. It can be either very low (soils developed on loess) or high
(DCa and AE). Since dissipation half-lives of IRB in different soils were
relatively similar, IRB's potential to migrate in a subsurface water envi-
ronment ismoderate (soils developed on loess) or low (DCa andAE). No
plant uptake of IRB from sewage sludgewas reported by Kodešová et al.
(2019b).

Finally, the stability of FEX ismoderate (DT50,S values in Table 3), but
its sorption affinity to soils (Table 3 or Klement et al., 2018) is relatively
high. Thus, its mobility in the vadose zone seems to be very low. Negli-
gible plant uptake of FEX from sewage sludgewas reported by Kodešová
et al. (2019b).

4. Conclusions

Results of our study (i.e., results from the principal component
analysis of different data sets) showed that while knowledge of
basic soil properties can be used to group soils according sorption be-
havior of studied compounds in these soils, the knowledge of micro-
bial composition can be used to group soils according their
dissipation potential. These findings confirmed the hypothesis sug-
gested in our previous study (Kodešová et al., 2016) and can be
used to properly design future experiments, e.g., selection of repre-
sentative soils, and extrapolate obtained results to similar soils in a
particular group. Our results from the multiple linear regressions re-
lating the DT50 values to soil and microbiological properties also
showed that knowledge of initial microbial community composition
(or property related to microbial biomass) and sorption of com-
pounds in soils could be used to estimate the dissipation half-lives
(DT50,S – single solute application) of CIT, CLI, FEX and IRB in tested
soils. No statistically significant relationships at the 95% or higher
confidence level were found for CAR and SUL, but the derived
model for SUL was similar to that obtained for the second antibiotic
CLI. The dissipation half-lives (DT50,M) generated from the applica-
tions of multiple solutes were generally increased compared with
the DT50,S values, which could be attributed to the negative influence
of antibiotics onmicrobial communities. However, this trendwas not
consistent in all soils. In several cases, DT50,S values were even higher
than the DT50,M values. Further studies are needed to reveal actual
mechanisms occurring during the transformations of various com-
pounds in the soil environment. The experimental design can be im-
proved, e.g., use less pharmaceuticals (starting with 2 compounds)
for themultiple-compound applications andmonitoring of microbial
activity and composition in soils during the entire degradation ex-
periment. DNA/RNA analysis in combination NGS techniques could
give indication, how the various compounds affect microbial diver-
sity etc. Despite some limitations discussed in this study, our results
and findings can be adopted in environmental studies assessing
transport and dissipation of tested compounds in the vadose zone
and future experiments dealing with dissipations of organic com-
pounds as pharmaceuticals in the soil environment.
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