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ABSTRACT 20	

 21	

Natural steroidal estrogens such as 17 β-estradiol (E2), as well as antimicrobials such as 22	

doxycycline and norfloxacin, are excreted by humans and hence detected in sewage sludge and 23	

biosolid. The disposal of human waste products on agricultural land results in estrogens and 24	

antibiotics being detected as mixtures in soils.  The objective of this study was to examine 25	

microbial respiration and E2 mineralization in sewage sludge, biosolid and soil in the presence 26	

and absence of doxycycline and norfloxacin. The antimicrobials were applied to the media either 27	

alone or in combination at total rates of 4 and 40 mg kg-1, with the 4 mg kg-1 rate being an 28	

environmentally relevant concentration. The calculated time that half of the applied E2 was 29	

mineralized ranged from 294 to 418 d in sewage sludge, from 721 to 869 d in soil and from 30	

2,258 to 14,146 d in biosolid. E2 mineralization followed first-order and the presence of 31	

antimicrobials had no significant effect on mineralization half-lives, except for some 32	

antimicrobial applications to the human waste products. At 189 d, total E2 mineralization was 33	

significantly greater in sewage sludge (38 ±0.7%) > soil (23 ±0.7%) > biosolid (3 ±0.7%), while 34	

total respiration was significantly greater in biosolid (1,258 mg CO2) > sewage sludge (253 mg 35	

CO2) ≥ soil (131 mg CO2). Strong sorption of E2 to the organic fraction in biosolid may have 36	

resulted in reduced E2 mineralization despite the high microbial activity in this media. Total E2 37	

mineralization at 189 d was not significantly influenced by the presence of doxycycline and/or 38	
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norfloxacin in the media. Antimicrobial additions also did not significantly influence total 39	

respiration in media, except that total CO2 respiration at 189 d was significantly greater for 40	

biosolid with 40 mg kg-1 doxycycline added, relative to biosolid without antimicrobials. We 41	

conclude that it is unlikely for doxycycline and norfloxacin, or their mixtures, to have a 42	

significant effect on E2 mineralization in human waste products and soil. However, the potential 43	

for E2 to be persistent in biosolids, with and without the presence of antimicrobials, is posing a 44	

challenge for biosolid disposal to agricultural lands. 45	

 46	

Keywords: 17 β-estradiol, antimicrobial, doxycycline, norfloxacin, sewage sludge, biosolid, 47	

soil, mineralization, respiration. 48	

 49	

 50	

INTRODUCTION 51	

 52	

17 β-estradiol (E2) is a natural steroidal estrogen produced by vertebrates. Estrogens are excreted 53	

by vertebrates in both urine and feces with an estimated global rate of 29,500 kg of natural 54	

estrogens being excreted by humans each year. [1] 17 β-estradiol has been frequently detected in 55	

human waste products such as in sewage sludge and biosolid at rates ranging up to 230 µg kg-1. 56	

[2-5] The disposal of such human waste products to agricultural land enhances soil nutrients and 57	

carbon content, but also introduces estrogens that can contaminate surface waters via runoff [6,7] 58	

and groundwater via leaching. [8,9] Contamination of surface waters with estrogens at low 59	

concentrations has been shown to induce vitellogenesis and other abnormal secondary sexual 60	

characteristics in male and juvenile female fish [10,11], for example the production of an egg yolk 61	



4	
	

protein precursor has been observed in male fish exposed to E2 concentrations as low as 25 ng L-62	

1. [12]  Drinking water contaminated with estrogens could pose health risk to humans. [7,12]  63	

 64	

Bacteria that can degrade E2 in soil and human waste products include the genera Aminobacter, 65	

Escherichia, Pseudomonas, Sphingomonas (Proteobacteria), Corynebacterium, Microbacterium, 66	

Nocardioides, Rhodococcus (Actinobacteria), and Flavobacterium (Bacteroidetes). [13-19] 67	

Microbial degradation is a main path of estrogen degradation [20-22], hence antimicrobial toxicity 68	

towards these bacteria may result in increased E2 persistence in soil and human waste products. 69	

For example, chlortetracycline, sulfamethazine and tylosin applied to soil at concentrations as 70	

low as 2 mg kg-1 significantly reduced the transformation of E2 to estrone (E1). [23] 71	

Antimicrobials affect bacterial compositions with the impact on specific species being depended 72	

on the types and concentrations of antimicrobial present, as well as the duration of exposure and 73	

the level of bacterial resistance to the antibiotics. [24] 74	

 75	

E2 mineralization can be quantified by using radiolabeled [4-14C] E2 in microcosm experiments 76	

[21,25,26], whereby the recovery of 14CO2 indicates that the steroid molecule has been inactivated 77	

because of ring cleavage. [27] Antimicrobial additions to soil and other media has shown to 78	

reduce reduced E2 mineralization in some cases. [20,23,26] For example, the addition of 40 mg kg-1 79	

tetracycline to manure decreased total E2 mineralization by 14% relatively to manure without 80	

antibiotics added, but E2 mineralization in soils was not impacted. [26]  81	

 82	

	In this study, we examine the impact of the antimicrobials doxycycline and norfloxacin on E2 83	

mineralization in media. Doxycycline, which selectively inhibits the 30S ribosomal subunit in 84	
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bacteria, belongs to the tetracycline group of antimicrobials. Doxycycline is commonly used to 85	

treat wide array of infections in humans (urinary tract, intestine and eye) and is also increasingly 86	

used as an anti-cancer therapeutic. [28] Norfloxacin belongs to the fluoroquinolone group of 87	

antimicrobials and is primarily used to treat urinary tract infections and respiratory diseases in 88	

humans by selectively inhibiting DNA replication in target bacteria. [29] Both doxycycline and 89	

norfloxacin are readily excreted by humans and have been detected in sewage sludge and 90	

biosolid at concentrations of up to 1.5 mg kg-1 for doxycycline and 11 mg kg-1 for norfloxacin [30-91	

34], and in agricultural soils following biosolid application at concentrations of up to 15 µg kg-1 92	

for doxycycline and 45 µg kg-1 for norfloxacin. [32,35] Both antimicrobials have been detected in 93	

surface water following wastewater effluent discharge and following surface runoff from soils 94	

amended with biosolid. [31,32,36,37] Tetracycline and fluoroquinolone compounds, either alone or 95	

in combination, have reported toxicity to photosynthetic aquatic organisms such cyanobacteria. 96	

[38] Tetracycline has shown to decrease soil bacterial diversity following its application to a plant-97	

soil system. [24] Fluoroquinolones have shown to inhibit the growth of Azopirillum brasilense, a 98	

nitrogen-fixing bacteria in soil. [39]  99	

 100	

The objective of this study was to assess the individual and combined effects of doxycycline and 101	

norfloxacin on microbial respiration and E2 mineralization in sewage sludge, biosolid and soil. 102	

We tested the hypothesis that when present at an environmentally relevant concentration of 4 mg 103	

kg-1 doxycycline and norfloxacin individually or combined will not inhibit microbial activity to 104	

the extent of significantly reducing E2 mineralization in media, but that at a ten times greater 105	

concentration rate, E2 mineralization will be reduced in one or more of the media tested. 106	

 107	
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 108	

MATERIALS AND METHODS 109	

 110	

Chemicals and Media 111	

 112	

Analytical grade 17 β-estradiol (≥98% pure), doxycycline (≥98% pure) and norfloxacin (≥98% 113	

pure) were purchased from Sigma-Aldrich Chemical Company (Saint Louis, MO, USA). 17 β-114	

estradiol [4-14C] (99% radiochemical purity, specific activity 45-60 mCi mmol-1) was purchased 115	

from American Radiolabeled Chemicals Inc. (Saint Louis, MO, USA). 116	

 117	

Media were sewage sludge, biosolid and soil samples (Table 1). Sewage sludge was obtained 118	

from facultative lagoon-based sewage treatment facility in southern Manitoba, Canada that 119	

services approximately 8000 people. Grab samples were taken from the outer edge of a lagoon 120	

and mixed thoroughly. The lagoon consisted of a primary stabilization cell that receives raw 121	

sewage while undergoing simultaneous treatment processes that include sedimentation, 122	

bioflocculation, chemical precipitation, biochemical oxidation, fermentation and disinfection. 123	

Grab samples of biosolid were obtained from a wastewater treatment plant in the province of 124	

Alberta, Canada. The plant treats more than 100,000 million litres of wastewater annually and 125	

the treatment processes to transform untreated sewage sludge into biosolid includes pre-126	

treatment screening, enhanced primary treatment, primary treatment clarifying, solids settling, 127	

fermentation, and anaerobic digestion. The soil was sampled (0-15 cm) from the Ap-horizon of a 128	

Newdale Clay Loam, which is recognized as the provincial soil of Manitoba and represents a 129	
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large area of agricultural land in this province. The soil is classified as an Orthic Black 130	

Chernozem (nearest equivalent to the U.S. Soil Taxonomy are the Udic Boroll subgroups).[40]  131	

 132	

Both sewage sludge and biosolid media were analyzed for selected hormones (E2, EE2, estriol, 133	

estrone, progesterone and testosterone) and pharmaceuticals (acetaminophen, benzoylecgonine, 134	

chloramphenicol, ciprofloxacin, clindamycin, cocaine, codeine, cotinine, enrofloxacin, 135	

erythromycin, fluoxetine, lincomycin, methamphetamine, norfloxacin, norfluoxetine, ofloxacin, 136	

oxolinic acid, pentoxifylline, pipemidic acid, sulfabenzamide, sulfadimethoxine, sulfadoxine, 137	

sulfamerazine, sulfamethazine, sulfamethoxazole, sulfapyridine, sulfaquinoxaline, sulfathiazole 138	

and trimethoprim) by Alberta Innovates Technology Futures, Edmonton, AB. Detection limits 139	

ranged from 0.01 to 0.10 ng g-1 for hormones and from 0.2 to 5.0 ng g-1 for pharmaceuticals. 140	

Hormones were below detection limits in both samples. Cotinine was the only pharmaceutical 141	

detected but in both biosolid (26.8 ng g-1) and sewage sludge (7.3 ng g-1). Cotinine is a 142	

metabolite of nicotine. In a study of river sediments, nicotine inhibited microbial respiration [41], 143	

but the impact of cotinine on soil microbial communities is unknown. 144	

 145	

Microcosm Experiments 146	

 147	

The impact of antibiotics on E2 mineralization in these media was quantified using a factorial 148	

design of antimicrobial additions plus controls without antimicrobials.  Both radiolabeled and 149	

analytical grade E2 was applied and the E2 experiment was terminated at 189 days at which time 150	

E2 mineralization had slowed to <0.1% per day for all treatments. In a parallel experiment, only 151	
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analytical E2 was applied, but the same factorial design plus control was utilized to quantify the 152	

impact of antibiotics on microbial respiration (CO2 production) over 189 days.  153	

 154	

Microcosms consisted of a 500 mL Mason jar containing a 90 mL glass beaker with 25 g media 155	

(wet weight), a 20 mL scintillation vial with 8 mL of 0.5 M NaOH to trap CO2 (as well as 14CO2 156	

in case of the E2 experiment) and a 15 mL test tube with 3 mL of acidified water (pH≤3) to 157	

preserve a humid environment without trapping CO2.  Microcosms were pre-incubated at 20˚C 158	

for seven days prior to E2 applications. Antibiotics were added on day 5. Antibiotic stock 159	

solutions were prepared in milli-Q water that was acidified with 0.5 M HCl (pH 4) to help 160	

dissolve doxycycline and/or norfloxacin. Antibiotic concentrations were 0.1 g L-1 doxycycline or 161	

norfloxacin, 1.0 g L-1 doxycycline or norfloxacin, 0.05 g L-1 doxycycline plus 0.05 g L-1 162	

norfloxacin, and 0.5 g L-1 doxycycline plus 0.5 g L-1 norfloxacin.  Flasks were wrapped in tin foil 163	

to minimize photolysis and solutions were used within 2 hours after preparation. Antibiotic 164	

solutions (1 mL) were added to achieve a total antimicrobial concentration of 4 mg kg-1, which is 165	

within the range reported for sewage sludge and biosolid [30-34], and at a ten times greater 166	

concentration (40 mg kg-1). For the treatments not receiving antimicrobials (i.e. control), 1 mL of 167	

acidified water (pH 4) was added to the media to ensure a similar decrease in pH  of ~ 0.2 to 0.3, 168	

depending on the media.    169	

 170	

E2 stock solutions (0.5 mL) were mixed with media in microcosms to achieve an E2 171	

concentration of 50 µg kg-1. For the E2 mineralization experiments, E2 stock solutions were 172	

prepared to also include radiolabeled E2 so that each microcosm contained 1,667 Bq of [4-14C] 173	

E2. NaOH traps were removed and replaced every 2 to 4 days for the first two weeks, then every 174	
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4 to 7 days until week 13, and finally every 10 to 15 days until completion of the experiment at 175	

189 d.  For the E2 experiment, scintillation cocktail (8 mL, 30% Scintisafe scintillation cocktail; 176	

Fisher Scientific, Fairlawn, NJ) was added to the removed NaOH traps and the evolved 177	

radioactivity was measured by Liquid Scintillation Counting (LSC) using an LS 6500 (Beckman 178	

Instruments, Fullerton, CA) with automated quench correction (#C Method) and a maximum 179	

counting time of 10 min. For the respiration experiment, removed NaOH traps were titrated with 180	

0.05 M HCl to determine CO2 (g) evolved.   181	

 182	

Statistical Analyses 183	

 184	

The effect of media and antibacterial treatment on total E2 mineralization or total respiration was 185	

analyzed by ANOVA using PROC MIXED in SAS ver. 9.4 (SAS Institute Inc., 2013). All data 186	

respected normality based on Shapiro-Wilks statistic ≥ 0.9. Dissipation kinetics of E2 for each 187	

media was generated and compared using PROC NLIN in SAS. Dissipation data for E2 was 188	

described by the first-order kinetic model Ct = C0e-kt, where Ct is the amount of radioactivity left 189	

in the media at time t [Bq.], C0 is the initial amount of radioactivity in the media [Bq], and k is 190	

the first-order rate constant [d-1]. Half-lives of radioactivity in media [d-1] was calculated by 191	

ln2/k. The calculated half-life is equivalent to the time that 50% of the radioactivity would have 192	

been mineralized in a media. The Tukey multiple comparison procedure was used for pairwise 193	

comparisons of treatment means. Treatment differences were considered significant if P < 0.05.  194	

 195	

 196	

RESULTS AND DISCUSSION 197	
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 198	

Total E2 mineralization at 189 d significantly decreased in the order of sewage sludge > soil > 199	

biosolid (Table 2) and ranged from 33 to 42% for sewage sludge, 21 to 24% for soil, and 1 to 5% 200	

for biosolid. Antimicrobial treatment had no significant effect on total E2 mineralization (Table 201	

2). E2 mineralization followed first-order kinetics (Fig. 1) with the calculated time that half of 202	

the applied E2 was mineralized (E2-½) ranging from 294 to 418 d in sewage sludge, from 721 to 203	

869 d in soil and from 2,258 to 14,146 d in biosolid. E2-½ significantly increased in the order of 204	

sewage sludge < soil < biosolid (Table 3). The presence of antimicrobials had no significant 205	

effect on E2-½ in soil. Similarly, in a previous microcosm study of 133 d [42], 40 and 200 mg 206	

kg−1 tetracycline had no significant effect on E2 mineralization when applied to the Newdale 207	

clay loam soil, but the same amounts of tetracycline applied to manure inhibited E2 208	

mineralization. In the human waste products, the combined application of 2 mg kg-1 doxycycline 209	

plus 2 mg kg-1 norfloxacin significantly increased E2-½ in sewage sludge, relative to sewage 210	

sludge without antimicrobials added (Table 3). Likewise, single applications of 4 or 40 mg kg-1 211	

norfloxacin and single application of 40 mg kg-1 doxycycline increased E2-½ in biosolid, relative 212	

to all other treatments (Table 3). In another laboratory experiment of shorter duration (7 d) [23], 213	

the presence of a single antimicrobial (chlortetracycline, sulfamethazine or tylosin) in a loam soil 214	

reduced the transformation of E2 to estrone (E1) when the antimicrobial was applied at 2 or 200 215	

mg kg-1.  216	

 217	

Respiration (mg CO2) was always numerically greater in biosolid than sewage sludge or soil, 218	

including at the onset of the experiment (Fig. 2) and, regardless of the antimicrobial treatment, 219	

cumulative respiration at 189 d was significantly greater in biosolid than sewage sludge or soil 220	
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(Fig. 3).  Cumulative respiration was significantly smaller in biosolid when norfloxacin and 221	

doxycycline were applied together, relative to biosolid receiving single applications of 4 or 40 222	

mg kg-1 norfloxacin or 40 mg kg-1 doxycycline. Cumulative respiration was significantly greater 223	

in biosolid with 40 mg kg-1 doxycycline than in biosolid free of antibiotics. Total CO2 respiration 224	

at 189 d was significantly (P=< 0.0001) influenced by media × antimicrobial treatment 225	

interactions. Specifically, when norfloxacin or doxycycline were applied together, or when no 226	

antimicrobials were added, cumulative respiration was significantly greater in the sewage sludge 227	

than soil; however, when either norfloxacin or doxycycline were applied alone, sewage sludge 228	

and soil had a similar cumulative respiration (Fig. 3). Antimicrobial treatment did not show a 229	

significant effect on cumulative respiration in sewage sludge or soil.  230	

 231	

Microbial degradation is a main path of E2 mineralization. [20-22] This study applied antibiotics to 232	

human waste products and soil at an environmentally relevant concentration and at a rate that 233	

was ten times greater. Regardless of whether norfloxacin or doxycycline was applied alone or in 234	

combination, the antimicrobials did not supress microbial respiration and, consistently, 235	

antimicrobial applications had no pronounced effect on E2 mineralization. Biosolid showed a 236	

very small total E2 mineralization relative to sewage sludge and soil, yet this medium had a 237	

much greater microbial respiration. E2 is hydrophobic with a low water solubility (5.4 - 13.3 mg 238	

L-1) and high octanol-water partitioning coefficient (3.8 - 4) [43], and hence has a strong affinity 239	

for organic matter substances in biosolid. [44] Desorption of E2 from biosolid has been reported to 240	

be low (e.g., 0.4% [43]), further suggesting reduced availability of E2 for bacterial degradation. In 241	

a previous microcosm study, Rose et al. [42] reported much larger CO2 respirations for biosolid 242	

samples than primary and secondary sewage sludge samples. In that study [42], a substantial 17 α-243	



12	
	

ethinylestradiol (EE2) mineralization was observed in sewage sludge, but EE2 mineralization 244	

was negligible in biosolid because of strong sorption and reduced bioavailability of EE2. 245	

Biosolid is a valuable agricultural amendment which can increase soil organic matter content and 246	

nutrient levels. Based on our findings, doxycycline and norfloxacing alone or in combination at 247	

environmentally relevant concentrations are not expected to suppress E2 mineralization in 248	

biosolids or soil, reassuring biosolid field application. However, the observed persistence of E2 249	

in biosolid will increase the risk of soil contamination by estrogens and further the risk of surface 250	

and ground water contamination [8,9]  and crop uptake [8,45]. Monitoring of E2 concentration in 251	

biosolid combined with management strategies such as composting or extended storage to reduce 252	

E2 concentration prior to land application can be employed to reduce the environmental dispersal 253	

of E2. [46] 254	

 255	

 256	

CONCLUSION 257	

 258	

E2 mineralization in human waste products and soil followed first-order kinetics. Total E2 259	

mineralization at 186 d significantly decreased in the order of sewage sludge > soil > biosolid, 260	

yet  cumulative  respiration was significantly larger in biosolid than sewage sludge or soil. 261	

Biosolid has a large total C content and strong E2 sorption to organic matter constituents could 262	

have reduced E2 availability of microbial degradation. Regardless of whether norfloxacin or 263	

doxycycline were applied alone or in combination, the antimicrobials did not supress microbial 264	

respiration and antimicrobial applications had no pronounced effect on E2 mineralization. 265	

 266	
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 410	

FIGURE CAPTIONS 411	

 412	

Fig 1. Cumulative 17 β-estradiol mineralization in human waste products and soil with and 413	

without antimicrobials added. Symbols refer to: solid box = 4 mg kg-1 doxycycline, open box = 414	

40 mg kg-1 doxycycline, solid circle = 4 mg kg-1 norfloxacin; open circle = 40 mg kg-1 415	

norfloxacin, solid triangle = 2 mg kg-1 doxycycline + 2 mg kg-1 norfloxacin, open triangle = 20 416	

mg kg-1 doxycycline + 20 mg kg-1 norfloxacin, and cross (x) in an open box = control. 417	

 418	

Fig 2. Cumulative respiration in human waste products and soil with and without antimicrobials 419	

added. Symbols refer to: solid box = 4 mg kg-1 doxycycline, open box = 40 mg kg-1 doxycycline, 420	

solid circle = 4 mg kg-1 norfloxacin; open circle = 40 mg kg-1 norfloxacin, solid triangle = 2 mg 421	

kg-1 doxycycline + 2 mg kg-1 norfloxacin, open triangle = 20 mg kg-1 doxycycline + 20 mg kg-1 422	

norfloxacin, and cross (x) in an open box = control. 423	
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 424	

Fig 3. Cumulative respiration at 189 days in human waste products and soil with and without 425	

antimicrobials added. Control, no antimicrobial in the medium; Doxy4 and 40, doxycycline at 4 426	

and 40 mg kg-1; Norflox4 and 40, norfloxacin at 4 and 40 mg kg-1; DoxyNor4 and 40, 427	

doxycycline and norfloxacin 1:1 mixture each at 2 and 20 mg kg-1. Different letters indicate 428	

significant differences in cumulative CO2 emission. 429	

 430	

 431	

Table 1. Selected physical and chemical properties of sewage sludge, biosolid and soil 
 
___________________________________________________________________________ 
Parameter Sewage sludge Biosolid Soil 

Moisture (%)1 63 77 31 

pH2 8.0 7.4 7.5 

Total N3 (mg kg-1) 4,400 11,050 6,800 

Total C4 (mg kg-1) 46,000 64,500 3.5%5 

 
NH4-N6 595 4460 137 

Cu (mg kg-1)8 0.82 1.39 1.03 

Zn (mg kg-1)8 1.30 1.94 0.78 

1Determined gravimetrically. 21:1 solution. 3LECO model CHN 600 carbon-hydrogen-nitrogen 432	
determinator. 4Loss on ignition method. 5Soil organic carbon content.	6Steam distillation into 433	
boric acid followed by titration with a standard acid.	7NO3

--N; Cadmium reduction method 434	
followed by modified Griess–Ilosvay method.  8Aqua regia digestion followed by Inductively 435	
Coupled Plasma Optical Emission Spectroscopy.  436	
 
 
 
 
 
 
 



19	
	

 
 
Table 2. Treatment effects of media and antimicrobials on total 17 β-
estradiol mineralization at 189 d.  
 
Treatment effect Mineralization (%) 
Media, P < 0.0001  
Sewage sludge 38a 
Soil 23b  
Biosolid 3c 
Antimicrobials, P = 0.14  
Antimicrobial×Media, P = 0.26  
Control 23a 
4 mg kg-1 doxycycline 23a 
40 mg kg-1 doxycycline 21a 
4 mg kg-1 norfloxacin 20a 
40 mg kg-1 norfloxacin 20a 
2 mg kg-1 doxycycline + 2 mg kg-1 norfloxacin 20a 
20 mg kg-1 doxycycline + 20 mg kg-1 norfloxacin 23a 
 437	

	 	438	
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Table 3. First-order dissipation models of 17 β-estradiol radioactivity in human waste products and 
soil, and the calculated days after application that half of initial radioactivity is mineralized in these 
media in the presence and absence of antimicrobials. Different letters indicate significantly 
different mineralization half-lives (HL).  
 
Media Antimicrobials (in mg kg-1) Model HL* RMSE CV 
Sewage sludge Control Ct = 112167e-0.0021t 332ab 11872 12.2 
Sewage sludge 4 doxycycline Ct = 110429e-0.0021t 329ab 12903 13.5 
Sewage sludge 40 doxycycline Ct = 110087e-0.0020t 345ab 12095 12.6 
Sewage sludge 4 norfloxacin Ct = 112963e-0.0019t 373bc 10835 10.9 
Sewage sludge 40 norfloxacin Ct = 112929e-0.0019t 363bc 11285 11.4 
Sewage sludge 2 doxycycline + 2 norfloxacin Ct = 114202e-0.0017t 418c 10220 10.0 
Sewage sludge 20 doxycycline + 20 norfloxacin Ct = 113171e-0.0024t 294a 12825 13.3 
Soil Control Ct = 113537e-0.00096t 721d 6855 6.45 
Soil 4 doxycycline Ct = 113342e-0.00096t 723d 6680 6.30 
Soil 40 doxycycline Ct = 112309e-0.00095t 733d 6697 6.37 
Soil 4 norfloxacin Ct = 113483e-0.00095t 731d 6560 6.17 
Soil 40 norfloxacin Ct = 116055e-0.00080t 869d 7870 7.17 
Soil 2 doxycycline + 2 norfloxacin Ct = 113238e-0.00095t 727d 6773 6.39 
Soil 20 doxycycline + 20 norfloxacin Ct = 112349e-0.00080t 869d 5961 5.61 
Biosolid Control Ct = 128997e-0.00031t 2258e 6147 4.87 
Biosolid 4 doxycycline Ct = 129510e-0.00025t 2773e 2762 2.17 
Biosolid 40 doxycycline Ct = 129689e-0.00005t 13330f 409 0.32 
Biosolid 4 norfloxacin Ct = 129682e-0.00005t 14146f 373 0.29 
Biosolid 40 norfloxacin Ct = 129829e-0.00008t 8252f 733 0.57 
Biosolid 2 doxycycline + 2 norfloxacin Ct = 129472e-0.00025t 2795e 3138 2.47 
Biosolid 20 doxycycline + 20 norfloxacin Ct = 129605e-0.00020t 3431e 2518 1.97 
*HL=ln2/k. RMSE = Root Mean Square Error. CV = Coefficient of variation of the RMSE 
calculated by RMSE/Mean × 100. 
 439	
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Fig 1. Cumulative 17 β-estradiol mineralization in human waste products and soil with and 441	
without antimicrobials added. Symbols refer to: solid box = 4 mg kg-1 doxycycline, open box = 442	
40 mg kg-1 doxycycline, solid circle = 4 mg kg-1 norfloxacin; open circle = 40 mg kg-1 443	
norfloxacin, solid triangle = 2 mg kg-1 doxycycline + 2 mg kg-1 norfloxacin, open triangle = 20 444	
mg kg-1 doxycycline + 20 mg kg-1 norfloxacin, and cross (x) in an open box = control. 445	

 446	

 447	
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	448	

Fig 2. Cumulative respiration in human waste products and soil with and without antimicrobials 449	
added. Symbols refer to: solid box = 4 mg kg-1 doxycycline, open box = 40 mg kg-1 doxycycline, 450	
solid circle = 4 mg kg-1 norfloxacin; open circle = 40 mg kg-1 norfloxacin, solid triangle = 2 mg 451	
kg-1 doxycycline + 2 mg kg-1 norfloxacin, open triangle = 20 mg kg-1 doxycycline + 20 mg kg-1 452	
norfloxacin, and cross (x) in an open box = control.	453	

 454	

 455	
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Fig 3. Cumulative respiration at 189 days in human waste products and soil with and without 458	
antimicrobials added. Control, no antimicrobial in the medium; Doxy4 and 40, doxycycline at 4 459	
and 40 mg kg-1; Norflox4 and 40, norfloxacin at 4 and 40 mg kg-1; DoxyNor4 and 40, 460	
doxycycline and norfloxacin 1:1 mixture each at 2 and 20 mg kg-1. Different letters indicate 461	
significant differences in cumulative CO2 emission. 462	


