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46 S1. Procedure of publication selection

47 For the fragrances and surfactants, ISI Web of Knowledge, PubMed and Google Scholar were searched. 

48 The search was performed between December 2015 and March 2016 using the following combinations: 

49 (1) (“fragrance*”) AND (“removal efficiency*” OR “removal*” OR “elimination*” OR “elimination rate*”) 

50 AND (“wastewater treatment plant*” OR “WWTP*” OR “sewage treatment plant*” OR “STP*” OR “CAS*” 

51 OR “conventional activated sludge*” OR “activated sludge*” OR “conventional wastewater treatment 

52 plant*”), (2) (“personal care product*” OR “PCP*”) AND (“removal efficiency*” OR “removal*” OR 

53 “elimination*” OR “elimination rate*”) AND (“wastewater treatment plant*” OR “WWTP*” OR “sewage 

54 treatment plant*” OR “STP*” OR “CAS*” OR “conventional activated sludge*” OR “activated sludge*” OR 

55 “conventional wastewater treatment plant*”), (3) ("anionic surfactant*" OR "non-ionic surfactant*" OR 

56 "nonionic surfactant*" OR "cationic surfactant*" OR "amphoteric surfactant*" OR "silicon surfactant*" 

57 OR "fluorinated surfactant*" OR " polymeric surfactant*" OR "surfactant polymers*") AND (“removal 

58 efficiency*” OR “removal*” OR “elimination*” OR “elimination rate*”) AND (“wastewater treatment 

59 plant*” OR “WWTP*” OR “sewage treatment plant*” OR “STP*” OR “CAS*” OR “conventional activated 

60 sludge*” OR “activated sludge*” OR “conventional wastewater treatment plant*”). No geographical 

61 constraints were applied.

62 For the pharmaceuticals, the complimentary literature search to the one presented in Lautz, et al. 1 was 

63 conducted using the following combinations: (1) “pharmaceuticals” AND “activated sludge” AND 

64 (“wastewater” OR “sewage”) AND (“influent” AND “effluent” AND “concentrations”) and (2) 

65 “pharmaceuticals” AND “activated sludge” AND (“wastewater” OR “sewage”) AND (“removal 

66 efficienc*”). In addition, the following reviews were carefully checked for additional literature: Miege, et 

67 al. 2, Oulton, et al. 3, Verlicchi, et al. 4. 

68 Figure 1 describes the procedure applied to obtain the final set of publications used for model fitting. 
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69
70 Figure 1 – Flow chart describing the selection of the included studies: nsource stands for the number of scientific papers included, 

71 nchemical for the number of chemicals, and neffect size for the total number of effect sizes computed. 
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72 S2. Assumptions for the database creation 

73 a. Effect Size

74 Different assumptions were necessary to compute the effect sizes for the chosen studies. 

75 Whenever the measured concentrations were below the Limit of Detection (LOD) or below the Limit of 

76 Quantification (LOQ), half of the reported LOD or LOQ, respectively, was assigned to this concentration. 

77 Concentrations reported as below a certain number were also set to half this reported number. Li and 

78 Zhang 5, Johnson, et al. 6, 7 and 8 referred to additional literature for details on the methodology and LOD 

79 or LOQ values. Jelic, et al. 9 reported only LOQ, which were assumed to describe the limits for which the 

80 chemicals could not be detected. Whenever the LOD was reported as a range, only the maximum value 

81 was considered 10.

82 RE reported as 100% were set to 99.9% 11. Further, effluent concentrations reported as 0 were set to 

83 below detection limits. Effluent concentration reported in ng/g were converted to ug/L assuming a 

84 density of water of 1g/mL. Most of the studies reported mean concentrations. Concentrations reported 

85 as median were transformed to mean concentrations using the indications in Hozo, et al. 12. 

86 For the following articles, concentrations or standard deviations were derived from graphs using the 

87 programme GetData Graph Digitizer v. 2.26.0.20: Belhaj, et al. 13, Bertanza, et al. 14, Duan, et al. 15, 

88 Gonzalez, et al. 16, González, et al. 8, Jones, et al. 17, Kanda, et al. 18, Klaschka, et al. 19, Kruglova, et al. 20, 

89 Lindqvist, et al. 21, Qi, et al. 22, Ren, et al. 23, Servos, et al. 24, Stumpf, et al. 25, Tauxe-Wuersch, et al. 26, 

90 Wang, et al. 27, Yasojima, et al. 28, Zhou, et al. 29. 

91 Concentrations of the same chemical measured at the same WWTP for different days or seasons were 

92 averaged to a single mean value.

93 Gatidou, et al. 30 report suspended and soluble concentrations but since the suspended was in g/kg and 

94 no density was given, only the dissolved concentration was considered.
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95 b. Wastewater treatment plant specific parameters

96  Hydraulic retention time

97 Some studies did not mention whether the HRT was for the entire process or just for the aerobic basin. 

98 The mean HRT over all the HRTs reported in our database for the entire plant was around 20h, so 

99 whenever the reported HRT was below 20h we assumed it was for the aerobic basin only. 

100 The HRT of the aeration basin (HRTaerobic) was derived from the total HRT (HRTtotal) according to equation 

101 HRTaerobic = HRTtotal – HRTPS – HRTFS. HRTPS (of the primary settler) and HRTFS (of the final settler) were 

102 both assumed to be equal to 2h whenever not given 31.  

103  Nature influent

104 In the following, the statements about wastewater composition found in the literature are related to the 

105 assumed domestic and industrial wastewater shares. Hereby urban wastewater was assumed to describe 

106 domestic wastewater. 

107 o “mixture of industrial and domestic” without details:  50% domestic, 50% industrial

108 o “domestic sewage with seasonal fluctuation due to local viniculture”: 90% domestic, 10% 

109 industrial

110 o “Mainly/mostly domestic/municipal”: 90% domestic

111 o  “municipal wastewater treatment plants” as in Bossi, et al. 32: 100% domestic

112 o “strong influence from textile industry” as in Clara, et al. 33:  50% domestic, 50% 

113 industrial

114 o “municipal and industrial and hospital” as in Gomez, et al. 10: 60% domestic, 20% 

115 industrial

116 o “urban sewages and some industrial discharges” as in Vallecillos, et al. 34: 80% domestic, 

117 20% industrial 

118  Secondary treatment type

119 The following choices were made to classify the WWTPs in the four categories: plug-flow reactor (PFR), 

120 continuously stirred tank reactor (CSTR), oxidation ditch (OD), and sequencing batch reactor (SBR). 

121 o “Conventional activated sludge process” or “activated sludge” were either classified as 

122 PFR or CSTR depending on whether the WWTP implemented biological nutrient removal (BNR) or 

123 organic matter removal (OMR). 

124 o Aerobic/Anoxic/Oxic (A2O) process was classified as PFR

125 o Aerobic/Oxic (AO) was classified as PFR
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126 o Conventional SBR was classified as SBR

127  Population served

128 The population served by a WWTP reported in studies was always assumed to be in the unit of person 

129 equivalent (PE). In 3.5% of the studies reporting persons served only, the share of industrial influent was 

130 larger than 50%. This might have led to an underestimation of the corresponding PE value.

131  Design capacity

132 The design capacity in PE was converted to m3/d using the mean of the ratio that was available in some 

133 studies (Klaschka, et al. 19, Clara, et al. 35, Clara, et al. 36, Solé, et al. 37), namely around 0.2 m3/PE. This is 

134 comparable to the values found in Ain 38, Benefield 39, Gujer 40. This was done since more values in m3/d 

135 were available to uniformize how this WWTP design property is reported. 

136  Additional details on WWTP 

137 For the following studies, the listed literature was used to add some details on the analysed WWTPs.

138 o Kümmerer, et al. 41: Abwasserzweckverband Breisgauer Bucht 42

139 o Li and Zhang 5: Kable 43, Kin-ping 44

140 o Manickum and John 45: Umgeni Water Amanzi 46

141 o Qi, et al. 22: chinagate.cn 47

142 o Choi, et al. 48: Seoul Solution 49

143 o Golovko, et al. 50: Hochtief 51

144 o Gulkowska, et al. 52: Kable 43

145 o Komesli, et al. 53: Ankara Metropolitan Municipality 54

146 o Bendz, et al. 55: VASYD 56

147 o Bossi, et al. 32: Miljøministeriet 57

148 o Bahlmann, et al. 58: Berliner Wasserbetriebe 59

149 o Solé, et al. 37: Agència Catalana de l'Aigua 60

150  Sample Type

151 Whenever the wastewater influent and effluents were sampled as “composite samples” we used the 

152 study’s indications to refine the sample type as either flow-proportional, time-proportional, or volume-

153 proportional. We followed indications in Ort, et al. 61 and defined composite samples without further 

154 indications as time-proportional.
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155  Default WWTP design

156 For the following parameters, the listed default values were used whenever the references did not 

157 report any details. 

158 o Presence of primary settling, secondary treatment, and final sedimentation tank

159 o Secondary treatment type: PFR if BNR, CSTR if OMR

160 o No tertiary treatment

161 o OMR

162

163 c. Chemical properties

164  Organic carbon-water partitioning coefficient (KOC)

165 The equations listed in Table 1 were used to estimate the KOC according to the chemical’s class. 

166 Table 1 – Equations used to estimate the organic carbon-water partitioning coefficient (KOC). KOW stands for the octanol-water 

167 partitioning coefficient, Φn represents the neutral fraction, and Φion the ionised fraction, DOW is the apparent KOW at the actual 

168 pH, set to 7.

Class Equation Source

Neutral log𝐾𝑂𝐶= 0.1 + 0.81 ∙ log𝐾𝑂𝑊 (1) 62

Acid log𝐾𝑂𝐶= 𝑙𝑜𝑔⁡(𝜙𝑛 ∙ 10
0.54 ∙ log𝐾𝑂𝑊+ 1.11

+ 𝜙𝑖𝑜𝑛 ∙ 10
0.11 ∙ log𝐾𝑂𝑊+ 1.54

) (2) 63

Base log𝐾𝑂𝐶= 0.31 ∙ log (𝐷𝑂𝑊) + 2.78 (3) 64

169

170  Henry’s law constant

171 EPI Suite 65 was not able to estimate a Henry’s law constant for a chemical with vapour pressure = 0. This 

172 value was therefore set to 1E-4 Pa*m3/mol to represent non-volatile chemicals.

173  Biodegradation

174 Chemicals were classified (1) as either readily biodegradable or not, and (2) as one of the 

175 biodegradability classes from ECETOC 64 (Table 2).  

176 Table 2 – Biodegradability classes as used in the database and determined from the biodegradation rate constant sometimes 

177 available for given chemicals. 

Biodegradation rate constant 
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[hr-1]

Readily biodegradable 1

Readily biodegradable, failing 10-d window 0.3

Inherently biodegradable, fulfilling specific 

criteria 0.1

Inherently biodegradable, not fulfilling 

specific criteria 0

Not biodegradable 0

178

179  Degradation by-products

180 The following chemicals were not considered, as they were found to be potential degradation by-

181 products of other chemicals. 

Chemical Justification Source

Alkylphenols and 

alkylphenol precursors (-

carboxilic acids and 

ethoxylates)

Not possible to isolate the parent chemical 66

Perfluorinated surfactants Could all be degradation products, parent chemical cannot be 

isolated

67

4-Aminoantipyrine Metabolite from aminopyrine (occurring in the body directly) 68

4-Methylaminoantipyrine Metabolite from aminopyrine (occurring in the body directly) 68

Theophylline A small amount of theophylline is one of the products of caffeine 

metabolic processing in the liver

69

N-acetyl-4-amino-

antipiryne

Metabolite from aminopyrine (occurring in the body directly) 68

NCI Active metabolite of the antidepressant drugs 69

Estriol Estrone can be further oxidized to estriol 70

Estrone Oxidation product of estradiol 70

Ethinylestradiol Small portions are formed from mestranol 70

Norfluoxetine Most important active metabolite of fluoxetine 69
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O-desmethyl venlafaxine Major urinary metabolite of venlaflaxine 71

Seproxetine Most important active metabolite of fluoxetine 72

Aminosalicyclic acid Amino derivative of salicyclic acid 69

Digoxigenin Metabolite of digoxin 73

Desmethylnaproxen Naproxen metabolite 74

4-Hydroxydiclofenac Diclofenac metabolite 74

5-Hydroxydiclofenac Diclofenac metabolite 74

Carboxydiclofenac Diclofenac metabolite 74

Dihydroketoprofen Ketoprofen metabolite 74

Acetamidoantipyrine Antipyrine metabolite 68

Oestrone Oxidation product of estradiol 70

Oxazepam Metabolite of diazepam, prazepam, and temazepam 69

Carbamazepine-10.11-

epoxide

Transformation product of carbamazepine 75

10-hydroxy-carbamazepine Transformation product of carbamazepine 75

DiOH-Cbz Transformation product of carbamazepine 75

2-hydroxy-carbamazepine Transformation product of carbamazepine 75

Acridone Scaffold of some synthetic chemicals 69

Modafinil Acid Major metabolite of modafinil 69

Norquetiapine Active metabolite of antipsychotic drug 76

Temazepam One of diazepam's primary active metabolites 69

NCL Major active metabolite of the atypicalantipsychotic drug 

clozapine

69

N4-Acetylsulfamethoxazole Degradation from sulfamethoxazole 75

Dehydronifedipine Metabolite of nifedipine 77

Desmethydiltiazem Metabolite of Diltiazem 69

10-Hydroxy-amitriptyline Amitriptyline metabolite 78

Norverapamil Main active metabolite of verapamil 69

4-Epitetracycline Epimer of the antibiotic tetracycline 79
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Androstenedione Pro hormone of testosterone 69

182

183  Linear alkylbenzene sulfonate (LAS)

184 In the following list, the studies reporting LAS concentrations are listed together with their definition of 

185 the LAS chemical. Whenever weight percentages were given, this was used to compute weighted 

186 averages of the physico-chemical properties of the group. When no details were given, the physico-

187 chemical properties were computed as weighted averages using the average chain length.  

188 o Clara, et al. 33: C10LAS 

189 o Feijtel, et al. 80, Li, et al. 81, Sabaliunas, et al. 82, and Holt, et al. 83 did not specify which LAS 

190 species they considered, so C12LAS was used as default. 

191 o Gomez, et al. 84 and Gonzalez, et al. 16 reported LAS as the sum(C10LAS to C13LAS) 

192 o González, et al. 8 reported LAS as consisting of the following weight percentages: C10: 

193 3.9%, C11: 37.4%, C12:35.4%, C13: 23.1%.

194 o Gori, et al. 85 reported LAS as consisting of the following weight percentages C10: 3.9%; 

195 C11: 37.4%; C12: 35.6%; C13:23.1%. 

196 o Pirsaheb, et al. 86 mention the definition of LAS (Commercial LAS is composed of isomers 

197 and homologs, each containing an aromatic sulfonated ring attached to a linear alkyl 

198 chain consisting of 10–14 carbon atoms) so that it was assumed they considered the 

199 group of C10LAS to C14LAS.

200 o Further, studies reporting LAS with average chain length of 11.89 or 11.91 were assigned 

201 the physicochemical properties of C12LAS. 

202
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S3. Final Database

a. Geographical coverage

Figure 2 shows the spatial distribution of the studies included in the final database. 

Figure 2 – Spatial distribution of the studies included in the final database
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b. Chemicals included

Table 3 lists all the chemicals included in the raw database (n=1539).

Table 3 – Chemicals included in the raw database (n=1539).Type stands either for fragrances (FR), surfactants (SU) or pharmaceuticals (P). Class describes whether the compound 

is neutral (N), acid (A), or basic (B). The physico-chemical properties are then described together with an indication whether the values are experimental (Exp? Yes) or not. The last 

column finally describes whether the chemical was in the final database (n=542) to which the mixed-effect model was fitted. 

Name Type Class pKa log KOC log HC
Readily 

biodegradable? In final database?
   Value Exp.? Value Exp.? Value Exp.? Value Exp.?  
Acetyl cedrene FR N no 4.8 no 1.5E+01 no no no
ADBI FR N yes 5.0 no 2.1E+01 no no no yes
AHDI FR N no 4.9 no 1.9E+01 no no no yes
AHMI FR N yes 5.5 no 1.9E+01 no no no yes
AHTN FR N no 4.8 yes 2.1E+01 yes no yes yes
Ambrettolide FR N no 4.6 no 1.3E+00 no yes no
ATII FR N no 5.7 no 2.7E+01 no no no yes
Benzyl acetate FR N no 1.7 no 1.1E+00 yes yes yes
Benzyl salicylate FR A 8.11 no 3.8 yes 2.2E-02 no yes yes
Civetone FR N no 5.3 no 1.2E+02 no no no
DPMI FR N no 4.5 no 1.9E+01 no no no yes
Eugenol FR N 10.19 yes 1.9 no 2.0E-01 yes yes yes
Exaltolide FR N no 4.7 yes 1.1E+01 no yes yes
Exaltone FR N no 4.8 no 2.1E+01 no no no
g-methyl ionone FR N no 3.9 no 9.0E+01 no no yes
Habanolide FR N no 4.2 no 9.0E-01 no yes no
Hexyl salicylate FR A 8.17 no 4.1 no 1.2E-01 no yes yes
Hexylcinmaldehyde FR N no 4.0 no 5.6E+00 no yes no
HHCB FR N no 4.9 yes 2.4E+01 yes no yes yes
Isobornyl acetate FR N no 3.6 no 2.9E+02 no yes yes
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Lilial FR N no 3.7 yes 2.5E+00 yes yes yes
Limonene FR N no 3.7 no 3.2E+03 yes yes yes
Linalool FR N no 2.5 no 2.2E+00 yes yes yes
MA FR N no 3.3 no 2.2E-01 no no no yes
MC4 FR N no 3.3 yes 1.5E-02 no yes no
Methyl dihydrojasmote FR N no 2.4 no 1.0E-04 yes yes yes
Methyl salicylate FR A 9.80 yes 2.5 no 7.4E+00 yes yes yes
MK FR N no 3.2 no 2.0E-02 no no yes yes
MM FR N no 4.5 no 5.6E-01 no no no yes
Muscone FR N no 5.2 no 6.7E+01 no no no
Musk NN FR N no 3.6 no 9.2E-03 no yes yes
MX FR N no 3.7 no 3.1E-02 no no yes yes
OTNE FR N no 4.7 no 3.2E+01 no no no
Terpineol FR N no 2.5 no 1.2E+00 yes yes yes
Acebutolol P B 9.40 no 2.6 no 1.0E-04 no no no yes
Acipimox P A 2.80 no 1.4 no 1.0E-04 no yes no
Alprazolam P N no 3.3 yes 1.0E-04 no no no
Alprenolol P B 9.43 no 3.0 no 1.0E-04 no no no
Amantadine P B 10.76 no 2.3 no 1.3E-02 no no no yes
Amisulpride P B 9.37 yes 2.4 no 1.0E-04 no no no
Amitriptyline P B 9.40 yes 3.8 yes 1.6E-02 no no no yes
Amphetamine P B 10.10 yes 2.4 no 2.0E-01 no no no
Ampicillin P A 2.50 yes 1.6 no 1.0E-04 no no yes
Androsterone P N no 3.1 yes 1.0E-04 no no no
Antipyrine P N 1.40 yes 0.3 no 2.9E-04 no no no yes
Aspirin P A 3.49 yes 1.7 no 3.0E-04 no yes no yes
Atenolol P B 9.60 yes 2.3 yes 1.0E-04 no no yes yes
Atorvastatin P A 4.30 yes 2.5 yes 1.0E-04 no no no yes
Betaxolol P B 9.40 yes 2.8 no 1.0E-04 no yes yes yes
Bezafibrate P A 3.60 yes 1.9 no 1.0E-04 no no yes yes
Bisoprolol P B 9.27 yes 2.3 yes 1.0E-04 no no yes yes
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Bupropion P B 8.22 yes 2.5 yes 7.5E-02 no no no yes
Carbamazepine P N no 2.1 yes 1.6E-04 no no yes yes
Carisoprodol P N no 1.8 no 5.2E-02 no no no yes
Cefaclor P A 6.84 no 1.4 no 1.0E-04 no no no yes
Cefalexin P A 4.50 yes 1.6 no 1.0E-04 no yes yes yes
Celiprolol P B 9.50 no 2.5 yes 1.0E-04 no no yes yes
Cetirizine P A 6.71 no 2.3 no 1.0E-04 no no no
Chloramphenicol P N no 0.8 no 1.0E-04 no no no
Chlorazepate P A 3.43 no 1.9 no 1.0E-04 no no no
Cimetidine P B 6.80 yes 2.9 no 1.0E-04 no no no yes
Citalopram P B 9.57 no 3.1 no 1.6E-04 no no yes yes
Clarithromycin P B 8.99 yes 2.8 yes 1.0E-04 no no yes yes
Clindamycin P B 8.73 no 2.8 no 1.0E-04 no no no yes
Clofibric acid P A 3.18 no 1.2 yes 3.7E-03 no no yes yes
Clopidogrel P B 4.56 no 3.6 no 2.4E-04 no no no
Clozapine P NA 7.50 yes 3.5 yes 1.0E-04 no no no
Codeine P B 8.21 yes 1.7 yes 1.0E-04 no yes yes yes
Crotamiton P N no 2.4 no 6.8E-02 no no no yes
Dexamethasone P N no 1.4 no 1.0E-04 no no no yes
Dextropropoxyphene P B 9.20 no 3.4 no 4.7E-03 no no no
Diatrizoate P A 0.92 no 1.9 no 1.0E-04 no no yes yes
Diatrizoic P A 0.92 no 1.9 no 1.0E-04 no no no
Diazepam P N 3.40 yes 2.6 yes 1.0E-04 no no yes yes
Diclofenac P A 4.15 yes 2.4 yes 5.4E-04 no no yes yes
Diethylstilbestrol P N no 3.4 no 1.0E-04 no no no
Diltiazem P B 8.06 yes 3.3 no 1.0E-04 no no yes yes
Diphenhydramine P B 8.98 yes 3.2 no 5.4E-04 no yes yes
Doxepin P B 9.19 no 2.8 yes 2.6E-01 no no yes yes
Enalapril P A 2.97 yes 1.7 no 1.0E-04 no no no yes
Eprosartan P NA no 2.2 yes 1.0E-04 no no no
Erythromycin P B 8.80 yes 2.8 yes 1.0E-04 no no yes yes
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Estradiol P N no 3.2 yes 1.0E-04 no yes yes yes
Etofenamate P N no 3.6 no 6.6E-04 no no no
Famotidine P B 7.93 no 2.3 no 1.0E-04 no no no yes
Fenofibrate P N no 4.4 no 1.5E-01 no no no
Fenoprofen P A 4.50 yes 2.0 no 2.5E-02 no no yes yes
Fexofenadine P NA no 3.0 yes 1.0E-04 no no no
Fluconazole P N no 0.5 no 1.0E-04 no no no
Fluoxetine P B 10.05 no 4.2 yes 1.7E-02 no yes yes yes
Fluvoxamine P B 9.39 no 3.0 no 3.6E-02 no no no yes
Gabapentin P B 3.68 yes 2.8 no 1.0E-04 no no yes yes
Gemfibrozil P A 4.75 no 2.3 no 2.1E-01 no no yes yes
Glibenclamide P A 5.19 no 3.5 yes 1.0E-04 no no no yes
Hydroxyzine P B 6.62 no 3.3 yes 1.0E-04 no no no
Ibuprofen P A 5.06 yes 2.5 yes 1.2E-01 no yes yes yes
Ifosfamide P N no 0.5 no 7.5E-04 no no no
Indapamide P A 8.80 yes 2.3 no 1.0E-04 no no no
Indomethacin P A 4.50 yes 2.8 yes 1.0E-04 no no yes yes
Iohexol P N no -1.3 no 1.0E-04 no no yes yes
Iomeprol P N no -2.2 no 1.0E-04 no no yes yes
Iopamidol P N 10.70 yes -1.9 no 1.0E-04 no no yes yes
Iopromide P N no -1.6 no 1.0E-04 no no yes yes
Ioxitalamic acid P A 0.85 no 1.4 no 1.0E-04 no no yes
Irbesartan P A 4.24 no 3.4 yes 1.0E-04 no no no yes
Isradipine P N no 3.0 no 1.0E-04 no no no
Ketoprofen P A 4.45 yes 2.0 no 4.1E-04 no no yes yes
Ketorolac P A 3.49 yes 1.8 no 1.0E-04 no no no
Lamotrigine P B 5.39 no 3.3 no 1.0E-04 no no no yes
Levamisole P B 9.99 no 2.5 no 2.7E-03 no no no yes
Levetiracetam P N no -0.4 no 1.0E-04 no no no
Lincomycin P B 7.60 yes 2.7 no 1.0E-04 no no no yes
Loratidine P B 4.27 no 4.4 no 4.2E-02 no no no yes
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Lorazepam P N 13.00 yes 2.5 no 1.0E-04 no no no yes
Meclozine P B 6.74 no 4.5 no 1.4E+02 no no no
Mefenamic acid P A 4.20 yes 2.4 no 1.7E-03 no no no yes
Melperone P B 9.34 no 3.1 no 7.1E-02 no no no
Memantine P B 10.79 no 2.7 no 5.1E-03 no no no
Meprobamate P N no 0.7 no 2.6E-03 no no no yes
Mestranol P N no 3.8 no 1.2E-04 no no no
Metformin P B 12.40 yes 1.0 no 1.0E-04 no yes yes yes
Methadone P B 8.94 yes 2.5 yes 9.5E-04 no no yes yes
Methylprednisolone P N no 1.3 no 1.0E-04 no no no yes
Metoprolol P B 9.43 no 2.1 yes 1.0E-04 no no yes yes
Metronidazole P N 2.38 yes 1.6 yes 1.0E-04 no no no yes
Miconazole P B 6.64 no 4.6 no 8.8E-04 no no no yes
Mirtazapine P B 8.10 no 3.3 no 1.0E-03 no no no yes
Modafinil P N no 0.6 no 1.0E-04 no no no yes
Monensin P A 6.60 yes 3.0 no 1.0E-04 no no no yes
Morphine P NA 8.21 yes 1.7 yes 1.0E-04 no no no yes
Moxifloxacin P B 6.43 no 3.6 no 1.0E-04 no no no yes
Nadolol P B 9.67 yes 2.2 no 1.0E-04 no no no yes
Nalidixic acid P A 8.60 yes 2.0 no 1.0E-04 no no no
Naproxen P A 4.15 yes 2.4 yes 2.7E-04 no yes yes yes
Nifedipine P N no 1.9 yes 1.0E-04 no no no yes
Nimesulide P A 5.93 no 2.3 yes 1.0E-04 no no no
Nortriptyline P B 10.10 yes 3.3 yes 3.5E-02 no no no yes
Omeprazole P NA no 2.4 yes 1.0E-04 no no no yes
Oxcarbazepine P N no 1.3 no 1.0E-04 no no no
Oxycodone P B 7.57 no 1.7 yes 1.0E-04 no no no yes
Paracetamol P A 9.38 yes 1.8 yes 1.0E-04 yes yes yes yes
Paroxetine P B 9.60 yes 4.3 yes 1.0E-04 no no no yes
Penicillin V P A 2.79 yes 1.7 no 1.0E-04 no no no yes
Phenobarbital P A 7.30 yes 1.9 no 1.0E-04 no no no yes
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Piroxicam P A 6.30 yes 2.4 no 1.0E-04 no no no yes
Pravastatin P A 4.20 yes 1.7 no 1.0E-04 no yes no yes
Prednisolone P N no 1.2 no 1.0E-04 no no yes yes
Prednisone P N no 0.9 no 1.0E-04 no no no yes
Pregabalin P B 4.20 yes 2.8 no 1.0E-04 no yes no yes
Primidone P N no 1.4 yes 1.0E-04 no no no yes
Progesterone P N no 3.4 yes 2.3E-02 no no no yes
Propafenone P B 9.31 no 3.1 no 1.0E-04 no no no
Propranolol P B 9.42 yes 3.0 yes 1.0E-04 no no yes yes
Propyphenazone P N no 1.6 no 4.8E-04 no no yes yes
Ramipril P A 5.44 no 2.4 no 1.0E-04 no no no
Ranitidine P B 8.36 no 2.7 no 1.0E-04 no no yes yes
Rosuvastatin P A 4.25 no 1.7 no 1.0E-04 no no no
Roxithromycin P B 8.16 no 2.9 no 1.0E-04 no yes yes yes
Salbutamol P NA 10.30 yes 1.5 yes 1.0E-04 no no yes yes
Salicylic acid P A 2.97 yes 1.9 yes 1.5E-04 no no yes yes
Sertraline P B 9.47 no 4.2 yes 1.4E-02 no no no yes
Sildenafil P B 5.99 no 3.5 no 1.0E-04 no no no
Simvastatin P N no 3.6 yes 1.0E-04 no no no
Sotalol P NA 8.30 yes 2.4 yes 1.0E-04 no no yes yes
Sulfachloropyridazine P A 5.90 no 1.7 no 1.0E-04 no no no
Sulfadiazine P A 6.36 yes 1.2 no 1.0E-04 no no yes yes
Sulfamethazine P A 7.50 yes 1.9 yes 1.0E-04 no no no yes
Sulfamethoxazole P A 3.65 yes 2.0 yes 1.0E-04 no no yes yes
Sulfapyridine P A 8.43 yes 1.6 no 1.0E-04 no no no
Sulfathiazole P A 7.15 yes 2.2 yes 1.0E-04 no no no yes
Talinolol P B 9.53 no 3.0 no 1.0E-04 no no no
Telmisartan P A 5.00 no 4.4 no 1.0E-04 no no no
Tenoxicam P A 4.50 no 1.7 no 1.0E-04 no no no yes
Testosterone P N no 2.5 yes 1.0E-04 no no no yes
Thiabendazole P N 4.64 yes 2.0 no 1.0E-04 yes no no yes



20

Timolol P B 9.21 yes 2.6 no 1.0E-04 no no no yes
Topiramate P A 9.22 no 0.7 no 1.0E-04 no no no
Torasemide P A 7.10 yes 2.6 no 1.0E-04 no no no
Tramadol P B 9.41 yes 2.2 yes 1.0E-04 no no yes yes
Trazodone P B 7.52 no 3.6 no 1.0E-04 no no no yes
Triamterene P B 6.19 no 3.1 no 1.0E-04 no no no
Triclocarban P N no 4.2 no 1.0E-04 yes no yes yes
Trimethoprim P B 6.86 yes 2.8 yes 1.0E-04 no no yes yes
Tylosin P B 7.73 yes 3.6 yes 1.0E-04 no no no yes
Venlafaxine P B 9.40 yes 2.4 yes 1.0E-04 no no yes yes
Verapamil P B 8.92 yes 3.3 yes 1.0E-04 no no no yes
Warfarin P A 5.08 yes 2.0 yes 1.0E-04 no no no yes
Xylazine P B 7.67 no 2.8 no 1.1E-01 no no no yes
?C12EOS SU N no 1.6 no 1.0E-04 no yes no
?C14EOS SU N no 1.8 no 1.0E-04 no yes no
C10LAS SU N yes 1.8 no 1.0E-04 no yes no
C11LAS SU N yes 1.8 no 1.0E-04 no yes no
C12EO SU N no 1.5 no 2.5E+01 no no no
C12EO1S SU N yes 1.7 no 1.0E-04 no yes yes
C12EO2S SU N yes 1.5 no 1.0E-04 yes yes yes
C12EO3S SU N yes 1.6 no 1.0E-04 no yes yes
C12EO4S SU N yes 1.6 no 1.0E-04 no yes yes
C12EO5S SU N yes 1.6 no 1.0E-04 no yes yes
C12LAS SU N yes 2.6 yes 6.0E-03 yes yes yes
C13LAS SU N yes 1.8 no 1.0E-04 no yes no
C14EO SU N no 2.2 no 1.3E-01 no no no
C14EO1S SU N yes 1.8 no 1.0E-04 no yes yes
C14EO2S SU N yes 1.8 no 1.0E-04 no yes yes
C14EO3S SU N yes 1.7 no 1.0E-04 no yes yes
C14EO4S SU N yes 1.7 no 1.0E-04 no yes yes
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c. Included studies

Table 4 briefly describes the scientific papers included for the final database used for the meta-analysis. 

Table 4 – Scientific papers used for the meta-analysis of the removal efficiency of surfactants, fragrances, and pharmaceuticals in activated sludge wastewater treatment plants.

Reference Chemical Type Country Sampling Period Method
Artola-Garciano, et al. 87

Fragrance Netherlands From March 5 to 
April 24, 2001

Grab sample and total concentration measured. Mean 
given. Variance given.

Berset, et al. 88
Fragrance Switzerland April, 2001 24h composite sample and total concentration 

measured. Mean given. Variance imputed.
Bester 89

Fragrance Germany April 2002 24h composite sample and total concentration 
measured. Mean given. Variance given.

Carballa, et al. 90
Fragrance Spain October 2001- April 

2002
24h composite sample and total concentration 
measured. Mean from raw data. Variance from raw 
data.

Chen, et al. 91
Fragrance China 15-22 November 

2004
24h composite sample and total concentration 
measured. Mean given. Variance given.

Clara, et al. 35
Fragrance Austria Not given 24h composite sample and dissolved concentration 

measured. Mean given. Variance imputed.
Clara, et al. 36

Fragrance Austria Not given 24h composite sample and total concentration 
measured. Mean given. Variance imputed.

Dsikowitzky, et al. 92
Fragrance Germany 22 August 1999 Grab sample and dissolved concentration measured. 

Mean given. Variance imputed.
Godayol, et al. 93

Fragrance Spain Jan - March 2013 Grab sample and dissolved concentration measured. 
Mean given. Variance given.

He, et al. 94
Fragrance China July 2011 Mixed from samples, also at three different positions 

and dissolved concentration measured. Mean given. 
Variance given.

Horii, et al. 95
Fragrance USA 9 February 2005 Grab sample and dissolved concentration measured. 

Mean from raw data. Variance from raw data.
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Kanda, et al. 18
Fragrance United 

Kingdom
December 2001 
(17-18 or 10-12)

24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Kupper, et al. 96
Fragrance Switzerland Spring 2002 24h composite sample and total concentration 

measured. Mean given. Variance given.
Reiner, et al. 97

Fragrance USA October 16-20, 
2005

24h composite sample and total concentration 
measured. Mean given. Variance given.

Ren, et al. 23
Fragrance China Nov.2010-Jan.2011 24h composite sample and dissolved concentration 

measured. Mean from graph. Variance imputed.
Rosal, et al. 98

Fragrance, 

Pharmaceutical

Spain Before 2009 Type of sample not known and dissolved concentration 
measured. Mean given. Variance imputed.

Salgado, et al. 99
Fragrance Portugal Not given 24h composite sample and dissolved concentration 

measured. Mean from raw data. Variance from raw 
data.

Simonich, et al. 100
Pharmaceutical USA September 1997 24h composite sample and total concentration 

measured. Mean given. Variance given.
Smyth, et al. 101

Pharmaceutical Canada warm: August 2003 
- April 2005

24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Ternes, et al. 102
Pharmaceutical Germany February, May, 

September, and 
October 2026

24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Vallecillos, et al. 34
Pharmaceutical Spain 3 months period Grab sample and dissolved concentration measured. 

Mean from range. Variance imputed.
Yang and Metcalfe 103

Pharmaceutical Canada July 2003 24h composite sample and dissolved concentration 
measured. Mean from raw data. Variance from raw 
data.

Zeng, et al. 104
Pharmaceutical China 23 October 2004 24h composite sample and total concentration 

measured. Mean given. Variance given.
Zhou, et al. 105

Pharmaceutical China October to 
December 2007

Grab sample and dissolved concentration measured. 
Mean from range. Variance imputed.
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Alder, et al. 106
Pharmaceutical Switzerland August 14 - 21 2006 24h composite sample and dissolved concentration 

measured. Mean given. Variance given.
Andersen, et al. 107

Pharmaceutical Germany November 2001 24h composite sample and dissolved concentration 
measured. Mean given. Variance imputed.

Aymerich, et al. 75
Pharmaceutical Spain 8-11 October 2012 Grab samples and dissolved concentration measured. 

Mean given. Variance given.
Bahlmann, et al. 58

Pharmaceutical Germany Spring-Summer 
2010

24h composite sample and total concentration 
measured. Mean given. Variance imputed.

Baronti, et al. 108
Pharmaceutical Italy October 1999 24h composite sample and dissolved concentration 

measured. Mean from raw data. Variance from raw 
data.

Batt, et al. 109
Pharmaceutical USA March 2006 24h composite sample and total concentration 

measured. Mean given. Variance given.
Batt, et al. 110

Pharmaceutical USA April 2005 Grab samples and total concentration measured. Mean 
given. Variance given.

Belhaj, et al. 13
Pharmaceutical Tunisia April 2010 Grab sample and dissolved concentration measured. 

Mean from graph. Variance imputed.
Bendz, et al. 55

Pharmaceutical Sweden October 2002 24h composite sample and dissolved concentration 
measured. Mean given. Variance imputed.

Bijlsma, et al. 111
Pharmaceutical Netherlands February 2010 24h composite sample and dissolved concentration 

measured. Mean given. Variance imputed.
Birosova, et al. 112

Pharmaceutical Slovakia February 2013 24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Blair, et al. 113
Pharmaceutical USA 6 dates over Spring 

2009-Fall 2010
24h composite sample and dissolved concentration 
measured. Mean from median. Variance imputed.

Bollmann, et al. 114
Pharmaceutical Germany Not given 24h composite sample and total concentration 

measured. Mean given. Variance imputed.
Braga, et al. 115

Pharmaceutical Australia Not given Grab samples and dissolved concentration measured. 
Mean given. Variance given.

Camacho-Muñoz, et al. 116
Pharmaceutical Spain May, September 

2008, January 2009
24h composite sample and dissolved concentration 
measured. Mean from range. Variance imputed.



24

Celiz, et al. 117
Pharmaceutical Spain July 2007 24h composite sample and dissolved concentration 

measured. Mean given. Variance given.
Chang, et al. 118

Pharmaceutical China Week June-July 
2006

24h composite sample and dissolved concentration 
measured. Mean from raw data. Variance from raw 
data.

Choi, et al. 48
Pharmaceutical South Korea April 2005 Grab sample and dissolved concentration measured. 

Mean from raw data. Variance from raw data.
Collado, et al. 119

Pharmaceutical Spain 16-20 May 2011; 
16-20 January 
2012, 6-10 August 
2012

48h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Drewes, et al. 120
Pharmaceutical USA Not given 4h composite sample and dissolved concentration 

measured. Mean given. Variance imputed.
Duan, et al. 15

Pharmaceutical China 22 December 2010; 
4 and 8 January 
2011

8h composite sample and total concentration 
measured. Mean given. Variance given.

Estrada-Arriaga, et al. 121
Pharmaceutical Mexico July 2013 24h composite sample and dissolved concentration 

measured. Mean from raw data. Variance from raw 
data.

Evans, et al. 122
Pharmaceutical United 

Kingdom
Not given Grab samples and dissolved concentration measured. 

Mean given. Variance given.
Froehner, et al. 123

Pharmaceutical Brasil May to December 
2009

Sample type not mentioned and dissolved 
concentration measured. Mean given. Variance given.

Gagnon and Lajeunesse 
124 Pharmaceutical Canada Spring to fall 24h composite sample and dissolved concentration 

measured. Mean given. Variance given.
Gao, et al. 125

Pharmaceutical USA May to December 
2010

Three 6h and three 24h composite samples and 
dissolved concentration measured. Mean given. 
Variance given.

Gardner, et al. 126
Pharmaceutical United 

Kingdom
Year 2010-2011 Grab samples and total concentration measured. Mean 

from raw data. Variance from raw data.
Ghosh, et al. 11

Pharmaceutical Japan Not given Grab samples and dissolved concentration measured. 
Mean given. Variance imputed.
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Golovko, et al. 50
Pharmaceutical Czech 

Republic
March 2011- 
February 2012

24h composite sample and dissolved concentration 
measured. Mean from median. Variance imputed.

Gomez, et al. 84
Pharmaceutical Spain 2007-2008 24h composite sample and total concentration 

measured. Mean given. Variance imputed.
Gracia-Lor, et al. 127

Pharmaceutical Spain April 2009 and 
October 2009

24h composite sample and total concentration 
measured. Mean from median. Variance imputed.

Guerra, et al. 128
Pharmaceutical Canada 11 March 2011 24h composite sample and dissolved concentration 

measured. Mean from raw data. Variance from raw 
data.

Gulkowska, et al. 52
Pharmaceutical Hong Kong December 2006 Grab samples and dissolved concentration measured. 

Mean given. Variance given.
Gurke, et al. 129

Pharmaceutical Germany January-february 
2015

24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Gurke, et al. 130
Pharmaceutical Germany 11 May 2014 24h composite sample and dissolved concentration 

measured. Mean from raw data. Variance from raw 
data.

Hijosa-Valsero, et al. 131
Pharmaceutical Spain July and August 

2008
Grab samples and dissolved concentration measured. 
Mean given. Variance imputed.

Hollender, et al. 132
Pharmaceutical Switzerland September 2007 24h composite sample and dissolved concentration 

measured. Mean from raw data. Variance from raw 
data.

Jelic, et al. 9 Pharmaceutical Spain July 2007-March 
2009

24h composite sample and dissolved concentration 
measured. Mean from median. Variance imputed.

Johnson, et al. 6 Pharmaceutical United 
Kingdom

June 2012 24h composite sample and dissolved concentration 
measured. Mean from raw data. Variance from raw 
data.

Jones, et al. 17
Pharmaceutical United 

Kingdom
14th June 2004 Grab sample and dissolved concentration measured. 

Mean from raw data. Variance from raw data.
Joss, et al. 133

Pharmaceutical Switzerland 22-24 November 
2002

24h composite sample and dissolved concentration 
measured. Mean given. Variance imputed.

Joss, et al. 134
Pharmaceutical Switzerland 20-22 November 

2002
24h composite sample and dissolved concentration 
measured. Mean given. Variance given.
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Kanda, et al. 18
Pharmaceutical United 

Kingdom
December 2001 Composite sample and dissolved concentration 

measured. Mean given. Variance given.
Karthikeyan and Meyer 
135 Pharmaceutical USA 6 December 2001 24h composite sample and dissolved concentration 

measured. Mean given. Variance given.
Kasprzyk-Hordern, et al. 73

Pharmaceutical United 
Kingdom

April-August 2007 24h composite sample and dissolved concentration 
measured. Mean given. Variance imputed.

Kimura, et al. 136
Pharmaceutical Japan August-October 

2005
Grab samples and dissolved concentration measured. 
Mean given. Variance given.

Komesli, et al. 53
Pharmaceutical Turkey Not given 24h composite sample and dissolved concentration 

measured. Mean given. Variance imputed.
Kruglova, et al. 20

Pharmaceutical Finland December 2011-
February 2012

24h composite sample and total concentration 
measured. Mean from graph. Variance imputed.

Kümmerer, et al. 41
Pharmaceutical Germany May 1995 1h composite sample and dissolved concentration 

measured. Mean from median. Variance from raw 
data.

Lajeunesse, et al. 137
Pharmaceutical Canada September 2009 24h composite sample and dissolved concentration 

measured. Mean given. Variance given.
Larsson, et al. 74

Pharmaceutical Sweden 15, 22, 29 April 
2013

Grab samples and total concentration measured. Mean 
from range. Variance imputed.

Leclercq, et al. 138
Pharmaceutical France Not given 24h composite sample and dissolved concentration 

measured. Mean given. Variance imputed.
Leung, et al. 139

Pharmaceutical Hong Kong June and August 
2011

24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Li and Zhang 5 Pharmaceutical Hong Kong March 2009 24h composite sample and dissolved concentration 
measured. Mean from raw data. Variance from raw 
data.

Lindberg, et al. 140
Pharmaceutical Sweden April 2002 Weekly composite sample and dissolved concentration 

measured. Mean from raw data. Variance from raw 
data.

Lindqvist, et al. 21
Pharmaceutical Finland September 2003 24h composite sample and dissolved concentration 

measured. Mean from graph. Variance imputed.
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Loganathan, et al. 141
Pharmaceutical USA 9 February 2007 Grab samples and dissolved concentration measured. 

Mean from raw data. Variance from raw data.
Mackulak, et al. 142

Pharmaceutical Slovakia 23 October 2013 Grab samples and dissolved concentration measured. 
Mean given. Variance given.

Manickum and John 45
Pharmaceutical South Africa March 2010 to June 

2012
Grab samples and total concentration measured. Mean 
given. Variance given.

Martin, et al. 143
Pharmaceutical Spain January 2008-

January 2009
24h composite sample and dissolved concentration 
measured. Mean given. Variance imputed.

Matongo, et al. 144
Pharmaceutical South Africa September 2013 Grab samples and dissolved concentration measured. 

Mean given. Variance given.
Metcalfe, et al. 145

Pharmaceutical Canada December 1998 24h composite sample and dissolved concentration 
measured. Mean given. Variance imputed.

Morasch, et al. 146
Pharmaceutical Switzerland 20 February - 11 

March 2009
24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Nakada, et al. 147
Pharmaceutical Japan July 2002 24h composite sample and dissolved concentration 

measured. Mean from raw data. Variance from raw 
data.

Nie, et al. 148
Pharmaceutical China Summer 2009 Grab samples and dissolved concentration measured. 

Mean given. Variance given.
Oliveira, et al. 149

Pharmaceutical USA End of October-
early November 
2013

24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Papageorgiou, et al. 150
Pharmaceutical Greece Spring 2013-2014 24h composite sample and dissolved concentration 

measured. Mean given. Variance imputed.
Patrolecco, et al. 151

Pharmaceutical Italy May 2011 24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Pereira, et al. 152
Pharmaceutical Portugal Spring 2013 (14 

May-4 June)
24h composite sample and dissolved concentration 
measured. Mean from raw data. Variance from raw 
data.

Qi, et al. 22
Pharmaceutical China March 2011 24h composite sample and dissolved concentration 

measured. Mean from graph. Variance imputed.
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Radjenovic, et al. 153
Pharmaceutical Spain March and April 

2007
24h composite sample and dissolved concentration 
measured. Mean given. Variance imputed.

Repice, et al. 154
Surfactant Italy 25th July to 9th 

August 2010
24h composite sample and dissolved concentration 
measured. Mean from raw data. Variance from raw 
data.

Rodríguez, et al. 155
Fragrance Spain October 2001 24h composite sample and dissolved concentration 

measured. Mean from raw data. Variance from raw 
data.

Rubirola, et al. 156
Fragrance Spain Day 1 April 2013 Grab sample and dissolved concentration measured. 

Mean from raw data. Variance from raw data.
Ryu, et al. 157

Fragrance South Korea May 2013 Grab samples and dissolved concentration measured. 
Mean given. Variance imputed.

Samaras, et al. 158
Pharmaceutical Greece June, July, 

September 2009
24h composite sample and total concentration 
measured. Mean given. Variance given.

Santos, et al. 159
Pharmaceutical Spain July to September 

2004
24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Santos, et al. 160
Pharmaceutical Spain June 2004 to June 

2005
24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Sari, et al. 161
Pharmaceutical Turkey Summer 2012 24h composite sample and dissolved concentration 

measured. Mean given. Variance given.
Schlusener, et al. 162

Pharmaceutical Germany May 2012 24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Senta, et al. 163
Pharmaceutical Croatia March to 

September 2011
24h composite sample and total concentration 
measured. Mean given. Variance given.

Servos, et al. 24
Pharmaceutical Canada 9 December 1998 24h composite sample and dissolved concentration 

measured. Mean from graph. Variance imputed.
Shao and Ma 164

Pharmaceutical China Year 2006-2007 Sample type not given and total concentration 
measured. Mean given. Variance given.

Stasinakis, et al. 165
Pharmaceutical Greece December 2010-

April 2011
24h composite sample and total concentration 
measured. Mean given. Variance imputed.
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Stumpf, et al. 25
Pharmaceutical Brasil June 1997 24h composite sample and dissolved concentration 

measured. Mean from graph. Variance imputed.
Subedi and Kannan 166

Pharmaceutical USA July 2013 24h composite sample and dissolved concentration 
measured. Mean given. Variance imputed.

Tauxe-Wuersch, et al. 26
Pharmaceutical Switzerland April 2002 24h composite sample and total concentration 

measured. Mean from graph. Variance imputed.
Thomas and Foster 167

Pharmaceutical USA January 2004 24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Vergeynst, et al. 168
Fragrance Belgium March 2013 Grab samples and dissolved concentration measured. 

Mean given. Variance given.
Vieno, et al. 169

Fragrance Finland September 2003 Grab sample and dissolved concentration measured. 
Mean from raw data. Variance from raw data.

Wang, et al. 27
Pharmaceutical China January 2013 24h composite sample and dissolved concentration 

measured. Mean from graph. Variance imputed.
Watkinson, et al. 170

Pharmaceutical Australia Early 2006 Grab samples and total concentration measured. Mean 
from median. Variance imputed.

Wick, et al. 171
Pharmaceutical Germany March, May, July 

2007
24h composite sample and dissolved concentration 
measured. Mean from median. Variance imputed.

Xu, et al. 172
Pharmaceutical Hong Kong May 2006 24h composite sample and dissolved concentration 

measured. Mean given. Variance given.
Yan, et al. 173

Pharmaceutical China November, 
December 2012, 
January 2013

Grab samples and total concentration measured. Mean 
given. Variance given.

Yasojima, et al. 28
Pharmaceutical Japan July to October 

2004
24h composite sample and dissolved concentration 
measured. Mean given. Variance imputed.

Yu and Chu 174
Pharmaceutical USA Not given Grab samples and total concentration measured. Mean 

given. Variance imputed.
Yuan, et al. 175

Pharmaceutical China November 2013 24h composite sample and dissolved concentration 
measured. Mean given. Variance given.

Zhou, et al. 29
Pharmaceutical China June 2008 to May 

2009
Grab samples and dissolved concentration measured. 
Mean from graph. Variance imputed.
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Zorita, et al. 176
Pharmaceutical Sweden June 2007; April 

2008
24h composite sample and dissolved concentration 
measured. tbd. Variance given.

Camacho-Muñoz, et al. 177
Pharmaceutical Spain July 2011 - June 

2012
24h composite sample and total concentration 
measured. Mean given. Variance given.

Feijtel, et al. 80
Surfactants Netherlands July 1, 1993 24h composite sample and total concentration 

measured. Mean from raw data. Variance from raw 
data.

Gomez, et al. 10
Pharmaceutical Spain 2010-2011 24h composite sample and dissolved concentration 

measured. Mean given. Variance imputed.
Gonzalez, et al. 16

Surfactants Spain Not given 24h composite sample and dissolved concentration 
measured. Mean from median. Variance imputed.

González, et al. 8 Surfactants Spain March 2007 24h composite sample and dissolved concentration 
measured. Mean from median. Variance imputed.

Gori, et al. 85
Surfactants Spain Not given 24h composite sample and dissolved concentration 

measured. Mean given. Variance given.
Li, et al. 81

Pharmaceutical Germany May - June 1999 Flow proportional grab samples and total 
concentration measured. Mean from range. Variance 
imputed.

Matthijs, et al. 178
Surfactants Netherlands Not given 24h composite sample and total concentration 

measured. Mean given. Variance imputed.
McAvoy, et al. 179

Surfactants USA Aug. 19-21 1992 24h composite sample and total concentration 
measured. Mean given. Variance imputed.



31

S4. Moderator selection

The data was structured into study, WWTP, and analysed chemical. A study could analyse different 

WWTPs as well as different chemicals. While a WWTP is the focus of a single study, a chemical could be 

analysed in various studies. 

The moderators were selected following the procedure described in 180 from the set shown in Table 5. 

Firstly, moderators for which more than 65% of the studies did not report any information (data missing) 

were not considered to avoid a too large loss of data points.   

Table 5 – Moderators available prior any screening from the raw data base. Reported as well is the number and percentage of 

available data points. RE stands for removal efficiency.

Moderator Data available Type

[%] [#]

Technological

Presence of primary settler 100.0 1539 Categorical: yes or no

Presence of micro screens 100.0 1539 Categorical: yes or no

Type of secondary treatment

100.0 1539

Categorical: sequencing batch reactor 

(SBR), completely stirred tank reactor 

(CSRT), plug-flow reactor (PFR), or 

oxidation ditch (OD)

Type of biological nutrient removal (BNR)

100.0 1539

Categorical: organic matter removal 

(OMR), nitrogen removal (NR), 

biological nutrient removal (BNR)

BNR implementation 100.0 1539 Categorical: yes or no

Presence of final settler 100.0 1539 Categorical: yes or no

Share of domestic influent [-] 69.5 1069 Continuous

Share of industrial influent [-] 69.5 1069 Continuous

Design capacity [m3/d] 20.5 315 Continuous

Population served [PE] 77.3 1189 Continuous

Flow rate [m3/d] 86.2 1326 Continuous

Sludge retention time (SRT) [d] 50.5 777 Continuous

Biological hydraulic retention time (HRT) [h] 31.3 482 Continuous
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Total hydraulic retention time (HRT) [h] 45.2 696 Continuous

Influent pH [-] 31.1 478 Continuous

Secondary effluent pH [-] 8.5 131 Continuous

Effluent pH [-] 16.0 246 Continuous

Influent temperature [°C] 19.1 294 Continuous

Effluent temperature [°C] 8.9 137 Continuous

Volume of aerobic reactor [m3] 13.6 209 Continuous

Volume of primary clarifier [m3] 6.9 106 Continuous

Volume of secondary clarifier [m3] 3.5 54 Continuous

RE of biological oxygen demand (BOD) [-] 35.3 543 Continuous

RE of chemical oxygen demand (COD) [-] 30.1 463 Continuous

RE of phosphorus [-] 26.3 404 Continuous

RE of nitrogen [-] 23.8 367 Continuous

RE of ammonium [-] 12.3 189 Continuous

RE of total suspended solids (TSS) [-] 31.6 486 Continuous

Physico-Chemical

Chemical class 98.2 1511 Categorical: neutral, acid, base

Log KOW 97.3 1498 Continuous

pKa [-] 69.3 1067 Continuous

Log KOC 100.0 1539 Continuous

Henry’s law constant [Pa m3/mol] 99.9 1538 Continuous

Biodegradation rate [s-1] 60.2 927 Continuous

Readily Biodegradable 100.0 1539 Categorical: yes or no

Biodegradation class 100.0 1539 Categorical

a. Outliers

Henry law’s constant, vapour pressure, water solubility, flow rate, total HRT, population served, and SRT 

were log-transformed to reduce the influence of the few higher values. 

b. Collinearity
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Collinear moderators should not be kept together in a single model. We therefore chose the share of 

domestic influent over the share of industrial influent. The population served, which is a proxy for the 

design capacity of the plant, was dropped in favour of the flow rate as the latter had more data points 

and both were correlated. The SRT was preferred over the HRT on the one hand because it does not only 

reflect the retention time of particles in the WWTP, as shown by its slight correlation to HRT (Coefficient 

= 52.6%), but also gives indications on the microbial community present in the plant. On the other hand, 

the HRT was available for fewer datapoints compared to the SRT (507 vs 542).  The categorical 

moderators describing the presence of a primary settler, micro screens, and a final settler were not 

considered further as they were not well balanced, as is exemplarily shown in Figure 3 for the 

relationship between the presence of a primary settler and the type of secondary treatment . It appears 

clearly that the majority of the designs implement a final settler. 

Figure 3 – Barplot describing the relationship between the final settler and the type of type of secondary treatment. 

The log-transformed Henry Constant was preferred to the log KOW as we expect it to describe other 

removal mechanisms. The log KOC was preferred to the pKa. The biodegradation rate was also dropped as 

it had missing data points and was well represented by both categorical moderators describing 
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biodegradability. Further, since the chemical class was used to compute the log KOC, it was also not 

retained as potential moderator (Figure 4). 

Figure 4 – Boxplot describing the relationship between the chemical class and the log KOC. 

The following relationships were also identified but a final decision on which moderator to use could not 

be made at this point.

- Type of BNR or BNR implementation

- Type of BNR or secondary treatment type

- BNR implementation or secondary treatment type

- Flow rate or secondary treatment type

- SRT or secondary treatment type

- Readily Biodegradable or Biodegradation category

c. Relation to effect size

The final set of moderators was derived using univariate models relating the 10 single moderators left to 

the effect size. The results of the Omnibus moderator test (Table 6) was used for this sake. The readily 

biodegradability categorisation was preferred to the biodegradability category because it was significant 

according to the Omnibus test. The BNR implementation was retained over the BNR type. The SRT was 

preferred over the secondary treatment type, because it was significantly influencing the effect size and 

it allowed to include the flow rate and the BNR implementation in the final moderator set.  

Table 6 – Results of the Omnibus moderator test conducted for each univariate model and ranked according to the QM value

Moderator QM p-value

Readily biodegradable 24.57 7.16E-07

Log SRT 4.46 0.03

Type of secondary treatment 4.15 0.25



35

Log KOC 3.64 0.06

Log flow rate 3.16 0.08

Type of BNR 1.61 0.45

BNR implementation 1.15 0.28

Log Henry constant 1.10 0.29

Biodegradation category 0.42 0.52

Share domestic influent 0.16 0.69

Further, Figure 5 visualises the relationships between the removal efficiency and (1) KOC, (2) flow rate, (3) 

Henry law constant, and (4) share of domestic influent. In Figure 6 to Figure 8 the mean weighted 

removal efficiency is shown in relation to the biodegradability category, the type of biological nutrient 

removal, and the type of secondary treatment. 
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Figure 5 – Univariate models showing the relationship between the removal efficiency and (1) the log KOC, (2) the log of the flow 

rate, (3) the log of the Henry constant, (4) the share of domestic influent, and (5) the log of the sludge retention time. The shaded 

areas represent the 95% confidence interval. 

Figure 6 – Mean weighted removal efficiency with 95th confidence interval for the different biodegradability classes. 
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Figure 7 – Mean weighted removal efficiency with 95 th confidence interval for the biological nutrient removal classes. 

Figure 8 – Mean weighted removal efficiency with 95 th confidence interval for the different designs of secondary treatment 

types.

Figure 9 – Mean weighted removal efficiency with 95% confidence interval for readily biodegradable (RB) and not readily 

biodegradable (not RB) chemicals, when a univariate model was fitted to the data. 

S5. Choice of random effects

The optimal random effect structure included the chemical, and the plant codes nested within each 

study (Table 7). 

Table 7 – Random effect structures ranked according to their Bayesian Information Criteria (BIC). 

RandomEffects BIC

~1|Chemical_Name,~1|Reference/Plant.code 13 933

~1|Chemical_Name,~1|Country,~1|Reference/Plant.code 13 939

~1|Chemical_Name,~1|Reference,~1|Reference/Plant.code 13 939

~1|Chemical_Name,~1|Country,~1|Reference,~1|Reference/Plant.code 13 945



38

~1|Chemical_Name,~1|Reference 14 521

~1|Chemical_Name,~1|Country,~1|Reference 14 527

~1|Chemical_Name,~1|Country 19 820

~1|Chemical_Name 27 374

~1|Reference/Plant.code 65 347

~1|Reference,~1|Reference/Plant.code 65 353

~1|Country,~1|Reference/Plant.code 65 353

~1|Country,~1|Reference,~1|Reference/Plant.code 65 360

~1|Reference 66 580

~1|Country,~1|Reference 66 586

~1|Country 85 267

Table 8 shows the contribution of each random effect to the total variance accounted for by the random 

effects. 

Table 8 – Contribution of each random effect to the total variance for the reduced dataset (N=542)

Contribution to variance [%]
Sampling variance 0.2
Chemical name 52.4
Reference 40.9
Plant code (nested in Reference) 6.53
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S6. Final model

a. Moderator selection

Table 9 lists the combinations of moderators tested together with the BIC value and the assigned weight for which the Akaike weight was above 

0.1%. 

Table 9 – Combination of moderators tested to choose the final model. They are ranked according to their Bayesian Information Criterion (BIC) and the corresponding weight used 

for the model averaging is also listed. 

Model BIC Weights
EffectSize ~ 1 + ReadilyBiodegradable + log_SRT_d + KOC_log + ReadilyBiodegradable:log_SRT_d + 
ReadilyBiodegradable:KOC_log 14641.5 0.55
EffectSize ~ 1 + ReadilyBiodegradable + log_SRT_d + ReadilyBiodegradable:log_SRT_d 14643.9 0.17
EffectSize ~ 1 + ReadilyBiodegradable + log_FlowRate_m3d + log_SRT_d + KOC_log + ReadilyBiodegradable:log_SRT_d + 
ReadilyBiodegradable:KOC_log 14645.2 0.09
EffectSize ~ 1 + ReadilyBiodegradable + log_SRT_d + KOC_log + ReadilyBiodegradable:log_SRT_d 14646.5 0.04
EffectSize ~ 1 + ReadilyBiodegradable + log_FlowRate_m3d + log_SRT_d + ReadilyBiodegradable:log_SRT_d 14647.5 0.03
EffectSize ~ 1 + ReadilyBiodegradable + log_SRT_d + log_HC + KOC_log + ReadilyBiodegradable:log_SRT_d + 
ReadilyBiodegradable:KOC_log 14647.8 0.02
EffectSize ~ 1 + ReadilyBiodegradable + NatureInfluent_ShareDomestic + log_SRT_d + KOC_log + 
ReadilyBiodegradable:log_SRT_d + ReadilyBiodegradable:KOC_log 14647.8 0.02
EffectSize ~ 1 + ReadilyBiodegradable + KOC_log + ReadilyBiodegradable:KOC_log 14649.1 0.01
EffectSize ~ 1 + ReadilyBiodegradable + log_SRT_d + log_HC + ReadilyBiodegradable:log_SRT_d 14649.6 0.01
EffectSize ~ 1 + ReadilyBiodegradable + NatureInfluent_ShareDomestic + log_SRT_d + ReadilyBiodegradable:log_SRT_d 14650.2 0.01
EffectSize ~ 1 + ReadilyBiodegradable + log_FlowRate_m3d + log_SRT_d + KOC_log + ReadilyBiodegradable:log_SRT_d 14650.2 0.01
EffectSize ~ 1 + ReadilyBiodegradable + log_SRT_d + KOC_log + ReadilyBiodegradable:KOC_log 14650.9 0.01
EffectSize ~ 1 + ReadilyBiodegradable + log_FlowRate_m3d + log_SRT_d + log_HC + KOC_log + 
ReadilyBiodegradable:log_SRT_d + ReadilyBiodegradable:KOC_log 14651.5 0.00
EffectSize ~ 1 + ReadilyBiodegradable + NatureInfluent_ShareDomestic + log_FlowRate_m3d + log_SRT_d + KOC_log + 
ReadilyBiodegradable:log_SRT_d + ReadilyBiodegradable:KOC_log 14651.5 0.00
EffectSize ~ 1 + ReadilyBiodegradable 14651.7 0.00
EffectSize ~ 1 + ReadilyBiodegradable + log_FlowRate_m3d + KOC_log + ReadilyBiodegradable:KOC_log 14652.5 0.00
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EffectSize ~ 1 + ReadilyBiodegradable + log_SRT_d + log_HC + KOC_log + ReadilyBiodegradable:log_SRT_d 14652.8 0.00
EffectSize ~ 1 + ReadilyBiodegradable + NatureInfluent_ShareDomestic + log_SRT_d + KOC_log + 
ReadilyBiodegradable:log_SRT_d 14652.8 0.00
EffectSize ~ 1 + ReadilyBiodegradable + log_FlowRate_m3d + log_SRT_d + log_HC + ReadilyBiodegradable:log_SRT_d 14653.3 0.00
EffectSize ~ 1 + ReadilyBiodegradable + log_SRT_d 14653.5 0.00
EffectSize ~ 1 + ReadilyBiodegradable + NatureInfluent_ShareDomestic + log_FlowRate_m3d + log_SRT_d + 
ReadilyBiodegradable:log_SRT_d 14653.8 0.00
EffectSize ~ 1 + BNR_Type + ReadilyBiodegradable + log_SRT_d + KOC_log + ReadilyBiodegradable:log_SRT_d + 
ReadilyBiodegradable:KOC_log 14653.9 0.00
EffectSize ~ 1 + ReadilyBiodegradable + log_FlowRate_m3d + log_SRT_d + KOC_log + ReadilyBiodegradable:KOC_log 14653.9 0.00
EffectSize ~ 1 + ReadilyBiodegradable + NatureInfluent_ShareDomestic + log_SRT_d + log_HC + KOC_log + 
ReadilyBiodegradable:log_SRT_d + ReadilyBiodegradable:KOC_log 14654.1 0.00
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b. Omnibus test results

Table 10 shows the Omnibus test results for the final model. 

Table 10 – Omnibus test results (QM) and p-value for the moderators retained in the final model. 

Moderator QM p-value
Readily Biodegradability 21.79 3.05E-06
Log KOC 15.65 7.63E-05
Interaction Readily Biodegradability and log KOC 11.52 6.90E-04
Log SRT 3.62 5.71E-02
Interaction Readily Biodegradability and log SRT 1.43 2.32E-01

c. Testing assumptions

The residuals were plotted against the fitted values to test for the homogeneity in the residuals (Figure 

10). The spread is rather homogeneous with a slight tendency towards negative values, and thus this 

assumption is not violated. 

Figure 10 – Residuals of the final model plotted against the fitted values. 

The moderators used in the final model were plotted against the residuals to make sure that the 

independence assumption was respected. Considering the lack of trend in Figure 11, this assumption is 

not violated. 
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Figure 11 – Residuals plotted against the continuous moderators used in the final descriptive model. 

Finally, the normality of the residuals was also assessed using histogram and QQ-plot (Figure 12). The QQ 

plot shows a slight deviation of low and high residuals from normality. Since the deviation was not too 

large and the histogram rather spoke in favour of a normal distribution of the residuals, we assumed that 

the normality assumption was not violated.  

               
Figure 12 – Testing the normality of the residuals using QQ-plots (left) and histogram (right)

Similar results were obtained for the model fitted on the dataset with data points of good or moderate 

quality criteria only. 

d. Publication bias

The Funnel plot and Egger test conducted on the available database show that our model is robust 

against potential publication bias (Figure 13). 
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Figure 13 – Funnel plot of the studies included in the final model showing the relationship between the inverse of the standard 

error and the residuals. The Egger test gave an intercept of 0.14 (95% CI: -0.22- 0.50, P =0.43). 

S7. Sensitivity to data quality

a. Influence of SRT and KOC

Figure 14 and Figure 15 show the increase in RE with increased SRT and KOC for readily and non-readily 

biodegradable compounds for the database excluding studies with poor quality criteria (N=193). 
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Figure 14 – Removal efficiency [%] as a function of the log of the sludge retention time [d] for the readily biodegradable (readily 

BD) and not readily biodegradable (not readily BD) chemicals. The shaded areas represent the 95th confidence interval. The dots 

represent the different effect sizes included in the analysis (N = 193). The size and colour intensity of the dots indicate their 

weight in the meta-analysis. Blue dots refer to not readily biodegradable compounds, while green dots are readily biodegradable 

compounds.

Figure 15 – Removal efficiency [%] as a function of the log KOC for the readily biodegradable (readily BD) and not readily 

biodegradable (not readily BD) chemicals. The shaded areas represent the 95th confidence interval. The dots represent the 
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different effect sizes included in the analysis (N = 193). The size and colour intensity of the dots indicate their weight in the meta-

analysis. Blue dots refer to not readily biodegradable compounds, while green dots are readily biodegradable compounds.

b. Omnibus test results

Table 11 depicts the Omnibus test results for the moderators retained in the model fitted to the reduced 

dataset. 

Table 11– Omnibus test results (QM) and p-value for the moderators retained in the model fitted to the reduced dataset.

Moderator QM p-value
Log Flow Rate 65.21 6.75E-16
Readily Biodegradability 57.54 3.31E-14
Log KOC 42.22 8.17E-11
Interaction Readily Biodegradability and log KOC 22.44 2.17E-06
Log SRT 5.02 2.50E-02
Interaction Readily Biodegradability and log SRT 2.08 1.49E-01

c. Sensitivity to publication bias

The model fitted to the dataset excluding poor quality studies, might be slightly subject to publication 

bias. (Figure 16)
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Figure 16 - Funnel plot of the studies included in the model fitted on the dataset excluding poor quality studies showing the 

relationship between the inverse of the standard error and the residuals. The Egger test gave an intercept of 0.13 (95% CI: -0.57- 

0.82, P =0.72). 
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S8. Imputation strategies

An additional assumption which might have induced bias in our analysis was to impute a standard 

deviation whenever missing. This was necessary for 47% of the reported effluent concentrations and for 

38% of the reported influent concentrations. The larger percentage of imputed effluent concentration SD 

is due to the values measured below detection limits for which no SD could be reported even though 

they were for influent concentrations. Further, a sample size was imputed in approximately 19% of all 

cases (n=1539). However, the mean weighted removal efficiency was only slightly increased by this 

assumption (68.1% compared to 64.9% for the reduced database). 

Using a different imputation strategy for missing SD had also little impact on the mean weighted removal 

(Figure 14). It appeared that imputations with Hot Deck led to a higher weighted removal efficiency 

(67.4%), which was however still clearly within the 95th CI of the default weighted RE. Similarly, the mean 

weighted removal efficiencies derived with Hot Deck Nearest Neighbour were all within the 95th CI of the 

default value.

Figure 17 – Mean weighted removal efficiencies when the Hot Deck Nearest Neighbour (grey), the Hot Deck (blue), and the 

default Bracken (green) approaches were used to impute the missing standard deviations. 
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