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ARTICLE INFO ABSTRACT

Keywords: This study aimed to provide insights into the risk posed by psychopharmaceuticals and illicit drugs in European

Psychopharmaceuticals surface waters, and to identify current knowledge gaps hampering this risk assessment. First, the availability and

Illicit drugs quality of data on the concentrations of psychopharmaceuticals and illicit drugs in surface waters (occurrence)

Occurrence s . . . . .

Hazard and on the toxicity to aquatic organisms (hazard) were reviewed. If both occurrence and ecotoxicity data were
azar . . . . P - .

Risk available, risk quotients (risk) were calculated. Where abundant ecotoxicity data were available, a species

sensitivity distribution (SSD) was constructed, from which the hazardous concentration for 5% of the species
(HCs) was derived, allowing to derive integrated multi-species risks. A total of 702 compounds were categorised
as psychopharmaceuticals and illicit drugs based on a combination of all 502 anatomical therapeutic class (ATC)
‘N’ pharmaceuticals and a list of illicit drugs according to the Dutch Opium Act. Of these, 343 (49%) returned
occurrence data, while only 105 (15%) returned ecotoxicity data. Moreover, many ecotoxicity tests used irrel-
evant endpoints for neurologically active compounds, such as mortality, which may underestimate the hazard of
psychopharmaceuticals. Due to data limitations, risks could only be assessed for 87 (12%) compounds, with 23
(3.3%) compounds indicating a potential risk, and several highly prescribed drugs returned neither occurrence
nor ecotoxicity data. Primary bottlenecks in risk calculation included the lack of ecotoxicity data, a lack of di-
versity of test species and ecotoxicological end points, and large disparities between well studied and under-
studied compounds for both occurrence and toxicity data. This study identified which compounds merit concern,
as well as the many compounds that lack the data for any calculation of risk, driving research priorities. Despite
the large knowledge gaps, we concluded that the presence of a substantial part (26%) of data-rich psycho-
pharmaceuticals in surface waters present an ecological risk for aquatic non-target organisms.

Surface water

1. Introduction

Psychoactive pharmaceuticals (psychopharmaceuticals) are a class
of pharmaceuticals primarily used to treat mental disorders and ill-
nesses, as well as other conditions relating to the nervous system, such as
analgesics (painkillers) and anaesthetics. These psychopharmaceuticals
are vital for our modern society, and their use has been steeply
increasing around the world due to a multitude of factors, such as
growing number of psychopharmaceutical-based treatments, growing
global access to psychopharmaceuticals, growing global population, an
ageing population in several regions, loss of social stigma, and increased
availability of mental health treatment (European Medicines Agency,
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2021; Gao et al., 2013; Massey et al., 2018; Read et al., 2014; World
Health Organization, 2011).

Psychopharmaceuticals often alter the neurochemistry of the brain,
by changing the concentrations and uptake of neurotransmitters such as
serotonin and dopamine and/or by agonising or antagonising specific
receptors (Jozwiak-Bebenista and Nowak, 2014; Wrobel, 2007). How-
ever, their activity is not limited to the brain, such as in the case of
analgesics which work on the nervous system (Ghanem et al., 2016;
Graham and Scott, 2005; Jozwiak-Bebenista and Nowak, 2014). In
1976, the WHO created The anatomical therapeutic chemical (ATC)
classification system, a systematic approach to classify pharmaceuticals
into therapeutic groupings based on the organ or biological system on
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which they act, as well as on their pharmacological and chemical
properties, otherwise known as the mechanism of action (MOA). The
ATC system distinguishes 14 categories in which psychopharmaceuticals
are classified, with ATC—N standing for nervous system (WHO Collab-
orating Centre for Drug Statistics Methodology, 2018). Of the over 4000
pharmaceuticals administered worldwide, 502 belong to the ATC—N
class (Wishart et al., 2018). In addition to psychopharmaceuticals, illicit
drugs such as stimulants, dissociatives, hallucinogenics, illicit opioids
and cannabinoids can have strong effects on the nervous system as well,
having a similar MOA as psychopharmaceuticals. Yet, studies on illicit
drugs tend to consider these in isolation (e.g. Deng et al., 2020; Huizer
etal., 2021; Lietal., 2016; Thomas et al., 2012), even though some illicit
compounds are screened as candidates for therapeutic uses (e.g. keta-
mine, cannabis, MDMA, Aan Het Rot et al., 2012; Ebbert et al., 2018;
Krystal et al., 2019; Mathew et al., 2008; Sessa, 2017). Hence, it makes
sense to jointly assess the presence, hazard, and risks of psycho-
pharmaceuticals and illicit drugs in the aquatic environment.

Increased use has led to the widespread occurrence of psycho-
pharmaceuticals and their transformation products in the aquatic
environment (aus der Beek et al., 2016). Pharmaceuticals have been
reported in the aquatic environment since the 1960s (Stumm-Zollinger
and Fair, 1965), but specific concern for psychopharmaceuticals was
only raised in the late 1990s (Daughton and Ternes, 1999; Hal-
ling-Sgrensen et al., 1998). Consequently, there has been a significant
increase in the amount of data on the occurrence of psychopharma-
ceuticals and their transformation products in surface waters, attributed
also to advancements in analytical techniques such as LC—HRMS
(Heberer, 2002; Luo et al., 2014; Ort et al., 2014; Richardson, 2007),
which can detect pharmaceuticals in the ng to pg/l range (e.g. Zrncic
et al., 2014).

Wastewater treatment plants (WWTPs) are a major source of psy-
chopharmaceutical and illicit drug residues entering the environment, to
such a point that wastewater has become a frequently studied medium to
reveal drug use trends in the connected populations (Deng et al., 2020;
Huizer et al., 2021; Ort et al., 2014; ter Laak et al., 2010; van Nuijs et al.,
2011). Currently, up to 60-70% of the consumed pharmaceuticals, illicit
drugs and the respective transformation products are not removed by
WWTPs and end up in surface waters, depending on the
physico-chemical properties of the compounds and the setup of the
WWTP. Once in the aquatic environment, the fate and persistence of
psychopharmaceuticals can vary considerably between the different
compounds, with some degrading very quickly, which are therefore not
being detected in the environment, while some others have reported
half-lives (t;,2) that can exceed one year. For example, carbamazepine
has a t;,9 of 2400-10,000 h, while paracetamol has a t; /2 of 40-350 h
(Andreozzi et al., 2003; Yamamoto et al., 2009; Zou et al., 2015). This is,
however, an understudied field (Bu et al., 2016), emphasising the need
to further study the fate of (psycho)pharmaceuticals in the aquatic
environment.

Whether or not the presence of psychopharmaceuticals and illicit
drugs in the aquatic environment leads to adverse effects on non-target
species typically depends on their sensitivity to these compounds. Since
the neural and nervous architecture of humans is shared across many
different organisms that deviated in evolutionarily terms eons ago
(Edsinger and Dolen, 2018; Weiger, 1997), psychopharmaceuticals and
illicit drugs designed to interact with the human nervous system may
also successfully interact with the nervous system of non-target organ-
isms, with potential negative ecological impacts (Claessens et al., 2013;
Schwarz et al., 2021; Wang et al., 2021). For example, antidepressants
can affect predatory behaviour in bass, impacts tissue metabolic ca-
pacities, and may compromise the adaptive responses in trout when
accumulated through gills or through the food chain (Best et al., 2014;
Bisesi et al., 2016, 2014). Adverse effects of illicit drugs have also been
observed, but are considerably less studied than the effects of conven-
tional pharmaceuticals (Mohan et al., 2021). Outside the aquatic envi-
ronment, acute effects of psychopharmaceuticals such as changes in
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physiology and foraging behaviour have been reported for birds (Bean
et al., 2014), which are susceptible to exposure through the food chain
(Bean et al., 2018; Lazarus et al., 2015), as well as through direct
exposure to sewage sludge (Bean et al., 2014). Beyond ecological effects,
there is also concern about human safety (Kiimmerer, 2010), because of
the presence of psychopharmaceuticals in drinking water (Baken et al.,
2018; Houtman et al., 2014), and in vegetables grown using recycled
water (Fu et al., 2019; Goldstein et al., 2014; Kim et al., 2017; Paltiel
et al., 2016). Both psychopharmaceuticals and illicit drugs have the
potential to disrupt so-called ‘infochemicals’, which are compounds
used for intra-species communications (e.g., navigation, predator
avoidance, mating behaviour, etc.), since psychopharmaceuticals can
mimic natural infochemicals in structure (Van Donk et al., 2016;
Vera-Chang et al., 2018). Therefore, endpoints that derive from neuro-
logical and infochemical interactions are more sensitive than the clas-
sical endpoints (i.e., mortality, growth, and reproduction), and are likely
to be of high ecological relevance for compounds that produce these
effects. Despite the increasing amount of pharmaceuticals, psycho-
pharmaceuticals, and illicit drugs present in the environment, the
number of studies on their occurrence, hazards, and risks has been
relatively stagnant when compared to other drivers of ecological
changes, such as habitat loss and climate change (Bernhardt et al.,
2017). In addition, the focus is often on the same few psychopharma-
ceuticals and illicit drugs (e.g., carbamazepine, paracetamol, fluoxetine)
rather than on the newer or more used compounds such as escitalopram
(Elsevier B.V., 2020a, 2020b). It is therefore of utmost importance to
determine the contribution of psychopharmaceuticals and illicit drugs to
the presently ongoing degradation of environmental quality by assessing
the environmental risk posed by these chemicals, and to put such risks
into context by using metrics such as prescription data.

Ecological risk assessments are used to determine which compounds
merit concern by weighing the concentrations in the environment
(occurrence) and the effect concentrations (hazard) to produce risk
quotients (RQs), which informs of the likelihood of effects occurring in
the environment. Under this system, an RQ of 1 or higher means that the
concentration of a compound in the environment has surpassed the
minimum concentration to expect ecotoxic effects. Averaging the
calculated RQs for all species for which ecotoxicity data are available
provides a median risk for a specific compound (species-level risk).
Alternatively, when sufficient ecotoxicity data are available, Species
Sensitivity Distributions (SSDs) can be generated, which integrate all
available ecotoxicity data, allowing the derivation of the Hazardous
Concentration for 5% of the species (HCs), which is then entered into the
RQ calculations instead of the species-specific effect concentrations.
Hence, this method can be considered as an integrated M. species risk
assessment (Posthuma et al., 2001). However, SSDs require extensive
ecotoxicity data to be considered robust, and multiple taxonomic groups
to be considered more representative of natural communities (Wheeler
et al., 2002; European Commission, 2018). Therefore, deriving an SSD
may only be feasible for a limited number of data-rich compounds.

Despite the rise in the use of psychopharmaceuticals and illicit drugs,
scientific attention to the presence in the environment, ecotoxicological
hazards, and environmental risks of these compounds is still rather
limited. Currently, reliable environmental risk assessments are
hampered by a limited insight into the availability of data on the
occurrence in the aquatic environment and the hazard to non-target
organisms. Therefore, the aim of the present study was to review the
data on occurrence and ecotoxicological hazard of psychopharmaceut-
icals and illicit drugs in European surface waters, paying attention to the
accompanying uncertainties and knowledge gaps. To this end we pro-
vided an ecological risk assessment of psychopharmaceuticals and illicit
drugs in European surface waters by weighing their occurrence and
hazard. We contextualised these risks using (Dutch) prescription data.
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2: Methods
2.1: Selection and classification of psychopharmaceuticals and illicit drugs

We based our selection of psychopharmaceuticals on the ATC—N list
of 502 chemicals (WHO Collaborating Centre for Drug Statistics Meth-
odology, 2018). Illicit drugs, such as stimulants, dissociatives, halluci-
nogenics, illicit opioids and cannabinoids, were added to this list by
using the Opium Act of the Netherlands, containing 282 illicit com-
pounds. Illicit and recreational drugs such as caffeine, nicotine, cocaine,
THC, and amphetamines were merged to make a ‘Stimulants & Illicits’
class, since the ATC categories of these select compounds (e.g., cocaine
as an anaesthetic) were deemed inappropriate. Since the ATC—N list
also includes compounds that are used as illicit drugs (e.g., opioids),
duplicates were removed. The resulting list totalled to 702 compounds
(Tables 1, S1). CAS numbers were obtained from DrugBank and Pub-
Chem (Kim et al., 2021; Wishart et al., 2018).

2.2. Occurrence data retrieval, filtering, and confidence score

To retrieve data on the occurrence of psychopharmaceuticals and
illicit drugs in surface waters, the EU’s IPCHEM monitoring platform
(European Commission, 2021) was used, which contains 18 environ-
mental occurrence databases. Four of these databases contained psy-
chopharmaceuticals and illicit drugs, and data were extracted in July
2021 (Table S2). These four databases were the German UBA “Phar-
maceuticals in the Environment” database (Fike et al., 2019), the
NORMAN Network database (NORMAN-—Network of reference labora-
tories, 2021), the French Naiades Database (Naiades, 2020), and the EU
WATERBASE database (EEA, 2021). In addition, we were given access to
two Dutch databases that were not represented in IPCHEM. These were
the WKP (Rijkswaterstaat, 2021) and the RIWA databases (“RIWA-Rijn,”
2021). To maximise the amount of data collected, the top 50 most
prescribed drugs in the Netherlands from 2015 to 2020 (Zorginstituut
Nederland, 2021) that did not have data in the aforementioned data-
bases were manually searched for in literature by using the search terms
“’<Drug name=>", environmental, environment, occurrence, detection,
detected, surface water’ in Google Scholar in June 2021.

Occurrence data were filtered for European surface waters only
(Table S3), removing values for other water matrices, such as sewage
effluent, groundwater, etc. False positives, such as nitrophenol being
confused with phenol by search engines, were also removed. If the
database flagged any data as ‘questionable’, these data were not used.
Outliers that were unusual or unrealistically high values (e.g., 1 10
mg/1) were either verified when the original source agreed with the
database, corrected when the source disagreed with the database or else
deleted if the original source was unavailable. Upon merging the data
from the six databases, any duplicates were removed by inspecting
sources, monitoring locations, monitoring location codes, and dates. For
all data below the limit of detection (<LOD), the 90th percentile was
calculated for all <LOD data per compound (Weltje and Sumpter, 2017),
which helped to provide enough data to calculate the risk for

Table 1
Numbers of ATC—N psychopharmaceuticals and illicit drugs.

Type (Source) Number of Compounds

ATC—N (DrugBank) 502
NO1 - Anaesthetics 43
NO2 - Analgesics 75
NO3 - Anti-Epileptics 40
NO4 - Anti-Parkinson’s 34
NO5 - Psycholeptics 166
NO6 - Psychoanaleptics 104
NO7 - Other 41
Illicit Drugs (NL Opium Act) 282
Total (Duplicates Removed) 702
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compounds for which all data were <LOD.

An occurrence data confidence score was created as an indication of
the amount and range of environmental occurrence data per compound.
Since not all compounds have the same quantity and diversity of
occurrence data, this will serve as an indication of data quantity and
diversity. It should be noted that the occurrence confidence score was
made before the LOD adjustments, meaning that values below or above
the LOD are treated equally in the confidence assessment. The total score
was calculated from 3 sub-scores: the number of entries (measurement
frequency), countries (spatial distribution), and years (temporal distri-
bution):

# Entries  # Countries  # Years

Occurence Score 57 o >

Equation 1: Occurrence data scoring system, with #Entries 57,
#Countries 12, and #Years 2. These numbers are the median values for
each of those categories (see Tables S5 and S7). I.e., the median number of
entries was 57, the median number of countries was 12, and the median
number of years was 2.

2.3 Ecotoxicity data retrieval, filtering, and confidence score

Ecotoxicity data were extracted from the US EPA ECOTOX Knowl-
edgebase (EPA, 2013) and the German UBA ETOX database (Umwelt-
bundesamt, 2008) in July 2021. In all cases, both compound names and
CAS numbers were used as search criteria. In addition, the top 50 most
prescribed drugs in the Netherlands in the years 2015 to 2020 (Zor-
ginstituut Nederland, 2021) that did not have data in the aforemen-
tioned databases were manually searched for in literature by using the
search terms “’<Drug Name>", ecotoxicity, ecotoxicology’ in Google
Scholar in June 2021.

Ecotoxicity studies with no results, no stated endpoint, or irrelevant
endpoints (i.e., bioaccumulation factors) were removed. To maximise
the usable data, values recorded as below or above lowest or highest test
concentration were adjusted to the lowest or highest test concentration,
respectively (e.g., <1 ug became 1 pg, and >1 pg became 1 pg). Outliers
that were unusual or unrealistic were either verified when the original
source agreed with the database, corrected when the source disagreed
with the database or else deleted if the original source was unavailable.

For studies that reported multiple endpoints per compound, only the
most sensitive relevant endpoint was used to avoid cases for which
studies with multiple endpoints held a greater weight than studies with a
single endpoint. The ecotoxicity data included many different measures
of toxicity, including ECx (Effective Concentration), LCx (Lethal Con-
centration), LOEC (Lowest Observed Effect Concentration), NOEC (No
Observed Effect Concentration) and MATC (Maximum Acceptable
Toxicant Concentration). To maximise the amount of usable data, these
were extrapolated to either acute EC50 values (Effective Concentration
for 50% of the exposed organisms) or to chronic NOEC values (No
Observed Effect Concentration), following the methods for extrapola-
tion described by Posthuma (2019). To this end, the first step was to
categorise datapoints as either “chronic” or “acute”, following the
criteria of ECETOC (1993, Table S4), with acute and sub-chronic eco-
toxicity data being merged as “acute” (Table S4). Secondly, all measures
of toxicity were put into two categories, NOEC or EC50, based on the
original measure of toxicity (See Posthuma et al., 2019). These two steps
yielded four categories of data: acute NOEC, chronic NOEC, acute EC50
and chronic EC50. Acute NOEC values were multiplied by 1/3 to give
chronic NOEC values, and chronic EC50 values were multiplied by 3 to
give acute EC50 values. This resulted in two final data categories: the
(extrapolated) chronic NOEC (denoted as cNOEC) and the (extrapo-
lated) acute EC50 (denoted as aEC50) ecotoxicity data, which were then
used for all further analyses in the study.

If enough ecotoxicity data were available, SSDs were generated to
derive HCs values, allowing for an integrated multispecies measure of
the hazard of that specific compound. To avoid that lacking ecotoxicity
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data hampered our analysis, SSDs were constructed based on a minimum
number of 5 data points using the US EPA “SSD Generator” (EPA, 2016).
Different SSDs were produced for ¢cNOEC and aEC50 values. aHCg
(acute) and cHCs (chronic HCs) values, defined as the hazardous con-
centration for 5% of species, were derived from the SSD plots of the
respective compounds.

In order to assess the quantity and diversity of the ecotoxicity data
per compound, we assigned a confidence score to each compound’s
cHCs, aHCs, cNOEC, and aEC50 values based on the TG27 criteria
(European Commission, 2018). For each compound we scored the
number of datapoints (out of a maximum of 10) and for taxa (out of a
maximum of 8). These were then multiplied to create an ecotoxicity data
score between 0 and 1 (Equation 2).

# Entries # Taxa

Ecotoxicity S
cotoxicity Score 10 8

Equation 2: Ecotoxicity data scoring system, with #Entries 10 and
#Taxa 8

*Based on TG27 criteria
2.4 Ecological risk assessment and confidence scores

By weighing the occurrence and ecotoxicity data, the ecological risk
for each compound was assessed. Two-dimensional matrices of risk
quotients (RQs) were created where each occurrence value was divided
by each aEC50, cNOEC, aHCs, or cHCs value per compound Conse-
quently, each compound could have up to four associated RQ matrices.
To compare the effect of including the 90th percentile of the <LOD data
(see 2.2), risk matrices were also made without the <LOD data.

Concentration in the Environment
Effect Concentration

RQ

Equation 3: Calculation of Risk Quotients (RQs), where effect concen-
tration can be aEC50, cNOEC, aHCs, or cHCs values.

The calculated RQs were then plotted in a logarithmic boxplot, and
the percentage of RQ > 1 was determined, indicating a potential risk. A
risk confidence score was calculated for each type of the four risk
analysis using the following formula:

Risk Score  Occurence Score  Ecotoxicity Score

Equation 4: Calculation of risk confidence score.

All confidence scores were simplified into 5 categories (Table 2).
Ecotoxicity data uses an adjusted lower boundary due to the nature of
the scoring system described in 2.3. All numerical confidence scores can
be found in the supplementary information (Table S9).

2.5 Statistical analyses

Pearson correlations were performed to assess relations between
(Dutch) prescription data (Zorginstituut Nederland, 2021) and other
variables, namely occurrence, occurrence data quantity (I.e. raw num-
ber of entries per compound), occurrence data confidence, ecotoxicity,
ecotoxicity data quantity, ecotoxicity data confidence, and risk. A sec-
ond series of Pearson correlations were performed to assess relations
between risk (both ¢cNOEC and aEC50) and these same variables. These
correlations were log-transformed and performed using native Excel

Table 2
Simplified scoring system for all confidence scores.

Confidence Score Description ~ Range Range (Occurrence/

Category (Ecotox) Risk)

VH Very High >0.75 >0.75

H High 0.5 - <0.75 0.5 - <0.75
M Medium 0.1-<0.5 0.1 - <0.5
L Low 0.015 - <0.1 0.01 - <0.1
VL Very Low <0.015 <0.01
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functions, with formulae embedded in Table S10. T-tests were per-
formed on the cumulative data for occurrence, cNOEC and aEC50 data
per compound class to test for significance between compound classes
using native Excel Functions (Table S11).

3: Results and discussion
3.1 Data availability for the selected compounds

For 343 out of 702 (49%) of compounds, occurrence data were re-
ported in European surface waters, but for 194 (28% of the total, or 57%
of the number of compounds with occurrence data), the concentration in
the environment was below the LOD, leaving 149 compounds (21%)
with at least one occurrence datapoint above the LOD. Only for 105
psychopharmaceuticals (15%) ecotoxicity data were available, imme-
diately highlighting that ecotoxicity data were even less available than
occurrence data. Only for 87 (12%) compounds both occurrence and
ecotoxicity data were available, allowing for a risk assessment. An
overview of occurrence, ecotoxicity and risk data can be found in
Tables S5, S6 and S7, respectively. The NORMAN database provided
most of the occurrence data in this study (Table 3), because it includes
both literature studies and monitoring data. We noticed that there is a
lack of parity between the multi-national occurrence databases, most
notably the UBA, NORMAN and WATERBASE databases, which contain
outdated references to each other. WATERBASE, RIWA, WKP, and
NAIADES returned relatively low amounts of data, likely because these
are general monitoring databases, which focus on other contaminants.
This highlights the low priority of psychopharmaceuticals compared to
legacy contaminants such as solvents and persistent organic pollutants.
The occurrence literature search did not return any additional results for
the countries included in this study (Table S3). Considering that the EPA
and UBA databases are both collections of current ecotoxicity literature,
there was a large lack of parity between the two ecotoxicity databases,
with the EPA database being far larger than the UBA database. More-
over, additional ecotoxicity data were found during the present litera-
ture search.

3.2 Occurrence of psychopharmaceuticals and illicit drugs in european
surface waters

Over half of all psychopharmaceuticals and illicit drugs did not re-
turn occurrence data (Fig. 1). Of the 343 (49%) psychopharmaceuticals
occurrence data was available, only 52 (7%) compounds had the highest
possible occurrence data confidence, while for almost all others (278,
40%) the confidence was medium or lower (Table S5). For 340 com-
pounds the concentration was below the LOD, and so the 90th percentile
procedure was used for those datapoints (Fig. 1). Lithium presented by
far the highest median concentration (0.016 mg/1), likely due to its
natural occurrence as a mineral. In addition, common solvents such as
diethyl ether, trichloroethylene, and phenol, were also present in high
median concentrations due to uses in other applications such as indus-
trial solvents. Common analgesics such as paracetamol, salicylamide,
salicylic acid, aspirin, and ibuprofen, as well as carbamazepine, were
also present in high concentrations (Fig. S5).

The low number of data entries per compound contributed most to
the generally low occurrence confidence when compared to the number
of countries and years. This indicates that there is a large disparity be-
tween well studied and understudied compounds in terms of raw data,
with five compounds (caffeine, carbamazepine, chloroform, trichloro-
ethylene, and ibuprofen) out of 702 compounds accounting for over
50% of all occurrence data (Table S5), with caffeine alone accounting for
almost 20% of positive detection data. Importantly, occurrence data
were missing for common and highly prescribed compounds such as
betahistine, pyridostigmine, and distigmine (Tables S5, S8). For the
illicit compounds, 127 out of 199 did not return any occurrence data,
which were often obscure ‘new psychoactive substances’, or
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Table 3
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Summary of databases used, including geographic location, timespan, data type, positive (>LOD) and negative (<LOD) detections.

Database Location Years Data Type #Compounds After Cleaning/Filtering ~ #Compounds After Cleaning/Filtering
(Positive Detection) (Negative Detection)
UBA ‘Pharmaceuticals in the DE 1997-2016 Occurrence (Literature) 82 74
Environment’ Worldwide
NORMAN “*Europe 2000-2016  Occurrence (Literature 121 330
Monitoring)
WATERBASE EU EEA 1987-2019  Occurrence (Monitoring) 7 18
Naiades FR 2015-2020  Occurrence (Monitoring) 17 20
RIWA NL 2015-2020 Occurrence (Monitoring) 22 22
WKP NL 1989-2019 Occurrence (Monitoring) 25 30
Occurrence Literature* **Europe 2012-2019 Occurrence (Literature) 0 -
EPA ECOTOX - 1939-2021 Ecotoxicity 94 -
UBA ETOX - 1964-2017  Ecotoxicity 20 -
Ecotoxicity Literature® - 2008-2020  Ecotoxicity 8 -

* Only top 50 most prescribed drugs based on yearly average DDD in the Netherlands were searched for in literature.

" See table S3 for countries and regions incorporated.

Occurrence Data - Number of compounds with:

No Data Only <LOD Data

359; 51%

Both Positive & Negative Detection

Only Positive Detection

194; 28%

146; 21%

3; 0%

Fig. 1. Breakdown of the occurrence data showing the number of compounds that did not return data, only returned <LOD data, returned both <LOD and positive

data, and only returned positive data.

‘smartdrugs’ (Table S5, Castiglioni et al., 2021; Weinstein et al., 2017).
Other compounds without data included discontinued psychopharma-
ceuticals, such as hexapropymate, metamizole, and iproniazid.

Mean occurrence concentration, occurrence data quantity, and
occurrence data confidence all showed a positive relation to Dutch
prescription data (Conc.: r 0.207,p 0.015, Quant.:r 0.234,p
0.006, Conf.:r 0.299, p < 0.001, Table S10). That is to say, the more a
co