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ARTICLE INFO ABSTRACT
Keywords: Input of pollutants to estuaries is one of the major threats to marine biodiversity and fishery resources, and
Contaminants of emerging concern pharmaceuticals are one of the most important contaminants of emerging concern in aquatic ecosystems. To

Spatial distribution
Ecological risk
Socio-economic impact
Meta-analysis

synthesize pharmaceutical pollution levels in estuaries over the past 20 years from a global perspective, this
review identified 3229 individual environmental occurrence data for 239 pharmaceuticals across 91 global es-
tuaries distributed in 26 countries. The highest cumulative weighted average concentration level (WACL) of all
detected pharmaceuticals in estuarine water was observed in Africa (145,461.86 ng/L), with 30 pharmaceuticals
reported. North America (24,316.39 ng/L) was ranked second in terms of WACL, followed by South America
(20,784.13 ng/L), Asia (5958.38 ng/L), Europe (4691.23 ng/L), and Oceania (2916.32 ng/L). Carbamazepine,
diclofenac, and paracetamol were detected in all continents. A total of 41 functional categories of pharmaceu-
ticals were identified, and analgesics, antibiotics, and stimulants were amongst the most ubiquitous groups in
estuaries worldwide. Although many pharmaceuticals were observed to present lower than or equal to moderate
ecological risk, 34 pharmaceuticals were identified with high or very high ecological risks in at least one
continent. Pharmaceutical pollution in estuaries was positively correlated with regional unemployment and
poverty ratios, but negatively correlated with life expectancy and GDP per capita. There are some limitations that
may affect this synthesis, such as comparability of the sampling and pretreatment methodology, differences in
the target pharmaceuticals for monitoring, and potentially limited number and diversity of estuaries covered,
which prompt us to standardize methods for monitoring these pharmaceutical contaminants in future global

studies.
1. Introduction treatment and prevention of human and animal diseases, and improved
quality of life, they are not fully absorbed, utilized, or metabolized
Pharmaceuticals are regarded as an important type of contaminants during the practice of health care (Khan et al., 2020). An appreciable
of emerging concern (CECs). Despite pharmaceuticals being used for portion of pharmaceuticals that are used can be excreted in animal feces
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and urine with unchanged composition (Mu et al., 2022). Therefore, the
release of residual pharmaceuticals can pose direct and indirect threats
to aquatic and terrestrial ecosystem services, biodiversity, and public
health (Yang et al., 2022). Over the last two decades, the environmental
occurrence, effects and risks of pharmaceuticals have had significant
attention globally as a result of their increased demand, consumption,
environmental concerns, and ecological impacts (Branchet et al., 2021;
Valdez-Carrillo et al., 2020). Pharmaceuticals have been broadly
detected in various environmental matrices including but not limited to
soil, wastewater treatment plant sludge, sediments, waters (rivers,
oceans, and estuaries), and biota (Bavumiragira et al., 2022; Kazakova
et al., 2021; Mechelke et al., 2020; Mejias et al., 2021). In particular,
studies examining the occurrence of pharmaceuticals in surface waters
have been most common (Bexfield et al., 2019; Valdez-Carrillo et al.,
2020; Waleng and Nomngongo, 2022). Although the levels of pharma-
ceutical concentrations in aquatic systems are typically in the ng/L to
pg/L levels, hydrophilic and physiologically active pharmaceutical
compounds with potential high toxicity can still pose significant risks to
aquatic life due to their high potency towards biological targets
(Kazakova et al., 2021).

Pharmaceuticals in the environment are originated from multiple
sources, such as effluents from wastewater treatment plants (White
et al., 2019), pharmaceutical manufacturing industries (Thai et al.,
2018), and medical facilities (Low et al., 2020). Numerous studies have
reported that the current treatment processes adopted by sewage
treatment plants worldwide cannot effectively remove pharmaceuticals
(Chen et al., 2022a; Chen et al., 2022b; White et al., 2019). Untreated
sewage and partially treated effluent discharges from primary and sec-
ondary wastewater treatment facilities, which usually consist of many
pharmaceuticals, are therefore discharged to lakes, rivers, estuaries or
coastal waters. In addition, contaminant run-off from animal farms and
agricultural land, and releases from aquaculture facilities, are also
important pathways of entry of pharmaceuticals to aquatic systems
(Jaffrezic et al., 2017). Thermal baths have been recently identified as
another source of pharmaceutical contamination (Jakab et al., 2020).
Pharmaceuticals used in food processing and inconsistent disposal
practices for expired drugs via the sewer are also expected sources of
pharmaceutical contamination in the environment (Herrero-Villar et al.,
2023).

Compared to other aquatic systems, estuaries with diverse habitats
such as mud flats, mangroves, marshes, and seagrass beds, are ecological
hotspots of biodiversity due to the interface of freshwater and saltwater
(Nagarajan et al., 2022). Some estuaries are known as the most pro-
ductive biological systems in the world (Xu et al., 2022). Estuarine
ecosystems are crucial for supporting biodiversity, maintaining the
health and functioning of both marine and terrestrial ecosystems
(Martinez-Megias and Rico, 2022), and providing food for human pop-
ulations from coastal fisheries and aquaculture operations. However,
estuaries are also potentially very vulnerable, as they are exposed to
environmental stressor from both freshwater and marine systems. This
characteristic makes estuaries key locations for environmental man-
agement, given the dynamic exchange of chemical pollutants and nu-
trients at the land - sea interface (Martinez-Megias and Rico, 2022).
Furthermore, there are usually diverse human activities in urbanized
estuaries including aquaculture, water transportation, commerce,
tourism, and recreation, making estuaries one of the most impacted
waterbodies due to anthropogenic pollution in the world (Xu et al.,
2022).

Given the importance of biodiversity and ecosystem services, it is of
great importance to strengthen monitoring of contaminants in estuaries.
Over the past 20 years, numerous studies have monitored the levels of
pharmaceutical residues in estuaries around the world (Korkmaz et al.,
2022; Lu et al., 2020; Wu et al., 2022a). However, these have typically
focused on estuaries in one location of a region with very few studies
attempting to understand the occurrence and risks of pharmaceuticals in
estuaries at a global scale (Sanganyado et al., 2021; Tong et al., 2022;
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Yang et al., 2022), though Gaw et al. (2014) previously examined this
space, and several studies have considered occurrence of specific phar-
maceuticals in global aquatic matrices, including estuaries and marine
systems (Kelly and Brooks, 2018; Kristofco and Brooks, 2017; Mole and
Brooks, 2019; Saari et al., 2017; Schafhauser et al., 2018; Wronski and
Brooks, 2023). In addition, to our knowledge, no studies have conducted
statistical analysis to compare the reported data across different conti-
nents, to investigate patterns of different classes of pharmaceutical
occurrence in global estuaries, and analyze whether contamination
patterns are related to socioeconomic drivers across different countries.
A critical review is needed to identify and synthesize the available in-
formation, evaluate the contamination status of estuaries globally and
develop open questions such as: Have all of the major urbanized estu-
aries been effectively monitored? Are the categories and types of pol-
lutants sufficiently covered in the monitoring? What are the effect
thresholds for the most commonly identified pollutants? Answers to
these questions are needed, as a continued increase of studies on CECs in
the environment appear in the refereed literature.

Here, we critically reviewed the current status of pharmaceutical
pollution in global estuaries over the past 20 years with a meta-analysis
approach. Initially, we exhaustively collected and summarized available
data on the occurrence of various pharmaceuticals in estuaries across the
world. These data were then used to understand the variability in levels
and patterns of pharmaceutical pollution across different continents.
Occurrence data were also combined with ecotoxicological data to
perform a screening level assessment of ecological risks resulting from
the pharmaceuticals detected in global estuaries. We then explored
socio-economic factors that might influence consumption and releases of
pharmaceuticals in estuaries. Finally, we identified shortcomings of the
current research and directions for future research. This review aimed to
consolidate the existing knowledge on the pharmaceutical pollution in
global estuaries, diagnose contamination status, identify geographic
areas and chemicals of concern, and highlight opportunities for inter-
national collaboration and harmonization of the research
methodologies.

2. Methods
2.1. Data collection and curation

In order to clearly define the scope of this study and to decrease the
possibility of bias, estuaries were defined as the interface between ma-
rine and river systems. Web of Science (Science, 2023) and Google
Scholar (Scholar, 2023) were used for the literature searching. 72 papers
were retrieved with defined and adequate methods across the globe
using specific keywords and combinations including “pharmaceutical”
AND “contamination” AND “estuary”. Additional searches were per-
formed using alternative keywords. For instance, the keyword “phar-
maceutical” was then iteratively replaced for subsequent searches with
specific categories such as “antibiotics”, “antiretroviral”, and “NSAIDs”.
Similarly, the keyword “contamination” was replaced with “pollution”,
“concentration”, and “distribution”, and the keyword “estuary” was also
replaced with “estuaries”, “micro-estuary”, “river”, “river mouth”,
“marine”, “ocean”, and “sea”. To capture the most recent contamination
status of the pharmaceuticals, we set the publication time window from
2003 to 2022 (a recent 20 year period), although no paper was found
from 2003 to 2005, and only two records in the database were identified
in 2006. The country where the sampling was conducted was used to
categorize all publications, and then the literature entries were divided
into six continents (i.e., Africa, Asia, Europe, North America, South
America, and Oceania). Our review identified 3229 unique concentra-
tion data for 239 pharmaceuticals across 91 estuaries around the world.
The entries included pharmaceuticals and/ or transformation products
measured in rivers and estuaries across 26 countries (Fig. 1). The
number of publications in each continent was ranked in descending
order as Asia (26), Europe (14), North America (11), South America (9),
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Fig. 1. Ninety-one estuaries in the world with reported pharmaceutical data from 2003 to 2022 used in the current meta-analysis. Refer to Table S1 in supplementary

information for details of the estuaries.

Africa (7) and Oceania (5).

Due to various summary statistics (such as concentration ranges,
mean, median, or maximum and minimum values) being reported, and
divergent sample scales and sample times used in different studies, we
employed the “weighted average concentration level” (WACL, ng/L) to
assess the concentration of each compound in a specific region, though,
we recognize the limitations of this approach because exposure magni-
tude, frequency and duration inherent influences the likelihood of
adverse outcomes. We also identified the mean WACL (WACLeqn, ng/L)
to estimate pharmaceutical concentration levels in specific regions,
which could be described as follows:

WACL — Z{X(CL X Ntimes,i X nlucations,i) (])

Zflx (ntimes.i X nlocatiom.i)

Y WACL
WACLyean = Zlﬁ 2

where f, is the total number of studies reporting that compound x has
concentration values, C; (ng/L) is the concentration of compound x in a
specific record i (i ranged from 1 to fi), Nyimes; is the number of sampling
events (i.e., sampling time) of compound x in a specific record i, Njycqrions.i
is the number of sampling locations of compound x in a specific record i,
the value of y is equal to the number of compounds reported in a specific
region (continent or country) when calculating the WACLyeqn values.
If the mean value of a specific compound could be obtained from the
literature, then the mean values were chosen as C;, and the nmes; and
Npocationsi should be accurately recorded. If the mean values are not
available, then the median values were collected, and the ngme; and
Tiocationsi Were also recorded for further calculation. If neither mean or
median values could be obtained, then we collected both the minimum
and maximum values, and the Ngmes ; and Nicarions; Were recorded as one.
The concentration data reported as “not detected” or “below detection
limits” was arbitrarily converted to zero in this study. This method is
similar in principle to the “weighted average HQ (hazard quotient)”
calculation reported by Yang et al. (2022) but has been modified so that
it was fit for purpose in this study. In all cases, the concentration units
published in the literature were converted to ng/L for consistency.

2.2. Socio-economic analysis method

Multiple linear regression and redundancy analyses were carried out
to evaluate the potential correlation between contamination levels

(WACLeqn values) of pharmaceuticals in each region with the socio-
economic factors. These included the % population living below the
poverty ratio at US$2.15 a day (2017 Purchase Power Parity (PPP)),
gross domestic product (GDP) per capita (current US$), life expectancy
at birth (years), population size, crude death rate (per 1,000 people),
unemployment ratio (% of total labor force) (national estimate), and age
dependency ratio for people < 15 years old and > 64 years old (% of
working-age population). The socio-economic factor data was obtained
from the World Bank Open Data (Data, 2023) and the latest values from
2003 to 2022 were collected. The correlation analysis was performed
using a Pearson correlation, and the level of significance was set at p <
0.05 (two-tailed).

2.3. Screening level assessment methodology

Among the 239 identified pharmaceuticals, 209 had chronic toxicity
values including no observed effect concentration (NOEC) or lowest
observed effect concentration (LOEC) on aquatic organisms available.
Toxicity data from the ECOTOX Knowledgebase (https://cfpub.epa.go
v/ecotox/) and the predicted no-effect concentration (PNEC) values
from published papers were prioritized for a screening level assessment
in this study, followed by the use of predicted toxicity data from the
ECOSAR version 2.0 (USEPA, USA). We fully recognize the limitations of
this screening level approach, which include Quantitative Structure —
Activity Relationship (QSAR) modeling outputs and diverse endpoints,
and this may or may not be plausibly linked to molecular initiation
events that are evolutionarily conserved for pharmaceuticals and other
biologically active compounds (Ankley et al., 2024; Ankley et al., 2007;
Gunnarsson et al., 2008; Gunnarsson et al., 2019; Lalone et al., 2013).
The lowest toxicity values (LTV, mg/L, equation (3) were firstly deter-
mined, following Equation (3) (Chen et al., 2020):

LTV = min(ChVy,, ChVy,, -+, ChVy,) 3)

where ChVy;, ChVy2, and ChV,, are the chronic toxicity values of a
given pharmaceutical (x, mg/L) for several aquatic organisms (y is the
number of available organisms).

The PNEC (ng/L) was calculated by incorporating the assessment
factor (AF) (Chen et al., 2020), following Equation (4):

PNEC = LTV/AF x 10° @

where the AF value was assigned as 10 in this study.
The hazard quotient (HQ) of a specific pharmaceutical (x) was
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calculated as follows (Chen et al., 2020):
HQ = WACL, /PNEC, 5)

Here again, we fully recognize the limitations of using a modest AF value
of 10 for pharmaceuticals and other biologically active compounds.
However, for the purpose of this screening level assessment, we have
utilized this widely accepted default AF value. A HQ value less than 0.01,
between 0.01 and 0.1, between 0.1 and 1 estimates very low risk, low
risk, and moderate risk, respectively, while a HQ value greater than 1
usually indicates high ecological risk. A HQ value greater than 10 in-
dicates very high ecological risk.

2.4. Statistical analysis

Excel 2021 (Microsoft, USA) and SPSS version 27 (IBM, USA) were
used to analyze the data collected for this review. The Geographic
spatial distribution maps were prepared using ArcGIS version 10.8
(ESRI, USA). Redundancy analysis was performed using Canoco version
5.0 (Microcomputer Power, USA). The figures were drawn using Origin
2022 (OriginLab, USA).

3. Results and discussion
3.1. Occurrence of pharmaceuticals in global estuaries

This review included nine estuaries in Africa (covering South Africa,
Ghana, and Kenya), 31 estuaries in Asia (covering China, Israel, Japan,
Korea, and Singapore), 19 estuaries in Europe (covering Denmark,
France, Germany, Greece, Turkey, Italy, Poland, Romania, Spain, UK,
and Sweden), 11 estuaries in North America (covering USA, Canada, and
Mexico), six estuaries in Oceania (covering Fiji and Australia), and 15
estuaries in South America (covering Brazil and Colombia) (Table S1).
Data collected from Africa was between 2015 and 2022, as no data from
earlier years could be retrieved. In Asia, the earliest research was from
Japan in 2008, but the greatest number of studies from 2011 to 2022
came from China. Relatively abundant data was also identified from
Europe, with the earliest research appearing in Romania and in the UK in
2006. Data from North America were published between 2007 and
2021, and in Oceania, data from 2009 to 2021 were obtained. In South
America, data from 2011 to 2021 were found in Brazil, but only one
paper in Colombia was published in 2020. Overall, developed coastal
countries had earlier and more data, while developing countries had
relatively less data.
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On a continental basis, the highest cumulative WACL values in
estuarine water samples were observed in Africa (145,461.86 ng/L),
with 30 pharmaceuticals reported, and a WACLeq, value of 4848.73
ng/L (Fig. 2). The cumulative WACL values of North America
(24,316.39 ng/L with 61 pharmaceuticals reported) and South America
(20,784.13 ng/L with 20 pharmaceuticals reported) were ranked as the
second and third, and the WACLy,eq, values were 398.63 ng/L and
1039.21 ng/L, respectively (Fig. 2). Asia (5958.38 ng/L with 105
pharmaceuticals reported) and Europe (4691.23 ng/L with 132 phar-
maceuticals reported) showed relatively low cumulative WACL values,
and the WACL qn values were 56.75 ng/L and 35.54 ng/L, respectively
(Fig. 2). The lowest cumulative WACL value was observed in Oceania
(2916.32 ng/L), with 100 pharmaceuticals reported, and the WACL ¢qn
value was 29.16 ng/L (Fig. 2). Clearly, WACL values did not correlate
with the diversity of pharmaceuticals reported.

Among the reported 239 pharmaceuticals, the contaminants with the
highest WACL values in estuarine water samples were acetyl salicyclic
acid (95,900.00 ng/L) in Africa, caffeine (2296.60 ng/L) in Asia, feno-
profen (640.00 ng/L) in Europe, metformin (17,023.00 ng/L) in North
America, norfloxacin (575.02 ng/L) in Oceania, and caffeine (11,761.55
ng/L) in South America (Table S2). Carbamazepine, diclofenac, and
paracetamol were constantly detected in estuarine water samples across
all six continents. Whereas the WACL values of carbamazepine ranged
from 8.94 ng/L in North America to 358.04 ng/L in Asia, and WACL
values for diclofenac ranged from 4.04 ng/L in Oceania to 992.03 ng/L
in Africa. In addition, the WACL values of paracetamol ranged from
17.50 ng/L in North America to 3085.20 ng/L in South America. Eight
pharmaceuticals were detected on five out of the six continents,
including atenolol, caffeine, ibuprofen, naproxen, propranolol, salicylic
acid, sulfamethoxazole, and trimethoprim.

3.2. Pharmaceutical concentrations in global estuaries

Fig. 3 shows the top 20 pharmaceuticals with the highest WACL
values in each continent. In Africa, the highest detected WACLs were for
the analgesics, ranging from 992.03 to 95,900.00 ng/L. Most of the
analgesics, also known as non-steroidal anti-inflammatory drugs
(NSAIDs), have been extensively found in the environment worldwide,
because of high usage and availability over the counter without a pre-
scription (Kawuma et al., 2021). Lamivudine, which is an antiretroviral
medication, ranked second among detected pharmaceuticals in estuaries
of Africa, especially in Kenya (K’'Oreje K et al., 2016). Lamivudine is an
effective nucleoside reverse transcriptase inhibitor, and it is usually used
to fight against human immunodeficiency virus (HIV) and hepatitis B
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Fig. 2. Pharmaceutical pollution in global estuaries on a continental basis: (a) cumulative and mean values of weighted average concentration level (WACL) of all
detected pharmaceuticals among studied estuaries in each of the six continents, and (b) the total number of pharmaceuticals (blue bars; Reported) and the total
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Fig. 3. The top 20 pharmaceuticals with the highest weight average concentration levels (WACLs) in each of the six continents.

virus in clinical settings. Nevirapine, zidovudine, and efavirenz, which
are also major antiretrovirals, ranked 9th, 10th, and 17th, respectively
among the detected pharmaceuticals in Africa. South Africa and Kenya
ranked 5th and 12th countries in antiretroviral burdens globally (Gumbi
et al.,, 2017; K’'Oreje K et al., 2016; Matongo et al., 2015), but this
category of pharmaceuticals has received much less research attention
(Gumbi et al., 2019; Ngubane et al., 2019). Additionally, no anti-
retrovirals were ranked the top 20 in the other five continents. Caffeine,
one of the most frequently used stimulants, had the 8th highest WACL
value (2040.57 ng/L) in African estuaries. Antibiotics including sulfa-
methoxazole, sulfamethazine, trimethoprim, and levofloxacin ranked
within the top 20 in Africa, with WACL values ranging from 40.00 to
662.57 ng/L. The widespread use of antibiotics leading to antibiotic
resistance is one of the most concerning issues for world health (Fekadu
et al., 2019). It has been reported that animal feces and urine have the
potential to release up to 90 % of the antibiotic pollution loads in the
environment (Mu et al., 2022). In Africa, there are many issues that
could increase the discharge of emerging pollutants, including poor
sanitation, the widespread use and negligent upkeep of pit latrines, the
use of urine-diversion toilets, and inadequate wastewater treatment fa-
cilities (Gani et al., 2021; Huff Chester et al., 2022; Madikizela and
Chimuka, 2017). The habitual act of dumping wastes into roadways,
storm drains, or directly into surface waterways may also cause pollu-
tion of estuaries and oceans (Madikizela and Chimuka, 2017).
Pharmaceutical pollution levels in Asian estuaries were lower
compared to Africa. Caffeine, which was reported in estuaries of
Singapore (Bayen et al., 2013), China (Cui et al., 2019; Fang et al., 2019;
Jiang et al., 2015), Korea (Kim et al., 2017), and Israel (Topaz et al.,
2020), had the highest WACL value of 2296.60 ng/L. Seven of the top 20
are antibiotics, with WACL values ranging from 50.97 to 764.50 ng/L. A

total of 50 antibiotics were reported in 31 Asian estuaries. Five anal-
gesics, including ibuprofen, indomethacine, diclofenac, paracetamol,
and mefenamic acid, presented high levels of pollution, with WACL
values ranging from 87.00 to 244.37 ng/L. These pharmaceuticals all
have a long history of usage (Ooi et al., 2022).

European estuaries had similar pollution levels to Asia, but some
differences could be observed in the categories of chemicals reported.
Fenoprofen (analgesics) had the highest WACL value (640.00 ng/L).
Seven analgesics were ranked in the top 20 pharmaceuticals in European
estuaries with WACL values ranging between 79.14 and 640.00 ng/L. It
was noteworthy that tramadol, an opioid analgesic, had a high WACL in
UK estuaries (Kasprzyk-Hordern et al., 2007), supporting the conclusion
reported by LSE (2021) that the UK is the highest per capita consumer of
opioids globally (LSE, 2021). Gemfibrozil and clofibric acid, which are
lipid regulators, ranked 5th and 8th with WACLs of 274.82 and 193.76
ng/L, respectively. Until 2017, the UK, Denmark, Belgium, were re-
ported as the top three country consumers of cholesterol-lowering drugs
(Database, 2023; Gonzalez Pena et al., 2021). Caffeine ranked 9th in
Europe with a WACL of 190.18 ng/L, and this chemical was widely re-
ported in Romania (Moldovan, 2006), Greece, Turkey, Italy, Germany
(Nodler et al., 2014), Spain (Camacho-Munoz et al., 2010), Sweden
(Malnes et al., 2022), and Denmark (Matamoros et al., 2009). No anti-
biotic was ranked in the top 20 in Europe, which reflected the relatively
strict and effective control of prescription antibiotic usage.

The pharmaceutical with the highest pollution level in North
America was metformin (antidiabetics), with a WACL value of 17023.00
ng/L, reported from the USA (Elliott et al., 2018). This WACL value is the
third ranked globally, only lower than acetyl salicyclic acid and lam-
ivudine in Africa. Fexofenadine (antihistamine) ranked 2nd in North
American estuaries with a WACL value of 1800.00 ng/L, but was
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reported as a high-concentration pharmaceutical only in North America.
Similar to other continents, analgesics were also one of the most
important pharmaceutical categories in North America. A total of 8
analgesics were identified in the top 20 pharmaceuticals, with their
WACL values ranging from 42.85 to 1050.08 ng/L. Stimulants including
nicotine and caffeine were reported with high levels of contamination,
both of which are apparently consumed broadly on this continent. Only
one antibiotic (sulfamethoxazole) was identified with a WACL value of
144.50 ng/L. In addition to the huge consumption (48.9 % of global
sales in North America), another factor that may explain the relatively
high levels of pharmaceutical residues could be pharmaceutical
manufacturing and production (Gonzalez Pena et al., 2021), though very
limited research currently has specifically examined estuary contami-
nation by pharmaceutical manufacturing, and further investigation and
supplementation in future studies are warranted.

Only three categories of pharmaceuticals (antibiotics, analgesics,
and antiepileptics) comprised the top 20 in estuaries of Oceania, with
the pollution level being the lowest compared with the other five con-
tinents. The WACL values of antibiotics ranged from 25.50 to 575.02 ng/
L. It was previously reported that antibiotic use in Australia was
elevated, and in 2015, through the Pharmaceutical Benefit Scheme, 30
million antibiotic prescriptions had been prescribed by Australian doc-
tors (Australian Government, 2023). The analgesics with relatively high
contamination were salicylic acid and paracetamol, with WACL values
of 82.00 ng/L and 75.60 ng/L, respectively. We only found five publi-
cations on pharmaceutical related research in Oceania estuaries
(Allinson et al., 2018; Birch et al., 2015; Dehm et al., 2021; Scott et al.,
2014; Watkinson et al., 2009); this relatively limited data may affect the
robustness of the current analysis. Therefore, we are calling for more
global scale research on estuaries, especially in areas with limited data.

A total of 20 pharmaceuticals were reported in South American es-
tuaries in the past 20 years. Among them, two stimulants had relatively
high WACL values of 11761.55 ng/L (caffeine) and 143.82 ng/L
(cocaine). Six analgesics ranked 2nd (paracetamol), 3rd (salicylic acid),
6th (ibuprofen), 9th (diclofenac), 11th (naproxen), and 19th (benzoy-
lecgonine, a primary cocaine metabolite) with WACL values of 3085.20
ng/L, 2824 ng/L, 217.06 ng/L, 86.84 ng/L, 74.86 ng/L, and 12.36 ng/L,
respectively. Although some analgesics such as diclofenac are prone to
experience photodegradation in the natural environment, sustained
consumption and input may lead to increased effective exposure dura-
tion of these compounds in estuarine waters (Ankley et al., 2007). About
3.7 % of the global pharmaceutical market sales in 2021 came from
South America, and Brazil has the largest regional pharmaceutical
market (Statista, 2023), where most of the relevant studies in South
American estuaries have been carried out.

Of the 41 functional categories of pharmaceuticals recorded in this
study (Table S2), 20 categories ranked in the top 20 in global estuaries,
indicating relatively high pollution diversity. As indicated in Table S3,
three categories, namely analgesics, antibiotics, and stimulants were the
most commonly reported contaminants with both widespread distribu-
tion (at least five continents having such categories ranked in the top 20)
and relatively high pollution levels (cumulative WACLs exceeding 5000
ng/L). The cumulative WACL values of analgesics, antibiotics, and
stimulants reached 127,993.33 ng/L, 5026.51 ng/L, and 16,833.70 ng/
L, respectively. The WACLeqn values of analgesics and stimulants were
3656.95 ng/L and 2404.81 ng/L, respectively. However, the WACLeqn
value of antibiotics was 167.55 ng/L, indicating that although antibi-
otics were widely reported in global estuaries, the detected concentra-
tions were generally low compared with analgesics and stimulants. It is
also important to note that this value is lower than minimal selective
concentrations and PNECs for antibiotic resistance development
(Bengtsson-Palme and Larsson, 2016; Murray et al., 2021). In contrast,
antiretrovirals, antidiabetics, antipsychotics, and antihistamines
occurred with relative high concentrations at regional scales, with cu-
mulative WACLs ranging from 1800.00 ng/L to 22185.00 ng/L.
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3.3. Possible factors influencing the environmental occurrence of
pharmaceuticals in estuaries

Concentrations of pharmaceuticals in global estuaries could be
influenced by many factors, including consumption and usage patterns,
waste management, wastewater connectivity and treatment types, and
environmental factors. Previous studies have demonstrated the impor-
tance of coastal hydrodynamics on the spatial distribution of pharma-
ceuticals (Wu et al.,, 2022b). Bayen et al. (2013) concluded that
contamination concentrations of pharmaceuticals in surface waters of
estuaries and coastal marine systems in Singapore were the highest at
locations having the lowest flushing potential and the highest residence
time (Bayen et al.,, 2013). In their study the concentrations of these
pharmaceuticals, which were common wastewater contaminants in
estuarine water, did not necessarily reflect proximity to sewage treat-
ment plants (Wu et al., 2022b). Specifically, the tides during field
sampling can strongly influence reported concentrations of pharma-
ceuticals and other contaminants in urban estuaries (Scott et al., 2019).
Other environmental factors, including loads carried by rivers (Biel-
Maeso et al., 2018), stationed maritime vessels (Waleng and Nomn-
gongo, 2022), and industrial or livestock facilities (Husain Khan et al.,
2023), can also influence the levels of pharmaceutical residues in estu-
arine environments. In an earlier study conducted at Guadalete Estuary
in Spain (Biel-Maeso et al., 2018), pharmaceuticals were monitored
from the river upstream to the estuary, and the results showed that many
compounds such as atenolol (mean concentrations in upstream and es-
tuary were 138.90 ng/L and 1.90 ng/L, respectively), caffeine (mean
concentrations in upstream and estuary were 320.60 ng/L and 77.60 ng/
L, respectively), and ciprofloxacin (mean concentrations in upstream
and estuary were 202.90 ng/L and not detected, respectively) consis-
tently had higher concentrations in the river compared to the estuary,
indicating input of pollutants from rivers to estuaries and oceans. Such
observations are consistent with previous global scanning exercises for
pharmaceuticals in aquatic matrices, which consistently identified the
highest levels in sewage, followed by effluent discharges, inland water
and then estuaries and marine ecosystems (Kelly and Brooks, 2018;
Kristofco and Brooks, 2017; Mole and Brooks, 2019; Saari et al., 2017;
Schafhauser et al., 2018; Wronski and Brooks, 2023). As a complicated
area where humans and marine organisms co-exist, accidental leaks or
discharge of the untreated domestic sewage from maritime vessels
(Waleng and Nomngongo, 2022), the use of antibiotics or other drugs in
aquaculture (Husain Khan et al., 2023), and impacts on chemicals and
waste management facilities (e.g., landfills) when disasters (e.g., tsu-
namis, earthquakes) occur, may also be important non-point sources of
pharmaceuticals in estuarine waters.

3.4. Estuarine ecological risks of pharmaceuticals

Concerns have been raised over the ecological health of estuaries
influenced by pharmaceuticals, which are intentionally developed to be
biologically active. The PNEC values of pharmaceuticals ranged from
2.96 x 10°% t0 8.56 x 10® ng/L in this study (Table S4). Ethinyl estradiol
(contraceptives) and atenolol (beta blockers) showed the lowest PNEC
values of 2.96 x 10° and 2.66 x 1072 ng/L, respectively, indicating that
aquatic organisms are potentially highly susceptible to these compounds
even at low concentrations. The PNEC values of amitriptyline, caffeine,
carbamazepine, diclofenac, diltiazem, ibuprofen, sertraline, and tetra-
cycline ranged between 0.1 and 1 ng/L, which were relatively low
compared with other pharmaceuticals (Table S4). There were 12 other
pharmaceuticals with PNEC values of below 10 ng/L. In addition, there
were 21 pharmaceuticals with PNEC values greater than 10 ng/L but
below 100 ng/L, and the pollution levels of the above compounds in
global estuarine waters should be given special attention, particularly
given our reliance on ECOSAR and a common default AF of 10 in the
current study. Nevertheless, our knowledge about ecological risks is
incomplete, as 20 out of the 239 pharmaceuticals reported herein do not
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have any toxicity information (Table S4). There is an urgent need to
advance estuarine and marine ecotoxicology for these chemicals.

Potential ecological risks of the pharmaceuticals were estimated by
comparing the WACLs and the available PNECs to derive chemical
specific HQ values (Fig. 4). Many pharmaceuticals were reported with
concentrations lower than the levels we estimated to elicit ecological
effects, but there again our results should be taken with caution for
potential false negatives resulting from ECOSAR predictions, which
were necessary for many compounds given the lack of experimental data
plausibly linking endpoints associated with adverse outcomes to
evolutionarily conserved molecular initiation events. However, despite
this data limitation, in African, Asian, European, North American,
Oceanian, and South American estuaries, there were 12, 17, 18, 16, 8,
and 10 pharmaceuticals with HQ values greater than one, respectively,
indicating high ecological risks. It is also important to underscore that
the HQ values of diclofenac (analgesics) in all six continents, caffeine
(stimulants), carbamazepine (antiepileptics), and ibuprofen (analgesics)
in five continents, and ethinyl estradiol (contraceptives) and atenolol
(beta blockers) in four continents were greater than 10, indicating very
high ecological risks. There were also 13 other pharmaceuticals with
very high risks in the estuaries of one to three continents (Table S5).
Pharmaceuticals with high ecological risks were not entirely consistent
with pharmaceuticals having high concentrations or high reporting
frequencies, highlighting that multiple factors need to be considered
when developing practices and policies for environmental monitoring
and risk management. Furthermore, combined effects of coexisting
pharmaceuticals may be a concern, particularly for the chemical com-
pounds that share a similar mode of toxic action and exhibit greater than
additive or potential synergistic toxicity (Backhaus, 2014; Wilkinson
et al., 2022).
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Fig. 4. Hazard quotient of reported pharmaceuticals with available toxicity

data in global estuaries.
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3.5. Pharmaceutical contamination relationships with socio-economic
status

In this study, correlations among seven socio-economic factors and
pharmaceutical pollution level (WACLyeqn) in global estuaries were
evaluated (Fig. 5a). The multiple regression model was statistically
significant with F7 17 =10.770 (p < 0.001), and adjusted r? =0.740. The
WACL eqn values were positively related with the unemployment ratio
(p < 0.001) and the poverty ratio (p = 0.003), but negatively related to
the life expectancy (p = 0.003). This is similar to a recent study in global
rivers where pharmaceutical pollution was most positively associated
with local unemployment and poverty rate, as well as population and
median age (Wilkinson et al., 2022). Through the redundancy analysis,
we found that the WACL,eqn value was positively related with the un-
employment ratio (pseudo-F=27.7; p = 0.008), but negatively related
with life expectancy (pseudo-F=3.7; p = 0.046) and GDP per capita
(pseudo-F=5.2; p = 0.004). However, no significant relationships were
observed with the other three socio-economic factors (population, death
rate, and age dependency ratio) and WACLpeq, values. As shown in
Fig. 5b, although pharmaceutical pollution in estuaries was positively
related to the poverty ratio (blue line) and negatively related to GDP per
capita (red line) in most regions, some exceptions were also be observed.
Ghana is an African country with a very high poverty ratio (25.2 %) and
a very low GDP per capita (2363.3 current US$), but the WACLpeqn value
in Gahana was the lowest among all the countries involved in this study.
This observation may be attributed to the limited availability and
affordability of pharmaceuticals in low-income countries, and relatively
low monitoring efforts in these areas (Huff Chester et al., 2022). Other
exceptions include South Africa, Australia, and Poland, with the poverty
ratios ranging from 0.1 % to 20.5 %, and the GDP per capita ranging
from US$7055 to US$60443. However, the WACLyeqn values in these
countries were all relatively high, ranging from 112.39 to 7638.80 ng/L.
This could be related to policy settings around regulation of pharma-
ceutical contaminants, and availability of waste and wastewater treat-
ment facilities. With the increase in pharmaceutical pollution levels in
estuaries, life expectancy showed a slight increase at first and then a
sharp decreasing trend (Fig. 5c).

There are two primary factors leading to pharmaceutical contami-
nation in estuaries: widespread use of pharmaceuticals (Reis et al.,
2019), and insufficient treatment of chemicals and waste (White et al.,
2019). Therefore, elevated pharmaceutical residues in estuaries may
indicate poor local hygiene and health conditions, which potentially
have negative impacts on life expectancy if access to medications are
available. Alternatively, lower pharmaceutical residues in estuaries may
indicate decreased access to health care and drug consumption. Inter-
estingly, we observed low life expectancies (ranging from 64 to 70 years)
as well as low WACLpean values (ranging from 0.39 to 2.75 ng/L) in
Ghana, Mexico, and Fiji. Overall, the pharmaceutical pollution levels in
estuaries generally increased with the poverty ratio (Fig. 5b) and the
unemployment ratio (Fig. 5d). The results imply that low and low-to-
middle income countries have inadequate chemicals and waste man-
agement infrastructures, leading to greater pollution in their estuaries.

As described above, antibiotics, analgesics, and stimulants were the
major categories reported in global estuaries. Therefore, these medicines
were also evaluated using correlation analysis with the seven socio-
economic factors (Fig. 5a). The distribution characteristics of analge-
sics in different regions was very similar to the overall distribution
characteristics of pharmaceutical pollution levels, and thus this category
also showed positive correlations only with the poverty ratio and the
unemployment ratio. In addition, only antibiotics had a positive corre-
lation with the age dependency ratio (pseudo-F=0.6; p = 0.574). It may
infer that a larger number of dependents in society (particularly people
who are aging or have long-term illness), were often accompanied by
greater antibiotic consumption. Stimulants were positively correlated
with death rate (pseudo-F=0.5; p = 0.628), and stimulant pollution
levels in estuaries of South Africa, Romania, and Brazil (with WACLean
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Fig. 5. Correlation and redundancy analysis between pharmaceutical pollution levels (WACLqn) in global estuaries and regional socio-economic factors: (a) a
vector plot indicating the strength of each factor overlaying with all reported pharmaceuticals and the three key pharmaceutical groups (the longer the vector line the
more important it is); the relationships between WACL ¢4, and (b) poverty ratio and GDP; (c) life expectancy, population size, and death rate, and (d) unemployment

ratio and age dependency ratio.

ranging from 2040.57 to 5952.69 ng/L) were significantly higher
compared with other countries (ranging from 0.00 to 422.21 ng/L).
However, the age dependency ratio and the death rate were not the main
socio-economic factor affecting the level of pharmaceutical pollution in
global estuaries (p > 0.05).

3.6. Study limitations and research prospects

The present metadata analysis has some limitations that may affect
the results. Firstly, the sample collection, pretreatment, and analysis
methods used among different documented studies were inconsistent,
and the detection limits of target compounds with different instruments
also varied. Although we made every effort to review and include studies
with relatively reliable quality assurance and quality control, the issue of
data comparability among different studies still deserves attention.
From this dataset, we calculated weighted averages, based on data
availability, but this did not account for exposure magnitude, frequency
or duration. Secondly, there were significant differences in the phar-
maceuticals analyzed in different studies. Amongst the huge diversity of
pharmaceuticals, some have received more research attention due to
their widespread use, while other medications have had more limited
attention. Hence, there is an uncertainty that some pharmaceuticals
actually exist in estuaries but have yet to be measured and reported.
Thirdly, this study collected pharmaceutical pollution data from 91 es-
tuaries distributed in 26 countries worldwide, and there are still many
urbanized estuaries in the world for which there is no data. In Africa,

Oceania, and South America, less than 10 qualified documents that met
the criteria could be found over the past 20 years, indicating that some
continents have far better data representation than others. Data from
underrepresented regions is needed to garner a more reliable global
assessment and a more comprehensive perspective and understanding of
the current chemicals and waste situation around the world. Fourthly, as
a compromise to the data availability across global estuaries, our study
selected a 20-year time window to analyze the spatial distribution
characteristics of pharmaceutical pollution in global estuarine waters.
However, this may overlook the temporal variations over such a long
period of time. Last but not least, the screening level ecological assess-
ment of pharmaceuticals performed here is an important method to
evaluate potential hazards to estuarine ecosystems and aquatic life, but
not all of the 198 pharmaceutical toxicological data involved in this
study were available, or endpoints were not plausibly linked to evolu-
tionarily conserved molecular initiation events, so we had to rely on
ECOSAR predictions, which have high uncertainty, particularly for
chronic responses to pharmaceuticals and other biologically active
chemicals. Therefore, further supplementing and improving mechanis-
tically grounded toxicological data of these chemicals are also essential
to assess the hazards of pharmaceutical pollution in estuaries.
Motivated by the aforementioned limitations, the Global Estuaries
Monitoring (GEM) Programme (https://www.globalestuaries.org) was
proposed to the UNESCO Intergovernmental Oceanographic Commis-
sion in 2021 and was among the first group of Ocean Decade Programs
endorsed by the United Nations Decade of Ocean Science for Sustainable
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Development (2021-2030). The GEM Programme aims to develop
standardized methods for sampling, extracting, detecting, and quanti-
fying priority chemical contaminants in environmental samples
collected from major urbanized estuaries worldwide. These standard-
ized methods will enable a scientifically sound comparison of contam-
ination profiles across various estuaries. The study focuses on six key
aspects, including capacity building, standardization of research
methods, promotion of best practices in pollution monitoring and con-
trol, data sharing, co-designing research strategies, and revealing the
estuary health status. At the moment, a robust method has already been
developed and verified to quantify 65 pharmaceuticals in river, estuary,
and marine water samples for the GEM Programme, using only a small
sample volume (i.e., 20 mL). This allows for economical global trans-
portation of the water samples for standardized chemical analysis.
Registrations from more than 160 estuaries across 54 countries have
been received, and samples are being collected from these major ur-
banized estuaries globally. The GEM Programme will contribute to
unveiling the global pollution situation and promoting best practices to
combat pollution problems, thus achieving cleaner estuaries for a better
and greener future.

4. Conclusion

Though estuaries are providing important ecological and economic
benefits, increasing reports of pharmaceutical contamination are high-
lighting the need to better understand the risks presented by these CECs
in estuarine ecosystems. In the current critical review, we identified
3229 individual concentration data for 239 pharmaceuticals across 91
global estuaries, involving 26 countries distributed in six continents. We
observed that WACLneqn levels on a continent basis were ranked as:
Africa > South America > North America > Asia > Europe > Oceania.
Analgesics, antibiotics, and stimulants are the most commonly reported
categories in global estuaries. A total of 19 compounds were identified to
present very high ecological risks in at least one continent. Pharma-
ceutical pollution levels in estuaries appeared to be related to the
regional unemployment ratio, poverty ratio, life expectancy, and GDP
per capita. Though this critical review provides an initial understanding
of pharmaceutical occurrences and contamination in global estuaries
over the past 20 years, it also highlights some research limitations and
data gaps. The implementation of the GEM Programme addresses key
limitation and knowledge gaps and promises to provide a more
comprehensive understanding of CECs pollution in the near future.
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