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African communities have a high prevalence of antimicrobial-resistant bacterial carriage, alongside
high levels of antibiotic usage and environmental pollution. Limited access to water, sanitation and
hygiene infrastructure and wastewater treatment facilities enables the dissemination of resistant
bacteria, antimicrobials andantibiotic resistance-driving chemicals (ARDCs) into local rivers. Fewdata
exist quantifying the chemical drivers of antimicrobial resistance (AMR) in urban aquatic environments
from African settings. In this longitudinal surveillance study, we investigated an urban river network in
Blantyre,Malawi over a continuous 12-monthperiod, identifying abroad-range of chemical pollutants,
including antibiotics, common pharmaceuticals, agricultural and industrial chemicals and heavy
metals. Antimicrobial concentrations were found at levels selective for AMR and ARDCs exhibited
seasonal variations, indicating that deficient sanitation infrastructure and anthropogenic factors result
in high antibiotic and ARDC levels entering the river systems, which serve as an important ecological
niche for the acquisition, maintenance and transmission of AMR.

Antibiotics are primarily used in the treatment and prevention of disease in
humans and animals, alongside their non-medical use as growth promoters
within the animal sector1,2. Recent estimates from 2021 highlighted anti-
biotic resistance (AMR) is associated with 4.71 million human deaths
annually3 and will lead to an estimated economic loss of US$100 trillion
every year by 2050 if urgent action is not taken4.Global health inequities and
limited access to reserve antibiotics mean that the greatest burden of AMR
will be felt in low andmiddle-income countries (LMICs)5,6. In these settings,
AMR poses an additional threat to the livestock sector and, thus, to the
livelihoods of millions who raise animals for subsistence7.

The role of the environment as a reservoir for resistant pathogens and
the linked importance of environmental pollution has increasingly become

clear, with a growing evidence base for its relevance to human health8,9. As
such, it is critical to adopt a One-Health approach that encompasses
environmental, human and animal health, when considering interventions
that tackle AMR on a global scale10,11. Around 40–90% of antibiotics con-
sumed by humans and animals are excreted in an active form, which are
subsequently dispersed as antibiotic residues into sewerage systems,
groundwater and the wider riverine network10,12. In addition, other non-
antibiotic chemicals including human pharmaceuticals, plant protection
products (i.e., herbicides) and metals are commonly found as pollutants in
groundwater, surface water and rivers13. The presence of both antibiotics
and other antibiotic resistance-driving chemicals (ARDCs) (i.e., pharma-
ceuticals, plant protection products and metals) in aquatic environments,
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promotes horizontal gene transfer and alters microbial communities, con-
tributing to the disseminationof antimicrobial-resistance genes (ARGs) and
subsequently poses downstream risks to human, animal, and ecological
health10,13–15. In certain settings, this is compounded by pollution from
inadequate treatment of healthcare-associated, industrial, domestic, and
agricultural waste, boosting the xenobiotic-derived resistome in the
environment16.

Within African countries, there is often a lack of access to adequate
water, sanitationandhygiene (WASH) infrastructure and functioningwater
treatment facilities, leading to ineffectual waste management17–19. This
results in high levels of faecal contamination and antibiotic pollution within
local river systems18,20. In these settings, open waters, such as rivers, are
frequently used for domestic purposes18, adding to the risks of con-
tamination with antibiotics, ARDC and faecal pathogens. The urban
environment is of particular concern, with increasing urbanisation in
African countries posing added health hazards via the pooling of domestic
sewerage20. This is compounded by agricultural run-off from subsistence
and small-scale farming, which permits the dispersal of antibiotics and
ARDCs into the environment, further exacerbating the levels of environ-
mental pollution21,22.

In addition, many African countries are prone to extreme seasonal
changes in rainfall and temperature, with climate-associated AMR risks23.
Increased rainfall and climatic factors exacerbate the risk of untreated
sewage entering the environment, overwhelming the sewage network and
promoting the survival and dissemination of human enteric pathogens17.
Research on the distribution and ecological hazards posed by resistance-
driving chemicals and AMR bacteria and genes in urban rivers from these
settings is scarce, particularly in sub-Saharan Africa (sSA)24. Therefore, it is
important to establish a baseline for the presence of antibiotic residues and

ARDCs from waterways in LMICs and determine the AMR and ecological
risks posed by the concentrations of antibiotic residues and ARDCs. This
knowledge could be used to conduct hazard assessments for human and
environmental exposure to AMR bacteria, genes and the resistance-driving
chemicals themselves.Moreover, knowledge of the chemical state of rivers is
required to gauge the success of future interventions and stewardship efforts
aimed at reducing the AMR burden in Africa.

Here, we investigate the presence of and fluctuations in river water
contamination with antibiotics, and ARDCs (including pharmaceuticals,
plant protection products and metals), at two key sites within an urban
riverine network of Blantyre, Malawi. Additionally, we evaluate seasonal
variations in antibiotic concentrations and quantify ecological risks ofAMR
using predicted no-effect concentration (PNEC) thresholds that have been
agreedby theAMR IndustryAlliance14,25. PNEC thresholds are a commonly
used approach to assess the risk posed by chemicals to aquatic systems, with
target levels of antibiotics in rivers, above which, selection for AMR is
expected to occur14.

Results
Five siteswithin anurban river systemofBlantyre,Malawiwere screened for
acceptability to the populace and technical feasibility of sampling (Table S1)
with 2 sites selected for longitudinal surveillance over an uninterrupted 12-
month period between November 2020 to November 2021 (Fig. 1). Site 1
represented a river locationdownstreamof the city centre/hospital and site 2
is a river location downstream of a dense urban community (Fig. 1b). Each
river site underwent chemical sampling via Polar Organic Chemical Inte-
grative Samplers (POCIS), whichwere submerged underwater and changed
at weekly intervals. The average POCIS deployment time was 7.59 days (SD
2.64, range 6–22) for site 1 and 7.2 days (1.48, range 5–14) for site 2. A total

Fig. 1 | Description of the study setting, riverine networks and sampling sites.
A Sampling was undertaken in Blantyre city in southern Malawi. B 5 river locations
were screened during the pilot phase, including the Mudi river downstream of the
urban centre (site 1), the Nasolo river, below (site 2) and above (site 3) the Ndirande
township (shaded orange) and at two points along an unnamed river that flow

through peri-urban communities on the outskirts of the city (sites 4 and 5 inChileka,
shaded orange). Sites 1 & 2 were enrolled into the longitudinal surveillance study,
based on consistent year-round flow, logistics and safety profiling (appendix Table
S1 and Figs. S11–3) and photos of these river sites at initiation are seen inC (Ci = Site
1, Cii = Site 2).
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of 96 POCISwere obtained over the 12monthperiod, and chemical analysis
from these illustrated that both river sites were heavily contaminated with
antibiotics and ARDCs, including medications intended for human use
alongside products typically used in agriculture. In total, 38 antibiotics, 8
antiretrovirals, 2 antifungals, 3 antiparasitics, 49 non-antibiotic pharma-
ceuticals, 10 insecticides, 28 herbicides, 3 industrial chemicals, 8 fungicides
and25heavymetalswere recovered fromrivers inurbancommunities (Figs.
S1 and S2a–j).

Presence of anti-infective agents and associated AMR risk
Antibiotics were found in all river samples that underwent analysis (100%,
n = 96/96), including the presence of 12 sulphonamides (sulfadiazine, sul-
famerazine, sulfamethazine, sulfamethoxazole, N4-acetylsulfamethoxazole,
sulfamethoxine, sulfamethoxypyridine, sulfamoxole, sulfaphenazole, sulfa-
pyridine, sulfaquinoxaline, sulfathiazole), 5 macrolides/lincosamide (azi-
thromycin, clarithromycin, clindamycin, clindamycin sulfoxide,
erythromycin), 6 β-lactams, including 4 cephalosporins (cloxacillin, peni-
cillin-G, cefalexin, cefixime, cefuroxime, ceftriaxone), 9 fluoroquinolones
(ciprofloxacin, difloxacin, enoxacin, enrofloxacin, flumequine, levofloxacin,
lomefloxacin, norfloxacin, oxolinic acid) andmembers of 5 other antibiotic
classes (chloramphenicol, metronidazole, rifampicin, trimethoprim, dox-
ycycline), alongside 2 antifungal (clotrimazole, miconazole) and 1 anti-
parasitic (ornidazole) (Table 1). Non-targeted analysis further identified the
presence of 8 antiretrovirals (abacavir, lamivudine, lopinavir, efavirenz,
zidovudine, atazanavir, ritonavir and nevirapine), 2 antiparasitics used in
malaria (sulfadoxine and pyrimethamine) and the tuberculosis antibiotic
isoniazid (Fig. S1). 86.8% (n = 33/38) of antibiotics were recovered from
both river locations, and 5 antibiotics (cefixime, doxycycline, enoxacin,
penicillin-G, sulfamethoxypyridine) were identified at a single site (Fig.
S2i-ii).

Antibiotics contributed 56.8% (Site 1: 41.96%, Site 2: 75.47%) of the
total cumulative chemicals (ng.POCIS−1.day−1) recovered from rivers (Figs.
S3 and S4g). The total concentrations of antibiotics recovered ranged from
0.22–22,000 ng.POCIS−1.day−1 (Fig. 2), and sulfamethoxazole (its metabo-
lite N4-acetyl), trimethoprim, erythromycin and metronidazole were the
dominant antibiotics found in riverwater, having both the highest detection
frequency andmean (SD) concentrations (ng.POCIS−1.day−1) (Table 1, Fig.
2 and Fig. S5a, b). Here, for example, sulfamethoxazole was recovered at
levels of 1400 (1500) ng.POCIS−1.day−1 at site 1, and 3100 (2100)
ng.POCIS−1.day−1 at site 2 (Table 2). Additionally, macrolides and cepha-
losporins we consistently identified in urban rivers (Fig. S5a, b).

Variations in mean (SD) antibiotic concentrations depended on the
antibiotic class and river site (Table 1, Fig. 2 and Fig. S4g). In the upstream
dense urban community, we typically found higher levels of sulphonamides
and tuberculosis therapies. In comparison, higher levels of macrolide and
fluoroquinolones were found in the city centre downstream of the local
hospital (Table 2, Fig. 2 and Fig. S4g). Unsurprisingly, sulfamethoxazole, its
metabolite N4-acetyl, and trimethoprim were closely associated (Fig. S6),
reflecting their presence in the antibiotic therapy co-trimoxazole and its use
in the HIV programme as co-trimoxazole preventative therapy (CPT).
Similarly, co-trimoxazole was associated with rifampicin, pointing toward
the link between HIV and tuberculosis therapy.

There were fluctuations in the concentrations of antibiotics seen on
a month-month basis at both sites, reflecting the seasonality of infectious
disease and rainfall (Table 1, Fig. 2 and Fig. S5a, b), which in turn impacts
upon the selection pressures within the riverine environment. However,
fewer seasonal variations were seen in antibiotic presence or con-
centration than in other human pharmaceuticals or agricultural
chemicals.

Ecological antimicrobial risk quantification
To determine whether antibiotic residues in urban rivers impacted on
antimicrobial selection in the aquatic environment, monthly average
concentrations were compared to published PNECs set out in the gui-
dance from the AMR industry alliance; previously used in this manner in

the UK (Fig. 3)11,14,24. Using this approach, the majority of individual
antibiotic concentrations in urban rivers were below the PNEC threshold
(80.95%, n = 17/21). However, sulfamethoxazole, trimethoprim, metro-
nidazole and azithromycin were frequently recovered at levels above the
upper limit of PNEC values. Here, trimethoprim andmetronidazole were
found at ~2 times the limit of PNECs, azithromycin was found at >3
times the PNEC and sulfamethoxazole was recovered all year round, and
at levels that sometimes exceeded >10 times the PNEC threshold.
Composite levels of macrolides showed additional levels of risk (Fig.
S7a, b).

Resistance-driving chemicals and medications
Spatiotemporal variations in ARDCs were found in urban rivers, with
insecticides, herbicides and fungicides exhibiting fluctuating levels
throughout the year (Table 2 and Fig. 4), in contrast to antibiotics and
human medications, which were often seen at consistently elevated levels
(Table 1, Fig. 4 and Figs. S8a, b, S5a, b). Principle Component Analysis
(PCA) highlighted that chemical composition differed substantially
between sites (Fig. 4), likely reflecting differences in the geographyupstream
of the rivers (light industry and tertiary hospital effluent vs dense con-
urbation and agricultural land) (Fig. S1).

Overall, there were high levels of river contamination with chemicals
used in agricultural and industrial practices (Table 2). 80.4% (n = 37/46) of
analytes were recovered from both rivers, with a detection frequency of
90.0% (n = 9/10) for insecticides, 75.0% (n = 21/28) for herbicides and
87.5% (n = 7/8) for fungicides at both sites, and the minority found at a
single location only (Fig. S2a–f). The mean (SD) analyte concentration
normalized to sampling time (ng.POCIS−1.day−1) varied by location (Table
2 and Fig. S4a–d), with industrial chemicals and herbicides found at higher
levels in the city centre (site 1) and neonicotinoid and organophosphate
insecticides found at higher levels below the urban conurbation (site 2). Of
note, DEET, chlorpyrifos, carbofuran and benzotriazole were found at
particularly high concentrations (Table 2). Furthermore, a selection of
ARDCs exhibited mean (SD) differences in concentrations depending on
the season (wet vs. dry) (Table 2), with industrial chemicals found at pro-
portionally higher concentrations at the end of the rainy season (Fig. 4),
illustrating that seasonal changes in rainfall and local farming and agri-
cultural practices lead to variations in the concentration of chemicals found
in local rivers.

Medications used in human health were continuously recovered from
urban rivers throughout the year (Figs. S8a, b and S9a, b), with 80.4%
(n = 41/51) found at both sites and the rest recoveredprimarily from the site
downstream of the tertiary hospital (Site 1, n = 9). Only sertraline and
propranolol were found at levels that exceeded recognised PNEC or critical
environmental concentration (CEC) targets (Fig. S10a, b). Mean (SD)
concentrations (ng.POCIS−1.day−1) differed by site (Fig. S4e, f), with the
highest levels of human pharmaceuticals frequently seen at Site 1 down-
stream of the local hospital (Table 2). Seasonal fluctuations existed (Table 1
and Figs. S9a, b), a notable example being antiepileptics, which were found
at higher river levels during the dry season (Table 1 and Fig. S9a, b).

Metals
River water was collected via 30ml grab samples, undertaken at weekly
intervals overa 6-monthperiod, to evaluate thepresenceofmetals. From the
55 water samples (Site 1: n = 27, Site 2: n = 28) obtained, chemical analysis
illustrated that 25 different metals were repeatedly found in the rivers, with
only 2 metals below the limit of quantification across all sites (Be and Sn)
(Table S2). Metal concentrations (µg/L) varied by site and element, with
median concentrations of Cu, Cr, Fe, Ni, Sb and Zn shown to be higher in
the central urban river system downstream of the city centre (Fig. 5, site 1)
and metal concentrations of As, Li, Rb and Sr higher in the river systems
downstream of the dense urban conurbation (Fig. 5, site 2). Whilst none of
the median (IQR) concentrations exceeded recognised World Health
Organisation (WHO) or United States Environmental Protection Agency
(USEPA) water quality standards26, isolated high levels of Ni ( > 20 µg/L),
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Mg ( > 100 µg/L) and Fe ( > 300 µg/L)were recorded in excess of these levels
(Fig. 5 and Table S2).

Discussion
In this study undertaken in an urban waterway from a large African city,
we highlight that antibiotics are consistently recovered, including at levels
that exceed PNECs, alongside the continued presence of ARDCs and
heavy metals above reference limits, posing onward risks to human,
animal, and ecological health. Antibiotic and ARDC pollution into
freshwater systems creates the conditions for the maintenance of intrinsic
antimicrobial resistance, the selection for new resistance mutations and/
or the acquisition of mobile genetic elements conferring AMR24,27,28. The
presence of antibiotics, crop and industrial chemicals, and metals in the

environment increases the selection rate for antibiotic resistance, thereby
allowing the environment to form a key niche for the maintenance and
evolution of AMR10,21.

Previous research in African surface waters has identified sulphona-
mides, such as sulfamethoxazole, as the most commonly recovered
antibiotics24,29. In this study, sulfamethoxazole was the antibiotic found at
the highest levels, followed by trimethoprim, erythromycin/azithromycin,
metronidazole and rifampicin.Despite a growing trend in intensive farming
practices and the use of antibiotics for growth promotion in Malawi30, this
spectrum of antibiotics reflects those typically used locally in human health
to treat a broad range of bacterial diseases31. In urbanBlantyre, the estimated
HIV prevalence is 14.2%32 and the estimated community tuberculosis
prevalence is 150–189 per 100,000 adults33. Therefore, the use co-

Table 1 | Anthropogenic pollution of urban riverswith antibiotics, antifungals, antiprotozoals and other human-usemedications

Group Class Medica�on

Site 1
ng.POCIS-

1.
day-1

Site 2
ng.POCIS-

1.
day-1

Site 1 
ra�o 

(pos:neg)

Site 2 
ra�o 

(pos:neg)

Site 
difference

Seasonal 
difference 

Site 1

Seasonal 
difference 

Site 2

An
�b

io
�c

s

β-lactam
(β-Ls)

Amoxicillin (AMX) <LOQ <LOQ
Ampicillin (AMP) <LOQ <LOQ
Cloxacillin (CLX) 2.9 (2.0) 7.0 (5.0) 6:40 18:32 0.0452 NA NA
Flucloxacillin (FLX) <LOQ <LOQ

Penicillin G (PENG) 0.92 
(0.18) <LOQ 2:44 0:50 NA NA NA

Penicillin V (PENV) <LOQ <LOQ

Cefalexin (CEF) 0.94 
(0.33) 2.4 (0.0) 2:44 1:49 NA NA NA

Cefixime (CFX) <LOQ 0.45 
(0.13) 0:46 2:48 NA NA NA

Cefotaxime (CTX) <LOQ <LOQ
Cefuroxime (CXM) 72 (63) 130 (170) 13:7 5:17 0.8436 NA NA
Ce�riaxone (CRO) 15 (19) 1.2 (0.2) 23:3 2:26 0.0885 0.2096 NA

Quinolones 
(QNs)

Ciprofloxacin (CIP) 9.8 (14.6) 3.6 (2.1) 25:21 27:23 0.1010 0.5478 0.6766

Difloxacin (DIF) 0.85 
(0.49)

0.57 
(0.00) 22:24 1:49 NA 0.6889 NA

Enoxacin (ENX) 6.3 (0.0) <LOQ 1:45 0:50 NA NA NA

Enrofloxacin (EFX) 0.74 
(0.46)

0.91 
(0.00) 5:41 1:49 NA NA NA

Flumequine (FLU) 0.22 
(0.15)

0.33 
(0.05) 23:3 2:26 0.1203 0.0716 NA

Levofloxacin + Ofloxacin 
(LEV) 2.3 (1.7) 1.4 (0.0) 25:21 1:49 NA 0.8022 NA

Lomefloxacin (LOM) 3.6 (1.8) 1.5 (0.0) 10:36 1:49 NA 1.0000 NA

Norfloxacin (NOR) 2.9 (1.9) 0.57 
(0.00) 14:32 1:49 NA NA NA

Oxolinic acid (OXO) 0.54 
(0.41)

0.56 
(0.07) 7:19 5:23 0.2556 NA NA

Perfloxacin (PER) <LOQ <LOQ
Roxithromycin (ROX) <LOQ <LOQ

MLS drugs
(MLS)

Azithromycin (AZM) 21 (30) 8.4 (6.6) 45:1 14:36 0.2430 0.0072 0.0453
Clarithromycin (CLR) 6.5 (12.3) 2.8 (3.5) 38:8 23:27 0.0028 0.0593 0.0659

Clindamycin (CLI) 0.58 
(0.68)

0.95 
(1.28) 36:10 35:15 0.1710 0.4788 0.4763

Clindamycin sulfoxide* 
(metabolite CLI) 1.1 (0.9) 1.2 (0.9) 17:29 5:45 0.2899 0.4494 NA

Erythromycin (ERY) 230 (360) 160 (150) 44:2 50:0 0.2326 0.0089 0.8535
Tylosin (TYL) <LOQ <LOQ

Sulphonami
des

(SAs)

Sulfadiazine (SFD) 1.5 (1.2) 5.5 (5.8) 23:23 45:5 0.0000 0.1009 0.4507
Sulfamerazine (SFM) 3.3 (0.0) 2.0 (0.5) 1:45 3:47 NA NA NA
Sulfamethazine (SFT) 1.8 (2.2) 3.0 (2.1) 43:3 48:2 0.0007 0.0011 0.0000
Sulfamethizole (SFZ) <LOQ <LOQ

Sulfamethoxazole (SMX) 1400 
(1500)

3100 
(2100) 46:0 49:1 0.0000 0.0041 0.1281

Sulfamethoxine (SMI) 0.85 
(0.77) 2.0 (1.3) 13:33 2:48 0.2696 NA NA

Sulfamethoxypyridine 
(SMP)

0.33 
(0.00) <LOQ 1:45 0:50 NA NA NA
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Table 1 (continued) | Anthropogenic pollution of urban rivers with antibiotics, antifungals, antiprotozoals and other human-use
medications

Sulfamoxole (SML) 0.57 
(0.00) 

0.48 
(0.05) 1:45 3:47 NA NA NA 

Sulfaphenazole (SPZ) 0.07 
(0.02) 

0.15 
(0.00) 2:44 1:49 NA NA NA 

Sulfapyridine (SPY) 2.8 (2.8) 3.1 (2.5) 46:0 50:0 0.1830 0.9211 0.0045 

Sulfaquinoxaline (SFQ) 1.0 (0.5) 0.45 
(0.00) 2:44 1:49 NA NA NA 

N1 Acetyl SMX* 
(metabolite SMX) <LOQ <LOQ      

N4 Acetyl SMX* 
(metabolite SMX) 

2400 
(2800) 

2200 
(1900) 46:0 49:1 0.3442 0.0015 0.0001 

Sulfathiazole (STZ) 1.8 (1.0) 4.2 (4.0) 18:28 21:29 0.0289 NA NA 

Tetracyclin
es 

(TCs) 

Chlortetracycline (CLT) 5.5 (3.0) 2.8 (1.8) 16:30 17:33 0.0014 NA NA 
Doxycycline (DOX) 2.1 (0.3) <LOQ 6:40 0:50 NA NA NA 
Oxytetracycline (OXY) <LOQ <LOQ      
Tetracycline (TET) <LOQ <LOQ      

Other 
an�bio�cs 

(Other) 
 

Chloramphenicol (CHL) 8.0 (9.7) 6.0 (6.9) 38:8 23:27 0.2686 0.2836 0.0003 
Florfenicol (FLO) <LOQ <LOQ      
Metronidazole (MET) 74 (126) 130 (190) 41:5 45:5 0.4493 0.0189 0.0000 
Rifampicin (RIF) 4.7 (5.7) 11 (22) 30:16 46:4 0.0070 0.0715 0.4482 
Trimethoprim (TRI) 510 (510) 620 (620) 46:0 49:1 0.2191 0.0320 0.0002 

An
�f

un
ga

ls 
&

 
An

�p
ro

to
zo

al
s  

 

Ornidazole  (ORN) 1.3 (1.0) 2.8 (4.0) 26:20 25:25 0.2169 0.7945 0.0002 

Miconazole (MIC) 1.6 (0.6) 0.65 
(0.00) 2:44 1:49 NA NA NA 

Terbinafine (TER) <LOQ <LOQ      

Ketoconazole (KET) <LOQ <LOQ      

Clotrimazole (CLZ) 4.4 (2.3) 5.8 (4.0) 27:1 28:0 0.2061 NA NA 

snoitacide
m  l acigolorueN

 

An�epilep�
c 

Carbamazepine (CBZ) 620 
(1050) 61 (39) 46:0 49:1 0.0046 0.0000 0.0073 

Dihydro CBZ* 3.1 (4.6) 1.0 (0.5) 42:4 48:2 0.4279 0.0000 0.0207 
Epoxy CBZ* 1.8 (1.9) 1.1 (0.7) 44:2 49:1 0.3617 0.0001 0.0003 
trans-dihydro-dihydroxy 
CBZ* 22 (27) 33 (23) 46:0 49:1 0.0010 0.0014 0.3028 

Lamotrigine 5.4 (2.8) 3.0 (1.2) 20:26 2:48 0.2299 0.6138 NA 
Oxcarbazepine 3.5 (4.5) 2.6 (1.8) 45:1 49:1 0.6174 0.0000 0.0000 

An�psychot
ic Haloperidol 1.9 (1.5) 2.8 (2.1) 2:44 2:48 0.6985 NA NA 

Benzodiaze
pine 

 

Alprazolam 0.46 
(0.00) <LOQ 1:45 0:50 NA NA NA 

Oxazepam 1.1 (0.1) 3.3 (0.0) 2:44 1:49 NA NA NA 
Dopamine 
receptor 
agonist 

 

Ropinirole 0.49 
(0.27) 

0.26 
(0.00) 3:43 1:49 NA NA NA 

GABA 
analogue Gabapen�n 1.4 (1.1) 3.4 (5.2) 15:31 15:35 0.4548 0.0429 0.0021 

NMDA 
antagonist Meman�ne 0.80 

(0.00) 2.3 (1.83 1:45 3:47 NA NA NA 

SSRI / SARI 
/ SNRI 

Citalopram 57 (127) 22 (28) 8:38 6:44 0.6510 NA NA 
N-Desmethylcitalopram* 3.0 (0.0) 1.30 (0.0) 1:45 1:49 NA NA NA 
Sertraline 6.0 (4.4) 210 (220) 4:42 3:47 0.2159 NA NA 

Venlafaxine 1.1 (0.2) 0.94 
(0.46) 3:43 2:48 1.0000 NA NA 

Tetracyclic 
/ tricyclic 

Amitriptyline 0.57 
(0.55) 

0.50 
(0.37) 41:5 13:37 0.8475 0.0001 0.1751 

Mapro�line 0.29 
(0.00) <LOQ 1:45 0:50 NA NA NA 

Opioid 

Codeine 5.0 (4.9) 0.53 
(0.64) 43:3 35:15 0.0000 0.0008 0.0230 

Tramadol 9.8 (10.1) 8.7 (6.7) 45:1 49:1 0.5273 0.0019 0.0285 
N-desmethyl TRM 3.8 (3.7) 1.1 (0.7) 25/3 25/1 0.0009 NA NA 
O-desmethyl TRM 9.0 (6.8) 2.6 (1.6) 26/2 26/0 0.0004 NA NA 

Ca
r

di
ov

α-blocker Alfuzosin 1.6 (0.1) 2.7 (1.4) 2:44 6:44 0.0936 NA 0.4875 

β-blocker Atenolol 460 
(1180) 35 (60) 46:0 49:1 0.0000 0.0730 0.0150 
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trimoxazole preventative therapy and tuberculosis therapy, whether as
primary treatment, or preventative for people living with HIV, is common.
Previous research from urban settings in Malawi has shown that co-
trimoxazole and amoxicillin are the most frequently used antibiotics34. A
large cross-sectional survey of 1051 urban household members that took
place in Blantyre between April and July 2021 highlighted that co-
trimoxazolewas takenby11%of communitymemberswithin thepreceding
6-months and was also the most commonly antibiotic taken at the time of
survey (3.7%)34. A second household study of urban, peri-urban and rural
Malawi undertaken between April 2019 andDec 2020 identified that 15.2%
of community members had received an antibiotic in the preceding 6
months, primarily limited to oral amoxicillin, co-trimoxazole and
metronidazole18.Within local healthcare, a different spectrum of antibiotics

is used. Here, recent data from the local hospital showed that Ceftriaxone is
prescribed to 76% of unselected adult patients, with metronidazole (8.4%),
amoxicillin (7.6%) and ciprofloxacin (5.2%) also commonly given35. How-
ever, human antibiotic usage in sSA is complex, and influenced by the
massive burden of infectious disease, vulnerabilities of access and cost and
other intrinsic health system constraints31. Within Malawi, these conditions
lead to a narrow spectrum of oral antibiotics typically being used18,30, reflected
in antibiotic prevalence in urban surface waters. While campaigns to opti-
mise community antibiotic prescribing are ongoing, antibiotic prescription is
a rational response in settings where the burden of infectious disease is large
and diagnostics are few. Therefore, a priority focus should be on waste
management improvements and environmental control of antibiotic dis-
persal, instead of reducing potentially life-saving antimicrobial therapy36.

Table 1 (continued) | Anthropogenic pollution of urban rivers with antibiotics, antifungals, antiprotozoals and other human-use
medications

Bisoprolol 0.55 
(0.42)

0.12 
(0.00) 28:18 1:49 NA 0.0015 NA

Metoprolol 1.8 (5.4) 0.36 
(0.38) 26:20 28:22 0.0014 0.4221 0.4698

Metoprolol acid* 120 (330) 19 (18) 46:0 49:1 0.0000 0.1560 0.0001
Propranolol 8.2 (19.6) 1.1 (1.5) 45:1 48:2 0.0154 0.0000 0.1055
Sotalol 4.4 (2.5) 1.1 (0.4) 21:25 15:35 0.0000 NA NA

ACE Cilazapril 0.33 
(0.19)

0.28 
(0.12) 2:44 5:45 0.8465 NA NA

angiotensin 
receptor 
blocker

Irbesartan 1.5 (5.2) <LOQ 23:23 0:50 NA 0.1318 NA
Telmisartan 19 (12) 1.5 (3.0) 43:3 15:35 0.0000 0.0000 0.0082
Valsartan 3.2 (3.8) 3.4 (1.1) 32:14 3:47 0.3607 0.0140 NA

Ca channel 
blocker

Dil�azem 1.5 (0.0) <LOQ 1:45 0:50 NA NA NA

Verapamil 0.11 
(0.05)

0.84 
(0.59) 3:43 11:39 0.0125 NA 0.1241

Diure�c Triamterene 0.26 
(0.00) 3.3 (4.4) 1:45 3:47 NA NA NA

Fibrate
Bezafibrate 4.9 (6.8) 0.21 

(0.19) 13:33 6:44 0.0033 NA NA

Fenofibrate 0.52 
(0.00) <LOQ 1:45 0:50 NA NA NA

Sta�n
Atorvasta�n 0.46 

(0.30) <LOQ 21:25 0:50 NA NA NA

Rosuvasta�n 1.1 (0.8) <LOQ 28:18 0:50 NA 0.5248 NA

Ov
er

 th
e 

co
un

te
r 

m
ed

ica
�o

ns An�histami
ne

Ce�rizine 3.4 (4.0) 1.6 (1.2) 44:2 47:3 0.0689 0.0184 0.0320

Diphenhydramine 0.84 
(0.88)

0.45 
(0.13) 17:29 4:46 0.6223 NA NA

Fexofenadine 2.1 (2.7) 4.7 (6.6) 31:15 14:36 0.4923 0.0938 0.0049

Meclizine <LOQ 0.73 
(0.00) 0:46 1:49 NA NA NA

NSAID Diclofenac 190 (280) 85 (57) 45:1 49:1 0.5224 0.1868 0.2583

Di
ab

e�
c 

m
ed

ica
�o

ns

Sulfonylure
a

Glibenclamide 0.58 
(0.70)

0.39 
(0.38) 37:9 27:23 0.0664 1.0000 0.0381

Glimepiride 0.13 
(0.01) <LOQ 3:43 0:50 NA NA NA

Re
sp

ira
to

ry
 

m
ed

ica
�o

ns Beta-
agonist Terbutaline 0.34 

(0.00) <LOQ 1:45 0:50 NA NA NA

Xanthine Theophylline 430 (550) 160 (120) 46:0 49:1 0.0653 0.0904 0.0085

Ot
he

r Methylxant
hine Caffeine 2500 

(310) 760 (650) 46:0 49:1 0.0020 0.2059 0.0004

Contrast 
dye Iopromide 43 (123) 1.1 (0.4) 12:34 2:48 0.5228 NA NA

Medications recovered via continuous sampling of rivers in urban Blantyre over a 1-year period are presented with their mean (SD) concentrations (ng.POCIS−1.day−1). Differences in the concentrations of
medications seen at sites (1-2) or between seasons (wet-dry) have been highlighted (Mann–Whitney (site) Wilcoxon test (season) p < 0.05 [blue = site, green = season]). The distribution of medication
concentrations (ng.POCIS−1.day−1) are included in the Supplementary Information (Figs. S4e–g). Chemical metabolites = *. Chemicals where the limit of quantification ( < LOQ) was not reached as shown.
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AMR selection risks posed by antibiotics and medications can be
assessed using PNECs, initially proposed for use as discharge limits
from manufacturing facilities or via critical environmental
concentrations14,24. When we compared these targets to putatitive
antibiotic concentrations found in urban rivers, sulfamethoxazole,
trimethoprim, metronidazole and azithromycin were consistently
recovered above recommended PNEC limits over extended periods of
time. Given the absence of antibiotic manufacturing plants or func-
tioning WWTP upstream of the river sites, these results suggest that
ineffectual waste management of human effluent leads to the wide-
spread dissemination of antibiotics in the urban riverine environ-
ment and that antibiotics, ARDCs, and heavy metals may serve as an
important driver for AMR bacteria and ARGs in urban sSA rivers18,37.
Tighter regulation of ARDCs and protecting urban waterways from
chemical contamination may positively impact human health and the
ecosystem.

Widespread co-contamination of the urban environment with ARB is
commonplace. Within Blantyre, extensive soil, surface water and environ-
mental contamination with ESBL Enterobacteriaceae (ESBL-E) is found in
high-density environments, linked to several key environmental exposure
risks38. This is further exacerbated by a lack of awareness of the risks posed
from environmental pathways including human-environmental interac-
tions, especially via contaminated river water39. A large, contemporaneous
One Health study undertaken in the dense urban conurbation directly
upstream of our river sites found extensive ESBL-E contamination within
the rivers, drains and local environments, alongside high levels of ESBL-E
gut colonisation of animals and humans18. Here, rivers were the most fre-
quently contaminated environment, with an ESBL-E prevalence of 66%
overall, 74% in urban settings, emphasising the importance of the urban
riverine network. Genomic analysis of ESBL E. coli isolates from human/
animal stool and environmental sources in that study showed they cluster
independently of ecological source40, and extremely close genomic
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Fig. 2 | Spectrum of antibiotic and antifungal concentrations found in urban
rivers over a 12 month period. Cumulative totals of antibiotic and antifungal
concentrations (ng/ POCIS−1/ day−1) are shown for each POCIS recovered at both

site 1 (A) and site 2 (B), illustrating the high and continuous presence of sulfa-
methoxazole (SMX), its metabolite (NA4) and trimethoprim (TRI) in urban rivers.
(Wet season = blue, Dry season = white).
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relationships were identified between samples from ecological compart-
ments indicating recent transmission from common sources. This high-
lights the significance of the shared environment in drivingAMR, including
local river systems. Taken with the results presented in this study that show
high levels of antibiotic and ARDCs in the local river systems, this reaffirms
that in Malawi, AMR solutions require a One Health approach36.

Climate change and socioeconomic factors have been shown to sub-
stantially contribute to the global AMR crisis, particularly within LMICs23.
Previous research conducted in Blantyre found seasonal relationships
between thewet season and humanAMRcolonisation18 and environmental
AMR contamination38. The presence of ARDCs in sub-tropical rivers is also
influenced by seasonal trends in rainfall37,41, as illustrated by our findings

Table 2 | Anthropogenic pollution of urban rivers with insecticides, herbicides, fungicides and industrial chemicals

Chemical 
compound

Site 1
mean 
(SD) 

ng.POCIS-

1.
day-1

Site 2
mean 
(SD) 

ng.POCIS-

1.
day-1

Site 1 
ra�o 

(pos:neg)

Site 2 
ra�o

(pos:neg)

Site 
difference

Seasonal 
difference 

Site 1

Seasonal 
difference 

Site 2

In
se

c�
cid

es

Carbofuran-3-
hydroxy* 100 (250) 23 (13) 42:4 47:3 0.1107 0.0000 0.0220

Chlorpyrifos 39 (33) 59 (40) 46:0 48:2 0.0033 0.0001 0.1371
DEET 280 (333) 260 (180) 46:0 49:1 0.6308 0.0100 0.2885

Diazinon 0.94 
(0.95) 3.1 (5.7) 20:26 47:3 0.0002 0.9623 0.2911

Dimethoate 6.6 (5.7) 11 (4) 4:42 5:45 0.3913 NA NA
Imidacloprid 23 (47) 57 (58) 45:1 48:2 0.0000 0.0119 0.0140
Malathion 2.9 (1.5) 9.0 (6.8) 10:36 30:20 0.0045 0.3608 0.1888
Pirimiphos_methyl 5.2 (5.2) 15 (13) 45:1 49:1 0.0000 0.1583 0.2982
Thiamethoxam 1.3 (0.3) 2.8 (2.9) 9:37 20:30 0.0054 NA NA
3-chloro-4-
methylaniline

0.80 
(0.56) <LOQ 4:42 0:50 NA NA NA

He
rb

ici
de

s

Acetochlor 7.4 (8.7) 3.0 (2.5) 21:25 33:17 0.1431 0.3915 0.0008
Acetochlor_ESA* 3.9 (3.7) 2.2 (1.7) 37:9 38:12 0.0424 0.0078 0.0241

Ametryn 0.33 
(0.19) <LOQ 15:31 0:50 NA 0.0250 NA

Atrazine 0.95 
(0.75) 1.1 (1.5) 25:21 34:16 0.8902 0.0046 0.0017

Atrazine_desisoprop
yl* <LOQ 6.0 (3.0) 0:46 3:47 NA NA NA

Atrazine_desethyl-
desisopropyl* 18 (12) <LOQ 10:36 0:50 NA 0.2386 NA

Atrazine_desethyl* 46 (50) 18 (11) 32:14 26:24 0.1616 0.0050 0.0483
Atrazine_2-
hydroxy*

0.78 
(0.69)

0.43 
(0.42) 42:4 25:25 0.0284 0.0115 1.0000

Bensulfuron_methyl 1.3 (0.4) 0.70 
(0.00) 2:44 1:49 NA NA NA

Clomazone 2.2 (1.5) <LOQ 2:44 0:50 NA NA NA
Diuron 9.0 (12.1) 6.7 (7.0) 42:4 47:3 0.6720 0.1658 0.0366
Diuron_desmethyl* 1.6 (1.3) 1.5 (0.55) 11:35 5:45 0.1721 NA NA

Fluazifop-p 0.15 
(0.03) 1.8 (1.0) 4:42 3:47 0.0497 NA NA

Hexazinone 0.20 
(0.05)

0.35 
(0.15) 7:39 5:45 0.0735 NA NA

Ioxynil <LOQ 0.39
(0.00) 0:46 1:49 NA NA NA

MCPA 4.3 (4.9) 3.6 (2.7) 4:42 2:48 0.817 NA NA

Metazachlor 5.7 (0) 0.14 
(0.00) 1:45 1:49 NA NA NA

Metolachlor 4.3 (4.9) 1.5 (0.7) 46:0 48:2 0.0013 0.5164 0.0185
Metolachlor_ESA* 8.2 (8.3) 2.3 (1.3) 43:3 29:21 0.0000 0.4144 0.8318
Metribuzin_desami
no*

0.94 
(0.00) <LOQ 1:45 0:50 NA NA NA

Picloram 5.7 (0.0) 6.8 (2.5) 1:45 10:40 NA NA NA
Prometryn 4.3 (3.7) <LOQ 17:29 0:50 NA 0.4615 NA
Propazine_2-
hydroxy* <LOQ 0.95 

(0.00) 0:46 1:49 NA NA NA
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showing fluctuations in the recovery and concentration of antibiotics and
ARDCs over time, including wet vs dry seasons. High levels of rainfall leads
to widespread flooding, increased runoff from agricultural sites and over-
flowing of pit latrines into local rivers and groundwater, increasing exposure
to pathogens, ARDCs and AMR risks17,20,22,37. The paucity of adequate
sanitation infrastructure in urban settings intensifies the effects of climactic
events, impacting fluctuations of antibiotics and ARDCs in effluent and the
local river systems23,37. Improving sanitation facilities, universal access to
water, sanitation and hygiene services and adherence to sustainable devel-
opment strategies will be paramount to the future success of global AMR
efforts23.

Metals have also been identified in urban sSA river systems via point
prevalence studies42.However, longitudinal data in this studyhighlights that
concentrationsoccasionally exceedputative selection thresholds, illustrating
ecological risks from contamination with heavy metals fluctuates and
continuous surveillance and intervention are required. Additionally, agro-
chemicals, including insecticides, herbicides, and fungicides that are fre-
quently used by households and subsistence farmers in Africa43 were
detected and regularly recovered throughout the year. Whilst inter-
nationally agreed AMR thresholds in surface waters do not exist for these
chemicals, their role is widely reported to influence selection pressures on
bacteria in the aquatic environment via similar mechanisms to antibiotics,
making the putative thresholds for selection (PNECs) conservative esti-
mates of the actual minimum selective concentration24,44,45.

Many factors can impact the fate of antibiotics and ARDCs in the
aquatic environment, including photodegradation, biodegradation and

river flow rates. If these factors fluctuate throughout the year it could con-
tribute to shifts in the recovery of some analytes, impacting the inter-
pretation. A limitation of this study is that weekly sampling does not permit
the assessment of hazard on a daily or hourly basis. Moreover, passive
sampling does not reflect alterations in the concentrations on short time-
scales; as such, we are unaware of the extremes in concentration that some
analytes might achieve, which will impact our interpretation of the pre-
valence of antimicrobial resistance genes in this setting. Furthermore, the
absence of corresponding local field calibration of the POCIS does not
permit the specific calculation of pollution in ng.L−1, given sampling para-
meters cannot be extrapolated from rivers elsewhere (i.e., Europe), due to
different stream conditions in sub-Saharan Africa46,47. However, existing
calibrations47 can be imposed on the POCIS from this study to gain insight
into whether putative concentrations of the analytes are approaching
established PNECs. This analysis is intended as a first glance and should be
followed up in the future with research that considers continuous surveil-
lance at a greater number of river sites overmultiple seasons, alongside local
field calibration of key river systems and the collection of linked bacterial,
population-level and meteorological metadata, to determine the hetero-
geneity of urban pollution, distinguish anthropogenic pollution from nat-
ural baseline and to better evaluate the impact of ARDCs on driving AMR.
Nevertheless, our study identified that in urban Malawian riverine envir-
onments, putative pollution levels with ARDCs and antibiotics exceeds
PNECs considered safe for ecological health over extended periods. This
finding is likely to be a consequence of inadequateWASH infrastructure in
densely populated urban environments, human antimicrobial usage, and

Table 2 (continued) | Anthropogenic pollution of urban rivers with insecticides, herbicides, fungicides and industrial chemicals

Simazine_hydroxy* 0.53 
(0.40) 1.2 (1.1) 29:17 30:20 0.0129 0.8384 0.0513

Terbuthylazine 0.25 
(0.12)

0.42 
(0.19) 21:25 29:21 0.0001 0.2806 0.2290

Terbuthylazine_hyd
roxy*

0.71 
(0.44)

0.52 
(0.23) 36:10 33:17 0.1615 0.0960 0.0497

Terbutryn 0.96 
(0.70) 1.4 (0.9) 43:3 47:3 0.0059 0.4123 1.0000

1-(3.4-
Dichlorophenyl)_ure
a*

0.99 
(0.41) 3.2 (3.4) 9:37 14:36 0.0039 NA NA

In
du

st
ria

l 
ch

em
ica

ls 1H-benzotriazol 630 
(1520) 100 (95) 46:0 48:2 0.0007 0.0731 0.4767

1H-
benzotriazol_(5/4)-
methyl*

92 (116) 20 (26) 44:2 44:6 0.0001 0.0000 0.0000

1H-benzotriazol_1-
methyl*

1500 
(1500)

560
(690) 26:20 24:26 0.0296 0.3606 0.1299

Fu
ng

ici
de

s

Azoxystrobin 0.69 
(0.68)

0.53 
(0.19) 25:21 29:21 0.8215 0.0457 0.5354

Carbendazim 6.4 (5.5) 17 (12) 45:1 49:1 0 0.0014 0
Dimethomorph 1.3 (0.4) <LOQ 5:41 0:50 NA NA NA

Epoxiconazole 0.18 
(0.06)

0.46 
(0.31) 6:40 10:40 0.1035 NA NA

Flusilazole 0.90 
(0.00)

0.25 
(0.11) 1:45 18:32 NA NA NA

Metalaxyl 2.0 (1.1) 2.3 (1.2) 3:43 9:41 0.6433 NA NA

Propiconazole 0.35 
(0.34) 1.4 (1.1) 42:4 48:2 0.0000 0.0003 0.0000

Tebuconazole 1.2 (1.1) 3.5 (2.0) 24:22 35:15 0.0000 0.5099 0.0001

Insecticides, herbicides, fungicides and industrial chemicals recovered via continuous sampling of rivers in urban Blantyre over a 1-year period are presented with their mean (SD) concentrations
(ng.POCIS−1.day−1). Differences in the concentrations of chemicals seen at sites (1-2) or between seasons (wet-dry) have been highlighted (Mann–Whitney (site)Wilcoxon test (season) p < 0.05 [blue = site,
green = season]). The distribution of chemical concentrations (ng.POCIS−1.day−1) are included in the Supplementary Information (Fig. S4a–d). Chemical metabolites = *. Chemicals where the limit of
quantification ( < LOQ) was not reached as shown.
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the local climate. Given the local river networks are a point of interaction in
daily life, used for bathing, washing clothes, agricultural and animal
practices18, the need for improvements in solid, human, and animal waste
management are urgently required to impact the transmission and emer-
gence of AMR, improve the health of residents, and enhance biodiversity.
Improvements in waste management should be undertaken in parallel with
enhanced environmental surveillance for ARDCs and AMR in urban river
environments, the delivery of co-designed community education cam-
paigns to highlight environmental risk and risk mitigation strategies
alongside advocacy for a keener focus on the role of the environment in
national AMR policies and regulatory frameworks. Given that ultimately,
withoutwidespread improvements to environmental health,we are unlikely
to control AMR in these settings.

Methods
Pilot phase and site selection
This study was undertaken in Blantyre, southern Malawi, by the Drivers
of Resistance in Uganda andMalawi (DRUM) consortium48. Blantyre has
a population of ~830,000 people, is served by a single 1350-bed tertiary
hospital, and has basic citywide sanitation infrastructure, with only one
operational wastewater treatment plant (WWTP). An iterative approach
to site selection was undertaken during a 9-month pilot phase (February
2020–October 2020). Initially, 5 sites were identified via transect walks
undertaken in the urban and peri-urban districts alongside an area
downstream of the city centre (Fig. 1 and Fig. S11). These included a
geographical spread upstream and downstream of key urban river sys-
tems, with linkage to our previous community household study with
extensive human, animal and environmental microbiological data18.
Local chiefs and community leaders were surveyed for the acceptance of

samplers and verbal permissions were granted. Where sites fell on private
property, verbal agreements were drafted for placement of samplers prior
to siting.

During the pilot phase, river water was purposively collected, and the
utility of each site was assessed via a number of logistical and safety para-
meters. Three of the sites faced significant challenges from theft and the
unsuccessful recovery of filters after a 7-day period. In particular, the
furthest downstream river site had high fluctuations in rainfall during the
wet season, leading to flash flooding and mechanical destruction of sam-
plers, and 2 sites situated in dense urban environmentswhere samplerswere
clearly visible, had high levels of theft. Given these logistical challenges and
the requirement for continuous sampling over a 1-year period, two key
rivers were selected for onward sampling (Figs. S12, 13). These sampling
sites represented a river site downstream of the city centre/hospital (site 1)
anda river site downstreamof adenseurbancommunity (site2).Advicewas
sought from local leaders and community groups on how to best mitigate
the issues identified during the pilot phase. In line with these conversations,
mechanical and technical alterations to the recovery and placement of the
filters were made (Table S1).

Study design and sampling methods
Two urban river sites underwent uninterrupted sampling over a 12-month
period (November 2020 to November 2021). POCIS [Nya Exposmeter AB,
Trehorningen 34, SE-92266 Tavelsjo, Sweden, www.exposmeter.com] were
submerged in the water at 20–100 cm depth at the fastest portion of the river
and attached via metal wire to a stake on the riverbank, hidden from view.
Each sampler was kept in place underwater throughout a week’s period at
each river site. Then, at weekly intervals, the POCIS were recovered and
replaced.At times of heavy rainfallwhere access posed a safety issue or during

Fig. 3 | Temporal relationships in the recovery of antibiotics in river water,
highlighting the continued presence of unsafe PNEC levels.Monthly trends in the
presence and absence (white) of antibiotics are plotted over a 1-year period, span-
ning across the wet (blue) and dry (yellow) season at site 1 (A) and site 2 (B).
Antibiotics are grouped by class, and stratified into safe (green, <PNEC) and unsafe

(red, >PNEC) levels based on the concentrations identified. Values inside the cells
describe the ratio of analyte: PNEC illustrating the levels of risk. A value of 0 denotes
where an antibiotic was identified above the LOQ but below 0.01% of the agreed
PNEC target. Cases where antibiotics are recovered, but there are no agreed PNEC
definitions have also been highlighted (turquoise).
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national holidays (i.e., Christmas), samplers were left in place for longer
periods. On removal, the sampler cage was detached, and themembranewas
washedwithdeionisedwater to removeanyheavy soiling, beforebeingplaced
in an aluminium foil bag, sealed, and transported to the laboratorywithin 2 h,
whereupon it was stored at−80 °C. POCIS consists of a sorbent sandwiched
between two polyethersulfone membranes, fixed into a porous metal cage
(Fig. S14). Themembrane allows for the passage of dissolved chemicals onto
the sorbent, where they become sequestered47. Longitudinalmetadata of river
water parameters were contemporaneously collected.

In addition, river water sampling for heavy metals was completed at
sites 1&2 (May 2021 andNovember 2021) atweekly intervals.Here, at each
site, a 30ml grab sample of river water was collected in a 30ml universal
container each week. Samples were transported to the local laboratory
within 2 h and stored at ambient temperature in the dark. Subsequently,
water samples were shipped at ambient temperature to the UK Centre for
Ecology & Hydrology (United Kingdom) for metal analysis. POCIS filters
were transported on dry ice to the University of South Bohemia (Czech
Republic) for organic pollutant analysis.

Chemical and heavy metal analysis
A suite of antimicrobials, medications, insecticides, herbicides, fungicides
andmetals were analysed based on evidence in the literature for their role
in the selection or co-selection of antibiotic resistance genes and to
examine a priori assumptions about antimicrobial use in Blantyre (Tables
S3a–c). For metals, 10 ml of each sample was analysed by inductively
coupled plasma mass spectrometry (Perkin Elmer Nexion 300D ICP-
MS) screened against a panel of 27 metals (Table S3c) in line with
standardised operating procedures at the UK Centre for Ecology &

Hydrology. POCIS samplers were extracted using standard procedures
described previously46,49. Targeted micropollutants analysis was per-
formed using liquid chromatography coupled with tandem mass spec-
trometry (TSQ Quantiva mass spectrometer, Accela 1250 pump, both
Thermo Fisher Scientific; PAL autosampler, CTC Switzerland)47,50. For
quantification of analytes, the internal standard and matrix matching
standard methods were used. Limits of quantification (LOQ) were cal-
culated from the instrumental LOQ by correcting to the internal standard
response, for the matrix effect, for internal standard response, and for the
aliquot/volume of individual extracts47. Water concentrations of medi-
cations were calculated from POCIS adsorbed mass according to field
calibration study data47. Due to the unknown flow of the river and
absence of corresponding field calibration experiments, the concentra-
tion was presented as ng.POCIS−1 rather than ng.L−1. A value of
ng.POCIS−1.day−1 was obtained by adjusting for the number of days
between sample siting and recovery. However, to allow comparison of
recovered analytes with published PNECs, we employed the previously
published POCIS calibration47 to approximate the mean daily con-
centration per month for the respective analytes. The POCIS extracts
were analysed using nontargeted LC-high resolution mass spectrometry
(QExactive hybrid quadrupole-orbital trap mass spectrometer, Thermo
Fisher Scientific) operated in combined full-scan/data independent
modes51. The data were processed using Compound Discoverer 3.1 soft-
ware to permit the identification of chemical compounds that were
present but not included in the targeted analysis, including anti-
retrovirals, antibiotics, antifungals and antiprotozoals. PCA of non-
targeted POCIS extracts data determined site-based differences in
chemical compositions.

Fig. 4 | Composition of chemical pollutants found within urban rivers. A A
principal component analysis of the spectrum of chemical compounds identified via
non-targeted analysis of all POCIS obtained from site 1 and site 2 illustrating site-
based differences.BThe spatiotemporal variations in chemical compounds found at

each site over a 1 year period. These are presented as the percentage (%) of the total
POCIS sample chemical concentration normalised to sampling time (ng/POCIS−1/
day−1), and stratified by chemical class.
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Statistical analysis
Statistical analysis and graphic visualisations including ratios, means +/−
standard deviation (SD), median +/− interquartile range (IQR), violin
plots, Pearson’s coefficient matrix, PCA and PNEC tables were performed
using R studio (Version 1.4.11)52. Sampling site maps were drawn using
QGIS (Version 3.4). Analysis of the LOQ for concentrations includes the
1-year continuous dataset without pilot data. Differences in chemical con-
centrations found at locations and seasons were evaluated via
Mann–Whitney and signed-rankWilcoxon tests, respectively. PNECvalues
were obtained from international guidance and recent literature (Table S4a,
b)14,25. The ratios of daily analytemeanpermonth /PNECvaluewereused to
illustrate where antibiotics had exceeded acceptedPNEC levels on amonth-
bymonthbasis.CECswere taken for humanpharmaceuticalswherePNECs
do not exist (Table S4b)24,53. The wet season was classified as samples
obtained betweenNovember and April, and the dry season was classified as
samples obtained between May and October.
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