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Pharmaceuticals (a class of emerging contaminants) are continuously introduced into effluent-8 

receiving surface waters due to their incomplete removal within wastewater treatment plants 9 

(WWTPs). This work investigated the presence and distribution of eight commonly used human 10 

pharmaceuticals in the River Dee (Scotland, UK), a Scottish Environment Protection Agency priority 11 

catchment that is a conservation site and important raw water source. Grab sampling and passive 12 

sampling (Polar Organic Chemical Integrative Sampler, POCIS) was performed over 12 months, 13 

targeting: paracetamol, ibuprofen, and diclofenac (analgesics/anti-inflammatories); clarithromycin 14 

and trimethoprim (antibiotics); carbamazepine and fluoxetine (psychoactive drugs); and 17α-15 

ethynylestradiol (estrogen hormone). Sampling sites spanned from the river’s rural source to the 16 

heavily urbanised estuary into the North Sea. Ibuprofen (ranging 0.8 – 697 ng/L), paracetamol (ranging 17 

4 – 658 ng/L), trimethoprim (ranging 3 – 505 ng/L), diclofenac (ranging 2 – 324 ng/L) and 18 

carbamazepine (ranging 1 – 222 ng/L) were consistently detected at the highest concentrations 19 

through grab sampling, with concentrations generally increasing down river with increasing 20 

urbanisation. However, POCIS revealed trace contamination of most compounds throughout the river 21 

(commonly <0.5 ng/L), indicating pollution may be related to diffuse sources. Analysis of river flows 22 

revealed that low flow and warm seasons corresponded to statistically significantly higher 23 

concentrations of diclofenac and carbamazepine, two compounds of environmental and regulatory 24 

concern. Below the largest WWTP, annual average fluxes ranged 0.1 kg/yr (clarithromycin) to 143.8 25 

kg/yr (paracetamol), with 226.2 kg/yr for total target compounds. It was estimated that this source 26 

contributed >70 % of the total mass loads (dissolved phase) of the target compounds  in the river. As 27 

the River Dee is an important raw water source and conservation site, additional catchment 28 

monitoring is warranted to safeguard water quality and assess environmental risk of emerging 29 

contaminants, particularly in relation to unusual weather patterns, climate change and population 30 

growth.  31 

 32 
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1. Introduction 37 

The discharge of pharmaceuticals by wastewater treatment plants (WWTPS) across 38 

the UK and Europe has been well documented (aus der Beek et al., 2016; Gravell et al., 2020; 39 

Wilkinson et al., 2017). Most WWTPs (except the newest and most advanced) were not 40 

designed to efficiently remove the increasing variety of novel and often complex organic 41 

pollutants, and many recalcitrant compounds undergo limited degradation and/or 42 

mineralisation during treatment (Gardner et al., 2013; Niemi et al., 2020; Verlicchi et al., 43 

2012). As wastewater effluent is discharged into surface water, pharmaceuticals have a direct 44 

pathway into the wider environment. Advanced tertiary treatment (e.g., photo- or UV-based 45 

oxidation, catalytic treatment, novel membrane processes) can be applied to further degrade 46 

pharmaceuticals (Klamerth et al., 2010; Moreira et al., 2016); but, these are normally energy 47 

intensive and costly, or, logistically challenging to implement, especially in rural regions. As a 48 

result, smaller, older and more conventional WWTPs (as commonly employed in rural 49 

communities), may fail to cope with pharmaceutical removal due to rising urbanisation, aging 50 

infrastructure and increasing pharmaceutical usage.   51 

More than 600 pharmaceuticals and their metabolites have been detected in rivers, 52 

lochs, groundwater, seas and estuaries around the world, with antibiotics, anti-53 

inflammatories and analgesics most widely reported and at the highest concentrations (aus 54 

der Beek et al., 2016; López-Serna et al., 2013; Rimayi et al., 2019). The subsequent 55 

environmental impact of this widespread presence is not yet fully characterised. However, 56 

behavioural changes in exposed aquatic species have been reported, such as altered salmon 57 

migration in the presence of anti-anxiety drugs (Hellström et al., 2016). Antibiotics present in 58 

surface waters may also accelerate the promotion and development of antimicrobial 59 

resistance in bacteria (Giebułtowicz et al., 2020; Johnson et al., 2015) . Further, potential 60 
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impacts are not solely limited to the environment, as contamination of raw drinking water 61 

sources may additionally occur (Ebele et al., 2017; Focazio et al., 2008; Pinasseau et al., 2019) . 62 

While pharmaceutical concentrations within drinking water would rarely be high enough to 63 

elicit direct effects in humans, there remains uncertainty regarding exposure to sub-64 

therapeutic doses, and exposure to complex mixtures. Alongside climate change and 65 

population growth (among other factors), increased pressure on freshwater resources may 66 

result in greater use of contaminated surface water (or recycled treated wastewater) as water 67 

resources in future (Lyu et al., 2016; Mekala et al., 2008; Scruggs et al., 2020).  68 

In Scotland, there is limited data on the presence and fate of pharmaceuticals in the 69 

environment within and near rural communities, especially in the Highland and North Eastern 70 

regions (Helwig et al., 2021). These areas may produce wastewater with significant 71 

concentrations of pharmaceuticals (Nebot et al., 2015; Niemi et al., 2020), but knowledge 72 

gaps exist on potential environmental occurrence and impacts. This study reports on an 73 

intensive 12-month monitoring campaign on the River Dee (Aberdeenshire, northeast 74 

Scotland); sampling from the river’s source (upstream of Braemar, a widely dispersed rural 75 

community), down to its estuarine discharge to the North Sea (in Aberdeen City, a heavily 76 

urbanised area). The main objective was to identify spatiotemporal trends in pharmaceutical 77 

occurrence and distribution in the River Dee through grab and passive sampling. Passive 78 

sampling can overcome many of the limitations of grab sampling (e.g., sampling frequency, 79 

sample degradation, high limits of quantification), through the in-situ exposure of a solid 80 

sorbent receiving phase, onto which continuous micropollutant accumulation can occur over 81 

time (Sultana et al., 2017; Taylor et al., 2019; Zhang et al., 2018). Polar organic chemical 82 

integrative sampling (POCIS) was employed in this study as it is a widely applicable technique 83 

to capture diverse target compounds (Lissalde et al., 2014; Poulier et al., 2014; Taylor et al., 84 
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2019). Pharmaceutical fluxes were calculated over the sampling period, and relationships 85 

between concentrations and river flow rates were analysed. This is the first long-term 86 

assessment of pharmaceuticals in the River Dee.  87 

2. Materials and methods 88 

2.1 Study sites  89 

The River Dee (Aberdeenshire) is a Scottish Environment Protection Agency (SEPA) 90 

priority catchment in North East Scotland, which is impacted by drinking water abstraction 91 

(serving approx. 300,000 people), wastewater discharges and diffuse pollution from septic 92 

tanks and agricultural activity (Scottish Environment Protection Agency, 2020; Scottish Water, 93 

2020). The river is a Special Area of Conservation for Atlantic salmon (Salmo salar), freshwater 94 

pearl mussel (Margaritifera margaritifera) and Eurasian otter (Lutra lutra) (Scottish 95 

Environment Protection Agency, 2010). Point-source pollution from WWTP effluent directly 96 

affects the river (Figure 1) between Ballater and Banchory, in addition to tributaries which 97 

feed into the Dee (Scottish Environment Protection Agency, 2010). Scottish Water and SEPA 98 

monitor discharges, however, no emerging contaminants are routinely monitored. Eight sites 99 

(Figure 1) were monitored, above and below points of interest (i.e., WWTP discharge sites 100 

and abstraction sites for drinking water treatment works, DWTW). Grab sampling was 101 

performed at all sites and POCIS at four of the eight sites.  102 
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 103 
Figure 1. Schematic map of sampling points along the River Dee, with towns indicated. Wastewater 104 
Treatment Plant = WWTP, Drinking Water Treatment Works = DWTW. 105 

GPS coordinates and full site descriptions for sampling locations are included in 106 

Appendix A (Table A.2). Site 1 was upstream of Braemar, a small town with a widely 107 

distributed rural population and limited water pollution. Site 2 was above the Aboyne WWTP 108 

discharge (PE capacity 3,640), and site 3 below. This facility utilises screening, primary 109 

settlement and conventional activated sludge (CAS). Sites 4, 5 and 6 were in Banchory, which 110 

has the largest catchment population (~8,735), apart from Aberdeen City (UK Urban 111 

Wastewater, 2017). Banchory DWTW abstracts water at site 4. Site 5 was the Banchory WWTP 112 

effluent discharge pipe, and site 6 was below it. The Banchory WWTP (PE capacity 9,700)  113 

utilises screening, primary settlement and CAS (in two open-air basins). Site 7 was above the 114 
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Inchgarth Reservoir DWTW abstraction site, and site 8 was the Bridge of Dee within Aberdeen 115 

City, above the estuary line. 116 

2.2 Sample collection 117 

 Grab sampling was performed twice over a two-week period, every three months for 118 

12 consecutive months (in Aug 2018, Nov 2018, Feb 2019, May 2019, Aug 2019). POCIS was 119 

performed at the same timepoints and the samplers remained in the river for 14 days. Grab 120 

samples were taken at the deployment and retrieval of the POCIS passive samplers (day 0 and 121 

14). Passive samplers were placed into the middle of the river at a depth of ~1.0 m (where 122 

possible) and tied to a weighted, anchored nylon line to limit movement. All grab samples 123 

were collected in amber glass bottles (2.5 L) from the middle of the river (when safe to do so), 124 

at a depth of ~0.5 m. Banchory WWTP effluent (at site 5) was collected with a stainless-steel 125 

bucket directly at the discharge pipe. Bottles (and bucket) were rinsed three times with the 126 

sample before collection. Samples were transported in cool boxes with icepacks, refrigerated 127 

at 4 °C upon return to the lab and processed within 24 h of collection. Before use, amber glass 128 

bottles were soaked in 3% Decon® and cleaned consecutively with methanol and Milli-Q 129 

water (three rinses with each).  130 

2.3 POCIS passive samplers  131 

POCIS passive samplers contained three cells inside a stainless-steel cage, as described 132 

in Appendix A (Figure A.1). Cells were composed of 220 mg of Oasis HLB sorbent (Waters) and 133 

two Supor® membranes (0.1 µm x 90 mm polyethylsylfone (PES) , VWR, UK), and fixed into 134 

the middle of perforated stainless-steel cages assembled in-house (to ensure water could 135 

move freely through both sides of the membrane, without directly sitting on the riverbed). 136 

Three cells were placed in each cage, to assess the reproducibility of results, and one cage 137 
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was deployed per site. Subsequent extraction and analysis of the sorbent allowed the 138 

calculation of time weighted average concentrations (TWACs) for target analytes (Taylor et 139 

al., 2019; Togola and Budzinski, 2007). The sampling rate constant (Rs, L/d) was determined 140 

for each compound (see Appendix A for POCIS calibration and laboratory validation). Table 141 

A.4 shows the limits of quantitation and rate constant (Rs) for each target compound. 142 

2.4 Pharmaceutical analysis  143 

2.4.1 Target pharmaceuticals 144 

Eight pharmaceutical compounds were targeted from four therapeutic groups: 145 

paracetamol, diclofenac and ibuprofen (analgesics/anti-inflammatories), clarithromycin and 146 

trimethoprim (antibiotics), carbamazepine and fluoxetine (psychiatric drugs) and 17α-147 

ethynylestradiol (synthetic hormone) (Table A.1). The prioritisation process is outlined 148 

elsewhere (Li et al., 2021; Niemi et al., 2020). Chemical and reagent details in the Appendix.  149 

2.4.2 Sample preparation and solid phase extraction 150 

Solid phase extractions (SPE) for the grab samples followed Niemi et al., (2020). After 151 

retrieval, POCIS cells were rinsed with Milli-Q water (to remove biofouling) and stored (-4 C) 152 

until processing. To process, cells defrosted (4 h) in a fume hood, and the sorbent was 153 

transferred into individual SPE cartridges (containing one frit). Sorbents were spiked with a 154 

standard solution (ILIS, 0.25 mL, 100 μg/L) containing the isotopically labelled target 155 

compounds (Appendix Method A.1), and allowed to completely dry (for approx. 60 min). 156 

Roxithromycin was used as an ILIS for clarithromycin, as this compound is not prescribed or 157 

dispensed in the UK (Information Services Division, 2019), not included in regulatory 158 

monitoring work (e.g., by Scottish Water Chemical Investigation Programme, or the Scottish 159 

Environment Protection Agency), and was not reported in a baseline assessment of 160 
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pharmaceutical monitoring data in Scotland (Helwig et al., 2021). It is therefore unlikely to be 161 

present in detectable concentrations in UK surface waters. Elution was performed with 40 mL 162 

of 100% MeOH, at a flow rate of 2 mL/min. Following SPE, all samples were evaporated to 163 

near dryness with nitrogen (Caliper TurboVap LV bath, at 40 C), and reconstituted in 1:1 (v:v) 164 

MeOH:Milli-Q water. Reconstituted samples were transferred to 2 mL amber glass vials and 165 

stored at -20 C prior to analysis. 166 

2.4.3 Instrumental analysis 167 

All pharmaceutical analysis was performed using reverse-phase liquid 168 

chromatography (LC) with an electrospray ionisation source (ESI) and tandem mass 169 

spectrometer (MS/MS), as described elsewhere (Li et al., 2021; Niemi et al., 2020). All samples 170 

were analysed alongside Milli-Q water blanks, a mixed reference standard containing target 171 

compounds and ILIS (at 500 and 50 μg/L, respectively), and mixed calibration standards 172 

(ranging 2 – 500 μg/L). Refer to Appendix A for quality assurance details (Method A.1), LC-173 

MS/MS operational parameters (Table A.3) and example chromatograms (Fig. A.2).  174 

2.5 Data processing and statistical analysis 175 

Equations to determine concentration (ng/L), TWAC (ng/L), and flux (F, g/d or kg/yr) 176 

appear in the Appendix. Daily average F was determined at site 6 (site with greatest number 177 

of detections), with average river flow and TWACs or the averaged grab concentration over 178 

the POCIS exposure period, as performed elsewhere (Cantwell et al., 2016; Poulier et al., 179 

2015). Statistical analysis was performed with R Studio (R Core Team, 2017). Depending on 180 

validity of the test assumptions, one-way and two-way ANOVAs or non-parametric Kruskal-181 

Wallis tests were used to test for significant differences (p < 0.05) between covariates, 182 

including sampling sites, sampling mode (e.g., grab or passive) and sampling time (e.g., 183 
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between months). Post-hoc analysis was performed with Tukey’s honestly significant 184 

difference test, or the Wilcoxon rank sum test for multiple comparisons. Multiple linear 185 

regression models considered relationships between concentration and river flow (as two 186 

continuous variables), and interaction terms were added to consider the significance of 187 

additional variables (e.g., site) (Thomas et al., 2017). Concentrations were log transformed, 188 

to satisfy the assumption of normal distribution (checked with Shapiro-Wilk tests and plotting 189 

histograms) (Thomas et al., 2017).  190 

2.6 Flow data 191 

Daily average flow (m3/s) was accessed from online resources for sampling dates. Flow 192 

data was available from the River Dee gauging stations at Mar Lodge (Braemar, nearest to site 193 

1), Polhollick (Ballater, nearest to sites 2 and 3), Woodend (Banchory, nearest to sites 4 – 6) 194 

and Park (Cults, nearest to sites 7 and 8). This was either publicly available from the UK Water 195 

Resources Portal and UK National River Flow Archive (UK Centre for Ecology and Hydrology, 196 

2020; UK National River Flow Archive, 2020); or accessed through direct enquiry to SEPA 197 

(https://www.sepa.org.uk/environment/environmental-data/).  198 

3. Results 199 

3.1 Pharmaceutical trends – Grab sampling 200 

The grab sampling data appears in Table 1, presented for positive detections >LOQ (n, 201 

number of quantifications; QF is frequency of quantification). Maximum mean concentrations 202 

of all compounds were observed in the Banchory WWTP discharge samples (site 5), and this 203 

site also had the highest quantification frequencies for all compounds, except for 204 

carbamazepine, which was observed in 100% of samples (n = 10) below the Banchory WWTP 205 

(at site 6). The antibiotics were the least frequently detected compounds across the eight 206 

https://www.sepa.org.uk/environment/environmental-data/
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sites; while ibuprofen (detected at all sites), paracetamol and carbamazepine had the highest 207 

quantification frequencies. EE2 and fluoxetine were not detected in any grab samples.  The 208 

Kruskal-Wallis test indicated statistically significant differences between the sample sites for 209 

ibuprofen and diclofenac, with post-hoc results included in Table 1.  210 

  211 
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Table 1. Grab sampling concentration (mean ± standard deviation) for target pharmaceuticals (positive detections >LOQ only). The number of positive detects 212 

(n >LOQ), quantification frequency (QF, %), limit of quantification (LOQ, ng/L) and relative standard deviation (RSD, %) are also given. Results of non-213 

parametric Kruskal-Wallis test (by site), with significance level (*, **, ***; <0.05, <0.01, <0.001) indicated and post-hoc letterings (a, b, c, d) included.  214 

Pharmaceutical Site 
LOQ 

(ng/L) 
n QF (%) 

Range Conc 
(ng/L) 

Mean Conc (± 
SD) (ng/L) 

 
RSD (%) 

p value 
(by site) 

 

 

 
  

1 Braemar  0 0 ND      

2 Above Aboyne WWTP  0 0 ND      

3 Below Aboyne WWTP  2 20 ND – 81  41 (± 56)  137   

Paracetamol  4 Above Banchory DWTW 4.02 1 10 ND – 34  34  NA 0.615  

(PAR) 5 Banchory WWTP discharge  7 70 ND – 658  243 (± 270)  111   

 6 Below Banchory WWTP  7 70 ND – 503  127 (± 174)  136   

 7 Inchgarth Reservoir  5 50 ND – 64  32 (± 24)  77   

 8 Aberdeen City  7 70 ND – 115  54 (± 41)  77   

Ibuprofen  
(IBU) 

1 Braemar  1 10 ND – 1 1  NA   

2 Above Aboyne WWTP  4 40 ND – 2  1 (± 1) cd  17   

3 Below Aboyne WWTP   7 70 ND – 2 1 (± 1) cd  59   

4 Above Banchory DWTW 0.78 6 60 ND – 3  1 (± 1) d  47 <0.001***  

5 Banchory WWTP discharge  10 100 1 – 697  144 (± 264) a  183   

6 Below Banchory WWTP  9 90 ND – 40  14 (± 13) ab  91   

7 Inchgarth Reservoir  8 80 ND – 3  2 (± 1) cd  35   

8 Aberdeen City  8 80 ND – 5 3 (± 1) bc  46   

Diclofenac (DCF) 

1 Braemar  0 0 ND  
 

   

2 Above Aboyne WWTP  0 0 ND      

3 Below Aboyne WWTP  0 0 ND      

4 Above Banchory DWTW 0.77 0 0 ND    0.005**  

5 Banchory WWTP discharge  9 90 ND – 324  132 (± 123) a  93   

6 Below Banchory WWTP  8 80 ND – 55  24 (± 20) ab  80   

7 Inchgarth Reservoir  4 40 ND – 7  4 (± 2) b  57   
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8 Aberdeen City  3 30 ND – 6 4 (± 2) b  54   

Clarithromycin 
(CLAR) 

1 Braemar  0 0 ND  
 

   

2 Above Aboyne WWTP  0 0 ND      

3 Below Aboyne WWTP  0 0 ND      

4 Above Banchory DWTW 0.81 0 0 ND    NA  

5 Banchory WWTP discharge  3 30 ND – 158  86 (± 63)  93    

6 Below Banchory WWTP  0 0 ND      

7 Inchgarth Reservoir  0 0 ND      

8 Aberdeen City  0 0 ND      

Trimethoprim 
(TRI)  

1 Braemar  0 0 ND      

2 Above Aboyne WWTP  0 0 ND      

3 Below Aboyne WWTP  0 0 ND      

4 Above Banchory DWTW 0.78 0 0 ND    0.138  

5 Banchory WWTP discharge  7 70 ND – 505  166 (± 223)  134   

6 Below Banchory WWTP  3 30  ND – 43  23 (± 20)  85   

7 Inchgarth Reservoir  0 0 ND      

8 Aberdeen City  0 0 ND      

Carbamazepine 
(CBZ) 

1 Braemar  0 0 ND      

2 Above Aboyne WWTP  4 40 ND – 4  2 (± 1)  53   

3 Below Aboyne WWTP  6 60 ND – 3  2 (± 1)  44   

4 Above Banchory DWTW 0.81 2 20 ND – 3  2 (± 1)  66 0.092  

5 Banchory WWTP discharge  9 90 ND – 222  66 (± 79)  118   

6 Below Banchory WWTP  10  100  1 – 56  11 (± 16)  140   

7 Inchgarth Reservoir  7 70 ND – 8  3 (± 2)  79   

8 Aberdeen City  9 90 ND – 11 3 (± 3)  108   
+17α-ethynylestradiol (EE2) and fluoxetine (FLX) were not detected, LOQ = 10.36 ng/L and 3.60 ng/L respectively. 215 
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Temporal trends in pharmaceutical data were assessed using the grab samples 216 

grouped by month (those collected over 14 days, n = 2), for the five different sampling periods 217 

(Aug 2018, Nov 2018, Feb 2019, May 2019, Aug 2019). Temporal trends for paracetamol, 218 

ibuprofen, diclofenac and carbamazepine are shown in Figure 2 (other pharmaceuticals were 219 

excluded due to limited quantification frequency), with data presented in Table A.5. Two-way 220 

ANOVAs (Type III, sum of squares) were used to test for statistically significant differences for 221 

each pharmaceutical (concentration) across the eight sampling sites and five sampling 222 

periods, by assessing the interaction sampling site*month. A significant p value for the 223 

site*month term indicates that there is a significant interaction between the two covariates 224 

on pharmaceutical concentration, and that both the individual site and month covariates are 225 

also significant (Table A.5). Statistical significance for the interaction term (site*month) was 226 

observed for ibuprofen (p = <0.001), diclofenac (p = 0.037) and carbamazepine (p = <0.001); 227 

i.e., consistently high concentrations at all sites in Aug 2018 vs consistently low 228 

concentrations at all sites in Nov 2018. For paracetamol, the interaction was not significant (p 229 

= 0.109). To assess individual covariates (site and month) for paracetamol, an additive Two-230 

way ANOVA model was run, which found a significant difference for month (p = 0.013) but 231 

not site (p = 0.115). Post-hoc analysis was performed, indicating significant differences 232 

between the sampling months for the four compounds.   233 
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 234 
Figure 2. Total (stacked) grab sampling pharmaceutical concentrations at 8 sites on the River Dee by 235 
month of sampling (using the sum of two sampling events over a 14-d period). Post-hoc letterings (a, 236 
b, c) indicate significant differences between sampling months. Legend indicates site number and site 237 
name. Monthly concentration data appears in Table A.5. 238 
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3.2 Pharmaceutical trends – POCIS  239 

Table 2 summarises the POCIS TWACs obtained for the target pharmaceuticals at the 240 

four passive sampling sites (positive detections are the number of quantifications (n) >LOQ). 241 

At each sampling site, an average of triplicate samples (3 cells per POCIS device) was derived 242 

for each sampling event (n = 5). Maximum mean concentrations for all compounds were 243 

observed below the Banchory WWTP (site 6), and all compounds were quantified at 100% 244 

frequency. Ibuprofen, diclofenac, carbamazepine and trimethoprim were quantified at 100% 245 

frequency at all four sites. Kruskal-Wallis tests indicated statistically significant differences 246 

between sites for all compounds (except for fluoxetine), with post-hoc results included in 247 

Table 2. The sample size for fluoxetine was too low to perform statistical analyses.  248 

  249 
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Table 2. The TWACs (range and mean ± standard deviation) for pharmaceuticals determined through POCIS (positive detections >LOQ only). The number of 250 

quantifications (n >LOQ), quantification frequency (QF, %), limit of quantification (LOQ, ng/L) and relative standard deviation (RSD, %) are also shown. Results 251 

of non-parametric Kruskal-Wallis test (by site), with significance level (*, **, ***; <0.05, <0.01, <0.001) indicated and post-hoc letterings (a, b, c) included.   252 

Pharmaceutical Site 
LOQ 

(ng/L) 
n QF (%) 

Range TWAC 
(ng/L) 

Mean TWAC 
 (± SD) (ng/L) 

 
RSD (%) 

p value 
(by site) 

 

 

Ibuprofen  
(IBU) 

3 Below Aboyne WWTP 

0.08 

15 100 0.2 – 7.4  1.5 (± 2.3) b  154 

<0.001*** 

 

4 Above Banchory DWTW 15 100 0.1 – 7.0  1.3 (± 2.3) b  176  

6 Below Banchory WWTP 15 100 1.9 – 17.2  6.3 (± 4.7) a  74  

7 Inchgarth Reservoir 15 100 1.2 – 2.9 1.1 (± 0.8) c  69  

Diclofenac (DCF) 

3 Below Aboyne WWTP 

0.11 

15 100 0.7 – 4.5  1.9 (± 1.3) b  66 

<0.001*** 

 

4 Above Banchory DWTW 15 100 0.2 – 4.1  1.4 (± 1.2) b  87  

6 Below Banchory WWTP 15 100 2.5 – 29.1  12.4 (± 10.2) a  82  

7 Inchgarth Reservoir 15 100 0.6 – 5.4 2.0 (± 1.3) b  67  

Clarithromycin 
(CLAR) 

3 Below Aboyne WWTP 

0.10 

9 60 ND – 0.5  0.2 (± 0.1) b  78  

<0.001*** 

 

4 Above Banchory DWTW 10 67 ND – 0.2  0.1 (± 0.1) b  23  

6 Below Banchory WWTP 15 100 0.2 – 2.8  1.1 (± 0.9) a  86  

7 Inchgarth Reservoir 13 87 ND – 0.4  0.2 (± 0.1) b  38  

Trimethoprim 
(TRI)  

3 Below Aboyne WWTP 

0.09 

15 100 0.1 – 0.6  0.3 (± 0.1) c  62 

<0.001*** 

 

4 Above Banchory DWTW 15 100  0.1 – 0.6  0.2 (± 0.1) c  74  

6 Below Banchory WWTP 15 100 1.2 – 25.6  6.6 (± 8.3) a  126  

7 Inchgarth Reservoir 15 100 0.2 – 2.0 0.8 (± 0.6) b  80  

Carbamazepine 
(CBZ) 

3 Below Aboyne WWTP 

0.07 

15 100 0.1 – 1.6  0.5 (± 0.4) b  77 

0.002** 

 

4 Above Banchory DWTW 15  100  0.1 – 1.1  0.4 (± 0.3) b  79  

6 Below Banchory WWTP 15 100 0.3 – 7.0  2.3 (± 2.0) a  89  

7 Inchgarth Reservoir 15 100 0.1 – 2.1 0.9 (± 0.7) ab  79  

Fluoxetine (FLX) 

3 Below Aboyne WWTP 

7.11 

0 0 ND     

NA 

 

4 Above Banchory DWTW 0 0 ND      

6 Below Banchory WWTP 15 100 8.1 – 97.9  38.0 (± 32.0)  84  
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7 Inchgarth Reservoir 0 0 ND   
 

 
 

+Paracetamol (PAR) and 17α-ethynylestradiol (EE2) could not be determined due to issues with the POCIS method development (refer to Appendix A, Table A.4).   253 
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Monthly temporal trends were explored using TWAC values (Figure 3, Table A.6). Two-254 

way ANOVAs were used to test for significant differences in data across the four sampling 255 

sites and five sampling periods, and assessed the interaction term sampling site*month (a 256 

significant p value indicated that the interaction term was significant, Table A.6) . Significant 257 

site*month interactions were observed for ibuprofen, diclofenac, clarithromycin, 258 

trimethoprim and carbamazepine (p < 0.001). Post-hoc tests indicated the nature of 259 

differences over time, with letterings included in Figure 3. For fluoxetine, the Kruskal-Wallis 260 

non-parametric test was used (as this compound was only detected at site 6), and a significant 261 

difference between sampling months was also found (p < 0.001). Post-hoc analysis for 262 

fluoxetine indicated significant differences for Aug 2018 and May 2019 when compared to 263 

the other three months.  264 
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 265 
Figure 3. Total POCIS TWACs for pharmaceuticals in the River Dee by sampling month (stacked sum of 266 
average TWAC values over a 14-d exposure period). Fluoxetine not included, as this was only detected 267 
at site 6. Post-hoc letterings (a, b, c) show significant differences between the sampling months 268 
determined through two-way ANOVAs. Legend indicates site number and site name. Monthly 269 
concentration data appears in Table A.6. 270 

3.3 River flow and pharmaceutical relationships  271 

No statistically significant relationships were observed between the total 272 

pharmaceutical concentrations and flow (visualised in Figure 4A), as tested through linear 273 
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regression modelling for the log transformed summed grab concentrations with flow ( p = 274 

0.056), or flow*site (p = 0.272). This was also tested individually for log transformed 275 

concentrations of paracetamol, ibuprofen, diclofenac, trimethoprim and carbamazepine 276 

(sample sizes were too small (n ≤ 3) for other compounds). No statistically significant 277 

relationships were observed for paracetamol, ibuprofen or trimethoprim with flow or 278 

site*flow. However, statistically significant negative regressions were observed for diclofenac 279 

log(concentration) vs flow (p = 0.030), and carbamazepine log(concentration) vs flow (p = 280 

0.044); this was not observed for the site*flow interaction (p = 0.931 and 0.114, respectively). 281 

This is visualised for diclofenac (Figure 4B) and carbamazepine (Figure 4C), with concentration 282 

by site (and total concentration summed across the 8 sampling sites) per sampling event (n = 283 

10) against flow from the four gauging stations. Periods of high flow (e.g., Nov 2018) 284 

corresponded to decreased diclofenac and carbamazepine concentrations; while increased 285 

concentrations (i.e., in Aug 2018) were observed during periods of low flow.  286 

 287 
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 288 
Figure 4. Grab sampling concentrations by site and sampling event (n = 10, two events per month) 289 
plotted against average daily river flow (m3/s), and with total summed concentrations across all sites. 290 
A: Total pharmaceutical concentrations (ng/L); B: Diclofenac (DCF) data; C: Carbamazepine (CBZ) data.  291 
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POCIS TWACs were also compared to river flow data, with daily flow values averaged 292 

over the 14-d deployment period. Through linear regression modelling, no statistically 293 

significant relationships were observed for the log transformed total summed TWACs and 294 

average flow (p = 0.768), or, for the average flow*site interaction (p = 0.326). For log 295 

transformed TWACs of ibuprofen, trimethoprim, clarithromycin and fluoxetine, the same was 296 

true. However, a statistically significant relationship was observed for carbamazepine 297 

log(TWAC) against flow (p = 0.002) and flow*site (p = 0.023); and for diclofenac log(TWAC) 298 

against flow (p = 0.013) and flow*site (p = 0.047) (Figure 5).   299 
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 300 
Figure 5. POCIS TWACs by site and sampling month (n = 5) plotted against average (14-d period) river 301 
flow per site (m3/s), and with total summed TWACs across all sites. A: Total pharmaceutical TWACs 302 
(ng/L); B: Diclofenac (DCF) data; C: Carbamazepine (CBZ) data.  303 
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3.4 Flux comparisons 304 

 For each sampling month, the mean daily pharmaceutical flux (g/d) over the 14-d 305 

sampling period was compared between the two sampling types at site 6 (Table 3). For the 306 

individual months and compounds, the lowest daily flux determined through grab sampling 307 

was for trimethoprim, ranging 5.3 g/d (Aug 2019) to 46.0 g/d (Feb 2019); while the highest 308 

was observed for paracetamol, ranging from 20.2 g/d (Aug 2019) to 1797.4 g/d (Nov 2018). 309 

For the POCIS data, the maximum daily flux was for fluoxetine, ranging from 47.1 g/d (Feb 310 

2019) to 123.9 g/d (May 2019), while the lowest flux was for clarithromycin, ranging from 0.8 311 

g/d (Aug 2019) to 4.2 g/d (May 2019). The annual flux was estimated from the mean 312 

concentrations and average river flow over the 12-month sampling period (Cantwell et al., 313 

2016), and is presented in kg in Table 3. Annual fluxes were determined at sites 3, 4, 6 and 7, 314 

(where n > 3). The annual POCIS flux for the individual compounds ranged from 0.1 kg/yr 315 

(clarithromycin, site 3) to 43.0 kg/yr (fluoxetine, site 6); while the annual grab flux ranged 316 

from 1.2 kg/yr (ibuprofen, site 3) to 143.8 kg/yr (paracetamol, site 6). 317 

  318 
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Table 3. Mean daily pharmaceutical fluxes (g/d) during the 14-d sampling period for each sampling month in the River Dee (specifically below Banchory WWTP 319 

at site 6). Comparison between the POCIS and grab sampling methods, and average flow indicated (m3/s, average flow from the Woodend Banchory gauging 320 

station). The annual flux (kg/yr) was calculated from the average river flow and mean pharmaceutical concentrations at sites 3, 4, 6 and 7 over the 12-month 321 

period, with standard error (± SE) included. 322 

Date Site Avg 
Flow 
m3/s 

PAR IBU DCF CLAR* TRI CBZ FLX* 

GRAB POCIS GRAB POCIS GRAB POCIS POCIS GRAB POCIS GRAB POCIS 

Aug 2018 (g/d) 6 7.14 69.7 6.2 22.2 16.9 31.1 1.3 13.7 13.5 2.7 8.6 50.7 

Nov 2018 (g/d) 6 82.72 1797.4 18.5 78.6 20.7 60.7 2.1 9.2 ND 2.1 10.7 82.1 

Feb 2019 (g/d) 6 46.74 294.8 9.6 34.3 19.3 78.7 2.4 15.7 46.0 2.8 16.1 47.1 

May 2019 (g/d) 6 21.58 ND 7.0 7.4 38.7 32.6 4.2 7.6 ND 7.8 63.3 123.9 

Aug 2019 (g/d) 6 33.43 20.2 36.9 18.7 18.2 ND 0.8 4.0 5.3 4.3 17.3 52.2 

Annual (kg/yr) 
(± SE) 

3 22.71 NA 1.1 
(± 0.9) 

1.2 
(± 0.4) 

1.4 
(± 0.6) 

ND 0.1 
(± 0.08) 

0.2 
(± 0.08) 

ND 0.3 
(± 0.1) 

1.4 
(± 0.6) 

ND 

4 35.92 NA 1.5 
(± 1.3) 

1.5 
(± 0.7) 

1.6 
(± 0.9) 

ND 0.2 
(± 0.03) 

0.3 
(± 0.1) 

ND 0.5 
(± 0.2) 

NA ND 

6 35.92 
 

143.8 
(± 65.9) 

7.1 
(± 3.7) 

15.8 
(± 6.5) 

14.1 
(± 8.1) 

27.1 
(± 9.7) 

1.3 
(± 0.7) 

7.4 
(± 4.6) 

26.1 
(± 11.6) 

2.5 
(± 1.6) 

13.4 
(± 5.2) 

43.0 
(± 25.4) 

7 44.35 44.7 
(± 42.5) 

1.6 
(± 0.8) 

2.8 
(± 1.1) 

2.8 
(± 1.3) 

6.6 
(± 4.9) 

0.4 
(± 0.08) 

1.1 
(± 0.5) 

ND 1.3 
(± 0.7) 

4.7 
(± 3.4) 

ND 

*Clarithromycin and fluoxetine grab sample concentrations were all ND, and therefore flux is not included for these.  323 
ND = not detected; NA = not applicable (n < 3).324 
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4. Discussion 325 

4.1 Overall trends between POCIS TWACs and grab concentrations 326 

 Comparison of observed concentrations between grab and POCIS samples revealed 327 

differences for all sampling sites. Maximum grab concentrations followed the trend: 328 

ibuprofen > paracetamol > trimethoprim > diclofenac > carbamazepine > clarithromycin, with 329 

fluoxetine and EE2 not detected; while the POCIS TWACs followed: fluoxetine > diclofenac > 330 

trimethoprim > ibuprofen > carbamazepine > clarithromycin. Paracetamol, ibuprofen and 331 

diclofenac were generally observed in the highest concentrations. This was expected as these 332 

pharmaceuticals are some of the most widely prescribed and used in Scotland (Information 333 

Services Division, 2019), and over-the-counter sales are significant in the UK (Austin et al., 334 

2021).  335 

River Dee concentrations were generally comparable with other studies in Scotland 336 

and the UK (Appendix Table A.7). Mean concentrations of paracetamol in Scottish surface 337 

waters range from 15 – 130 ng/L (Letsinger et al., 2019; Ramage et al., 2019; Zhang et al., 338 

2018). In England and Scotland, mean vales range from 17 – 1105 ng/L for ibuprofen, and 3 – 339 

323 ng/L for diclofenac (Ashton et al., 2004; Kay et al., 2017; Letsinger et al., 2019; Zhang et 340 

al., 2018). Carbamazepine and clarithromycin were quantified at the lowest concentrations in 341 

the River Dee, and comparable concentrations were observed in other Scottish rivers, ranging 342 

from 6 – 14 ng/L (Ramage et al., 2019; Zhang et al., 2018). There is limited data available for 343 

clarithromycin in UK surface waters, however comparison with erythromycin (another 344 

macrolide antibiotic) indicates high concentrations were present in WWTP-impacted rivers in 345 

England, with mean levels > 159 ng/L, and a maximum reported value of 1022 ng/L (Ashton 346 

et al., 2004; Kay et al., 2017). Variability may be due dilution events (e.g., rain), spikes caused 347 
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by discharges (e.g., WWTP effluent), regional population variation, level of urbanisation or 348 

prescribing activity (Bayen et al., 2014; MacLeod et al., 2007; Zhang et al., 2018).  349 

Close agreement between the POCIS TWACs and grab concentrations was not always 350 

observed, most notably for carbamazepine, fluoxetine, trimethoprim and clarithromycin. 351 

Higher concentrations from grab sampling of pharmaceuticals and pesticides (compared to 352 

those from corresponding POCIS), have been noted previously (Bayen et al., 2014; Castle et 353 

al., 2018; Terzopoulou and Voutsa, 2016). This may be due to a variety of factors, i.e., grab 354 

sampling captures highly variable contamination solely at the time of collection, while POCIS 355 

TWACs smooth out variability over several days/weeks (Bernard et al., 2019; Castle et al., 356 

2018; Terzopoulou and Voutsa, 2016). Also, differences between the POCIS and grab sample 357 

preparation and SPE methods (refer to Appendix; (Li et al., 2021)) may have affected results, 358 

and loss of sorbent (during deployment and/or sample handling) was not calculated here as 359 

reported elsewhere (Gravell et al., 2020). Additionally, the POCIS rate constants (Rs) used here 360 

were determined in the laboratory, and the TWACs calculated assuming analyte accumulation 361 

is linear with time. However, reduced non-linear sorption may occur in the field due to 362 

variable environmental conditions (e.g., river flow, turbidity, DOC, temperature), biofouling 363 

of membranes and POCIS position in the river (Martínez Bueno et al., 2016; Poulier et al., 364 

2014; Taylor et al., 2019). Correction would require field calibration, or, use of an in-situ 365 

performance reference compound (Lissalde et al., 2014; Morin et al., 2013; Sultana et al., 366 

2017). Additionally, only the dissolved pollutant fraction is sampled through POCIS; whereas 367 

particulate fractions are collected with grab sampling, and sorption/desorption interactions 368 

may occur post sampling/pre-filtration (Fedorova et al., 2014).  369 
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 Despite lower TWACs, the POCIS method resulted in high detection frequencies for all 370 

compounds. In total, a greater number of positive detections were observed through passive 371 

sampling (84% total, n = 302), compared to grab (26% total, n = 166). This is one of the main 372 

benefits of passive sampling, as low concentrations are detected and dilution effects negated 373 

(Castle et al., 2018; Godlewska et al., 2020; Stuer-Lauridsen, 2005). Ibuprofen, diclofenac, 374 

trimethoprim, and carbamazepine had 100% detection at all sites with passive sampling but 375 

variable detection through grab sampling. Additionally, fluoxetine was not detected through 376 

grab sampling, but had 100% detection through POCIS below the Banchory WWTP. These 377 

trends are consistent with other pharmaceutical studies where POCIS sampling captured 378 

trace levels contamination which may be below the working limits of the grab sampling 379 

method (Bayen et al., 2014; MacLeod et al., 2007; Terzopoulou and Voutsa, 2016) .  380 

4.2 Flow relationships and temporal trends 381 

Both POCIS and grab sampling are impacted by high water flow and water turbulence, 382 

which may affect pharmaceutical sorption from water to the POCIS, or, contribute to dilution 383 

effects that result in decreased detections (Bernard et al., 2019; Lissalde et al., 2014; Padhye 384 

et al., 2014). High flow was observed in the River Dee during the Nov 2018 sampling event 385 

(maximum 133.07 m3/s, Cults Park gauging station, sites 7 and 8), which generally 386 

corresponded with decreased pharmaceutical concentrations. Significant negative 387 

relationships were observed between diclofenac and carbamazepine grab concentrations and 388 

flow, with lower concentrations detected during high flow (e.g., Nov 2018). During POCIS 389 

deployment, exceptionally high flows were reported in Nov 2018 (maximum 314.54 m3/s, 390 

sites 7 and 8) and Aug 2019 (108.85 m3/s, same location); and again, negative relationships 391 

were observed between diclofenac and carbamazepine TWACs and flow. These relationships 392 
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suggest that high flow, and corresponding high turbulence, decreased grab and passive 393 

sampling efficiency for some compounds.  394 

Maximum pharmaceutical concentrations were generally observed in spring-summer, 395 

particularly around the Aug 2018 sampling events. In Aug 2018, limited rainfall was recorded 396 

in the Dee catchment, with a monthly total of 46.8 mm, compared to a monthly average of 397 

75.7 ± 31.7 mm (annual total 983.2 mm) (Scottish Environment Protection Agency, 2018) . 398 

Unusually low river flows occurred in Aug 2018, with a monthly average of 7.1 ± 2.8 m3/s at 399 

the Banchory Woodend gauging station, compared to a monthly average of 33.4 ± 9.6 m3/s 400 

(in Aug 2019, same site) and an annual average of 33.9 ± 31.9 m3/s (UK National River Flow 401 

Archive, 2020). It is likely that low water volume in the river resulted in elevated 402 

pharmaceutical concentrations, due to a lack of dilution. Such trends are consistent with the 403 

literature, wherein long-term monitoring campaigns have observed the highest 404 

pharmaceutical concentrations in surface water (through both grab and passive sampling) in 405 

the driest, hottest summer months (Lindholm-Lehto et al., 2016; Padhye et al., 2014; Zhang 406 

et al., 2018). In WWTP-impacted surface water, low flow situations may present the most 407 

significant ecotoxicological risks (Fairbairn et al., 2016; Terzopoulou and Voutsa, 2016), and 408 

ecological (e.g., eutrophication) and sanitary (e.g., reduced clarity,  increased odour) issues 409 

(Nilsson and Renöfält, 2008). As carbamazepine and diclofenac are well-known persistent and 410 

potentially eco-toxicologically relevant compounds of regulatory concern (Comber et al., 411 

2018; Li et al., 2021), the statistically higher concentrations observed in the Dee during low 412 

flow periods indicate that future work should assess environmental risk in response to climate 413 

change and unusual weather patterns, particularly the potential impact on raw water sources.  414 
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Temporal trends may also be impacted by variability in pharmaceutical use, 415 

prescribing behaviour or type of medicine (e.g., routine painkiller, antibiotic or seasonal 416 

illness treatment) (Bernard et al., 2019; Wilkinson et al., 2017; Zhang et al., 2018) . 417 

Paracetamol had a different temporal trend in comparison to the other pharmaceuticals, and 418 

was the only compound detected at its highest concentrations in Nov 2018. This may due to 419 

increased use in winter months to treat seasonal cold or flu symptoms (Information Services 420 

Division, 2019), as observed elsewhere (Zhao et al., 2017); or, the negative impact of cold 421 

temperatures on WWTP removal efficiency (Wiest et al., 2018). Conversely, spring-summer 422 

months may coincide with increased discharge of allergy medicines, personal care products 423 

(e.g., sunblock, insect repellent) and agricultural pesticides and herbicides from diffuse 424 

pollution pathways (Castle et al., 2018; Poulier et al., 2014; Taylor et al., 2020). Fluctuations 425 

in population density may also have a significant impact, especially in rural areas with less 426 

well-equipped wastewater infrastructure. Seasonal holiday travel was attributed to unusually 427 

high summer concentrations of ibuprofen in the Cromarty Firth (Scottish Highlands), as 428 

compared to other Scottish estuaries (Letsinger et al., 2019). As the River Dee and Grampian 429 

region are well known areas for summer leisure activities (e.g., swimming, fishing, camping), 430 

it is possible that increased tourist activity could result in proportional increases in 431 

pharmaceuticals entering waste streams, as well as the environment.  432 

4.3 Spatial trends  433 

For grab sampling, compounds generally followed the trend site 5 > site 6 > site 8 > 434 

site 7 > sites 1 – 4, except for the antibiotics which were only detected at sites 5 and 6; while 435 

the POCIS TWACs followed the trend site 6 > site 7 > site 3 > site 4, except for ibuprofen and 436 

clarithromycin which had higher concentrations at site 3 than site 7. The highest 437 

concentrations and greatest number of positive detections for all compounds were observed 438 
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at sites 5 and 6, directly downstream of the largest town (Banchory) and the largest WWTP 439 

which releases effluent into the River Dee. Apart from the Banchory sites, concentrations and 440 

detection frequencies generally decreased as sample sites moved upriver from Aberdeen City 441 

to the river source in Braemar. A similar trend based on catchment urbanisation was observed 442 

elsewhere (Reinstorf et al., 2008; Zhang et al., 2018; Zhao et al., 2017).   443 

Small spikes in concentration downstream of the Aboyne WWTP (site 3) were also 444 

observed for paracetamol (grab), and ibuprofen and clarithromycin (POCIS); and similarly for 445 

ibuprofen at site 2, upstream of the Aboyne WWTP. This is mostly likely due to the presence 446 

of an upstream town (Ballater) which has a WWTP (PE capacity approx. 4,400; UK Urban 447 

Wastewater, 2016), and private septic tanks. Upstream of site 1 (in Braemar) there is little  448 

effluent introduction or activity related to liquid waste disposal, therefore, limited detection 449 

of human-use pharmaceuticals near this site was expected. However, through passive 450 

sampling, more positive detections were observed at greater distances from the Banchory 451 

WWTP (e.g., at sites 7, 4, 3). Carbamazepine, trimethoprim, ibuprofen and diclofenac had 452 

100% detection frequencies at all sites through POCIS. This is particularly notable for 453 

diclofenac and trimethoprim, which were not detected above site 5, and variably at sites 7 454 

and 8, through grab sampling. This points to the low-level but persistent nature of several 455 

compounds throughout the River Dee, at levels commonly below those seen using grab 456 

sampling and its associated detection limits.  457 

Statistical analysis indicated significant differences between concentrations at site 6 458 

(downstream of Banchory WWTP) and sites 3, 4, and 7 for ibuprofen and diclofenac (grab), 459 

and carbamazepine, clarithromycin and trimethoprim (POCIS). This clearly suggests that the 460 

Banchory WWTP (effluent discharged at site 5) is the dominant source of most 461 
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pharmaceuticals entering the river. The significance of WWTPs as a source of macrolide 462 

antibiotics, carbamazepine and NSAIDs/analgesics entering surface waters is widely reported 463 

elsewhere (Baker and Kasprzyk-Hordern, 2013; Fairbairn et al., 2016; Kasprzyk-Hordern et al., 464 

2009; Petrie et al., 2015; Zhang et al., 2018). Additionally, POCIS results showed significant 465 

differences for ibuprofen and the antibiotics between sites 3 and 4 and other sites, suggesting 466 

the Aboyne WWTP may also be an important point source. However, the consistent detection 467 

and higher concentrations observed at site 6 compared to site 3 indicates that Banchory 468 

WWTP was a greater source, most likely due to the difference in WWTP size and population 469 

served.  470 

The spatial trends observed may also be linked to diffuse pollution (e.g., septic tank 471 

release, field runoff) and broader land use factors. The application of treated sewage sludge 472 

to land as a fertilizer (for example) is widely practiced in Scotland (Scottish Environment 473 

Protection Agency, 2019). This may be an important diffuse-pollution pathway in some 474 

farmed areas (Wilkinson et al., 2017), and potentially in the River Dee catchment. Although 475 

there are many factors which may affect the fate and transport of organic pollutants present 476 

in sludge once applied to soil, including sorption and mineralisation (Monteiro and Boxall, 477 

2009; Sabourin et al., 2012), hydrophilic compounds are likely to enter the aquatic 478 

environment through runoff following irrigation or rain (Wilkinson et al., 2017). Land applied 479 

sewage sludge was a significant additional source (to WWTP-effluent) of paracetamol, 480 

trimethoprim and other organic pollutants (including DEET and caffeine), into a catchment 481 

over a two-year period (Fairbairn et al., 2016). A similar mechanism may occur in the River 482 

Dee catchment, which may explain the infrequent detection of compounds at upstream sites 483 

(e.g., ibuprofen at sites 1 and 2 through grab sampling). However, detailed identification of 484 
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septic tank presence and size, and sludge application rates/locations/practices, would be 485 

required to fully assess these pathways.  486 

4.4 Pharmaceutical fluxes 487 

Mass fluxes have been used to investigate the sources and impacts of pollutants in 488 

river catchments, as it is a useful tool to compare pollutant levels in surface water at varying 489 

time points with varying flows (Azuma et al., 2015; Zhao et al., 2017). The analysis of solid 490 

phase flux is necessary to understand the true levels of pharmaceuticals distributed in a river 491 

system (Cantwell et al., 2016; ter Laak et al., 2010); however, in this work, mass flux was 492 

determined to investigate dissolved phase distribution of target compounds throughout the 493 

River Dee. The average daily fluxes were identified at site 6, and indicated that variable 494 

pharmaceutical loads were continuously introduced by the Banchory WWTP, with total 495 

pharmaceutical daily fluxes ranging 61.5 g/d (Aug 2019) to 1947.4 g/d (Nov 2018). 496 

Paracetamol (grab sampling, Nov 2018) and fluoxetine (POCIS, May 2019) had the highest 497 

daily fluxes, and the antibiotics had the lowest fluxes (trimethoprim through grab sampling, 498 

and clarithromycin through POCIS, Aug 2019). This was reflective of the temporal trends 499 

previously discussed. Paracetamol had the highest annual average flux (143.8 kg/yr grab). 500 

Comparison to other studies indicate that population size is the largest driver of 501 

pharmaceutical loadings in a river catchment. In the River Ugie (Aberdeenshire, Scotland), 502 

annual fluxes were determined through passive and grab sampling for ibuprofen (1271 and 503 

623 g/yr, respectively), diclofenac (608 and 256 g/yr), paracetamol (667 and 2302 g/yr) and 504 

carbamazepine (621 and 752 g/yr) (Zhang et al., 2018). The population of the Ugie catchment 505 

is approx. 56,000, compared to the Dee catchment (255,000) (Scottish Government, 2020); 506 

however, differences in sampling technique may also affect the observed values (e.g., 507 
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sampling site, difference in POCIS sorbent and deployment) (Zhang et al., 2018). Annual fluxes 508 

of paracetamol (0.46 kg/yr), carbamazepine (1.87 kg/yr), trimethoprim (1.15 kg/yr) , 509 

metoprolol (11.6 kg/yr) were determined in the Pawtuxet River (USA) with approx. 170,000 510 

people (Cantwell et al., 2016). In the Rhine River (Germany), carbamazepine annual fluxes 511 

varied 12 – 569 kg/yr above and below a city with approx. 270,000 inhabitants (Reinstorf et 512 

al., 2008). In the Yangtze catchment (China), with a population of approx. 400 million, annual 513 

fluxes of >1000 kg/yr were determined for paracetamol (0.24 – 8.4 tonne/yr), carbamazepine 514 

(0.22 – 0.84 tonne/yr) and erythromycin (1.69 – 33.87 tonne/yr) (Zhao et al., 2017). Other 515 

significant factors which affect mass loads include pharmaceutical prescribing and usage 516 

rates, source pathways (e.g., WWTP discharge vs diffuse septic tank release)  and industrial 517 

activity (e.g., pharmaceutical manufacturers) (Cantwell et al., 2016; Zhang et al., 2018; Zhao 518 

et al., 2017).  519 

Annual estimates indicate that total levels of the target compounds in the Dee at site 520 

6 were approximately 226.2 kg (grab sampling) and 75.4 kg (POCIS). Comparing the total 521 

annual fluxes at site 6 to sites 3, 4 and 7 revealed that >70% of the dissolved mass occurred 522 

at site 6 for most compounds. Percent contributions of <70% were observed for 523 

carbamazepine (54% and 69%, POCIS and grab), ibuprofen (63%, grab), clarithromycin (65%, 524 

POCIS). It is evident that the major source of pharmaceuticals into the River Dee is the 525 

Banchory WWTP. Once introduced into the river, the fate and transport of pharmaceuticals 526 

in surface water remains largely unknown, but may include persistence, bio- or photo-527 

degradation, mineralisation, and sediment sorption, as controlled by the physicochemical 528 

properties of the individual compounds and the surface water (Azuma et al., 2015; Fairbairn 529 

et al., 2016). The River Dee is a SEPA Special Conservation Area for several endangered species 530 

(Scottish Environment Protection Agency, 2020), and raw water source for approx. 300,000 531 
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people (Scottish Water, 2020); additionally, it is a socially important sports and leisure 532 

catchment providing important ecosystem services for both domestic and international 533 

visitors. Therefore, the impact which pharmaceuticals (and other micropollutants) may have 534 

on water quality is a significant consideration going forward, particularly in consideration of 535 

climate change and population growth.  536 

5. Conclusion 537 

This is the first extended study of pharmaceuticals in the River Dee  (a priority 538 

catchment and conservation area), revealing that the river is under significant stress from 539 

growing urbanisation and diffuse pollution. A consolidated dataset of seven of the eight 540 

targeted pharmaceuticals is presented from grab and POCIS passive sampling over 12 months 541 

(17α-ethynylestradiol not detected). Ibuprofen, paracetamol and carbamazepine were 542 

quantified at the highest concentrations, with grab sampling concentrations >>100 ng/L. 543 

Passive sampling revealed trace contamination (<0.5 ng/L) of most target compounds 544 

throughout the river (notably for ibuprofen, diclofenac, trimethoprim and carbamazepine). In 545 

consideration of both techniques, the combination of grab sampling (to characterise the 546 

magnitude of contamination peaks) and POCIS (to average concentrations over an extended 547 

period) may provide the best assessment of contamination.  548 

Significant loads of pharmaceuticals are introduced into the river throughout the year, 549 

with total annual fluxes estimating 226.2 kg/yr (grab sampling) occurring downstream of the 550 

largest WWTP. Spatial trends indicated clear links to WWTP proximity and population, with 551 

maximum concentrations and highest quantification frequencies observed in the urbanised 552 

down-stream area (between Banchory and Aberdeen City). Positive up-stream detections 553 

(e.g., ibuprofen, carbamazepine) indicated diffuse pollution sources, but further analysis is 554 
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required. Temporal trends and river flow analysis revealed that warm seasons with low flows 555 

corresponded to the highest pharmaceutical concentrations, with statistically significant 556 

correlations observed for diclofenac and carbamazepine. As carbamazepine and diclofenac 557 

are persistent and eco-toxicologically relevant compounds of regulatory concern (Comber et 558 

al., 2018; Fairbairn et al., 2016; Li et al., 2021), additional work to assess future risk related to 559 

climate change, population growth and water quality should be performed. The  River Dee is 560 

a significant raw water source and conservation site, and appropriate management is 561 

warranted to safeguard the river quality and integrity, particularly in consideration of climate 562 

change and more extreme weather patterns.   563 
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