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A B S T R A C T   

Development of the Greater Bay area, China (GBA) has imposed significant pressures on ecosystems within the 
wider Pearl River Delta (PRD) system, including through inputs of contaminants from the GBA’s rapidly 
expanding urban, industrial and agricultural activities. Here, we assess publication trends, sampling focus, and 
concentrations observed for a range of emerging contaminants (pharmaceutical and personal care products, 
pesticides, other endocrine disrupting chemicals, platinum group elements, and microplastics) in the GBA, via a 
systematic review of papers (n = 407) indexed in Science Direct, SpringerLink and Wiley Online databases. While 
emerging contaminants form the focus of increasing numbers of publications since 2006, they are understudied 
compared to more traditionally-measured contaminants (here, DDT and polycyclic aromatic hydrocarbons, 
PAHs). BisphenolA was the most widely studied of the emerging contaminants (n = 41 studies) in the GBA, 
followed by macrolides (n = 32 studies). While multiple point measurements with high precision and low 
detection limits have been reported for various emerging contaminants, these have not been integrated for 
management purposes. A relatively high percentage of studies present data from single deployments (48% of 
studies, despite strong seasonality in the PRD system), data coverage is variable spatially, and reported 
contaminant concentrations vary significantly (over one to four orders of magnitude). We assess the currently 
published knowledge under the Source-Pathway-Receptor contaminant linkage model and use this to identify (a) 
current research emphasis in relation to assessment of contaminant risk, and (b) key knowledge gaps around 
sources, pathways and receptors in the GBA system.   

1. Introduction 

As a fulcrum of China’s “Belt and Road” strategy, the Guangdong- 
Hong Kong-Macao Greater Bay area (the Greater Bay Area or GBA) of 
China is a national initiative highlighted in the Chinese government’s 
13th Five Year Plan. This initiative aims to build a globally competitive 
business, financial, industry, science and innovation metropolitan area 
in Southern China (historically called the Pearl River Delta Metropolitan 
region), consisting of nine large cities in the Pearl River Delta (PRD) of 
Guangdong Province, and two special administrative regions (SARs) of 
the People’s Republic of China– Hong Kong and Macao (Fig. 1). The GBA 

will add to the limited list of other mega-regions globally including the 
Tokyo-Osaka mega region in Japan, and the Northeast Corridor and the 
San Francisco Bay Area of the United States (www.cnbayarea.org.cn). 
The GBA is situated in the Pearl River Delta system, with eight major 
river inputs on its western side and significant seasonal influences from 
oceanic waters in the south. Human activities have strongly affected the 
morphology and biogeochemistry of the PRD system. By the end of 
2020, the area was home to 86 million people (Constitutional and 
Mainland Affairs Bureau, 2021). Occupying less than one percent of 
China’s land space, the GBA contributes about 11% of China’s economic 
output (about 11.6 trillion RMB or 1.67 trillion US dollars, 
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Constitutional and Mainland Affairs Bureau, 2021). The GBA has 
become one of the most economically developed and urbanized regions 
of China, hosting the country’s largest exporters and technology firms, 
and forming China’s e-commerce industrial base (PwC, 2017; Yang 
et al., 2021). 

As the policies of the Greater Bay Area are further implemented, the 
region is expected to play an even more important role in supporting 
China’s international trade activities, and enhancing the regional con-
nections between China and other nations. The heart of the GBA 
initiative is the development of four core cities: Hong Kong (interna-
tional financial, shipping, trading, and aviation hub), Shenzhen (na-
tional innovation and technology hub, R&D centre), Guangzhou (a 
leading state-level city and provincial political, economic, cultural, and 
transportation hub) and Macau (connector for Lusophone countries, 
tourism, and leisure hub) (PwC, 2017; Constitutional and Mainland 
Affairs Bureau, 2021). Economically, the GBA is also supported by high 

value-added manufacturing, pharmaceutical industries, energy, and 
other industries from other cities, including Zhuhai, Foshan, Huizhou, 
Dongguan, Zhongshan, Jiangmen and Zhaoqing, which have an 
important role in supporting the development of the core productivity 
cluster. 

As the “world’s factory”, South China’s Guangdong Province is home 
to nearly 3 million industrial companies, and the manufacturing output 
of the GBA is significant on a world scale (Wu et al., 2021a). Historically, 
from the 1990s, the Pearl River Estuary and Delta has been a major 
manufacturing centre for electronic products, toys, textiles and clothing, 
and plastic products. Currently, the top 8 manufacturing segments (in 
terms of scale) within the GBA are computing, communications and 
other electronic equipment, electrical machinery and equipment, auto-
mobiles, metal ware, chemical materials and products, nonmetallic 
minerals, rubber and plastics, and textiles and apparel (PwC, 2017). This 
manufacturing activity, and the rapid urban development of the area, 

Fig. 1. The Greater Bay Area of China, and its constituent eleven cities.  
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has led to release of a range of potentially toxic elements and compounds 
into the local and regional environment, including the toxic metals zinc, 
lead, and cadmium, organic contaminants including polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and bromi-
nated organic compounds, and various organic micropollutants (e.g. 
pharmaceuticals and endocrine disruptors, Wang and Rainbow, 2020). 
In addition, the GBA is one of the most important regions in China for 
agriculture and aquaculture, with widespread use of nutrients, pesti-
cides and antimicrobial compounds. These anthropogenic activities and 
related contaminant discharges have caused a significant deterioration 
of water quality over the past 40 years. Previous studies have reported 
high concentrations of trace metals (Cd, Cr, Cu, Ni, Pb, As, Hg, and Zn) 
and pesticides (e.g. DDT at 976 ng/L in Daya Bay water, and at 
1500 ng/g in crabs, and OCPs at 3.95 ng/g in sediments), PAHs 
(1370 ng/g in sediments, Pintado-Herrera et al., 2017 and 522 ng/L in 
PRD waters), antibiotics (VAs, OFL, ETM, and CIP), 
endocrine-disrupting chemicals (EDCs) (e.g. alkylphenol octylphenol 
(OP) at 3366 ng/L, nonylphenol (NP) at 581 ng/L, and phthalate esters 
(PAEs) at 47.3 μg/g in riverine sediments), alternative halogenated 
flame retardants (e.g. Tetrabromosphenol A (TBBPA) at 2830 pg/L in 
river water and 3268 pg/L in suspended particles, He et al., 2016), and 
pharmaceuticals and personal care products (PPCPs, at 267 ng/g in 
shellfish and fish), in soils, river waters, sediments, and organisms in the 
GBA (Wang and Hao, 2020; Wang and Rainbow, 2020; Liu et al., 2019). 

Therefore, in common with many coastal urbanised areas, there is 
increasing concern in the Pearl River Estuary and the wider Pearl River 
Delta both around the impacts of those contaminants that have tradi-
tionally been measured in environmental monitoring programmes (e.g. 
trace metals, and persistent organic contaminants such as DDT, persis-
tent chlorinated organics, polycyclic aromatic hydrocarbons etc.) and of 
a suite of newer or emerging organic and inorganic contaminants 
(substances which are not yet, or which have only recently been, regu-
lated but which may be of environmental or human health concern), 
consisting of a range of pharmaceutical and personal care product res-
idues (inter alia illicit drug metabolites), perfluoroalkyl compounds, 
plasticisers, newly formulated pesticides, platinum group elements 
(PGE), and microplastics. These emerging contaminants (ECs) are 
derived from various sources within the PRD and GBA, notably waste 
water treatment works, e-wastes recycling, and pharmaceutical facil-
ities, but also from non-point sources such as run-off from streets and 
agricultural land (Richardson and Ternes, 2018). Despite their presence 
at typically ug/L or sub-ug/L concentrations, residues of several ECs 
have been observed to cause biological disruption/dysfunction, and 
generational effects, in exposed organisms via a number of mechanisms 
including endocrine dysfunction (Chen et al., 2018a; Thomas et al., 
2018; Gibson et al., 2021). Given the global concern around these 
contaminants (e.g. Kolpin et al., 2002; Petrie et al., 2015; Costa et al., 
2019; Gaston et al., 2019) and their relative environmental ubiquity in 
water, sediment and biota (e.g. Celis-Hernandez et al., 2021), there is an 
urgent need to: (a) better understand their sources, and the pathways 
through which they enter fluvial, coastal and marine ecosystems; and (b) 
assess their ecosystem and human health risks, and develop practical 
methods that can be applied to limit these risks. This applies particularly 
in heavily developed (and still rapidly urbanising) systems such as the 
Pearl River Delta and GBA, where elevated concentrations of various 
emerging contaminants (such as antibiotics, EDCs, flame retardants and 
pharmaceuticals and personal care products) have been identified (see 
above), where multiple chemical stressors and exposure pathways are 
present, and where contaminant inputs (and accumulation in various 
environmental receptors) may continue to increase without significant 
risk mitigation interventions (e.g. Gibson et al., 2021). 

Here, we review the international academic literature published 
between 1980 and 2019 (inclusive, n = 407 studies) on contaminants in 
the Pearl River Delta (PRD) system, focusing both on those contaminants 
more traditionally monitored in environmental systems (here, DDT and 
polycyclic aromatic hydrocarbons, PAHs) and on a range of emerging 

contaminants (representing pharmaceutical and personal care products 
(specifically macrolides, diclofenac and triclosan), other pesticides 
(specifically chlorpyrifos and pyrethroid pesticides), other endocrine 
disrupting chemicals (specifically estradiol and bisphenol A), per-
fluorinated substances, platinum group elements, and microplastics). 
We assess publication trends by contaminant and over time, the focus of 
the available data (in terms of sampling timescales, sampled media, and 
the sub-environments of the PRD sampled), and the concentrations 
observed. Based on this, we assess the currently published knowledge 
under the Source-Pathway-Receptor contaminant linkage “model”, and 
use this to identify gaps in the current understanding of emerging 
contaminant risk, and the information and data required to fill these 
gaps and allow more effective, integrated, risk assessment and man-
agement of these contaminants in the PRD system. 

2. Methods 

Data collection: an initial literature search was carried out using the 
databases of Science Direct, SpringerLink and Wiley Online from 
January 1980 – December 2019. We recognise that, by excluding Chi-
nese language literature and grey literature (e.g. unpublished govern-
ment reports, some PhD theses) which may not be indexed in these 
databases, we have not encompassed all data published on the Greater 
Bay area within our review. The databases used however include pub-
lications from over 4000 journals, giving an extensive database of 
accessible, international publications, including by core research groups 
and organisations working in the PRD system. We argue therefore that 
this provides a sufficient selection of publications to assess publication 
trends, and publication focus, although we recognise that this focus on 
internationally-indexed publications may slightly skew earlier trends in 
numbers of publications (given an earlier focus by Chinese researchers 
on publishing in Chinese language journals (Xie and Freeman, 2019)). 
Two key terms were used in each search (Table 1), Key term 1 repre-
sented the location, and Key term 2 represented the specific contaminant 
or contaminant group. 

Table 1 
Search terms used for literature search (rationale behind choice of specific 
contaminant is given in main text, under Keywords Selection).  

Key term 1 Key term 2 Key term 2 Contaminant Group (for 
emerging contaminants) 

Macau Platinum group elements Emerging trace metal contaminants 
Hong Kong Microplastics Plastics 
Shenzhen DDTa – 
Guangdong Chlorpyrifos Pesticide 
Greater Bay 

areab 
Pyrethroids Pesticide 

Pearl River 
Estuary 

Macrolides Antibiotics, Pharmaceutical and 
Personal Care Products (PPCPs) 

Pearl River 
Delta 

Diclofenac Anti-inflammatory, Pharmaceutical 
and Personal Care Products (PPCPs)  

Triclosan Pharmaceutical and Personal Care 
Products (PPCPs)  

Estradiol Steroidal hormone  
Perfluorinated (to cover 
PFAS and derivatives) 

Perfluorinated substances  

Bisphenol A Plastic monomer and plasticizer  
PAHa –  
Radiometric / 210Pb N/A  

a Included to allow comparison of publication trends on emerging contami-
nants with those for more traditionally measured or monitored contaminants. 

b Note: Greater Bay area was removed as a search term after the first two 
searches, due to the large number of irrelevant articles returned. This was an 
artefact of the searches giving results just for the “Bay” part of the search term, 
such as San Francisco Bay. 
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2.1. Keywords selection 

Contaminants were selected to represent key groups (or sources) of 
emerging contaminants, taking into account local usage and regulatory 
regimes, with two examples of contaminants more traditionally moni-
tored in environmental systems (here, DDT and polycyclic aromatic 
hydrocarbons, PAHs, representing long-established and well-recognised 
pesticide and coal/oil/wood-burning derived contaminants) also 
included, for comparison. Specifically, for the emerging contaminants, 
the following contaminants or contaminant groups were chosen 
(Table 1): Emerging trace metal contaminants (from e-wastes recycling, 
automobile emissions, and other sources) - Platinum group elements; 
Pesticides - Chlorpyrifos (organophosphate pesticide used on crops, 
animals, and buildings), and Pyrethroids (commercial and household 
insecticides); Pharmaceutical and Personal Care Products (PPCPs) - 
macrolides (class of antibiotics), diclofenac (anti-inflammatory drug), 
and triclosan (antibacterial and antifungal agent); Steroidal hormones - 
estradiol; Plastics and plasticisers - bisphenolA, and microplastics; and 
Perfluorinated substances (a wide class of halogenated so-called 
“forever chemicals”, made up of carbon chains to which fluorine 
atoms are bound, which are of increasing international concern and 
research focus, e.g. Chohan et al., 2020). An additional term, “radio-
metric/210Pb” was included to incorporate literature using dated 
sediment core analysis of spatial and temporal contaminant trends. 

2.2. Data cleaning and analysis 

The resultant list of published literature was then filtered to include 
only research articles. The abstracts or materials and methods sections of 
the remaining research articles were examined to determine whether 
they met the criteria for the study. In the above example, only papers 
involving both Hong Kong and microplastics were used, as per the 
search term. Papers only concerning Hong Kong, and those only con-
cerning microplastics, were discarded. Further discrimination was 
applied to remove those papers concerning laboratory studies using ex 
situ biota (e.g. in laboratory dosing studies), as the focus of the study was 
the “Delta” environment itself. Journal articles which involved only 
microcosm / bench studies were also discounted, even if they used 
materials from the study area. The exception to this was studies which 
stated a specific (relatively reproducible) sample site location with a 
pollutant concentration for that site. For biota, the samples had to be 
taken from the study area specifically for the purpose of the study – 

studies using samples bought from markets were discounted as the exact 
provenance of the biota sample was not defined. Papers from the 
watershed of the Pearl River Estuary only were selected, despite the 
search term Guangdong covering a large area. Areas outside the 
watershed, estuary, or the sea immediately below the mouth of the es-
tuary were discounted (e.g. Daya Bay). In total, 407 articles were 
retained for further analysis (listed in full, alongside their classifications 
(see below), in Appendix A). 

The references were incorporated into a Microsoft Excel database for 
subsequent analysis, with full bibliographic information (including year 
of publication, and contaminant(s) of focus). References were classified 
using each of the following classification criteria: Sampling timescale; 
Section of system; Focus of study; and Risk Category (as described in 
Appendix B), and plotted graphically for analysis of trends and 
differences. 

3. Results 

3.1. Publication trends by contaminant, and over time 

Classifying the studies by contaminant of focus (Fig. 2) showed a 
dominance of papers on more traditionally-monitored contaminants, 
represented here by DDT and PAHs (54% of papers). BisphenolA was the 
most widely studied of the emerging contaminants (n = 41 studies) in 
the GBA, followed by macrolides (n = 32 studies), then estradiol, tri-
closan and microplastics (n = 20 – 30 studies). All other contaminants 
were mentioned in less than 20 studies. Assessing publication trends 
over time (Fig. 3), the first papers analysing emerging contaminants in 
the GBA appear from 2006, with an increasing number of publications 
post-2015 (although this recent increase is less clearly seen in the data 
for chlorpyrifos and pyrethroid insecticides). DDT shows a significantly 
longer publication history, with publication numbers peaking in the 
period 2005 – 2011 (Fig. 3c) (while DDT was banned for use as a 
pesticide in China in 1983, its use continued as an insecticide in Dicofol 
(trade name Kelthane), a nonsystemic acaricide extensively used for 
controlling mites that damage cotton, fruit trees, and vegetables (Qiu 
et al., 2005), the production of which terminated in 2014). PAHs 
(Fig. 3d) show a similar long publication history, although recent 
(post-2011) publications on this contaminant group are more common 
than those for DDT (studied in 23% of total 2016–2019 papers, 
compared to 10% for DDT). 
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Fig. 2. Numbers of studies examining different emerging contaminants (by representative compound group or indicator contaminant) in the PRD, over the period 
January 1980 – December 2019. Data are also shown for the more established and traditionally measured contaminants DDT and polycyclic aromatic hydrocarbons 
(PAH), for comparison. PGE = Platinum Group Elements. 
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3.2. Sampling timescales and sampling focus 

The data presented in the literature for the study contaminants in the 
wider PRD system cover a range of sampling or deployment timescales 
(Fig. 4). A relatively high percentage of studies present data from a one- 
off, or single, deployment (48% of studies). Given the strongly seasonal 
climate in the PRD system (which is heavily influenced by the Asian 
monsoon), there is also a focus on seasonal sampling (in 22% of studies). 
Longer-term datasets, and presentation of data from sediment core 
studies (which, when combined with radiometric or other dating, pro-
vide a decadal plus chronology of particle reactive contaminant inputs 
to the PRD system), are less frequently presented (<8% of studies). 
Reported sampling timescales are similar for both the traditionally- 

monitored and emerging contaminants studied, although there is a 
greater emphasis on seasonal sampling than one-off sampling for 
bisphenol A, Triclosan and Diclofenac (Appendix C, Fig. C.1). 

The published studies also focus on different components of the PRD 
system (Fig. 5), with riverine sections of the delta system sampled and 
published on most frequently, followed by Soil and Freshwater Wetland, 
then Sub-tidal and Marine (see Appendix B for sub-system definitions). 
Relatively few studies (< 7%) can be classed as system-wide (i.e. where 
the study has included two or more of the listed environmental com-
partments). When assessing the studies based on the target (sampled) 
medium or environmental receptor (i.e. the receiving environment), 
most studies focus on sediment (soils, riverine or inter-tidal / marine 
sediments, but also sewage sludges) or water (and to a lesser extent 

Fig. 3. Publication trends with time for (a) selected pharmaceutical and personal care products (PPCPs – diclofenac, macrolides, triclosan), (b) plasticiser/additive 
bisphenol A, estradiol (and related compounds), and microplastics, (c) chlorpyrifos, DDT, and pyrethroid pesticides, and (d) PAHs, in published studies on the GBA. 

Fig. 4. Reported sampling timescales in PRD literature, or periods over which samples were collected for study. Studies using dated sediment cores are referred to as 
“Sediment core (Decadal)” while “One-off” refers to studies where a single sample collection phase or deployment was undertaken. Y-axis shows number of studies. 
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atmospheric sampling), or a combination of these. The percentage of 
studies examining human health, or concentrations in biota (non-sea-
food, includes vegetation, diatoms, invertebrates and marine mammals, 
and seafood, those organisms typically consumed by the local popula-
tion) were relatively low, each at < 8% of studies. 

3.3. Emerging contaminant concentrations in the PRD system: current 
baselines 

The studies analysed present often single deployment (or single 
location) datasets, targeting different sampling media and sub- 
components of the PRD system, with data collected using different 
sampling methods (and reported using different units). For example, 
water sampling methods reported in 26 studies of macrolides and other 
antibiotics in the PRD apply pre-filtration with filter mesh sizes ranging 
from 0.22 µm to 1 µm or greater, therefore removing varying size frac-
tions of suspended colloidal material prior to analysis (for 3 studies, no 
pre-filtering is reported). Given these factors, it is difficult to systemat-
ically compare concentrations observed within and across the PRD 
system (and indeed with other environments globally). Table 2 however 
summarises the concentrations observed in different media for those 
emerging contaminants showing a larger available dataset (n > 20 
published studies). Bisphenol A was the most widely studied of the 
emerging contaminants (n = 41 studies), followed by macrolides 
(n = 32 studies), then estradiol (and related compounds), triclosan and 
microplastics (all > 20 studies). Concentrations reported vary signifi-
cantly, over one to four orders of magnitude, and coverage is highly 
variable spatially, for example over 50% of studies presenting 

microplastics data are focused on the Hong Kong region. Water and 
sediment data are reported far more frequently than other media, e.g. air 
or biological media. A number of studies examine wet season versus dry 
season contaminant concentrations (bold italicised in Table 2), most 
commonly for bisphenol A, although given the large variability in the 
reported data no consistent trends for enrichment in dry season over wet 
season concentrations (or vice versa) in either water or sediment can be 
identified. In terms of contaminant levels observed, measured concen-
trations of BPA and macrolides are consistent with those reported pre-
viously in other Asian river and coastal systems (which similarly show 
high variability between lowest and highest observed concentrations, 
Corrales et al., 2015, Schafhauser et al., 2018, Quoc Anh et al., 2021). 
For estradiol and related compounds, reported estrone (E1) concentra-
tions typically exceed those of 17 β-estradiol (E2), although concentra-
tions observed are again highly variable within and between different 
media, and maximum concentrations for both E1 and E2 are within 
ranges reported elsewhere in Asia (and in Europe, e.g. Nazari and Suja, 
2016). Triclosan concentrations have been previously noted to be rela-
tively high in Pearl River system waters (Bedoux et al., 2012), with 
maximum water concentrations in excess of 1000 ng/l (Table 2). Despite 
a relatively short expected environmental half-life (Bedoux et al., 2012), 
triclosan has been reported at high ng/g concentrations in sediments 
particularly during the dry season, and at pg/g to ng/g levels in fish and 
other organisms (Table 2). Reported microplastic concentrations vary 
over four orders of magnitude in water samples, and three orders of 
magnitude in sediments, although this is consistent with the highly 
variable concentrations reported at other locations and reflects a com-
bination of spatial contaminant heterogeneity and differences in 

Fig. 5. Sampling focus within reviewed PRD literature. Y-axes show number of papers, X-axis shows sampling focus by (sub)environment (a), and by sampling 
medium or environmental receptor (b). 
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sampling methods (with consequent differing recoveries and micro-
plastics size selectivity, highlighted by Fok and Cheung, 2015 and 
others). Fok and Cheung (2015) note high abundances of microplastics 
on Hong Kong beaches (5595 items/m2) compared to international av-
erages, with a dominance of expanded polystyrene debris argued to be 
derived from container and insulation debris in the Pearl River. 

4. Discussion 

4.1. Overview of current data coverage for emerging contaminants in the 
PRD 

There is an increasing literature (from 2006) on a range of emerging 
contaminants in the Pearl River Delta system, although numbers of 

publications are significantly lower than those reporting more tradi-
tionally monitored contaminants (here, DDT and PAHs). A relatively 
high percentage of published studies present data from one-off or single 
deployments (48% of studies) which, given the strongly seasonal climate 
in the PRD system (which is heavily influenced by the Asian monsoon), 
is unlikely to effectively capture likely seasonal variations in inputs and 
in observed concentrations (although as noted above there is greater 
emphasis on seasonal sampling than one-off sampling in bisphenol A, 
Triclosan and Diclofenac literature). In addition, relatively few studies 
have examined concentrations and their variation across different sub- 
environments of the PRD (freshwater, terrestrial, estuarine, marine, at-
mospheric). For example, of 32 papers reporting macrolide concentra-
tions in the PRD (Table 2, Appendix A), 10 report concentrations in 
samples taken spatially along a sampling transect, but sampling in 8 of 

Table 2 
Range of baseline concentrations (where reported) observed for selected pharmaceutical and personal care products (PPCPs – macrolides, triclosan), microplastics and 
the plasticiser/additive bisphenol A, and estradiol and related compounds, in published studies on the PRD (2006 – 2019, inclusive).  

Contaminant Average concentrations in water (various 
units) 

Average concentrations in sediment 
(various units) 

Other media References 

Bisphenol A 12.41–62.78 ng/l; 13.7–91.2 ng/l; 
43.5–639.1 ng/l; 75.6–7480 ng/l; 11 – 
777 ng/l; 5.84–469 ng/l; 6–881 ng/l; 
60–720 pg/l; 429 ng/l; 4–377 ng/l; 
2.2–1030 ng/l; 13.7–91.2 ng/L in river 
water, 2.3–97.6 ng/L in suspended 
sediment from the Guangzhou- 
Dongguan reaches of the PRD; 
nd-604.2 ng/l in Shenzhen rivers’ 
waters. Wet/dry season data: 6200/ 
2570, 107/95.3, 2.3–892/ 
2.69–1340, 34.8–608.8/41.7–250.2, 
19/7.1, 64.5/69.5 (all ng/l). 

970 ng/g; 2.31–13.16 ng/g; 
1.7–430 ng/g; 128 ng/g; 
0.11–359 ng/g; 12.8–298.4 ng/g; 3 – 
156 ng/g; 0.6–4 ng/g; 218 ng/g; 
80–400 ng/g; 8 ng/g; 868 ng/g. Wet/ 
dry season data: 42.9/37.7, 
2.54–269/6.47–433; 232/196 (all 
ng/g). 

Mussel (green-lipped and common 
blue): 105.3 ng/g dw; Clam: 
0.49–1.34 ng/g dw; Mullet: 
0.19–1.27 ng/g dw; Chub: 
38–81 ng/g (dorsal muscle); Algae: 
16–94 ng/g dw; Carp: 70–1020 ng/ 
g; Fish: <LOQ – 6.01 ng/g; 
Shellfish: <LOQ – 396 ng/g; Fish: 
47.6/179 ng/g ww (wet/dry 
season) 

Chen et al. (2016);Chiu et al. (2018); 
Diao et al. (2017);Gong et al., (2009, 
2011, 2012, 2016, 2019);Huang 
et al. (2018);Li et al. (2019);Liu et al. 
(2010);Lv et al. (2019);Peng et al., 
(2006, 2008, 2017a, 2017b, 2018); 
Xiong et al. (2016);Xu et al., (2014a, 
2014b, 2015, 2016);Yamazaki et al. 
(2015);Yang et al. (2014);Yuan et al. 
(2015);Zhao et al., (2009, 2019). 
Gong et al. (2015) (in Chinese); 
Liang and Zong (2013) (in Chinese) 

Macrolides Total macrolides: 22.8–216 ng/l; 
29.9/30.2 ng/l (wet / dry season); 
Erythromycin: 890.5 ng/l, 12 ng/l, 
455 – 2980 ng/l, 1 – 315 ng/l, 5.2 ng/ 
l, 6 – 53.6 ng/l, <LOQ – 1578 ng/l, 
10.1 ng/l. Roxithromycin: 31.5 ng/l, 
13 ng/l, 92 – 428 ng/l, 1 – 105 ng/l, 
21.1 ng/l, 0.7 – 4.1 ng/l. 

Total macrolides: 197 ng/g, 16.5/ 
13.8 ng/g (wet/dry season); 
Erythromycin: 10.4 ug/kg, <LOQ – 
385 / <LOQ - 55.9 ug/kg (wet / dry 
season); Roxithromycin: 2.1 ng/g, 
2.96 ug/kg, 69.6 ug/kg, <LOQ − 122 
/ <LOQ - 40.9 ug/kg. 

Carp: Erythromycin: Up to 
2390 μg/kg ww (liver). 

Chen et al. (2013);Deng et al. (2018); 
Gulkowska et al. (2008);Huang et al. 
(2018);Li et al., (2013, 2018a);Minh 
et al. (2009);Selvam et al. (2017);Su 
et al. (2014);Tang et al. (2019);Xu 
et al. (2007);Xu et al. (2013);Yang 
et al. (2010);Zhang et al. (2018); 
Zhao et al. (2015a). 

Estradiol and 
related 
compounds 

Estrone: <LOQ – 1.2 ng/l, 1.5 – 
8.2 ng/l, 8.4 – 62.8 ng/l, <LOQ – 
2.4 ng/l, <LOQ – 1.5, <LOQ – 76 ng/l, 
1 ng/l / <LOQ (wet/dry season); 17 
β-estradiol: 1 – 1.7 ng/l, <LOQ – 
7.5 ng/l, nd-1.2 ng/l in river water, 
nd-0.32 ng/L in suspended particles in 
river water from the Guangzhou- 
Dongguan reaches of the PRD, 8.15 / 
35.7 ng/l (wet/dry season); 17 
α-ethynilestradiol: 10 – 269 ng/l, 
2.9 ng/l, <LOQ – 3.43 ng/l, nd- 
11.6 ng/l in Shenzhen rivers’ waters; 
E2 activity equivalents: <LOQ – 
40.7 ng/l, 0.07 – 8.06 ng/l; 

Estrone: 1.3–10.9 ng/g, <LOQ – 
14.4 ng/g, <LOQ – 4.7 ng/g, 9.5 / 
1.5 ng/g (wet/dry season); 17 
β-estradiol: 0.9 – 2.6 ng/g; 17 
α-ethynilestradiol: 7 – 144 n/g, 
4.4 ng/g. 

Carp: E2 activity equivalents: 
1.2–10.97 ng/g. 

Chen et al. (2016);Fang et al. (2012); 
Gong et al., (2009, 2011, 2012, 
2016, 2019);Liu et al. (2010),Lv 
et al. (2019);Peng et al. (2008);Xu 
et al. (2014b), (2016);Yang et al. 
(2014);Yuan et al. (2015);Zhao et al. 
(2009).Gong et al. (2015) (in 
Chinese);Liang and Zong (2013) (in 
Chinese) 

Triclosan 4.1 – 117 ng/l; 25.3 ng/l; <LOQ – 
29.2 ng/l; 612 ng/l; 305 – 1023 ng/l; 
16–99 ng/l; <LOQ – 478 ng/l; 
0.6–347 ng/l; 5.06–253/ 
1.81–282 ng/l (wet season/dry 
season range). 

<LOQ – 64.9 ng/g; 36.9 ng/g; 0.44 – 
216 ng/g; 127 ng/g; 41.7 ng/g; 
32.6 ng/g; 1.84 ng/g; 53.8 ng/g; 
353 ng/g; <LOQ – 1329 ng/g; 
0.87–199 / 0.84–689 ng/g (wet 
season / dry season range). 

Bream: 262 ng/g lipid; Carp: 
10 ng/g lipid; Shellfish: 261 pg/g 
ww; Miscellaneous fish: 25.8 – 
40.8 ng/g, <LOQ – 79.5 ng/g ww. 

Chau et al. (2008);Chen et al., (2014, 
2018b);Fan et al. (2019a);Huang 
et al. (2018a, 2018b);Lu et al. 
(2019);Peng et al., (2008, 2017a, 
2017b, 2018);Pintado-Herrera et al. 
(2017);Wu et al. (2007);Yao et al. 
(2018);Yu et al. (2011);Zhang et al. 
(2015);Zhao et al., (2009, 2010). 

Microplastics 3.6 items/m3; 
7.4 items/m3; 
0.57 items / l; 379–7924 items/m3; 
51–27,909 items per 100 m3; 19,860 
items/m3 (urban) and 8902 items/m3 

(estuary). 

685 items/kg; 258 items/kg; 
889–5595 items/m2; 6838 items / m2; 
80–9597 items / kg; 0.58 and 2116 
items/kg; 49–279 items/kg; 178–544 
items/kg; 347 items/m2 

Demersal fish: 54% of fish 
stomachs contained microplastic 
(hard fragments and fibres); 
Oyster: 1.5–7.2 items per gram 
tissue wet weight; Oyster: 0.62 
items/g (ww); Tilapia: 27.4 items/ 
individual, Carp: 0.2 items/ 
individual. 

Chan et al. (2019);Cheung et al., 
(2016, 2018, 2019);Fan et al. 
(2019b);Fok and Cheung (2015);Fok 
et al. (2017);Li et al. (2018b);Lin 
et al. (2018);Lo et al. (2018);Teng 
et al. (2019);Tsang et al. (2017); 
Wang et al. (2017);Yan et al. (2019); 
Zhao et al. (2015b);Zheng et al. 
(2019) 

Notes: Contaminants are listed in order of total number of studies published. 
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these 10 studies is confined to riverine (freshwater and freshwater tidal) 
sections of the Pearl River only. A more integrated study was published 
by Xu et al. (2013), who presented data for antibiotics (including the 
macrolides erythromycin and roxithromycin) in water at eight major 
run-off outlets and sixteen estuarine and marine sampling stations in the 
PRE, during both wet and dry seasons, to investigate annual antibiotic 
mass flux and assess consequent ecological and ecosystem risk. This 
study, and similar integrated studies (e.g. Peng et al., 2017b, for BPA 
and a range of personal care products), do allow system-wide assess-
ments to be made of specific emerging contaminant concentrations and 
sources (and risk) at particular times and time intervals (e.g. Fig. 6, 
where antibiotic inputs from the Shenzhen Bay area can be clearly dis-
cerned in both wet and dry season samples). As noted in Section 3.3 
however different studies apply different sampling, preparation and 
reporting methods, meaning that it is difficult to systematically compare 
published concentrations observed within and across the PRD system 
between different studies (and at different times), and with other envi-
ronments globally. Similar concerns have been raised elsewhere for 
example on the presentation and comparison of microplastics concen-
trations in different studies (e.g. Waldschläger et al., 2020). Effectively, 
much of the available data for the PRD present multiple point mea-
surements, often with great precision and low detection limits, but these 
are not integrated for management purposes (Figs. 4, 5, Table 2). 

4.2. Using the Source-Pathway-Receptor model to identify current 
knowledge gaps in environmental risk from emerging contaminants 

A widely used method for assessing and managing contaminant risk, 
particularly in the international contaminated land sector as part of risk- 
based land management, is the Source-Pathway-Receptor (SPR) or 
contaminant linkage model (Fig. 7). For a risk to be present, a source (of 

hazardous substance or property), a receptor (that could be affected 
adversely by the contamination) and a pathway (linking the source to 
the receptor) must be present. A risk management intervention can take 
place at any point in the SPR linkage provided that it breaks the linkage, 
which might be by removing the source, intercepting the pathway, or 
modifying the receptor behaviour or location. Application of the SPR 
(and linked) model(s) has been previously discussed for the identifica-
tion of the current gaps in knowledge around transport processes and 
ecotoxicological risk from microplastics (Waldschläger et al., 2020), and 
for developing integrated sediment and contaminant management 
strategies for post-industrial coasts (Bardos et al., 2020). As noted by 
Waldschläger et al. (2020) a major advantage of the SPR model is its 
simplicity, its flexibility and the ability to identify relationships in 
complex systems. Assessing the current published knowledge for the 
PRD under the Source-Pathway-Receptor contaminant linkage “model” 
can provide a useful framework to assess the utility of these data for 
examining system risk (and potential risk mitigation strategies) due to 
emerging contaminants. For the PRD, our contaminant publication 
database can be classified based on the components of the 
Source-Pathway-Receptor framework (Fig. 7). Here, publications are 
categorised as referring to: Source (where the source of the contaminant 
in question is one of the main discussion points, for example PAHs 
released by vehicle emissions into the atmosphere); Pathway (where the 
study focuses on how the contaminant is transferred through the system, 
such as atmospheric deposition onto soils); and Receptor (where the 
pollutant is aggregated over time). This last term has been ascribed to 
studies where the concentration of the pollutant is determined as a finite 
end point, such as in a sediment sample or fish tissue, unless there is 
further discussion such as re-suspension of solids or eating of fish. 
Studies are classed as “Integrated” when the study considered two or 
more aspects of the contaminant linkage or SPR framework. Although 

Fig. 6. Antibiotics (including the macrolides erythromycin and roxithromycin) detected in water samples at sixteen estuarine and marine sampling stations in the 
PRE, 2009/2010. Site 16 is not shown in the graphical figure because no antibiotics were detected at this site. 
Data and figure adapted from Xu et al. (2013). 
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this classification is somewhat subjective, assessment of the published 
data (Fig. 7a) split by sampling media/focus shows a predominance of 
receptor-focused studies (largely based on sediments as receptors, 
n = 96, followed by studies on biota used for human consumption (biota 
– seafood), n = 31). Fewer studies focus on sources (most commonly 
soil/sedimentary (n = 27) and atmospheric (n = 24) sources) and 
pathways (most commonly covering water (n = 39) and atmospheric 
(n = 34) transport pathways), and there are fewer still which consider 
more than one component of the relevant contaminant linkage (“Inte-
grated”, Fig. 7). In these more integrative studies, soil/sediment and 
water/sediment-based contaminant linkages are most commonly 
examined (n = 15 and 14, respectively). There is a relative lack of in-
tegrated data (covering each of source, pathway AND receptor) (a) 
through which overall risk from individual contaminants and contami-
nant linkages can be examined, particularly to ecological and human 
health receptors, and (b) which can be used for targeted risk manage-
ment interventions (e.g. to identify which critical pathways need to be 
managed, which receptors are most at risk, etc). Assessing the data in a 

similar way by individual contaminant (or contaminant group) shows a 
similar focus on receptors (with the exception of PAHs (where source, 
pathway, receptor, and integrated, studies are relatively common), and 
from the emerging contaminants assessed, macrolides (where source 
and receptor studies are equally common) and estradiol (where there is a 
dominance of pathway studies)), and relative lack of integrated studies 
(Fig. 7b). In combination with the data presented in Figs. 4 and 5, and 
Table 2, Fig. 7 highlights both the current research emphasis in the 
published data in relation to the assessment of contaminant risk, and key 
knowledge gaps around sources, pathways and receptors in the GBA 
system. These knowledge gaps include: 

Source: Given the relative paucity of studies on contaminant sources 
(particularly for chlorpyrifos, diclofenac, estradiol, perfluorinated 
compounds, PGE and pyrethroids, Fig. 7b), what are the relative extent 
of point-source vs non-point inputs, and how do these vary seasonally 
and with extreme climatic conditions? Source identification is a major 
challenge in the PRD system given the very complicated hydrodynamic 
nature of the wider Pearl River estuary. For some contaminants (e.g. 

Fig. 7. (a) Focus of published literature from the PRD (split by sampling medium / focus) on different components of the source, pathway, receptor linkage for 
management of risk. (b) As (a), but split by contaminant or contaminant group. Y-axis scale on both (a) and (b) shows number of publications. Upper, inset, figure 
schematically illustrates the S-P-R or contaminant linkages concept – see text for further discussion. 
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PGE), differentiating the contributions of natural sources versus 
anthropogenic inputs remains difficult (although the use of isotope 
“fingerprinting” of other metals may provide useful insights, e.g. Cundy 
and Croudace, 2017, Ma et al., 2020, Wu et al., 2021b). 

Pathway: Given the current sampling focus on different components 
of the PRD system (Fig. 5), which are the main areas of contaminant 
accumulation across the PRD system for different emerging contaminant 
groups? While currently published data examine both water and sedi-
ment concentrations for a range of emerging contaminants (e.g. 
Table 2), to what extent do contaminants locally partition between 
water and suspended and deposited particulate matter (including 
different parts of the water column, e.g. is accumulation in the surface 
microlayer observed, Anderson et al., 2018) and how is this partitioning 
influenced by expected contaminant distribution coefficients or Log Kow, 
and local environmental conditions (e.g. Liang et al., 2013)? What is the 
extent of contaminant sequestration and breakdown in sediments, and 
what is the role of biotic and UV-light driven contaminant degradation 
in surface waters (e.g. Wang et al., 2020)? 

Receptor: While previous studies have examined emerging contami-
nant concentrations in a range of fish and shellfish species (Table 2), 
organism-based receptor studies vary according to contaminant type. 
For example, macrolide concentrations have been reported relatively 
widely in sediments, but not in biological receptors such as fish (Zhao 
et al., 2015a apart), despite their potential to bioaccumulate and 
generate genetic and histologic alterations in fish tissue, even at envi-
ronmental exposure levels (Yang et al., 2020). Similarly, target species 
vary between publications (e.g. Table 2). The impacts on lower trophic 
level organisms are currently unclear, as are pathways for bio-
accumulation. A number of published papers have examined concen-
trations of multiple contaminant groups in individual organisms (e.g. 
Leung et al., 2005, Guo et al., 2008), but are there possible synergistic 
impacts from the presence of (and exposure to) a wide “suite” of 
emerging contaminants? Given the strong seasonality and complex na-
ture of the PRD, can the impacts of trace contaminants on organism and 
ecosystem function be differentiated from natural variability? 

And more generally, what are the current fluxes of emerging con-
taminants through the PRD, and are these increasing over time? 

These are important research questions and topics to address if we 
are to understand fully the environmental cycling of, and physical, 
chemical and biological accumulation or attenuation processes for, 
emerging contaminants in the PRD, and use this understanding to 
develop cost-effective contaminant mitigation strategies. These mitiga-
tion strategies include those which use and enhance the natural system 
attenuation capacity to reduce fluxes through the system (targeting 
contaminant pathways), and which can complement source reduction 
measures such as regulation, policy changes, use of alternative chem-
icals, improved effluent and wastewater treatment, etc. These enhanced 
attenuation strategies can include installation or engineering of riparian 
buffers, sustainable urban drainage systems, constructed wetlands, 
phytomanagement, and other nature-based solutions, which can operate 
in tandem with policy/regulatory and “hard” engineered solutions (such 
as effluent treatment facilities) to enhance contaminant trapping, sorp-
tion and breakdown in the PRD system and its various agricultural, in-
dustrial and urban environments. In turn, these nature-based strategies 
can (a) provide wider environmental, economic and societal benefits (e. 
g. flood control, air quality benefits, carbon sequestration and other 
ecosystem service benefits, Song et al., 2019, Bardos et al., 2020), (b) 
support ecological restoration (e.g. (Cundy et al., 2021; Duan et al., 
2021), and (c) link with regional and national plans (e.g. the ‘Sponge 
cities’ plan, ICLEI, 2017, Qi et al., 2020) to increase resilience to future 
climate change. Successful application of these enhanced attenuation or 
nature-based strategies requires rigorous understanding of contaminant 
accumulation and (bio)degradation processes in sedimentary and bio-
logical systems, and systematic measurements over time of contaminant 
inputs, outputs and fluxes (e.g. Environment Agency, 2000). 

4.3. Environmental baselines, and integrated sampling approaches 

Despite the knowledge gaps outlined in Sections 4.1 and 4.2, the 
available data do provide a baseline dataset to target and frame (a) 
further studies and monitoring programmes, by identifying possible 
contaminant “hot-spots” (either spatially or in different environmental 
media, noting high variability in reported concentrations, Table 2) and 
(b) contaminant management. For the latter, a key limiting point to note 
is the dominance of one-off sampling approaches in the literature 
(Fig. 4), and the targeting of different components of the PRD system 
(Fig. 5). As a consequence it is difficult to systematically compare 
published concentration data, collected over a number of years and in 
different areas / media, spatially across the PRD and temporally to fully 
assess the effectiveness of ongoing source and other management ac-
tivities (e.g. via regulation, policy, changes in use and industrial and 
agricultural practice etc). A number of PRD studies have however 
examined emerging contaminant concentrations in various fish, shell-
fish and other organisms (particularly tilapia Tilapia aurea, carp Cyprinus 
carpio, oyster Ostrea gigas, and the green-lipped mussel Perna viridis, 
Table 2), in both wild and (where relevant) farmed organisms. There is 
potential to use these as sentinel or indicator organisms, and develop 
time-series of (a) environmental contaminant loadings based on tissue 
concentrations (for wild organisms), or (b) potential contaminant build 
up in aquaculture systems (for farmed species), particularly for more 
soluble or bioavailable contaminants. These would provide valuable 
data on ecosystem transfer or food chain risk, including to humans 
through organism consumption. Given the strong salinity and other 
gradients across the PRD use of different organisms, however, would be 
required in different parts of the PRD system. There is also utility in 
assessing dated sedimentary records, either from river and estuarine bed 
sediments (e.g. Böttcher et al., 2010), or from less disturbed intertidal 
and fringing mangrove sediments (e.g. Li et al., 2016) to provide 
decadal-centennial datasets of historical contaminant loading and fluxes 
(for more particle-reactive and persistent contaminants), in order to set 
a baseline against which to judge future contaminant trends and the 
impact of contaminant management strategies. Such studies can also be 
used to assess the potential trapping, sequestration and breakdown of 
emerging contaminants within sediment sinks (e.g. Celis-Hernandez 
et al., 2021) and, cf. the discussion in Section 4.2 above, the possibility 
of using sediment systems as contaminant storage or breakdown areas 
(e.g. Li et al., 2016; Bardos et al., 2020) to reduce contaminant fluxes 
through the PRD to the South China Sea. 

5. Conclusions 

• Based on a systematic review of academic literature published be-
tween 1980 and 2019 (inclusive), while emerging contaminants 
form the focus of increasing numbers of publications since 2006, they 
are relatively understudied in the Pearl River Delta system compared 
to more traditionally-measured contaminants (in this study, repre-
sented by DDT and PAHs). BisphenolA was the most widely studied 
of the emerging contaminants (n = 41 studies) in the GBA, followed 
by macrolides (n = 32 studies).  

• While multiple point measurements with high precision and low 
detection limits have been reported for various emerging contami-
nants in the PRD these have not been integrated for management 
purposes. Some studies do present a more integrated assessment of 
emerging contaminant concentrations and their variation across 
different sub-environments of the PRD (i.e. freshwater, terrestrial, 
estuarine, marine, atmospheric), but these effectively provide tem-
poral “snap-shots”. Different studies apply different sampling, 
preparation and reporting methods, and sample different locations or 
environmental media, meaning that it is difficult to systematically 
compare emerging contaminant concentrations observed within and 
across the PRD between different studies (and at different times), and 
with other environments globally. 
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• Assessing the currently published knowledge for the Pearl River 
Delta under the Source-Pathway-Receptor contaminant linkage 
“model” provides a framework to evaluate the usefulness of the 
available data in examining system risk from emerging contaminants 
(and potential risk mitigation strategies). Key knowledge gaps 
remain around Sources (including the extent of point-source vs non- 
point inputs, and how these vary seasonally and with extreme cli-
matic conditions), Pathways (including areas of contaminant accu-
mulation in the PRD system for different emerging contaminant 
groups, contaminant partitioning between water and sediments, and 
the extent of contaminant sequestration and breakdown in sedi-
ments) and Receptors (including impacts on lower trophic level or-
ganisms, and possible synergistic impacts from the presence of (and 
exposure to) a wide “suite” of emerging contaminants).  

• Despite these knowledge gaps, the available data do provide a 
baseline dataset to target and frame further studies and monitoring 
programmes, particularly using sentinel or indicator organisms. 
There is also utility in assessing sedimentary records to provide 
decadal-centennial datasets of historical contaminant loading and 
fluxes (for more particle-reactive and persistent contaminants), in 
order to set a baseline against which to judge future contaminant 
trends and the impact of contaminant management strategies. 
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