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Abstract Non-treated wastewater is used for irrigation of aquatic food production systems
in the peri-urban areas of the major cities in Southeast Asia. This paper complement the
knowledge on agricultural soil-based crops irrigated with low quality water, by reviewing
the research findings on the wastewater-fed aquatic productions with special focus on heavy
metals and other potentially toxic elements (PTEs) in the production systems of Hanoi in
Vietnam and Phnom Penh in Cambodia. In Hanoi, sediments in the wastewater exposed
rivers of Hanoi were reported to be polluted with PTEs, in particular with Cadmium (Cd).
The river sediment had a high retention capacity for PTEs which seems to prevent the
transport of PTEs to the wastewater-fed production systems. In Phnom Penh, domestic and
industrial wastewater is pumped into the Cheung Ek Lake located south of the city. A major
part of the water spinach (lpomoea aquatica Forssk.) consumed in the city is produced in
the lake. The concentrations of some PTEs were elevated at the wastewater inlets to the lake
compared to concentrations at the lake outlet and at the control site. Water spinach is by far
the major vegetable produced in the wastewater-fed systems in Hanoi and Phnom Penh, but
did only contain PTEs in concentrations within or slightly above the concentration range
observed for water spinach grown in agricultural soil not exposed to wastewater. PTE
concentration in fish grown in wastewater-fed systems in Hanoi and Phnom were low.
However, mean PTE concentrations in liver and skin of some fish were high. Consumption
of muscle tissue from fish produced in wastewater-fed systems in Hanoi and Phnom Penh
resulted in an estimated intake of PTEs amounting to less than 9% of the tolerable intake. It
was concluded, that the PTE concentrations in fish and water spinach from Hanoi and
Cheung Ek Lake in Phnom Penh constituted low food safety risks for consumers.
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Wastewater-fed peri-urban aquatic food production in Southeast Asia
Peri-urban aquatic food production and risks

The production and cultivation of aquatic plants and fish is widespread in many cities in
Southeast Asia and to a lesser extent Africa and Latin America. The term “urban
aquaculture” captures a broad array of activities (Leschen et al. 2005). Fish farming in or
around cities varies from the relatively large-scale semi-extensive culture of fish in
wastewater-fed wetlands and lagoons to the engineered intensive culture of specific fish in
tanks. Aquaculture also includes the cultivation of edible aquatic plants like water spinach
(Ilpomoea aquatica Forssk.) and other vegetables, often using wastewater, in and on the
periphery of a number of cities throughout Southeast Asia. Besides aquatic systems,
wastewater is traditionally reported used in agriculture to irrigate soil-based crops like rice
and different cereals, as well as a number of vegetables in both large scale and household-
based productions.

In this review, wastewater (urban wastewater) is defined as a combination of domestic
effluent (black and grey water), industrial effluent, sewage from commercial establishments
and institutions, including hospitals and storm water and other urban runoff. Plants typically
grown in water may also be cultured in soil where fields are flooded with wastewater on a
regular basis. The aquatic production systems produce fish and fresh green foodstuffs,
which are consumed daily by millions of people and make up a significant part of their diet.
They also provide the basis for the income and livelihoods for many urban households.

The production of foods in aquatic systems using wastewater or other types of low
quality water also represents several risks to human health. Groups at risk include farmers
and their families, consumers of wastewater-fed produce, and people in nearby
communities. Untreated wastewater carries disease-causing organisms, toxic metals,
organic compounds, and other chemicals that can have negative impacts on human health.
The World Health Organization (WHO) has prepared guidelines for the use of wastewater
in aquaculture (WHO 2006), which mainly focuses on pathogen-related risks, in particular
bacterial pathogens and helminth parasites. The cornerstone of these guidelines is the
assessment of health risks based on a combination of epidemiological studies and
quantitative microbial risk assessment (QMRA). Risk assessment models have been
developed mostly for pathogens, i.e. Campylobacter, rotavirus, and Cryptosporodium, and
little information is provided on the fate and risks of chemicals in wastewater and produce
(WHO 2006). This is partly because pathogen-associated risks are of an acute nature, e.g.
diarrhea and disease outbreaks, where as chemical-associated risks are typical of a
chronic nature, e.g. clinical signs of disease may be seen after several years of intake and
exposure. However, some risks and symptoms can be acute, e.g. dermatological reactions
of farmers when their skin is exposed to toxic elements in wastewater (Trang et al. 2007;
Vuong et al. 2007).

Wastewater in cities is typically together with industrial wastes discharged into the same
drains or sewers. Thus wastewater will inevitable contain a range of toxic chemicals such as
heavy metals, which may originate from industries like mechanical (Chromium (Cr); Zinc
(Zn)), paint producers and textile (Copper (Cu)), battery and electrical producers (Arsenic
(As); Copper (Cu); Lead (Pb)). To reduce and prevent adverse health and environmental
effects from toxic chemicals, industrial wastes should be adequately pretreated to remove
these chemicals or should be treated separately from municipal wastewater. Thus, it is
recommended that wastewater used for aquatic food production should not contain
significant concentrations of toxic chemicals (WHO 2006). The situation in most South-east
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Asian cities is, however, quite different with wastes from both small and large scale
industries being discharged untreated into urban sewers. If such wastewater is used for fish
culture and aquatic plant production it can therefore be expected to contain varies toxic
chemicals of unknown types and concentrations. The biogeochemistry and fate of toxic
chemicals and elements such as heavy metals in the aquatic environment is complex with
limited information available on extent, retention and accumulation in the wastewater-fed
aquatic production systems and the fish and aquatic plants produce.

This review draws on the up-to-date published research findings on the wastewater-fed
aquatic productions in Southeast Asian cities with special focus on heavy metal and other
potential toxic elements (PTEs) in the production systems of Hanoi in Vietham and Phnom
Penh in Cambodia. Thus, it adds to information available on problems associated with such
toxic elements in traditional soil-based agriculture.

Production and consumption of fish and aquatic plants

Peri-urban production of fish and aquatic vegetables has gained increasing importance in
several Southeast Asian cities because of increasing demands for such products from the
growing urban populations and generally high economic returns on crops (van den Berg et
al. 2003). Land use has been transformed from traditional rice-based to more profitable
vegetable-based systems (Khai et al. 2007). Furthermore, fish and aquatic vegetables are
generally perishable and can not be transported or stored for longer periods of time. The
production therefore needs to take place in the vicinity to city markets and consumers.

The peri-urban production in Hanoi is a typical example of how wastewater is used for
food production and of how the production has shifted from rice culture to vegetable
production. In Hanoi, the city sewage, a combination of domestic wastewater and industrial
wastewater, is discharged without formal treatment into a drainage system which includes
small rivers. Since the 1960s, these rivers have been the source of wastewater which is
pumped and channeled to aquatic ponds and fields. The peri-urban production of vegetables
in Hanoi makes up a very important part of the total vegetable supply to the city (van den
Berg et al. 2003). Water spinach, which is typically grown in wastewater, is the most
commonly consumed vegetable in Hanoi. Out of a total vegetable consumption of 257 g per
capita per day, the consumption of water spinach is about 77 g (Anh et al. 2004). Fish
cultured in wastewater-fed ponds in the Thanh Tri district contributes with about
40% of the total volume of 8,972 tons of fish produced in the Hanoi area (Hoan and
Edwards 2005). Fish are produced in earthen ponds in so-called poly-culture with several
species, e.g. mainly Indian and Chinese carps. Two to five stockings and harvests during
the year are common, which gives a maximum wastewater exposure time of 10-months
for cultivated fish. The consumption of fish in Vietnam is about 53 g per capita per day
(FAO 2003D).

Another type of wastewater exposed food production which takes place in peri-urban
areas of Southeast Asia is production in wastewater recipients. Here, the pumping of
wastewater is not regulated by the farmer in response to water or nutrients needs. The
farmer takes advantage of readily available water and wastewater which is often rich in
nutrients. An example of this is seen in the Cheung Ek Lake in Phnom Penh. The lake
covers an area of about 3,200 ha and serves as the recipient of most of the wastewater
produced in Phnom Penh (Muong 2004; Khov et al. 2006). Up to 22 tons of water spinach
is produced in the lake near the wastewater inlet each day (Muong 2004). In Phnom Penh,
about 25 g of water spinach is consumed per capita per day (Abedullah et al. 2002). Fish
are not cultured in the Cheung Ek Lake, but occasionally a few wild fish are caught in the
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lake and consumed by the local farmers and household members. The consumption of fish
in Cambodia is 70 g per capita per day (FAO 2003a).

Fate of PTEs in wastewater-fed food production systems
Sources and characteristics of PTE in wastewater

The characteristics of wastewaters can vary significantly due to the extreme variation which
can exist in the sources that generates the wastes. PTEs are normally present in relatively
low concentrations in conventional irrigation waters but they are not normally included in
routine analysis and very little information can be found in the international literature.
Zhang et al. (2007) studied peri-urban food production in the Yangtze River Delta region,
China and found that the concentrations of the heavy metals Zn, Cu, Cr and Pb in factory-
based wastewater supplied to vegetable production were higher than those in vegetable-
based effluent waters suggesting modest pollution of the vegetable-based peri-urban areas.

Khai et al. (2007) presented a Cu and Zn balance for a wastewater-fed peri-urban
farming system in the Hanoi area. The flows of Cu and Zn were quantified over a 1-year
period for intensive small-scale aquatic and terrestrial vegetable systems situated in two
peri-urban areas of Hanoi. The surpluses of Cu and Zn in the system were up to 2.7 and
7.7 kg ha' year ', respectively. This indicated a high risk for contamination with toxic
elements and associated transfers through the food chain (Khai et al. 2007).

The major cities in Southeast Asia have millions of inhabitants and a great number of
small or large scale industries. Often these cities have no formal wastewater treatment
facility and the wastewater is discharged into a drainage system which main purpose is to
prevent flooding of the city. This is also the case for the cities of Hanoi and Phnom Penh.
Hanoi had a population of about 3.1 million persons in 2004 (HSO 2005). It has been
estimated that a total of 458,000 m® wastewater is generated daily in Hanoi of which 57% is
of industrial origin, 41% of domestic origin and 2% is discharged from hospitals. The
volume of treated wastewater is less than 5% of the total volume of wastewater discharged
(DOSTE 2003). The wastewater is discharged into small rivers which drain the wastewater
out of the city.

The city of Phnom Penh had a population of 1.33 million people in 2008 and a
demographic growth of 2.8% in the period 1998-2008 (JICA 2008). Many of the 750
factories and 4,000 small-scale domestic-based enterprises located in the city are engaged in
textile production (Takahashi et al. 2002; PPM 2004). There is no public sewage treatment
plants in Phnom Penh and the majority of the industries have been constructed without
wastewater treatment facilities (Takahashi et al. 2002). Domestic and industrial wastewater
as well as storm water is drained out of the city into Cheung Ek Lake (JICA 1999)

PTE concentrations in aquatic recipients of wastewater

PTEs in wastewater may be retained in river sediments due to sorption and/or precipitation
processes. The rivers may thereby constitute important sinks preventing PTEs from entering
wastewater irrigated food production systems. The extent of PTE sorption depends on
chemical and physical conditions of the sediment and pore water such as pH, the content of
organic carbon and mineral phases, texture, redox conditions, presence of ligands and the
total element sediment concentration. Precipitation depends mainly on the concentrations of
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PTEs and inorganic ligands, pH and redox conditions (Guo et al. 1997; Sauvé et al. 2000;
Tyler and Olsson 2001; Holm et al. 2003; Burton et al. 2005).

The total sediment concentrations of selected PTEs in rivers exposed to wastewater have
been investigated in India and China (Jain et al. 2005; Huang et al. 2007). Huang et al.
(2007) found that the concentrations of Cu, Zn, Pb and Cr in the sediment along the main
river decreased to the background level at about 4.5-5.5 km downstream of the source of
origin. Marcussen et al. (2008a, b, 2009) reported ranges of PTE concentrations observed in
wastewater receiving rivers in Hanoi, soils at water spinach production sites in Hanoi and
sediments of the wastewater receiving lake Cheung Ek Lake in Phnom Penh. These data are
compiled and compared with Vietnamese limit values and reported levels from
investigations in Thailand and Malaysia (Table 1).

The PTE concentration ranges in soil samples from Hanoi were narrow compared to the
range in sediment samples from Phnom Penh (Marcussen et al. 2008a, 2009). In Phnom
Penh, a relatively large difference was seen between minimum and maximum sediment
concentrations of Ba, Cd, Cu, Ni, Pb, Sb and Zn. The maximum As, Be, Cd, Ni, Pb, Sb and
TI concentrations in Phnom Penh and Hanoi differed less than a factor two between the two

Table 1 PTE concentration ranges (mg kg ' d.w.) in soil and sediment from aquatic systems in Southeast
Asia with different degree of wastewater (ww) exposure. Limit values and reported levels from non-exposed
sites are shown for comparison (mg kg™ ' d.w.)

Hanoi Phnom Penh® Thailand®/  VN-limit
Malaysia® value®
System Flooded soil® Rivers® Lake Soil
Produc-tion Water spinach None Water spinach and fishing Various
ww-exposure® None to high High None to high None
N 20 54 56 318/241
As 9.1-18.7 17-73 8.89-14.1 30/60 12
Ba 330-395 393-963 356-688
Be 1.66-2.36 1.4-3.0 2.26-2.80
Cd 0.333-0.667 <0.88-427 0.07-0.83 0.15/0.30 2
Cr 68-122 92-281 80/60
Cu 34.0-62.1 54-240 49.7-149 45/50 50
Ni 29.9-52.8 38-218 35.3-91.9 45/45
Pb 32.5-67.4 51-363 18.0-99.1 55/65 70
Sb 1.82-2.86 2.4-12.5 1.73-5.43
Tl 0.578-0.765 0.2-1.2 0.86-0.94
Zn 91-189 169-1240 149-857 70/95 200

? Marcussen et al. (2008a)

® Marcussen et al. (2008b)

¢ Marcussen et al. (2009)

4 Zarcinas et al. (2004b)

¢ Zarcinas et al. (2004a)

T MSTE (2002)

€ High wastewater exposure is one to several weekly floodings with untreated wastewater
" N is total number of replicates analysed
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productions systems, though there was a tendency to higher concentrations in Phnom Penh.
Copper and Zn sediment concentrations in Cheung Ek Lake in Phnom Penh were a factor
2.4 and 4.5 higher than soil concentrations in Hanoi, respectively.

High PTE concentrations were observed in sediment of the Hanoi rivers that are the
main recipients of wastewater in Hanoi. The concentration ranges are given in Table 1.
Compared to the PTE concentrations in the Hanoi soils, which receives wastewater from
the rivers, the sediment in the rivers had higher concentrations of As, Ba, Cd, Cr, Cu, Ni,
Pb, Sb and Zn (Marcussen et al. 2008a, b).

Soil and sediment PTE concentrations observed in Hanoi and Phnom Penh were
compared to the 95% percentile for PTEs reported in soils from Malaysia and Thailand as
well as Vietnamese limit values for PTEs in agricultural soils. These comparisons were
made to evaluate whether the exposure to wastewater have resulted in PTE concentrations
above the normal range for the Southeast Asia region and to evaluate if the current PTE
concentrations constituted a risk with respect to the vegetable production taking place in
soils and sediments.

The Southeast Asian Investigation Levels in Table 1 are based on the 95th percentile
value for PTE concentrations in 241 and 318 soils from Malaysia and Thailand,
respectively. PTE concentrations above the Investigation Levels indicated that the soil
may be polluted, but further investigation will be needed to clarify this.

Arsenic, Cd, Cr, Cu, Ni, Pb, Sb, Tl and Zn concentrations in soils from Hanoi were
below or only slightly above the Malaysian or Thai Investigation Levels or Vietnamese
limit values for agricultural soils. Therefore, the soils do not seem polluted with these PTEs
to any major extent. Further, Marcussen et al. (2008a) observed no difference in the overall
PTE concentrations between sites of none, low and high wastewater exposure. The Cheung
Ek Lake in Phnom Penh had relatively high Ba, Cu, Ni, Pb, Sb and Zn sediment
concentrations. The highest concentrations were observed in front of the wastewater inlet
and these decreased with increasing distance to the wastewater inlet.

The river sediment in Hanoi had relatively high concentrations of As, Ba, Cd, Cu,
Ni, Pb, Sb and Zn. Very high Cd concentrations with a maximum of 427 mg kg~ ' were
seen in the sediment of the To Lich River (Table 1; Marcussen et al. 2008b). Cadmium is
one of the most toxic elements and the possible release of Cd from the sediment and
transport to the food production systems is therefore of high concern. Marcussen et al.
(2008b) recommended that due to the general high PTE concentrations in sediment, in
particular the high Cd concentrations, dredged river sediment should be deposited in
areas specially defined for polluted materials where agriculture and aquaculture are
prohibited and there is no risk of leaching to ground water sources used for drinking
water.

The maximum observed As concentration in sediment from the Hanoi rivers was
73 mgkg ' d.w. Some countries in Asia are known to have high geogenic As concentrations.
Millions of people suffer from health problems as a result of As intake through drinking
water in Taiwan, India and Bangladesh (Chen et al. 1988; Guo et al. 1997; Tsai et al. 1998;
Nickson et al. 2000). Part of the observed concentrations may therefore be due to geogenic
As, however, the range and distribution of As indicated that As contamination of the river
sediments are taking place.

The strong retention of PTEs in river sediments

The results from the studies in Hanoi indicate that PTEs were strongly retained in the
sediment of To Lich and Kim Nguu rivers. These rivers had high PTE concentrations in
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sediment, but PTE concentrations in soil from production systems fed with wastewater from
the rivers were not elevated (Marcussen et al. 2008a, b).

PTE concentrations determined in pore water of the upper 10 cm sediment of the Hanoi
rivers are presented in Table 2. The observed pore water concentrations of PTEs were low
compared to the high PTE concentrations observed in the river sediment (Tables 1, 2).

The distribution of PTEs between the sediment and pore water in the Hanoi rivers can be
described by “observed distribution coefficients” (Kqobs) €xpressed as the ratio between
sediment and pore water concentrations in mg kg ' d.w. and mg L', respectively. The Kq
was termed “observed” since conventional distribution coefficients are determined in
systems where sorption is controlling the element distribution. Under these conditions
sorption was most likely not the controlling retention mechanism in the Hanoi river
sediment. Logarithm to K ,ps-values for the Hanoi river sediment are presented in Table 2.

Sauvé et al. (2000) compiled information from more than 70 studies to investigate
Ky obs-ranges for 13 PTEs in soils. Furthermore, they developed linear regressions between
log; 0K obs-values against pH, soil organic carbon and the total soil element concentration
for Cd, Cu, Ni, Pb and Zn. The log;oK4 cps-values for Cd, Cr, Cu, Mo, Pb and Zn observed
for the Hanoi rivers sediment were compared to ranges observed for soils compiled by
Sauvé et al. (2000) (Table 2). Ranges for the log; oKy bs-values for sediment from the Hanoi
rivers were high compared to the ranges observed for soils. In addition, the log; oKy cbs-values
for the Hanoi river sediment were higher than log,(K4-values calculated for the Hanoi river
sediment using the linear regressions developed by Sauvé et al. (2000) (Table 2). The high
log;oKgobs-values seen for the sediment show that the rivers had a high PTE retention
capacity. Such high log;oKg cps-values were not likely to be the result of sorption processes
and they therefore indicate that the concentrations of Cd, Cr, Cu, Mo, Pb and Zn in the pore
water were partly controlled by precipitation processes.

The river sediment was highly anaerobic. Redox potentials ranged from —257 to
—185 mV (Marcussen et al. 2008b). At these redox potentials sulphur, which is a normal
constituent of domestic wastewater, will be present as reduced sulphide (Bartlett 1999).
Sulphide forms slightly soluble precipitates with the PTEs Cd, Cu, Ni, Pb and Zn (Smith

Table 2 Concentration ranges of PTEs in pore water and the logarithm to the observed and calculated®
distribution coefficients (log;oKgopbs) for Hanoi rivers and different soils (Sauvé et al. 2000) for comparison

Concentration mg L Logi0Kd,obs Calculated log; oKy Log;oKd.obs
System Hanoi rivers Hanoi rivers Hanoi rivers Different soils
As 1.6-36.8 2.75-4.60 - 0.20-5.72
Ba 6.5-2270 2.52-4.98 - 3.154.16
Cd <0.044-0.22 >4.26-5.70 3.04.1 —0.36-5.28
Cr 0.24-0.99 5.12-5.90 - 2.10-4.82
Cu <0.038-0.88 4.96->6.60 3.6-4.0 0.33-4.92
Fe 120-3710 3.97-5.66 - -
Mn 162-1130 2.62-3.78 - -
Mo 0.09-2.00 3.14-4.70 - 1.15-1.72
Ni 0.97-10.1 3.74-4.78 3.1-58 0.95-5.41
Pb 0.01-0.86 5.11-7.01 4.1-5.8 1.78-6.36
Zn 0.44-11.0 4.53-6.62 3.0-4.8 0.15-5.51

? calculated log;oKy from linear regression developed by Sauvé et al. (2000)
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and Martell 2003). Sulphide was therefore likely to influence the distribution of these PTEs.
PTEs may also have been precipitated as carbonates and hydroxides as the sediment
contained a solid carbonate phase and the pore water had a pH range of 7.4 to 8.1
(Marcussen et al. 2008b). Speciation calculations carried out by Marcussen et al. (2008b)
showed that Cd, Cu and Zn, but not Ni concentrations, are well below the level which
would be observed in a system controlled only by hydroxide and carbonate precipitation
(Marcussen et al. 2008b). This indicates that the distribution of PTEs between the sediment
and pore water were controlled by precipitation with sulphide and/or carbonate to a certain
level, fixed by the activity of the corresponding anions, carbonate and sulphide. Below this
concentration level, the sorption would determine the distribution. Thus, it is believed that
the high PTE retention capacity of the Hanoi rivers protected the production systems south
of Hanoi from receiving PTEs.

PTEs in fish, edible plants and vegetables
Concentrations in fish

Most of the cultured fish species in wastewater are filter feeders living of various types on
algae and plankton. Others, e.g. the common carp, are bottom feeders living on benthic
organisms. Thus, any accumulation of PTEs in such feed items may lead to increased levels
of PTEs in the fish.

Maximum concentrations of As, Cd and Pb in muscle, liver and skin of fish cultivated in
wastewater-fed ponds in Hanoi or caught in the Cheung Ek Lake in Phnom Penh are
presented in Table 3. Concentrations were generally low and for many samples below the
limit of detection (LOD). The highest Cd and Pb concentrations in fish from Hanoi were
observed in liver tissue of tilapia which had concentrations above the LODs for all
replicates (Table 3). The mean Cd and Pb concentration in liver samples from tilapia were
0.366 and 0.31 mg kg ' fw., respectively (Marcussen et al. 2007). The highest As
concentrations in fish from Hanoi were found in skin of tilapia which had a average
concentration of 0.15 mg kg ' f.w. Three out of the 20 replicates had As concentrations
below the LOD and were not included in the calculations to obtain an average value.

Arsenic, Cd and Pb concentrations in fish from Cheung Ek Lake in Phnom Penh were
lower than concentration in fish from Hanoi except for skin of blackskin catfish. Blackskin
catfish had high As, Cd and Pb concentrations of 17.3, 0.456 and 0.41 mg kg_1 fw.,
respectively.

The tendency of Cd and Pb to accumulate in liver and As to accumulate in skin of tilapia
as seen in fish from Hanoi are in accordance with observations from other studies.
Preferential accumulation of Cd and Pb in fish liver were observed by Al-Yousuf et al.
(2000); Hollis et al. (2001); Kuznetsova et al. (2002); Canli and Atli (2003); Licata et al.
(2005); Dural et al. (2006) and Reynders et al. (2006). Pedlar and Klaverkamp (2002) found
that As was significantly accumulated in skin of whitefish (Coregonus clupeformis) fed
with a diet containing As. However, As also accumulated in the liver and observed
concentrations were higher in the liver than in the skin. However, higher As accumulation
in skin than liver of the fresh water fish Tribolodon hakonensis has been observed (Takatsu
et al. 1999). Generally, the analyzed fish from Hanoi and Phnom Penh had low As, Cd and
Pb concentrations in the muscle tissue compared to concentrations in other studies (Hollis
et al. 2001; Kuznetsova et al. 2002; Canli and Atli 2003; Licata et al. 2005; Dural et al.
2006; Reynders et al. 2006; Pedlar and Klaverkamp 2002). Relatively high Cd and Pb
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Table 3 Arsenic, Cd and Pb maximum concentrations in muscle, liver and skin tissue of fish from Cheung
Ek Lake, Phnom Penh and wastewater-fed ponds in Hanoi (mg kg ™' f.w.). The number of replicates for each
sample type was 6 in Phnom Penh and 20 in Hanoi. (Marcussen et al. 2007; 2009)

Muscle Liver Skin
Max  Below® Max  Below Max  Below
LOD" LOD LOD
Phnom Penh Swamp eel Monopterus albus As <LOD 6 <LOD 6 0.02 5
Cd 0.017 3 0.017 4 0.028 5
Pb 0.05 5 0.06 4 <LOD 6
Blackskin catfish Clarias As <LOD 6 <LOD 6 17.3 0
meladerma cd <LOD 6 0013 4 0456 0
Pb <LOD 6 0.05 5 0.41 0
Snakehead Channa striatus As <LOD 6 <LOD 6 0.09 4
Cd <LOD 6 0.016 1 0.025 3
Pb <LOD 6 <LOD 6 0.07 4
Hanoi Common carp Cyprinus carpio As 0.12 11 0.11 13 0.03 14
Cd 0.079 5 0.055 5 0.017 11
Pb 0.04 18 0.23 10 0.12 16
Silver carp Hypophthalmichthys As 0.06 14 0.11 14 0.03 16
molitrix cd 0.021 8 0.041 70015 14
Pb 0.05 17 0.07 14 0.06 16
Tilapia Oreochromis niloticus As 0.04 15 0.10 15 0.34

Cd 0.035 9 0.841 0 0.022

Pb  0.08 15 0.68 0 0.06 18

? number of samples with concentrations below LOD

® Limit of detection (LOD) was <0.011, <0.0053 and <0.033 for As, Cd and Pb, respectively

concentrations were found in liver of tilapia and skin of blackskin catfish, whereas the
highest As concentration were found in skin of tilapia and blackskin catfish.

Concentrations in edible plants and vegetables

Concentrations of PTEs observed by Marcussen et al. (2008a, 2009) in water spinach
cultivated with none to high wastewater exposure in Hanoi and in Cheung Ek Lake, Phnom
Penh are presented in Table 4. Concentration ranges of As, Ba, Be, Cd, Cu, Mn, Pb, Tl and
Zn were similar for water spinach cultivated in the two cities. For Sb, Ni, and especially Fe
the maximum observed concentrations were higher in water spinach from Phnom Penh
compared to water spinach from Hanoi (Table 4).

A normal concentration range for PTEs in water spinach grown for human consumption
can not be given since PTE concentrations in this plant species only have been determined
in a few studies at field conditions (Rai and Sinha 2001; Géthberg et al. 2002; Zarcinas et
al. 2004a; Khai et al. 2007). PTE concentrations in water spinach from Hanoi and Phnom
Penh were therefore compared to concentrations found in the few existing studies (Table 4).
These studies included ranges of PTE concentrations in water spinach grown at conditions
ranging from none to high wastewater exposure (Table 4). Water spinach produced in Hanoi
and Phnom Penh had similar or only slightly higher PTE concentrations compared to water
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Table 4 PTE concentration ranges (mg kg ' f.w.) in water spinach grown in Asian countries at different
degree of pollution or wastewater (ww) exposure. N indicates the total number of samples analyzed

Hanoi® Phnom Penh® Malaysia® Hanoi®
N 20 56 6 10
Pollution ~ None to high® None to high No major known High wastewater-
sources wastewater-exposure wastewater-exposure  pollution sources exposure
As 0.033-0.139 0.10-0.19 <0.09-0.9
Ba 1.62-4.81 2.34-5.39
Be 0.001-0.002 0.003-0.011
Cd 0.008-0.032 <0.004-0.022 0.007-0.055
Cu 0.51-2.01 0.93-2.95 0.17-1.6 0.18-1.01
Fe 21-39 45-251
Mn 14.1-55.5 26-43.0
Ni 0.047-0.160 0.109-0.412 <0.03-0.28
Pb 0.104-0.189 0.056-0.206 0.0090-0.10
Sb 0.006-0.012 <0.0033-0.031
Tl 0.008-0.027 0.008-0.014
Zn 4.11-6.01 3.39-9.08 2.8-7.7 2.29-2.87

? Marcussen et al. (2008a)

® Marcussen et al. (2009)

¢ Zarcinas et al. (2004a)

4 Khai et al. (2007)

°High wastewater exposure has been defined as one to several floodings with untreated wastewater

spinach from Malaysia which was cultivated at sites with no known pollution sources
(Zarcinas et al. 2004a; Marcussen et al. 2008a, 2009). Khai et al. (2007) investigated the
concentrations of Cu and Zn in water spinach produced in Bang B village in Hanoi. They
found water spinach concentrations of Cu and Zn in two production plots ranging from
0.18 to 1.01 and 2.29 to 2.87 mg kg~ ' f.w., respectively. In the study by Marcussen et al.
(2008a), water spinach Cu and Zn concentrations ranged from 0.98 to 1.17 and 5.06 to
5.55mgkg ' f.w., respectively. Considering that the standard deviation for Zn concentrations
in water spinach was around 1 mg kg ' f.w. with 4 replicates collected (Marcussen et al.
2008a), the observed differences in Cu and Zn concentrations in water spinach between the
two studies are modest.

In conclusion, production of water spinach in wastewater-fed systems in Hanoi and
Phnom Penh does not seem to result in increased levels of As, Cd, Cu, Ni, Pb and Zn when
compared levels in water spinach from agricultural soils in Malaysia (Zarcinas et al. 2004a;
Khai et al. 2007; Marcussen et al. 2008a, 2009).

Clear differences in the overall PTE concentrations could not be seen in water spinach
as a result of different levels of wastewater exposure when comparing samples from
production systems located in different countries. Since uptake and accumulation of PTEs
in edible aquatic plants have been well-documented and plant concentrations have been
shown to increase with increasing concentrations of available PTEs in the growth medium,
the wastewater exposure was expected to increase the concentrations of PTEs in water
spinach (Kashem and Singh 2002; Kumar et al. 2002; Gothberg et al. 2004; Kamal et al.
2004). However, differences in PTE concentrations may be evident, when plants are grown
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in the same production area and the variation in parameters other than in the wastewater is
limited. Marcussen et al. (2009) used principal component analysis (PCA) to find the major
variations in water spinach concentrations produced in the Cheung Ek Lake, Phnom Penh.
The resulting score plot showed that the major variation in water spinach element
concentrations was associated with the distance to the wastewater inlets. The elements
which differed in concentrations between the wastewater inlets and the lake outlet included
the PTEs Be, Cd, Fe, La, Ni, Pb, Sb and Zn.

In the Hanoi study by Marcussen et al. (2008a) no difference could be seen in the PTE
concentrations of water spinach cultivated under different degrees of wastewater exposure.
A range of factors such as pH, composition and surface characteristics of the soil or
sediment, concentrations of complexing ligands, redox conditions and the total soil element
concentration could influence the bioavailability of elements and thereby their uptake by
water spinach (Sauvé et al. 2000; Tyler and Olsson 2001; Holm et al. 2003; Burton et al.
2005). Age of the plant and the nutritional status could further influence the accumulation
of PTEs. Nakanishi et al. (2000) found that the element concentration in water spinach
leaves were dependent on the age of the leaf. Gothberg et al. (2004) showed decreasing
uptake of Cd, Hg and Pb in water spinach with increasing concentrations of essential plant
nutrients. Differences in the physical or chemical conditions in water spinach production
systems in Hanoi could therefore have hidden any potential effect of wastewater irrigation
on the concentrations of PTEs in water spinach.

The influence of soil pH, organic carbon and total soil element concentrations on the
water spinach element concentrations in samples from Hanoi were investigated by linear
statistical models by Marcussen et al. (2008a). Soil pH had significant influence on the
concentrations of Mn and Pb in water spinach. The total soil concentration of Cr, Cu, Pb
and Zn had significant influence on the concentrations of these PTEs in water spinach.
However, the parameter with the most influence on the water spinach element
concentrations was the soil organic carbon content as it had significant influence on the
concentrations of Ce, Cr, Fe, La, Li, Mn, Nd, Pr, Sr and Y in the water spinach.

In conclusion, elevated concentrations of Be, Cd, Fe, La, Ni, Pb, Sb and Zn were found
in water spinach grown at the wastewater inlets in Cheung Ek Lake compared to samples
collected further away indicating pollution due to wastewater discharge. Though concentrations
were elevated, they were not high compared to concentrations seen in water spinach grown
without wastewater exposure in Malaysia (Zarcinas et al. 2004a). No elevation of water
spinach PTE concentrations occurred in Hanoi due to wastewater exposure.

Food safety risks

The food safety risks associated with PTEs in aquatic food products cultivated in
wastewater-fed systems have so far not been intensively investigated even though concern
has been raised that aquatic production systems and products may contain high PTE levels.

The average consumption of foods in Hanoi is about 1 kg capita ' day ' (Ali et al. 2006)
and the average consumption of water spinach amount to 77.3 g capita ' day ' in peri-
urban Hanoi, whereas the consumption of fish is up to 52.9 g capita ' day ' (Dey et al.
2005). In Cambodia, water spinach is by far the most commonly consumed leafy vegetable
and the total consumption of leafy vegetables has a maximum of 30 g capita ' day '
(Abedullah et al. 2002). Consumption of fresh water fish in Cambodia amounts to 69.4 g
capita ' day ' (FAO 2003a).

The study of water spinach and fish produced in wastewater-fed systems in Hanoi and
Cheung Ek Lake in Phnom Penh generally showed low concentrations of PTEs and low
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food safety risks with respect to these elements (Marcussen et al. 2008a, 2009). The risks
related to consumption of water spinach and fish grown in wastewater-fed systems in Hanoi
and Phnom Penh were determined through a deterministic food safety risk assessment. The
intake calculations were based on maximum concentrations observed in water spinach
and fish muscle tissue. Furthermore, local data for the average body weights and the
consumptions of fish and water spinach were applied (Marcussen et al. 2008a, 2009). The
results of the food safety assessments are presented in Table 5. The consumption of water
spinach produced in wastewater-fed systems in Hanoi and Phnom Penh would result in an
intake of As, Cd, Cu, Pb and Zn corresponding to less than 11% of the tolerable intake set
by the Codex Alimentarius Commission and was assessed to be of low risk to human health
(Table 5).

The Fe intake from water spinach amounted to 7.9 and 20.5% of PTI in Hanoi and
Phnom Penh, respectively (Table 5). Though Fe is a toxic element in high concentrations, it
is also an essential micronutrient. The daily Fe requirement for men and women are 10 and
20 mg day ', respectively, whereas the PTI is 0.8 mg kg ' body weight day '. Iron
deficiency anaemia is common in Hanoi and Cambodia (NIN 2004; NCN 2002). Therefore,
an increased content of Fe in water spinach is more likely to be an advantage rather than to
constitute a food safety risk. The consumption of water spinach would result in a Fe intake
around 3.0 and 7.5 mg day ' for residents in Hanoi and Phnom Penh, respectively. Water
spinach consumption can therefore be important in the diet of such Fe-deficient
populations. The low food safety risks related to consumption of water spinach produced
in wastewater-fed systems was in accordance with similar findings in studies conducted in
Bangkok. Here, Gothberg et al. (2002) found that 12 and 7.5 kg fresh water spinach
produced in wastewater exposed and non-exposed systems should be consumed by adults
before the tolerable intake for Pb and Cd, respectively, were exceeded. Lead and Cd intake
from other commodities was not included in this calculation.

Intake of As, Cd and Pb through consumption of fish produced in wastewater-fed
systems in Hanoi and Phnom Penh amounts to less than 9% of PTI set by the Codex
Alimentarius Commission and is assessed to constitute low food safety risk (Table 5).
However, consumption of liver and skin from some fish should be avoided (Marcussen et al.
2008a, 2009). Few other studies have investigated the accumulation of PTEs in wastewater-
fed fish. However, Shereif and Mancy (1995) found Cd and Pb concentrations above the limit

Table 5 Intake of PTEs in percent (%)* of the provisional tolerable intake (PTI) set by the Codex
Alimentarius Commission”

Water spinach Fish
Hanoi Phnom Penh Hanoi Phnom Penh
As 10.7 5.7 6.6 <0.8
Cd 52 1.4 8.7 2.6
Cu 0.6 0.4 - -
Fe 7.9 20.5 - -
Pb 8.5 3.8 2.5 2.1
Zn 1.0 0.6 - -

* based on the maximum PTE concentrations determined in water spinach and fish, the average body weight
and the average consumption in the Hanoi and Phnom Penh

® FAO/WHO (2003)
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value established by the European Commission of 0.05 and 0.2 mg kg ', respectively in
muscle of fish exposed to untreated municipal waste and agricultural run-off. On the other
hand were concentrations in wild-caught fish from wastewater receiving rivers not found to
constitute a food safety problem (Al-Ogaily et al. 1999; Bosnir et al. 2003).

Conclusion

Use of untreated wastewater for agriculture and aquaculture is widespread around the major
cities in Southeast Asia. In Hanoi and Phnom Penh, wastewater is discharged untreated into
sewage systems and rivers which supply aquatic production systems, i.e. water spinach and
fish. Based on a review of published concentrations of PTEs in water spinach, fish, soil and
sediment of the food production systems, in connected rivers as well as assessments of risks to
food safety with respect to PTE concentrations, the following main conclusions can be made.

Sediments in the wastewater exposed rivers of Hanoi were polluted with PTEs, in
particular with Cadmium (Cd). Most likely due to precipitation of PTEs as sulphides, the
river sediment had a high retention capacity for PTEs. The high retention capacity of the
river sediment prevents PTEs to be transferred to the aquatic production systems in Hanoi.
Soils from Hanoi showed no significant PTE accumulation when originating from sites of
high or low wastewater exposure as compared with sites not exposed to wastewater.
Sediment from Cheung Ek Lake in Phnom Penh had elevated concentrations of some PTEs
at the inlets of wastewater compared to the lake outlet and the control site.

Maximum PTE concentrations in water spinach produced in Hanoi and Phnom Penh were
within or only slightly above the concentration ranges observed for water spinach grown in
agricultural soils not exposed to wastewater. However, water spinach from Cheung Ek Lake
grown near the wastewater inlets had elevated concentrations of some PTEs when compared to
concentrations in water spinach harvested at the lake outlet and at the control site.

PTE concentrations in muscle, skin and liver of fish grown in wastewater-fed systems in
Hanoi and Phnom were low and consumption resulted in an estimated intake of PTEs
amounting to less than 9% of the tolerable intake according to guidelines of the FAO.
However, mean PTE concentrations in liver and skin of some fish were high.

This review shows that use of wastewater for production of water spinach and fish in
Hanoi and Phnom Penh are associated with few if any food safety risks with respect to
PTEs. Furthermore, the wastewater serves as a low cost source of both water and nutrients.
Wastewater use therefore has high benefits for the economy of farmers and the productivity
of the peri-urban aquatic food production systems. However, farmers are directly exposed
to the PTEs from wastewater as they work with little protective measures and have legs and
arms submerged in the water for several hours a day which may result in dermatological
and other health problems. It is also of some concern that river sediment contains high
concentrations of PTEs and there is a risk that PTEs are released both in the rivers and after
dredging. Sustainable solutions must be found to manage the accumulation and possible
release of PTEs in sediment which may be applied to agricultural fields.
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