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Food production in delta areas such as the Vietnamese Mekong Delta (VMD) faces pressures from climate change
effects, primarily salinity intrusion and drought. This urges a transition towards a more sustainable food system,
which is better able to deal with the pressure factors. Multiple transition pathways are considered, including
implementing adaptation strategies at the primary production stage. However, these changes may affect food
safety. This study applied a qualitative framework to investigate changes in the occurrence of food safety hazards
resulting from adopting adaptation strategies at primary production. We selected three case studies (CS) in the
VMD: (1) adaptation in the usage and application of water sources for agricultural production, (2) shifting from
monoculture rice, duck, and fish to an integrated crop-livestock farming, and (3) introduction of a new crop (i.e.,
quinoa). Potential microbiological and chemical hazards were assessed based on a literature study and expert
input, and their likelihood of occurrence in each future scenario was compared to the current situation. The
simplified approach was considered functional given the limited data for future scenarios. Our theoretical
analysis showed that applying different types of fresh water resulted in different hazards (CS 1). Similarly,
hazards in integrated farming (CS 2) would differ from those in separate farming. Quinoa production (CS 3)
might result in similar or reduced hazards compared to rice. Regardless, building awareness on quinoa safety as a
new commodity is crucial. The results of this analysis can inform policymakers and stakeholders to prioritize
food safety hazards for mitigation and monitoring, and ultimately facilitate the joint efforts towards a “safe-by-
design” food system transition.

1. Introduction that aims for a more sustainable food system [2]. Taking into account

the different needs of stakeholders in the food system, multiple transi-

Salinity intrusion and drought are two examples of major stressors
that pressure food production systems worldwide. Especially in delta
areas, these stressors affect not only the availability of fresh water but
also disrupt primary production, resulting in crop losses and affecting
livestock health Rahman et al. [1]. The increasing pressures in delta
areas urge a food system transition from the current to a future situation

tion pathways can be proposed. For agricultural production (i.e., the
primary production stage), transition pathways include the adoption of
adaptation strategies implemented by farmers. Some examples include
reusing water for irrigation, diversifying crops, and considering inno-
vative farming systems. However, such changes may affect food safety
[3,4]. For example, when (waste)water is recycled for irrigation, the
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recycled water can be of low quality and may contain chemical and
microbial contaminants that can be (re)introduced into the food system.
Likewise, applying manure or other residual streams as crop fertilizer
that possibly contain heavy metals (HMs), pathogens, or antibiotic res-
idues could pose a similar risk. In both cases, besides the nutrients,
certain food safety hazards are also introduced in the food system [3,5].
To ensure or improve food safety of a changing food production system
in delta areas, its potential impact on food safety must be evaluated
beforehand, which also aligns with the safe-by-design approach [6].

One of the low-lying delta areas facing increasing pressures from
climate change is the Vietnamese Mekong Delta (VMD). The VMD is
known as Vietnam’s largest agriculture and aquaculture production area
with rice, fruits, vegetables, and aquaculture products as its main
commodities [7]. Besides, VMD is the most important area for food
production in Vietnam as well as the main exporter of food products [8,
9]. Simultaneously, the VMD region is the world’s third-largest delta and
is greatly affected by climate change and saline water intrusion [10].
Salinity intrusion and drought make the VMD vulnerable [9] and are
threatening current food production systems in the VMD, necessitating
adaptation strategies for a more resilient food system [11].

Food systems are complex entities involving a wide range of stake-
holders and interconnected activities across multiple domains. Ap-
proaches to further develop food systems must thus address many issues
simultaneously. Besides efforts that are technical or organisational, as-
pects such as food safety are equally important, though not yet univer-
sally considered [2,12]. Therefore, this study aimed to investigate the
impacts of selected adaptation strategies in the primary production
system in the VMD region on food safety. The results of the suggested
approach will give insight into potential increases or decreases of
chemical and microbial hazards (Fig. 1). The VMD was selected to
evaluate the applicability of the food safety framework to potential
adaptations in the context of food systems transition in delta areas, as
part of the Deltas Under Pressure project [2]. Other delta areas, such as
deltas in Bangladesh and the Netherlands, are dealing with similar
pressures. The possibility of applying this approach to these delta areas
is briefly discussed as well.

2. Methodology
2.1. Food safety assessment framework

This study aimed to evaluate changes in potential food safety hazards
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that may arise as a result of implementing adaptation strategies in pri-
mary production systems. This study focused on the primary production
stage as a starting point in safeguarding food safety along the supply
chain [13]. The methodology employed in this study was based on the
Generic Food Safety Assessment (GFSA), a theoretical framework
designed to help farmers evaluate and control food safety hazards
emerging from changes in their production system [3]. This qualitative,
hazard-based approach was selected over a quantitative, risk-based
approach. Given the general nature of the innovations examined, we
assumed that specific data required for a quantitative risk-based
approach would be lacking (i.e., the concentration or level of certain
food safety hazards in crops or foods of animal origin in the scenarios
under investigation, and the severity of the hazards).

The GFSA consists of five steps (i.e., identify changes, identify po-
tential hazards, establish control measures, implement changes, and
evaluate), and the output is valuable to improve food safety manage-
ment at the farm level. The present study, however, aims to evaluate
potential consequences on food safety from certain changes in primary
production at a higher spatial level (e.g., community or region). Given
the scope of this study, changes in operational activities at the farm level
were not investigated, and steps 1 and 2 of the GFSA were followed with
some adjustments as elaborated below. Steps 3-5 were out of the scope
of this study and were not followed as they require thorough knowledge
of the operational activities and actual implementation by farmers. The
output of this analysis can serve as a starting point for food safety
analysis of certain adaptation strategies involving changes in primary
production at a higher spatial level. Relevant stakeholders in the food
system domain (e.g., farmers, local government, researchers, busi-
nesses) can use the outputs of this study when considering such changes.
If the considered change is applied by a farmer, a full application of the
GFSA can be performed to refine the analysis and provide a more
thorough in-depth analysis conducted on the case at hand.

Step 1: Define the current and future scenarios and identify
potential changes in primary production.

Current and future scenarios of primary production systems were
identified (see below in Section 2.2 for examples). In this study, only the
general aspects of a change in a primary production system were
considered. Whereas specific, operational changes that may occur at
individual farm level were not investigated.
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Fig. 1. Visualisation of the application of the Generic Food Safety Framework to assess potential changes in food safety hazards when considering food system
transitions (case studies in the Vietnamese Mekong Delta). Visual: ©Communication Services, Wageningen University & Research.
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Step 2: Identify potential hazards in the current and future
scenarios.

For both current and future scenarios, the likelihood of occurrence of
potential microbiological and chemical hazards was identified based on
available data from peer-reviewed studies and expert input. Addition-
ally, the Rapid Alert System for Food and Feed (RASFF) database was
consulted to elicit data on the occurrence of food safety hazards in
certain food commodities, where applicable. Finally, grey literature,
relevant legislations (e.g., Vietnamese and the European Union food
safety legislations), CODEX guidelines, and good agricultural practices
(GAP) were consulted as well.

The likelihood of occurrence of each potential hazard in the future
scenario was compared to that of the current system. It was qualitatively
expressed as ‘new’, ‘eliminated’, ‘increased’, or ‘decreased’. A new
hazard refers to a hazard that can be expected to occur in the future
system but is not likely to be present in the current system. In contrast,
an eliminated hazard refers to a hazard that occurs in the current system
but is not expected to occur in the future system. Likewise, increased and
decreased hazards refer to hazards that are expected to occur at higher
and lower levels in the future system as compared to the current system,
respectively [4].

2.2. Selection of case studies within the VMD

Literature study, a field visit, and expert interviews were performed
to gain a comprehensive understanding of the current situation and
expected changes or possible adaptation strategies in the primary food
production system in the VMD. Interviews involved several experts from
Wageningen University & Research, and a set of questions was used as a
guideline during the interviews. These experts were selected based on
their current or previous experiences regarding food systems and/or
food safety-related research in delta areas, including the VMD. Further
details on the experts involved and questions asked are available in
(Supplementary Materials - Appendix A). A field visit to the VMD in
December 2023 facilitated conversations on the primary production
system and food safety with farmers, local authorities, and researchers
based in the VMD. Based on the literature study, the expert opinions, and
the field visit, an inventory of ongoing and expected adaptation strate-
gies in primary production systems that are occurring or may occur in
the VMD was summarized in Supplementary Materials (Appendix B —
Table B1). Based on this output, three case studies that reflected some of
the most important adaptation strategies and represented major primary
production systems in the VMD were selected. Case study 1 (using
alternative water sources) was selected because water availability and
quality are major factors that severely affect agricultural production in
the VMD in general. One of the current changes in the transition process
is to switch to available water sources other than the usual ones. Case
study 2 represents a major challenge due to drought and salinity intru-
sion, namely rice production which is one of the most important
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agricultural production systems in the VMD. Shifting from growing rice
in monoculture to an integrated rice-livestock farming system is
considered an adaptation strategy to better cope with the expected
longer periods of drought. Case study 3 considers the introduction of
quinoa as a drought and salt-tolerant crop in the VMD. Case studies 1
and 2 represent ongoing and upcoming adaptation strategies, while case
study 3 pertains to a possible future scenario. Each selected case study is
further described below and visualized in Fig. 2.

2.2.1. Case study 1 - water: adaptation in the usage and application of
water sources for agricultural production

Fresh water in the VMD is expected to become even more scarce due
to the impacts of climate change, salinity intrusion, and drought, among
other pressures [10]. Agricultural practices such as rice farming and
aquaculture also drive (fresh) water use competition in the VMD [14].
To cope with fresh water scarcity, one of the expected adaptation stra-
tegies is to explore various other fresh water sources. Surface water was
identified as one of the most important water sources in the VMD [15].
Surface water can originate from rivers and primary canals, as well as
smaller canals (secondary and tertiary canals). Other water sources are
groundwater (home-drilled wells) and domestically collected rainwater
(e.g., collected rainwater stored in a pond). Since the likelihood of mi-
crobial and chemical hazards occurring varies between these sources,
changes in water source usage potentially impact food safety. The
water-food nexus emphasizes the significance of fresh water availability
to achieve food security, of which food safety is an integral part [16].
Due to possible differences in food safety hazards in the river water
versus the smaller canals, surface water was evaluated in two
sub-categories, i.e., river and primary canal, and secondary and tertiary
canals. Thus, this case study evaluated the use of four types of fresh
water sources for crop cultivation and as drinking water for livestock:
(1) surface water from rivers and primary canals, (2) surface water from
secondary and tertiary canals, (3) groundwater, and (4) domestically
collected rainwater.

2.2.2. Case study 2 - farming system: from a monoculture to an integrated
crop-livestock farming system

Rice (Oryza sativa L.) is a major agricultural product in Vietnam, and
rice production in the VMD accounts for more than half of Vietnam’s
total rice production [17]. However, intensive rice production uses a
significant amount of fresh water and depletes soil nutrients rapidly.
Next to that, agrochemicals (pesticides, fertilizers) are repeatedly
(overly) applied. Additionally, water scarcity and salinity intrusion are
challenging the need for fresh irrigation water for rice production in the
dry season [18]. Integrated crop-livestock farming (also known as mixed
crop-livestock farming) is a common agricultural production system in
some Asian countries that has been practiced for years [19,20] and is
considered a promising strategy to cope with current challenges. In this
case study, the production of rice, duck, and freshwater fish in mono-
culture systems represents the current system. The future system refers

C. Case Study 3
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Fig. 2. Schematic figure of the three case studies. A Case study 1: Water: adaptation in the usage and application of water sources for agricultural production; B Case
study 2: Farming system: from a monoculture to an integrated crop-livestock farming system; C Case study 3Quinoa: introduction of a new crop.
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to the integration of crop (i.e., rice) and livestock (i.e., duck and fish).
Representing the majority of the farms in the VMD, small-scale agri-
cultural production was considered. Characteristics of the selected cur-
rent and future systems are summarized in Table 1.

2.2.3. Case study 3 - quinoa: introduction of a new crop

The third case study focused on the introduction of a new crop as the
future scenario, which was compared to the production of rice as the
current crop. Intensive rice production requires a large amount of water.
To cope with water scarcity and increased salinity levels in the VMD,
other crops that are more tolerant to drought and salinity can be
considered. Kaveney et al. [21] explored a range of salt- and
drought-tolerant crops as alternative crops to grow in the VMD. Among
the considered crops was quinoa (Chenopodium quinoa Willd.). As quinoa
is a new crop species in the VMD, its potential food safety hazards should
be evaluated in advance.

3. Results

The framework was applied to the three selected case studies. Based
on available literature and experts’ knowledge, qualitative evaluation
was performed on the likelihood of occurrence of food safety hazards in
the future scenarios compared to the current system. Using a descriptive
reporting approach, results for each case study are elaborated below.
These should not be seen as an exhaustive list of possible hazards
associated to the current and future scenarios evaluated but rather to
showcase the applicability of the framework.

3.1. Case study 1 — water: adaptation in the usage and application of
water sources for agricultural production

The possible usage of four different fresh water sources for irrigation
and livestock drinking water were compared for their occurrence of food
safety hazards. These water sources were (1) surface water: river or
primary canal, (2) surface water: secondary or tertiary canal, (3)
groundwater: home-drilled well, and (4) rainwater: domestically
collected rainwater. In the current situation, all water sources are used,
with surface water being one of the important sources. In the future, the
balance in the use of water sources could shift since surface water is
likely to become brackish, at least temporarily. The possible impact of
using different water source on the described hazards, and whether their
occurrence is likely to become prominent, is summarized below and
depicted in Fig. 3.

Table 1
Characteristics of the current and future scenario in case study 2.
Commodity  Current Future
Rice Monoculture rice, e.g., rice o Integrated farming where rice,

cultivated in flooded field 2-3
times per year.”
Duck e Local feeds such as water
plants, kitchen waste, broken
rice, and rice by-products are
used.”
Ducks can forage in
backyards, nearby ditches,
and ponds.”
Fish are grown in ponds, cage
culture in river, at a small
scale."
Agricultural by-products,
homemade feed and com-
mercial feed are used.”

fish and duck are grown
simultaneously in rice fields
(outdoors).

Ducks and fish feed on weeds
and pests (insects, snails).
Rice benefits from the
droppings of duck and fish as
an organic fertilizer.

Fish

# Kaveney et al. [21], Kim Dang et al. [22].
> FAO [23].
¢ Tri et al. [24].
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3.1.1. Microbiological hazards

Foodborne pathogens, parasites, and viruses. Water can be a
source of pathogenic bacteria, such as Escherichia coli, Salmonella spp.,
and Listeria monocytogenes [25,26]. Only a limited number of papers
indicated actual levels of specific pathogenic bacteria in the different
water sources in the VMD. Therefore, total coliform counts were used as
an indicator. Most surface waters in the VMD exceeded the Vietnamese
standards for surface water quality for coliform contamination [27].
Also, domestically collected rainwater was often contaminated, as 92 %
of the collected rainwater samples collected in a study performed in the
VMD showed bacterial contamination [28]. In general, total coliform
counts in surface water were roughly 10-fold higher than in domestically
collected rainwater. Finally, groundwater contaminated with faecal
matter is ubiquitous in the VMD. In a study assessing groundwater
quality at 64 sampling sites in the VMD, 81 % of the samples were found
to be contaminated with coliforms [29]. Nevertheless, levels in
groundwater were considerably lower than in rainwater or surface water
(about 50- and 500-fold lower, respectively). Overall, most pathogens
are expected to occur in surface water, followed by rainwater and
groundwater.

Apart from pathogenic bacteria, water is a common way of trans-
mission of parasites such as Giardia, Cryptosporidium, and Cyclospora
[25] whereby particularly fresh produce can become contaminated.
Cattle and pigs were reported to be a source of the parasite Cryptospo-
ridium parvum [30]. No data on the occurrence of Giardia or Cryptospo-
ridium in water sources in the VMD were found in literature. However,
surface water from Northern Vietnam was reported not to be contami-
nated with Giardia or Cryptosporidium. Meanwhile, contamination with
both parasitic species was reported in sewage canals and vegetable
samples from that area [31]. Overall, no conclusion can be drawn
regarding the effect of applying a certain water source in the VMD on the
possible occurrence of parasites.

Certain environmentally stable viruses may also be transferred via
water to food products. More specifically, viruses that can be transferred
via the faecal-oral route, such as norovirus or hepatitis, can be relevant
hazards for transfer via irrigated crops [32,33]. No data related to viral
contamination in water sources in the VMD were found in the literature.
Since faecal contamination is the most likely source of viral contami-
nation in water sources, the hazard pattern for viral contamination was
thus assumed to follow that of bacterial hazards, since faecal contami-
nation was also the most likely source of bacterial water contamination
(Fig. 3). The occurrence of food-borne viruses was therefore evaluated as
being most likely in surface water, followed by domestically collected
rainwater, and least probable in groundwater.

Besides the intended use of water, extreme weather events such as
floodings, which are increasingly occurring in the VMD due to climate
change, can result in water contaminations in the primary production
system. Especially diarrheal diseases were reported to correlate with
such events, although no causal relationships were established [34].
Another study, however, detected human enteric virus Rotavirus A in
floodwater in Can Tho, located in the VMD. Levels of these microor-
ganisms were in the range of those in sewer water, indicating a potential
human health risk [35].

3.1.2. Chemical hazards

Different groups of chemical hazards can be present in water sources.
The following chemical hazards were considered relevant for water
sources in the VMD.

Natural toxins. Natural toxins may be present in water, such as
cyanotoxins produced by algae blooms. There are various forms of
cyanotoxins, whereby the hepatotoxic microcystins which are associ-
ated with liver cancer, are of main concern. Microcystins were reported
to be found in various water sources in Vietnam, as well as in the VMD
[36]. High levels were particularly reported in duck and fishponds, and
in water reservoirs. Additionally, algae blooming in a canal sample was
detected, but with a low microcystin concentration compared to the
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Future scenario
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Fig. 3. Expected changes in the likelihood of occurrence of food safety hazards in changing from one water source in the current situation to another water source as
a future scenario. n.a. not applicable, + increased (in orange), - decreased (in green), ~ similar (in yellow), ? unknown (in grey). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

other samples [36].

Heavy metals. The main sources for HM contamination of water
sources are geological sources and industrial pollution. In the VMD,
arsenic pollution of geological origin is a relevant food safety hazard
[36]. Reported concentrations of arsenic in the Mekong River water
were low with concentrations ranging between 0.1 and 0.3 pg/L [37],
while groundwater samples contained higher amounts of arsenic. Over
75 % of the studied groundwater samples reported arsenic concentra-
tions that exceeded the limit of 10 pg/L as set by the WHO [38], and all
groundwater samples from 16 shallow tube wells for agricultural use
had elevated arsenic concentrations of 60-900 ug/L of arsenic [37]. In
addition, agricultural fields irrigated with groundwater had higher
levels of arsenic than fields irrigated with river water [37]. Domestically
collected rainwater was reported to contain traces of various HMs. In
particular, lead contamination was frequently (17 %) reported at con-
centrations exceeding both the WHO and Vietnamese drinking water
standards of 0.01 mg/L, while arsenic was reported not to be present in
concentrations exceeding these standards in domestically collected
rainwater samples [28]. Furthermore, it was reported that increased
drought in combination with acid sulphate soil used for food production
can pollute surface water as well as shallow groundwater by amongst
other HMs [14].

Pesticide residues. Pesticide residues are reported to widely
contaminate (drinking) water sources throughout Vietnam, although the
level of contamination and the types of detected pesticides vary per
water source, sampling location, and throughout the year. A study from
Chau et al. [39] in the VMD compared pesticide contamination in

various water sources and reported that surface waters were the most
heavily contaminated. Also, all analysed harvested rainwater samples
were found to be contaminated with pesticide residues, possibly as a
result of spray drift, whereby residues ended up on rooftops, and sub-
sequently flushed in with the domestically collected rainwater. Finally,
5 out of 22 samples of groundwater from home-drilled wells were found
to contain pesticide residues, though their concentrations were lower
than in the analysed surface and rainwater samples [39].

Other chemical contaminants. Water may be contaminated by a
range of (environmentally relevant) chemicals. These contaminants can
originate from anthropogenic activities like mining, industrial and
agricultural activities, including improper agricultural waste manage-
ment such as burning or burying plastic mulch and residuals, and
packaging of fertilizers and pesticides. A wide variety of chemical con-
taminants, such as per- and polyfluoroalkyl substances (PFASs), can
subsequently pollute soil and water [40]. A baseline study on PFASs in
Vietnamese river ecosystems reported that perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonic acid (PFOS) were consistently
detected in surface water, which included the Mekong River, and their
levels were particularly high in surface water from a channel that
received wastewater treatment plant discharges [41], illustrating the
connection with industrial activities. Furthermore, Vietnam is one of the
biggest plastic material consumers and a top contributor to plastic
waste; consequently, microplastic pollution can be expected in the
aquatic environment [42]. A baseline study on microplastics in Vietnam
observed that microplastic concentrations in surface waters in the VMD
exceeded concentrations of microplastics in other rivers in Vietnam
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[43].

3.2. Case study 2 — farming system: from a monoculture to an integrated
crop-livestock system

Relevant microbiological and chemical food safety hazards that
might occur in an integrated crop-livestock system were identified and
compared to their occurrence in the monoculture system as elaborated
in the following section and summarized in Fig. 4.

3.2.1. Microbiological hazards

Foodborne pathogens, parasites, and viruses. Microbiological
hazards are considered existing hazards in rice, duck and fish. Some
foodborne pathogens are specifically related to a certain food product.
For example, rice is commonly associated with Bacillus cereus contami-
nation, a spore-forming foodborne pathogenic bacterium [44]. With
regards to ducks, limited studies reported that foodborne pathogens
frequently detected in ducks were Staphylococcus aureus, Campylobacter
spp. and Salmonella spp. [45-47]. Ducks raised (partly) outdoors are also
prone to infectious avian diseases, including highly pathogenic avian
influenza (HPAI) [48]. HPAI is a major concern for poultry health,
however, there is no evidence that this virus could be transmitted to
humans through the consumption of contaminated poultry products
[49]. Freshwater fish are also prone to contamination with bacterial
pathogens, especially to those linked to the aquatic environment such as
Vibrio spp., Listeria monocytogenes, and Yersinia spp. [50]. Novoslavskij
et al. [50] reported that V. parahaemolyticus was detected in 50 % of fish
samples collected from Vietnam, mainly in marine fish but also in
freshwater fish. Furthermore, FAO reported on multiple outbreaks in
Southeast Asian countries involving Group B Streptococcus (also referred
to as Streptococcus agalactiae), that were linked to the consumption of
freshwater fish such as tilapia [51]. A wide variety of helminth species
(parasitic worms) were also detected in freshwater fish in Vietnam, both
from farmed and wild-caught fish [52]. Rearing multiple species (in this
case duck and fish) at the same location might affect parasites infection
as this condition provides an increased potential for the completion of
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=
[
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Fig. 4. Expected changes in the likelihood of occurrence of food safety hazards
in a future scenario of integrated farming of rice, duck, and fish compared to the
current system (i.e., separate farming system for rice, duck, and fish). n.a. not
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low), ? unknown (in grey), new (in blue). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)
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the life cycle of the parasite. These parasites can possibly be transmitted
to humans if meats are not cooked properly. For example, fish is the
second intermediate host for Gnathostoma spp. (nematode), while
poultry, including duck, is a paratenic host [53]. Overall, studies on the
occurrence of microbiological hazards in crop-livestock systems are
lacking, and it is therefore difficult to estimate how such a farming
system would affect hazards compared to monocultures.
Antimicrobial resistance. The application of veterinary drugs,
including antimicrobial use (AMU), is common in Vietnamese livestock
production and considered a major driver in the development of anti-
microbial resistance (AMR) in the country [54]. The quantity of anti-
microbial active ingredients used per kilogram of animal biomass in
Vietnam was estimated to be 1.5 times higher than in EU countries [55],
with prophylactics being the most widely used antimicrobial [56].
Specific data on AMU in duck and freshwater fish in the VMD are
lacking. In integrated fish/livestock farms, higher AMR in fish was
observed as compared to fish monoculture and this was contributed to
the shedding of livestock faeces (e.g. duck, chicken, pig) in the water
[57,58]. The same studies reported that AMR in livestock faeces has
been related to the respective AMU during livestock production. With
regards to the rice-duck-fish farming system, it remains uncertain
whether the application of antimicrobials and other veterinary drugs (e.
g., antiparasitic agents, coccidiostats) will be affected compared to
monoculture farming and how it will affect AMR in the products thereof.

3.2.2. Chemical hazards

Natural toxins. Rice can be contaminated by naturally produced
toxins such as cyanotoxins (e.g. microcystins) and mycotoxins. For
example, microcystins were detected in rice, although at a very low level
that was not considered a concern for humans [59]. Microcystins were
also found in fish and duck samples from the VMD [36]. The occurrence
of cyanotoxins such as microcystins would be more likely to be influ-
enced by the water quality (as elaborated in case study 1) than by
shifting to an integrated crop-livestock system. Like other cereals, rice is
vulnerable to mycotoxin contamination, i.e., toxic metabolites of certain
fungal species. Several mycotoxins have been commonly associated with
rice including aflatoxins, citrinin, fumonisins, zearalenone (ZEN), and
ochratoxin A (OTA) [60]. Phan et al. [61] also reported that rice pro-
duced in the VMD was often contaminated by aflatoxins and fumonisins.
However, it remains uncertain whether growing rice in an integrated
rice-livestock system could affect fungal infection and subsequently
mycotoxin concentrations in rice. In rice monoculture, pesticide appli-
cation is a common practice to control pests. In an integrated farming
system, ducks and fish may also help reduce insects that can subse-
quently contribute to fungal spread, next to or instead of pesticide
application. Considering this information, mycotoxin levels in rice in a
rice-livestock system might not be significantly affected as compared to
rice production in monoculture, as pests are controlled in both systems
through different mechanisms.

Mycotoxins and their metabolites can also be found in food of animal
origin (including fish and poultry meat) due to exposure to mycotoxin-
contaminated feed [62]. In an integrated farming system, this might be
less concerning as both duck and fish will receive less animal feed and
largely feed on insects, plankton, and weeds (i.e., naturally available
feed sources). It is also assumed that the animals will not feed on rice
grains. In this case, the likelihood of the animals being exposed to my-
cotoxins via contaminated feed might be reduced.

Pesticide and veterinary drug residues. Pesticides are commonly
applied in rice cultivation to control a range of pests such as insects,
weeds, and fungal and bacterial pathogens [63]. Pesticide application
can result in residues in rice grains, especially in the case of excessive use
driven by various factors, such as high pest occurrence or lack of
knowledge, or safety awareness by farmers [64]. The same study also
reported that pesticide residues were higher in permanent rice systems
than in alternating rice-shrimp systems.

Integrating duck-fish into rice farming serves as weed and pest
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control to rice plants [20,65,66]. This interaction might lead to reduced
pesticide application in rice cultivation compared to monoculture rice as
also observed in previous studies [67,68]. Consequently, it can be hy-
pothesized that the level of pesticide residues in rice could be lower
when cultivated in an integrated farming system. Pesticide residues in
ducks could be considered an existing hazard as in both current and
future scenarios ducks forage in the rice field; however, the exposure
might be reduced due to the lower pesticide application in the integrated
farming system. Finally, Braun et al. [64] reported that alternating
rice-shrimp farming could be vulnerable to cross-contamination of
hazards. For example, pesticides residues from rice could be found in
shrimp, while antibiotics from shrimps may end up in rice. In our case
study, pesticide residues from rice fields could be considered a new
hazard in fish as compared to pond farming.

Heavy metals. HMs and trace elements are widely present in the
environment, particularly copper, zinc, lead, cadmium, arsenic, and
chromium [69]. Rice plants can contain a range of these toxic elements
by accumulating these elements from the environment, especially from
the soil [70-72]. Arsenic and cadmium are considered the main toxic
metals in rice [70,73].

In an integrated rice-duck-fish system, multiple farming practices
can be applied, which all may affect HM deposition in the resulting
edible plant or animal parts. For example, fertilizers and pesticides may
contain substantial amounts of HMs and their application could lead to
HMs uptake by plants and animals [74,75]. Some feed supplements may
contain essential elements such as iron, copper, and zinc as well as toxic
elements such as lead, cadmium, and nickel [76,77]. Chanpiwat et al.
[78] reported that HMs in fish are influenced by farming practices,
specifically due to the use of chemicals (e.g., feed formulation, fish
health management, etc.). The same study reported that traditional fish
farming practices in the VMD characterized by feeding with traditional
feed (mixed rice bran, broken rice, etc.) and regular pond draining could
reduce HM uptake in fish.

On the one hand, the interaction between crop and animals in an
integrated rice-duck-fish system can result in a mutualistic interaction,
leading to reduced fertilizer and pesticide application, and thus possibly
reduced HM deposition [20,65,66]. On the other hand, the presence of
animal manure may result in increased HM deposition. Furthermore,
studies showed that exposure to outdoor environment could increase the
likelihood of HM concentrations in animal-derived food products (i.e.,
meat), as was observed in poultry raised with outdoor access and
free-range poultry [79,80].

Regardless of the hypothesis above, no studies were found that
investigate the impact of an integrated rice-duck-fish farming system on
the occurrence of HMs in the resulting products. Duan et al. [81] re-
ported that HM concentrations in rice and fish grown in a rice-fish
system were considered safe for human consumption. However, this
study did not investigate HM levels in products grown in a rice or fish
monoculture system and thus levels could not be compared between the
two  systems. Altogether, the effect of an integrated
rice-duck-fish-farming on the occurrence of HMs was evaluated as
unknown.

Other chemical contaminants. Next to water, agricultural land can
be a source of contamination due to anthropogenic (environmental)
chemical contaminants, such as dioxins, polychlorinated biphenyls
(PCBs), polycyclic aromatic hydrocarbons (PAHs), PFASs, and micro-
plastics. Specifically relevant for Vietnam is the spraying of tactical
herbicides including Agent Orange during the Vietnam war
(1965-1972) [82]. The herbicide was contaminated with a toxic and
persistent dioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin; TCDD) [82,83].

In comparison to rearing animals indoor, outdoor access might in-
crease the exposure to (persistent) environmental chemical contami-
nants. These contaminants could be taken up and accumulate in animal
tissues, consequently resulting in higher levels as compared to indoor
rearing. For example, livestock reared outdoor can accumulate dioxins
in their tissues [84,85]. Such an occurrence has for example been

Journal of Agriculture and Food Research 23 (2025) 102262

observed in free-range eggs in Vietnam [86].

In both current and future systems, ducks have outdoor access and
could be exposed to above contaminants. Thus, the likelihood of
occurrence of these contaminants in ducks was evaluated as similar. For
fish grown in an integrated farming system, it remains unknown
whether exposure to environmental chemical contaminants would be
affected. Meanwhile, rice is grown outdoor in both current and future
system, and since outdoor exposure could be considered the major
source of these contaminants, their levels are expected to be similar.

3.3. Case study 3 — quinoa: introduction of a new crop

In the third case study, growing quinoa instead of rice was evaluated
for its potential impact on food safety. Available literature data for
quinoa on certain foodborne pathogens, mycotoxins, HMs, and pesticide
residues were analysed, as summarized in Fig. 5.

3.3.1. Microbiological hazards

Data on the occurrence of foodborne pathogens in quinoa are
limited, with available studies reported that quinoa seeds harboured a
wide variety of yeast, fungi, and bacteria, including spore forming Ba-
cillus spp. [87,88]. The presence of Bacillus spp. can be considered a
quality concern as it may affect the quality of quinoa-based products
such as bread and quinoa-based drinks [88,89]. Additionally, the
pathogenic species Bacillus cereus pose a safety concern due to its
heat-resistance ability [87]. Accounting available data, B. cereus can be
considered a potential microbiological hazard for both rice and quinoa.
However, the comparison of its occurrence in rice and quinoa is not
known.

3.3.2. Chemical hazards

Natural toxins. Mycotoxins are a common food safety issue in
tropical regions like Vietnam [90]. Like in other (pseudo)cereal grains,
the occurrence of mycotoxins in quinoa can be expected as well. A study
reported that although Penicillium spp. and Aspergillus spp. were found to
be present in quinoa, only fumonisin B1 was detected in trace amounts,
while other mycotoxins that can be formed by these species were absent
(i.e., aflatoxins, cyclopiazonic acid and citrinin) [91]. These authors
argued that the low mycotoxin levels in quinoa were due to its character
as small grains; small grains (like amaranth) were reported to be less
susceptible to mycotoxins than larger grains such as corn [91]. In
another study, Vasquez-Ocmin et al. [92] reported beauvericin and
enniatins as emerging mycotoxins as these Fusarium mycotoxins were
frequently reported in pseudocereals (quinoa included) but not yet
regulated. Meanwhile, RASFF data (2019-2024) showed two notifica-
tions on OTA levels in quinoa above the EU limit for cereal products of 3
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Fig. 5. Expected changes in the likelihood of occurrence of food safety hazards
in quinoa cultivation as a future scenario compared to rice cultivation as the
current system. Decreased as - (in green), = similar (in yellow), ? unknown (in
grey). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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pg/kg [93], while there are no notifications of other types of mycotoxins
in quinoa. To conclude, data on the occurrence of mycotoxins in quinoa
are scarce and more studies are required to understand their suscepti-
bility to mycotoxins. Regardless, mycotoxins can be considered potential
hazards in both rice and quinoa, although the specific mycotoxins and
their level might differ between the two crops.

Pesticide residues. Both rice and quinoa may contain some residues
from pesticide application during cultivation and post-harvest steps.
Findings from literature indicated that pesticide residues could be pre-
sent in quinoa [94]. RASFF notifications from 2019 to February 2024
also involved the presence of unauthorised substances (i.e., ethylene
oxide and chlorpyrifos) in imported quinoa entering the EU market.
Ethylene oxide is commonly used as fumigants in cereals, but its use is
banned in the EU [95]. Currently, Vietnam has no specific regulations on
the use of ethylene oxide in food and agricultural production [96];
however, nine RASFF notifications from 2022 to 2024 concerned export
products from Vietnam, mainly instant noodles, suggested that this
pesticide was used in Vietnam. No directly comparable data on pesticide
residues on quinoa and rice were reported in the literature, to the best of
our knowledge. Due to pesticide application during cultivation and the
post-harvest stage, pesticide residues are considered common hazards in
crops, including rice and quinoa; however, the substances and concen-
trations thereof may differ depending on the application.

Heavy metals. Like in cereals such as rice, HMs can be considered as
a potential food safety hazard in quinoa, as quinoa can accumulate HMs
[97,98]. Both quinoa and rice are known to be able to accumulate HMs
present in the soil and irrigation water. A high cadmium concentration
(0.38 mg/kg) was reported in quinoa samples grown in contaminated
soil in Chile [99]; this concentration was higher than the EU maximum
level of cadmium in quinoa [93]. Pizarro et al. [99] also reported a high
concentration of arsenic (0.2 mg/kg); although no regulatory limit was
found for arsenic in quinoa. The EU sets the maximum level for arsenic
in rice at 0.15 mg/kg [93]. Another study from Peru reported HM
concentrations in both rice and quinoa, showing generally lower con-
centrations in quinoa compared to rice. Arsenic and cadmium concen-
trations in quinoa were 0.06 and 0.02 mg/kg, respectively, compared to
0.17 and 0.11 mg/kg in rice [100].

Based on available literature data, it seems that quinoa accumulates
HMs to a lower extent as compared to rice. However, further studies
comparing the uptake of the two crops are needed to clarify this, since
quinoa is also reported regularly in literature as a hyperaccumulator (i.e.
plants that can accumulate high levels of heavy metals in their tissues)
[96,98].

4. Discussion

In this study, a theoretical generic food safety framework was
applied to identify changes in the likelihood of microbiological and
chemical food safety hazards occurring in current and possible future
food systems in the VMD. Microbiological and chemical hazards were
identified for three case studies. Case study 1 explored the effect of
changing water sources for agricultural purposes. Our theoretical anal-
ysis found that shifting from surface water to groundwater or collected
rainwater would likely decrease the occurrence of most chemical and
microbial hazards. An opposite shift would be expected to increase these
hazards.

Case study 2 discussed a change from separate rice, duck, and fish
farming to an integrated rice-livestock farming system. Compared to
separate farming systems, some new hazards could occur in the inte-
grated farming system, such as veterinary drug residues in rice and
pesticide residues in fish. Some hazards were expected to decrease, for
instance, pesticide residues in rice and ducks, and mycotoxins and vet-
erinary residues in ducks and fish. Some hazards were expected to
remain similar, such as mycotoxins in rice and environmental contam-
inants in rice and ducks. The likelihood of other hazards (pathogenic
bacteria, AMR, heavy metals) in an integrated system could not be
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determined due to the lack of data. Furthermore, various factors related
to the farming system could influence the occurrence of these hazards,
such as animal feeding and agrochemical application (pesticides, vet-
erinary drugs).

Case study 3 dealt with the introduction of quinoa as a new crop in
the VMD. This change would probably result in a reduced or similar
likelihood of chemical and microbial hazards as compared to rice. As
quinoa would be a new crop in Vietnam, it can be assumed that the local
population would not consume this grain on a large scale soon, and that
quinoa production in the VMD will be, at least initially, mainly for
export markets such as the American and European markets. This
example emphasizes that changes in a food production system in a
certain country will not only affect food supply chains locally and na-
tionally with all their opportunities and hazards, but also internationally
due to the globalized supply chain. Moreover, as quinoa is a new com-
modity in Vietnam, building awareness on food safety parameters in the
supply chain is an important step in supporting efforts to transition to a
more sustainable food system.

Across the case studies, water quality can be considered an important
factor affecting food safety hazards, as elaborated in case study 1 and
corroborated in case studies 2 and 3. Furthermore, water quality is
affected by many environmental factors such as geographical location
and season. For example, contaminated or acidic sulphate soils can lead
to water contamination, and so can algae blooms [59,101]. Specific to
the VMD, the long-term impacts of Agent Orange are to be considered
[82,83]. Changes due to climate change, such as expected increases in
water temperature and respective influences on contaminants, need
further attention in the long term. It is, thus, important to carefully
examine local factors when evaluating food safety hazards in the context
of food system transitions, as these can have a great impact on the
outcome of the hazard analysis.

The qualitative framework can be easily adopted and applied to
other delta areas facing similar pressures as in the VMD, such as the
Netherlands and Bangladesh. Of the three case studies in the VMD, case
study 1 is the most directly applicable to The Netherlands as another
low-lying delta region although located in Europe. Dutch farmers also
cope with different water sources and trade-offs, though specific con-
ditions will differ. Dutch groundwater can be brackish, may contain
pesticide residues, and its use can contribute to land subsidence. Surface
water quality can be enhanced through flushing carried out by the water
authorities (i.e. government body responsible for water management).
Some farmers started to collect and store rainwater at a large scale, both
underground and above ground, which can again possibly result in
specific hazards. Similar to case study 3, efforts to introduce new crops
in The Netherlands such as polder rice and soybean are currently
ongoing, though still very incipient [102].

Bangladesh, located in south Asia, is another important delta
currently facing similar pressures on climate change. It was evaluated as
the most vulnerable country to climate change according to the Global
Climate Risk Index (Harmeling [103] as cited in CIAT; World Bank
[104]) These pressures are severely affecting agricultural production in
Bangladesh and drive the adoption of some adaptation strategies. Cor-
responding to case study 1, farmers in Bangladesh must find other water
sources to cope with water scarcity. Groundwater is used in 80 % of
cultivated area [104], while other sources are also continuously
explored such as river water and (harvested) rainwater. Using ground-
water is crucial to fulfil water demand, however, this practice results in
lowering the groundwater table, creating new problems. For example,
farmers need to use diesel-powered wells to extract groundwater in the
field, which can result in oil spills. Such incidents contaminate both
water and fields. Agricultural production in Bangladesh also faces
common issues with intensive farming. The overuse of agrochemicals
(mineral fertilizer, pesticides) [105] and their impurities [106] contin-
uously challenge the safe production of food. Various strategies are
being explored to tackle this ongoing issue. For example, farmers adopt
various approaches in rice cultivation, such as alternate wetting and
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drying, direct seeding of rice, and bed planting to reduce groundwater
demand for agriculture. Another example is the adoption of new farming
systems in Bangladesh, similar to the integrated farming investigated in
case study 2. Moreover, several new crops with certain traits such as
drought- and salt tolerance have been introduced in Bangladesh to adapt
to climate change pressure, similar to case study 3. These crops include
quinoa, perilla, dragon fruit, and tomatillo. The introduction of new
crops may impact the agricultural practices, such as pest management
approaches. Altogether, the food safety risks of newly introduced crops
in Bangladesh still need further investigation.

In the present study, the application of the framework was shown to
be useful to pinpoint a selection of relevant hazards when shifting to a
different primary production system. For example, case study 2 on the
integrated-farming system showed that pesticide residues originating
from rice cultivation could be considered a new hazard in fish-derived
products of a rice-duck-fish integrated system compared to pond
farming of fish alone. This is important to understand in advance to
ensure the safety of derived food products. However, it also became
evident that a lack of available literature hampered the outcomes of the
analysis. Especially direct comparisons of relevant samples of both the
current and future scenarios were largely lacking. Undertaking more
research and data collection on levels of chemical and microbial hazards
in different food systems is recommended to complete and refine the
analysis. In this sense, applying this food safety framework also provides
an overview of knowledge gaps in the current literature. Important to
note is that the applied framework was limited to analysing impacts at
the primary production stage, while impacts can also occur at a later
stage in the food supply chain. A full supply chain analysis could thus be
considered to provide a thorough overview of the effects of adopting an
adaptation strategy at the primary production level on food safety
hazards. This knowledge can help to formulate specific food safety ob-
jectives in a food system transition process. Adaptation strategies in the
farming systems will have multifaceted impacts. While this study fo-
cuses on the impacts of changing farming systems in delta areas with a
focus on food safety effects, impacts on other areas such as socio-
economics, biodiversity, and environment should be considered as
well. Moreover, upstream factors (e.g., fair sourcing of adequate quality
inputs), downstream factors (e.g., impact on public health due to dietary
choices) and further societal effects of the changing production systems
over time and space should be included in a comprehensive approach.
Stakeholders are active at various levels of production systems, value
chains, and ultimately food systems, and play important roles in
implementation and planning. The framework application can be
tailored to their specific spheres of influence. For instance, based on the
food safety framework, groundwater was reported to be beneficial for
several reasons. However, the increasing usage of groundwater, as
currently occurring, can be detrimental in the long run due to decreasing
groundwater levels, resulting in an ever-increasing capacity needed to
pump it up. Therefore, applying a food system approach can provide a
thorough overview of multiple aspects and impacts of implementing an
adaptation strategy within the broader transition to a more sustainable
food system. The framework applied in the present study could be used
to complement the food system approach as proposed by Berkum et al.
(2018). For example, the assessment of the likelihood of the potential
hazards in the new scenarios will help to prioritize hazards and their
mitigation measures. This could also contribute to the evaluation of
synergies and conflicts of objectives in the implementation of certain
adaptation strategies in a farm or even a region.

5. Conclusion

The food safety framework applied in this study aimed to analyse the
impacts of implementing adaptation strategies in the primary produc-
tion system in delta areas on food safety using a qualitative, hazard-
based analysis. The theoretical application of the generic food safety
framework to three case studies in the VMD resulted in the identification
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and likelihood of occurrence of food safety hazards in a future scenario,
as compared to the current scenario. To make informed decisions,
knowledge of potential hazards is required. We encourage food safety
researchers and competent authorities to employ this framework to
evaluate potential hazards when considering changes in the primary
production. Moreover, the outcome of the analysis could serve as an
input for risk assessment and can facilitate prioritization for hazard
monitoring in changing food production systems. The qualitative output
of the framework corresponds to hazard identification and can thus
serve as input for further risk assessment where quantitative data needs
to be incorporated, for example on the dietary exposure. The subsequent
outputs can be used by policymakers to aid in prioritization of moni-
toring or mitigation of food safety hazards when shifting to another food
production system.

6. Future outlook

To evaluate the robustness of the framework, other foreseen or
possible adaptation strategies could be used as case studies as well, such
as the application of desalinisation technologies to remove salt from
salty or brackish water and increase freshwater availability, the use of
biostimulants in crop production, and changes in the application of
pesticides and veterinary drugs in farming systems. Our study also
identified data gaps concerning the food safety hazards in the future (but
also current) scenario of the investigated case studies. To verify results
of the theoretical analysis, it is highly encouraged to validate them with
analytical measurements. Finding the best suited analytical measure-
ments, such as on-site analyses or screening tools, would be highly
recommended.
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