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Abstract

In many parts of the world, conditions for small scale agriculture are worsening, creating

challenges in achieving consistent yields. The use of automated decision support tools,

such as Bayesian Belief Networks (BBNs), can assist producers to respond to these factors.

This paper describes a decision support system developed to assist farmers on the Mekong

Delta, Vietnam, who grow both rice and shrimp crops in the same pond, based on an exist-

ing BBN. The BBN was previously developed in collaboration with local farmers and exten-

sion officers to represent their collective perceptions and understanding of their farming

system and the risks to production that they face. This BBN can be used to provide insight

into the probable consequences of farming decisions, given prevailing environmental condi-

tions, however, it does not provide direct guidance on the optimal decision given those deci-

sions. In this paper, the BBN is analysed using a novel, temporally-inspired data mining

approach to systematically determine the agricultural decisions that farmers perceive as

optimal at distinct periods in the growing and harvesting cycle, given the prevailing agricul-

tural conditions. Using a novel form of data mining that combines with visual analytics, the

results of this analysis allow the farmer to input the environmental conditions in a given

growing period. They then receive recommendations that represent the collective view of

the expert knowledge encoded in the BBN allowing them to maximise the probability of suc-

cessful crops. Encoding the results of the data mining/inspection approach into the mobile

Decision Support System helps farmers access explicit recommendations from the collec-

tive local farming community as to the optimal farming decisions, given the prevailing envi-

ronmental conditions.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0262402 February 9, 2022 1 / 15

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Randall M, Lewis A, Stewart-Koster B,

Anh ND, Burford M, Condon J, et al. (2022) A

Bayesian belief data mining approach applied to

rice and shrimp aquaculture. PLoS ONE 17(2):

e0262402. https://doi.org/10.1371/journal.

pone.0262402

Editor: Bijeesh Kozhikkodan Veettil, Duy Tan

University, VIET NAM

Received: August 5, 2021

Accepted: December 22, 2021

Published: February 9, 2022

Copyright: © 2022 Randall et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Data available at: DOI

10.17605/OSF.IO/NQDUR.

Funding: Funding for this work was provided

through an Australian Centre for International

Agricultural Research (ACIAR) project grant

(SMCN/2010/083). The funders had no role in

study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0003-2325-1032
https://orcid.org/0000-0001-8334-0825
https://doi.org/10.1371/journal.pone.0262402
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262402&domain=pdf&date_stamp=2022-02-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262402&domain=pdf&date_stamp=2022-02-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262402&domain=pdf&date_stamp=2022-02-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262402&domain=pdf&date_stamp=2022-02-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262402&domain=pdf&date_stamp=2022-02-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262402&domain=pdf&date_stamp=2022-02-09
https://doi.org/10.1371/journal.pone.0262402
https://doi.org/10.1371/journal.pone.0262402
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.17605/OSF.IO/NQDUR


Introduction

Farmers the world over are facing increasing challenges to production due to changing envi-

ronmental conditions, many of which are outside their control. These environmental condi-

tions include changing patterns of temperature and precipitation due to climate change as

well as changes to the availability of water from upstream resource development [1]. In addi-

tion to these large-scale factors there are also declines in more local-scale conditions such as

on farm soil and water quality [2]. These local-scale changes may be due to decisions made by

farmers, such as inappropriate fertiliser application or mismanagement of crop rotation [3].

Equally, local-scale changes can occur due to factors outside the control of farmers, such as

water quality reduction from nutrient inputs from nearby farms [4]. Collectively, these chal-

lenges to production can lead to crop failure and have a subsequent negative impact to liveli-

hoods [5].

With comparatively limited capacity to absorb years of poor production, smallholder farms

in developing regions are particularly vulnerable to a range of agricultural pressures. While

crops are sold for cash, on-farm production also provides an important source of food for the

household [6]. As such, it is crucial to ensure, as much as possible, that there is a low risk of

crops failing [7] as the effects could be devastating. In many regions of the world, farming

practice is driven by experience and information handed down from previous generations or

those in the community. However, advances in decision support technologies and data analyt-

ics provide an avenue for technology-assisted decision making and practice, even in data poor

regions [8]. One such approach, known as Bayesian Belief Networks (BBNs) [9], relies on sets

of propagating probabilities of causal relationships through an influence diagram that reflects

uncertainties in natural systems. As such, BBNs have been shown to be highly effective for

decision making for agricultural, ecological and environmental problems [10].

A BBN is a directed acyclic graph comprising nodes and links that collectively describe a

given system [11]. The direction in the acyclic graph indicates the direction of causality within

the network with “parent nodes” connecting to “child nodes” according to causal relationships

[11, 12]. In a BBN, the nodes represent processes or factors within the system and each node

has a set of mutually-exclusive levels, known as states. The probability of each state occurring

is dependent on the state of any parent nodes [12]. These probabilities are contained within

conditional probability tables (CPTs) and can be defined by available data or different sources

of expert knowledge [11]. In effect, any ultimate parent node (or “root node”) is considered

input to the problem, whereas an ultimate child node (or “leaf node”) is an output. An impor-

tant aspect of BBNs is D-separation, which means nodes that are separated by another node

are conditionally independent [11]. Theoretically, these networks may be of unlimited size and

complexity in terms of the number of nodes and links. For an in-depth general discussion of

BBNs, see, for example, Pearl [9].

Due to their wide utility in modelling probabilistic systems and decision support, BBNs

have been applied on a number of occasions to ecological, environmental and agricultural sys-

tems [7, 13–15]. For example, Baran, Jantunen, Chheng and Hoanh [16] developed BBN-

based decision support systems for water management in situations of conflicting, conjunctive

water use in agriculture in the Mekong delta. Similarly, Newton, Marshall, Schreckenberg,

Golicher, te Velde, Edouard, and Arancibia [17] developed a BBN to predict the probability of

growing non-timber products in forested areas successfully, to ensure the livelihoods of subsis-

tence forest workers. While BBNs have proven useful in agricultural settings, particularly in

knowledge rich but data poor contexts, they do come with their own limitations [18].

Many challenges with using BBNs have been documented elsewhere, such as the restriction

to categorical variables and the difficulty integrating feedback loops. An additional
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complication is delivering them to potential users in an accessible form. It is not uncommon

for BBNs developed for complex agricultural problems to themselves become very complex.

For example, the BBN developed for rice-shrimp farming on the Mekong Delta by Stewart-

Koster et al. [7] comprises 33 nodes, 46 links and 1,140 conditional probabilities. To use that

BBN to guide on-farm decision making, observations of prevailing environmental conditions

need to be entered into proprietary software and every permutation of potential decisions then

need to be explored individually. Alternatively, Bayesian Decision Networks can be developed.

However, these models rely on data quantifying the cost of interventions in the network and

the utility of outcomes (e.g., Phan et al [19] and Stewart-Koster et al. [7]). In addition to the

reliance on proprietary software, without complex cost and income data a standard BBN such

as that in Stewart-Koster et al. [7] does not provide explicit recommendations of the optimal

decision given the prevailing environmental conditions. As such, a specialised approach is

needed to interrogate the model, particularly in the context where proprietary software may

not be available to end-users, such as smallholder farmers on the Mekong Delta, to enhance

the utility of a given BBN in the hands of an end-user. Novel data mining approaches that can

be integrated into generic, smartphone-based software may be useful to interrogate a BBN and

provide direct recommendations of optimal decisions.

In this paper, a novel temporally-inspired data mining approach for BBNs is presented.

Working with an existing BBN that describes a combined rice-shrimp farming system com-

monly used on the Mekong Delta [7], an approach to extract all possible scenarios that may

occur and identify the optimal decision from the myriad options available to them, is devel-

oped. This approach combines a novel temporally-oriented data mining system with visual

analysis to provide explicit automated decision support in a framework that can be embedded

in a freely available format for smartphones.

To demonstrate the concepts of temporally-inspired data mining and automated visualisa-

tion, an existing BBN that stores the knowledge of farmers for optimising crop and shrimp

yields in the same pond in the Southern Mekong Delta, Vietnam [2, 7], is used. Preliminary

exploration of the use of a BBN for rice/shrimp farmers [20] found that it was a viable method

to help make sensible decisions, though more work was needed to realise its potential.

Researchers initially worked actively with farmers and extension officers to elicit and establish

relationships between different factors that affect the success of the rice and shrimp pond sys-

tems. The conditions include, but are not limited to, factors such as environmental conditions

(e.g., rainfall), stocking densities and the application of various types of fertilisers. This has

been encoded as a BBN, and from it, it is possible to derive sets of conditions with appropriate

decision values that reduce the probability of crop failure, for both rice and shrimp. The sys-

tematic interrogation of the BBN at various stages of the crop cycle is important to allow farm-

ers to make the best possible decisions in a timely manner. A simple data mining approach

with visual analysis of the extracted data is shown. Observations from the visual analysis allow

for the development of automated post-processing of data at each stage. Using this multi-stage

classification approach of decisions and actions that farmers need to take, a practical decision

support system is developed.

A data mining approach applied to the rice/shrimp BBN

In this section, a novel temporally-inspired data mining approach for BBNs is presented. The

two essential components for helping farmers to make informed decisions to ensure good har-

vests are the BBN and the novel temporal data mining approach developed here. Both are

described below.
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The subject BBN

The data mining system has been designed to integrate a standard BBN, similar to the one

developed, and previously described by Stewart-Koster et al. [7]. This network described a

combined aquaculture-agriculture system in which rice and shrimp crops are simultaneously

grown in the Mekong Delta in Vietnam. Rice-shrimp systems have become relatively wide-

spread in parts of the developing world, becoming an important farming system in Vietnam

[2], and consist of a pond with a raised soil platform surrounded by a narrow, but deep water-

filled ditch. The rice is planted on the platform while the shrimp mainly inhabit the ditch, but

feed on the smaller invertebrates that consume the algae that grows on the sediment, the rice

plants and rice stubble [21]. Both crops require very different conditions to return high yields,

with salinity levels being the most obvious issue when growing a brackish-water animal on the

same farm as a freshwater plant. While the two crops are grown in rotation, it is increasingly

common that farmers will grow them concurrently, for at least some of the season, and creat-

ing tolerable conditions for both is the major challenge faced by the farmers [2]. The BBN in

Stewart-Koster et al. [7] was designed to capture the perceptions of farmers and extension offi-

cers of key risk factors to production and their understanding of how the system works. For

reference, this BBN is reproduced in Fig 1.

The process to develop the BBN was based on the Iterative Bayesian Network Cycle [13]

where experts are consulted in multiple iterative workshops involving elicitation and valida-

tion. These workshops occurred over three research trips between October 2013 to November

2015 with each set of workshops involving distinct phases of BBN development as follows:

1. Identifying key processes and causal relationships,

2. Defining the node states and the conditional probabilities withing the BBN and

3. Verification of the final network.

Fig 1. The rice/shrimp cultivation BBN as used by Stewart-Koster at al. [7], and as a basis for this paper. Reproduced from Stewart-Koster [7],

p. 235.

https://doi.org/10.1371/journal.pone.0262402.g001
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These workshops included farmers and local policy extension officers from three provinces

of the southern Mekong Delta (Ca Mau, Bac Lieu and Kien Giang) and each phase involved a

series of elicitation and validation steps to ensure the final network represented the collective

knowledge and experience of the participating farmers across the region. A full description of

the iterative process used to develop the BBN, including the validation/verification of the net-

work itself, is provided in the Materials and Methods section of Stewart-Koster et al. [7]. In the

current study, no new data is added to this BBN, but rather extracted from the complete data

set of probable outcomes embodied within it for systematic analysis.

It is important to note that the BBN was not intended to predict crop yield. Rather the net-

work was designed to quantify the perceptions of important risk factors that contribute to the

probability of crop failure, as discussed in Stewart-Koster et al. [7]. As such, many of the nodes

and the thresholds of the nodes do not have an objectively measurable basis. For example, the

smallholder farmers participating in the information gathering workshops do not have access

to scientific equipment to measure such things as salinity. In that case, farmers taste the water

to determine if it is “good for rice” or “good for shrimp”. Consequently, verification involved

confirming that the probable outcomes in the BBN, given the scenarios in the parent nodes,

reflected the farmers’ understanding and experience rather than the network predicting cer-

tain outcomes that could be measured by scientific equipment. While the BBN itself provides a

semi-quantitative description of the collective understanding of the system, it is not currently

accessible to the farmers of the Mekong delta, as potential users need to have access to proprie-

tary software and since it does not include cost and utility processes, it lacks the capacity to

identify optimal decisions.

The temporal data mining approach

In order to secure useful outcomes for farmers, based on the network in Fig 1, a data mining

approach is employed to extract recommendations encoded in the BBN, without the need for

proprietary software that is essentially unavailable to the farmers. This is based on understand-

ing the network and finding patterns that occur in it [22]. It is possible to identify optimal deci-

sions in a Bayesian Decision Network [15], however, in the absence of monetary cost and

utility data to complement the BBN, an alternative approach is needed. The two output nodes

of the network are “Risk of rice failure” and “Risk of shrimp failure”. By testing inputs to other

nodes, particularly those that define the farming environment or represent actions that farmers

might take, it was possible to discover the sets of conditions and decisions that minimise the

probability of rice and shrimp failure. This was done by selecting one of the possible input con-

ditions for a node and setting the probability of that condition to 100%. Hence, the other possi-

ble input probabilities for that conditions become 0%. Thus there is a finite and limited set of

combinations to explore, given a prevailing set of environmental conditions. Many nodes are

considered to be intermediate (not requiring a human input decision, or calculating a final

output), therefore cutting down the size of this exploration considerably.

Inspection of Fig 1 shows that the network spans the planting/harvesting cycle for both

shrimp and rice. At different stages, certain actions are, or are not, possible or practical. For

example, it is not possible to till the soil after planting. Therefore, some sensible temporal

decomposition of the network is possible. This gives three phases, namely, pre-planting, plant-
ing and post-planting. These are referred to as stages. Within each stage, environmental condi-

tions, or actions already taken, define one of a number of scenarios. These conditions or

actions are set to a probability of 100% in the relevant nodes. This has the effect of nullifying

any input from any parent nodes. Each of the stages and their defining conditions are

described in depth below:
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1. Pre-planting—The CPTs “Rainfall volume” and “Wet season onset” define the climatic con-

ditions for the season. These factors along with “Soil nutrient load” help to determine

which actions must be taken by the farmer before the rice crop is sown and the shrimp put

in the pond. In Fig 1 the nodes that encapsulate these CPTs (the dark blue nodes for cli-

matic conditions, and the green node for Soil Nutrient Load have their states fixed accord-

ing to the chosen scenario. For example, the probability that the Rainfall Volume was

“High”, the Wet Season Onset was “Early” and the Soil Nutrient Load was “High” may be

set to 100%, selecting the corresponding scenario.) Farmers can then choose to apply liming

agents to the soil, and whether or not to till the soil. Other factors that may affect the final

outcomes will be what shrimp stocking density they choose, whether they decide to plant

salt-tolerant rice, and what water colour management option they use.

2. Planting—At this point, it is still possible for farmers to make a series of estimations. These

include measures of “Soil salinity”, “Platform soil pH”, “Water temperature”, “Wet season

water salinity” and “Soil nutrient load”. These are the green nodes in Fig 1. Specifying the

state of these nodes, by fixing the state probability to 100% for a chosen state, removes the

effect of their parent nodes, such as wet season timing, because of D-separation. Having

made these estimations, farmers’ actions are now limited to whether to choose salt-tolerant

rice, what stocking level of shrimp to choose, and the water colour management option.

3. Post-planting—After the rice has been planted and the shrimp stocked in the pond, a new

set of nodes, lower in the BBN, has been defined, further reducing the number of options

available to the farmers as the season progresses. The scenario is defined by “Platform soil

quality” and “Wet season W[ater]Q[uality]”, the orange nodes in Fig 1, and what choices

were made for rice salt-tolerance or shrimp stocking density. However, it is desirable to

keep the state probabilities chosen for the higher level nodes from the planting season sce-

nario because these are based on physical measurements, rather than subjective assessment:

for example, whether “wet season water quality” was good for shrimp. To these are added

what actions were taken at planting, i.e., choice of rice variety and shrimp stocking density.

The corresponding nodes are set to the state chosen at planting. Farmers’ actions are now

limited to assessing rice colour (as part of the scenario), which will determine the level of

fertiliser applied, and choosing the water colour management treatment for shrimp

production.

As is evident from the above, this form of decomposition allows farmers to make a number

of structured choices, gradually decreasing in flexibility as the season progresses. However,

this is designed to help farmers make good decisions at each stage of the growing cycle. In gen-

eral, for this style of technique to be able to be applied, the context of the BBN must have defi-

nite temporal divisions (scenarios). By their very nature, agricultural applications, which

comprise event based decisions over time, are very amenable to this approach.

Computational experiments and results

To investigate the three different stages during the growing season, three computational exper-

iments were conducted. For each stage, the BBN was run by entering discrete conditions for

the nodes defining each scenario. Then permutations of the possible actions and choices were

entered for each scenario. In terms of the implementation to achieve this, a wrapper program

in C was developed. It repeatedly ran Netica (Version 4.16 [23]) through an Application Pro-

gram Interface (Netica_API_504) to achieve this systematic exploration of all enumerations

for the three scenarios. The data gathered through this program for each of the experiments

represents a complete enumeration of a decision tree [24]. A separate dataset was delivered for
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each experiment, corresponding to one of the three growing season stages. The corresponding

belief of the probability of failure of the rice and the shrimp crops was recorded for each com-

bination of choices in each scenario.

Fig 1 includes a number of actions responding to shrimp stress and disease. While these

actions significantly impact shrimp survival rates, they are critically dependent on a number of

unknown factors, such as the timing of detection of shrimp stress. For this reason, these factors

were not included in this particular study.

In order to determine optimal actions for crop management, and relationships between

actions and outcomes, a visual analytics approach [25, 26] was used. The data from each indi-

vidual scenario in each growing stage were visualised using the R statistical analysis language

[27]. An example of the raw data presentation is shown in Fig 2.

This figure illustrates data obtained for one scenario in the pre-planting stage. This stage is

governed by evaluation of climatic conditions (the arrival time of the wet season, and intensity

of rainfall) and the condition of the soil (whether soil nutrient load was high or low.) The cor-

responding nodes in the BBN had probabilities set to 100% for one of their states, defining one

of 18 possible scenarios. The states chosen are shown in the upper-right of the figure.

Fig 2. An example of the raw output of the pre-planting experiment.

https://doi.org/10.1371/journal.pone.0262402.g002
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The varied actions possible in this particular scenario are shown in the lower traces, the

probability of shrimp crop failure (solid line) and rice crop failure (dotted line) in the upper

traces. For example, the probabilities of crop failures in the case of using high shrimp stocking

density, low rice salt tolerance, tilling the soil, applying no soil liming and using Zeolite to con-

trol water colour can be found finding the points on the upper traces that correspond to these

settings in the lower traces.

Both traces for crop failure probabilities are quite “noisy”. It should be noted these are

traces of discrete data, not continuous functions. Only stationary or flexion points correspond

to meaningful data. While the probability of rice crop failure shows some indication of trends,

corresponding to some extent with soil treatments, as shown by the superimposed simple

moving average (dashed line), the same cannot be said of the shrimp crop failure. The plot

does appear to indicate that the values for probability of shrimp crop failure tend to cluster

around a small number of discrete values. For this reason, the dataset was reordered based on

these values. The resulting plot can be seen in Fig 3.

From Fig 3 the root causes of shrimp crop failure, largely that of overstocking, can now be

identified. It is also evident that a compromise of near-minimal probability of failure of both

Fig 3. An example of the pre-planting experimental output, sorted by probability of shrimp crop failure.

https://doi.org/10.1371/journal.pone.0262402.g003
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crops can be found by searching for the first low point of probability of rice crop failure in the

re-ordered data (which will also correspond with a low probability of shrimp crop failure).

This was a pattern that appeared across all of the scenario data subsets. This simple process of

inspection can be automated through the same R script used to sort and present the data.

Essentially the R script mimics a visual analysis of the data.

Three corresponding scripts were developed to extract the data for a given scenario, reorder

the data, and determine the set of conditions for the case satisfying mutually minimal probabil-

ity of failure of the rice and shrimp crops. The scripts output this information in text and

graphical form.

It might be said that this approach prioritises avoiding shrimp crop failure—from Fig 3 it

can clearly be seen that slightly lower probability of failure of the rice crop could be achieved

by other actions (toward the right-hand end of the plots.) Though this does come at the

expense of significantly increased probability of failure of the shrimp crop, there may be cases

where such an outcome is justified. If this was desirable, the data could be initially reordered

based on rice crop outcomes, as shown in Fig 4.

Fig 4. An example of the pre-planting experimental output, sorted by probability of rice crop failure.

https://doi.org/10.1371/journal.pone.0262402.g004
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As was noted earlier, the probability of better outcomes for the rice crop come at the

expense of the shrimp crop. Early permutations in the reordered dataset are quite poor for

shrimp. It takes more careful searching of the data to identify a combination of actions that

present a satisfactorily low probability of shrimp crop failure, but this could be found automat-

ically by placing a threshold on acceptable probability of failure.

An example of the final output from the pre-planting analysis is shown in Fig 5. The figure

shows the optimal actions for a scenario of early onset of the wet season with heavy rainfall

and high soil nutrient load.

The “sweet spot” for the best outcomes has been determined algorithmically and circled on

the graphs of probability of rice crop failure (green line overlaid with simple moving average

smoothing) and shrimp crop failure (red line). The scenario conditions are provided for refer-

ence at the top right. The conditions to achieve the minimal probability of failure in each crop

are given at the top left. It is clear that the farmers perceived it is optimal to till the soil and

apply CaO (quicklime). The actions that were perceived to achieve the corresponding proba-

bilities of crop failure are graphed directly below. These allow exploration of “what if” varia-

tions of decisions to illustrate the expected change to probability of crop failure if a farmer

Fig 5. An example of the post-processed pre-planting experimental output.

https://doi.org/10.1371/journal.pone.0262402.g005
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made different decisions from those identified as optimal. Consider the case when the shrimp

crop density is increased to “high” (labelled dotted line below the main graph, toward the

right). It can clearly be seen that there is a corresponding large increase in the probability of

shrimp crop failure.

An example of output for the second stage, the planting season, is shown in Fig 6. The sce-

nario shown is for low soil and water salinity, balanced soil pH, high soil nutrient load and low

water temperature. As can be seen, there are fewer actions available to farmers. The graphs

have fewer distinct cases within the scenario, though there are more discrete scenarios. As

before, the link between stocking density and shrimp crop failure is evident.

For the final stage, post-planting, an example is shown in Fig 7. The scenario is now defined

by eight conditions, and there is only one choice available to farmers: the “water colour man-

agement” option. The optimal actions also mention that fertiliser applied should be above the

recommended level. However, this is not a “free” choice –- it is determined by the farmer’s

assessment of the rice colour (see Fig 1), and the factors contributing to the “Platform soil

quality”, governed by the choice of scenario. It must be extracted from the BBN data by search-

ing for the fertiliser level with the highest conditional probability corresponding to the optimal

Fig 6. An example of the planting experimental output.

https://doi.org/10.1371/journal.pone.0262402.g006
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actions within the scenario. This highlights a consideration that should ideally be kept in mind

when designing BBNs –- nodes defining actions to be chosen should not have parent nodes

that constrict their conditional probabilities. While there are only two states within each sce-

nario depending on the “water colour management” choice, there are over 2500 distinct sce-

narios of detailed specification.

In the systematic exploration of the causes and effects described by a BBN shown in this

paper, three key ideas have been employed:

1. Fixing the (discrete) values for a set of root nodes of the BBN to describe a “scenario”. By

doing this, discovering optimal actions to achieve desired outcomes, in the context of par-

ticular scenarios, becomes more tractable as only a subset of all possible permutations need

be considered.

Fig 7. An example of the post-planting experimental output.

https://doi.org/10.1371/journal.pone.0262402.g007
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2. Truncating the decision tree to reduce the quantity of data to be explored. The BBN, as a

directed acyclic graph, can also be interpreted as a representation of a decision tree. By

selecting a “tree-wide” subset of nodes to describe a scenario, it is possible to remove the

effects of antecedent (parent) nodes. This has the effect of reducing the number of permuta-

tions within a scenario (while inevitably leading to an increased number of those scenarios)

further easing the search for optimal decisions within a scenario. For the agricultural prob-

lem considered in this work, considering separate stages in the growing season made the

selection of the nodes for truncating the decision tree quite obvious.

3. The use of a visual analytics approach to interpret the data. As has been shown, even with

the preceding simplifications the data representing permutations and corresponding out-

comes can be “noisy” and difficult to interpret. By plotting and viewing the data, a simple

but effective data visualisation, insight can been gained into relationships between cause

and effect. This can further lead to the ability to codify the insight in automated scripts for

data post-processing. It should be noted that introducing the “human-in-the-loop” [28]

using visual analytics has enabled experiential learning, and allowed the development of

simple but effective methods of data processing and knowledge extraction.

Conclusions

The work in this paper described a data mining and visual analytics approach to the analysis of

BBNs. Knowledge was extracted computationally by exhaustive enumeration, visually ana-

lysed, and automated data post-processing techniques subsequently developed.

The advantage of BBNs as an approach to decision support for farmers is that it is a form of

participatory modelling that engages them as experts in model development. This ensures the

model underpinning the decision support system reflects the current understanding that sys-

tem which helps to engender belief in the system. Moving from a standard BBN that describes

a system and answers questions such as “What happens if a particular action/decision is

taken?”, to a probabilistic DSS that answers questions such as “What is the optimal action/deci-

sion?” requires additional data or steps. Bayesian decision networks provide an avenue to

achieve this. However, when lacking cost and income data the approach used in this work pro-

vides a way to interrogate a BBN and obtain recommendations for the optimal action/decision

given the prevailing conditions.

Despite the advances of this systematic data mining approach, there are nonetheless key

limitations. As with any modelling exercise, the utility of the model is dependent on its quality.

The accuracy of the BBN that was previously developed therefore must be relied upon. If there

were errors of communication between the model developers and the farmers that led to errors

in the BBN structure, the approach will only amplify them and not identify them as a problem.

A potential avenue to solve this begins at the development of the BBN. This could come from

using a portfolio of more sources of data coupled with consultation with a wider range of

experts including farmers and scientists to refine the underlying BBN. A key objective for this

work was to deliver effective decision support to smallholder farmers in the Mekong delta. To

achieve this, and embed knowledge from the BBN into a usable platform for farmers, the

development of a smartphone app has begun [29]. It is founded on the principles of cultural

sensitivity and ease of use for the farmers in the region. These designs have already been tested,

and a prototype smartphone app is ready for field deployment and evaluation. Combining our

temporal data mining approach with the BBN data in contemporary smartphone technology

could help farmers make decisions in the face of changing environmental conditions in the

region.

PLOS ONE A Bayesian belief data mining approach applied to rice and shrimp aquaculture

PLOS ONE | https://doi.org/10.1371/journal.pone.0262402 February 9, 2022 13 / 15

https://doi.org/10.1371/journal.pone.0262402


Acknowledgments

This research was conducted under a Griffith University Human Ethics permit (ENV/28/14/

HREC).

Author Contributions

Conceptualization: Marcus Randall, Andrew Lewis, Ben Stewart-Koster, Nguyen Dieu Anh,

Michelle Burford, Jason Condon, Le Huu Hiep, Doan Van Bay.

Data curation: Andrew Lewis, Ben Stewart-Koster.

Funding acquisition: Jes Sammut.

Investigation: Marcus Randall, Ben Stewart-Koster, Nguyen Dieu Anh, Michelle Burford,

Nguyen Van Qui, Le Huu Hiep, Doan Van Bay, Nguyen Van Sang.

Methodology: Marcus Randall, Andrew Lewis, Ben Stewart-Koster, Jason Condon, Jes

Sammut.

Project administration: Marcus Randall.

Resources: Nguyen Dieu Anh, Nguyen Van Qui, Le Huu Hiep, Doan Van Bay, Nguyen Van

Sang, Jes Sammut.

Writing – original draft: Marcus Randall, Andrew Lewis, Ben Stewart-Koster.

References
1. Howden S, Soussana J, Tubiello F, Chhetri N, Dunlop M, Meinke H. Adapting agriculture to climate

change. Proceedings of the national academy of sciences. 2007; 104(50):19691–19696. https://doi.org/

10.1073/pnas.0701890104 PMID: 18077402

2. Leigh C, Hiep L, Stewart-Koster B, Vien D, Condon J, Sang NV, et al. Concurrent rice-shrimp-crab farm-

ing systems in the Mekong Delta: Are conditions (sub) optimal for crop production and survival? Aqua-

culture Research. 2017; 48(10):5251–5262. https://doi.org/10.1111/are.13338

3. McGuire J, Morton L, Cast A. Reconstructing the good farmer identity: Shifts in farmer identities and

farm management practices to improve water quality. Agriculture and Human Values. 2013; 30(1):57–

69. https://doi.org/10.1007/s10460-012-9381-y

4. Blanco H, Lal R. Soil and water conservation. Principles of Soil Conservation and Management. 2010;

2. https://doi.org/10.1007/978-1-4020-8709-7_17

5. Morton J. The impact of climate change on smallholder and subsistence agriculture. Proceedings of the

National Academy of Sciences. 2007; 104(50):19680–19685. https://doi.org/10.1073/pnas.

0701855104 PMID: 18077400

6. Rothuis A, Nhan D, Richter C, Ollevier F. Rice with fish culture in the semi-deep waters of the Mekong

Delta, Vietnam: A socio-economical survey. Aquaculture research. 1998; 29(1):47–57.

7. Stewart-Koster B, Anh N, Burford M, Condon J, Van Qui N, Van Bay D, et al. Expert based model build-

ing to quantify risk factors in a combined aquaculture-agriculture system. Agricultural Systems. 2017;

157:230–240. https://doi.org/10.1016/j.agsy.2017.08.001

8. Rose D, Sutherland W, Parker C, Lobley M, Winter M, Morris C, et al. Decision support tools for agricul-

ture: Towards effective design and delivery. Agricultural systems. 2016; 149:165–174. https://doi.org/

10.1016/j.agsy.2016.09.009

9. Pearl J. Probabilistic reasoning in intelligent systems: Networks of plausible inference. Elsevier; 2014.

10. McCann R, Marcot B, Ellis R. Bayesian belief networks: Applications in ecology and natural resource

management. Canadian Journal of Forest Research. 2006; 36(12):3053–3062. https://doi.org/10.1139/

x06-238

11. Korb K, Nicholson A. Bayesian artificial intelligence. Chapman and Hall; 2004.

12. Nielsen T, Jensen F. Bayesian networks and decision graphs. Springer Science & Business Media;

2009.

PLOS ONE A Bayesian belief data mining approach applied to rice and shrimp aquaculture

PLOS ONE | https://doi.org/10.1371/journal.pone.0262402 February 9, 2022 14 / 15

https://doi.org/10.1073/pnas.0701890104
https://doi.org/10.1073/pnas.0701890104
http://www.ncbi.nlm.nih.gov/pubmed/18077402
https://doi.org/10.1111/are.13338
https://doi.org/10.1007/s10460-012-9381-y
https://doi.org/10.1007/978-1-4020-8709-7_17
https://doi.org/10.1073/pnas.0701855104
https://doi.org/10.1073/pnas.0701855104
http://www.ncbi.nlm.nih.gov/pubmed/18077400
https://doi.org/10.1016/j.agsy.2017.08.001
https://doi.org/10.1016/j.agsy.2016.09.009
https://doi.org/10.1016/j.agsy.2016.09.009
https://doi.org/10.1139/x06-238
https://doi.org/10.1139/x06-238
https://doi.org/10.1371/journal.pone.0262402


13. Johnson S, Mengersen K, de Waal A, Marnewick K, Cilliers D, Houser A, et al. Modelling cheetah relo-

cation success in southern Africa using an Iterative Bayesian Network Development Cycle. Ecological

Modelling. 2010; 221(4):641–651. https://doi.org/10.1016/j.ecolmodel.2009.11.012

14. Moglia M, Alexander K, Thephavanh M, Thammavong P, Sodahak V, Khounsy B, et al. A Bayesian net-

work model to explore practice change by smallholder rice farmers in Lao PDR. Agricultural Systems.

2018; 164:84–94. https://doi.org/10.1016/j.agsy.2018.04.004

15. Stewart-Koster B, Bunn S, Mackay S, Poff N, Naiman R, Lake P. The use of Bayesian networks to

guide investments in flow and catchment restoration for impaired river ecosystems. Freshwater Biology.

2010; 55(1):243–260. https://doi.org/10.1111/j.1365-2427.2009.02219.x

16. Baran E, Jantunen T, Chheng P, Hoanh C. Integrated management of aquatic resources: A Bayesian

approach to water control and trade-offs in Southern Vietnam. Tropical deltas and coastal zones: Food

production, communities and environment at the land-water interface. 2010; p. 133–142.

17. Newton A, Marshall E, Schreckenberg K, Golicher D, te Velde D, Edouard F, et al. Use of a Bayesian

belief network to predict the impacts of commercializing non-timber forest products on livelihoods. Ecol-

ogy and Society. 2006; 11(2). https://doi.org/10.5751/ES-01843-110224

18. Uusitalo L. Advantages and challenges of Bayesian networks in environmental modelling. Ecological

modelling. 2007; 203(3-4):312–318. https://doi.org/10.1016/j.ecolmodel.2006.11.033

19. Phan T, Smart J, Sahin O, Stewart-Koster B, Hadwen W, Capon S. Identifying and prioritising adapta-

tion options for a coastal freshwater supply and demand system under climatic and non-climatic

changes. Regional Environmental Change. 2020; 20(3):1–14. https://doi.org/10.1007/s10113-020-

01678-7

20. Lewis A, Randall M, Stewart-Koster B, Anh N Dieu, Burford M, Condon J, et al. Explorations of a Bayes-

ian Belief Network for the Simultaneous Farming of Rice and Shrimp Crops. In: 16th International Con-

ference on Computer Applications: ICCA 2018; 2018. p. 85–93. Available from: https://www.

researchgate.net/profile/Marcus_Randall2/contributions.

21. Burford M, Preston N, Minh T, Hoa T, Bunn S, Fry V. Dominant sources of dietary carbon and nitrogen

for shrimp reared in extensive rice-shrimp ponds. Aquaculture Research. 2004; 35(2):194–203. https://

doi.org/10.1111/j.1365-2109.2004.01012.x

22. Fayyad U, Wierse A, Grinstein G. Information visualization in data mining and knowledge discovery.

Morgan Kaufmann; 2002.

23. Norsys Software Corp. Netica; 2010. Available from: http://www.norsys.com.

24. Lior R, Maimon O. Data mining with decision trees: Theory and applications. vol. 81. World Scientific;

2014.

25. Cook K, Thomas J. Illuminating the path: The research and development agenda for visual analytics.

Pacific Northwest National Lab (PNNL), Richland, WA (United States); 2005.

26. Thomas J, Cook K. A visual analytics agenda. IEEE computer graphics and applications. 2006; 26(1):

10–13. https://doi.org/10.1109/MCG.2006.5 PMID: 16463473

27. R Core Team. R: A language and environment for statistical computing; 2017.

28. Kipouros T. Human-in-the-loop computational engineering design. In: EVOLVE International Confer-

ence; 2014.

29. Lewis A, Randall M, Stewart-Koster B. Developing a Decision Support App for Computational Agricul-

ture. In: Krzhizhanovskaya V, editor. Computational Science. No. 12138 in Lecture notes in Computer

Science. Springer; 2020. p. 1–11.

PLOS ONE A Bayesian belief data mining approach applied to rice and shrimp aquaculture

PLOS ONE | https://doi.org/10.1371/journal.pone.0262402 February 9, 2022 15 / 15

https://doi.org/10.1016/j.ecolmodel.2009.11.012
https://doi.org/10.1016/j.agsy.2018.04.004
https://doi.org/10.1111/j.1365-2427.2009.02219.x
https://doi.org/10.5751/ES-01843-110224
https://doi.org/10.1016/j.ecolmodel.2006.11.033
https://doi.org/10.1007/s10113-020-01678-7
https://doi.org/10.1007/s10113-020-01678-7
https://www.researchgate.net/profile/Marcus_Randall2/contributions
https://www.researchgate.net/profile/Marcus_Randall2/contributions
https://doi.org/10.1111/j.1365-2109.2004.01012.x
https://doi.org/10.1111/j.1365-2109.2004.01012.x
http://www.norsys.com
https://doi.org/10.1109/MCG.2006.5
http://www.ncbi.nlm.nih.gov/pubmed/16463473
https://doi.org/10.1371/journal.pone.0262402

