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CHAPTER 1 Introduction

1.1 Water Environment Issuesin Intensive Agricultural Areas

In the year 2050, the world population would beragpnately 9 billion (Tomlinson, 2013).
This means an additional 1.7 billion more peopléestd than in 2016. In parallel, food con-
sumption per person and demand for higher valuensisey diet products, such as meat, dairy
products and eggs would continue to rise (Van Hgemeand Svendsen, 2000). The imperative
need to double the global food production by 20&§ tiherefore become ubiquitous within the
international policy arena of food security (Torstim, 2013). Annual cereal production would
need to rise to three billion tons and annual meaduction to 470 million tons (FAO, 2009).
Yet, on the other hand, the competition for land aater resources between agricultural and
industrial would worsen. Urban and industries woadthtinue to push against the frontiers of
arable productive land justified by higher benefit ratios (Tan et al., 2005). About 70 percent
of world population would be urban by 2050 (Ahe2011). Therefore, in order to feed this
larger and more urban population, under conditafrisnited land and water resources - more
food per unit of land and unit of water has to bedpiced.

Efforts to achieve this herculean task have beennould continue to be largely through
intensive use of land and water resources alreadgruagriculture. The intensive use of ag-
rochemical fertilisers and pesticides, high yietdanop varieties, irrigation, mechanization, and
intensive livestock farming systems therefore, abtmrize many rural areas (Matson et al.,
1997). In the intensive agriculture rural areaddgdrave dramatically increased demonstrated
by long-term vyield patterns for corn, rice and whigaboth developed and less developed
countries (Ray et al., 2012). The intensive agtizal practices, including large agricultural
subsidies in the United States, EU and Japan, hatleincreased food availability and de-
creased the real costs of agricultural commodifiélsnan et al., 2002). In some regions of
sub-Saharan Africa and Asia, crop production i$ stinstrained by too little application of
fertilizers (Anderson, 2015). Therefore, intenshigh-yield agriculture is highly dependent
on addition of fertilizers, especially nitrogentfiésers (Tallaksen et al., 2015).

However, the resulting intensive agricultural piges have incurred costs related to en-

vironmental degradation, loss of biodiversity, l@$secosystem services, and the long-term
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stability of agricultural production (Matson et,al997). Among other issues, the intensive
applications of agro-fertilisers and excessivegation withdrawals in the rural areas have
attracted the global attention (Tilman et al., 2002e heavy applications of fertilisers are the
major contributor to nutrient loading of receivimgters, including nutrient enrichment that

leads to adverse environmental and economical qoesees (Matthews et al.,, 2012). The

excessive irrigation withdrawals in intensive agttigral areas have on the other hand drasti-
cally reduced the assimilative capacities of watsources (Zhi et al., 2015). Therefore, con-
tamination of groundwater and downstream surfadengystems is now frequent in many rural

areas (Eneji et al., 2013). Nitrate concentratiothé major rivers has increased three to tenfold
- an increase directly related to nitrogen ferdéitian as well as other human activities (Matson
et al., 1997). Many of freshwater and marine emvitent are eutrophicating because of ni-
trogen (N) and phosphorous (P) lost in runoff echldng from agricultural systems. There are
many incidences of nuisance algae blooms causipgxig conditions in freshwater and marine

ecosystems leading to loss of aquatic life inclgdieh and shellfish (Smith et al., 1999). High

nitrate concentrations also represent a humantheaticern (Ward, 2009). Other associated
complex environment issues include salinization iaoteased greenhouse gas emissions (Ali
et al., 2015). Agriculture affects and is affeckgdits natural environment. No other sector is
more sensitive to the environmental conditions ttienagriculture sector. The unsustainable
agriculture intensification practices are therefafso indirectly diminishing the finite water

resources available for agricultural productioralgyochemical pollution and overexploitation.

1.2 Roadsto Sustainable Agriculture

In many countries, there are already establishfedteto promote a more sustainable means of
agricultural production (Luo et al., 2014). In tiranagement of the water environment, the
efforts have focused on i) sustainable intensificabf agriculture, ii) operating agriculture
within the biodiversity and contaminants limits aiiidouilding resilience to environment water
protection in the agricultural and food systemsu&ana, 2014). In that context, integrated
fertilizer management approaches have receivedased attention as pathways to sustainable

high production agriculture and reduction of enmirent water problems in the rural areas.



Recent concerted efforts recommend applying feetif at rates consistent with sustainable
yields rather than potential yields (Ali et al.,18). Others propose use of slow release ferti-
lisers (Oh et al., 2006), use of fertilisers thwtilbit nitrification (Morita et al, 2002), and con-
junctive use of nitrogen fertilisers with carborsafBlakasone et al, 2002) and biochar (Eneji et
al., 2013). Other efforts include precise spatiad &emporal fertiliser applications matched
with plant demand (Tilman et al., 2002), and insezhuse of organic matter to increase the soil
capacity to retain the applied nutrients (Steinex ¢ 2007).

Various legislations have been instituted to prargistainable agriculture practices. In
1999 the 'law for promoting the introduction of tisable agricultural practices' including
fertilization was established in Japan (Kumazaw@2). Outside the agricultural systems, there
are also legislated effluents limitations on tataounts of pollutant loadings for specified water
bodies like groundwater, rivers, lakes, and sedl989, the Japanese Environment Agency
established the environmental water quality stashdarnitrate concentration to be 10 mg/L or
less under water pollution control (Kumazawa, 20@)mmenting on the past and current
on-field efforts and legislatives, significant retions of the agrochemical pollutant loadings in
the environment waters surrounding the intensivecaljural areas have been observed where
the recommended measures have and are being pth@ilzono et al., 2009).

However, in many such rural areas, the agricultunabffs and drainage leachates from the
agricultural systems are still carrying nutrienadangs enough to pollute surrounding and
downstream water bodies (Mabaya et al, 2016c). li@nather hand, after many decades of
research and development around the topic ofifatireduction and efficiency use, there is a
growing opinion that further on-field control meass would not achieve major additional
benefits on environment water quality without sfigraint cost on agricultural productivity (Luo
et al., 2014). For example, further fertiliser retilons than the recommended measures might
reduce the quality and yields of agricultural proglgHirono et al., 2009). In addition, given the
interactions of various agroecosystems within rivasins, the different goals on maximizing
profits and minimizing costs also pose a challesmgbow to reconcile different socio-economic
activities with the environment (Tilman et al., 2)0Furthermore, in the enforcement of leg-

islation, there has been vagueness on the rele\@taeen water quality standards and limi-



tations. There is some doubtfulness on whetheoliservance of specified effluent limitations
are leading to specified water quality standardadtya, 2002).

Moreover, it has also been difficult to control leéints from agriculture given their
non-point source character (Kumar, 2003). Besiue agrochemical pollutant loads dynamics
are stochastic in nature. The decreasing or threasing rate of fertilizing pollutants is affected
by temporal and spatial variations of various hjalyical variables, and the physical and bio-
logical variables of the agricultural system beaamtrolled, whose behaviour is individually
stochastic (Billy et al., 2013). More so, while thdave been a remarkable improvement in
predicting future dynamics of environment water lfuaconstituents, estimation errors and
differences between the predicted and the actued are still problematic which pose a risk in
the management of environment objectives (Cabec@thal.,2007). Therefore, in reality,
achieving sustainable agricultural development gtiesents one of the greatest scientific
challenges because of trade-offs among competicig-eaconomic and environmental goals,
coupled with the stochastic nature of the key higtjical, biogeochemical and ecological
processes. On the other hand, as the environnaarteérns are increasing, so are the concerns
of feeding the growing population (Godfray et 2D10). Accordingly, an increased world food
production with greater protection of the enviromiir the future presents a major challenge
for science (Soussana, 2014).

There is a need to develop more resilient decisimport systems in the rural areas, which
facilitate greater protection of the water envir@amihfrom agrochemical pollution and water
depletion while sustaining the productivity in tagricultural areas. Such systems should be
able to work towards finding innovative sustainalded resilient solutions for the
agro-fertilizers nutrient paradox in the rural are@he aforesaid problems need to be thor-
oughly identified, options for increased produdtiwvith greater protection of the water envi-
ronment should be guide posts for action, and itmesmust be created and stakeholders must

able to participate, while progress is monitored.

1.3 Research Objectives

The overall objective of this research is to depdiiecision support systems for water envi-



ronment management of agrochemical pollutant Ideata intensive agricultural systems in
the rural areas under hydrological and socio-ecanamcertainties, using optimization theo-
ries. The developed decision support systems waskist to support the decision-making
process for improving the surrounding water enviment quality and the overall agricultural
productivity in the rural areas.

This study is undertaken with the following mairjesives:

[1] To develop a robust optimal model for diversiorfastilizing-nutrients polluted agri-
cultural drainage water from an intensive agriaaltsystem to different wetland types
under uncertainty using portfolio optimization amgch.

[2] To investigate, with an aid of the robust optimaldel, the potential of converting
fertilizing-nutrients polluted agricultural drainagwater into valuable nutrient re-
sources for an alternative cropping system wheeentlitrients are limiting for crop
production.

[3] To develop a reservoir operation model that usesuajcal water quality management
approach for stochastic optimal control of agrdiieer pollutant loads from intensive
agricultural systems into reservoirs for irrigation

[4] To explore, with an aid of the developed resergpiration model, how to increase the
water environment productivity of the rural areasder constraints of spatial and

temporal water shortages and pollution.

1.4 Structure of ThisThesis
This thesis consists of six chapters, including ttiapter.

In Chapter 2, decision support systems are defifibd. established decision support sys-
tems for water environment management in the rarabs are discussed. The chapter also
describes why optimization-based decision suppartiats are ideal for water environment
management focusing in particular on the ruralsarea

Chapter 3 describes the robust optimal policy mddeldiversion of fertiliser nutrient
polluted agricultural drainage water from an inteesagricultural system to different wetland

types under uncertainty. The chapter details hawrttensive agricultural practices in green tea



plantations are contributing to the nitrate potiatiof surrounding and downstream surface
water bodies. Then, the robust optimal model isettgped and applied to support deci-
sion-making process for diversion of nitrate-coriteated drainage water to different wetland
types in order to reduce nitrate loads entering &td polluting the receiving surface waters.
The opportunity of converting fertilizer-nutrienplputed agricultural drainage water into val-
uable nutrient resources for paddy-rice productigsiems using the model is also investigated.

Chapter 4 presents an optimal operation model tlmehsistic optimal control of agro-
chemical pollutant loads from intensive agricultisgstems into reservoirs for irrigation. The
chapter explores how the reservoirs well posedterdéept substantial fertiliser runoffs from
upslope agricultural fields could influence the astveam riverine transport of fertilizer nu-
trients during operation for irrigation. The modehpplied to the study area of interest.

Chapter 5 explores an opportunity to increase enmient water productivity in the ag-
ricultural areas under problems of agrochemicdlugpioh with an aid of reservoir optimal op-
eration model. The chapter describes how the nmumldt support decision-making process for
upgrading to integrated irrigation aquaculturenipiove the overall agricultural productivity,
under constraints of spatial and temporal watertages and agrochemical pollution.

In Chapter 6, the conclusions of this study arersansed, and the comments on the future

of this research are described.



CHAPTER 2 Literature Review

2.1 Introduction

This chapter defines decision support systems aodides literature reviews on decision
support systems for water environment managemerd.chapter also describes why optimi-
zation-based decision support models are ideal&ber environment management focusing in

particular on the rural areas.

2.2 Decision Support Systems

The first paper that advanced the decision sufgystem (DSS) idea was of Little (1975) where
he proposed circumventing the human intermediargdaeloping an interface for the manager.
Since then, the DSS technology and application lewetved significantly to help tackle the
semi-structured and unstructured decision probl@gysiak et al., 2005). However, there has
been no established definition of DSS. The amhjguiitDSS definition has been discussed by
several authors (e.g. Keen, 1981; Eom and Lee,;1998iak et al., 2005). As a result, some
authors use a very loose definition such as angsythat supports decision-making (Mysiak et
al., 2005). DSS specifically target, the interfédstween science and practitioners to provide
operation solutions that support decision-makergléaling with complex problems of the
system under study at various scales (GiupponiSgubbi, 2013). It appeatrs, therefore, to be
the general agreed definition to define DSS asasteve computer-based technology solutions
that support decision-making to solve either urgtmed or semi-structured or wicked prob-
lems (e.g. Eom and Lee, 1990; Shim et al., 200&Pet al., 2015).

The mode of assistance provided by DSS could @agsbd as the criterion to differentiate
and therefore define specific DSSs. Power et 201%) differentiate DSSs as communica-
tion-driven DSSs, document-driven DSS, data-dri@®Ss, knowledge-driven DSSs and
model-driven DSSs. This study specifically dealshwhe model-driven DSSs. The mod-
el-driven DSS usually consists of three major congoas - model subsystem, data subsystem
and user interface (Eom and Lee, 1990). Moreoliey, &re often categorized into optimization

and simulation models (Power, 2002). Therefore pihéhematical and analytic models are the



dominant components of such DSSs. A simulation nisderepresentation of a system used to
predict the behaviour of a system under given sebnditions (Wurbs, 1993). As such, alter-
native executions of simulation models are madntdyze the performance of a system under
varying conditions as alternative operating posici®n the other hand, optimization models
involve mathematical formulation in which a fornaddjorithm is used to compute a set of de-
cision-variables values that minimize or maximineodjective function subject to constraints
(Ben-Tal et al., 2009).

Although optimization and simulation are two altsime model-drive DSS approaches
with different characteristics, their distinctioa somewhat obscured by the fact that most
models, to various degrees, contain elements ¢f dpproaches. While, the core function of
each model-driven DSS is to target decision analyah), some usually include capabilities for
simulation modeling (SM), and in some cases pauiciry processes (PP) (Giupponi and
Sgobbi, 2013). SM provide a framework for modelimg phenomena of the system, physical or
otherwise, and understanding the consequencesciiate or of other drivers on the system
under-study, thus, making the problem's solutiaviair (McCown, 2002). For that reason,
simulation models often stand alone as DSSs (McC@002). The PP paradigm embodies
tools that enable adequate management of con@apisations and constraints of stakeholders
to the decision-making process to provide transpased end-user satisfaction decisions
(Giupponi and Sgobbi, 2013). DA includes the mdthdrameworks and algorithms that
structure the complex decision problems on diffeespects of pursued decisions to provide
scientifically sound, technically robust and unbigudgments (Giupponi and Sgobbi, 2013).
DA, SM and PP approaches as DSSs on their ownflzave and shortcomings which may have
significant impacts on the final decision, but, 8®which is able to integrate two or three of
these three dimensions, provide operational salstior the decision process in its entirety
(Giupponi and Sgobbi, 2013).

The ultimate goal of a DSS is to improve the perfance of decision making by merging
human intuition judgment and computer system (Eachlzee, 1990). Therefore, a successful
DSS should be able to explore the problem beindt deth, derive possible solutions, and to

discover and analyze the underlying cause-efféatioaships (Mysiak et al., 2005). Moreover,



a DSS should be simple, robust, easy to contraelptace, as complete as possible and easy to
communicate with (Little, 1975). Nevertheless, timelerlying is DSSs support but do not re-
place the judgments of the individuals, and thegrimae the effectiveness rather than efficiency
of decision process (Janssen, 2012). Therefaedotus must be on the quality of the decision

process rather than quality of final decision.

2.3 Simulation Model-driven DSSs for Water Environment M anagement

Decision support for planning and management ofmweanvironment often consider many
target criteria simultaneously like water availapilwater quality, flood protection, agriculture
and ecology (Haberlandt, 2010). Simulation modaksrefore, have attracted much interest in
the field of water environment, mainly becausehéiit capabilities to imitate the behaviour or
phenomenon of specific water environment physigatesn. Simulation models are used for
both prediction and exploration of the static onayic behaviour of the system, plus to an-
ticipate the effects and assess the consequens@sufted phenomena (Power, 2002). When
simulation is providing the functionality of the BSmultiple 'runs' of the experiments are
usually executed and the results of each rumem@ded and then aggregate results of each test
are recorded and then analyzed to try to answeifgpguestions.

The water environment models used in a simulateonaapture much detail about a spe-
cific physical system, but how the complex the matheuld be depends upon the purpose of
the simulation. Worldwide, hundreds of hydrologieald eco-hydrological models have been
developed to simulate processes like infiltratioimoff generation, groundwater recharge,
evapotranspiration, nitrate and phosphorous dyrgnaimsion, etc (Haberlandt, 2010). The
models have also undergone a long period of der@apfrom a single factor to multi-factors,
from static state models to dynamic models, frotemeinistic to stochastic, from point source
to non-point source, from zero dimensional to oimeemhsional, two-dimensional and
three-dimensional (Wang et al., 2013).

There are typical commercial simulation modelswWater environment management, fo-
cusing especially on the rural areas. QUAL modadsawdeveloped from 1970 to 1987 to sim-

ulate non-point source pollution particularly inndeitic rivers (Brown and Barnwell, 1987).



WASP1-7 models were developed in 1983 for watelityugimulation in rivers, lakes, estuaries,
coastal wetlands and reservoirs, including ones; tand three dimensional models (Ambrose
et al., 1988). Later, Williams et al (1985) devedd@a Simulator for Water Resources in Rural
Basins (SWRRB) model for simulating hydrologic aner related processes in rural basins.
The objective was to predict the effect of managdrdecisions on water and sediment yields
with reasonable accuracy for ungauged rural ba3ins.Denmark Hydrology Institute (DHI)
developed MIKE models: MIKE 11 (DHI, 1993), MIKE ZDHI, 1996a) and MIKE 31 (DHI,
1996b) to simulate flows, sediment transport, gaitication and other water quality phenomena
in estuaries, rivers, irrigation systems and othater bodies in one-, two-, and three dimen-
sional, respectively. QUASAR model was establisinetd97 for dissolved oxygen simulation
in larger rivers and it is a one-dimensional dyramidel (Whitehead et al., 1997). BASINS
models were also established in 1996 as multiperpoalysis environmental analysis systems,
suitable for water quality analysis of both poindanon-point source pollution at watershed
scale (Cao and Zhang, 2006). Arnold et al. (199®) Arnold and Forer (2005) developed a
SWAT (Soil Water Application Tools) model which & semi-distributed model capable to
simulate runoff, nutrients and other agriculturbemicals as well as sediment yield in large
complex agricultural watersheds with varying sdasd use, and management conditions. The
above-mentioned water environment simulation motlalee been widely applied worldwide
(Wang et al., 2013). There are also other vast mptiEo numerous to mention, including the
empirical and mechanistic deterministic/stochastadels that have been and continue to be
developed to simulate complicated water environaiertnditions.

Due to special water environment issues like palflytwhich can bring serious conse-
quences especially on aquatic and the biodiversity,water environment effects have to be
simulated, predicted and assessed. This makerthdagion models important tools for water
environmental management decisions. The simulatiodels provide a framework for mod-
eling the phenomena of the water environment sygbdysical or otherwise, and also provide
the understanding of the consequences of decisiohather drivers on the system under-study,
thus, making the problem's solution trivial (McCqwW002). As a result, the decision-maker can

communicate with the simulation model-driven DS8 aompare the simulated results to the
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desired state given by the water environment manageobjectives. Several measures can be
selected to analyze how to achieve the objectiMas.capacity of simulation models to give the
gquantitative insight and current information als@leles optimization of control strategies for
the strategic or operation decision (Power, 2002).

However, a number of the typical simulation modekscomplex for non-scientists; need a
large number of parameters and data in total, wd@liration takes a long time (Haberlandt,
2010). Perhaps, the major setback of the simulaiedels as DSSs has been the big differ-
ences of the simulated results among the modetstaldifferent theories and algorithms used
(Wang et al., 2013; Haberlandt, 2010). This ofesdk to different water environmental man-
agement decisions, as most of the modeling resaifisot be compared or referred to each other
(Wang et al., 2013). The significant uncertaimytihe modeling results leaves the serious
problem of which model is to be preferred for decissupport. Standardization of simulation
models can help guarantee consistency in the apiplicof the models for water environment
decisions (Wang et al., 2013). Haberlandt (201@ppses a possibility to improve decision
support through integration of the results of thadeis using fuzzy-set theory or the metamodel
approach. Simulation models as DSS are also deficighat they cannot solve the problem by
outputting an optimal action, and often fail towed the information to relevant action results

leading the users to be overwhelmed with compleaitgt information (McCown, 2002).

2.4 Optimization Model-driven DSSsfor Water Environment M anagement

The management of water environment in the ruhsisometimes can simply meant moni-
toring some water quality indices or releasing neglirrigation water from the reservoir to the
command area (Kawachi et al., 2003). However, watgironment management decisions are
often complex and multifaceted, principally becawdetrade-offs between environmental,
ecological, socio-political, and economic factdkskér et al., 2005). Additionally, the water
environmental management problems like any otharwerld problem are characterised with
some data uncertainty. As a result, one cannotéeeen quite small perturbations of uncertain
data coefficients as it can make the nominal ogtsokutions heavily infeasible and thus prac-

tically meaningless (Ben-Tal et al., 2009). Thierdfore calls for the water environment to be
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managed from a scientific point of view. While atfgs are sometimes made to use intuitive or
heuristic approaches to simplify complexities,Hia process, important information happens to
be lost, while opposing views are discarded andedainties are ignored (McDaniels et al.,
1999). Developing an optimization model as a denisupport tool is quite reasonable because
optimization theory has functions to fulfill thessguirements.

Optimization methods based on mathematical modelalale to define the complex water
environmental management problem into a well-deffset of optimization problems. Dividing
a complex management problem into several optimizgiroblems and linking the optimiza-
tion methods for those problems together provigeaaagement strategy as a solution to the
original problem (Kawachi et al., 2003). In additjidhe linkage of such optimization methods
provides a solution to the original problem. Optiation models are formulated in terms of
determining values for a set of decision varialtheg will maximize or minimize an objective
function subject to constraints (Wurbs, 1993). Airnization problem in general comprise of
the following components: i) control variable caasted in a set of admissible control, ii) a
state variable that is given for a chosen contaoiable as the solution to an equation describing
the model of the controlled system, iii) an obsgoravariable of the state variable, and iv) a
functional of control variable (Ben-Tal et al., Z)0An optimization model normally incorpo-
rates only one objective function, and if thererardtiple objectives, they can be combined in a
single function if expressed in commensurate ufWsirbs, 1993). Alternatively, other ap-
proaches are typically adopted to analyze trade4oftween objectives. One approach is to
execute the optimization model with one selectgdative function, while the other objectives
are treated as constraints at user specified lg¢Basn-Tal et al., 2009). Another alternative
approach is to treat each objective, as weightedpoment of the overall objective function
(Wurbs, 1993).The optimal problem is to searchrarobvariable that minimizes or maximizes
the objective functional. In some cases optimaliipdition theoretically characterize the op-
timal control variable, but in some cases, a compimiplements an optimization procedure to
search the control variable satisfying the optitgalondition (Kawachi et al., 2003).

Most optimization applications to water environmenanagement involve linear pro-

gramming (LP), dynamic programming (DP), and/orslealgorithms, and also various other
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non-linear programming methods (Wurbs, 1993), thhoilne paradigms of robust optimization
(RO) and stochastic optimization (SO). The validifythe linear control theory for dynamic
problems and that of linear programming for stpticblems are remarkable in uncertain situa-
tions (Kawachi et al., 2003). The uncertain LP peois are associated with deterministic
counterparts. LP has advantage over other optimizatethods of being a well-defined, easy to
understand, and readily available algorithm (Behetal., 2009). Therefore, many water en-
vironmental management problems can be represesddidtically by a linear objective func-
tion and set of linear constraints. On the otherdhaon-linear properties of a problem can be
readily reflected in a DP formulation. Unlike LPhigh is a precise algorithm, DP is the general
approach to solving optimization problems and gliapble to problems that can be formulated
by optimizing multiple-stage decision process (Veurb993). Search algorithms usually are
effective when they are combined with a complexusation model. The simulation captures
the complexities of the real world operation problevhile the search algorithms provides a
mechanism to systematize the series of iteratieewions of the simulation model required to
find a near optimum decision policy (Wurbs, 1993).

The literature related to optimization models img®l and application to water envi-
ronment management in rural areas in particulartsnsive. Many researchers have presented
several approaches combining mathematical modeting computational optimization.
Kawachi and Maeda (1999) rearranged a finite el¢raad linear programming model and
applied it for stream-water pollution control. Kastdd and Maeda (2000) and Maeda et al.
(2000) developed robust optimization models to rganaater quality in river systems under
uncertainty. Kumar et al. (2001) presented a coetbimethod of linear programming and GIS
technique to optimize the allocation of dischargetutant loads from non-point sources in a
watershed. Unami and Kawachi (2001) and Unami.g28D1) incorporated H controllers for
an automatic control system for an open channelor&tand in a decision support system for
water quality management in a lake, respectiveigslet al. (2006) combined the remote
sensing-simulation modeling and genetic algorithotingization to explore water management
options in irrigated agriculture. Zhang et al. (2P8eveloped a robust chance-constrained fuzzy

possibilities programming model for water qualitamagement within an agricultural system,
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where solutions for farming area, manure/fertilizgplications amount, and livestock hus-
bandry size under different scenarios are obtaamatlinterpreted. Belaineh et al. (1999) pre-
sented a simulation/optimization model that intéggdinear decision rules, detailed simulation
of stream/aquifer system flows, conjunctive usesuwface and groundwater, and delivery via
branching irrigation canals to water users. Huang.¢(2012) developed a stochastic optimi-
zation model for supporting agricultural water nmgemment and planning in a river basin.
Unami et al. (2015) developed a stochastic modeluggport control of rainwater harvesting
system for irrigation during dry spells. There aleo other vast optimization models, too nu-
merous to mention, that have been and continue teleloped support decision-making for
sustainable water environment management in tiz¢ aveas. The review of Singh (2015) gives
a detail of various optimization approaches forrttemagement of water environment problems
of irrigated agriculture in rural areas.

The advantages of optimization models is that thiacilitate a more prescriptive analysis,
and ii) they provide a more systematic and efficiemmputational algorithm (Wurbs, 1993).
However, representing the objectives, performamesacter, operation rules, and physical and
hydrological of the system in the required fornvaithout unrealistic simplifications are par-
ticularly difficult aspect in the application of timization techniques (Wurbs, 1993). Since
water environment problem is often triggered by rbjabical phenomena, hydrodynamic
simulation models need to be developed before ging@an optimization model (Maeda et al.,
2010). As earlier discussed, simulation models hlagedvantage of providing a more detailed
and realistic representation of the complex physaca hydrological characteristic of water
environment system. In this regard, simulation n®deapport optimization models by gener-
ally providing the mechanisms for the model usetdfine the operating rules in a greater detail
(Wurbs, 1993). Alternatively, utilization of simui@n models without any support of optimi-
zation models may lead to inefficient and/or sufdjecdecision making (Maeda et al., 2010).
For example, while to some extent, simulations atew flows and pollutant transport can
provide management alternatives in the decisionimgakrocess, however, screening these
alternatives remains a difficult problem becausmenous options can be created. Therefore

considering many existent physical and socio-ecacanoonditions, an optimization approach
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for selecting a promising management alternativelavbe required. Therefore, simulation and
optimization models should not be rigidly categedzas being descriptive and prescriptive,
respectively (Wurbs, 1993).

The review shows that there is no single type deweanvironment problem but, rather, a
multitude of decision problems and situations. Eaalter environment system and each study
is unique, therefore, a variety of decision vamabldecision criteria, and constraints can be
incorporated using either simulation models or roation models or integrated simula-
tion-optimization models. In this study, a compleater environment management problem
under hydrological and socio-economic uncertaintigbe rural area under study was divided
into several optimization problems and the optitiira methods for those problems were
linked together to provide the solution to the wréd problem. Optimization models and sim-

ulation-optimization models are used as decisi@pst systems.
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CHAPTER 3 Robust Optimal Modé for Diversion of Agricultural
Drainage Water from Intensive Agricultural Systemsto Paddy Fields

3.1 Introduction

Green tea is a very profitable crop that thrivesaambust domestic consumer market, where
often the price thereof reflects the quality of {€aveanaelle et al., 2004). The major quality
indicator of green tea is the content of free ananis (Ruan et al., 1998). The amino acids
give the sweetness often used to describe highitgjupieen teas (Gweénaelle et al., 2004).
Accordingly, the most important nutrient in greea production is nitrogen (N). In pursuit of
high quality tea, it has been the general tendbgagyreen tea farmers to apply heavy dressing of
N fertilisers. Napplication rates of 1,000-2,500 kg N'iyaar" are reported to have been ap-
plied to green tea crop (Hirono et al., 2009; liaét 1997; Nagumo et al., 2012; Oh et al.,
2006). Thus, N fertiliser applications in green pdantations have been much higher than any
other field crop land use. Consequently, this isiten use of N fertilisers has made green tea
plantations one of the highest N-pollutant emittergater bodies among land use categories in
Japanese agricultural watersheds.

When N is applied to soil, it undergoes variousgfarmations and movements within the
crop and soil systems. Nitrate-nitrogen NQ) is the common transformation often undergone
by N in the soil system. NEN is very mobile, and is easily lost from soil ®m through
leaching and runoff to water bodies, and its cotregion tends to vary seasonally and spa-
tially in an agricultural watershed (Hirono et &0Q09; Poudel et al., 2013). The N fertiliser
applied in winter and spring, which becomes nidfitends to remain in the surface soil of tea
plantations until the rainy season when it is ld¢&ched away to water resources. As a result,
the NG-N concentration in tea plantations tends to bédmg in winter and lowest in summer
season (Hirono et al., 2009). The fluctuation ipagite to drainages, surface and subsurface
waters around green tea plantations wherg-N©oncentration tends to be highest during the
summer season (Hirono et al., 2009; li et al., J9Bfis phenomenon occurs more often when
no buffer is present in the lower reaches of theerghed (Vidon et al., 2008).

In Japan, severe NEN contamination of water resources is increasitigling observed
in intensive green tea growing regions than in ather cropping regions. High NEN con-
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centration of water resources is a greatest envieo threat to public and biodiversity. Most
water sources such as springs and deep wells atiginfrom nearby tea plantations are re-
portedly no longer safe for drinking due to high NDconcentrations (li et al., 1997). Excess
levels of NQ-N concentrations in drinking water are linked tdsedses like
methemoglobinemia and gastric intestinal cancem(§01987). Apart from eutrophication of
water resources, excess N in running and standing waters has also beemtia cause of
aquatic life extinction in tea dominated watersheds to the decrease in dissolved silica and
pH (Nagumo et al., 2012; Nakasone et al., 2002ypical example is the study by Nakasone et
al. (2002) where they reported the total absenagoftic life in Tanno Reservoir in Shizouka
Prefecture, Japan, due to strong acidity causedtiate inflows from nearby tea plantations.

A number of (predominantly fertiliser related) ctermeasures are recommended to
farmers in Japan to solve the problems of nitratetaomination of waters in tea dominated
watersheds. These include reducing chemical Nigents use to optimal application rate of 540
kg N ha'year* (Nagumo et al., 2012), use of high N efficientifesers (Oh et al., 2006; li et al.,
1997), conjunctive use of carbonates with N fesgits (Nakasone et al., 2002), and use of or-
ganic green manure (Kumazawa, 2002). A follow-wmgtby Hirono et al. (2009) after 10
years of implementation of these measures in Mdkirm tea area in Shizuoka Prefecture,
Japan, showed a significant M® reduction in water bodies surrounding tea plaons.
However, despite the decreasing trend, the anvesbge N@N of water resources from tea
growing regions remained above 10 mg/L (Japan enmient water quality threshold). This
phenomenon was also noted in our study area inaSRigfecture, Japan, where measured
seepage and runoff flows from cliffs in the forestsrounding the tea plantations flowing di-
rectly into adjacent river recorded high N® contaminations throughout the year (Mabaya et
al., 2014a). Hence, the current recommended maxifettitiser application rates for tea crop
could be possibly still high for sound water enmireent. Unfortunately further reductions in N
fertiliser application rates to tea crop might ldadiecline in quantity and quality of tea pro-
duced (Hirono et al., 2009; Nakasone et al., 2002).

On the contrary, the value of paddy fields locabedthe valley bottoms of upland tea

plantations, goes beyond provision of staple fdeatldy fields and their associated irrigation
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systems possess abundant multifunctionality roMsch include flood mitigation, ground
water recharging, soil erosion prevention, waterifipation and biodiversity conservation
(Huang et al. 2006; Kim et al. 2006; Matsuno e2@06; Unami and Kawachi, 2005). However,
despite this unique characteristic of multifunctbty, the paddy fields are facing crisis of
collapsing (Matsuno et al, 2006). Paddy rice prddacsector cannot endure without subsidies
due to associated high production costs but lowketgorices (Katayama et al., 2015). The
profit inefficiencies of rice production are alsoedto excess rice inventory worldwide and
problems of aging farming community (Matsuno et 2006). Paddy cultivation is therefore
under threat of abandonment. The threat of abandonhaf paddy cultivation in Japan poses as
a risk to current environmental sustainability gfieultural watersheds where rice paddy cul-
tivation dominates (Mabaya et al., 2014b). Unfoatiety, once paddy field is abandoned, res-
toration takes long time and it may not even besipds to reactivate all the multi-functions.
There is therefore an immediate need to identiéydpace, degree and beneficiary of the pre-
viously mentioned functions of paddy fields to d¢eea partner relationship with other agri-
cultural sectors to generate mutual benefits (Maletyal., 2016a).

Paddy rice and green tea crops pose a potentitiigpghip that can generate greatest
benefits in both sectors, in terms of profitabilityd environment sustainability. N is the most
limiting nutrient for rice production (Ishii et al2011). Therefore, N concentrated drainage
water from tea plantations if diverted to paddydéehas potential direct benefit to contributing
towards viable production of rice through freelyadimg most important inputs for rice pro-
duction, that is, N nutrients and water(Mabaya let2D14b). The review paper of Ishii et al.
(2011) on N cycling in rice paddy environments sbdvthat, N-transforming processes in
paddy fields can effectively reduce N-loads in watend soil through nitrifica-
tion-denitrification (Hayatsu et al., 2008), platuptake (Sasakawa and Yamamoto, 1978),
and anaerobic ammonium oxidation (Zhu et al., 20#byeover, the N-load reduction activity
in the paddy is widely reported to show tendenciynofease with increase in N concentration in
the inflow (Matsuno et al., 2006). Therefore, ifcNhcentrated drainage water were diverted
from tea plantations to paddy fields, paddy fieddsld potentially act as a constructed wetland,

thus purifying water (Matsuno et al., 2006). It a common phenomenon in Japanese
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well-drained agricultural watersheds to find eitbee or both of these two crops dominating
(Mabaya et al., 2016a). The topo-sequence natuighvibnds to be common when both crops
are dominating the watershed makes this stratedwieally feasible.

However, there are also inherent uncertaintiepaddy N-reduction function, due to
complex mechanisms in N transforming processethdrabsence of hydraulic control system
during the diversion of N contaminated drainageewtt lowland paddy fields; there is a pos-
sibility of further environment risks likeo,; leaching, and production and emission of
greenhouse O and health hazard Nigases (Mabaya et al., 2014a). According to Keamnely
Sahrawat (1986), these three possible risks am@aogsly very insignificant processes due to
strong nitrification-denitrification in paddy sail&€ven supposing that, the ratios of NQ
NH4-N, and NQ-N reduced to Nor up taken by plant are not distinct. Therefdiréy load
reduction ratios are not known in advance and prabdf inherent uncertainties are not dealt
with before diversion of agricultural drainage watte paddy fields; further environment risks
cannot be completely ruled out. The effectivendsbverting nitrate contaminated agricultural
drainage water from upland tea plantations to pdidlys in the valley bottoms is investigated
in this Chapter. A robust optimal model, which retiy allocates optimal fractions of agricul-
tural drainage discharges from tea plantationslifggrsion to paddy fields, was developed. The
application of the model to the study area of igeras a decision support system, in terms of
its ability to reduce pollution to water resourteemaximize plant N uptake and to minimize
further environment risks in the respective paddidé was analyzed.

In this chapter, section 3.2 discusses how paddgdfican purify nitrate contaminated ag-
ricultural drainage water under uncertainty. Intiec3.3, a robust optimal diversion model for
diversion of agricultural drainage water from irde agricultural system to paddy fields is
formulated. Section 3.4 contains materials and outhillustrating how the robust optimal
diversion model could be applied to reduce theatetpollution from green tea plantations to
the surrounding and downstream water resourcesiakimize plant N uptake, as well as to
minimize further environment risks in the respeetpaddy fields In section 3.5, the results of

the study are stated and discussed. In the lasbiseconclusions of the study are given.
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3.2 Paddy Nitrogen Reduction Function

The review paper of Ishii et al. (2011) on N cygliim rice paddy environments showed that,
there are various possible N-transforming procel#isgly to occur when N contaminated water
from upland tea plantations is diverted to lowlgaddy fieldsFigure 3-1 shows the schematic
overview of how N-contaminated drainage water daecould be N-cycled in paddy soils.

Nitrification is a microbial process whemgH; is oxidised toNO, via NO, by nitrify-

ing bacteria (Hayatsu et al., 2008). On the otlaadidenitrification is the microbial respiratory
process in which N-oxidesN©O;, NO; ) are stepwise reduced to gaseous forms (NO, Ny)

by denitrifying bacteria (Ishii et al., 2011). Niitcation-denitrification is the dominant process
involved in N-reduction in rice paddy soils (Ishtial., 2011). Either Nor N,O gas can be the
end products of nitrification-denitrification. Due strong denitrification activity, emission of
N,O gas is usually very low, butié the major end product of denitrification (Iséiial., 2011).
Denitrification rate of paddy fields is reporteda® between 0.02 and 0.8 gfmer day (Matsuno
et al., 2006). The nitrification bacteria activitgnds to increase with ammonia-fertilization
(Freitag et al., 2005). On the other hand, Schieddl €2004) revealed an increase of denitrifying
activity whenever nitrate fertilisers were addedpamldy soils. Therefore diverting drainage
water with high N@N and NH-N concentrations might speed up nitrification-defication
process. Nitrification-denitrification rate tendsiticrease with increase in ponding condition,
temperature, organic carbon supply, N concentragfdnflow, N fertiliser application and pH
(Ishii et al., 2011; Matsuno et al., 2006). Thusrennitrification-denitrification is expected in
summer season, when weather, water managementagtndomic aspects conducive for
growing rice crop indirectly create also a favoleabenvironment for nitrifica-

tion-denitrification process.

Rice plants uptake N iNH, and NO; forms, where in the presence of both, the crop
uptakesNH; faster thanNO; (Sasakawa and Yamamoto, 1978). However, thereoisigg
evidence that partiaNO; nutrition further improves the growth of rice. Téeidy by Duan et

al. (2007) showed a yield increase of 40-70% wingiseures of NH; and NO; were used as

compared with either forms applied alone. N uptakeice plants also increases with tem-

perature (Sasakawa and Yamamoto, 1978) and pH (\&aalg, 1993). Additional N fertiliser
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application by farmers further increases the plgtake of NH; and NO; (Duan et al., 2007).

Therefore, when the N-concentrated drainage wateivierted to paddy fields, the rice crop
might easily absortNO, andNH; in their present states for its immediate bereefd in the
process purifying water from N contaminant loadse process is however seasonal, since rice
crop can only be grown in summer season in mosts pafr Japan. Moreover, nitrifica-
tion-denitrification process being the dominantqass in paddy fields means a significant

amount of N is lost to atmosphere which should be supposesig by rice crop.
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Figure 3-1 Schematic overview of nitrogen cycling in rice gadvetland soilsThe solid and

dashed arrows indicate the reactions normally arely observed respectively, in paddy fields.

The study by Van de Graaf et al. (1995) reveals thia; can also be biologically trans-

formed by anaerobic oxidation to, Ky Planctomycets spp. This process is called anaerobic

ammonium oxidation (annamox). Recent study in Cehmawv that the annamox activity occurs

in rice paddy soils when botNH; and NO, are both present. Zhu et al. (2011) detected

annamox activity in paddy fields of China wherelbatnmonia fertilisers and nitrate concen-

trated pig manure slurry were used. Therefore,ngasn this finding similar to our proposal,
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diverting water with significant concentrations loéth NH;, and NO, could additionally

induce an annamox activity; thereby speeding uprainof N contaminants in drainage water.
However, annamox activity's detailed contributiorNtcycling in rice paddy soils still requires
further study (Mabaya et al., 2014a).

N,O and NH gas productions, antlO, leaching are possible environment risks that may
be undergone by N contaminated water if it is debitely diverted to lowland paddy fields. NH
gas is produced and lost to atmosphere whepMiMolatises. NH gas is one of the major air
and water quality concerns, as it is known to caiggeificant health hazardous effects to public
and environment ecology. The process tends to aseravith increase in NHN, soil pH,
temperature, wind speed and solar radiation (KeanelySahrawat, 1986). Nitrate leaching is
another abiotic process whengO; is lost to ground and surface water. It is momvatent in
paddy fields when soils are negatively charged tdugresence of high clay content), which
sequently leads to selective adsorption of posytivdharged NH; leaving out negatively
charged NO;, to leaching (Ishii et al., 2011). Nitrate leachiegds also to be high during the
draining periods of paddy fields, and after heaipfall events especially if soils are of high
permeability. Green house,® gas can also be produced whid;, is oxidised under aerobic
conditions (Ishii et al., 2011). During denitrifi@an process BD can also become an end
product when denitrifying bacteria lack®l reducing ability (Keeney and Sahrawat, 1986).
There are also several other sources ) §as. Therefore identifying sources ofONis im-
portant in order to establish,® mitigating strategies. JO gas emission is however, dominant
in upland fields where £is not a limiting factor than in paddy fields. Qat, according to
Keeney and Sahrawat (1986), these three poss#ks dre auspiciously very insignificant
processes due to strong nitrification-denitrifioatin paddy soils. However, the ratios of NQ,
NH4-N, and NQ-N reduced to Mor up taken by plant are neither distinct nor knaw ad-
vance; therefore uncertainties due to implememtagioors when agricultural drainage water is

diverted to paddy fields cannot be completely rulat(Mabaya et al., 2014a).

3.3 Robust Optimal Diversion Model

A conceptual framework for the diversion of agrtauhl drainage water from green tea plan-

23



tations to paddy fields is presented aFiigure 3-2. Let the current agricultural drainage flow
dynamics of a given agricultural watershed haveia discharge with initial N@N concen-
tration C coming from upland tea plantations flowing dirgatito the adjacent river (R) via
the drainage canal (DC). To reduce thesMentering into and polluting the adjacent riveaR
fraction of the unit discharge is diverted from D&Cthe abandoned paddy fields (APs) and
active paddy fields (PFs). The goal is to find tmimal fractions of the unit discharge for
diversion, which maximizes the reduction of the NDentering the R, increases N nutrients
accessibility by rice plants and minimizes furthmssible environment risks like NOI
leaching and greenhouse@ gas production in the respective paddy fields idMa et al.,

2016c). A robust optimization solution is proposedormulate the above-mentioned problem.

TP land use
(1,C)

w) (), Wetland Type i (PF, AP)  ~+-

@ I

|

|

(X(),Co) :(xi 9CI')
v ;
| River R (1,(1-2)C)

Figure 3-2 Schematic conceptual framework for diversion oft wiischarge of agricultural
drainage water with N&N concentrationC from TPs to PFs, APs and DC, and the resultant
discharge amount and N®! concentration to the R. The first element ingodineses represent
discharge amount and the second element reprélerdscharge's NEN concentration. Solid
arrows shows direct inflow direction, dashed arsivow the flow direction which could be

either impounded or released to R.

Let x be the ratio of the unit discharge diverted to ttte wetland type of paddy fields

from the DC wetland type, which is assignedO is (that is, no diversion). The ratiog are
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subject to the constrainti)g =1 andx >0, where n is the number of wetland types. Let
i=0
p be the ratio of N@N reduced in the th wetland type, defined as

c-C
P (1)

where C is the final N@-N concentration of diverted agricultural drainagater in thei th
wetland type. Whenp values are distinct and known in advance, thatipeogramming (LP)

problem with the performance index

i<n i<n
max{z:z=3 px 3% = 1x > ( )
i=0 i=0
has the optimal solution to divert all the drainagger in the most denitrifying wetland. It is
however, difficult to ascertairp values in real problems due to inherent uncergsnof
complex mechanisms in NN reduction processes. The uncertainty involvedhim N dy-
namics is assumed to be represented in the cariagadllipsoidal set

i<Z"(pi _Zpi*) S@Z} 3)

i=0 O

ng{p:[pi]eRn

where p; is the nominal value gf , o, is the radius determining uncertainty intervapof
and ¢ > 0 is the safety parameter chosen by decision makefliect his/her attitude towards
the possible environment risks from prediction angdlementation errors. The larger the value
of & the more risk averse is the decision maker (Bdraiid Nemirovski, 1999). The per-

formance index here is redefined as the worst-sBE%eN reduction
z={min§ ppg} (4)
i=0

Due to the conical nature of the constraint (3, phoblem (2) reduces to a feasible non-

linear optimization problem

y=ma><{2=§p.*>s—9 2o X :§x=1,>920} (5)
Problem (5) gives therefore the robust optimal gyofior diversion of agricultural drainage
water from tea plantations to paddy fields and Bi€re, it can be observed that the above
policy is a global robust optimization problem retsense that the robustness constraint of (5)

represents all the possible valuepof The necessary condition to be satisfied jyan be
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obtained through subjecting (5) to the local extrantondition

(B - pi) Sk -6 (ax ~ox..)=0 ©

i<n
for 0<i<n-1 and the constrain®_x =1.
i=0

3.4 Materialsand Methods

3.4.1 Description of Study Area
The robust optimal model is applied for diversidnagricultural drainage water from tea

plantations to paddy fields for both rice growirgpson (RS) and non-rice growing season
(NRS) in a study area, which is called Imago aexéending over the Nunobiki hills and ad-
jacent valleys of Shiga Prefecture, Jagéagure 3-3 shows the map of the study area and water
quality sampling points where water quality measwpts were conducted.

Water quality DC Drainage Canal R yapakawa

— Water flow
sampling point From TP, River

direction

Abandoned

Tea Irrigation | | Active Paddy | g
. Paddy Field

Plantation i 8 Tank ; LRES ! Field i

| Forest

Figure 3-3 Land use configuration of Imago area agriculturatesshed and locations

of water quality testing points.

The study area has typical land use configuraticluding rainfed tea plantations (TPs) on
hilltops and upper slopes, forests (Fs) on hilpbeky abandoned paddies (APs,1) on upper
valley bottoms, active paddy fields (PFs, 2) equipped with irrigation and drainage faizbt

in middle valley bottoms, and irrigation ponds ants (Ds). The abandoned paddy fields used
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to be rainfed but were later abandoned after thestcoction of Imago Dam (fp in 1964 to
irrigate the middle valley because the upper vallag prone to low water temperatures, lack of
sunlight, and crop damage by nuisance wild aninTdig. total areas of the Fs, APs, PFs, and
TPs are 115 ha, 0.6 ha, 57.5 ha and 35.3 ha resggctyamakawa River (R), which flows
across the valley bottoms, also happens to be tia drainage channel of the study area.
Seepage from upland tea plantations and foresgs sré throughout the year mostly from the
gorges and cliffs wetting the abandoned paddy dield upper valley bottom. Some of the
seepage and runoff from TPs finds its way into rdrgé canals (DCs) in the middle valley

bottoms, flowing into R.

3.4.2 Green Tea Fertilizer Applications

Table 3-1 shows the fertiliser application methods and etji&ts that are currently being applied
in the green tea plantations (TPs) of the Imaga.afithe fertiliser application strategies
observed includsplit N application method, use of organic feréhs use of high N efficient
fertilisers; conjunctive use of carbonates witheifisers. The annual N application rate in TPs

is about 600 kg/ha; slightly higher than the recanded 540 kg/ha (Nagumo et al., 2012).

Table 3-1 Observed fertiliser types and application rateBRs of Imago area.

Date of Description of fertiliser used N P,Og K,0O

application (kg/ha) | (kg/ha) | (kg/ha)

10/02/2014 | Organic fertiliser (bone meal, fish Mmeammo- 98 42 56
nium sulphate, potassium sulphate

12/03/2014 | Organic fertiliser (bone meal, fish me&on- 200 40 56
trolled release fertiliser (sulfur coated urea)

10/04/2014 | Controlled release fertiliser (sulfuaisa urea) 146 0 0

10/04/2014 | Slow release fertiliser (ammonium suipmaixed 73 0 0
with nitrification inhibitor), carbonates (dicyan-
diamide)

10/09/2014 | Organic fertiliser (bone meal, oil calehmo- 85 16 34
nium sulphate, urea

Total annual applications 602 98 146
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3.4.3 Water Quality Characteristics Measurements

A7 x 3 x4 x 2 x 4 factorial experiment designdal/with 7 land use types, 3 water quality
measurement items, at least 4 samples measurddngeuse per water quality item per re-
spective test day, 2 measurements done per mandhsiaccessive months per each season was
used for water quality characteristics measurem&kiaser quality items NN, NO,-N, and
NH4-N were measured using simplified on-site waterligupack tests (Kyoritsu Chemical
Check Lab Corp, Tokyo, Japan) on Fs, a DC, TPs, RPs, Ds, and the R, at place marks
indicated inFigure 3-3. The water quality characteristics were measumaa November 2013
to August 2014 twice per month. The observed wagtiatity measurements were divided into
two groups: the NRS (from November 2013 to Febr2&i4) and the RS (from May 2014 to
August 2014). The averages and standard deviafioreach water quality item measured per
land use per season were subsequently computezhah@ed by comparing the results among

the land use types in a particular season andtimeles two seasons.

3.4.4 Temporal and Spatial NOs-N Reduction Measurements in Wetlands

The measurements of temporal and spatial changhi©eN in wetland types were concur-
rently conducted from November 2013 to August 2@43.x1x 4 x 2 x 4 factorial experiment
design layout with 3 wetland types (of AP, PF and)Donly 1 NQ-N water quality item
measured, (at least) 4 sample points measurementsttie slope per wetland type, and 2 tests
measurement done per month for 4 successive mpatteach season was used. The sampling
frequency was twice per month; after-no-rain-dags{1l) and after-rain-day (Test 2). Thetime
span between Test 1 and Test 2 was approximatelymeek. Test 1 represented equilibrium
state scenario and Test 2 represented disturbaeoarso. The N@N concentrations of each
wetland type under the study on each test day vemsuared from upstream to downstream for
DC wetland type, from inlet to outlet for PFs, ahawn the slope for APs. The percentage
differences of spatial measurements ofsNMDconcentration for each respective wetland type
on each respective test day were calculated ugingtion (1). Observed NEN changes of the
two tests were grouped into two clusters: the NR& the RS. Temporal and spatial N®
reductions of wetlands were analyzed by compari@gtvo tests results on the respective

wetland type and among the wetland types in aqudati and in between two seasons.
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3.4.5 Statistical Analysis

The significance of differences of water qualityardcteristics among land-uses, and temporal
and spatial reductions of NI in wetlands, in a particular season and in betwi&o seasons
were statistically compared using Mann-Whitney L& dailed test at 5% significance level.
Mann-Whitney U test is a non-parametric test ofrthk hypothesis that the two populations are
the same against an alternative hypothesis thatteylar population has larger values than the
other. In the results and discussion section, timutative distribution function (CDF) value p
corresponding to the Mann-Whitney U statisticsatcglated for each comparison and men-

tioned in parentheses.

3.4.6 Operation of Robust Optimal Diversion Model

3.4.6.1 Estimation of the M odel Parameters

In the study area, DCs conveyed seepages and sunoiffi TPs to the R via APs in the upper
valley bottom and PFs in the middle valley bottoifs.operate the robust optimal diversion
model in the study area, the three wetland type® wensidered: DQi =0), AP (i =1) and
PF (i = 2). To find the robust optimal allocations of drairagater for the three wetland types;
observed N@N reductions during the NRS and the RS in AP, /& BC wetland types were
first calculated. Test 1 measurements (describesettion3.4.4) were exclusively used per
each wetland type as they were more representattittee NQ-N dynamics in the study area
because they were not affected by short-time dianges of incidental rainfalls.

Depending on which of the observed spatial samgimigts confirmed positive N&EN
concentrations on each respective test day, eatthndeype under the study was divided into
finite number of reaches. The DC was segmentedredohes from upstream to downstream,
while PF was from inlet to outlet, and AP was ddha slope. The calculations were conducted
specifically on DC that carried seepages and rgrfoffm TPs to the R via PFs in the middle
valley bottoms, and the R Figure 3-3, which was receiving direct 5 mg/L and 10 mg/L
NOs-N contaminated direct inflow through DC during tRBS and through flume during the

RS respectively. The AP investigated was the samtand where other water quality tests
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described above were conducted. ObservegNi@ductions within each respective reach of
respective wetland type were then calculated bylyapgp Equation (1).p, (which is the
nominal value ofy) was taken to be the arithmetic average apdwhich is the radius of
uncertainty) was taken to be the standard deviatidhe observed spatial N reductions

(%) in the reaches of each wetland type (AP, PFXDY respectively.

3.4.6.2 Deduction of Robust Optimal Diversions

Applying the Newton-Raphson method to Equationf@8)0<i < n-1 and the constraint
E)g =1, the robust optimal diversions were numericalllyad by allocating different rates
cl)zfodiversion x to APs, PFs and DC in each season under diffeadettydevels of > 0. The
resultant performance indexes, which are the ttatt-case N@N reductions were then
calculated as in Equation (4). The expected risksch are the worst-case N® reduc-
tion deviations in the NRS and the RS respectivedye calculated a;ézi”jafxz . The last
stage of robust policy model operation was thectiele of best robust safety factét for
diversion of agricultural drainage water to APssRRd DC, which results in best trade-off
between large N&N reductions and small NN reduction deviation. The corresponding
robust diversionsx to APs, PFs and DC of the selected best robustystfetoro, were
accordingly taken to be robust optimal diversiohsgricultural drainage water from tea

plantations during the NRS and the RS.

3.5 Results and Discussion

3.5.1 Water Quality Characteristics of Land-uses

Figures 3-4 and3-5 show results of water quality characteristics,epbsd per land use during
NRS and RS, respectively. MO was absent in all the land use types and in be#tisons. The
results are expected since, ofteQ,, is an intermediate (not end) and unstable oxidatate

of nitrification process. Otherwise, high levelsrofrite would have indicated a problem of
nitrification cycle. On the other hand, small NN concentrations between 0.2-0.4 mg/L were

observed and showed no significant differerfpe- 0.115)between seasons and respective land
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use types. This might be a common phenomenon admpanese agricultural watersheds as it
was also observed in the agricultural watersh&&usfma Prefecture, Japan (Ohrui and Mitchel,
1998). The small and unchanging states of-NFhmong land use types and throughout the year
seem to indicate its equilibrium state with theissivment.

In contrast, significant and different concentratiacof NQ-N between 0-10 mg/L were
observed among different land use types and indmtvgeasons. As expected, forests (Fs) land
use type had lowest mean NN concentrations of 0.1mg/L both in NRS and R$eesively,
and showed no significant changp = 0.326) in between seasons. The observed result is
comparable to other previous studies of forest-dateid sub-catchments (Billy et al., 2013;
Huang et al., 2012). Irrigation dams (Ds) recorliedmean N@-N levels of 0.2 and 0.3 mg/L
in the RS and the NRS respectively. The water tyuafi farm dams showed that it was con-
trolled by hydrology and land use. According to iBvéood et al. (2004) direct precipitation
generally comprise less than one tenth of totabwiaput, while surface waters as runoff can
comprise nearly all the water in the farm dam. lilee, low nitrates levels which were rec-
orded in Ds could be due to low nitrate conceraratecorded from adjacent F and PF land use
type that provided runoff catchment to observedibgigure 3-3). A further investigation of
nitrate concentration variation including Ds witP Tatchments might also be necessary, es-
pecially to understand rate of inventory nitratermtime.

A distinct observation noted was high meansNOconcentration in TPs and DC land use
types in both seasons. DC carried seepages anfistnoon TPs to the R via PFs in the middle
valley bottoms. TPs recorded mean{NOconcentration of 6.6 and 6.4 mg/L in the RS toed
NRS, respectively, showing no chan@e= 0.711)in between seasons. In contrast, DC recorded
mean N@-N concentration of 4.0 and 8.3 mg/L in the RS #@&NRS, respectively, showing a
significant decreasép = 0.007) during the RS. Tea is a perennial crop, accorgirfggh and
unvarying N@Q-N concentration of TPs in both seasons can biguatid to frequent application
of high amounts of N fertilisers to tea crop insghsons throughout the year. On the other hand,
observed N@N reductions in DC were quite the opposite of naagicultural drainages where
NOs;-N concentration tends to be high during the sumseaison (li et al. 1997; Hirono et al.

2009). The reason was due to significant dilutigrhigh volumes of denitrified waters from
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draining PFs in the middle valley, which drainetbiBC just before DC discharges into the R.
In this regard, deliberate designing of DCs frons Td*pass through PFs (or linking DCs of TPs
to DCs of PFs), would result in significant deceeBisNO;-N concentration flows from TPs due
to dilution effect especially during the RS.

APs in the upper valley bottoms, just below upldmb, recorded small mean A
amounts of 0.1 and 0.2 mg/L in the RS and the NRB§pectively, indicating no significant
NO;-N changes(p = 0.433)in between two seasons. A study by Kogi et al. 0@ Inba
watershed, Chiba Prefecture, Japan where abangauely fields were receiving wastewater
from adjacent urban area showed that APs reduc&d @&otal nitrogen (T-N) in individual
watersheds and 73% of T-N when watersheds weiigadiin a consecutive series. Similarly,
given that upland TPs formed part of APs seepagderamoff catchment, it appears the APs
were also effectively denitrifying high NEN contaminated seepages from just upland tea
plantations. This shows that, APs can play an itigmbrrole in reducing nitrogen pollutant loads
especially in agricultural watersheds where botk @aRd APs are prevalent.

The PFs in the middle valley recorded meansiNQconcentration of 0.4 and 1.2 mg/L
during the NRS and the RS, respectively. The irsg@amean N@N concentration during the
RS was likely due to N fertiliser application adjvto rice crop by farmers (Mabaya et al.,
2016a). The increase was however, not signifigant0.326)despite N fertiliser applications.
The observed results in the NRS also showed thatakiél PFs had no significant difference
(p=0.164) in NOs-N concentrations. On the contrary, during the BServed N@N con-
centrations in APs and PFs showed significant difieqp = 0.026).The results show that
NOs-N loads in APs and PFs are closely linked to sealseariability scale of hydrological and
biogeochemical processes. During the NRS the hgditdl and biogeochemical processes
both in APs and PFs are likely to be similar (Mabayal, 2016c). However, during the RS the
agronomical and biogeochemical changes in PFsNiKertiliser application and increased
uptake of uptakes diiH, faster thanNO, may explain the NON increase in PFs
(Sasakawa and Yamamoto, 1978). On the other hasgjtd the commonality of N fertiliser
application activity in both TPs and PFs land ustegories during the RS, PFs recorded sig-

nificantly smaller N@-N concentration(p = 0.002)than TPs. Moreover, in the NRS, most PFs
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recorded nil amounts of NEN in water from N fertiliser residues despite flaet that it was
just after the end of the RS. This all may poingffective NQ-N reduction processes of PFs as
earlier reviewed.

The adjacent river (R) which flows across the walbettoms of the study area recorded
mean NQ-N concentration of 0.7 and 1.6 mg/L in the RS H&NRS, respectively. The sea-
sonal changes in NEN levels of the river show the influence of thesetved DC and PFs to the
downstream N@N pollution of the R (Mabaya et al., 2016c). PEsd as a buffer between
TPs and river reaches in controlling NS downstream pollution in an agricultural waterghe
and the buffer effect was more pronounced in thelRSummary, the observed NRS and RS
NOs;-N results in the R seem to explain the significahe played by different land use inter-
faces in nitrate retention and the seasonal sétftiéen hydrological and biogeochemical pro-

cesses controlling nitrate dynamics in surface wa&sources.
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Figure 3-4 Mean observed NFHN and NQ-N concentrations of water samples on forest
(F), drainage channel (DC), tea plantation (TPanaloned paddy field (AP), active
paddy field (PF), irrigation pond (D) and river (Rnd-use type during the non-rice
growing season (NRS). The error bars show the maxirmand minimum values of

measured water quality item per land use type dufie NRS.
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Figure 3-5 Mean observed NfAN and NQ-N concentrations of water samples on forest
(F), drainage channel (DC), tea plantation (TPanaloned paddy field (AP), active
paddy field (PF), irrigation pond (D) and river (Rind-use type during the rice growing
season (RS). The error bars show the maximum anignuim values of measured water

quality items per land use type during the RS.

3.5.2 Temporal and Spatial Reductions of NO3s-N in Wetland types
Figures 3-6 shows the observed mean spatialsMOreductions for AP, PF and DC wetland
types in Test 1 and Test 2 during the NRS and Rfe. dbserved results showed that the rain
events (as indicated by Test 2 measurements), tamilyancreased N@N reductions in all the
wetland types and in all seasons. SpatiakiNGeductions between 69% and 75% of AP wet-
land type were observed in Test 1 and Test 2 meamnts. No significant difference of the
NOs-N reduction (p = 0.849 ] in the NRS and(p = 0.208 jin the RS between Test 1 and Test 2
measurements was observed. Spatiaj-NQlecrease was, however observed in AP from test
point near TR (in Figure 3-3) to the furthest test point down the slope. The ek in Test 2
observed in APs in both seasons either could bhéwtd to rainfalls, which temporarily dilute
nitrates, or increased anaerobic environment of WRigh increases denitrification rates, or
runoffs which simply washed away the nitrates f@ls. While the source and the cause of the
NOs-N reduction in Test 2 observed in APs cannot lmerained, the spatial NON decrease
especially in Test 1 in both seasons indicate stonsiderable denitrification activity of APs.
For the PF wetland type, the temporal and spati2y-N level changes were conducted in

PF (in Figure 3-3), which was receiving direct 5 mg/L and 10 mg/L N contaminated
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direct inflow through DC during the NRS and throdlgime during the RS respectively. During
the NRS, in Test 1 a 75% N reduction from PF inflow inlet to the outlet wescorded. In
Test 2, a 90% NON spatial reduction was observed. Overall, theas wo significant change

(p = 0.288)in the mean observed N®l amounts from Test 1 to Test 2. During the RS ast 1

there was 82% NEN reduction from PF inflow inlet to outlet. In Tie8, there was a 92%
spatial reduction. Overall, there was no signiftadifferencgp = 0.154) in the mean observed
NO;-N amounts from Test 1 to Test 2. The observediteeshowed that rain event insignifi-
cantly increase N©ON reductions of PFs in all seasons. SpatiakiNQreduction recorded in
PFs was significantly highe¢p = 0.027)in the RS than in the NRS. The increased;NO
reduction in the RS was likely due to increaseditdéoation rates and rice plant N uptake
(Mabaya et al., 2016c). The increased ponding ggidlatsuno et al. 2006), increased summer
temperatures (Vinod and Heuer, 2012), N fertileaplications (Wang et al., 1993) and the rice
plant stands in the RS (Ishii et al., 2011) appedre the contributing factors to the significant
NOs-N reductions.

DC recorded a higher NN spatial and temporal reduction increase in R&aspared to

NRS. During the NRS, almost all points recordedinange (p = 0.468 with the exception of

only one reach in the DC that recorded a smali-N®eduction of 28%. However, during the
RS there was a significarip = 0.004) spatial NQ-N reduction from pollutant point source
(forest cliffs just below TPs) towards Yamakawa @®nfluence. This was due to dilution
process by less N¥N contaminated discharges from PFs. Spatiad-N@eduction in the DC in
Test 2 increased during the RS, due to frequent eaéents that result in direct dilution by
rainfall and indirectly due to increased dilutidfeet by drainage water from denitrifying PFs.
Significant spatial N@N reductions in the DC were observed during theMR8n it rained, due
to dilution by rainfall and indirectly due to in@®ed dilution effect by draining PFs.

In summary the observed results show that raintswesult in higher but not significant
temporary N@N reductions in wetland types in both seasonsgin DC wetland during the
RS where it is significant due to dilution effegtBFs. The results confirm the findings of Billy
et al.(2013) that nitrate fluxes and concentrations tfieial drainages in an agricultural wa-

tershed depends mainly on interface between hygicdbconditions and land use type. While
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in their study they found that forest land-use tppsys an important role in diluting artificial
drains, likewise, paddy field land use types cao gllay a similar role in paddy-dominated
watershed. Therefore, the current situation inlth&go area, though not optimal, is better than
other tea growing areas because of the topo-sequetare of green tea and paddy rice fields.
The redesigning of DCs from intensive TPs or framy mntensive agricultural upland fields to
pass through PFs or linking the DCs of the intemsigricultural fields to the DCs of the PFs is
therefore likely to result in significant decreasesNO;-N concentration flows to the sur-

rounding and downstream water resources due tbatileffect especially during the RS.

BTestl OTest 2

Mean NO;-N reductions (%)

AP-NRS AP-RS PF-NRS PF-RS DC-NRS DC-RS
Wetland type-Season

Figure 3-6 The observed mean spatial N® reductions of water samples on abandoned
paddy field (AP), active paddy field (PF) and degya channel (DC) wetland types in
Test 1 and Test 2 during the non-rice growing seg@S&®S) and the rice growing season
(RS). The error bars show the maximum and minimudg-N reductions measured per
wetland type. Test 1 measurements were conductedraf rain day and Test 2 meas-

urements after rain day.

3.5.3 Estimated Model Parameters

Table 3-2 shows estimations of parametegsand o, of the robust optimal diversion model (5)
in the NRS and the RS, respectively. Three andreaches of DC from the upstream towards

downstream ends recorded positive NOconcentrations in the NRS and the RS, respdygtive
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Two reaches of APs recorded positive NOconcentrations in both the NRS and the RS, re-
spectively. Three and five cases obRithe NRS and the RS, respectively, confirmedtpes
NOs-N concentrations. The results show that duringNRS, AP and PF wetland types have
comparably high and nearly the same nominai-NQeductions than DC wetland type, but the
NOs-N reductions deviation in the DC is the smallBstting the RS, nominal NEN reductions

of all wetland types are higher compared to theimterparts in the NRS. However, at the same
time, APs and DC have higher deviations of nomM&s-N reductions indicating a bigger

radius of uncertainty in NEN reductions.

Table 3-2 Estimation of model parametgss, the average of the observed NOre-
ductions, and, , the standard deviation of the observed;MMreductions, for drainage
channel (DC), abandoned paddy field (AP) and aqtaedy field (PF) wetland types
during the rice-growing season (RS) and the noagiowing season (NRS).

Nominal NGQ-N reductions (%)
Reach DC AP PF
NRS RS NRS RS NRS RS
1 0 33 50 50 50 98
2 0 50 87 95 60 94
3 28 0 95 89
4 20 78
5 70
) 9 25 69 73 68 86
o 16 21 26 32 24 12

3.5.4 Robust Optimal Distributions of Drainage Water to Wetland types

Table 3-3 shows computed results of robust optimal distidng for respective wetland types
under differentg during the NRS and the RS respectively. The reslibw that choosing
safety factor of@=3.2 and #=3.6 during the RS and the NRS, respectively, wouldltés

all of the drainage water in the DC being divettethe PFs and APs. A@ becomes larger, the
model increasingly allocate to DC wetland type. &ally, in the NRS, optimal allocations to
APs and PFs are almost similar per each safetgrfabbsen. This is somehow expected since

the biogeochemical and hydrological processes inaA& PF wetland types are comparably
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similar, because, no irrigation and agronomic #tiy are carried in PFs during the NRS
(Mabaya et al., 2016c). In contrast, the totalrtige water allocations range to PF wetland
type alone during the RS is 75-84%. During the RSRFs are characterised with increased
ponding depths from irrigation and rain, use ofdxtifisers and plant uptake of N nutrients,
which all lead to increased N@I reductions (Freitag et al., 2005; Scheid et2004). The
inevitable increase in allocations to the PFs dutire RS could lead to reduced amount of N
fertilisers (and irrigation water) used in paddyerproduction if properly managed (Mabaya et

al., 2016a).

Figure 3-7 shows the resultant performance indexesalculated as Equation (4hd the
corresponding environmental risks(#), calculated agzi'jafxz , during the NRS and the
RS respectively. The comparative results showithaverall, NQ-N reduction function per-
forms better during the RS than in the NRS. Chapaisafety factor o =3.2 and 6 =3.6
during the RS and the NRS, would result in maxinparformance indexes of 84% and 68% at
a maximum operation risk level of about 11% and 18%pectively. As§ becomes larger, the
respective overall worst-case M8 reductions decreases but the corresponding oiskper-
ation also become smaller. In this regard, the sbloptimal model becomes environmental
risk-averse to possible malfunctioning of NS reduction processes in respective wetland
types. The best trade-off robust safety faatofor diversion of agricultural drainage water to
APs, PFs and DC is chosen through observing behbiawb performance index and the
worst-case N@N reduction deviation under differeft chosen.

The best safety factors which results in best taftibetween large NON reductions and
small NO-N reduction deviation for use in the RS and theS\N®ould bed=3.5 and 6=4.5,
respectively. During the RS, &= 3.5 the robust policy would result in performance ndé
83% at environment risk of 11%. Likewise during MRS, at @=4.5 the policy would result
in performance indexes of 58% at environment risk48%6. The choice o® for operation, at
this stage, however is subject to decision makdtitside towards risk (Mabaya et al., 2016c).
Overall, the results show that the diversion afaté concentrated drainage water from upland
intensive agricultural fields, like TPs in Japamthe lowland PFs using the robust optimization

approach is both environmentally sound and ecoralipiciable.
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Table 3-3 Robust optimal allocations of unit discharge of MDcontaminated agricultural
drainage water to drainage channel (DC), abandpaddy field (AP), and active paddy field
(PF) wetland types under differghtin the non-rice season (NRS) and the rice se@@8h

Optimal drainage water allocations

Safet
Y X (%)
factor
P NRS RS
DC AP PF DC AP PF

3.2 16 84
3.5 15 83
3.6 0 54 46 15 83

0
2
2
4.0 8 50 42 3 14 83
8
8

4.5 15 46 39 13 79
5.0 19 44 37 13 79
6.0 26 41 34 11 12 77
7.0 29 39 32 12 12 76

100 50
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Figure 3-7 Robust optimal model characteristics: the perforreaindexesZ: RS and
Z:NRS, corresponding operation risk level§9): RS  a(é): NRS for the rice season

(RS) and the non-rice season (NRS), respectivaljeudifferent safety facto(é?).
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3.6 Conclusions

The water quality monitoring results at a smalliagtural watershed dominated with tea
plantations and paddy fields, shows thatsNMDconcentration of agricultural drainage water
from tea plantations are still sufficiently highceigh to cause water pollution to surrounding
water resources throughout the year. On the contdi;-N contaminated drainage water from
tea plantations, which flows into or through theadtioned and active paddy fields located on
the valley bottoms of upland tea plantations, coméid significant spatial N&N reductions.
The NQ-N reduction of active paddy fields was signifidaritigher during the RS, whilst,
NOs-N reduction of abandoned paddy fields was compwarthle same in both the RS and the
NRS. Rain events in both the RS and the NRS tempotiacreased N@N reduction of
abandoned and active paddy fields, and drainagenehaDuring the RS, the denitrified
drainage water from active paddy fields, which weal into the drainage channel before it
reaches the river, significantly diluted the N concentration of drainage channel water
flowing from tea plantations to the adjacent rivier active paddy fields. Therefore, the current
situation in the Imago agricultural watershed, wehboth tea and rice crops fields are in
topo-sequence, though not optimal, is playing gooirtant role in reducing N&EN pollution to
adjacent and downstream rivers.

Diverting NO;-N contaminated drainage water from tea plantattorabandoned and ac-
tive paddy fields can further reduce NR pollution to surface water resources. Howeueg, t
ratios of NQ-N reduced in paddy fields are not distinct; theref in absence of hydraulic
control system, implementation error uncertainti@sld result in further environment risks like
nitrate leaching, emission of greenhous®Mas and health hazard Nghs. A robust optimal
diversion model was developed to support the datigiaking process for diversion of hi®
contaminated drainage channel water to paddy figldsder to optimally reduce the amount of
NOs-N entering into and polluting the river. The apption of the model to the study area
shows that diversions to paddy fields are optimadximized to reduce NEN pollution to the
adjacent river, averting environmental risk of plolesmalfunctioning denitrification processes
in the respective paddy fields in both the NRS #®dRS. During the NRS, operation of the

model at a safety factor af =4.5 is recommended, which results in robust optimalrdrge
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water allocations of 39% to active paddy fields @686 to abandoned paddy fields, and the
15% to remain in the drainage channel. Likewiseinduthe RS, a safety factor ¢t=3.5 is
recommended, which results in robust optimal digénwater allocations of 83% to active
paddy fields and 15% to abandoned paddy fieldstlam@% to remain in the drainage channel.
Therefore, the diversion of agricultural drainageeav from tea plantations to paddy fields using
the robust optimal approach has potential to reduig®llution in the surrounding water re-
sources of the green tea plantations. The increalfmmhtion of NQ-N concentrated drainage
water from tea plantations to active paddy fieldse(to increased NEN reduction activity)
during the RS pose to reduce the cost of rice prtiolu through availing of free water and N
nutrients to the rice crop. Therefore, the joirddarction of tea and rice using the robust optimal
approach has potential to lead to sustainable @grral production of the two crops, through
reduced pollution and water demand pressure ow#ter resources, and reduced N-fertilizer
cost for rice production. The robust optimal moaelthe decision support system for diversion
of agricultural drainage water is also applicalde dontrolling agro-fertilizer pollution from

other intensive agricultural systems, beside gteamlantations.
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CHAPTER 4 Stochastic Optimal Control of Agrochemical Pollu-
tants Loads in Reservoirsfor Irrigation

4.1 Introduction

Global projections show that food production witled to double in order to feed the projected
population of 9 billion by 2050 (Tomlinson, 2018nnual cereal production will need to rise to
approximately 3 billion tons (FAO, 2009). The demdor chemical fertilizers is, therefore,
likely to continue to increase, not only to producere food to meet the projected demand, but
also to produce more biomass for energy purposesfimmite amount of land (Tallaksen et al.,
2015). Nitrogen (N) is an essential macronutrientiopping systems and so its use is in-
creasing substantially. The global projected denfandN fertilizer is expected to rise to 135
million metric tons in 2030 (Xiang et al., 2015pifin the current 110 million metric tons
(Tallaksen et al., 2015), and the majority of N dech would occur in Asian countries
(Tallaksen et al., 2015).

This ever-increasing rate of N fertilizer use imiagltural areas is, however, an environ-
mental concern. In Japan, the intensive applicaifad fertilizers in green tea production has
made tea plantations the highest N pollutant ersittewater bodies in agricultural watersheds
(Oh et al., 2006). In the United States, nitratecemtrations in major rivers have increased three
to tenfold, which is directly related to N fertiitton as well as other human activities (Matson et
al., 1997). As a result, many freshwater and magmaronments are eutrophicating because of
N (and phosphorous) lost in runoff or leaching fragricultural systems. Many agricultural
areas are now characterized by incidences of ntesalgae blooms causing hypoxia and tox-
icity conditions in aquatic ecosystems leadingasslof fish, shellfish, and other aquatic life
(Heisler et al., 2008). Underground water pollutessociated with nitrate leaching has also
become a concern in intensive agricultural area®j{Eet al., 2013). The excessive irrigation
water withdrawals in intensive agricultural areawvér on other hand drastically reduced the
assimilative capacities of water resources (Zlal e2015).

As such, there have recently been concerted effoitsprove the sustainability of the use
of N fertilizers. These efforts include efficientging N fertilizers (Oh et al., 2006) at optimal

application rates (Ali et al., 2015), as well asitluse in conjunction with carbonates (Nakasone
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et al., 2002), super-absorbent polymers (Eneji.e813), and biochar (Xiang et al., 2015).
Other studies advocate for single cropping (Badeeedl., 2015), organic farming (Keyes et al.,
2015), and gray-water footprinting of agricultupbducts (zhi et al., 2015). In agricultural
areas in which some of these measures have bedmiepted, some significant N reductions
in surrounding water bodies have been observedfdiet al., 2009). However, some envi-
ronment improvement efforts have suffered from eons related to feeding the growing pop-
ulation. There is reluctance to continue adoptioge agricultural clean production practices
due to fears of reduced productivity (Luo et a12). In Japan, further reductions in the use of
N fertilizer in green tea production are not supgdbecause they might lead to declines in the
quantity and quality of tea produced (Hirono et 2009). This is despite the fact that, in some
intensive tea-growing areas, runoff and drainageHates continue to carry N pollutant loads
high enough to pollute surrounding water bodiesl{dda et al., 2016c).

Therefore, the current major challenge of agricaltscience is to come up with tech-
nologies that can increase world food productiotih\gireater protection of the environment. In
this Chapter, introducing environmental water tedbgies between intensive agricultural
systems and adjacent rivers is hypothesized thantsignificantly reduce N pollutant loading
of downstream water bodies. There already have besgarch efforts in this direction. For
example, Hefting et al. (2005) recommended plaéamgst buffers between agricultural sys-
tems and rivers. The previous Chapter proposeslitlegsion of nitrate-polluted agricultural
drainage waters from intensive agricultural systémpaddy fields. Paradoxically, reservoirs
used for irrigation in agricultural landscapes coalso be an alternative to controlling the N
nutrient loading from intensive agricultural systerto downstream surface waters. The
catchment areas of such reservoirs usually coakfstrests and mountainous areas, but some
catchment areas include upland agricultural fi¢Mabaya et al., 2015b). In such cases, the
catchment areas are well-positioned to intercegtbstantial amount of fertilizing nutrients and
other pollutants from upslope agricultural systéRmwers et al., 2013). The buffering effects of
these impoundments could be taken advantage ofit@ince the downstream riverine transport
of fertilizing nutrients and pollutants. Numerowservoirs are used for irrigation across the

globe. The number of farmland water bodies is axiprately 200,000 in Japan (Nakasone et al.,
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2002) and 3.5 million in the United States (Povegral., 2013). Therefore, the nutrient load that
could be intercepted is quite substantial.

However, equally important is the in-pool water lgyaof these impoundments, as it af-
fects other interests such as fishery, irrigati@ienr use, and ecological water releases (Mufioz
et al., 2006). Uncontrolled nutrient loadings iméservoirs could fuel eutrophication, which
might lead to mass mortality of fish and other dgulife (Smith et al., 1999). Since less at-
tention is paid to the water quality aspect of ithigation reservoirs, some reservoirs are in-
creasingly becoming endangered due to long-termiemtitpollution. A typical example is
mentioned in a study by Nakasone et al. (2002), rgported the total absence of aquatic life in
a small irrigation reservoir in Japan due to strawcglity caused by long-term uncontrolled
nitrate inflows from upslope green tea plantation®reover, ironically, if uncontrolled,
long-term nutrient pollution of reservoirs wouldalpose a major threat to downstream aquatic
and terrestrial ecosystems, in the case of thefddumne (Evans et al., 2000).

A novel approach to controlling agro-fertilizer riaht loadings in reservoirs used for ir-
rigation is presented in this chapter. The key cbjes are i) to reduce the downstream surface
water pollution from intensive agricultural systenisto operate reservoirs to remain within N
contaminant limits of the aquatic life therein, aiyto safeguard the established irrigation
values of reservoirs. The decision-making problsfioimulated as a Markov decision process
(MDP) model. The MDP model has been mathematieedlly established and has been applied
in many areas (Ben-Tal et al., 2009), includingstheelated to water resources (Lamond and
Boukhtouta, 2002). The use of the MDP model inghesent study is valid because the deci-
sion-making problem is both dynamic and stochastie stochastic natural water inflows and
outflows of the reservoir, as well as transitiomaipns of mass conservation, were modeled
using Markovian stochastic processes. The MDP moseedl in the present study uses water
quality and quantity norms to find the optimal cgierg policies for the reservoir. A reservoir
used for irrigation in a study area in Japan tharone to nitrate pollution from upslope green
tea plantations is selected for application ofrimel. The optimal operation costs are calcu-
lated in monetary terms to comprehensively cholee®ptimal discharge rates and timings for

the release of the reservoir inflows and outflows.
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In this chapter, section 4.2 describes the formanapf the Markov decision process to
find optimal policies for control of agro-pollutaltads in reservoirs for irrigation. Section 4.3
describes the governing equations of the modeltid®®ed.4 contains materials and methods
illustrating how the formulated Markov decision pess model could be applied to solve the
nitrate pollution problems from green tea plantagidn section 4.5, the results of the study are

stated and section 4.6 is the discussion. Concelasibthe study are given in last section.

4.2 Markov Decision Process M odel

The irrigation reservoir is assumed to be operagiag both water quality and quantity horms to
optimally (i) control the reservoir agrochemicallptant loads within the contaminant limits, (ii)
maintain the reservoir storage above the envirotahehreshold, and (iii) meet the irrigation
water demand. The reservoir operation method ignasd to be a dynamic decision-making
problem involving a finite-state, finite-action stastic system in which the system’s dynamics
are described by state transition probability distions. An MDP solution is proposed to for-
mulate the above-mentioned problem, with the gbihding operation policies with a minimum

worst-case expected value of a given cost fungtem-Tal et al., 2009).

The storage level and the respective water quiadilgx of the reservoir are taken to be a
state variablee X , where the number of possible statesix| is assumed finite. The reservoir
i e X condition is assumed to be observed at reguléefiime pointst e T of the infinite de-
cision horizol ={0,1,2,..}. Depending on the e X observed, the operator chooses a reservoir
operation decisiorae Afrom a finite set of all possible decisioAs {a,,....3}. If decision
ae Ais chosen for statée X , then costf(i,a) is incurred, and the condition state of the ir-
rigation reservoir transitions tg € X according toP, () (Ross, 1990), wheré (a) are the
transition probabilities under control actiame A at staget € T from statei € X to state

j € X, which is expressed as follows:

P.(a)=P{X,,=j|X =ia=a} @)

The incurred costsf(i,a) are assumed to be bounded by a positive real nurivber
(|f(i,a)|< M), for Vi, Vva with discount factow € (0,1). Thus, for any policyIl employed

when the initial state is= X , the expected total discounted cost incurred is
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vri‘(i>=En[ia‘f(xt,adlxozi] (8)

Since the costs are bounded ard, V(i) is also bounded, and thus equation (16) is well
defined. PolicyIT is said to bea -optimal if Vi (i) =inf v (i) forvie X. The above prin-
i

ciple of dynamic programming yields the Bellman &tipn
Ve (i)=r;1€ip{f(i,a)+az P @V5 (j)}. (9)
]

Accordingly, the corresponding optimal control pis II' for the operation of the irrigation

reservoir under study is obtained by

H*(i)eargmin{f (,a)+az Pay;( )} . (20)

acA

4.3 Governing Equationsfor the Storage and Water Quality Index Transitions

The water balance of the reservoir for irrigatismepresented as

dv; ~
pra 6Q+Q, -Q; (11)

where t is the time,V, is the water storage volume of the reservoit avQ is the uncon-
trollable water balance between inflow and outflay, is the supplement discharge from an
alternative water source, arg, is the water withdrawal for irrigation from thesegvoir. Here,
0Q includes surface and subsurface runoff from thehraent areas, direct precipitation onto
and evapotranspiration from the reservoir watefaser, spillway outflows, and seepage losses.
The mass balance of a water quality index in thgation reservoir at any given time is rep-

resented as follows:

dM,
dt

=M +5F+F - F, (12)

where M, is the mass of the water quality indeg, is the coefficient of water quality index
decay, 6F is the uncontrollable flux balance of the watealgy index, F_ is the inflow flux
of the water quality index from an alternative wateurce, andF, is the outflow flux of the
water quality index due to irrigation water witha. Then, the concentratiog, of the water
quality index is governed by

%=—2Ct _ﬂv_12+y%+5F —VCt5QJr FCC_V?QCC +CtQi\,/t— F,

t t

(13)
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whereg = (S5Fdt)(5Qdt ) andy =(5Qdt)(5Qdt). The coefficients 5 and y are not negligi-
ble when §F and 6Q are stochastic. Under the assumption that thevaseinder study is

well mixed, F, ~C.Q, is assumed. Thus, the temporal discretization avéme stept for

equations (11) and (13) results in the followinggming stochastic equations:

\/t+At = \/t +AV + J.:Ht(Qcc - er )dt (14)
and
teat 1 C F.-CQ.
Cist =C +AC+]. [-zc:t - ﬂv—t2+y\7t2+thdt (15)

for storage and water quality index transitiongha reservoir, respectively, wher/ and

tt0F —C,0Q ot
V,

AC are random variables correspondingj'tttéM5th and J't , respectively.

t

The integrals in equations (14) and (15) are consta a stationary state. Therefore, based on

these stochastic equations, the transition probiabilare statistically identified from the ob-

served data series of, and C, .

4.4 Materialsand Methods

4.4.1 Description of Study Area

The MDP model is used to find the optimal policiesthe control of agro-fertilizer nutrient
pollutant loads of Imago reservoir {On the study area referred to as Imago areandiig
over the Nunobiki hill and the adjacent valleysShiiga Prefecture, Japan (34 96 N and 136 21
E). Imago area has a typical land use configuratiahincludes rainfed tea plantations (TPs) on
hilltops and hill slopes, forests (Fs) on hill sésp irrigation reservoirs (Ds), and abandoned
paddies (APs) on upper valley bottoms, and actaddp fields (PFs) equipped with irrigation
and drainage facilities in the middle valley botsgyms shown iRigure 4-1. Yama River, which
flows across the valley bottoms, also happens thdenain drainage channel of the study area.
The total areas of Fs, APs, PFs, and TPs are 11G.6aa, 57.5 ha, and 34.3 ha, respectively.
Imago reservoir was constructed in 1964 in ordéarigate the middle valley PFs. The reservoir

has a capacity of 110,000°na water surface area of 1 ha, a catchment ar@a bf, and a
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command area of 57.5 ha. The catchment area ofdmesgrvoir consists of Fs and TPs. Imago
reservoir often receives water supplements frontregas Tongu reservoir ¢ through a
conveyance canal. Tongu reservoir is an earthvesdsuilt in 1965 for agricultural purposes
and has a reservoir capacity of 320,0G0anwater surface area of 2 ha, and a catchmembére

0.9 knf, which consists primarily of Fs.

0 300 600m

D, Irrigation reservoir k TP, Green tea plantation k

AP Abandoned paddy fields Forest

PF, Irrigated paddy fields k -==%-~ Conveyance canal from Dsto D,

Figure 4-1 Schematic view of the land use configuration @ imago agricultural area, which
includes Imago reservoir ¢y Higashi reservoir (B), Nishi reservoir (), Fire Cistern pond (b),

Nireno reservoir (), and a conveyance canal from Tongu reservajy t®lmago reservoir (D.

4.4.2 Estimation of the Uncontrollable Water Balance Variables

An automatic weather observation system was irstatl June 2014 within the Imago reservoir
catchment area. Precipitation, humidity, air terapee, air pressure, and wind speed were
continuously recorded in 10-minute intervals froumeg 2014 to November 2015. Assuming a
uniform distribution of rainfall over the reservaiatchment area, the daily precipitation falling
onto the reservoir surface area was directly tangd from the recorded weather data for
precipitation. The daily evaporations from the resi& were directly computed from the rec-
orded weather data using the Penman equation fggoeation from an open water surface

(Ritzema, 1994). Although there could be some uacdy between the potential evaporation
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and the actual evaporation from Imago reservaérgihaluation of the above-mentioned method
revealed that the actual evaporation can be esnatith R*>0.93 (Valipour, 2015).
Moreover, the majority of the measured weather fatahe study area were within the best
weather conditions for use in this method (Valip@®14).

The Imago reservoir runoff catchment is ungaugéwakrdfore, the daily runoff inflows to
the reservoir were estimated from the measureq gadcipitation data using the Soil Con-
servation Service (SCS) Runoff Curve Number mettfdedabari et al., 2009). The reservoir
lateral seepage losses were assumed to be negligibly the vertical daily seepage losses were
considered and were estimated experimentally itetheratory from samples of the clay loamy
soil that forms the bottom of the reservoir (afpeiddling). The groundwater inflow was not
taken into account, due to a lack of stream netsvaround the reservoir to account for base

flow (Fowe et al., 2015).

4.4.3 Water Quality Monitoring

Water quality monitoring tests were conducted om $ix irrigation reservoirs indicated in
Figure 4-1 as well as green tea plantations (TPs) and for@sy of the Imago reservoir
catchment area. The measured water quality indev&® nitrate-nitrogen (NEN), ni-
trite-nitrogen (NG-N), ammonium-nitrogen (NHN), and phosphate-phosphorous (FR).
On-site water quality pack tests (Kyoritsu Chemi€ileck Lab Corp., Japan) were used.
Measurements were conducted at least once per rfromiiNovember 2013 to February 2015.

The average and standard deviation for each watdityjitem were subsequently computed.

4.4.4 ldentification of MDP Mode Parameters

The identification of the operation decisioas A, state variables € X, transition probabil-

itiesP, () , and the incurred decision co$is,a) for Imago reservoir is described.

4.4.4.1 Reservoir Operation Decisions Options

Four possible operation decisior#!s:{al,az,as,a4} for Imago reservoir (B are shown in

Table 4-1.
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Table 4-1 Reservoir operation decision optic(lase A) for Imago reservoir (B.

Decision| Parameters Description

a Q, >0, Q. =0 | Release irrigation water from Imago reservoir

Introduce water supplements from Tongu reservoir
a2 Qir = 0’ Qcc >0 .
to Imago reservoir

a, Q. >0=Q, >0 | Introduce water supplements first and irrigaterlate

a, Q, >0=0Q, >0 | Irrigate first and introduce water supplementsrlate

Table 4-2 Possiblestorage NQ -Ni € X states for Imago reservoir at any given time catego
rized in terms of how they affect reservoir aqulitecand irrigated crop in the command area.

Storage volume NOs-N (mg/L)

(1,000 ) 0-1 13 3-5 5-10
85-110 =17 i=18 i=19 i=20
60-85 i=13 i=14 i=15 i=16
35-60 i=9 i=10 i=11 =12
10-35 i=5 i=6 i=7 i=8
0-10 i=1 i=2 i=3 i=4

4.4.4.2 Defined Reservoir Storage and Water Quality Index States

The possible storage volume for Imago reservoigearfrom 0-110,000 fnand the N@N
concentration ranges from 0-10 mg/L. The envirortaewater volume threshold is set at
10,000 mi. Above this threshold, volumes are categorized attcumulation ranges at 25,000
m® increments. The NEN states are defined according to their effecaquatic life, fish in
particular. A study by Kincheloe et al. (1979) die NQ-N tolerance of fish eggs and fish fry
revealed the following highest total mortality m@f 10% at 1.1 mg/L, 21% at 2.3 mg/L, and
59% above 4.5 mg/L. Therefore, a N concentration below 1 mg/L is defined @esan, a
NOs-N concentration of from 1-3 mg/L is definedtakerable, a NQ-N concentration of from 3

to 5 mg/L isintolerable, and a N@N concentration above 5 mg/Ldsngerous. Therefore, 20

possiblei e X storage NQ -Nstates for Imago reservoir are defined able 4-2.

51



4.4.4.3 ldentification of Transition Probabilities

The At = 1 week transition probabilitied; (), for Imago irrigation reservoir were derived
from the governing equations given by Equationg @rd (15). The hydrodynamic and water
quality (NG;-N) monitoring measured data for the uncontrollabkter balance variables for
Imago reservoir was used as the principal data. gdugy rice-growing period (April 01 to

September 30) was considered. The variaplesQ, , and F,, vanish when no irrigation or

water supplementation is carried out. Thereforatjstical procedures were first applied to the
principal data of the storage transitiong (o V,,, ) in order to identify uncontrolled water
storage changeaV ). Then, N@-N changes, includinggC and the drift due to the integral, are
hypothesized to have obeyed a probability law iedufrom the governing equation, given by
equation (15). The worst-case scenario of the-N@hanges in the reservoir is assumed. The
maximum NQ-N observed during the period of water quality nboring from TPs and Fs for the
corresponding daily runoff fluxes into the resenisitherefore considered. The daily rainfall flux
was assumed to be 0.01 mg NUL (Vet et al., 2014). The effect of the resenlmeing in a dry or
empty state was also taken into account throughela¢ionship betweefi andy , in which as

¥ becomes largerf becomes smaller, or even negative. In the prestedy, the coefficient of
decay, Z, was considered to be negligible, as a result atewquality index monitoring. The
transition probabilities when no irrigation or waseipplementation was carried out were finally
computed fromav and AC and considered &(3,) .

Then, R (a,) were transformed intg (a,) by considering the subsequent effect of the
variableQ;, which is the daily discharge required to meetdbeen-day irrigation cycle crop
water requirement for a 57.5 ha paddy rice cropewise, P (3,) were transformed into
P, (a,) by considering the subsequent effect of the vi@p, which is the water supple-
mentary discharge from Tongu reservoir to Imagigation reservoir. The worst-case maxi-
mum-NGO;-N-pollution scenario forQ,. is assumed fa_ . The water supplement from Tongu
reservoir is assumed to be implemented immediatiédy observing reservoir conditioa X ,
followed by the irrigation activity. Thereforeh (a,) were transformed intd3 (a;) by con-
sidering the subsequent effect Qf after At =1 week. Likewise,R, (a) were transformed

into P (a,) by considering the subsequent effect@f after At =1 week.
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4.4.4.4 |dentification of Decision Costs

The costs incurred,(i,a), depend on the operation decisiar: Aapplied to every observed
statd € X. Therefore, f(i,a) include some or all of the following weekly costsigation op-
eration costéOMir) , alternative water supplement co{l@MCC), irrigated crop potential value
loss ( RVL), aguatic potential value Ios(sAVL), and cost of downstream water pollution threat
(DPT). Thus, the general decision cost is

f(i,a)=OM, +OM_ + RVL +AVL +DPT. (16)
Here, OM, =W,V, and OM_=W_V ., and W, and W_ are the unit water costs multiplied

ir ir cc” cc?

by total water volumes/, and V,__, respectively, for a 7-day irrigation cycle. Moveg, W, is

estimated to be 0.025 US$/Nickum and Ogura, 2010). The water supplemematitt cost is
assumed to b&/  ~ 2W, . RVL=6,RV , where RV isthe weekly irrigated crop monetary value
in the command area, argl is the irrigation deficit coefficientRV = US$14,60((FAO, 2014).
Here, j e X storage < 10,0001 is assumed to indicate irrigation inadequacy. Thus 0.6,
otherwise g, ~ 0.

AVL =AV[ ¢, +6] , where AV is the estimated aquatic value of the study itioga
reservoir, andg,, and ¢,, are the coefficients that represent the X state N@-N effect and
the storage effect on AV, respectively. The fisklgiis estimated to be 1,000 kg hgear*
(MRAG, 1995). Therefore AV ~US$1,500 The storage transition below the environmental
water threshold (10,0003nis assumed to indicate unsustainable water stoi@gaquatic life
(Rolls et al., 2012). Therefora),, ~ 0.60 is assumed foye X storage < 10,000 frotherwise
6, ~0. The NQ-N exposures limit the reproduction of aquatic lf&ncheloe et al., 1979).
Therefore, for theje X NOs;-N transition states ofC,, <1mg/L = 6,~0 ,
C.y =1.1- 3.0mg/L=> 6, ~0.10 ,C,, =3.1- 5mg/L= 6, ~0.20, and C,,,, >5 mg/L =
6, ~ 0.40.

DPT~= W,V,, whereV, is the volume and/,is the corresponding unit cost of cleaner
water required to dilute thg € X state to a tolerable 3 mg N® /L (Nakasone et al., 2002).
Considering other water resource commitments inlthego area,W,is deliberately set at

W, ~ 2W_ . Huang et al. (2006) first applied this replacetmeathod.
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4.5 Results

4.5.1 Uncontrollable Hydrodynamics of Imago Reservoir

Figure 4-2 shows the hydrodynamics of the observed daily pretion, evaporation, ar
simulated runoff inflows of the Imago irrigationservoir from June 2014 to November 20
The rainfall for the study period totaled 2,130 nwith the most rain falling durir the sum-
mer/autumn period (ApriBctober). The winter period (Novem-February) had the lowe
rainfall. The peak rain months were characterizestbrm eveni, and included June (186 mn
July (237 mm), August (159 mm), and September (b&8. Due to te high clay content ¢
catchment soils, the runoff generated by storm &sveras high. Accordingly, the source
water for Imago reservoir was predominantly agtimall runoff from TPs and Fs. Evaporat

was highest during Mageptember and lowest dug November-February.
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Figure 4-2 Observed direct daily rainfalls and evaporatiord amulated catchment runc

inflows in Imago irrigation reservoir from June 20tb November 201

4.5.2 Water Quality Characteristics of Reservoirs and Land-uses

Figure 4-3 shows the mean observed concentratof water quality indegs for the irrigation
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reservoirs, and the TP and F areas in the Imagodueng the period between November 2013
and February 2015. NEN was almost absent in all the reservoirs andraiheas of land in the
Imago area. Both NN and PQ-P were small and were less than 1.0 mg/L in athefmeas-
urements, with no significant differences among réeervoirs or other land-uses in the Imago
area. The observed N®I levels in the TPs were the highest among thd-lsses. This was in
sharp contrast to Fs, which exhibited the lowest-NQevels. As noted in Section 4.5.1, the
source of water of the reservoirs was predominaintign catchment runoff. Accordingly, the
respective catchment areas of the reservoirs defime observed NEN levels of the irrigation
reservoirs. Low N@N levels were recorded in the reservoirs that foaglsted catchment areas
(Tongu, Nireno, and Higashi). Likewise, the res@sjavhich include both F and TP areas in their
respective catchment areas (Imago, Cistern, an)Nexhibited highest NON concentrations.
The NQ-N levels of the Imago, Cistern, and Nishi resersduring the rice-growing season
(RS) were also significantly lower than during tien-rice growing season (NRS). During the RS,
observed N@N levels decreased primarily due to dilution byasier water from Tongu reservoir,
which was regularly introduced as supplement wtteirrigation. When the irrigation period

ends, water supplementation is stopped, and rufroffs TPs became dominant inflow source.

10 ~

ENH4-N HENO3-N ®EPO4-P

Water quality index (mg/L)

Higashi Nireno Tongu Nishi =~ Imago . Cistern Tea Fieldsrdsts
Imago areairrigation reservoirs and land uses

Figure 4-3 Mean water quality indices of irrigation resergpitea plantations, and forests in the
Imago area during the period of from November 2@1Bebruary 2015. The error bars show the

measured maximum and minimum values.
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4.5.3 MDP Mode Operation
The computed results of the MDP model operationfedimago irrigation reservoir are presented

in the following sections.

4.5.3.1 ldentified Probability Transitions

Figures4-4to 4-7 show theA t = 1 week timestorage NQ -M transition probabilities?;(a),

for Imago irrigation reservoir under control decisia € A (in Table 4-1) given by Equation (7).

If the selected reservoir operation decision isetease irrigation water from Imago reservoir to
the command areay), the computed results of thig (a) matrix are likely to be as shown in
Figure 4-4. When € X storage< 10,000 m, the reservoir practically dry or empty. When

i e X, storage > 10,000 irthe storage states transit to the next reducedge statege X . In
contrast, th&lO,-N pollutant levels would increase because agriculturaoff would be the
dominant inflow type. The transition rate of tthNO,-N increase, however, decreases as the
ie X storage NQ -N states increase.

The decisiora,, whereby water supplements from Tongu reserveiirdroduced to Imago
reservoir, would result in thé (a) transitions shown irrigure 4-5. The cleaner water sup-
plements from Tongu reservoir become the domin#iaws. Therefore, the e X states transit
to larger je X storage states, but reduceD,-N states. However, since the water supple-
menting volume is fixed for allie X states, the dilution effect decreases as ithex
storage NQ -Nstates increase.

Figure 4-6 shows the effect of decisiaa: supplementing the Imago reservoir with water
from Tongu reservoir before releasing the requinegation water to the command ar&agure
4-7 shows the effect of decisian: releasing irrigation water from Imago reservoifdre in-
troducing supplement water to the reservoir fromgioreservoir. The results show that, with
respect to storage, bathanda, would result in approximately the same storagesiten effect.
The je X transition volumes would predominantly remain #a@ne asi e X. Decisionay,
however, results in the maximumO,-N reduction. The dilution effect of decisian also

becomes less ase X states increase.
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Figure 4-4 Storage NQ -Ntransition probability?, (&) matrix after At =1 week for Imago

irrigation reservoir due to decisi@ when irrigation water is released from reservoir.
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Figure 4-5 Storage NQ -Ntransition probability?, (a,) matrix after At =1 week for Imago
reservoir due to decision,, when water supplementation from Tongu reservainti®duced

to Imago reservoir.
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Figure 4-7 Storage NQ -Ntransition probability5, (a,) matrix after At =1 week for Imago
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4.5.3.2 Optimal Reservoir Operation Decisions

The operation of Equation (9) at a discount facter 0.9 using the input data of (i,a) and the

computed? (a) values resulted in the optimal costg (i) and the corresponding optimal oper-

ation policiesIl (10), as shown iffable 4-3.

Table4-3 Imago irrigation reservoir optimal operation pa& Il and corresponding weekly
optimal costsV (i) in US$100 for 20 identified € X storage NQ -Mstates.

ie X storage_NQ -M state

1(2| 3| 4| 5| 6| 7| 8 9 10 1p 12 13 14 15 (6 |17 (18 |19 | 20

V(i) 77|79 82| 87 23 23 25 26 12 21 B1 W7 |9 |20 |35 |59 | 8 | 31| 70

H‘ || |||y |y |y ||| ||y

When the Imago reservoir storage volume is less 182000 m (i = 1 to 4), regardless of the
NO,-N condition, the optimal operation decision is twaduce water supplements from Tongu
reservoir to Imago reservoigd. The environmental water threshold is fixed at000 n.
Therefore, the model prevents irrigation activitgrh occurring in order to protect the aquatic life
in the reservoir. However, this leads to a reducitiovalue of the irrigated crops in the command
area, making the cost to be highest when deci@the optimal decision.

When the Imago reservoir storage volume is in #mge of 10,000 to 35,000°fi = 5 to 8),
regardless of theNO,-N state, the optimal operation decision is to red@agyation water from
Imago reservoir to the command area before intingudeaner water supplements from Tongu
reservoir &,). In this regard, decisioa, protects the value of the irrigated crop, whilé aoly
maintaining the water storage level above the enwirental threshold but also keeping the water
cleaner. However, at= 12 to 16, whereNO,-N > 5 mg/L, &, is optimal because of its effec-
tiveness in reducing NEN pollution. Polluted irrigation waters that anest released from Imago
reservoir facilitate effective N&EN load reduction in the reservoir by the subsetuwsaner
water supplementation from Tongu reservoir.

For i e X , when storage > 35,000F and NQ-N < 3 mg/L, that isj = 9, 10, 13, 14, 17,

and 18, the optimal policy would be only to relettseirrigation water from Imago reservai),
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This decision is justified because the reservoitewavould be tolerably clean and irrigation
activity would not cause the storage transitiombetnvironmental threshold (10,008)nOn the
other hand, fore X , when storage > 35,0001 and NQ-N > 3 mg/L, that isi = 11, 15, 19, and
20, decisiorg, is also optimal. This indicates that whenNXD> 3 mg/L, as the reservoir storage
states approach full capacity, the introductiorlefiner water supplements is ineffective unless
outflows that exceed the irrigation demanfj)(can be released first.

The computed results for the MDP model indicaté tha model is capable of selecting
optimal reservoir operation policies that maintéia reservoir storage level above the environ-
mental threshold, minimize the reservoir N pollutant load, and satisfy the irrigation water
demand of the command area. Therefore, the dewkldpP model supports the deci-
sion-making process to enhance the agriculturadymrtivity while providing greater protection

of the water environment.

4.6 Discussion

4.6.1 Nitrate Pollution Problem of Intensive Agricultural Areas
The NQ-N level was almost zero, whereas the,NNHand PQ-P levels were insignificant and
were approximately the same for TP and F aredseiintago area. This phenomenon appears to
be common among Japanese agricultural watershedsyas also observed in an agricultural
watershed in Gunma Prefecture, Japan (Ohrui andhilit 1998). In contrast, the observed
NOs-N levels differed significantly among F and TPaweForested areas exhibited the lowest
mean NG@-N concentrations throughout the year. The resldtained herein are comparable to
those obtained by Billy et al. (2013) in a watetshdnere forest land-use was dominant.
Notably, high mean NN levels were observed in the TPs throughout ga.yThe high
and continuous NEN levels in TPs are attributed to the frequentliappon of large amounts
of N fertilizer to the crop throughout the yeareTtighest N@N levels in TPs were measured
during the irrigation season. The N fertilizer apglin winter and spring, which becomes ni-
trified, tends to remain in the surface soil utité rainy season, during which high precipitation

leaches away the fertilizer (Hirono et al., 2008)erestingly, green tea farmers in the Imago

60



area were practicing the recommended N fertilizgliaation strategies, including the use of
highly efficient N fertilizers at maximum annualgigation rates near 540 kg/ha in combina-
tion with organic fertilizers and carbonates asvaidn Chapter 3. However, the N@N pol-
lution problem in TPs persisted. The reason fag thay be that the optimal annual N applica-
tion rate for green tea is still too high from arvieonmental point of view. However, further N
reductions might affect the yield and quality o€ treen tea crop (Hirono et al., 2009). The
reconciliation of these two demands, increasedrgtea production and greater protection of

environmental water, is the subject of the presamty.

4.6.2 Farm Reservoirs and Downstream Pollution Control

The source of water in the reservoirs used fogation in the Imago area was observed to be
predominantly from catchment runoff. This appearbé a typical characteristic of farm dams.
A similar study by Brainwood et al. (2004) indicéttihat direct precipitation generally com-
prises less than one-tenth of the total water inphile surface water, as runoff, can constitute
nearly all of the water in a farm dam. Accordinghg water quality dynamics of the respective
reservoirs in the study area were defined by thiediggy of the land-use type. The hMN level

in all of the reservoirs was almost zero, while Mié-N level was very low, which is similar to
the TP and F areas. The reservoirs that had atéoreatchment area also exhibited very low
NOs-N levels. In contrast, the reservoirs that hadloaent areas with both TP and F areas
exhibited the highest NEN levels, indicating that TPs were the source @&l pollution. The
results, therefore, agree with the observationamfid?s et al. (2013) that farm dams are well
positioned to intercept a substantial amount diliigng nutrients from upslope agricultural
systems. Consequently, from a larger perspective, reservoirs influenced the riverine
transport of fertilizing nutrients. A study by Majzeet al. (2016a) revealed that the Yama River
(in Figure 4-1), which flows across the valley bottoms of thedgtarea, exhibited relatively
low NOs-N pollutant loads, despite the high pollutant leadserved in the TPs. Whereas
Mabaya et al. (2016c) attributed this to the birfigirole of the paddy fields, the reservoirs in

the area appear to play an equally important rotlidgtating downstream surface water quality.
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4.6.3 Water Quality Issues of Farm Dams

During the period of water quality monitoring iretimago area, the authors observed that the
NOs-N levels in Imago reservoir were generally lowerridg the rice-growing season than
during the non-rice growing season. During thegation period, the lesser-N®I-polluted
water supplements from Tongu reservoir to Imagemasr significantly reduced the NEN
load in Imago reservoir through dilution. Howeuie positive water quality benefit of water
supplementation was more incidental than intentioNaen the irrigation period ended, water
supplementation was also stopped. The focus oht@esearch on irrigation reservoirs appears
to be the optimization of runoff capture and cohtvater supply (Unami et al., 2015; Sample
and Lin, 2014). Although this is commendable gitle® need to intensify agriculture, there is
also a need to deliberately include water qualitymponent in the optimization and integration

approaches of irrigation reservoirs (Mabaya et24l16b).

4.6.4 Optimal Operation Policies of Reservoirs for Irrigation
The computed results indicate that when the dowastr reservoir has nutrient pollution
problems, the effective strategy is to irrigatedoefintroducing cleaner water supplements.
Releasing (polluted) irrigation water first fadiies subsequent cleaner water supplements to
maximally dilute the remaining pollutant load. Téteategy could prove beneficial in semi-arid
and arid agricultural areas, where water suppleatient is expensive. However, the strategy
depends on the pollutant type. Releasing nitratieqeal water to paddy fields provides N
nutrients to the paddy rice crop (Mabaya et alG&)1However, if the water is saline or contains
other pollutants that may be harmful to crops ar sbil, first introducing cleaner water sup-
plements is likely to be the optimal operationtetgy (Mufioz et al., 2006). This could also be
the case if the upstream water source was pol(tect al., 2014).

Another important observation is that, as the reseistorage level approaches full ca-
pacity and the pollution level reaches its maximiN®s-N > 5 mg/L), the MDP model selects
only the irrigation activity. In the present studlye (cleaner) water supplement volume and

irrigation water demand were fixed for everg X storage NQ - state. Therefore, intro-

ducing a cleaner water supplement increasingly fnesoless effective as the volume to be
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diluted increases. In order to address these simimgs, intense research to identify how ir-
rigation outflows and water supplement inflows ebhk varied, as well as the associated im-
plications, is addressed in Chapter 5.

The present study is intended to complement estaddli on-field efforts to manage agro-
chemical pollutants from intensive agriculturalagdo downstream water bodies using farm
dams. The proposed method can also be succességt/to improve the water quality of res-
ervoirs endangered by long-term nutrient pollutiBarthermore, the proposed method can be
used to improve environmental water productivigpecially when aquaculture production is
intended to complement crop production. Howeveplémentation of the method requires a
careful analysis and an in-depth evaluation ofed#ht hydrologic periods and water quality

index dynamics in order to produce representatioagbility transition simulations.

4.7 Conclusions

Hydrological analysis of Imago reservoir has shdhat runoff is the predominant source of
water for reservoirs used for irrigation. Resersdirat have upslope intensive agricultural fields
as part of their runoff catchment area intercefstantial amounts of NEN pollutants via
agricultural runoff. The MDP model developed in fitesent study deduces optimal policies for
control of NQ-N pollutant loads in reservoirs for irrigation.

The application of the MDP model to Imago resenstiows that the model facilitates
optimal control of N@N pollutant loads within the allowable limits anthintains the reservoir
storage above the fixed environmental thresholdendsitisfying the irrigation water demand of
the command area. The optimal policy for all ]NDstates of the reservoir when the storage
level is below 10% is to introduce water suppleradrdm the upstream reservoir. When the
reservoir storage volume is in the range of 1% ®f active capacity, regardless of thesNO
state, irrigation water must be released from #ésenvoir before cleaner water supplements are
introduced. When the reservoir storage volume thénrange of 35 to 85% of active capacity
and when the NN concentration is less than 3 mg/L, releasinigation water is optimal.
When the reservoir storage volume is in the rarfigdbdo 85% of active capacity and when the

NOs;-N concentration is above 5 mg/L, irrigation wateust be released before cleaner water
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supplements are introduced. However, when thevesetorage volume is in the range of 85 to
100% of active capacity and when the NXDconcentration is above 5 mg/L, although the
pollution level in the reservoir is maximum, thetiogal policy is only to irrigate. When the
reservoir is full, the introduction of cleaner wasepplements becomes less effective unless the
released outflow first exceeds the irrigation dedhan

The newly developed MDP method supports decisiokimgaprocesses for optimal con-
trol of agrochemical pollution from upslope agricwhl systems into reservoirs for irrigation.
The proposed method can be successfully used tataimaior enhance the productivity of in-
tensive agricultural areas while providing improyedtection of surrounding and downstream

water resources from agrochemical pollution.
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CHAPTER 5 Optimal Reoperation of Irrigation Ponds for Restor a-
tion of Aquatic Ecosystemsin the Paddy Environments

5.1 Introduction

The Japanese paddy rural communities renowneceof dhique history, old culture and eco-
logic space are facing a threat of collapsing. dagaddy rice production processes are highly
mechanized which makes the crop expensive to peoditerefore, the free trade of agricul-
tural products expected to be ushered in by TrawsfiP Partnership (TPP) pact would make
the Japanese farmers face difficulties to compete @heaper rice imports, pushing many
farmers to abandon the paddy cultivation (Katayatral., 2015). However, the value of paddy
environment in the Monsoon Asia goes beyond theigian of food and rice production profits.
The rice-growing season, which tends to overlap lgitge amounts of early summer rains and
typhoons that fall from June to October resultigmgicant alleviation of potential large floods,
groundwater recharges, water pollution reductiail, erosion and landslides prevention, and
biodiversity conservation in the paddy environmefftsang et al., 2006; Kim et al., 2006;
Matsuno et al., 2006). The abandonment of paddyvatibn therefore poses a consequential
threat to loss of the environment multifunctionlibutes enjoined (Mabaya et al., 2015a). The
losses are reported to be irretraceable, and ibied@bilitation is difficult, takes a long time and
is not possible to reactivate them all (Huang £28106). There is, therefore, an urgent need for
innovative water environment technologies that ptarpaddy environment profitability and
sustainability, to keep the farmers in the paddids.

One possible solution is to introduce agricultwalter management strategies that opti-
mize the use of available water resources in tlielp@&nvironment. Introducing water envi-
ronment management methods especially with theaeni@ms of scope in the paddy-rice pro-
duction process would make it cheaper and effidiemtrovide the outputs jointly rather than
separately, given the indivisibility of some inpuEr example, incorporating aquacultures in
paddy irrigation schemes is logical, as they havstive technological interdependence with
paddy rice production. The paddy irrigation schenme®rently possess biological environ-
ments favourable for aquaculture, while on the iokt@end, aquacultures have non-consumptive

water use characteristic (Brugere et al., 2006xofdingly, the increased efficient use of ex-
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isting land and water resources in the paddy enmient through integrated irriga-
tion-aquaculture (lIA) offers an excellent oppoitynfor farmers to improve their global
competitiveness, through shared water costs anedagiyenue from fish production. Farmers
in China, India, Bangladesh and Vietham (Phond.e2@10) have employed IIA for centuries.
IIA is also not new in Japan but simply a statenmhliogical approach. The oldest written
record of rice-fish culture in Japan dates from4L&though it is believed that it has been
practiced long before that (Tamura, 1961). The comiiish species reared in paddy irrigation
systems for centuries a@yprinus carpio (common carp) an@arassius cuvieri (white crucian
carp). However, during the 1960s, which was théodesf rapid economic growth in Japan, the

number of paddy irrigation systems are reportdthiee increased exponentially (Matsuno et al.

2006). This indicates a huge potential for [IA depenent. Fish could be raised in irrigation
reservoirs, but also within paddy fields, and &tign and drainage canals.

Given the need to preserve the established irdgaaeldy rice profits and avoid too much
complexity in the water management of the irrigaschemes, emphasis on lIA development in
this study is placed on the small irrigation res@s; also known as irrigation ponds in Japan
(Hiramatsu et al., 2003) and irrigation tanks idign(Karthikeyan, 2010). Irrigation ponds are
less capital-intensive (Karthikeyan, 2010), andrttugifications required before incorporating
fish in such reservoirs are also minor, and co@dibdertaken by the farmers (Brugere et al.,
2006). In Japan, there are about 200,000 existiigation ponds, each with impoundment of
mostly less than 5,000 %mwhich is about 11.4% of the total irrigation waiepoundments
(Hiramatsu et al., 2003; Nakasone et al., 2002).tk® success of IIA development, the con-
tinuity of water supply or storage at specified evajuality and turbidity in the ponds has to be
guaranteed. However, the majority of irrigation gemre characteristically small and shallow,
not connected to major streams or other resenaésending only on the rainfall and runoff in
their own catchment areas (Karthikeyan, 2010). r&@foee, temporal water shortages are a
common phenomenon in most irrigation ponds. Fisldpction requires pond water storage to
be retained above a certain minimum level at amgrgitime. The mechanistic effects of low
flow hydrology in the pond can negatively alter atihabitat conditions; consequently leading

to mass mortality of fish and other aquatic lif®([Ret al., 2012). On the other hand, adequacy
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and timeliness of irrigation water supply has todresured for a good rice crop harvest.
Therefore, conflicts on water use between the trealyction entities can arise during the pe-
riods of water insufficiency (Mabaya et a.l, 2015a)

To improve the water supplies, the irrigation pooals be connected to either the upstream
reservoirs and/or irrigation system by feeder cgnaihd can receive irrigation return flows.
However, the strategy can be constrained when #terveupplements contains high loads of
agro-pollutants. Many of alternative water soulicesgricultural regions suffer from long-term
pollution, due to considerable amounts of fertitisand pollutants intercepted in runoffs from
upslope agricultural fields (Powers et al., 2013e any other aquatic habitat, lIIA ponds re-
quire an adequate water quality to sustain aqlitgictherein. Temperature, dissolved oxygen
(DO), nitrogen (N), phosphorus (P), salinity, prtlanther associated water quality requirements
tend to vary for each of the life stages and adtisiof fish. At conditions outside the specified
range, fish tend to grow at slow rates, becominigenable to predation, diseases, and mass
mortality (Campbell et al., 2001). Nevertheless,ttmporal water shortage characteristic of the
irrigation ponds, necessitate the need to devei@egies that optimize the use of available
water resources in the paddy environment, evenlegtser water quality.

This study proposes an optimal method that consither respective water quantity and
quality requirements of fish and paddy rice crofhimoperation of the irrigation ponds intended
for IIA establishment. An irrigation pond is seledtfor [IA development in a study area in
Japan where 1A is not currently practiced. Thdydaiater balance of the selected pond was
monitored for a period of five years to understasddetailed water storage dynamics. The
water quality dynamics of the pond as well as dkofponds in the study area were also mon-
itored for a period of more than two years. Field/eys were also conducted on established 1A
ponds in Bangladesh, to comprehend the actualdatpnactice thereof. A Markov decision
process (MDP) was formulated and applied to finel diptimal policies for operation of the
study irrigation pond using water quantity and guaiorms, with the aim to establish a suc-
cessful lIA. All the costs for optimal operationtbie pond are calculated in monetary terms to

choose the optimal schedules.
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5.2 Materialsand M ethods

5.2.1 Description of Study Area

The MDP model is applied to find the optimal opematpolicies for restoration of fish ecosys-
tems and preservation of the established paddjatian value benefits in Higashi irrigation pond
(D,), which is in a study area called Imago, extendiver the southern part of Shiga prefecture,
Japan (34 96 N and 136 21 E)gure 5-1 shows the schematic view of the study area, imctud

Higashi irrigation pond and Imago dam.
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Figure 5-1 Schematic view of the land use configuration & Wmago agricultural area, which
includes Imago reservoir ¢l Higashi reservoir (B), Nishi reservoir (), Fire Cistern pond (b),

Nireno reservoir (B), and a conveyance canal from Tongu reservgy t@imago reservoir (.

Higashi irrigation pond is a rainwater harvestiragtie pond primarily built to irrigate a
command area of 5 ha paddy rice fields. The porsirhaximum surface area of 3,068, m
maximum water depth of 1.21 m, capacity of 3,000 eatchment area of about 7.2 ha, and two
major inlets of runoff inflows on the western amdithern sides. The pond catchment area con-
sists of paddy fields and forest landuses. The sfigarigation pond is considered for IIA de-

velopment, however due to its small capacity, Hrgdr Imago dam (I on the upstream, is
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planned to supplement the waters in the pond teigeeaa continuity of water supply and storage.
Imago dam has the reservoir capacity of 110,08Gand the catchment area of 20 ha, which
consists of green tea fields and forest landus&ss hot currently being practiced in Imago area.

In order to comprehend the actual intense pragtiessof, field surveys on water quality man-

agement and fish abundance were conducted in eatypgricultural area of Bangladesh where
IIA has been employed for years in many excavatetlp adjacent to paddy fields and house-
holds. The area is referred to as Godashimla agiah extends around the coordinates 24 51 N

and 89 58 E, with 14 ponds surveyed out of hundreds

5.2.2 Markov Decision Process Modd

The future operation of Higashi irrigation pondidsbe operated using both water quality and
gquantity norms, focused on developing and maintgimi sustainable environment for lIA. The
pond operation methodology is assumed a dynameeaikidn-making problem involving fi-
nite-state, finite-action stochastic system whée dystem's dynamics are described by state
transition probability distributions. An MDP solati is proposed to formulate the
above-mentioned problem, with the goal to find aegien policies with minimum worst-case
expected value of a given cost function (Ben-Tal ¢2009). The storage level and the respective
NO:-N level of Higashi irrigation pond are taken tozbstate variablies X where the number of
possible stater$:|X| is assumed finite. The ponics X condition is to be observed at regular
finite time pointst €T of the infinite decision horizoh={0,1,2,..}.

Depending on thies X observed, the operator chooses a decisi@anAfrom a finite set of
all possible decision8={a,,...,.a.} . If the decisionae Ais chosen for the statee X , then the
cost f(i,a) isincurred and the condition state of the iriigg@pond transit to the next according
to P (a) (Ross, 1990), wheré (a) are the transition probabilities under control@ttac A at

the staget €T from the statei € X to the statej e X expressed as
R (@=P{X.,=i|X =ia =2 (17)
The incurred costsf (i,a) are assumed to be bounded by a positive real nuvhhesuch that

|f(i,a)| <M for Wi,Va with a discount factar € (0,1). Thus, for any policyll employed

when the initial state is= X , the expected total discounted cost incurred is
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Vl‘?(i)zEn{ialf(xwat)'XO:i} (18)

given that policyIl is employed. Since the costs are boundedvarld V(i) is also bounded
and thus equation (18) is well defined. The polidy is said to be« -optimal, if V@)=

irl%f V(i) forW¥ieX. The above principle yields the Bellman equation
V(i) = r;lip{f (i,a)+a§jj P @V (j)} (29)

Accordingly, the corresponding optimal operatiomteol policies IT" for Higashi irrigation

pond were obtained by

H*(i)eargmin{f {a)yeX P @y, (j)} (20)

acA

5.2.3 Governing Equations for Transitions

The storage dynamics of the reservoirs are usesfiynated using the general water balance
equation where all the stochastic variables arervbs over a long period for the better estima-
tion as in the study of Fowe et al. (2015). Howetlee water balance of small reservoirs like
irrigation ponds can also be practically estimaté@tiin acceptable accuracy if the water storage
level dynamics are known in detail. In this stuthg water balance of Higashi irrigation pond, is

represented as

dv, B
E - §Q + Qcc Qir (21)

where t is the time,V, is the water storage volume of Higashi irrigatpmmd att, 6Q is the
uncontrollable water balance between inflow andlont Q_ is the supplement discharge from
Imago dam to Higashi irrigation pond via the pragsonveyance canal, ar@, is the water
withdrawal for irrigation from Higashi irrigationgmd. 6Q includes surface and subsurface
runoff from the catchment areas, direct preciptatbnto and evapotranspiration from the pond
water surface, spillway outflows, and seepage foskikewise, the mass balance of a water

quality index in the pond at any given tinteis represented as

dM,
dt

=M, +5F+F - F, (22)

where M, is the mass of the water quality index, is the water quality index decaying coef-
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ficient, OF is the uncontrollable flux balance of the watealgy index, F. is the inflow
flux of the water quality index via the conveyarzamnal, andF, is the outflow flux of the
water quality index due to water withdrawal. Thére concentrationC, of the water quality
index is governed by

dC, 1 C. JoF-CdoQ . F.-CQ. . CQ, -F,

—=-2C - f—+y—+
a T T, v, v,

(23)

whereg = (S5Fdt)(5Qdt ) andy =(5Qdt)(5Qdt). The coefficients 4 and y are not negligi-
ble when 6F and 6Q are stochastic. The pond is shallow and well mixgégtrefore
F, ~C,Q, can be assumed. Accordingly, the temporal distattin over a time steft of
equations (21) and (23) results in the followingpective governing stochastic equations (24)

and (25) for storage and water quality index tréorss in the pond:

\/t+At = \/t +AV + J.tHAt(Qcc - Qr )dt (24)

and

. 1 C F._-CQ
C., =C +AC+ tAt[—zc —ﬂ—+y—t+°°—t°°Jdt (25)
t+At t ,ft t Vz Vtz V

t t

where AV and AC are random variables corresponding thl“Atéth and

t+AtWdt , respectively. The integrals in (24) and (25)@estants in a stationary state.

.rt

Therefore, based on these stochastic equationstrahsition probabilities are statistically
identified from observed data series\gf and C, .

t

5.2.4 Water Balance Monitoring
The hydrological variables such as rainfall, angkreoir water levels in the Higashi irrigation
pond were continuously recorded from August 2008e&ptember 2006 using an automatic ob-
servation system. Rainfall was continuously meabusing an automatic tipping rain gauge. The
pond water levelsh, were measured at 5 min intervals using an autcmster level recorder
installed at the walls of the pond. The generabéqu of the average daily volume of water in the
pond V, (m°) per measured average water le¥el (m) on a given timet is based on the pre-
vious work of Kirihata et al. (2001) and is formigd as:

V,=113.h?*+ 2350, (26)
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5.2.5 Water Quality Monitoring

Water quality items N@N, NO,-N, NHz-N, PQ-P and pH of the water samples from 5 irrigation
reservoirs in the Imago area including Higashgation pond and Imago dam were measured
using simplified on-site water quality pack testydritsu Chemical Check Lab Corp, Tokyo,
Japan). The measurement period was from Novemtd @0February 2015, once per month.
Using the same measurement method, the wateryiraligxes including DO were periodically
measured from January 2012 to December 2015 in sbadéa area of Bangladesh, targeting
ponds, which are considered as established IIA poasl well as alternative water sources like
canals and boreholes. Information on the abundahdish in each of the water quality tested

ponds was also collected.

5.2.6 ldentification of MDP Model Parameters

The identification of the irrigation pond operatidecisions optionse A, transition probabil-
itiesR, (), and the incurred decision co$i,a) for the development and maintenance of a

sustainable Il1A environment in Higashi irrigatioonal is described in this section.

5.2.6.1 Pond Operation Decision Options
Table 5-1 shows four (4) water resources management decigptions A= {ao,al,az,as}
identified for the development and maintenance sd@istainable environment for lIA in the Hi-

gashi irrigation pond.

Table 5-1 Water Management Decision Optiens A.

Decision| Parameters Description
3 Q, =0, Q. =0 | Do nothing

Q, >0, Q. =0 | Release irrigation water from Higashi pond

&
a, Q. >0,Q, =0 | Introduce water supplements from Imago reservoir
&

Q. >0=Q, >0 | Supplement and then irrigate
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5.2.6.2 Defined Pond Storage and Water Quality Index States

The i€ X states of the water storage and the water qualigx (which are NON levels in this

Chapter) for Higashi irrigation pond are identifidbe the following 12 states Trable 5-2.

Table 5-2 Higashi irrigation pond possible storaly®-N states.

Storage volume NO;-N (mg/L)
(m’) 0-1 13 >3
> 3000 i=10 i=11 i=12
2000-3000 i=7 i=8 i=9
1000-2000 i=4 i=5 i=6
0-1000 i=1 i=2 i=3

5.2.6.3 Processing of Principal Data

The observed water level data for the Higashi irrigation pond of each irrigatiseason
(Aprill- Septemberl®f respective year from 2000 to 2005 was retriefveth the mass data.
The actual days when irrigation activity was exeduwere identified, and the corresponding
data thereof was removed from the retrieved ddta.rémainedh, data was assumed to be ex-
clusively related to uncontrollable water balaneeneen inflow and outflo@wQ) . A total of 21
time seriesh, data of 5 minutes intervals was able to be extheind transformed into dy-
namical volumesv, by applying Equation (26). The successive dailyewatorage changes for
uncontrollable water balanc@ﬁv)were then computed. Accordingly, the corresponding
cessive monthly changes of the N@observed during the period of water quality noring in
the Higashi irrigation por(dﬁC)were computed, and likewise were also assumed fofle
enced exclusively by uncontrollable hydrologicafiables. Assuming no significant change in
the NG-N dynamics between the period of water balanceitmang and of water quality mon-

itoring, AC were paired witlAV .
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5.2.6.4 Computation of Transition Probabilities

The transition probabilities? (a) were derived from the governing Equations (24) @%). The
variablexQ_,Q, , and F, vanish when the decisi@e A is g,. Therefore, firstly statistical
procedures were applied to the principal data efstiorage transitions/( to V,,,,) to identify
the uncontrolled water storage chang&¥(). Then, it was hypothesized that N® changes
including AC and the drift due to the integral obeyed a prditghbaw induced from the gov-
erning Equation (25). The effect of dry or empststof the pond was taken into account through
the g andy effect, asy becomes larger whilgf becomes smaller or even negative. The
decaying coefficientz was considered to be negligible as a result ofwthter quality index
monitoring. The transition probabilitieR, (a,) were then computed from those two sources.
The variableQ, was assumed to be the daily discharge requiredetet the daily crop
water requirement of 5 ha paddy rice crop in aselays irrigation cycle, transforming, (a,)
intoP, (&) . The supplementary water from Imago dam to Higaslgation pond was assumed
to be sufficiently large in quantity to fill it uihits full capacity from any initial storage state
with the maximum level of pollution. Therefore, tiverst case scenario, where the maximum
NOs-N measured in Imago dam during the period of wakedity observation, was assumed for
C,. and P (a,) was computed accordingly. For the decision optpnthe water supplement
from Imago dam was assumed to be implemented inatedgiafter observing pond condition

i e X, followed by irrigation activity (Mabaya et al.,PBa). ThereforeR, (a;) = B, (a,)P, (a,) .

5.2.6.5 ldentification of Decision Costs

Depending on the decisioac Aapplied for everyi € X observed state, the costs incurred
f(i,a) include some or all of the following costs: irrigat operation and maintenance costs
[OM,], Imago dam water supplement cgstsl ], irrigated paddy rice value potential loss
[RVL] , and fish potential value log3/L] . Therefore, the general decision costir{ga) is
formulated as:

f(i,a)= OM, + OM_+RVL +FVL (27)
where the operation and maintenance costs areseagiegl asOM, = W,V, and OM_=W_V

ir ir cc’ cc

with respective unit water costg/, and W_ multiplied by respective water volumeas,
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and V_ in 7 days irrigation cycleRVL=¢,RV where RV is the irrigated paddy rice monetary
value in the command area a@g is the irrigation deficit coefficient that depict®rage effect
of the je X state orRV.FVL =FV[§,, +6,] whereFV s the estimated fish value in the Hi-
gashi irrigation pond (after restockingy, and 9,, are the coefficients that respectively de-
picts the NG-N effect and storage effect of each of {keX state oV .

In principle, Japan rice farmers pay about 500 W&%br irrigation operations and
maintenance costs (Nickum and Ogura, 2010). Therehssuming total seasonal crop water
demand of 20,000 ¥ha, W, and W_were approximated 0.025 US$/m

In Japan, the average vyield of the irrigated padtly is estimated 6.0 tonnes/ha (World
Bank, 2014), the average rice price is 2,500 US$#qFAO, 2014), and the unit cost of pro-
duction 9,900 US$/ha (Nickum and Ogura, 2010). Gittee command area of Higashi irriga-
tion pond of 5 ha, the estimated total irrigateg value is US$27,000. Assuming the crop cycle
of 20 weeks for paddy rice, the weekBV ~ US$1,350Thev,,,, <1000 n?, for ae Awhich
involves irrigation activity, are assumed to ind&caot enough water released for irrigation.
Considering the average vyield of 2.5 tonnes/haHerrainfed paddy rice in South East Asia
(Redfern et al., 2012), therefore with no irrigatiorigated paddy rice yield is approximated to
be reduced to 60%. Accordingly, fgr,, <1000 n? = 4, ~ 0.6(, otherwise), ~0.

This study's supposition is that fish juvenileslidba initially re-stocked for recruitment in
Higashi irrigation pond, and later on fish popwdas would be left to expand through natural
reproduction. The fish are assumed would be extelysiarmed. A 10% water volume of pond
capacity (300 r) is assumed to be totally reserved for fish, wimeaeminimum potential fish
yield of 10 kg/m shall be maintained (Woynarovich et al., 2012) Sthe total potential fish
value in the Higashi irrigation pond d6%$15,00(s estimated. Considering the rice-growing
season, the weekly fish potential vafié~ US$750 The minimum threshold of pond water
volume for fish production at any given time is s#tv, , >1000 ni . Therefore, the
V. <1000 n?, are assumed to be correlated to mortality of §ititks, due to associated
disturbances in the aquatic habitat (Rolls et aR012). Accordingly, at
V,, . <1000 nf = 6, ~ 0.6¢ otherwised,, ~0. On the other hand, basing on the Kincheloe et

al. (1979) study, the NEN exposures are assumed would limit survival gt fpopulations due
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to impairment of reproductive processes. Thus,j 80X NOs-N states ofC,,,, <1 mg/L=

+At

0, =0;C,, =1.1- 3.0mg/L= 4, ~0.25 ; and C_,,, > 3.0 mg/L= 64, ~0.40.

5.3 Results and Discussions

5.3.1 Higashi Irrigation Pond Hydrodynamics

Figure 5-2 shows the daily pond water levels and the cormeding daily precipitation observed
in the Higashi irrigation pond, for the hydrolodigaar 2004, as a typical representative of all
other years of water balance monitoring. The pgrtddynamics show that the irrigation period
(April to September) as compared to non-irrigapeniod (October to February) of every year is
associated with excessive irrigation water drawdnwand in some cases, the water is withdrawn
until near empty storages states.

The study of Hiramatsu et al. (2003) reported spmsence of fish species in the Higashi
irrigation pond which includedryzias latipes (Japanese rice fishPalaemon paucidens
(freshwater prawn), anghinogobius sp. (freshwater gobies). However, the assessedeotral
value of aquatic products in the pond during theope2013-2015, showed that it was almost
negligible (Mabaya et al., 2015a). The loss of fislue in the pond is linked to the loss of pre-
ferred aquatic habitat caused by the successieseaent critical low water levels in the irriga-
tion seasons (Rolls et al., 2012). Fish are redddéde more sensitive to low water level events
during the summer (irrigation) period since it e tperiod when fish naturally have higher
productivity and dispersal than winter period (Hgret al., 2006). Therefore, the associated
rapid drawdowns accompanied with unsustainabledater levels during the irrigation period in
the Higashi irrigation pond could have resultethi successive loss of fish value. In 2005 and in
2013 the pond was emptied (Mabaya et al., 201%a)h $cidents when the pond completely
dries up are linked to aquatic biotic extinctiag\ing the pond with a negligible fish brood stock
for recruitment (Davey et al., 2006). The reducellimes and depths of aquatic habitat are also
linked to significant negative water quality levdilee reduced dissolved oxygen (DO) and in-
creased water temperatures which again lead to masgsility of aquatic biota (Miller et al.,
2007). These responses are more direct to macestebrates and fish (Dewson et al., 2007).

Fish juveniles are highly affected by the loss éf@rred habitat especially when it involves
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smaller impoundments like irrigation ponds (Rolislk, 2012).

Therefore, to restore a healthy functioning fishsgstem in the Higashi irrigation pond for
IIA development, fish juveniles have to be inityalestocked for recruitment. An additional water
source to guarantee a continuity of water supplyréopond is required, to keep the pond water

storage level at any given time above the specifizdmum threshold level of 1000°m
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Figure 5-2 Observed direct daily rainfalls and evaporationd aimulated catchment runoff

inflows in Imago irrigation reservoir from June 20tb November 2015.

5.3.2 Water Quality Characteristics of Irrigation Ponds

Figure 5-3 andFigure 5-4 show the mean observed water quality indexes ctrat®ns and
pH of water sources in Imago area of Japan, an@&&luchla area of Bangladesh respectively. In
Imago areaKigure 5-3), NO,-N was almost absent in all the ponds, while;N\Hand PQ-P
were very small and below 0.5mg/L in all measurasiemd with no significant difference
among the respective reservoirs. The mean pH obdemas between 7 and 8. However, the
observed N@N level in the ponds was defined by the land-ugee tof their respective
catchment areas, which is a typical charactergdtiarm dams (Brainwood et al., 2004). Low
NOs-N levels were recorded in the ponds with runof€benent areas of forest and paddy fields
land use type (Higashi and Nireno). The irrigatoamds, which include both forest and green

tea fields runoff catchments (Imago, Cistern anshj recorded higher NeEN concentrations.
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In Godashimla ared{gure 5-4), some N@-N were measured in all the IlIA ponds, irri-
gation canals and boreholes, where the averagbdelaw 0.1 mg/L. The average MM was
nearly the same and below 0.50 mg/L in all pondka@her water sources, except in IlIA pond
number 6 (P6) where a maximum of 1.3 mg/L was measiNQ-N was less than 1 mg/L in
many IIA ponds except in pond P7 and P10, andrimesiorigation canals and boreholes where it
fluctuated to maximums of 1.1-2.3 mg/L. PPwas below 1 mg/L in all measurements. The pH
measurements for all the water sources were betwear 8. The results show that phospho-
rous, with which the local soil is fertile, is rserious problem for I11Ain Godashimla area. The
pH measurements also show that it was not a camistoa successful lIA production.

However, the survey results from Godashimla ar@@ated the literature reviewed cor-
relation between the nitrogen compounds and fiskdymtion. Ammonia is toxic if allowed to
accumulate in fish production systems. At high emriation, it becomes lethargic leading to
fish to fall into coma and die, and even at lowenaentration it has sub-lethal effects such as
reduced growth, poor feed conversion and reducsehde resistance (Durborow et al., 1997;
Randall and Tsui, 2002). High NHN also often indicates that nitrite concentrat{ahich is
more toxic) may soon arise (Durborow et al., 19%Vhile it is difficult to be precise about the
risk of ammonia toxicity to fish production as égends also on water pH and temperature; the
maximum allowable for fish culture is usually 1 gt pH of 7.5 and temperature of 30°C
(EIFAC, 1984). Thus, the observed NN levels in Bangladesh were within tolerable ragnge
except only for pond P6 which was continuing togafields to practice rice-fish culture. On
the other hand, the nitrite levels are recommenddie always be zero in the ponds, as very
small nitrite levels at low chloride content copicbve harmful if exposure is prolonged (Har-
greaves and Tucker., 2004). EIFAC (1984) proptsststhe average NEN should not exceed
0.2 mg/L where chloride concentration is below lmigt fresh water fish. Above that, fish
becomes more susceptible to brown blood diseassintpaffected fish to suffocate, which
leads to mass mortality (Kroupova et al., 2005) Titaximum NGN concentration of 0.15
mg/L observed in the Godashimla IIA ponds is belberharmful level.

On the other hand, while nitrate is far less tdkieEm ammonia and nitrite, it has long-term

effects on general health, growth and breedingtwlbi fish. A study of Kincheloe et al. (1979),

79



on tolerance of fish eggs and fish fry observeddiiewing worst total mortality rates directly
linked to nitrate exposures: 10% (at 1.1 NOmg/L); 21% (at 2.3 N©®N mg/L); and 59 %
(above 4.5 N@N mg/L). Higher nitrate concentration also ind&sas nitrite threat, as some of
nitrite originates from uncompleted reduction dfatie through the activity of phytoplankton
(EIFAC, 1984). The fish population observed in ppriell and P10 show that they were
dominantly ofTilapia nilotica (Nile tilapia), which is an introduced specie. §hvas quite
different from the other 12 ponds, where variousp cgpecies such aSirrhinus cirrhosis
(mrigal), Labeo rohita (ruhi), andCatla catla (Indian carp) were abundant as well as smaller
Cyprinidae andChannidae species. The null hypothesis that fish abundasdedependent of
NOs;-N level is therefore, rejected with tpevalue 1/91 of the Fisher’s exact test.

The water quality characteristics of Higashi irtiga pond in Imago area show that at the
present they are within acceptable specified rafigefish production. However, unlike the
alternative water supplement sources in the Goddaharea, which have acceptable water
qualities, the nitrate levels of Imago dam, whisha provide water supplements to Higashi
irrigation pond are above tolerable levels. Thusjmoplementation, the NEN levels for Hi-
gashi irrigation pond are likely to fluctuate tadlerable levels. Therefore, water quality
management strategies have to be incorporatedriwotdNO;s-N levels low enough for the

development and maintenance of a sustainable [tAgrHigashi irrigation pond.

5.3.3 MDP Mode Operation

5.3.3.1 Identified Transition Probabilities

Figures 5-5 to 5-8, show the respectivéit =1 weektime storage_ NN transition probabilities
P, () for the Higashi irrigation pond, under each operatiecisionac A (identified inTable
5-1) from each staté e X (identified inTable 5-2) to the statej € X , expressed as (25).

P (,) matrix inFigure 5-5 shows that the decisiog, (doing nothing), would result in the
j e X states remaining almost the same as theiX state counterparts, but with some like-
lihood for a small increase in storage and decragadt;-N level of the pond, due to pond in-

flows from direct rainfall and less polluted rurefrom forest catchment area. Tﬂﬁ?(al) in
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Figure 5-6 matrix shows that the decision to withdraw irrigatwater would highly influence
states to transit to reduced states predominamtisrins of storage levels. On the other hand, the
P (a,) matrix in Figure 5-7 shows that the decision to water supplement Higagation pond
until its full capacity with water from Imago danowld predictably result in the states transiting
to full storage states. Since Imago dam water supphts are sufficiently NEN polluted, then it
means, N@N would also transit to higher NEN states. ThePij (a;) matrix in for the decision to
water supplement followed by the irrigation acgwtould results in theR, (a )R, (a,) effect as
shown inFigure 5-8. As a result, the storage states would trangiigher states but lesser than
P (a,), but the NGN states would transit to higher states but lesmP (a,) .

The transition matrices results therefore show #aath of the operation decisions would
influence the storage and N transitions differently depending on the statéhe irrigation
pond. Consequently, each of the operation decisapptied and the resultant states have a dif-
ferent influence on the productivity of both fiskcruited in the pond and the paddy rice crop in

the command area of the pond.

1 23 4 5 6 7 8§ 9 10 11 12

Figure 5-5 Storage NQ -Ntransition probability?, (a,) matrix after At =1 week for Higashi

irrigation pond due to decisiaa when operator do nothing.
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Figure 5-6 Storage NQ -Nransition probability, (&) matrix after At =1 week for Higashi

irrigation pond due to decisia, when irrigation water is released from the pond.
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12 3 4 5 6 7 8 9 10 11 12

Figure 5-7 Storage NQ -Ntransition probability?, (a,) matrix after t =1 week for Higashi
irrigation pond due to decisiag, when water supplementation from Imago dam is duoed

to Higashi irrigation pond.
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Figure 5-8 Storage NQ -Ntransition probability?, (a;) matrix after t =1 week for Higashi

pond due to decisioas, when water is supplemented from Imago dam and ilzigate.

5.3.3.2 Optimal Reoperation Strategiesfor Higashi Irrigation Pond

Table 5-3 shows the resultant optimal costs (i) and the corresponding optimal reoperation

policies II" obtained from computation of equations (19) ar@.(2

Table 5-3 Higashi irrigation pond optimal operation polici@S, and the corresponding optimal

costs V! (i), for the pondie X states.

ieX
1 2 3 4 5 6 7 8 9 10 1 12
V@) (US$) 791 791 791 711 758 758 409 614 725 325 550 692

1 %G 8 8 a8 & 8 a & & a & &

The result shows that the optimal strategy to apgign Higashi irrigation pond is ine X
states 1-6 and 9 would be to introduce water supgtes from Imago dam to Higashi irrigation
pond, followed, by releasing irrigation water te tommand area). For the remaining € X
states, 7-8, and 10-12, irrigation activity, { alone would be optimally enough to sustain both

production activities. Using the identified optintaintrol policies for the joint optimal operation
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of Higashi irrigation pond and Imago dam would gigantly increase the water quantity and
quality benefits of the Higashi irrigation ponddasccordingly facilitate a sustainable develop-

ment of [IA in the area.

5. 4 Conclusions

The routine operation method of the Higashi iriigatpond for paddy-rice irrigation purposes
is characterised with excessive water drawdowns;iwkometimes leaves the pond near dry
storage state. The successive antecedent cribeaiMater levels, especially in the irrigation
seasons, are linked to loss of aquatic ecosysteatifun of the pond. The Imago dam identified
for water supplementing purposes of Higashi iritgapond has water quality problems of high
nitrate pollutant loads that could limit restoratiof aquatic ecosystem function, particularly
continued progression of fish populations. The Marétecision process (MDP) was formulated
and applied to find the joint optimal operationipi@s for water storage and N® manage-
ment in the Higashi irrigation that promote susthie development of the integrated irriga-
tion-aquaculture (l1A) therein. Regardless of th@;NN level, when the storage level of the
Higashi irrigation pond is less than 2008and at storage level 2000-300&wen the N@N
level is above 3 mg/L, the optimal policy is toroduce water supplements from Imago dam
until its full capacity, and then followed by thegation activity. For all other pond states above
the pond storage level of 2008 despite the N@N level, the irrigation activity alone would be
optimally enough. The reoperation of the irrigatigonds in the paddy irrigation schemes for
[IA development using the above-formulated MDP rodticould increase the profitability of
the smallholder farmers, through recovery of fishsystems in the ponds and preservation of
the existing irrigation benefits, with no jeopatidg of the paddy environment
multifunctionality. The method can also be readitjapted to other agricultural watersheds,
which have other water quantity and/or quality peofs. However, the implementation requires
a careful analysis and in-depth evaluation of d#ifeé hydrologic periods to produce model

simulations that fully describe water quality andhgtity changes in the respective study ponds.
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CHAPTER 6 Summary and Conclusions

6.1 Summary

This thesis addressed water environment problertigeiintensive agricultural areas, focusing
in particular on the green tea and paddy rice cdmpsinated agricultural watersheds of Japan.
The study was carried out in Imago area extendstbeeNunobiki hills and adjacent valleys of
Shiga Prefecture, Japan (34 96 N and 136 21 E).

The periodic water quality monitoring results frgar 2013 to 2015 in the Imago area
show that nitrate pollutant loads of agriculturedidage water from the green tea plantations
were continuously sufficiently high enough to causger pollution to irrigation dams and to
Yama River via the drainage channels. This wasittefize concerted efforts by farmers in
Imago area to reduce amounts of nitrogen fertilgg@plied to tea fields. Further nitrogen ferti-
lizer reductions to tea crop beyond the recommerdedliscouraged because they might lead
to reduced tea yields and quality. Unfortunatetg observed nitrate-nitrogen levels of agri-
cultural drainage water from the green tea plapatito the Yama River were high enough to
pollute the river. In addition, the irrigation damghich include green tea plantation land-uses
as runoff catchment areas, show that they weregghd@inate-nitrogen polluted by agricultural
runoffs from the upland green tea plantations. dditon, one of the irrigation ponds called
Higashi shows that it has a history of temporaryewsahortages. Every successive year it is
associated with excessive irrigation water drawdgwnd in some cases, the irrigation water is
withdrawn until near empty storage states. As altgbe assessed commercial aquatic value of
the pond from 2013 to 2015 was almost negligible.

The decision support systems for the water enviemmrmanagement in such typical rural
areas as Imago area under hydrological and sooisesaic uncertainties were developed and
applied to Imago area. The developed decision stigystems in this thesis can be summa-

rized as follows.

1) A robust optimal model for diversion of agro-fedihg nutrient polluted agricultural

drainage water from intensive agricultural systemgaddy fields was presented. Active
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2)

and abandoned paddy fields were hypothesized kiggt tould act as nitrogen sinks to
incoming nitrate-nitrogen concentrated drainageeswlibm intensive agricultural systems,
given the inherent dominant denitrification chagaistic of paddies. Field tests were
conducted where nitrate concentrated drainage waten green tea plantations was
deliberately diverted into active and abandoneddpafields. Significant temporal and

spatial nitrate reductions were respectively obsgrin both paddy field types. With this

recognition, a robust optimal policy model was deped to support the decision-making
process for diversion of nitrate contaminated drgenwater to paddy fields. The goal was
to find the optimal fractions of the unit dischargebe diverted to paddy fields, which

optimally maximizes the reduction of the nitrat&-ogen entering into and polluting the
adjacent river, and optimally minimizes further gibte environment risks like nitrate

leaching in the paddy fields. The application oé tmodel to Imago area shows that
diversions to paddy fields are optimally maximizededuce nitrate pollution to the Yama
River, averting environment risk of possible matftioning denitrification processes in the

respective paddy fields. (Chapter 3).

A robust optimal model for sustainable joint protiic of green tea and paddy rice was
presented. Nitrate concentrated drainage wateestdiv into irrigated paddy fields with a
standing crop rice, were hypothesized that theyldvawvail nitrogen nutrients for plant
uptake, since nitrogen is the most limiting nuttifar rice production. From the conducted
field experiments where nitrate concentrated dgenaater from green tea plantations was
flowing into paddy rice fields with an establishewp, significant nitrate reductions were
observed during the rice growing season than duhiagion-rice growing season when the
paddy fields had no standing crop. Using the rolopsimal model as a decision support
system, the application showed that diversionsiwhte concentrated drainage water to
irrigated paddy fields could be increased from 426886 in non-rice growing season to
74%-84% in rice growing seasons. This points ou& tpotential of converting nitrogen
polluted drainage water from green tea plantatiots an economical value, where rice

crops will have optimal access to substantial art®wfi nitrogen nutrients and water
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3)

4)

therein. Resultantly, this would translate into ied economic viability of paddy rice
production with greater protection of the waterisrvwment from agrochemical pollution.

(Chapter 3).

A stochastic model for optimal control of agrocheahipollutant loads from intensive
agricultural systems into reservoirs for irrigatiamas presented. The reservoirs for
irrigation, like paddy fields, were hypothesizedttthey could be operated to influence the
downstream riverine transport of nitrate nutrierds)ce they are well positioned to
intercept substantial amounts of fertiliser rundifsm upslope green tea plantations. A
comparative field survey of the water quality &iites between reservoirs with only forest
runoff catchment area and with both forest andmgtea plantation land-uses was carried
out over a period of two years. The results shothedl reservoirs with runoff catchment
areas of both forest and green tea plantationkjdimg Imago reservoir, were significantly
intercepting nitrate-nitrogen polluted runoffs theduld be otherwise delivered to the
adjacent river. To optimize the pollutant bufferifignction with a minimum risk of
negatively altering the aquatic ecosystems supgdryesuch reservoirs, a Markov decision
process (MDP) model was developed. The applicatibrthe MDP model to Imago
reservoir shows that the model facilitates optioaitrol of nitrate-nitrogen pollutant loads
within the allowable limits and maintains the resér storage above the fixed
environmental threshold while satisfying the irtiga water demand of the command area.

(Chapter 4).

An optimal reoperation model for irrigation pondsr fimproving water environment
productivity in paddy environments was presentedhVen aid of an optimal reservoir
operation model, the research explored how envieminwater productivity could be
increased to improve the overall agricultural pritkity of the paddy-rice environment,
like Imago area, under constraints of spatial aedthporal water shortages and
agrochemical pollution of the irrigation ponds. Tpetential of upgrading the Japanese

paddy-rice irrigation systems into integrated mtign-aquaculture systems, as a way to
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improve the overall productivity was examined. c®iraquaculture depends on particular
reservoir water quantities and water qualities, peral water shortages and nitrate
pollution of the irrigation ponds were taken as thejor constraints to a successful
integrated irrigation-aquaculture (11A) productiofn optimal reservoir reoperation model

was formulated where the supposed IIA ponds weletoperated using water quality and
gquantity norms. The application of the model to Higashi irrigation pond in the Imago

area showed that the model can comprehensivelycdedptimal discharge rates and
timings for release of inflows and outflows aimedoeeservation of irrigation and aquatic

values of the pond. (Chapter 5).

6.2 Future Per spectives

This thesis developed decision support systemswviier environment management in the
rural areas under hydrological and socio-economaertainties. However, there still a need to
develop enablers that motivate adoptions of thesldged decision support systems in the

rural areas. The following issues remain to be eskid in future researches.

® [Formulation of a simple, practical compensatioreseh and optimal incentive policy that
boost farmers' adoption and use of nitrogen conatt green tea drainage water in the

paddy rice production.

® |dentification of suitable amenable infrastructued respective optimal hydraulic designs,
that facilitate optimal reduction and control otragen pollution to the surface water

bodies at minimum disturbance of agroecosystems.

® Finding the optimal mix of nitrate polluted agrittual tea drainage water and chemical
nitrogen fertilisers for paddy rice production, waiimaximally reduce the amount of
chemical nitrogen fertiliser-use at maximum minimloss of potential rice yield and at

maximum minimum risk of nitrate leaching.
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