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CHAPTER |

INTRODUCTION

1.1 General introduction

It has been estimated that half of the'werld's population depends on wholly or
partially on rice. Ninety percent-of the world ¢rop is grown and consumed in Asia,
while, less quantity of rice"is exporied to other continents. Thailand was one of the
most important rice experters. J/About 30 percent of whole exported rice was from
Thailand (FAO, 2003). However, rice planting is freguently associated with several
types and high amount of pesticides and ferti-lizers that may lead to a major impact on

the ecosystem and human health problems.

Carbofuran can affegt on-many pe’sfs-.‘l‘t Is used to control soil-dwelling and
foliar-feeding insects; for exampie, boll wéevillé, mosquitoes, alfalfa weevil, aphids,
and white grubs (Trotter et al., 1991). It is 'éiSo'very effective in the control of main
paddy pests such as-ieafhoppers-and-whorl-maggeis {Aquino and Pathak, 1972;
Venkateswarlu et al., 1977). The characteristics of carbofuran is a crystalline, solid,
odorless, and the color varying from colorless to gray depending on the purity.
Carbofuran can’ reversibly inhibit jagetylcholinesterase<(AChE), which is in the
nervous system, and motor endplates” of the target species. Since carbofuran is a
member. of carbamate group of pesticides,.so it.canalso inhibit cholinesterase (Gupta,
1994) and’ impact® onvingestion® (Extoxnet, 2001). Due.'to 'the" fact that granular
carbofuran look very similar to seeds, there is mistaking of consumption by birds.
Each bird was killed by only one grain of granular carbofuran due to its high toxicity.
Therefore, the USEPA and FMC Corporation were in agreement to ban all granular
carbofuran, and the ban was effective in 1994, while liquid form still remains in use
until now. In Thailand, carbofuran was imported equal to approximately 5,000 tons in
form of Furadan 3G in 2007 (FMC corporation, 2008).



Due to a high toxicity of carbofuran, the impacts of agricultural management
practices from application of carbofuran in rice field were assessed in this study by
mathematical models. Mathematical models was applied in order to gain a better
understanding of fate and transport of pesticides or other chemicals in the applied area
and to predict future conditions under the changes of agricultural management. Root
Zone Water Quality Model (RZWQM) is one of the inclusive agricultural systems
models. It is made up of six main components that are physical, soil chemical,

nutrient, crop production, pesticide, and management processes (Hanson et al., 1998).

In this study, RZ\WQM was used to predict.behavior of carbofuran after the
application in rice field.undegnormal condition and various agricultural management

practices and rice soil cendition.
1.2 Objectives

1. To illustrate fate .and- transport of carbofuran under long term
application in rice field

2. To identify the processes and_ parameters that play significant role in

the carbofuran fate and transp(')rtmin rice field

3. To predict potential of carbofuran accumulated in rice field using the
validated model

1.3 Scopes

1., Laboratory-scale data from.Khon Kaen University-and other data from
several “departments’ of Thailand (e.g.-—the' Thai—~Meteorological
Department, the Khonkaen Rice Seed Center, and Land Development
Department) were used for simulating fate and transport of carbofuran

in rice field.

2. Fate and transport of carbofuran in rice field was simulated by using

the most suitable pesticide transport model.



1.4 Hypothesis

field.

Conditions of fate and transport of cal

. Sensitivity analysis was conducted to identify the effects of model

parameters on the processes.

. The RZWQM was verified with observation data to make sure that the

acceptable results would be obtained.

. The validated RZWQM”Nas used to predict fate and transport of

carbofuran under

y))ﬂion and other different scenarios.
@ices are changed e.g. rice is

Long term appli ' bofurar pact on its accumulation in rice

AR )

(A= v .
to carbofuran accumu@ed ation ﬂrice field.
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CHAPTER Il

THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Carbofuran

Carbofuran (2,3-dihydre-2,2-dimethylbenzofuran-7-yl methylcarbamate) is a
broad-spectrum systematic carbamate inéecticide, nematicide, and acaricide. Trotter et
al. (1991) listed the produets, which contain carbofuran, as Furadan, Curaterr, Yaltox,
Bay 70143, Carbodan and' ENT 27164, -

0L _NH

E/ "CH3

Figure 2-1 Structure: of carbofuran

2.1.1 Properties of carbofuran

Carbofuran has a molecular weight of 221.26 and a melting point of 150-
152°C. In generaly carbofuran, is degraded-quickly under-alkaline conditions and is
stable under meutral ‘or acidic’ conditions (Anon, 1971). “The characteristics of
carbofuran are crystalline, solid, and odorless; 4n- addition, it varies in color from
colorless to gray depending en iits¢purity. Furthermore, Cal/EPA (2000) stated that
carbofuran is degraded at temperatures higher than 130°C, and it can support

combustion if ignited. The other properties of carbofuran are shown in Table 2-1.



Table 2-1 Physical-chemical properties of carbofuran

Physical-Chemical Properties

Molecular weight
Molecular formula®

Melting point 2

Water solubility ®
Vapor pressure *

Octanol-water partition coefficient (Ksy) >

Henry’s Law constant *

Hydrolysis half-lives (days) *

Aqueous photolysis half-life (days) *

Soil photolysis half-life (days) *

Aerobic degradation half-life (days) >

Anaerobic degradation half-life (days)

Field dissipation half-life (days)

221.26
C12 HisNO 3

1502152 °C

351 ppm (25°C)

6 x 107 mmHg (25°C)

" 17 for.1 mg It (20°C)
26 for 10.mg I"* (20°C)

3.9 %10 atm m3/mol

'27.7 (pH 7, 25°C); 2.73 (pH 8, 25°C);

0.54.(pH 9, 25°C)
7.95x10% (pH 7, 28°C)

138 (27°C,pH 5.7, sandy-loam, 2.1%
organic,carbon, 21% moisture)

22 (25°C, pH 5.7, sandy-loam, 2.1%

organic'carbon, 21% maisture)

30.0 (25°C, pH 5.7, sandy-loam, 2.1%
organic carbon, 21% moisture)

13.0 (pH 7.3, sandy-loam, 0.38%

organic carbon)




Table 2-1 Physical-chemical properties of carbofuran (cont.)

Physical-Chemical Properties

Adsorption coefficient (Koc) ° 22

THoward (1991)

2 Lewis (1996)

® DPR Ecotox Database (2002)
* Alvarez (1989)

® Extoxnet (2001)

2.1.2 Mode of action

Carbofuran cansreversiply inhipit acetylcholinesterase (AChE), which is in the
nervous system and mgtor ;endpiates of the target species. Since carbofuran is a
member of the carbamaté groupof pesfiCides, it can also inhibit cholinesterase
(Gupta, 1994) and impact on ingestion (Exfdxn?t, 1996).

2.1.3 Health effects

For acute toxicity, carbofuran is highly toxic when it is inhaled or ingested,
and moderately toxic hy dermal adsorption (Baron, 1991). The oral LDs, for rats,
mammalian, and dogs are 5, 2, and 19 mg/kg day, respectively. Dermal LDs, for
rabbits is 885 mg/kg day,” and inhalation ‘LCsy in guinea pigs; rats, and dogs are 43
mg/m® day, 85 mg/l day, and 52 mg/l day, respectively (EPA, 2006). With regard to
chronie-toxicity; the,ahility, of-pups taisurvive-was, reduced by a-daily;feeding of 100
ppm of carbofuran'to pregnant rats, and the lowest amount of pesticide that leads to
teratogenic effects in mice is 210 pg/kg day (EPA, 2006). The symptoms of
carbofuran poisoning in humans consist of vomiting, abdominal cramps, diarrhea,
sweating, nausea, weakness, imbalance, blurred vision, breathing difficulty, increased
blood pressure, and incontinence. In addition, the respiration system can fail and bring
about death (Extoxnet, 1993).



2.1.4 Environmental fate of carbofuran

In order to enhance agricultural productivity, carbofuran and other pesticides
are used extensively, and this leads to their contamination of the environment. Mora
et al. (1996) stated that carbofuran is moderately persistent in the environment. Its
half-life is 26-110 days in soil, depending upon the pH, soil type, temperature,
moisture content and microorganisms present. Achik and Sciavon (1989) examined
the extent of the adsorption capacity of carbefuran on soil. They concluded that the
climatic conditions, whichare the nature, quantity;-and frequency of precipitation, are
highly related to carbofuran’s persistence in a treated area. In addition, carbofuran is
stable in acidic and .meutral” eonditions, whereas it hydrolyses under alkaline
conditions. Moreover, #toxie” fumes may be released when there is a thermal
breakdown (WHO, 19964 1996b);

Air

Duel et al. (1979) states that.the properties of carbofuran, which are low vapor
pressure and low Henry’s Law .constant, caﬂsé"'i't to have a low tendency to volatilize
from water or moist soils. However, when carbefuran is in the air, there is vapor-
phase photooxidatian-from its reaction with hydroxyt radicals. Carbofuran’s half-life
under this reaction isabout 4.6 hours in the atmosphere (Howard, 1991).

Water

The major degradation ‘pathway of carbofuran in ‘water and sediment is base-
catalyzed hydrolysis to form carbofuran phenol (Yu et al., 1974;"Seiber et al., 1978;
Brahmaprakash etyal.;«1987;: Talebi cand 'Walker, 1993).' In' addition, the aqueous
hydrolysis rate of carbofuran increases when pH increases.

Seiber et al. (1978) proved that the hydrolysis of carbofuran at pH 10 was
more than 700 times higher than at pH 7, which can be expressed with half-lives at

1.2 hours and 864 hours for pH 10 and pH 7, respectively.



For another degradation pathway, i.e., photolysis, is less important when
compared with the hydrolysis of carbofuran. The photolysis rate of carbofuran

decreases when the amount of dissolved organic matter (DOM) increases.

Soil

Cohen (1996) states that carbofuran is quite mobile in soil and surface runoff
due to its high water solubility (351 ppm at 25°C) and low adsorption coefficient (Ko
= 22). However, carbofuran eould be less moptlean clay soil owing to the presence of

organic matter (Kumari et'al’; 1988).

Getzin (1972) deund.that the degradation rate of carbofuran in alkaline soil
(pH 7.9) is higher thaneit is4n acidic and neutral soils (pH 4.3-6.8) by about 7 to 10
times. In conclusion, ins@lkaline soil, hydfolysis 1S the main process of degradation,
while in acidic and neutral /Soils, micraobial and chemical mechanisms play more

significant roles in carbofuran degradation (Getzin, 1973).

Li and Wong (1980) state that the d_ég'rﬂqqation rate of carbofuran in rice fileds
is greater when the moisture content in soikl_,,i'_s h_igher. Moreover, Lalah and Wandiga
(1996) conclude that the dissipation of carbofuran urider/flooded conditions tends to

be more rapid than it is under non-flooded conditions.

Shelton and Parkin (1991) studied the effects of soil moisture content on the
sorption and biadegradation of carbofuran-in, soil Carbefuran (Carbonyl-14C) was
added to soil samples with different moisttre ‘contents, 'and the release of **CO, was
determined. The results indicate that soil moisturéscontent does fiet only activate the
population of micreorganisms; hut«t also increases the hiodegradation of carbofuran
owing to desorption.

On account of the low vapor pressure and low Henry’s Law constant of
carbofuran, volatilization is an insignificant dissipation route for carbofuran. In
addition, Lalah et al. (1996) reported that the carbofuran volatilization rate under
flooded soil conditions is higher than it is under non-flooded soil conditions, and they

attribute this to carbofuran’s co-evaporation with water on the surface soil.



Biota

Since carbofuran is highly toxic, a bird can be killed by only one grain of its
granular form. Many birds mistakenly consume granular carbofuran as it looks very

similar to seeds.

carbofuran can interrupt the metabolism of

Eisler (1985) states that althoug

lipids and enzymes in fish, the eff are reversible constituting in no visible
permanent damage. In addition, Evert (2002) teports that carbofuran has high water

-ge e . J -
solubility and low Koy, so"it"does not tend mulate to a large extent in any
biota. B

AULINENINYINT
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Figure 2-2 Environmental fate of carbofuran (Evert, 2002)
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2.1.5 Regulatory history

Carbofuran was first registered in the United States in 1969 (EPA, 2006). In
1991, the Environmental Protection Agency (EPA) and the technical registrant
cooperated to ban the use of the granular form of carbofuran in ecologically
responsive areas that are not associated with human health concerns, and it took effect
on September 1, 1994 (Extoxnet, 1996). At last, on November 18, 2009, the United
States Environmental Protection Agency .bamned carbofuran’s registration and
application (EPA, 2009). The maximum centaminant level goal (MCLG) and the
maximum contaminant level(MCL) for carbofuran.concentrations in drinking water
are set at 40 ppb. Adhering to.this level should not lead to health effects (EPA, 2006).

2.1.6 Carbofuran in Thailand

The Ministry of Agriculture and Cooperatives of Thailand (1989) announced
that carbofuran is a pesticide  with hig'h_. toxicity (LDsp < 30 mg/kg), and its
concentration cannot exceed 0.05 ppm i water. Anat Thapinta and Hudak (2000)
addressed pesticide use, environmental prob]éfﬁs, and regulations in Thailand. They
state that in 1985 and 1987, ihe concentration 6f carbofuran in water samples from
main rivers in Thailand had been 0.01-1.37 ppb, which was not more than the
standard. In addition; they also report that the carbofuran Concentration in soil and in
various vegetables was'45.10-8418.50 ppb in 1996 and-0.03-0.50 ppm in 1987-1989.
In 2007, around. 5,000 tons-of carbofuran was.imported in.form of Furadan 3G (FMC
corporation, 2008).“Examples of the' maximum residue limit (MRL) of carbofuran in
livestock and food products are expressed in Takle 2-2 in accordance with the Thai
Agricultural'Commadity and Food Standard (2006).
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Table 2-2 MRL of carbofuran in livestock and food products

Product The Maximum Residue Limit (MRL)
(mg/kg-product)

Fowl meat 0.08
Gizzard 0.08
Egg 0
Milk 0.05
Rice Q.l
Banana 0.1
Sweet corn 0.1

2.2 Pesticide fate and transport-maodel
e An ecosysterm model

Yu et al. (1974) studied the fate of carbofuran s a model ecosystem by using
ring-'“C- and labeled carbofuran. They state that carbofuran was highly toxic to crabs,
snails, and clamss It swas~foundsthat ~no--parent, earbofuran. was found in living
organisms. Nevertheless, large'amounts of ‘the parent carbofuran were found in crabs

that had died almost immediately after a pesticide-application.
e Arice-fish model

Jayaraman et al. (1989) used a rice-fish model ecosystem to investigate the
fate of carbofuran. The results showed that 3-hydroxy carbofuran was present in rice
leaves and carbofuran fixed in the soil transferred to the leaves even during the
graining and harvesting stages. With regard to the fate of carbofuran in soil, they
found that carbofuran disappears rapidly, and soil operates as a reservoir for the
pesticide. Carbofuran in water is found in low concentrations due to some degradation
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of carbofuran in water because of metabolites (Nurnsri Tayaputch et al., 1986). In
addition, they found that in the Nurnsri Tayaputch et al. study there was no
bioaccumulation in fish; however, some metabolites of carbofuran were found. This

shows that the fish could degrade the parent carbofuran.

e The Behavior Assessment Model (BAM) and Groundwater-potential
Model (GWP)

Yen et al. (1997) used the Behavier™ Assessment Model (BAM) and
Groundwater-Potential Model (GWP) to assess the possible contamination of
carbofuran in groundwater” Fhey concluded that carbofuran can contaminate
groundwater. They also sitidied two subtropical soils at different moisture contents
and soil temperatures tosdetermine “the “dissipation. coefficient of carbofuran by
resolving the degradation and adsorption. The results show that the carbofuran residue
in soil tends to be lowegwhen the moisturé_ content is higher. Moreover, increasing of
the soil temperature and moisture caontent iq'cr"éased the dissipation rate of carbofuran

in soil, and the kinetics of the dissipation fdmyljlévygd first-order kinetics.
e Alevel IV fugacity model

Paraiba et al. (2007) studied the fate of carbofuran.in irrigated rice by using a
level 1V fugacity model. The researchers found that level IV fugacity models
underestimate the concentration of carbofuran in water and slightly underestimate the
concentration 'of ‘carbofuran 'in ~soil. | In addition, they _concluded where the

concentrations of carbofuran were higher: water > soil > rice plants > air.
2.3 Root Zone Water Quality Model/(RZWQM)
2.3.1 Significant processes in the RZWQM using time-scale based calculations

Hanson et al. (1998) summarized the relative flow of information among all
the major components of the model. The processes in the RZWQM are calculated at

different time scales, which are sub-hourly and daily intervals (Figure 2-3).
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o 1

As seen in Figure 2-3, the daily"»tim'e foop c@ifs!‘ts of the following seven processes:

g™

e Management processes - the effects of chemicals, manure, irrigation water and

tillage on the.system

e Potential evapdfranspiration - evaporation and transpiration fluxes that are

relatedto the is@il/surface’and!plantroot, respectively
e Fate and transport processes# water, chemical, and heat transport

e Pesticide processes - degradation of pesticide on the surface of plants and

residue as well as within soil horizons
e Nutrient processes — the carbon and nitrogen cycle
e Soil chemistry system - typically equilibrium equations

e Crop production and harvesting processes
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All processes are calculated daily (the larger loop) except the fate and
transport processes, which are estimated in sub-hourly (the smaller loop).

2.3.2 Description of components within the RZWQM

The RZWQM is made up of six main components, which are physical, soil
chemical, nutrient, crop production, pesticide, and management processes (Hanson et
al., 1998). The processes can be represented by following submodels (Malone et al.,
2004a):

o Infiltrationy runcit, water redistribution after infiltration, and chemical
movement in.ihe soil

e Macropere flow.and chemical movement through macropores

e Evapotrafspirtion (ET)

e Heat transport

e Plant growth

e Organic matter/nitrogen cyc'H'hg |

e Soil chemistry processes =

e Pesticide dissipation and degrﬂddétion ProCesses

o Chemieal transfer to runoff and transport through the soil matrix

e The effects of agricultural management practices on these processes
1) Management: processes
a) Timing and application methodology

They RZWQM ¢provides-for 'both the specifici date ‘requirement and
system that deals with the cropping system. When the management process is
needed to simulate a specific date, the specific date method can be used. The
relative timing methods are based on the growth cycle, which comprise
planting, emerging, and harvesting. During simulation, the position of
pesticides or fertilizers can have direct effect on their fate; therefore, the
RZWQM describes an array of application methods and consequent

placements.
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Summaries of timing and application methods that are included in the
RZWQM are shown in Table 2-3.

Table 2-3 Summaries of timing and application options in the RZWQM (Hanson et

al., 1998)

Management

practices

Timing optiens

Application options

Pesticide applications

Tillage operations

Irrigation application

Fertilizer. applications

Plant growth
cycle

Specified date

Plant growth
cycle

Specified daie

Fixed interval
Specified dates
Root zone

depletion

Plant growth
cycle

Specified date
Preplant with split
Preplant split with
plant demand

trigger

Surface broadcast
Incorporated

Injected fumigation
Irrigation chemigated
Slow release formulations
Shielded sprayer for foliar

or soil surface only

29 different implements

User specified intensity

Fixed amount
Varying amounts

Refill root zone

Surface broadcast
Incorporated

Injected NH3-N
Irrigation fertigated
Nitrification inhibitor
additives




17

Table 2-3 Summaries of timing and application options in the RZWQM (Hanson et
al., 1998) (cont.)

Management Timing options Application options
practices
Crop planting e Multiple year e 5 harvesting operations
e Multi-species e External crop models can

rotations be fired

b) Tillage affects on seil properties

The soil,eomposition, hydraulic reaction, and combination of surface
materials can be ehanged by tillagé operations. In addition, the level of these
changes depends on whether it is the primary or secondary tillage, and the type

of equipments.

c) Surface residue decompaosition X

Parr and Papendick (1978) and Bristow et al. (1986) stated that surface
residue decreases soil-water and erosion f0sses, and it increases soil stability.
The RZWQM_not only focuses on soil-water,_which is saved by limiting
potential evaporation, but it also focus on the~dynamics of surface-residue
nitrogen.

2) Physical processes

Hydralogy'andheat transport processes are:simulated in the physical processes

component. The key physical processes are as follows:
a) Infiltration of water into the soil matrix

Infiltration rates into the soil and then discrete into 1-cm increments
are calculated using the Green-Ampt equation (Green and Ampt, 1991,
Hachum and Alfaro, 1980) until the soil’s maximum infiltration capacity is

exceeded.
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K; He + Ho+ Zyy

V= .
VRCF Zyys 1)
where |4 = infiltration rate at any given time (cm hr),
VRCF = viscous resistance and entrapped air correction
factor,
K, = effective average saturated hydraulic
conduciivity of the wetting zone (cm hr™),
H. = cabillary pressure (cm),
.y g - depth of surface ponding (cm), and
Z4 £~ ‘ dept_r]"of the wetting front (cm).

If the infiltration rate (1) {I/.alue IS greater than the rainfall rate, the V
value is set to be/equal to the rai-_hféflj rate. Moreover, the saturated wetting
front during infiltration may reach ;éﬁg}ljow water table especially in the rainy
season. Therefore, if the field is tilﬁkéined, the infiltration rate is set to the
deep leakage rate plusrt'h’ér tile flow rété,qa{rid the tile flow is calculated by using
the Hooghoddt‘equation (Bouwer and van Schilfgaarde, 1963; Skaggs, 1978).
The 2-dimensional effects of tile drainage are determined in this equation by
estimating this flux_at the center paint between 2 parallel drains as shown in
Figure'2-4; then, the depth of the water table at the center point between the
drains isiestimated. The equation for flux to the drain depending on the depth

of watertable cande writtenjasifollows:

8K,d.m + 4K,m?>

! = > 2.2
Sd(Z ’ t) CLZAZ ) d ( )
S;(z,t)=10 o<d (2.3
where S;(Z't)= sink term (tile drainage) (hr),

’

Z = depth of the drain (cm), user-supplied,
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® distance from the water table to the bottom of
the restricting layer (cm),
d distance from the drain to the bottom of the
restricting layer (cm),
m water table height above the drain (cm),
K, effective’lateral hydraulic conductivity (cm hr),
user-supplied or model calculated,
L distance between drains (cm), user-supplied,
C ratio of the average flux between drains to the
flixemidway between drains (set = 1.0),
d. equivalent depth from drain to bottom of
restricting layer (cm), and
Az soil depth increment at Z' (cm).
" Soil surface
PSS
Water table
L N
()
d
Bedrock

Figure 2-4 A design of a soil profile with a high water table and tile drains.

The flux to the drains at the center point between the drains is simulated in
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the RZWQM, and it accounts the water table depth at this point (Ahuja et
al., 2000).

b) Infiltration of surplus rainfall through macropores

Macropores are separated from the soil matrix. A macropore is defined
as a cylindrical channel or crack that has diameter greater than 0.5 mm. When
there is excess rainfall that does not'infiltrate into the soil matrix, the water
will go to macropores. The maximum macropore infiltration rate equals the
saturated hydraulie conductivity per unit-area, and any extra of the excess
rainfall over this maxamum rate is examined as runoff. When the water enters
macropore, it Infilirates in & lateral direction into the drier layers of the soil

matrix below the wetting front.

Poiseuille’s law ‘and the lateral Green-Ampt equation are used to
compute the maximum macropore".__inf-iItration rate (K,,qc) and lateral water

movement into the sail, respectively. Roiseuilie’s law is written as follows:

g

For cylindrical holes: R
INopgni,.  Pracpdry

Kmac )

87 8n (2.4)
For planner cracks:
Lcpgd® _ Pugcpgw®
K = = .
where Knae = the maximum, macropore infiltration rate
(cm hrh),

p = the density of water (=1.0017 g cm™),

g = the gravitational constant (=1.27 x 10'° cm hr™),

T = the radius of cylindrical holes (cm),

w = the width of planer cracks (cm),
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n = the dynamic viscosity of water
(=36.072 g hr'cm™),

N, = the number of pores per unit area,
L, = the total length of cracks per unit area (cm), and

WOUS macroporosity as fraction of soil

(2.6)

where 1&" Sient radial infiltration rate from a

’ 7'.&*_.;1:_,& I

-

=
-

n‘ = natural logarithm,

AUE INBRIIYART o
MR TUTIINNA Y

The amount of infiltration is used to calculate the r,,,r. However, when

Twr = T, the Eq. (2.6) is not appropriate for the very first time step; therefore,

1. is calculated as follows:

V. = 2mr, AL,

2

1/2
2KSTC (95 - ei)
(2.7)
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where (6, — 6;,)= the initial volumetric soil water deficit in the

depth increment, and

At the first time step (hr).

For planer cracks, the lateral infiltration rate per unit length of the
cracks uses the following equation:

1/2
[ZKsrc(es - eal /
v = .

(2.8)
where t - cumulative. time for lateral flow (hr).

The lateral water flow into the soil that surrounds macropores can be
impeded by thelateral sorptivity reduction factorowing to an organic coating

or compaction.
¢) Transport of chemigals in soil during infiltration

To account for_the adsoffi'itit)rl]/desorption processes of chemicals,
sequential partial piston displacemeht aﬁ-d mixing during infiltration is used to
transport solutes within the soil matfix. Dufing.rainfall, raindrops will have an
impact on the-mixing of chemicals. Runoff water non-uniformly mixes with
chemicals from the surface soil (top 2 em) (Ahuja, 1990; Ahuja et al., 1995).
When runoff water enters macropores, the chemical in this macropore water
will golinto'the'soil' matrix by laterakinfiltration or-leave the bottom of the root

Zone.

The non-uniform mixing model is used to simulate'chemical transfer to
the runoff and macropore flow (Malone et al., 2004a). Furthermore, at the soil
surface (z=0), the degree of mixing between the rainwater and soil solution is
supposed to be at its maximum, and it will decrease exponentially with the
depth as a function of the non-uniform mixing factor. The soil matrix is
divided into the mobile (mesopore) and immobile (micropore) regions, which
are treated separately from the macropore flow. In the saturated zone during
rainfall or irrigation, the partial piston displacement allows for only water and
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chemicals to move through the mobile regions. Moreover, between mobile and
immobile regions during each infiltration time step, the chemical is transferred
by diffusion, and the fraction microporosity and the chemical diffusion rate in
water are the only two controlling parameters that are specific to these

processes.
d) Redistribution of water and chemical after infiltration

The soluble chemicals move withewater from one depth increment to
another, which ineludes upward movement in response to evaporation. The

chemical movement.is handled by starting from the bottom to the surface.

Betweenrrainfallior irrigation events, soil water is calculated by using

the Richards equation:

o’ I [K(h" YR ] S(zt
at = 9z 'Z a9z (,2) (z0) (2.9)
where 0 2 volumétriq soil water content (cm® cm™®),
t = time (h}) y
Z = Soil depth (cm; assumed positive downward),
h = soll-water pressure-head (cm),
K = hydraulic conductivity! (cm hr), a function of h,
and
S = sink term forgroot-water uptake'and tile drainage
rate (hr'?).

In Eq. (29),h=h(z2);t=0, andz >0 are used as the initial

condition.
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e) Root water uptake

A distributed sink arising from root water uptake is one of the two sink
terms; the other one is the point sink arising from tile drainage. The root
uptake part of the sink term is evaluated by using the approach of Nimah and
Hanks (1973):

[H, + (RRES :z) = h(z,t) — s(z,t)]R(2) - K(h)

— = 2.1
Sz, 0) ” (2.10)
where S (2, 0)= sink terim-(root uptake) (hr'),

H, = an effective root water pressure head (cm),

RRES = root resistance term-and the product (RRES - 2)
acecounts for gravity term and friction loss in H,
(assdr_ned = 1.05),

h(zt) = soil—w_fcgtgr pressure head (cm),

s(z,t) = the osm‘otib pressure head (assumed =0 cm),

Ax - the distance from plant roots to where h(z,t) is
measured (assumed.= 1 cm),

Az = soil depth increment (cm),

R(z)" = proportion of the total root activity in the depth
increment Az,"obtained from the plant growth
model, 'and

K(h) = the hydraulic conductivity (cm hr™).

H, is varied until potential transpiration is met in the condition that H,.
does not fall below h,,;,. When H,. reaches h,,;,, this value is assumed to be
steady.
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f) Potential evaporation and transpiration

A review of the double-layer model of Shuttleworth and Wallace
(1985) or the S-W model is included in the RZWQM (Figure 2-5). The S-W
model adds the partitions of evapotranspiration (ET) into soil evaporation and
crop transpiration into the concept of the Penman-Monteith (P-M) model.
Farahani (1994) extended this model to explain the ET processes under no-till
or minimum-till practices that lead te crop residue on the soil surface. The
extended S-W ET model tries to find-an.association between the double-layer
energy combination-approach of Shuttleworth and Wallace (1985) and the
partial canopy resistance formulation that given by Shuttleworth and Gurney
(1990) to allocaie ET-from a soii-residue-canopy system. The model not only
describes a partially<Covered so.i]“"'but also estimates evaporation from the
residue covered fraction of the substrate, the bare soil fraction of the substrate,

and transpiration from the canopy. .

Net Radiation (R»)

Sensible 7= Latent
Heat Heat Measurement
__________________________________ Height
ra
Mean
Bare LA AN NENAAA AN~ (Ea_r?_oEy
Soil Height

WO N ¥ 6 N

G

Figure 2-5 Diagram of the soil-residue-canopy system (Ahuja et al., 2000)

The extend S-W ET model is divided into two layers: the soil surface

and the canopy. The sum of latent heat from the canopy (AT), the bare soil
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(AEs) and residue covered (AE;) soil areas is the total flux of the latent heat
(AET) which is located above the canopy (i.e., at the measurement height), and

it can be written as follows:
ET =T+ C,E; + C,E, (2.11)

where C = the fraction of a unit substrate area occupy by

bare soil (decimal), and

C, = the fraction of a unit substrate area occupy by

residue (decimal).
Thereforegl; # G /= 14

The air yapor pressure shértage at the height of the canopy air stream
(VPD,), and AT and AE.are expresS_ed by

y Al(Ry — Gv)-._:.l_;:Rnsub] i+ pcp(VPDo)/ e (2.12)
J Ayl 7 /1)

AT

A(Rpsi=<Gg) + pcp(VPDo)/ Ty
Ay +as-/73)

AE, = (2.13)

Eq. (2.13) assumes that the isothermal drying soil layer has a zero
saturation defieit at the evaporating sites within the soil. Furthermore, Eq.
(2.13) can be rewritten to describe AE, if the.residue covered soil areas are
also assumed to- be“isothermal. ' The equation 'is rewritten by assigning an
additional resistance to the seil vapor flux.compelled by the.residue:

AQRur H G + pcy WPD)LTE

AE, =
T Ay GF ¥ ) /7] (2.14)
where R, = the flux of net radiation above the canopy
(W m?),
Rocup = the flux of net radiation below the canopy
(W m?),

R,, = the flux of net radiation over bare soil (W m?),
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R, = the flux of net radiation over residue (W m),
G = the heat flux below the canopy

(into the substrate),
Gs = the heat flux into the bare soil (W m™),

""-ﬁ.

7/qu into the residue (W m),

atlon rate (kg m?s™),
T ——

from bare soil (kg m?s?),

from residue-covered soil

: saﬂation vapor pressure versus

temperature curve (kPa K™),

AU 813N B SR, o ey

¢height (kPa)s,

Qq "W r]‘ a q;acﬂ j m tybm;ltgd:ﬂ@:ls@aﬂ of the canopy

elements within the canopy (s m™),

re = the bulk stomatal resistance of the canopy
(sm™),
1 = the aerodynamic resistance between the bare soil

and mean canopy height (s m'l),
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1 = the aerodynamic resistance between the surface
cover (residue mulch™) and mean canopy height
(sm™),

re = the soil surface resistance (s m™), and

s = the surface resistance of the cover

(residug mulch™) (s m™).

Two assumptions are used in the derivation of Eq. (2.14). One is that
the turbulent transfer coefficients and resistances of heat and water are similar,
and the other is‘thatsthere is no\ difference between the condition of the soil

!

surface and canopy (Ahuja et al., 2000). VPD, isexpressed as follows:
VPP, =V BD4 + [AR, +G) ~ (A+)AETIrE/pc, (2.15)

where VPO, E # 4‘the air saturation vapor pressure deficit at the
measUf:qment height (kPa), and

rd =7 the aerdd)(namic resistance between the canopy

and the measurement height (s m™).

The extended S-W ET model clearly defines a partially covered soil
and predicts evaporation from the bare soil fraction and the residue covered
fraction, of' the ‘substrate, and" franspiration from-the-canopy (Farahani and
Ahuja, 1996). However, the RZWQM is limited to quantifing daily potential
ratescof-bare-or residue=covered soil gvaporation and erop-transpiration. This is
because sotl ‘and canopyresistances’ under limiting soil*water conditions are
difficult to determine. The model needs estimations of the amounts of residue
cover and the residue thickness; moreover, these parameters are not typically

available for various tillage and residue treatments.
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g) Heat transport and soil temperature

Heat moves downward with infiltrated water during a rainfall or
irrigation event, and it is controlled by convective-diffusive transport

diffusion:

d(psCs + 0p,,C,)T

ot
0 aT
= n KZ(Q,Z)— F qW(Z)pWCWT] - Qr(z)prWT (216)
d, 0z
where K, (697)= the thermal conductivity of the soil with water
(AIm® K™Y,

AC soilWater flux(msh),

d-(z) % . . Wateruptake by roots (ms™),

ps 4= soil billkdensity (kg m™),

p, = density ofwater (kg m),

C, = heat capacity of soil (J m K%,

Cy = the specific heat of water (J m® K™), and

T = the soil temperature (°C),

In addition;, the temperature, of, the new and-old-water in each 1-cm
increment Is equilibrated at the‘end of the time step: The equilibration involves

the heat balance equation:

(Hipw Cw + psiCsi)Tij+1 (2'17)

= AWi—lprwTi'fll + [(Qi - AI/Vi—l)pwcw + Psi + Csi]Tij

where 0; the volumetric soil water content in soil depth

increment i (m* m®),



Pw

Psi

AW,

et
T;

J+1
Ti—l

T/

i
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the density of water (kg m™),
the specific heat of water (J m™> K™),
the soil bulk density in i (kg m™),

the amount of water coming in from above

during a.time step (m),
the heat capacity of soil in i (J m® K™),
the new temperature in i after equilibration (°C),

the temperature of AW;_,(°C), and

the temperature of the existing water before

equilibration (°C).

For the top 1-Cm increment, in which i = 1, AW, is the amount of rain

or irrigation water that infiltrates_?_at‘__the soil surface, and Tonr1 IS its

temperature.

3) Pesticide processes

Malone et al, (2004a) reported that'the RZWQM may concurrently simulate

the sorption of pesticide on immediate equilibrium sites, slower ‘kinetic’ sites, and

irreversibly bound sites. In addition;'a linear or Ereundlich isotherm may be used for

the sorption/of a pesticide. Freundlich isotherm is written as follaws:

In(C,) = In[K/.F,.] + (1/m)In(C,) (2.18)

where Cy

concentration of pesticide in soil water

(ug cm),

concentration of pesticide in soil solid phase

(Mg g7,
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Fpe = Fraction of organic carbon in soil (w/w),
(1/n) = a traditional way of writing the slope, and
K(fc = the Freundlich organic carbon sorption constant

(cm® g%, which if n=1(the linear case), it is seen

to be equal to K,., but if n>1 (n is always >1),

K{C = K,¢ only when C,, = 1.

With regard to the-degradation and washofiof pesticides applied to plants, the
RZWQM determines the pesiiCide degradation loss depending on the characteristics
of the pesticide and the enwironmental canditions. In addition, pesticide degradation is
determined by a first-order kineti¢ formulation, and the degradation coefficient is a

function of temperature’ (Nash,1988):

o g e_—(I;s+ksa;1;:fst_kx+ko+kh+kp+kv)td’ (2.19)

where C = the up(;ated pesticide concentration (ppm),

Co =- the init’i?d-#esticide concentration (ppm),

td> = time (days),

ks = lumped degradation coefficient (day™),

kv 3 dissipation ‘caefficient for volatilization (day™),

kp = dissipation coefficient for photalysis (day™),

kh = dissipation coefficient for hydrolysis (day™),

ksa = dissipation coefficient for anaerobic

biodegradation (day™),

kss = dissipation coefficient for aerobic

biodegradation (day™),
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ko

dissipation coefficient for oxidation (day™), and

kx dissipation coefficient for complication (day™).

a) Degradation methods

There are four paths in the RZWQM for simulating degradation of

pesticides.

1. Using the first-order kinetic-formulation with a particular lumped

dissipation constant.

2. Using twe dissipation rate formulations in which two separate

dissipation rates are used,

= “Theffirst rate stan(is for the quick dissipation period after the

applieation until the next rainfall'event.

= The second fate is Used after the rainfall event, which is

normally slower.

3. Using the individual pathway method in-which the users are allowed
to ‘exceed the lumped dissipation rate with individual rates as to

better control the rate dominance.

4. Using-a mechanism for daughter production and degradation is input
data are available (Leistra, 1986).

0) Pesticide washoff

The applied pesticides can be intercepted by plant leaves and the
surface residue mulch layer, and these chemicals are degraded using first-
order kinetics. However, they are also accessible for transport by washoff
mechanisms (Willis et al., 1982, 1985, 1986; McDowell et al., 1985;
Wauchope et al., 1991). When there is rainwater or irrigation, some chemicals
are mixed with the water and transported from the plant surfaces to the residue
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surfaces, and then go into the soil surface. The washoff equation that is used in
the RZWQM is

where

kw

Malone eial.

P, = pe=(kwir
(2.20)

the pesticide load still remaining on the surfaces

after rainfall (%),
the initial pesticide load before the rainfall (%),
the rate of washoff per mm of rainfall, and

the.amount of rainfall (mm).

(20042) reviewed pesticide sorption and degradation in

soil as shown in Figure 2-6.

Ky,
D, =————— Py

K,
Ke (1-HKq
D M=
(HK4 I\RKZ
Px

Figure 2-6 Sorption, desorption, and degradation processes in the
RZWQM. Where Py, = pesticide on bound sites (ug g™), Pe = pesticide
on equilibrium sites (ug g™), P« = pesticide on kinetic sites (ug g™*), Cw
= pesticide in water (ug ml™), Kq = equilibrium sorption coefficient

(ml g1, K, = bound pesticide formation coefficient (ml g™ day™), RK2
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= desorption rate constant form kinetic sorption sites (day™), f

fraction of sorption sites that are kinetic (dimensionless), kj
degradation coefficient of sorbed pesticide in equilibrium with water
(day™), De = unspecified daughter product from the water phase, and

Dy, = unspecified degradation from the irreversibly bound sites.
4) Nutrient processes
a) Carbon and nitrogen pools

Organic matter (QM) is disseminated into five pools that are as
follows: (1) thesslow.pool and (2) fast pool for erop residue, and (3) fast pool,
(4) medium poal and’(5) slow péolﬁfor decaying soil OM. In addition, OM is
decomposed by thiee microbiall'biomass populations that include two

heterotrophs (soil fungi and facultéti(/e bacteria) and one autotroph (nitrifiers).

b) Fundamental process'rate equaﬁidhs

The basic form of the decay%at'g equations for OM differ only by the
values of the_user-supplied tate coefficients,.and the first order equations that
calculates the caibon-subsiraie-source.Hie-comimon rate equation, rge.; (Ug-C

g-soil* day™) is'of the following form:

Taeci &+ Kaec,i C; (2.21)
where [ = the OM pool index, (1 <i <5) ,
G = the carbon substrate concentration

(ug-C g-soil™), and
Kieci = the first order rate coefficient (day™).

The rate coefficient is calculated by using the following:

k,T\ (£at 0,
Kaeci = faer4i (h_p> €<R9T) <Hkhglkh> POPy, ¢ (2.22)



where 0, =

kh =

POPhet:

faer

Eai =
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the O, concentration in the soil solution (moles
O, per liter of pore water) as controlled by

temperature,

the hydrogen ion concentration (moles H per

liter of pore water),
the hydrogen ion exponent for the decay of OM,
the activity coefficient,

the population of aerobic heterotrophic microbes

(Rumber organisms.g soil™),

the factor for the extent of aerobic conditions
(0 <foer< 1),

fhe Bolizmann’s constant (J °K™),
soil terrj‘pe}ature index (°K),

Planck’s constant {J+s),

the pool-specific rate coefficient (day™

organism™), and

the apparent activation energy for pool i

(kcal.mole™.

Shaffer (1985) stated that E,; is computed as a function of soil salinity.

Furthermore, f,., IS contained in order to correct the rate coefficient for O,

depletion in the soil solution that is not comprised by temperature effects.
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¢) Nitrification

Nitrification is a way that autotrophic bacteria convert NH," into NO3,
and it is calculated using zero and first order rate equations based on current

NH." concentrations (moles liter-pore-water™):

-K., [NH;]] = 0.003 moles/liter pore water
Tnit = {
— Kk INHH]/ /Othenwise (2.23)
where K the zero order rate coefficient for nitrification

(moles liter-pore-water™ day™), and

|

K. 7 the first order rate coefficient for nitrification
(day)
The rate coefficignts K and K.;, are described as follows:

T\ (=) /0,
KT(l)it = 0'003K7%it = foerlnit <_h'—!') 3( RgT ) <chTgkhn> POPy,: (2.24)
: i

P=/7 »
# |

where Apy = the nitrifieation rate coefficient defined for Ky,

(day'lorgé-nism'l) and K}, (day™ organism™),

H = the hydrogen ion concentration (moles liter-

pore-water™),

khn ¢ = hydrogen ian exponent for nitrification
(=0.167 for pH < 7 and =-0.333 for pH > 7),

Ji = the activity coefficient (dimensionless),

POP,,.= the population of autotrophic microbes (number

organisms g-soil™), and

E,p = the apparent activation energy for nitrification

(kcal mole™).



37

d) Denitrification

Denitrification is the conversion of NO3™ into N, and N2O (rgen, moles
NOs liter-pore-water™* day™):

Tden = _Kden[NOB_] (2.25)

where ct of the NO3™ concentration

re-water™®) and the rate coefficient

where

ﬂumwawé’wmﬂ‘ﬁ

= gthe hydroge&on concentrat@ (moles liter-

ﬂW’]Mﬂ‘iﬂJMﬂﬁ‘Wmﬂﬂ

khd = the hydrogen ion exponent for denitrification
(= 0.167 for pH <7 and =-0.333 for pH > 7),

Ji = the activity coefficient (dimensionless),

POP,,,= the population of anaerobic microbes (number

microbes g-soil™), and
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C = the carbon substrate concentration

(Mg-C g-soil™).

In addition, it is simulated with respect to soil nitrates. During strong
reducing conditions where there is no O,, the model produces essentially
100% N gas and no NO.

e) Growth and death of microbial biomass

Biomass growth and death are-not Simulated directly. Rates of OM
decay, nitrification; deniirification, and other processes assuming efficiency
factors for production”of biomass C are used to calculate microbial growth.
The growth rate'of autotrophs, V\),hi._ch IS assumed as rate of assimilation of C,

is given in Eq. (2:27)

Tcass = =0 enitCNgTnip (2.27)

where Tcass & = autotr'dhhip C assimilation during growth
(1g-C g=s0il"* day™),

a. = units conversion factor, (ug-N g-soil™) /
(moles NH; LPW™);

enit = conversion efficiency factor,
CNg © = C:N ratio of autotrophic biomass, and
Tnitr 1 = ritfification raté) (molésNHLLRW™).

5) Soil chemical processes

In the RZWQM, the soil chemistry model includes the precipitation-
dissolution of the salts, hydrolysis reactions, ion exchange, ion pairing, and redox
reaction. Moreover, it examines soil pH and the solution concentrations of the major
ions; generally Ca™, Mg*, Na*, NH,*, Al*®, HCOg3, CI, SO,%and NO; are of
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primary importance. Lindsay (1979) informed that changes in the concentration of
chemical could be calculated by using a chemical equilibrium approach.

Newton’s method is used for solving equilibrium equations in order to
combine simultaneous non-linear equations with mass and charge balance equations

(Golden, 1965; Shaffer and Gupta, 1981). The included processes are as follows:
a) lon pairing

The significant-amounts of Ca™® Mg*™ Al and SOs2 can be

occupied, so theysmay alier the chemical equilibrium state of the system.
b) The bicarbonate buffer system

This sysiem is aset of reactions that are involved in the dissolution and
release of carbon dioxide gas (COzj. When CO, in the soil reacts with soil
pore water to form carbanic acid, this acid dissociates into bicarbonate and

hydrogen ions. In addition; this sy'stém is significant in controlling the pH of

soil-water systems.
¢) Solid phase

Chemical dissolution-precipitation involving calcium carbonate (lime),
calcium sulfate (gypsum), and aluminum hydroxide (gibbsite), and in these
cases, solubility'equations are tsed{(Shatferetal.,;11992a).

The calcarious soilsare often in equilibrium with ealcium carbonate
(CaCO3 or lime), and ‘an equation for lime solubility: istused (Ahuja et al.,
2000).

8.7 x 109
=00

2

Ca*?)(C07’)-
(Ca*)(Coy) V2

(2.28)

where vy is activity coefficients for the ionic species and Equation (2.28) is the

equilibrium expression for the reaction

-2

CaCO; = Ca” + COj (2.29)
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where CaCOs is the concentration of solid phase salt, and by thermodynamic

convention is taken as unity or 1.

An equation for solid phase gypsum (CaSO,4 x 2H,0) is as follows:

2.29 x 107

——z =00
Y2

Equation (2.28) represents the following reaction for the dissolution

(Ca*?)(s07)- (2.30)

and precipitation of gypsum,
(CaS0,x2H,0) = Ca*?+ SO;2 (2.31)
Acid soils arerofien in equilibrium with the mineral gibbsite [AlI(OH)s],

and their solubility equation can be represented by

(AIT3) 11.0965 x 10833 _
(H#)3a8 Y3

Equation (2.32) is the equilibr’iU’m expression for the reaction

0.0 (2.32)

AIOH + 3H" = Al*3+ 3H,0 (2.33)

By convection, in Eg. (2.32),'_tﬁé water concentration is set equal to
1.0.

d) lon exchange

In a 'soil-water system, adsorption desorption reactions are very
important. lons that absorb on clay surfaces are not available for leaching and
do ‘not direclly, participate in reactionsin the solution‘phasa. The major cations
included in the model are Ca™, Mg*, Al"®, Na*, and NH,". However, anions
exchange cannot be simulated in the RZWQM (Ahuja et al., 2000).

6) Crop production processes

The simulation of carbon dioxide assimilation, carbon allocation, tissue
respiration, tissue loss, plant mortality, root growth, nitrogen uptake, and transpiration

are specific requirements for the plant component.
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a) Environmental fitness

Goldberg (1989) declared that ‘environmental fitness’ is the measure
of environmental appropriateness for particular species. Moreover, the current
temperature, soil water availability and nutrient condition are factors that

affect environmental fitness.

EY = Efmin(EY,E) (2.34)
where E/ == fitness attime ¢ (0...1),
EL = the effect of temperature (0...1),
e S the'gfject of nitrogen (0...1), and
EVE F the éffe'ct of water on overall environmental

fitness,(0;..1).

ET,EN, and EY canbe described uélifrfg the following equations.

EF Sleaiyts)” (2.35)
4, = Tmait T s ol T Topt = Tmin
Tinax = Topt Topt = Tmin Tmax = Topt (2.36)
where T = the current temperature (soil or ambient
temperature).(°C),
Thax = the' maximum ambient temperature (°C),
Tope = the optimum ambient temperature (°C),
Tpin = the minimum ambient temperature (°C),
T = 1.328 that is default value in the RZWQM

provided by Detling et al. (1979), and
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z = shape parameter for temperature curve.

The effect of nitrogen on whole plant can be expressed as follows:

Ny —N

EN=1.0- TR (2.37)
(2.38)
(2.39)
)
4 \\ (2.40)
where : ' \o\o concentration (g-N plant™),

|
itrogen concentration (g-N plant™),

nifation below, which the

v /{gN plant?),

the maX|mum percentage nitrogen of emerged

ﬂﬂﬂ’mﬂw‘ﬁ”’ﬁlﬂ 179

= ¢the decay coefficient (dimensionless),
AR AN TUSTIANENDT, .

Ngs—1 = the percentage of nitrogen in the plant when the
growth stage is 1.0 (%), and

Ny = the minimum whole-plant percentage nitrogen
(%).
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The effects of water on overall environmental fitness are described by

the actual (r,) and potential transpiration rates of the crop (r,) (cm water
day™).
Fa
EVY = O.85F— + 0.15 (2.41)
P

b) Growth state development

Growth state development of .a plant ranges from 0 (seeds) to 1
(absolutely mature plant). Growth state (GS) is described as the relative
development of-the main elass that is reduced by the existing environmental

fitness:
t
GS = ZDJELV (2.42)
- =T

where D; is the jdnverse of the minimum ‘time required to go through the

existing phenologigal phase j under ideal envitonmental conditions, and E} is

environmental fitness at time 1.

c) Carbon distribution
o Plant.growth

A plant has to consume carbon and nitrogen for growth. Carbon
dioxide~is ccansequently~absorbed by sthe splant depends on the intensity of
light, canopy Structure, and the current 'environmental stress. In addition,

assimilated carbon dioxide is stored as allééable carbon.
0 Photosynthesis

In the RZWQM, photosynthesis is the basis for carbon allocation.
France and Thornley (1984) and Hanson (1991) have stated that this model is
based on the rectangular hyperbola, and an integration of this equation is
provided by Hanson (1991):



where pY

Pmax

O Respiration

Py =
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St

d
P aE’ f S T 243
max t u Pmax +aSt ( )

the net carbon assimilation rate

(moles-C m? hr'h),

the theoretical maximum net assimilation rate

(moles-C m? day™),

the timeaithe start of the photosynthetic period

or sunrise (time of day),

the time at the end of the photosynthetic period

or-sunset (time of day),

the ﬁght flux density of the canopy at time t
(MJ m2 day™), and

the light-use efficiency coefficient
(dimensionless).

d .l

Whole-plant photorespiration rate (P“"} is expressed as a function of

the plant weight and photosynthetic rate on the current day. Firstly, the

respiratianquotient-of the plant(Qaa) canjbe used to,determine the temperature

dependent respiration parameter (y).

where T,

PR

Q1o

']/ =
10'+ pr(20Qi0 + 1)

Tapr(Q10.—.1)

(2.44)
the average daily temperature (°C),
the respiration coefficient (0...1), and

the respiration quotient of the plant

(dimensionless).
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McCree (1970) proved that P*°°? can be estimated by the following equation:

PP = ap} + ypPBio (2.45)

where a = proportion of photosynthate respired for general

plant maintenance (0...1), and

ppie = the amount of carbon in the leaves and stems
(g-C pldnr™).

o Carbon partitiening

In a plant, earben is distributed based on a hierarchy of demands, in
which propagules get carbon firstifthe plant is in'a reproductive growth stage,
followed by the"roots. /After ‘carbon is allocated to the propagules and roots,

the remaining allocable ¢arban is divided between leaves and stems.

d) Nitrogen distribution ¥

Nitrogen uptake of piant is dq“terr}ﬂned by the concentration of nitrogen
in soil water that enterrs'the plant in'pﬁ;p—)drtion torthe root biomass present in
each soil layer: Active N uptake will occur If not ehough N has been brought
into the plant with the water taken up by the plant. The rate of active N uptake
(NA<tve) is shown.in Eq. (2.42), which is similar to the Michaelis-Menten

substraté model.

: [N]
NActve = p g —— 2.46
t /5] nz 3 [N] ( )
Where [N] = the concentration of N available in the soil layer
(Ppm),
M1 = the maximum proportion of N that can be
removed from the soil per day (ppm), and
N2 = the half-maximum nitrogen-uptake amount for

the crop being simulated (ppm).
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For nitrogen partitioning, the organ that has first access to the available
N is the root. Then the N is allocated to the other plant organs. Furthermore, if
the plant is in the reproductive stage, propagule N demand is met first then

that of the leaves and stems, respectively.

Table 2-4 Summary of components and input parameters needed in the RZWQM
(Malone et al., 2004a)

Processes Maedeling methaed Required input
Infiltration and water o __.Green-Ampt e Soil crust Ke
redistribution equation'during ¢ Soil texture
between rainfall or infiltration ¢ Horizon delineation
irrigation ¢ Rithard’s- e Bulk density

gquation during e Soil water retention curves
redistribution or, 1/3 or 1/10 bar SWC (if
2/ | available)
"« Initial SWC
Macropore flow e Poiseuille’s law s | ateral sorptivity reduction
and lateral factor (reduces lateral water
Green-Ampt movement simulated from

Green-Ampt)
macroporosity

o Effectivesoil radius

e Fraction dead-end
macropores

e Auverage radius of
cylindrical pores

e Width, length, and depth of
cracks
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Table 2-4 Summary of components and input parameters needed in the RZWQM

(Malone et al., 2004a) (cont.)

Processes

Modeling method

Required input

Evapotranspiration

Tile drainage

Heat transport

Plant growth

Modified
Penman-
Montieth

Hooghoudt’s
steady state

eqguation

Partial mixing ="

and-displacement
during
infiltration
Heat-convectives
dispersive
equation during

redistribution

A generic plant
growth model
for corn and

soybean

Albedo of dry and wet soil
Albedo at crop maturity
Albedo of fresh residue
Pan coefficient (only with
pan evaporation)

Dry mass of surface residue

Drain depth

Drain spacing

Radius of drains

Water table leakage rate

Lateral Kgy

Soil textural class
Dry volumetric soil heat
capacity

initial soil temperature

Maximum nitrogen uptake
rate

Photosynthate to respire
Specific leaf density

Plant density
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Table 2-4 Summary of components and input parameters needed in the RZWQM

(Malone et al., 2004a) (cont.)

Required input

Processes Modeling method
Organic e /OMN
matter/nitrogen
cycling
Pesticide processes e Wauchope et al.

Propagule age effect

Seed age effect

Maximum rooting depth
Minimum leaf stomatal
resistance

Nitrogen sufficiency index
Luxurious nitrogen uptake

factor

Fast residue pool

Slow residue pool

Fast humus pool
Transition humus pool
Stable humus pool
Aerobic heterotrophs pool
Anaerobic heterotrophs pool
Autotrophs pool

Initial urea-nitrogen
Initial NO3-nitrogen
Initial NH4-nitrogen

Freundlich sorption
coefficient (=Ko when n =
1), Freundlich exponent
(1/n)
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Table 2-4 Summary of components and input parameters needed in the RZWQM

(Malone et al., 2004a) (cont.)

Processes

Modeling method

Required input

Chemical transport

Non-uniform
mixing model for
chemical transfer
to runoff

Partial
displacement for

matrix transport

Parameters governing
Kinetic and irreversibly
bound pesticide sorption
Acid/base dissociation
constants

Parameters governing
pesticide washoff from
foliage and mulch
Pesticide half-life (foliar,
residue, soil surface, and soil
subsurface)

Half-life adjustment
coefficient for soil depth
Half-life adjustment
¢oefficient for soil
temperature and soil water
content

Metabolite (daughter)

formation fraction

Non-uniform mixing factor
(depend on soil type, surface
roughness and cover
condition)

Fraction microporosity

Diffusion rate




50

Table 2-4 Summary of components and input parameters needed in the RZWQM
(Malone et al., 2004a) (cont.)

Processes Modeling method Required input
Agricultural e Bulk density re- e Management timing
management consolidation - Fertilizer application

after tillage date

e Soil hydraulic - Tillage date
properties after e Management or application
tillage and re- type and quantity
gonsolidation - Quantity of fertilizer

& Surface residue surface broadcast
decomposition: = Chisel plow

o Initial surface residue
g properties
= - C:Nratio
- Dry mass of residue

Age of residue

For the case in which all input parameters cannot be achieved, Malone et al.
(2004a) determined the minimum data requirements for the RZWQM that are shown

as follows:
1. Breakpoint rainfall

It is the rainfall data that reports partial description of a storm event
(accumulated rain at any time) that can provide a good explanation of the

storm.
2. Daily meteorology

Due to outputs of the RZWQM that are mainly provided on a daily

timescale, the meteorology input parameters, which include the minimum and
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maximum air temperatures, wind speed, solar radiation, and relative humidity,

are also required on the respective timescale.
Site description

The location of the study area is important in the calculation of the
RZWQM because different places have different conditions such as the
amount of solar radiation and characteristics of soil. The minimum parameters

are expressed as follows:

e Soil horizon-delineatienby depth
e Numerical “layer+depths (a|s generated by the RZGRID supplement
program)
e Soil horizongphysical propertiésl
o Bulk density ),
o Particlesize fractiorié;for each horizon (sediment size fraction)
o 330 or 100:cm sucﬁén,water content and saturated hydraulic
conductivity for each iidf’i’ion (optional soil properties)
e Estimate of dry mass-and age of residue on the surface
o General pesticide-data-{can-be-found-ifi-the-ARS pesticide database)
o €ommon name
o Half-life
0 | Partitiomcoefficient
0" Dissipation pathway

e _Specifying a crop from supplied database with.regional parameters
Initial state

Initial state is a condition that is used at the start of simulation.
Minimum data requirements about initial condition are shown as the following

contents:

e Initial soil moisture contents (initial soil-horizon water content)

e Management details



(0]

(0]

Tillage type and timing

Chemical application and timing

e Initial soil temperatures

¢ Initial soil pH, Cation Exchange Capacity (CEC) values

¢ Initial nutrient model inputs

(0]

o
o
o

Soil residue

Humus

Microbial populations
MineralNO3-N, NH4-N
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When any scenario is run within the RZWOM, the model will provide the

|
output files that are shown as'the following table (Ahuja gt al., 2000).

Table 2-5 The RZWQM output files (AhLIja gt al.; 2000)

File name - ‘Output variables and description
oy
RZWQM.OUT Geographicinformation of the experimental site
Soil properties by Iayerfsqrq’nmary of the initial conditions.
Tabular output as requested by the user
MANAGE.OUT  Recording of management practices, such as tillage, irrigation,
fertilization, and planting and harveéting.
Summarny‘of plant harvesting information
MBLWAT.OUT  Detailed water balance information.
MBLNIE.OUT Detailed nitrogen balance information
NUPTAK.OQUT Daily nitrogen uptake by plant
NUTRI.OUT Daily nitrogen status in organic and inorganic forms
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Table 2-5 The RZWQM output files (Ahuja et al., 2000) (cont.)

File name Output variables and description

ACCWAT.OUT  Accumulated daily water storage, runoff, actual
evapotranspiration, seepage, drainage, macropore flow, and
infiltration

CLEACH.OUT Chemical leaching each.dayout of the bottom of the soil profile

MACRO.OUT Detailed information on chemical mass balance after each
infiltration

PROFILE.OUT Printing out importa|nt,parameters associated with soil water
movement -

PLANTO.OUT Daily plant biomass and nj_trogen accumulation

PLANT2.0UT Recording of plant enVi%Gnmental fitness parameters

PLANT3.0UT Number of plants in eacagfowth stage at end of each day

PLANT4.0UT Plant height and leaf area index

PLANTS5.0UT Plant nitrogen demand and supply

PLANT.OUT Datly nitrogen balance of the plant

PLPRQD.OUT Photosynthesis rate and.corresponding plant population and LAI

PEST1P.OUT Pesticide distribution in the soil profile each day

MBLP*.OQUT Mass balance information for each pesticide

PEST*.OUT Total pesticide in the soil profile at the end of each day
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Table 2-5 The RZWQM output files (Ahuja et al., 2000) (cont.)

File name Output variables and description

AVG6IN.OUT Average water content, nitrate and pesticide concentrations in six
inch increments

NEWINT.OUT Recording of the system status at end of simulation runs

DAILY.PLT All the information to generate 2-D plots of user selected
variables

LAYER.PLT All'thednformation to generate 3-D plots of user selected
variables

NUPTAK.PLT Contains same information as NUPTAK.OUT but for plotting
purposg

NUTRI.PLT Contains same informaﬁdn as NUTRI.OUT but for plotting

purpose

2.4 The RZWQM soitware interface

The program -workspace and the project/scenafio paradigm are shown in

Figure 2-7 and_Figure 2-8A project is a'structure that includes all meteorological

data, analysis'outputs,_and: individual scenarios.. Each scenario within the project

represents the specific inputs, which' are site deseription, initial system state, residue

state, and management practices, necessary to execute the simulation model. The

scenario generates its own specific output and analysis data file.
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Project menu

ﬁf{ RZWQM?2 (1.80.2009) - Project-> F:thesis\RZWQM2-Project
File ¥iew Meteorology ~Batch Simulations  Project Summary Window Help

Project toolbar 'EEID‘EEIHIHIK[ 68 ) =| wiEEe|

"4 Project-> F:thesis\RZWQM2-Project

Enter project description here
Project
descri tion |Elpen5|:,emtio Delete Scenario
p ~ Select ascenamfui l:urrml:'
T Lot Evecuted n Scenario
Jun23, 2008 1054 40AM selection list
Scenario
description
Status bar
¢
¥ e i
Q 8l uls
. it , Scenario
SpeCIflc d Ladb 1) menu
input
f Scenario
g £ RZWQM * DAT Flles toolbar
Old D5SAT Files
Edit DSSAT40 Paramaters
ﬂ FIBST TIME OF E’G VERSII S‘E S NI ‘
] NI "M RZADAT Al N. A UPGR. ion Period —
‘ Scenario Description Beginni Ending
nter scenaiio description Date Date
Scenano hf JJAN/1985 §12731/1985

des t : . i o Blion g e om a . .
Q W’] ql vt k- ¥ 11 AT L % Simulation
_ dates

[~ Scenario Status -

Daily Meteorology File e
Meteorology = Wi
selection B i G s
|ll Iteration Modifiers  View
rowpack Dynamics File oy Stafe . Duiect
| L[ 0 inactive  Files [

™ Delete al RZWOM2 output files at close

Status bar

PROJECT === RZWQM2-Project  SCENARIO ==> New Scenario [ 14 PM -

Figure 2-8 Scenario interface of the RZWQM
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Normally, the RZWQM is used for determining water quality and effects from
agricultural management practices on crop production and pesticide processes in
wheat, soybean, and corn field. In this study, the RZWQM was used to simulate
impacts of rice planting management practices and carbofuran application since rice is

one of the most important agricultural product of Thailand.

4
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3.2 Primary and secondary data collection
3.2.1 Breakpoint rainfall and daily meteorological data

The daily meteorology data of Khon Kaen Province were received from the
Thai Meteorological Department (TMD). The meteorology station is located at
16'27°48” N, 102°47°12” E, and an elevation of 191.72 meters above sea level. The
data from the TMD are breakpoint rainfall, daily minimum and maximum
temperatures, daily wind run;day light hours,daily pan evaporation, and daily relative

humidity (see Appendix B).

Since the RZWQM requires solar radiation in units of MJ m? day™ but the
TMD provides data in.the unit of.day light hours, derivation of the Penman-Monteith
equation (Theeraphol Tungsomboun, 200;6") was applied to convert the units of solar

radiation as follows:

RE. Z 077 (025 h 0.50%) R, 3.1)
where R,, = net shortwaveiréaji'étion (MJ m™ day™),
n = day light hou.r.s (hr)
N = maximum day light hours (hr), and
Ry. .= extraterrestridl-fadiation (MIm?2day™).

The R, in Eq. (3.1) is described as follows:

R = 37.6dx(ws sin @'sin § 4 cos picos J sin wg) (3.2)

d, =1+ 0.033co0s(0.0172 ) (3.3)

where R, extraterrestrial radiation (MJ m™ day™),

U
S
I

relative Earth-Sun distance,
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) = solar declination (rad),

1) = latitude (rad),

Wg = sunset hour angle (rad), and

] = number of the day in the year.

The solar declination
provided by Spencer (197

6 = (0.006918 —
0.000907 sin

—0.006758cos2r+ (3.4)

(3.5)
where 6
' }.‘I'.'.--'.' .
e ay angle (rad)
- d ; R " _‘, =
J .= . Tumber of the day inthe ye
Q) | 3
Igbal (1983W angle (wy) as follows:
) 0
Wg = COS", —tan@tan ) (3.6)

e oy 1 39 &ma INEL )LD urace e
q W] Q9N TERRAFIN BT

= solar declination angle(degree).

The maximum day light hours (N) in the Eq. (3.1) can be described by the Eq.
(3.7) (Theeraphol Tungsomboun, 2006):

N = 7.64w, (3.7)

where N = the maximum day light hours (hr).
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3.2.2 Site description data

Most area in Khon Kaen Province is used for agriculture, and 92.29% of rice
agriculture in this province makes use of fertilizers and pesticides (Skulrat
Ussanawarong et al., 2007). The 0.028 ha rice field selected as the study area is
located at Ban Nonmuang, Amphor Muang, Khon Kaen Province, as shown in Figure
3-2. It is located at 16°28°59.27” N\ L(' ' 48°28.81” E, and elevation of 198 meters
above sea level. Soil in this area has bee ified in the Roi-Et soil series by the
Land Development Deparinimf' Thjilan&andy loam and sandy clay loam.
Characteristics of the Roi-Etsoil series are shownrin.Table 3-1.

16°26'50, 2

o B I o
AMIANTUUNIINYAY
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Table 3-1 Characteristics of the Roi-Et soil series (Kiti Malairogthsiri et al., 2004)

Horizon Depth (cm) Soil type pH % sand % silt % clay
Ap 0-19 Sandy loam 5.2 67.9 11.6 20.5
BA 19-38 Sandy clay 55 62.8 16.2 21.0
loam

Btgl 38-50 Sandy clay S 65.4 9.6 25.0
loam

Btg2 50-74 Sandy.clay 5.0 63.2 13.3 23.0
loam

BCg 74-93+ Sandy clay ‘.1 65.3 14.2 20.5
loam

A - Surface soil. It is a mineral soil4ayer with a highly organic matter accumulation
and soil life. In addition, this layer holds iron, éﬂl‘Uminum, organic compounds, and
other soluble components. :

B — Subsoil. This layer-collects-iron; atuminum,-and-organic compounds.

C — Substratum. It is a-fayer of separated soil parent material, and it may increase
more soluble compounds that pass the B horizon.

g — gleyed soil=gray; in color due to low, O2 ~reduction of-Fe

p — plowing (only applied with'the A horizon)

t — clay accumulation

Rawls et al. (1982) provide the typical values of the physical and hydraulic
parameters of soil according to its texture, and Brakensiek et al. (1981) give the
values for porosity distributions, residual water content, logarithm of pore size

distribution index and bubbling pressure (Table 3-2).
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Table 3-2 Default values of sandy loam and sandy clay loam soil used in the
RZWQM (Ahuja et al., 2000; Brakensiek et al., 1981; Rawls et al., 1982).

Parameter

Sandy loam soil

Sandy clay loam soil

Particle density (g/cm®)
Bulk density (g/cm®)

Porosity

Bubbling pressure (cm)®

Pore size distribution index *

2" exponent for conductivity curve

a
Ksat

Residual water content *

Saturated water-content;®

1/3 bar water content 2

1/10 bar water content 2

15 bar water content ?

2.650
1.450

07453
(0:249 - 0.657)

14.660

(3.400— 62.200)

0.322
(0.186 - 0.558)

2966
12590

0.041
(0.000 - 0.171)

0.453

0.207
(0:045 -+ 0.869)

0.263

0.095
(0.000 — 0.223)

2.650
1.595

0.398
(0.266 — 0.530)

28.080
(5.600 — 141.500)

0.250
(0.125 - 0.502)

2.750
0.430

0.068
(0.000 — 0.206)

0.398

0.255
(@.117 - 0.393)

0.308

0.148
(0.022 - 0.274)
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Table 3-2 Default values of sandy loam and sandy clay loam soil used in the
RZWQM (Ahuja et al., 2000; Brakensiek et al., 1981; Rawls et al., 1982) (cont.)

Parameter Sandy loam soil Sandy clay loam soil
2" intercept on conductivity curve ® 7448.230 4135.810
1* exponent for conductivity curve * 0.000 0.000
Constant for theta curve ® 0.000 0.000
Lateral K,,; to the drains (Cra/hr) 14.000 14.000

% It is parameter used for cal€ulating in Brooks-Corey Curve (see Appendix A)

Table 3-3 The other parameters of the site |

Parameter Value

Soil pH -\’

Crust conductivity (cm/hr)? = . 0518
Field saturation fraction® 0,900
Mixing parameter (1/efi)* 4.400
1% horizon moisture depletion” 0.800
pH of rain water® 6,400
Albedo of dry sil® 0.230
Albeda of wat soil? 01190
Albedo of crop at maturity* 0.200
Albedo of fresh residue’ 0.800
Wind measurement height (m)° 10.550
Average daily sunshine fraction? 0.800

Average daily pan coefficient for the crop? 1.000




Table 3-3 The other parameters of site description (cont.)

Parameter Value
C:N ratio of slow residue pool? 8.000
C:N ratio of fast residue pool? 80.000
C:N ratio of fast soil humus pool? 8.000
C:N ratio of intermediate soil humus pool* 10.000
C:N ratio of slow soil humus pool* 11.000
C:N ratio of carbon sink pogl* 0.000
C:N ratio of aerobic hetegotrophs pool® 8.000
C:N ratio of autotrophs p6ol? . 8.000
C:N ratio of anaerobic heteratrophs pool? i'_ ’ 8.000

YPensri Plangklang (2008)

Ahuja et al. (2000)

3JRC-IPSC and CRA-CIN (2009)
“Saptomo et al. (2004)

>The Thai Meteorolagical Department

®Assumption based on several literatures

64

Ahuja etialy (2000).recommended default values, for, the-water content and soil

cation exchange, capacity in‘each'soil layer (Table 3=4).
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Table 3-4 Characteristics of each layer of soil

Soil Depth Volumetric Temperature  Soil CEC Residual
layers (cm) water content (°C) (meg/100g)  pesticide (ng/g

soil)

1 0-19 0.1862 30 10.0 1.28'

2 19-38 0.2394 20 15.0 0.6

3 38-50 0.1405 19 15.0 0.5

4 50-74 Qa555 18 15.0 0.3

5 74-93+ 0.1718 N 15.0 0.06

! Sureewan Sittijunda (2006)

Residual pesticide in the .top |ay¢,r is the amount of carbofuran directly
measured in the study area."In the other layers;,the:amount of carbofuran is assumed
based on application of carbofuran. The a_rh_ou_nt of carbofuran decreases with the

increase in soil depth because the pesticide is used at the soil surface.
3.2.3 Pesticide data

The information®ofscarbofuran required in the RZWQM is shown in the

following table:

Table 3<5 Rroperties,of:carbofuranused inithe: RZWQM

Parameter Value
Molecular weight (g/mole)* 221.26
Vapor pressure (mmHg)? 6x10°

Henry law’s constant® 3.9x10°




Table 3-5 Properties of carbofuran (cont.)
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Parameter

Value

Water solubility (mg/L)*
Volumetric soil water content (cc/cc)®
Photodegradation half-live at soil surface (days)*

Aerobic half-live at soil subsurface (days)*

Anaerobic half-live atsoil subsurface (days)*
Acid dissociation (pKa)®

Base protonation (pKb) >

Frendlich isotherm (1/n) #

Adsorbed pesticide half-life (days)*
Organic-carbon sorption constant (Koc) (cc/g)”

Octanol-water partition coefficient (Kqy) (mg/l)*

351

0.2

138

22

30

13

22

17

'DPR Ecotox database (2002)
Hornsby et al(1996)

*Howard (1991)
*Ahujdet al; (2000)
*EMA pésticide properties database (2009)

3.2.4 Crop characteristics data

The rice cultivar in the study area is sticky rice strain RD6, which is one of the

popular cultivar in Northeast Thailand. RD6 originates from genetic engineering
using y-rays to change the genetic of Khao Dawk Mali 105 (KDML105). The

properties of RD6 are shown in Table 3-6.



Table 3-6 Properties of RD6
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Parameter

Value

Length of growing season (days)*

Total seasonal nitrogen uptake rate (kg/ha)?

Maximum crop height (cm)?
Leaf area index”

Stover after harvest (kg/ha)®
C:N ratio of Stover material®

Max depth of roots (cm)°

Root biomass harvest (kg/ha)”

C:N ratio of root material®

180
138
154
4.2

1.087 x 10*

96.395

106.1

1.087 x 10°

96.395

"Farmer

Ohnishi et al. (1999)
*Khonkaen Rice Seed Center
*Saptomo et al. (2004)
*Sureewan Sittijurida (2006)
®Fischer et al. (2003)

' Assumptionsfromaweight-of Stover after harvest

8 Assumption that it equal to C:N ‘ratio of Stover material

3.2.5 Field management data

Most of field management data were acquired from a farmer in the study area.

However, this information consists more or less of approximations; therefore, many

assumptions, which are based on the life cycle and other characteristics of RD6, had

been made to assign the actual month of management to input in the RZWQM. In this
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area, the rice field is a field where seeding rice is transplanted, also called indirect

seeding. Since agriculture in the area mostly relies on a natural water resource, i.e.,

rainfall, the activities in each month are presented in Table 3-7.

Table 3-7 Step of rice planting in the study area

Month

Planting step

May

July

August
September

November

Plough roughly fer the first time in order to turn over

the soil surface and destroy weeds in the field.

Plough in regular furrows for the second time to wipe

oui'weeds and decrease soil particle size.

Rake over t_he soil surface and add 31.25 kg of

carbofuran per-ha over the soil surface.

Plant about 2.2 x 10° kg per ha of rice is seeds.

#

Transplant the rice sprouts, allowing for row spacing of

about25 om. e

Add-75-kg/ha-of organictertilizer and 16 kg/ha of
chemical fertilizer (16-8-8) onto the field.

Add 37.50 kg/ha of chemical fertilizer (15-15-15)
Add 55.15 kg/ha of organic fertilizer.

Harvest

3.3 Determination of ammonium in organic fertilizer

Since different types of organic fertilizer contain dissimilar nutrient quantities

but generally have the same proportion of nutrients, the ammonium concentration in

the organic fertilizer applied in the study area was examined by a NH3 probe (WTW

GmbH, NH, 500/2, Germany). The standard curve was prepared from the ammonia
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standard solutions (1, 10, and 100 mg-N/L). 1 g of fertilizer was weighted and 9 ml of
deionized water was added. Then 100 ul of 10 M NaOH was offered and lastly, the

NH;3 probe was used to measure the ammonia concentration.
3.4 Sensitivity analysis

Parameters and processes that play significant role in dissipation/degradation
of carbofuran were determined by sensitivityanalysis. The methodology of sensitivity
analysis followed Lenhart et al. (2002) method. Sensitivity index () was calculated to
express the model parameter sensitivity as shownin Eg. (3.8). It is a ratio between

relative changes of model ouipuiaifected from change of model parameter.

Y @)

V1 |z ==t

Yo—tmmmmaemna
5% U

v
=

Figure 3-3 Representation of-relative between output y'and parameter x

ql (Yo ¥1)/90 (3.8)
2Ax /%,

Xy = Xg — Ax (3.9)

X, = X9 + Ax (3.10)

where I = sensitivity index (dimensionless),

Xo = initial value of parameter x,
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Yo = model output calculated with x,,
Y1 = model output calculated with x;, and
Vs = model output calculated with x,.

After sensitivity index of parameter was calculated, the parameter sensitivity

was ranked into four classes as shown in Table 3-8.

Table 3-8 Sensitivity classes (Lenhart et al., 2002)

Class Sensitivity-index (I) Sensitivity
I 0.00 <AT[/<¢0.05 ,l Small to negligible
I 0405 <'|1I) <€ 0.20 - 4 Medium
1 0.20 £ || < 1.00 High
\Y 11| ='1.00 Very high

In this research, Ax was assumed to b‘é'édual to 25-percentage of parameter x,
and output y is rate canstant overall of carbofuran (see Appendix C). The parameters

(x) in RZWQM that were used for sensitivity analysis consists of:

e Rate constant of, dissipation/degradation process _that_only one process was
availablelin-each.time
e Soil hydraulic properties

e ‘Micreorganismpapulation
3.5 RZWQM calibration

3.5.1 Carbofuran degradation in rice pot data from Mullika Teerakun et al.
(2004)

Carbofuran degradation information was obtained by lab-scale studies at Khon

Kaen University. Mullika Teerakun et al. (2004) studied the phytoremidiation ability
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of plants to degrade carbofuran in rice soil. Twelve species of plants were cultivated
in 8 inch diameter plastic pots loaded with rice soil contained 5 mg/kg of carbofuran.
The rice soil was taken from the rice field located at Ban Non-Reung, Amphur
Muang, Khon Kaen Province, Thailand. All pots were watered everyday and placed
alternatively in a greenhouse on a bench and then outside every two weeks. The
concentration of carbofuran was calculated using a modified first-order kinetic model,

which is expressed as follows:

Ct = Coe_kt + Ya (311)
where (o = concentration of carbofuran as a function of time

(kg/hay,

Co = initial conceniration of carbofuran (kg/ha),

k 3 rate constant{(day ™),

t =" [time{(days), and.

Ya = asymptotic estimate of concentration of carbofuran
(kg/ha).

This research concluded that carbofuran was discovered mostly in the stems
and leaves, showing the ability of plants to absorb carbofuran. In addition, carbofuran
accumulated well 1h Helianthus annus L. (sunflower), Brassica spp. (cabbage), Oryza
sativa L. (rice); Typha angustifolia Linn. (cattail), and Brasica spp. (chinese-kale).
The k ,ands¥a values of the rice-planted soil were, 0511 and.%,06-kg/ha, respectively.
Soil was categorized as loam soif, and other properties of-the soil ‘are“shown in Table
3-9.



Table 3-9 Soil properties in Ban Non-Reung (Mullika Teerakun et al., 2004)

Property Value
Soil type Loam
Organic matter (%) 0.3
pH
Sand (%)
Silt (%)
Clay (%)

Bulk density (g/cm®)
Total nitrogen (%)
s 2

gﬁ" A7

C/N ratio

e

— Y
Soil density a hydra properties o
calibration are shown in Table 3-10.

ﬂ‘L!EI’J‘VlEJ'VI?WEI']ﬂi
’QW’WMﬂiﬂJ UNIINYAY
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oam ,,J. that are used for model
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Table 3-10 Default values of loam soil used for model calibration (Ahuja et al., 2000;
Brakensiek et al., 1981; Rawls et al., 1982)

Parameter Loam

Particle density (g/cm®) 2.650

Porosity

"d exponent for cond
a
KSat

Residual water content *

Saturated water conte@

“““W“”‘ﬁﬁmwﬂmwa”mm
mob@wq@qﬂjm YRV A Y

15 bar water content ® 0.117
(0.021 0.213)
2" intercept on conductivity curve ® 805.98

1% exponent for conductivity curve * 0.000
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Table 3-10 Default values of loam soil used for model calibration (Ahuja et al., 2000;
Brakensiek et al., 1981; Rawls et al., 1982) (cont.)

Parameter Loam
Constant for theta curve 0.000
Lateral K,,; to the drains (cm/hr) 14.000
Dry volume heat capacity (J/mm’/°C) 0.900

% It is a parameter used fercalculating in Brooks-Corey Curve

3.5.3 Assumption for model calibration
1) Amount of irrigated water

Since there was not a certain amount of irrigated water in the Mullika
Teerakun et al. (2004) research, the moist_u_'ré“holding capacity of loam soil (NDSU,
1996) was used to calculate the quantity;.c:)f‘.;he water. The range of 0.17 to 0.23
cm/cm-soil was used and multipfied by soil d‘épth (20 cm). Then 3.4 to 4.6 cm of

water was applied forirrigation.
2) Crop characteristics

In the generic plant.growth moduley the crops provided by the RZWQM are
corn, soybean; and wheat; rice parameters, however, cannot be entered. In order to
solve this problem, wheat parameters were adjusted with rice properties and used as
the crop inthe'simulation.” Available parameters for rice praperties;, which were edited

in the database, are provided in Table 3-6.
3.6 RZWQM simulation in the study area

After the result of model calibration and verification, which is degradation of
carbofuran, was fitted with degradation data of Mullika Teerakun et al. (2004), the
validated RZWQM was used to predict the meteorological data and fate and transport

of carbofuran under long term application (10 years) in rice field.



75

3.6.1 Assumption for model simulation in the study area

Since water retention process was not included in RZWQM that different from
practical rice planting, 30 cm of irrigated water was applied everyday during June to
October in each year to maintain free water level above soil surface. This water
amount was calculated to make it exceeded the moisture capacity of soil in the study
area. Its moisture capacity is in the range 0f 0.11 to 0.15 cm/cm-soil (NDSU, 1996).

3.6.2 Scenario I: agricultural management-praetices alteration
-t

Prices of rice omsthe World market have mere than doubled in 2008 (BBC
News, 2008; CGIAR,.2008)andtnere was loss fron natural disaster; therefore, some
farmers changed theirsagrieulivrel mar%'aglement practices to payback. If rice was
cultivated four times per year inéfead .:Qf one time per year, the input data that

categorized in field management data Waébcﬁanged as shown in the following table.

dad

Table 3-11 Step of rice planting f"ou'r times';ﬁera'year in the study area
¥ K

PrT w2 d
Month " Step of planting

=

January = e Rough plowing andin [egular furrows
e Application of carbofuran’
¢ Rice planting

o, ~Application of fertilizer
March e Application of fertilizer

April ¢ 'Rough'plowing and in‘regular furrows
e Application of carbofuran
¢ Rice planting

e Application of fertilizer

June e Application of fertilizer
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Table 3-11 Step of rice planting four times per year in study area (cont.)

Month Step of planting

July ¢ Rough plowing and in regular furrows
e Application of carbofuran
¢ Rice planting

e Application of fertilizer
September e Application offertrhizer

October ¢ _Roughplowing and inregular furrows
|
e / Application of carbofuran
o / Rice is planting

o /Application of fertilizer

December . Applicatiot; of fertilizer

cis i

3.6.3 Scenario I1: soil pH modification

Currently, thereare more ¢ity and industry growth than in the past. These
activities increase the pollution in the atmosphere. Acid rain is one form of increased
pollution, and when it occurs, the more acidic pH of the rain decreases soil pH,

making carbofuran'more stable'in rice'soil:

e soil pH was assumed to be equal to 4.0 foracidic soil
e 's50il pH was,assumed to be equal to 10.0 for salving carbofuran accumulated in

the applied area
3.6.4 Scenario I11: change of macropore size

There is drought occurred in Thailand every year; therefore, the pore size in
soil is altered. Macropore size in the rice field was supposed to be the worst case that

was equivalent to 0.900 cc-macroporosity/cc-soil.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Determination of ammonium in organic fertilizer

Since there was certain concentration” Gi=ammonium in organic fertilizer, the
sample was collected from the farmer {0 analyze the amount of ammonium.
Concentration of ammoniuim and standard curve are shown in Table 4-1 and Figure
4-1, respectively. 1

Table 4-1 Concentratiop‘and conduétiviti_of ammonium standard solutions

’ } ]
Concentration of ammenium (mg-N/f)- = Conduetivity (mV)

1 = QY
10 s, 673
1007 1264 |

100

Conductivity (mV)

y =-25.86In(x) - 7.45

Concentration of ammonium (mg-N/I)

Figure 4-1 Standard curve of ammonium

In determinaing the ammonium content in organic fertilizer, the conductivity

of sample solution was measured to be -123.7; therefore, the ammonium
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concentration was 89.6 mg-NH,/I or 0.8064 mg- NH,4/1 g-fertilizer. In the study area,

about 55.15 kg/ha of fertilizer was application, so a NH, application of 0.044 kg was

used as the input data.

4.2 Model sensitivity

e Dissipation/degradation processes

The sensible dissipation/degradation precesses were calculated by using Eq.

(3.8). The results in Table 4-2"show that the processes, which play significant role on

dissipation/degradation-ef-carbofuran in rice field are soil surface photodegradation,

soil profile lumped, soil subsuriace aerobic, soil subsurface anaerobic, and soil

subsurface abiotic degradation.

Table 4-2 Sensitivity of dissipation/degradation processes

Process

‘Sensitivity index

Sensitivity

Foliar biotic

Foliar abiotic

Foliar photodegradation
Residue biotic

Residue abiotic

Residue photodegradation
Soil surface biotic

Soil surface volatilization
Soil surface photodegradation

Soil profile lumped

0.00

0.00

0.06

0.00

0.00

0.00

0.02

0.02

0.05

0.07

Small to negligible
Small to negligible
Small to negligible
Small to negligible
Small to negligible
Small to negligible
Small to negligible
Small to negligible
Medium

Medium
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Table 4-2 Sensitivity of dissipation/degradation processes (cont.)

Process Sensitivity index Sensitivity
Soil subsurface aerobic 0.12 Medium
Soil subsurface anaerobic 0.09 Medium
Soil subsurface abiotic ”/’ 0.12 Medium

When concentration of carbofufan from each process simulation was ploted

by varying day, there ELQ, _enl three Imes since all processes that excepting soil

subsurface aerobic and abiotie degradaklon processes gave results nearly the same

values as no degradatlon ess %

=
- é
[
é 12 g
% 10 .4-— no degradation process

-
.g 1':5\ 8 ’ T _'xﬁ soil subsurface aerobic degradation
IS 2 5 =& "= s0il subsurface abiotic degradation
g 4
I 4
(5]
2
5 2
O Ly ')
O T T T T T T 1
0 20 40 60 80 100 120 140
Time(days)

Figure 4-2 Degradation of carbafuran from soil subsurface aerobic and abiotic
degradation processes

From the highest sensitivity index, the dissipation/degradation processes that

had to calibrate first are soil subsurface aerobic and abiotic processes.
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e Soil hydraulic properties

Since carbofuran fate and transport highly depends on amount of water in the
system, soil hydraulic parameters used for Brook-Corey curve (see Appendix A) were
analyzed. The sensitivity of each parameter is presented in Table 4-3.

Table 4-3 Sensitivity of soil hydraulic parameters

Parameter Sensitivity index Sensitivity

Bubbling pressure for condugctivity curve

(e 0:37 High
Bubbling pressure fortheta€upe'(€m) - 0.40 High

Pore size distribution index : 0.11 Medium

2" exponent for conductivity curve 44 1.95 Very high
Kgq: - 026 High
Residual water contefi 062 High
Saturated water content 0.31 High

1/3 bar water content 0.00 Small to negligible
1/10 bar water eontent 0.00 Small to negligible
15 bar water content 0.00 Small to negligible
2" intercept on conductivity curve 0.00 Small to negligible

Table 4-3 indicates that the most sensible soil hydraulic parameter is the 2"
exponent for conductivity curve, while water content and 2" intercept on conductivity
curve are not sensitive to the RZWQM simulation. Accordingly, the first parameter of
soil hydraulic properties that need to consider is 2™ exponent for conductivity curve.

In addition, it is also found that minimum values in range of recommended
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information from Brakensiek et al. (1981) and Rawils et al. (1982) provided the best
degradation when compared with default values (Figure 4-3).
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Figure 4-3,Chang-efseil hydraulic parameters
e Microorganism popgla_tion
)
From changing of mlcroorgamsm populatlon in the system, the output shows

that microorganism and thelr achnty have less effect on fate and transport of

carbofuran in rice SOI| The senS|t|V|ty mdex was 0. 075 that lead to be classified in

medium senS|t|V|ty

Bayless et al. (2008) stated that in the RZWQM calculation, microorganism
play significant.role in.nutrient process by.degrading organic.matter in soil. Once soil
condition is changed, sorption‘and-degradation properties of the pesticide are altered
that cause high or less accumulation of the pesticide in the areanFor biodegradation
process,imicrobes have fewer effects on this pesticide process whencompare with in

nutrient process.
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4.3 Case I: the RZWQM calibration and the study area simulation
4.3.1 Case I: the RZWQM calibration

The results of the RZWQM calibration are separated into two parts. The first
part is the outputs of plant growth and soil condition. The second part is
dissipation/degradation of carbofuran from the RZWQM compared with data from
Mullika Teerakun et al. (2004) experiment.

1) Simulation of plant growth and soil-eondition related to the atmosphere

In Figure 4-4, at day 120, the plant height did not reach the maximum value
for the reason that the lgngth-0f'the growing season was lower than the normal life
cycle for rice (180 days)«Rice growth depends on the environmental fitness of the
area. It requires suitable temperature, soiIfWater content, and soil nutrients that lead to
a reduction of the soil water content-and N concentration. After the lag phase (Figure
4-5), the amount of N uptake increased due to the demand of N for tillering and
producing grains. Crop transpiration also_'-,_-rfag_.an impact on environmental fitness
owing to soil water variation. The transpir_afﬁ_or-]_ rate can be computed by the S - W
model (Figure 2-5). In Figure 4-6, transpiratidh-levels raised as the rice developed and
it decreased the soil.water content (Figure 4-7). Soil water appeared from infiltration
during rainfall or irrigation events and redistribution between the events. Seepage, in
Figure 4-8, is water that/flows through soil and leaves at the bottom of the system.
The seepage oeeurs when soil teceives more water than it can hold (i.e., it exceeds its
soil water capacity). However, when there were several related processes occurring
concurrentiy-with rainfall-or irrigationievéntsSuchias plant transgiration (Figure 4-6),
seepage decreased mainly because some amount of the water was used by the plant.
In Figure 4-9, the potential evapotranspiration (PET) reflects the plant transpiration
and soil evaporation in the system. At day 41, the PET shows the lowest value, and it
corresponds to meteorological data (Figure B-5 and B-6). that shows low evaporation
and high relative humidity on that day.
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Figure 4-9 Potential evapotranspiration
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The above-mentioned diagrams (Figure 4-4 to Figure 4-9) show the values in
the whole soil horizon, while Figure 4-10 to Figure 4-13 show the N and water uptake

of plants and the remaining water concentration in the soil layer.
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Figure 4-11 N concentration in the soil layer
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2) Case I: Dissipation/degradation of carbofuran

Since Mullika Teerakun et al. (2004) experiment focused on degradation
process of carbofuran in rice soil, side effects from the pesticide washout were
reduced by water recirculation. In contrast, the RZWQM cannot simulate the water
recirculation process. Therefore, water leaching was diminished by using long
desorption half-life and high fraction af adsorption site in model calibration as shown
in Table 4-4.

Table 4-4 Desorption parameters in the' RZWQM calibration for Case |

Parameter Case |
Irrigated water (cm) 367
Desorption half-life (days) j -.-140
Fraction of adsorption site 095

Then the rate constant for dissipatjioﬁ-/degradation process were calibrated
(Table 4-5). This table indicates that the'p'r.béésses, which play significant role in
degradation of carbofuran, are soil subsurface aerobic degradation, soil subsurface
anaerobic degradation, soil subsurface abiotic degradation, and soil profile lumped
degradation. As most important degradation processes are soil subsurface processes, it
may cause by properties of carbofuran.' Carbofuran has high“water solubility and low
adsorption coefficient (Evert, 2002), so water will simply mix the pesticide from soil
surface-and transpert intossoil:profile cFigure 4-14-shows:concentration of carbofuran
compared between"Mullika Teerakun et al. (2004) and the' RZWQM simulation.



Table 4-5 Effective k values of degradation of carbofuran for Case |

Processes of degradation k values (day™)
Soil surface biotic 0.000
Soil surface volatilization 0.000

Soil surface photodegradation 0.005
Soil profile lumped degr’, 0.087
Soil subsurface aerobic dagra | 0.116
Soil subsurface anaerobic g 0.092

Soil subsurface abiotic degragc 0.107
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Figure 4-14 Concentration of carbofuran in rice soil (Case I)
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From the modified first-order kinetic model, C; = Cye™*¢ + Ya, rate constant
(k) and residual carbofuran (Ya) were calculated. The k and Ya of Mullika Teerakun
et al. (2004) are 0.11 and 1.06 kg/ha, and in this research are 0.12 and 1.19 kg/ha,
respectively. The highest peak appeared since there was application of carbofuran in

soil, and it went deeper into soil profile after the use in a few days.
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Mean PEST#1 CONC. (UG/KG)

._/l
Flglﬁe 415 Conceﬁtrat‘foh
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Figure 4-15 s the output
and Figure 4-16 is th:restlmde concentration in each
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Figure 4-16 Concentration of carbofuran in soil horizon

In carbofuran dissipation, decrease of carbofuran concentration in soil is
mainly caused by water leaching. This is because carbofuran has high water solubility
and low adsorption coefficient. In the early stage, with high seepage (Figure 4-8),

carbofuran sharply decreased, and the decreasing rate was reduced because of lower
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seepage. Furthermore, soil water content has effect on carbofuran in soil. Li and
Wong (1980) stated that degradation rate of carbofuran is greater when water content
in soil becomes higher. Figure 4-7 shows that soil contained high water content in
early condition; therefore, it would result in high degradation rate of carbofuran in

early stage.

When the pesticide was applied .in soil, in the beginning, the highest
proportion of the pesticide was appeared in_kinetic pool. The rest small amount of
carbofuran appeared in soil. water and adsorbed. peol (Figure 4-17). The pesticide
residues that degraded slowdy-from tﬁjese pools. then accumulated in bound pool.
Accordingly, concentratien 1a-bound ppol increased as time elapses until reached
steady stage and acteds@as wesidual cal#bofuran. Its quantity was stable since the
RZWQM assumes that unbeund péstici-dé IS more degraded than bound pesticide
(Malone et al., 2004b). This figure: a|s_§ illustrates that kinetic area provided the

maximum dissipation rate.
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Figure 4-17 Concentration in several soil compartments
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4.3.2 Case I: carbofuran degradation in the study area under normal condition
1) Simulation of soil condition related to the atmosphere

According to difference in water sources applied for rice planting between
Mullika Teerakun et al. (2004) experiment and the study area, which are irrigated
water and rain, respectively, the input parameters of water properties were not the
same. This resulted in dissimilarity of som‘ f tion such as soil pH and concentration
of chemicals in soil. The examples of 30|I L} |n the past ten year are shown in

Figure 4-18 to 4-19.
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Figure 4-18 Po%eﬂ'tlal evapotranspiration in the studysa)ea from the RZWQM
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Figure 4-19 Seepage in the study area from the RZWQM
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In rice field, seepage appeared due to rainfall event, and its amount depended
on quantity of rain, i.e., when there was high rainfall, the high seepage level occurred.
Furthermore, rice planting management also has impact on seepage such as tillage. It
made more macropore in the rice field, so water can move in higher amount and

deeper that lead to high seepage.
2) Case I: dissipation/degradation of carbofuran in the study area

By using long desorption half-life and high fraction of adsorption site of the
pesticide, the results undertong term simulation'show high pesticide accumulation in
the study area. The residual.earbofuran at the end of year 2008 is 63.50 kg/ha (Figure
4-20). \

90 A
80 ; \ A

'.'07

Concentration of carbofuran (kg/ha)

1999~ 2000 2001 2002 2003 .. 2004 2003 2006 2007 2008
Year

Figure 4-20 Concentration of carbofuran in the study area by using pesticide
parameters in Case |

4.4 Case Il: the RZWQM calibration

From considering carbofuran accumulation in the study area, the results show
that there was high pesticide residue accumulated in soil, which caused by too high
adsorption coefficient. Therefore, amount of irrigated water was readjusted to be
equal to water demand of plant, and desorption half-life followed several literatures
(Joseph et al., 1973; Ebleda et al., 1987; Pensri Plangklang, 2008). Then fraction of
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adsorption site and rate constants for dissipation/degradation were re-calibrated. The
new values are expressed in Table 4-6 and Table 4-7.

Table 4-6 Desorption parameters in the RZWQM calibration for Case 11

Parameter Case Il
Irrigated water (cm) 0.20
Desorption half-life (days) 1
Fraction of adsorption site 0.1

Table 4-7 Effective k values of degradation'of carbofuran for Case 1l

Processes of degradation ! k values (day™)
Soil surface biotic 0.000
Soil surface volatilization ' . 0.000
Soil surface photodegradation 0.005
Soil profile lumped degradation 0.069
Soil subsurface:aerohic dagradation 0.115
Soil subsurface anaerobic degradation 0.023
Soil subsurface abiotic degradation 0.107

Figure 4-21 demonstrates that the verification data from the RZWQM was not
fitted with Mullika Teerakun et al. (2004) data. Therefore, these calibrated parameters

cannot be used.
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4.5 Case 111: the RZWQM galibration and the study area simulation
45.1 Case I11: the RZWQM calibration. ,

The third set of calibrated fparameté@sﬁ\{f\ilas generated in order to compensate
error from unknown.certain amount of irrigé'f'éd ‘Water and fraction of adsorption site.
Desorption half-life; wa&sm}—usedﬂfa}ue#efprhteratufe{hat was 1 day (Joseph et al.,
1973; Ebleda et al., 1987 Pensri Plangklang, 2008), WhICh is the same as Case II.
After that, fraction of adsorptlon site and rate constants for dissipation/degradation
were calibrated-(Table4-+8.and:Tahle 4:9).

Table 4-8 Desorption parameters in the RZWQM calibration for Case I11

Parameter Case'lll
Irrigated water (cm) 1.00
Desorption half-life (days) 1

Fraction of adsorption site 0.65




Table 4-9 Effective k values of degradation of carbofuran for Case Il

Processes of degradation k values (day™)
Soil surface biotic 0.000
Soil surface volatilization 0.000
Soil surface photodegradation 0.005
Soil profile lumped degradation < 0.086
Soil subsurface aerobic dagradation "'1 0.099
Soil subsurface anaerobic degradation: .".‘ 0.072

Soil subsurface abiotic degradation

Y 0.092

i<
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The data from the RZWQM compared with Mullika Teerakun et al.
(2004) can acceptable with hight égrrelatio@b’efficient (Figure 4-22). Consequently,

these calibrated pesticide parameters were then-used for simulation behavior of the

pesticide in the study area. v
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Figure 4-22 Concentration of carbofuran in rice soil (Case I11)
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4.5.2 Case I11: Carbofuran degradation from assumption of irrigation

For carbofuran degradation simulation during ten year (since 1999 to 2008),
the output showed that concentration of carbofuran of later year increased in
impractical amount. This may result from the fact that the RZWQM does not include
the water retention, which is a common process in rice planting. In order to solve this
problem, 30 cm of irrigated water was applied everyday during June to October to
keep free water level over the soil suriace.  Figure 4-23 demonstrates that the
concentration became slightly lower 9fter adding irrigation; therefore, irrigation
addition to get flooding in.paddy figld is not the right way to manage flooding process

because the RZWQM still'cannot provide degradation of carbofuran in water flood.
l

====ithirrigation

——— without irrigation

Concentration of carbofuran
(kg/ha)

1999 Tl‘UOO 2001 2002 2003 2004 2005 2006 2007 2008

Year

Figure 4-23,Concentration-of carbafuran in the study areaduring 1999 to 2008

However, the irrigation was‘used in studysarea simulation.to make saturated

condition of goil surface that is more similar to practical srtuation,than no irrigation.
4.5.3 Case I11: carbofuran degradation in the study area under normal condition

In Case Il of the RZWQM calibration, desorption half-life and fraction of
adsorption site were lower than Case | due to low irrigated water. The quantity of
carbofuran in soil was around a half of Case I, and the residual carbofuran in Case 11
is 32.8 kg/ha. The accumulated carbofuran was smaller than Case | since the pesticide
could less adsorb on soil and more act as unbound form that resulted in degradation
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rate increasing. Figure 4-24 presents sum of carbofuran concentration in soil, while

Figure 4-25 shows pesticide quantity in each soil layer.
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Figure 4-25 Concentration of carbofuran in soil layer during 1999 to 2008
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4.5.4 Scenario I: change of agricultural management practices

The carbofuran concentration of this scenario is unrealistic. Even when rice
was planted only one time per year, the study area still accumulated high
concentration of the pesticide. With more frequent application of carbofuran, i.e., four
times per year, the concentration at the end of the year reached 26.00 kg/ha that
closed to the applied amount already. (Figure 4-26).

50

45

40

Concentration of carbofuran (kg/ha)

Feb Apr i Aug Oct Dec
s Yeéar 2008

Figure 4-26 Concentration of carobofuran in the study area depended on
rice planting four times per year

4.5.5 Scenario:soilgpH/modificatien

When comparing soil pH modification scenario with normal scenario,
carbofuran is mare-stable in acidic condition (pH 4.0) due-to properties of carbofuran.
The resuits show that pH of soil impacted on carbofuran degradation (Figure 4-27). At
soil pH 10.0, degradation rate is higher than under normal and acidic condition.
However, the outputs from the RZWQM are different from several literatures, which
stated that carbofuran in basic soil is significantly degraded faster. The difference in
the results might due to the fact that the main process of carbofuran dissipation in the
RZWQM was water leaching.
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Figure 4-28 Concentration of carbofuran from changing macropore size
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4.6 Factors that have impact on the RZWQM simulation in the study area

Possible factors that can make the output different from that of a real situation,
in which carbofuran residue was found in very low or undetected amount, can be

listed as follows:
e Dissimilar parameters between the calibration data and field simulation data

Calibration data was taken from the Mullika Teerakun et al. (2004)
experiment, which was a lab-scale test."Rice was planted in greenhouse bench,
so its atmospherieseondition is controlled and differed from that of the outside.

Accordingly, the'Caliprated parameters may not have been correctly achieved.
!
e Excluded processes inthe RZWQM

o0 Since the major degradgtai’-on pathway of carbofuran is hydrolysis,
in a flogd, carbofuran dégrades more than the pesticide in the soil.
The RZWQM: does nét include a calculation of pesticide
degradation n-a water ﬂeod therefore, the concentration of the

pesticide was higher..

o The RZWQM has never been used to simulate rice as a crop, which
is a-limitation of the RZWQM. In this.study, wheat was used as the
representative of rice. In’reality, rice will consume carbofuran

residue through nutrient and water uptake.
o /Sorptionprecess in-pesticide;processes-inthe RZWQM

The RZWQM uses Freundlich isotherm for calculating sorption
process of the pesticide, so there is no upper limit of adsorption. The pesticide

becomes the residues at higher concentration in soil.
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Homogeneity of application at soil surface

Farmers may not use the same amounts of pesticides in each area. The
collected soil would not be in applied district but the RZWQM assumed that

quantity of pesticide is identical in whole area.

Depth of the collected soil

Results demonstr: shofuran residue was low in the top layer of
soil; thereby, all o -..-—..,...n an @re not obtained during sample

collection. 7
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CHAPTER V

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

Results from simulating the influenee.of the. atmosphere on plant growth and
soil conditions related to the atmesphere show that the RZWQM can offer reasonable
simulations. However, it.stills.certain limitations in agricultural management in rice
field, which leads to errars i predicting the pesticide dissipation process. Since the
RZWQM does not include water retention process, it calculates sum amount of the
pesticide. In contrast,"in practical rice fié!d,.-some part of pesticide amount loss with
drained water. Therefare, the RZWQM overes_timated the accumulated carbofuran in

rice field.

In the long term simulatien {year 1999‘"{6 2008), the residual carbofuran at the
end of year 2008 was 32.80 kg/ha. This' concentration.means that there was an
overestimated amount ef-pesticideFhis-tmpractical-value may due to the fact that the
RZWQM can only compute the processes occur in the root zone, while pesticide
dissipation in flood water was not taken into consideration in the simulation. In
addition, the RZWQM: does not include thepesticideyuptaken by plant process, so

only water and pitrogen are consumed, whereas the pesticide is not uptaken.

In the Scenario I, which' the pesticide was applied four times per year, an
extreme ‘amount of residue was found (26.00 kg/ha). The result shows that at the end
of year, the concentration of carbofuran reached the applied amount. It means that

there was very high accumulated carbofuran in the applied area.

In the Scenario |1, the model shows that changes in soil pH have less of an
effect on carbofuran fate and transport. The residue in soil at pH 4.0 and pH 10.0 were
4.10 and 2.93 kg/ha, respectively. Basic soil was able to degrade the pesticide faster

than acid soil. When compared under normal conditions, in which the residue was
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3.55 kg/ha, the concentration in basic soil showed insignificant dissimilarity. This
dissimilar to other studies, which found that carbofuran in basic soil is notably
degraded faster than acidic and neutral condition, might due to the fact that water

leaching is the important process of dissipation of carbofuran in soil.

In the Scenario 111, which change in macropore size, the residual carbofuran
was 3.09 kg/ha. This level was lower than the concentration of the pesticide in the
normal condition. When the macropore size i the field increased, more pesticide can
be further transported after-mixing with water and flow out to saturated zone. This
saturated zone was not included in this study, so the lower concentration was detected
by the RZWQM.

Subsurface soil aerobig and abiotic'systems have a considerable impact on the
dissipation/degradation”processes of carbofuran in soil. Other parameters, impacting
the carbofuran concentrations /in soil, are the number of carbofuran applications,
macropore size, soil hydraulics, and water source (e.g., whether it is irrigated water or
rain). Carbofuran can rapidly transport iht@"ttﬂ]e soil profile by water leaching. For
predicting the carbofuran concentrations in th‘e”:different scenarios, it was found that
soil pH and macropore size have less impacté’dn the.carbofuran accumulation in an
applied area when compared with the number of carboftiran applications, which plays

a more significant role.
5.2 Recommendations

The highraccumulation of carbofuran in soil mainly effects from number of the
pesticide application., Therefore; the tfarmer<should put’ the'ispaceraf the pesticide
application. For example, carbofuran is continuously used for two or three years, and
in the next year, rice was then planted without the use of pesticide. Since carbofuran
rapidly degrade in basic condition, in no rice planting period, lime or other basic
chemicals should be added to adjust soil pH to be more basic condition in order to
increase degradation rate of the pesticide in the rice field. However, the soil pH
adjustment should beware of amount of lime application because neutral and tiny acid

conditions are suitable for rice growth. If high concentration of basic condition is
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added, it not only impacts on rice development that will lead to gain the lower yield,
but it also affects on the ecosystem in rice field. Due to the fact that behavior of
carbofuran is highly depended on water movement in soil, when macropore size
increases, carbofuran will further transport into deeper soil horizon by water leaching.
This might contaminate to ground water and make more harm to the environment.
Accordingly, contaminated carbofuran in groundwater should be constantly

determined since water movement play significant role in the pesticide transport.

The results also show:that the RZWQMM.can be used to determine the fate and
transport of carbofuran _in-soil during one season. of rice planting. However, to
accurately simulate a _leng term rice-planting situation, other processes should be
added to the RZWQM as follovw:

e The addition of'rice characteristicS‘inJ_generic plant growth processes
e Agricultural management practiceéz.of rice such as flooding process
e The simulation of pesticide dissipation in flood water processes

e Pesticide uptake by plant processes

Ad

Observation of carbofuran when ap'p"l‘iéd‘second crop to soil that already have
carbofuran would by -very—useful-data—for-betier—caltbrate model for long term

application.
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Al = constant for theta curve (dimensionless),
A2 = pore size distribution index (dimensionless),
C2 = 2" intercept on conductivity curve (dimensionless),
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Table C-1 Parameters used in sensitivity analysis
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Value
Parameters

X1 Xo Xo
Rate constant of
dissipation/degradation 0.1375
processes
S1and S2 14
A2 0.220 0.275
N2 2.600 2.665
Ko 2.000 25
0, 0.027 0.0338
0, 0500 0.625
FC13 y 0.2025 @0.270 0.3375
reto @LE7) Y ) o) 7)) pasg 04375

q
“arnasnsadiindiay -
Cc2 q 3.75 5.000 6.25
Microorganism populations
J pop 7.5 x 10° 1x 10’ 1.25 x 10’

(orgs/g-soil)
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