-

View metadata, citation and similar papers at core.ac.uk brought to you byf: CORE

provided by University of Southern Queensland ePrints

1 Development and application of process-based simtian models for cotton

2 production: A review of past, present, and future drections
Discipline: Agronomy & Soils

K. R. Thorg’, S. Al¢", M. P. Bang®, E. M. Barne¥, G. Hoogenboor}, R. J. Lascarfy A. C.
McCarthy”, S. Naif', J. 0. PaZ, N. Rajaf’, K. R. Redd}’", G. W. Walt", and J. W. Whit§

© 00 N O u B~ W

'USDA-ARS, Arid-Land Agricultural Research Centerafitopa, AZ, USA

10  Texas A&M AgriLife Research, Vernon, TX, USA

11 *CSIRO Plant Industry, Narrabri, NSW, Australia

12 “Cotton Incorporated, Cary, NC, USA

13 °AgWeatherNet, Washington State University, Prosagk, USA

14  °USDA-ARS, Cropping Systems Research Laboratorypbak, TX, USA

15  'National Centre for Engineering in Agriculture, Meisity of Southern Queensland, Toowoomba, QLD,
16  Australia

17  ®Department of Agricultural and Applied Economicex@s Tech University, Lubbock, TX, USA

18  °Department of Agricultural and Biological Enginewegj Mississippi State University, Mississippi State

19 MS, USA
20 Department of Plant and Soil Sciences, MississHtaie University, Mississippi State, MS, USA
21

22 Corresponding Author: Kelly R. Thorp (kelly.thor@@.usda.gov)

23 'Authors #2 through #13 contributed equally to thék.

24

25

26 Acknowledgements:The authors would like to acknowledge Cotton Incogped for encouraging and
27  supporting this review effort and for their on-ggisupport of cotton simulation modeling activities.
28

29

30 Disclaimer: USDA is an equal opportunity provider and empfoye

31

32

33  Abbreviations: Full list appears at the end of the document.

JGS1


https://core.ac.uk/display/211496659?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

34

35

36
37

38

39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

Development and application of process-based simuian models for cotton

production: A review of past, present, and future drections

Discipline: Agronomy & Soils

Abstract

The development and application of cropping systenulation models for cotton production has
a long and rich history, beginning in the southestnited States in the 1960's and now expanded to
major cotton production regions globally. This papéefly reviews the history of cotton simulation
models, examines applications of the models simedurn of the century, and identifies opportusifier
improving models and their use in cotton researahdecision support. Cotton models reviewed include
those specific to cotton (GOSSYM, Cotton2K, COTCOZCOT, and CROPGRO-Cotton) and generic
crop models that have been applied to cotton ptaudEPIC, WOFOST, SUCROS, GRAMI,
CropSyst, and AquaCrop). Model application areaduged crop water use and irrigation water
management, nitrogen dynamics and fertilizer mamagé, genetics and crop improvement, climatology,
global climate change, precision agriculture, modgkgration with sensor data, economics, and
classroom instruction. Generally, the literaturemdastrated increased emphasis on cotton model
development in the previous century and on cottadehapplication in the current century. Although
efforts to develop cotton models have a 40-yeatohis no comparisons among cotton models were
reported. Such efforts would be advisable as atialinstep to evaluate current cotton simulation
strategies. Increasingly, cotton simulation modeis being applied by non-traditional crop modelers,
who are not trained agronomists but wish to usenbeels for broad economic or life cycle analyses.
While this trend demonstrates the growing inteireghe models and their potential utility for a iedy of
applications, it necessitates the development afatsowith appropriate complexity and ease-of-useafo
given application, and improved documentation agathing materials are needed to educate potential
model users. Spatial scaling issues are also isiogdgt prominent, as models originally developed fo
use at the field scale are being implemented fgioreal simulations over large geographic areas.
Research steadily progresses toward the advanaddofionodel integration with variable-rate control
systems, which use real-time crop status and emviemtal information to spatially and temporally
optimize applications of crop inputs, while alsmsiering potential environmental impacts, resource
limitations, and climate forecasts. Overall, thevie&sy demonstrates a languished effort in cotton
simulation model development, but the applicatidnexisting models in a variety of research areas
remains strong and continues to grow.

Keywords: agriculture, computer, cotton, model,igation
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1. Introduction

Cotton Gossypium hirsutum and Gossypium barbadense) is an important commodity crop
globally, providing sources of fiber, feed, fooddgpotentially fuel for diverse industries. Cottiimer is
used in products ranging from textiles to papeifeeofilters, and fishing nets. Cottonseed meal lauds
are used mainly for ruminant livestock feed. Casad oil is currently refined as a vegetable ail fo
human consumption and has potential as a biofuem2008 to 2012, China was the top cotton producer
and averaged 33.1 million bales annually (USDA-F2&13), followed by India (25.1 million bales), the
United States (14.7 million bales), Pakistan (9iian bales), Brazil (7.2 million bales), Uzbelast (4.2
million bales), and Australia (3.2 million bale§ne bale contains 218 kg (480 Ibs) of cotton firethe
2010-2011 growing season, average global cottar field was 757 kg haand ranged from 1681 kg
ha' in Australia to 200 kg hain some resource limited countries. A main issae dotton in the
developed world is the high cost of production, amgrovements in cotton production practices are
needed to keep cotton economically competitive waither commodity crops and fiber sources. For
cotton production to be sustainable, water andggneysource limitations must also be considere@sé&h
goals for improved cotton production can be redlingth smarter irrigation and nitrogen (N) fertéiz
management, better understanding of climate impawtgotton yield, further advancement in cotton
breeding and genetics, greater adoption of pretsgriculture technologies, and increased knowledge
cotton genetics by environment by management (GiEidjactions.

Many of the issues facing cotton industries carbéeier understood and perhaps mitigated by
implementing process-based cropping system simulatiodels (Boote et al., 1996; Reddy et al., 1997a)
which are important and powerful computer-basedstéar guiding cotton management and research.
Developers of these models synthesized the knowlemddned from decades of field, laboratory, and
controlled-environment experiments and produced peger algorithms that simulate fundamental
cropping system processes, including evapotrangpira(ET), soil water redistribution, nutrient
dynamics, energy transfer, and crop growth andldpueent. Past model applications include assessing
irrigation and N management alternatives for coftdaarn and Bange, 2002), analyzing potential dloba
warming impacts on cotton production (Reddy et2002a), and forecasting seed cotton yield (seasl pl
fiber) from satellite remote sensing images (Helatal., 2008).

In the United States, early development and apjmicaf crop growth models was historically
linked with the cotton industry. By the mid-1970fsndamental equations were developed to describe
cotton growth and development (Baker et al., 19%4&Kinion et al., 1975; Wanjura et al., 1973), caotto
plant N balance (Jones et al., 1974), and ET aitdvater balance (Ritchie, 1972; Shirazi et al.78p
Also, the effects of leaf angle and leaf area gattdistribution on light penetration and cottomapy

photosynthesis had been examined using computeelm@@ukai and Loomis, 1976). Approaches for
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simulating the development of cotton fruits, inéhglsquares, bolls, seed, and fiber, were investija
later (Jackson et al., 1988; Wanjura and Newtor8119Notably, these initial efforts led to the
development of the GOSSYM simulation model (Tableatdd the accompanying CrOp MAnagement
eXpert system (COMAX), which was used across thi#gedrStates Cotton Belt to guide on-farm cotton
management in the 1980's (McKinion et al., 1989jdléhet al., 1986).

In addition to GOSSYM/COMAX, other simulation moddbr cotton production systems were
developed more recently (Table 1): Cotton2K (Marati04), COTCO2 (Wall et al., 1994), OZCOT
(Hearn, 1994), and CROPGRO-Cotton (Jones et d@3;2@athak et al., 2007; 2012). A variety of generi
cropping system models, with reduced complexity $onulating a variety of crop types, were also
recently evaluated for cotton production (Farateral., 2009; Sommer et al., 2008; Zhang et aD820
The models vary greatly in details and approacbhesifmulating various plant and soil processes and
management practices, and none have yet reachieduthpotential. Landivar et al. (2010) providech
excellent review of strategies for physiologicahslation of cotton growth and development; however,
"it [was] not the purpose of this chapter to congpaotton models." Landivar et al. (2010) mainly
described model development approaches and didamitast existing cotton models or review recent
advances in cotton model applications.

The objective of this article was to review thetestaf-the-art in development and application of
computer simulation models for cotton productiostemns. Because of its comprehensive scope, cotton
researchers with diverse interests and levels pémtise should find useful information herein. Givbe
trend for new cotton modeling efforts beyond triadial analyses of agronomic field experiments, the
review also provides a resource for non-traditiarad beginning modelers to learn about past argkpte
cotton modeling efforts. A brief history is preseshiof cotton model development and applicatiorthién
last century, from 1960 to 2000. Descriptions andlitptive comparisons of existing cotton models ar
emphasized in this section. Next, the review dbssricotton model development and applicationsén th
current century thus far. Since year 2000, thedlitee has demonstrated a marked increase inesrticht
describe applications of the cotton models preWodsveloped, and fewer articles focus on develagme
of new models. Finally, considering the reviewegréiture holistically, a perspective is provided on
anticipated future challenges and opportunitiestierapplication of process-based simulation mottels

cotton production.

2. Past Directions: 1960-2000

2.1. Overview of simulation approaches
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The cotton models discussed herein are classifiechechanistic, dynamic, and deterministic.
The models are mechanistic as they describe prexzasih some level of understanding (e.g., plant
growth based on calculations of intercepted ramigtiThey are dynamic, because the time variable is
explicit. Thus, the models use partial differentgjuations to calculate how quantities vary withei
(e.g., transpiration and plant growth). The models deterministic rather than stochastic, becalse t
calculations are made without any associated pilityadbistribution. Although most cotton simulation
models share these characteristics, different niekgfn strategies have been explored. For exathgle,
cotton model of Plant et al. (1998) used qualimtiategorical variables (e.g., HIGH, MODERATE, or
LOW) rather than quantitative variables to descplamt and soil states. The coarseness of the Pliaht
(1998) model improved simulation robustness atetkgense of precision, but the model was arguably
less mechanistic and dynamic than traditional cotteodels. Most cotton simulation models have
simulated soil and plant processes explicitly angangitatively in a mechanistic, dynamic, and
deterministic fashion.

Process-based crop models share a common goatiofagsg crop yield by simulating the
contribution of soil water, nutrient, and plant @tb and developmental processes to the formation of
harvestable plant products. However, the approagsed to simulate these processes vary widely among
existing crop models (Tables 2 and 3; Landivarlet2810). To simulate plant development, many crop
models use a growing degree-day concept, where ureghsir temperature is assessed in relation to
known functions of crop development rate with amperature. Simulation details, such as the nuwiber
development stages considered, the treatment df dppearance, and the development of yield
components, vary widely among models (Table 2)b@ar(C) assimilation and biomass accumulation
are commonly simulated as a function of measuréd goadiance, using simulated leaf area indexIjLA
to calculate the fraction of photosyntheticallyiaetradiation intercepted by the crop canopy. Satiahs
of water, nutrient, and temperature stresses andsgtheric carbon dioxide (GOconcentrations ([Cg)
may further adjust energy to biomass conversiompréaches for representing plant stress factong var
widely among models.

Perhaps the most important physiological differemreong models is whether they use a
radiation use efficiency approach to account fanplgrowth and maintenance respiration (Monteith,
1977) or whether they explicitly simulate photo$yetis and respiration as independent processesg(Boo
and Pickering, 1994; Farquhar et al., 1980; McCd#/4; Mutsaers, 1982). Models also differ in
simulation details for leaf area expansion, steangdtion, organ growth, and yield components. To
simulate the soil water balance, several crop nsogheplement the 'tipping bucket' method of Ritchie
(1972; 1998), while others use numerical methodsotee the soil water balance. Simulations of EG ar

conducted using a variety of methods with varyimgnplexity and data requirements: Priestley and
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Taylor (1972); FAO-56 Penman-Monteith (Allen et, 41998); or surface energy balance. Approaches to
simulate N dynamics are also variable, while soneglefs do not simulate any nutrient effect on plant
growth (Table 3). Models also vary in their considimn of management impacts on cotton production,
including irrigation, fertilization, sowing datelldge, and defoliation events (Table 4). The tisteps of
calculations also vary among models, but hourlyaity time steps are common (Table 1). Given the
diverse approaches for simulating cotton producsigstems, it is not the objective of this revievclaim

one approach as superior to the other, but ratheitdé summarize and contrast the approachesntlyre
implemented in existing cotton models. The appedpriess of a given model will depend mainly on the

specific application.

2.2. Established crop simulation models for cotton

2.2.1. GOSSYM

The development, characteristics, and applicatiohsthe cotton model, GOSSYM, were
previously described extensively (Baker et al.,3t%8odges et al., 1998; Landivar et al., 2010; Mt
et al.,, 1989; Reddy et al., 1997a; 2002a). BrieB¥)SSYM uses mass balance principles to simulate
water, C, and N processes in the plant and sotl zoae. It requires environmental variables, sugh a
solar irradiance, air temperature, precipitationd avind, as well as information on soil physical
properties and cultural practices, including varidépendent parameters. The model estimates paltenti
growth and developmental rates as a function oftaimperature under optimum water and nutrient
conditions, and it corrects the potential rates thg intensity of environmental stresses using
environmental productivity indices (Baker et ab83B; Reddy et al., 2008). Each day, the model sitaal
the birth and abscission of organs, their sizegrodith stage, and the intensity of stress facfbine. user
can assume certain future weather conditions (dageks, and years) to determine fiber yield estnat
and impact of altered cultural practices on cottaurity and fiber yield.

The GOSSYM model consists of several subroutinesvéoious aspects of crop production
(Hodges et al., 1998) and biology (Reddy et al97H. A unique aspect is its treatment of the soll
(Lambert et al., 1976) and the processes thersithey influence the plant’s physiological processe
addition to plant and soil processes, an expgtem knowrasCOMAX was explicitly developed for the
GOSSYM model (Hodges et al., 1998; Lemmon, 1986Kidion et al., 1989).

The concept and development of GOSSYM started inldite 1960’s with a meeting at the
University of Arizona, sponsored by the Departmeinf\gronomy and Agricultural Engineering (Baker
et al., 1983; Hodges et al., 1998; Landivar et2010; Reddy et al., 2002b). Significant contribng
were made from several institutions (Baker etl#72; 1976; 1983; Hesketh and Baker, 1967; Hesiteth
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al., 1971; 1972; Lambert et al., 1976; McKinioraét 1975; Wanjura et al., 1973) in the years dfiat
first meeting.

With the construction of Soil-Plant-Atmosphere-Resh facilities at several locations in the
southeastern United States (Phene et al., 1978jyRetdal., 2001), cotton physiological, growth, and
developmental processes as affected by abiotisssfeetors were quantified. Based on data fromethes
facilities, algorithms were developed to improve timodel's functionality and accuracy of simulation
results (Marani et al., 1985; Reddy et al., 19980® 1993; 1997a, 1997b; 2001; 2003). In 1984,
GOSSYM was first implemented on commercial cottamfs as a decision support system (DSS). Based
on user requests, the COMAX interface was develdpefdcilitate its delivery to over 70 cotton farms
across the United States Midsouth. By 1990, GOSSXOMAX had been implemented on over 300
commercial farms (Ladewig and Taylor-Powell, 1988dewig and Thomas, 1992). Extensive model
validation efforts were conducted across the Un$¢ates Cotton Belt (Boone et al., 1993; Fye et al.
1984; Reddy, 1994; Reddy and Baker, 1988; 1990dirRadd Boone, 2002; Reddy et al., 1985; Reddy et
al., 1995; Staggenborg et al., 1996) and overggasqis and Symeonakis, 1998; Gertsis and Whisler,
1998). Several modifications in the simulation aares and model validation efforts using fieldadat
sets (Ali et al., 2004; Khorsandi and Whisler, 1;9QBorsandi et al., 1997) made the model applicable
many fronts, including farm management, econonttigjate change, and policy issues (Doherty et al.,
2003; Landivar et al., 1983a; 1983b; Liang et20.12a, 2012b; McKinion et al., 1989; 2001; Reddy et
al., 2002b; Wanjura and McMichael, 1989; Watkinalgt1998; Xu et al., 2005).

2.2.2. Cotton2K

The Cotton2K model was developed by Dr. Avishalomrai at the School of Agriculture of the
Hebrew University of Jerusalem. The source cod€aifon2K is written in C" and is available for free
download (Marani, 2004). Cotton2K uses the protessed equations of GOSSYM (Baker et al., 1972;
1983), and its history can be traced and linkedtter cotton modeling efforts, including SIMCOTI
(Baker et al., 1972), SIMCOTII (Jones et al., 19a40d CALGOS (Marani et al., 1992a; 1992b; 1992c).
The main purpose of Cotton2K was to provide a nuseful model for cotton production in arid, irrigét
environments, such as the western United Statefseanal.

A general description of the history, main chardsties, scientific principles, and input
requirements for Cotton2K are given by Marani (2004e fundamental difference between Cotton2K
and GOSSYM is the weather data requirement. WhikS6GYM uses daily weather data, Cotton2K uses
either measured hourly values of air temperatuteramidity, wind speed, and shortwave irradiance or
calculates hourly values from daily data using tiethod of Ephrath et al. (1996). The hourly weather

values are used to calculate corresponding houaliemand energy balances; this allows the model to
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236  more closely represent arid conditions and imprdakesmodel’s ability to more accurately calculdte t
237  water balance under irrigation (Marani, 2004). Thain effect of these changes was to improve the
238  accuracy in the calculation of ET, which also aféelcrelated variables. Further, the deviationsterehy

239  using daily weather data time steps, rather thantahtime steps, was particularly important whenrty

240 data followed non-linear diurnal patterns or whiateractions of weather parameters were important i
241  calculation of energy or water balances (i.e., o@ar diurnal wind speed patterns and/or inteoastiof

242  wind speed and solar irradiance driving ET) (Ephret al., 1996). Other modifications in Cotton2K
243  included a routine for sub-surface drip irrigatiopdates to N mineralization and nitrification pesses,
244  calculation of N uptake using a Michaelis-Mentelmgadure, updates to plant growth and phenology
245  functions, and energy balance equations to providegemperatures of the soil surface and crop canop
246  (Marani, 2004). In summary, the addition of hounlgather input data allowed the calculation and the
247  integration of differential equations on an houilpe-step for the processes of plant transpiratimil,
248  water evaporation, soil water redistribution, haad N fluxes, and the exchanges of energy and \aater
249  the soil-plant-atmosphere interfaces. These madifins greatly improved the utility and the
250 applicability of Cotton2K for irrigation in arid eironments.

251 The main processes calculated in Cotton2K areemléd the exchanges of energy and water
252  between the soil, plant, and the environment. Rse=® are based on the principles of mass and energy
253  conservation, whereby inputs and outputs to theesysre balanced and accounted for as a function of
254  time. The Cotton2K model was designed for speaifianagement of agronomic inputs, including
255 irrigation, N fertilizer, defoliation, and applicah of a plant growth regulator. Plant growth and
256  development are based on the 'stress' theory (Gli%; Craine, 2005), which includes stressedaela
257  to air temperature, water, C, and N. In this contsixess is a condition that restricts potentradpiction

258  due to suboptimal air temperatures and shortagesiar and nutrients (Grime, 1977). Plant growtksa
259 are related to ambient temperature using the conzkepeat units (Wang, 1960; Peng et al., 1989).
260 Potential growth rates of all plant organs, inchgdiroots, stems, leaf blades and petioles, antirfgui
261  sites (squares, bolls, and seed cotton), are detatsource-sink relations of C and water via stfastors.
262  The stress factors between source and sink vargrcefly from 1 (no stress) to O (severe stresbg T

263  stress is related to net C assimilation (i.e., giolsotosynthesis minus photorespiration and gr@mith
264  maintenance respiration). The water stress ise@ltd transpiration and transport of water as atfon

265  of leaf water potential. The N stress is basedupply and demand of N. In the soil, Cotton2K cadtes
266 rates of available N from urea hydrolysis, mineration of organic N, nitrification of ammonium,
267  denitrification of nitrate, and movement of solulNe The model also calculates the N in plant organs

268  (roots, stems, leaves, and fruiting sites) andupply does not meet requirements, an N stressrfact
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calculated. All supply and demand functions relatetemperature, water, C, and N are dynamic auasl th
their values change with time.

The boundary conditions that define the one dinmradi soil-plant-atmosphere system in
Cotton2K are 2 m above and 2 m below the soil serfahe height (2 m) above the soil surface
represents the screen-height where input weatharada measured, and the soil depth of 2 m repiesen
the lower boundary of the soil profile. Requireghuh weather data include shortwave irradiance, air
temperature and humidity, wind speed, and rainGkton2K uses hourly weather input values; however
if not available, daily values of radiation and dimun, and maximum and minimum values of air
temperature and humidity are used to calculatelhaalues (Ephrath et al., 1996). For each irrigyati
event, the application method (sprinkler, furrowgdalrip), timing (start and end), and applied degth
specified. The user defines the geometry of thiepsofile by specifying the number and the thiclkshe$
each soil layer. At the onset of simulation, (itene = 0), the user specifies for each soil layealue of
temperature, water, organic matter, N, and soih#gal In addition, the soil layers are groupedoint
horizons, each having unique soil hydraulic prdpertThese properties define the relationship df so
water content to water potential and to hydrauboductivity and are used in Richards' equation to
calculate water movement in the soil profile. Tlespecifies the water table depth and the date an
depth of each cultivation event. Other fixed paremeput values are location (latitude, longitudad
elevation), start and end of simulation periodedztplanting and/or emergence, and field datanfjrg
density and row spacing, including skip rows). PReeters describing individual cultivars affect
phenology, growth, and development and ultimateipdct the calculation of cotton fiber yield as
suggested by Marani (2004) and shown by Booker3p0OIhe current version of Cotton2K has been
tested for six cotton cultivars: Acala SJ-2, GC-3%@xxa, Deltapine 61, Deltapine 77, and Sivon.

The Cotton2K model can be used in a management rHwderigation, N, defoliation, and
application of a growth regulator. Under these apj Cotton2K is executed using predicted weather
scenarios, and the user selects several optionsritiade, for example, date of starting and ending
irrigation, date of N fertilizer application, dad& defoliation, and application of a plant growtgulator.
Cotton2K outputs are recorded in text files, chasl soil maps. The text files are a summarylahput
and output values, detailed daily output, and plaaps. The charts plot the dynamics of key output
variables with time, and the soil maps are two-disignal plots of horizontal and vertical simulated
values of soil water and nitrogen contents, tentpezaand other variables, each as a functiomud ti

The Cotton2K model has been directly and indirecthed and tested by many researchers.
Directly, Cotton2K has been used by Yang et al0&O0where the effect of pruning and topping was
tested under field conditions and by Yang et all(® and Nair et al. (2013) to optimize irrigation

allocation under limited water conditions. RecentBooker (2013) incorporated Cotton2K into a
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landscape-scale model and applied it to cottonumtimh across the major soil types of the TexashHig
Plains. Given the similarities of Cotton2K to GO98¥and CALGOS models, indirectly some of the
algorithms in Cotton2K have been evaluated for dewiange of soil and environmental conditions by
Staggenborg et al. (1996), Clouse (2006), Baumteralt (2009), and others.

2.2.3.COTCO2

The COTCO2 model simulates cotton physiology, ghpwievelopment, water use, biomass, and
boll yield (Wall et al., 1994). Written in Fortran a modular design, it is capable of simulatingtao
crop responses to elevated [ff@nd potential concomitant changing climate vdedab particularly
temperature. Explicit physiological mechanismsused to minimize reliance on empirical relationship
which are data dependent. The morphogenetic teeptatcept in the KUTUN model (Mutsaers, 1984)
and the physiological detail in an alfalfa model.LFALFA (Denison and Loomis, 1989), served as
prototypes for the COTCO2 model.

Leaf physiology is central to simulating plant respe to the environment in COTCO2 and
consists of the following components, which areudated hourly: 1) leaf energy balance to account fo
stomatal effects on leaf temperature, transpiratiord assimilation; 2) stomatal conductance coupled
with leaf energy balance; 3) biochemical chloropl@®, assimilation; 4) apparent dark respiration for
each organ type based on basal coefficients fogtiamtitative biochemistry of biosynthesis of ekigt
phytomass (maintenance respiration) and that lineegrowth (growth respiration); and 5) carbohydrat
pool dynamics.

Growth is simulated for individual meristem, steegsent, leaf blade, taproot, lateral root, and
fruit (squares and bolls) organs. Potential grovwtitalculated, followed by the carbohydrate and N
required to meet potential growth. Actual growttb&sed on potential growth, substrate availabitityd
water and temperature stress. Physiological agehvig the time-integrated value of developmerde r
places an upper limit on growth rate, and physicigage determines organ phenological state. The
phenology of the simulated cotton plant does noteldp based on calendar days. Rather, plant
development and growth rates are based on a timedeture running sum. The response of
physiological time to temperature is based on athekius equation with both low and high temperature
inhibition. At the reference temperature (e.g.,@bphysiological time is equal to calendar day#hiv
the low and high temperature limits, physiologitale proceeds faster and slower than calendar atme
temperatures higher and lower than the referemopdeature, respectively.

The COTCO2 model can simulate cotton productiorr @véroad environmental range, while

providing the means to predict the impact of chand€0,] and any associated potential climate change
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on global cotton production. Ultimately, it coulidan the development of strategies to mitigate the

adverse effects of global climate change, whilénoigtng those that are beneficial.

2.2.4.0ZCOT

The structure of the OZCOT model has been desciibéétail by Hearn (1994) and Hearn and
Da Roza (1985). It was developed using a 'top deyyptoach, meaning processes were simulated with
only sufficient detail to provide reliable estinmati of the impact of management and environment on
cotton growth, development, and fiber yield. Sintiola approaches were broadly mechanistic at the cro
and plant level. The OZCOT model, which advancesataily time step, is principally driven by air
temperature and intercepted radiation, and it wak by linking a model of fruiting dynamics with a
water balance model and simple N uptake model.diditian to validation using research experiments
(Hearn, 1994), OZCOT has also been validated inngercial fields for both irrigated (Richards et al.,
2008) and rainfed cotton systems (Bange et al5200

The central component of OZCOT is the fruit proghrctand survival subroutine (Hearn and Da
Roza, 1985), which was used in the SIRATAC pestagament DSS (Hearn and Bange, 2002). The
rates of fruit production, fruit shedding, and gtbwef organs are governed by C supply. The OZCOT
model tracks the total number of fruiting sitesuaes, bolls, and open bolls by daily cohorts. Avne
cohort of squares is produced and subsequentlylafme through anthesis to maturity. Although
OZCOT does not explicitly simulate the branchingicure of the plant, aspects of morphology are
implicit in the function that generates the numbfesquares (Hanan and Hearn, 2003).

Carbon supply for a given day is estimated fromertepted light and a canopy-level
photosynthetic rate (Baker et al., 1983), with negon calculated as an empirical function of fing
site count and mean air temperature. Light intaigaps estimated using Beer’s law, and leaf asa i
simulated using an empirical correlation betweaeritifrg site production and leaf area (Jackson ¢t al
1988). The rates of leaf expansion, photosynthasid,fruiting are modulated by the supply of wated
N and by waterlogging.

The water balance in OZCOT is calculated usingRhehie (1972) approach with a calibrated
soil water extraction routine based on increasimgp$y with increasing depth of extraction over time
The OZCOT model does not maintain a dynamic sdilaince analogous to water, but uses a N uptake
model. At the start of the season, potential N kpta estimated based on soil N and fertilizer tspu
(Constable and Rochester, 1988) and is reviewdy tacalculate a stress index. The stress indalesc
the rate of a process and is based on the ratierdietween supply and demand for a resource webat
the current and maximum value of a state varialmleaddition to N, there are also stress indices for

shortages of water and C.
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The OZCOT model can be principally used in two nsode strategic mode that generates
simulations over multiple seasons using pre-detegthmanagement rules and historical climate daga or
tactical mode that simulates specific managememttiges for a particular season. In both modesy dai
values of rainfall (mm), maximum and minimum amigerature (degrees C), and solar irradiation (MJ m
%) are required. Relative humidity at 0900 h anddwimn (km) can also be included for improved
precision of daily ET estimates. Soil input infotioa includes the number of soil layers and thejpttis,
plant available water holding capacity, initial piavailable water (in volumetric units), and agraoil
bulk density across layers.

Agronomic inputs include parameters for differeatton cultivars, including leaf type (okra or
palmate), squaring rate, maximum boll size and ldgweent rate, fiber percentage, background fruit
retention (transgenic or non-transgenic), row sgacplants per m of row, initial available soil N,
irrigation rates and application dates, N rates application dates, and planting dates. If a specif
planting date or days when irrigation occurs ispravided, management rules are used to estimase th
times in the strategic mode.

The OZCOT model can simulate production in rainfediimited irrigation cropping systems
using ‘skip row’ configurations (Bange et al., 200bhese are row configurations that have entivesro
missing from the planting configuration to incredbe amount of soil water available to the crop at
critical growth stages. The OZCOT model uses a fremtlsoil water content stress index that accounts
for the non-uniform distribution of the availabjlibf soil water from the planted and non-planted/so
(Milroy et al., 2004).

Key outputs generated by the OZCOT model includesaeal estimates of fiber yield, yield
components, dates of phenological stages, maximém M use, and water balance metrics such as
effective rainfall and crop water use efficiency Y&). A separate output file is also generated that
provides daily within-season calculations of crapgoess, stress indices, and resource use.

The OZCOT model is the only supported cotton mddeRustralia that is used in decision
support and research. Currently, the OZCOT mod#étéscore component of the HydroLOGIC tactical
and strategic cotton irrigation DSS (Richards et2008). To refine simulations of in-season cragier
use in HydroLOGIC, OZCOT was modified to acceptitioldal measurements of soil water status and
crop growth, such as LAl and fruit number. Other93Shat have used OZCOT include CottBASE
(http://cottassist.cottoncrc.org.au) for irrigaatton systems and Whopper Cropper (Nelson et0aRP
for rainfed cotton systems. Both are databasesesfun OZCOT simulations based on historical clienat
data for various combinations of management optisoits, and regions.

The crop growth component of OZCOT is used as thior module of the Agricultural
Production Systems sIMulator (APSIM) modeling fravoek (Keating et al., 2003), which is used to
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address farming systems issues (Carberry et &9)26our main components form the basis of APSIM:

a set of biophysical modules that simulate farméygtem processes; management modules allowing
users to specify management rules; modules toitéeil handling of input and output data; and a
simulation engine that drives the simulation prgcaisd passes messages between independent modules.
Biophysical modules are available for a diversegeaaf crops, pastures, and trees within APSIM, and
modules for soil water balances, N and P transfioms, soil pH, erosion and a full range of
management controls are also included.

Until recently, OZCOT was written in Fortran anchyaled as a dynamic link library. Currently
called 'mvOZCOT', the OZCOT model has been rewriiteC# and was reengineered using the common
modeling protocol of the Commonwealth Scientifiadandustrial Research Organisation (CSIRO) to
allow more seamless integration with APSIM and othedeling frameworks (Moore et al., 2007). This
has enabled OZCOT users to implement the model etitar soil water and N modules. While OZCOT
continues to be used as a research and manageoognturrent efforts to enhance its functionality

include the addition of new algorithms to simulfier quality and climate change impacts.

2.2.5. CSM-CROPGRO-Cotton

The Cropping System Model (CSM)-CROPGRO-Cotton rh{dtnes et al., 2003; Pathak et al.,
2007) is implemented in the Decision Support SystEm Agrotechnology Transfer (DSSAT,;
Hoogenboom et al., 2012). The DSSAT system hasng kistory originating with the International
Benchmark Sites Network for Agrotechnology TrangfBSNAT) Project that was funded by the United
States Agency for International Development fron823hrough 1993 (Uehara and Tsuji, 1989). The
initial crop simulation models of DSSAT includedetiCERES-Wheat, CERES-Maize, SOYGRO, and
PNUTGRO models. The SOYGRO, PNUTGRO, and BEANGRGQlet® were later combined into a
generic grain legume model, CROPGRO (Hoogenbooal. e1992). To address cropping systems and
especially crop rotations, the CSM was developeddd et al., 2003). The CSM model uses a single set
of computer code for dynamic simulation of the swmdter, inorganic soil N, and organic C and N
balances (Gijsman et al., 2002; Godwin and Sin§B81Ritchie, 1998, Ritchie et al., 2009). Receatly
soil phosphorus module was also added to CSM (Dadtal., 2010). For the simulation of growth,
development and ultimately yield for individual ps different crop modules are being used, sudches
CERES-Maize module for maizd4a mays), CERES-Rice for rice(fryza sativa; Ritchie et al., 1998) or
the CROPGRO module for grain legumes (Boote eflaP8). This allows for the continuous simulation
of crop rotations, such as a soybe@ty¢ine max) and wheatTriticum aestivum) rotation or a wheat and
rice rotation (Bowen et al., 1998; Tojo Soler et 2011).
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The CROPGRO module uses a daily time step for iatém, starting at planting and ending at
crop maturity or on the final harvest date. Thdedénces among the individual crops or species are
handled through external genotype files, as opptsedlues or specific equations that are embedtded
the code. There are three genotype files: one dachcultivar, ecotype, and species coefficients
(Hoogenboom and White, 2003). The latter includearsge of temperature functions for development,
photosynthesis, partitioning, and various other gudlggical functions. It also includes detailed
composition parameters with respect to proteirsddi, fiber, carbohydrates, and other properties of
different plant components, including leaves, sterosts, and reproductive structures. This approach
assumes that the underlying plant physiologicat@sees of each crop are similar, but the interacfo
genetics with environment and management is diifere

The original DSSAT systems did not include a mddefiber crops. Because of the importance
of cotton in the southeastern United States, eahees part of common rotations with peandtachis
hypogaea), there was a need for the development of a cdmepmdve cotton model. Rather than
developing a new set of code, the decision was nadise the CROPGRO module as a template. The
emphasis was to obtain detailed physiological mfation to define the functions and parametersHer t
species file and experimental data for initial mModibration and evaluation. The CSM-CROPGRO-
Cotton model was developed through a collaborafiert among scientists at the University of Flarid
and the University of Georgia (Pathak et al., 208&cause of the existing infrastructure of DSSIE,
cotton model could easily be added to DSSAT withengiating different utilities for data input and
application programs.

Similar to the other DSSAT crop simulation modéie CSM-CROPGRO-Cotton model requires
environmental data, crop management, and gendbemation as inputs (Hunt et al.,, 2001). Required
environmental measurements include daily weath& fta maximum and minimum air temperatures,
solar irradiance, precipitation, and soil profital Required soil data include soil surface charistics,
such as slope, color, albedo, soil drainage, asdrifgions of a one-dimensional profile, includiogver
limit of plant extractable water (LL), drained uppienit (DUL), saturated soil water content (SABulk
density, organic C, and total soil N. Recently,eavrfeature was added to the CSM models that allows
input of [CQ] from an external file, which is based on the &@lues measured at the long-term,CO
monitoring site on Mauna Loa in Hawaii. Crop mamaget practices include planting date; plant density
and row spacing; planting depth; dates and amafritsigation application; dates, amounts and tgpe
fertilizer application; and dates, types, and dgpth tillage. Environmental modifications, includin
climate change modifications, can be entered indheronmental modification section of the crop

management file.
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As stated previously, the genetic information isvided in three data files. The species file is
associated with a specific crop and is part ofcitwe model development and calibration. Therefene,
users should not modify parameters in the sped&sThe cultivar parameter file specifies 18 aalt-
specific parameters for each cultivar. These irelodefficients that describe the time from emergenc
flowering, time from flowering to first boll andrfit seed, time from first seed to physiological umigy,
maximum single leaf photosynthetic rate, singld &&ze, specific leaf area, individual seed sizagtion
of seed cotton weight over total green boll weigrtd oil and protein composition of the seeds. The
cultivar file that is distributed with DSSAT inclad a few cultivars for which the cultivar paramster
have already been defined, including those foretk@mple experimental files that are distributechwit
DSSAT. In general, however, users must calibrage tultivar parameters using a set of measured dat
from either experiments or variety trials (Pathakle 2012). The ecotype file includes 17 paransetteat
define the unique characteristics of a group ofivais, such as a short season versus a long season
cultivar, and they normally will not change amongraup of similar cultivars.

In CSM-CROPGRO-Cotton, the overall integration dfedential equations occurs on a daily
time step. The CSM is written in Fortran (Thorpakt 2012), and the software code includes differen
sections for model initialization, calculation bietrate variables, integration of the equationd, @date
of the state variables. Both daily and seasong@uiubutines are available (Jones et al., 20033.rmbdel
is initiated at the start of simulation, which caccur at or prior to planting. At this point, thatial or
boundary conditions are set, especially with respednitial soil water content, inorganic soil Noil
organic C, and residue remaining from the previoog. If the model is started prior to plantinglyotine
soil processes are simulated. When planting octliescrop growth module is initiated and vegetative
development is simulated. Internally, both the vatige and reproductive development processes are
calculated on an hourly basis while integrationunscat a daily level. Hourly ambient temperature is
calculated internally based on the maximum and mimn daily air temperature. In parallel to crop
development, photosynthesis is simulated on anihdasis based on light interception of a hedgerow
canopy, and integration occurs on a daily basiso{®@nd Pickering, 1994). The model accounts for
maintenance respiration based on current total &ésnfor growth respiration based on partitionmthe
different plant organs, including roots, stemsyésa bolls, and seed cotton, and for the compaositio
each organ.

During vegetative growth, partitioning to roots,aves, and stems is a function of the
development stage and is source-driven. Howevere oreproductive development has started,
partitioning is sink-driven based on the requiretador carbohydrates for the reproductive strucure
including the bolls. Any remaining carbohydratesttiare not used for growth of the reproductive

structures can be used for further growth of thgetative structures. Once flowering has startee, th
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model accounts for the number of flowers that areéd on a given day, called clusters. This system
maintained through the entire reproductive procaliewing for the abortion of flowers, squares, and
bolls if insufficient carbohydrates are availabde feproductive growth. The priority of the carbdtate
distribution is based on the status of the cohdhnis;ones that were formed first have the highastify

for carbohydrates and the ones that were formedhage the lowest priority. During reproductive
growth, remobilization of N from senesced leavesl petioles can also occur in order to support
reproductive growth. Most of the growth, developmesnd partitioning processes have their own
temperature response functions that are definéukispecies file.

Drought stress is represented by two differentsstfactors: one that affects the turgor-based
growth processes and another that affects photioagist and growth processes. Drought stress occurs
when the potential demand for water lost througlngpiration and soil water evaporation is highanth
the amount of water that can be supplied by théthodugh the root system (Anothai et al., 2013).
Evaporative demand is calculated using the Priedtig/lor equation, which requires daily solar
irradiance and maximum and minimum air temperatagemput (Priestley and Taylor, 1972). An option
is also available to use the Penman-Monteith eguoidtir calculating potential ET. The soil waterdrade
is based on the tipping bucket approach for a amemsional soil profile (Ritchie, 1972; 1998). Eaudil
horizon or computational soil layer is charactatiby the LL, DUL, and SAT, which can be calculated
based on soil texture and bulk density using igdlitprovided with DSSAT. The daily potential ET
demand is calculated first, and the potential wstpply for root uptake is based on the soil watetent
of each layer, the root distribution, and a roais&nce factor. If the potential supply is gredhan the
potential demand, the supply is set equal to timashel, and the associated processes are updated. If
demand is greater than the supply, transpiratiehsail water evaporation are reduced to the siradlat
supply, and drought stress factors are calculagsgd on the difference between potential demand and
potential supply.

The CSM-CROPGRO-Cotton model includes a detailéldasml plant N balance. Although the
original CROPGRO model included N fixation, the raladt structure of CSM allows for individual
modules to be turned on or off (Jones et al., 20@3)etailed description of the soil N balanceiigeg by
Godwin and Singh (1998), which is the same focadp modules of the CSM. Soil N includes a myriad
of processes that are calculated for each soizborbr computational layer for the transformatidn o
organic N to inorganic N in the form of nitrad@d ammonium. For the calculation of the processes
associated with soil organic C and N, there are éwtions. One is the original model developed by
Godwin and Singh (1998), and the other is an addmapproach based on CENTURY (Gijsman et al.,
2002). The latter approach is especially suitabteldw-input systems or for determining the soil C

balance associated with soil C sequestration.
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Because of the generic structure of the CROPGROemdte CROPGRO-Cotton module
benefits from other model features that were prestip added to CROPGRO. One such feature is the
generic coupling points that emulate the poteritigdact of pests and diseases on crop growth and
development (Boote et al., 2008; 2010; 1983). Thesmpling points allow for the removal of tissue of
the various organs, a modification of leaf areagduction in the availability of carbohydrates, and
various others that are specified in a crop spegiéist input file. The actual removal or changes ar
provided through a time-series input file. Ortizat (2009) used this option to study the impact of
southern root-knot nematodes on biomass growtlsaed cotton yield.

Most of the applications of the CSM-CROPGRO-Cottandel have been conducted in the
southeastern United States, including the detetinimaf irrigation water use in Georgia (Guerraagt
2007), the impact of climate variability and El Nifia Nifia Southern Oscillation (ENSO) on seed c¢otto
yield under different cotton management optionsr¢faay Garcia et al., 2010; Paz et al., 2012),
sensitivity to solar irradiance (Garcia y Garciakt2008) and other inputs (Pathak et al., 208, crop
insurance (Cabrera et al., 2006). Applications bdythe United States have been limited, excepafor
climate change application in Cameroon (Gérardieual., 2013) and a study of irrigation stratedies
Australia (Cammarano et al., 2012).

The CSM-CROPGRO-Cotton model is included in DSSAddgenboom et al., 2012). The most
recent version of DSSAT can be requested from t88AT Foundation web site (www.DSSAT .hat
no cost. Utility programs are available within DSS#r entering experimental and environmental data,
as well as measured data, for model calibrationemadliation. DSSAT also includes special applicatio
programs for crop sequence or rotation analyses fandeasonal analyses that include economic

components. The source code for the model is dlailgpon request.

2.2.6. Generic crop models

Several generic crop models, which simplify cropvgh routines for applicability to a variety of
crops, have also been developed, and limited reog available for the use of such models in ootto
The Environmental Policy Integrated Climate (EPt@9del, originally called the Erosion-Productivity
Impact Calculator (Williams et al., 1984), simukatthe impact of climate and management on soil
erosion, water quality, and crop production. Thaeagie crop model in EPIC (Williams et al., 1989) is
currently parameterized for approximately 80 crdpsluations of the EPIC model have been conducted
for cotton systems in Georgia (Guerra et al., 208dd Texas (Ko et al., 2009a). The Simple and
Universal CROp growth Simulator (SUCROS; Van lttenset al., 2003) models daily canopy £O
assimilation for potential production and includestipping bucket soil water balance routine with
Penman ET. Zhang et al. (2008) modified SUCROS (BOS-Cotton) to simulate 'cut-out’, fruit

JCS 17



572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605

dynamics, fruit abscission, single boll weight, ditér yield for cotton. The model was evaluated do
cotton system in China. Another Wageningen cropehddfOrld FOod STudies (WOFOST; Van Diepen
et al., 1989; Van lIttersum et al., 2003), is useddeneric crop growth simulations in the Soil-Wate
Atmosphere-Plant model (SWAP; Kroes et al., 20@88jch simulates vadose zone transport of water and
solutes. Crop yield in SWAP can also be computéagus simplified crop growth algorithm (Doorenbos
and Kassam, 1979). The GRAMI model (Maas, 1993a) kuas originally developed to estimate growth
and yield of gramineous crops such as wheat, maize, sorghumSprghum bicolor). The model was
specifically designed to accept remote sensing id@tats for improving the accuracy of its crop gtbw
simulation. Ko et al. (2005) modified the origifaRAMI model to simulate growth and fiber yield of
non-stressed cotton. The Root Zone Water QualityddldRZWQM; Ma et al., 2012) originally
incorporated a generic crop growth model but nosluithes the CSM crop modules (Jones et al., 2003),
specifically the CROPGRO-Cotton model for cottosteyns. CropSyst (Stockle et al., 2003) is a daily
time-step cropping system model that simulates matel N balances, crop growth and development,
residue recycling, erosion by water, and salinitydsponse to climate, soils, and management. Somme

et al. (2008) recently evaluated CropSyst for eottoUzbekistan.

2.3 Historic applications of cotton models

In the previous century, cotton simulation modetrevused to assess irrigation and N fertilizer
management strategies and to understand the effeclisnate variability on cotton fiber yield. Marof
these early efforts were based on the GOSSYM m@deKinion et al., 1989). Comparisons of
GOSSYM-simulated crop water use with field meas@a® were an important step to evaluate the
model for irrigation management purposes (Asar@.et1992; Staggenborg et al., 1996). The Austialia
model, OZCOT, was used to make irrigation managermdecisions in relation to water supply (Dudley
and Hearn, 1993a; Hearn, 1992). To characterizmpcts on cotton production, GOSSYM was used to
manage N fertilization events for a field study South Carolina (Hunt et al., 1998), to evaluate N
fertilizer recovery and residual soil N for cottegstems in Mississippi (Stevens et al., 1996), &nd
assess the effect of N fertilization rate and tgnim cotton fiber yield over a long-term weatherore in
west Texas (Wanjura and McMichael, 1989). Ramarmanay et al. (1998) used the EPIC model to
optimize N fertilization management in Oklahoma lelionsidering N recovery in cotton fiber yield and
N loss to the environment.

Using GOSSYM, Landivar et al. (1983a) examined affeof the 'okra-leaf' trait on cotton fruit
abscission and fiber yield. Under favorable N ctiads, it appeared that a slight yield advantagé tiie
okra-leaf trait was the result of improved lighteirception. However, under less favorable condition

okra-leaf restricted LAI, which reduced yields.drsecond paper (Landivar et al., 1983b), photosyitth
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rate, specific leaf weight, and leaf longevity weagied. Greater photosynthetic rate increased fjlzid,
but if increased photosynthesis was achieved thirairgater specific leaf weight (thicker leaves), no
yield benefit occurred. Extending leaf longevitypapred more promising for increasing yield, but the
model did not deal with possible tradeoffs betwiearfi longevity and processes such as N remobitinati
Due to concerns of declining cotton fiber yield oweveral decades, GOSSYM was used to
examine climate effects on cotton fiber yield atesal locations across the United States Cotton Bel
(Reddy and Baker, 1990; Reddy et al., 1990; Wargme Barker, 1988). Weather variables were shown
not to be a driver of fiber yield declines, butrieesing ozone level may have reduced fiber yialds i
Phoenix, AZ and Fresno, CA (Reddy et al., 1989)alSincreases (10%) in fiber yield due to elevated
CO, were found when soil N levels were sufficient. aydand Hearn (1993b) used OZCOT to evaluate
El Nifio effects on irrigated cotton systems in Naraistralia. Other early applications of the GOS&Y
model included an economic evaluation of altermatiesiccant application strategies (Watkins et al.,
1998) and an assessment of N fertilizer recommérdatin the context of precision agriculture
(McCauley, 1999). Exploration of the link betweerog simulation models and canopy spectral
reflectance indices was also an early priority attan research (Wiegand et al., 1986). Within-seaso
calibration of crop growth models using remote ganslata was originally described by Maas (1988a;
1988b) and later implemented in GRAMIL. In this badition procedure, within-season estimates of actua
crop growth, such as LAl or ground cover, were ig@ from remote sensing data. The model
parameters and initial conditions were then itgedyi adjusted to minimize the difference between
simulated crop growth and the measured growth fremote sensing data (Maas, 1993a; b; c). Finally,
Larson and Mapp (1997) used the COTTAM model (Jacclet al., 1988) to estimate cotton production
responses and net revenue to various managemeus.inphe simulation results were then used to
evaluate the performance of cotton cultivars anassess planting, irrigation, and harvest decisimrier

risk. These studies laid the foundation for cottmydeling applications in the new century.

3. Present Directions: 2000-2013

3.1. Recent development of cotton models

Studies on the application of cotton simulation eledafter year 2000 vastly outnumbered the
studies reporting new model developments. Howetierg are a few recent and notable accomplishments
in the development of simulation models for cottdhe AquaCrop model, supported by the Food and
Agriculture Organization (FAO) of the United Nat®ris a new generic crop model for simulating yield
response to water management (Raes et al., 208d@ytStet al., 2009). This effort resulted in a datian
model, based on plant physiology and soil watearzd, that replaced previous FAO publications for

estimating crop productivity in relation to watempgly. In a short time, the model has been used for

JCS 19



640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673

number of irrigation management studies in cottlingussed in the next section, and in other crops.
Pachepsky et al. (2009) developed and parametdtiwedew WALL model for cotton, which simulates
individual leaf transpiration with emphasis on wabteovement within the leaf. Finally, Liang et al.
(2012a) developed a GOSSYM-based, geographicadlirilnlited cotton growth model that has been
coupled with the Climate-Weather Research Foramadfiodel (Skamarock et al., 2005) for studying the
effects of changing climate on cotton production.

The literature demonstrates a significant resedtulust toward cotton simulation model
development in China, the world's leading cottoodpicer. Ma et al. (2005) conducted field studies at
four locations in China and developed a simulatioadel for cotton development and fruit formation.
Zhu et al. (2007) designed a web-based DSS formampagement that included process-based simulation
models for four crops, including cotton. Li et @009) developed a model for simulating boll matiorg
seed growth, and oil and protein content of cotteds The model was calibrated and evaluated using
experimental data sets from two locations in Chitao et al. (2012) focused on cotton fiber proidunct
and developed a model for simulating cotton fitmrgth and strength based on air temperature, solar
irradiance, and N effects.

Another noteworthy direction of research is theergcdevelopment of higher-dimensional
models that simulate cotton canopy and root arctiite. Coelho et al. (2003) used principles from
GOSSYM and DSSAT-CSM to develop a model for simaladf horizontal and vertical distributions of
cotton root growth at the field scale. Similarlymalation of three-dimensional cotton root growthsv
investigated by Zhang and Li (2006) in China. Haaad Hearn (2003) linked a model of cotton plant
morphogenesis and architecture with OZCOT. The doeabmodels allocated flower buds to assigned
positions on the plant, and water, N, and C steessatrolled fruit growth and abortion. Jallas kt a
(2009) combined a mechanistic model of crop groawid development with a three-dimensional model
of plant architecture. Together, the two modelsdpoed an animated visualization of cotton growth fo
one or several cotton plants. Alarcon and Sasdefiftl1) analyzed digital images of cotton canopies
and developed a dynamic model to simulate changetion leaf number and leaf size during the
growing season. These studies evidence a movedasimulation models that consider the influence of

plant architecture on cotton growth, a characieribat is not considered in most existing cottadels.

3.2. Recent applications of cotton models
3.2.1. Crop water use and irrigation management
3.2.1.1. North American cotton production
Several cotton simulation models, including Cottén2CSM-CROPGRO-Cotton, EPIC,
GOSSYM, and GRAMI, were implemented for water-rethtresearch in North America since 2000.
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Researchers have used these models to assess atepdemand and as a tool for cotton irrigation
scheduling. The models were sometimes integratéd @ther models and software to increase their
utility and effectiveness.

Baumhardt et al. (2009) simulated fiber yield ustB@SSYM for a 40-year period at Amarillo,
Texas and used these data to analyze the impauaigaftion depth, irrigation duration, and initiadil
water content on WUE and fiber yield of cotton.léiver initial moisture content, fiber yield and WUE
increased with increasing irrigation depth, whiténgher initial soil water content, WUE was lowier
the higher irrigation depth although fiber yield sMaigher. They also reported that, with low irrigat
water availability, concentrating the irrigation teato a subset of the field area could increastmio
fiber yield.

The CSM-CROPGRO-Cotton model was evaluated for Isitimg cotton growth and
development under different irrigation regimes iedBjia and was found to be a promising tool for
irrigation scheduling (Suleiman et al., 2007). Sations of ET were compared with field experimental
data from Griffin, Georgia to evaluate the FAO-36pccoefficient procedure for irrigation management
in deficit irrigated cotton production. Root meaguared errors between measured and simulated ET
ranged from 2.5 to 3.5 mni‘dand model efficiency statistics were less th&8 0These results indicate
potential for further refinement of the model's &mulation.

Guerra et al. (2004) evaluated the EPIC model maukite cotton fiber yield and irrigation
demand in Georgia. The model simulated cotton fibeld and irrigation requirements with root mean
squared deviations of 0.29 t|hand 75 mm, respectively. The model performanceéoion was better
than for soybean and peanut. The EPIC model was aded to compare simulated crop water
requirements for cotton, peanut, and corn withattteial irrigation amounts applied by farmers in @eo
(Guerra et al., 2005). This study revealed thatCERAs useful for assessing on-farm irrigation water
demand. Guerra et al. (2007) used the CSM-CROPGBfCmodel to simulate irrigation applications
for individual fields and then used kriging to ewstite the spatial distribution of the irrigation watise
for cotton in Georgia. The technique enabled edtonaof water use at spatial scales more suitable t
inform policy makers.

Nair et al. (2013) evaluated Cotton2K for the Tekiigh Plains by simulating cotton fiber yield
for a 110-year period at Plainview, Texas. Sixgheidifferent irrigation treatments were simulated
analyze the production and profitability impactspattitioning a center pivot irrigated cotton fidlito
irrigated and dryland areas. By irrigating onlyubset of the field area, cotton fiber yield andfipability
were increased. The benefit was higher when availatigation water was low and in low rainfall yea

Ko et al. (2006) used a modified version of GRAlkpable of within-season calibration using

remotely sensed crop reflectance data, to modedrvatitessed cotton growth at Lubbock, Texas. Even
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though the model adequately simulated cotton growiber deficit irrigation, its performance was
unsatisfactory at higher irrigation regimes. Koakt (2009b) used data from field trials conducted i
Uvalde, Texas to calibrate the radiation use @ficiy and the light interception coefficient of taEIC
crop model. The calibrated model simulated fieldditons with more accuracy and hence could be a
better tool to manage irrigation water resources.

Evett and Tolk (2009) reviewed nine papers thadus®pping system simulation models to
simulate yield and WUE of four crops, includingtoot All the models in these studies simulated WUE
with considerable accuracy under well-watered dionl, but performed poorly under water stresspCro
growth models are important components of web-b&x®8s, which can be used by crop managers for

irrigation scheduling decisions (Fernandez andifigelr, 2007).

3.2.1.2. Australian cotton production

The Australian cotton model, OZCOT (Hearn, 1994)commonly used for irrigation water
management research and decision support in Alasttalvas used extensively to assess potential and
risk of productivity and value of improvements i) across all Australian cotton production regians
the field scale (e.g., Hearn, 1992). The need liesé assessments was associated with considerable
reductions in water allocations and climate valighiincluding severe droughts. These investigadio
have also included assessments of seasonal cliaratasts to improve risk quantification (e.g., Baret
al.,, 1999). Today much of this information is deligd in databases of pre-run OZCOT simulations,
based on historical climate data for various comtidms of management options, soils, regions, and
seasonal forecasts (CottBASE; http://cottassidbnotc.org.au/). Cammarano et al. (2012) used a
calibrated CSM-CROPGRO-Cotton model to undertak@lai assessments for research purposes.

In parallel to the use of OZCOT for research, a D@fed ‘HydroLOGIC' was developed to
calibrate the OZCOT model using available weatbei,water, fruit load and leaf area data for iatign
scheduling (Hearn and Bange, 2002; Richards ef@08). Irrigation timing was assessed by varying
target soil water deficits for triggering irrigati®s and then by simple user optimization of fibesldjiand
water use estimates generated by OZCOT outputal&@ions of fiber yield and water use were based on
potential growth determined by OZCOT and historidahate records for the remainder of the season.
HydroLOGIC can also be used in a strategic modectwienables users to explore the fiber yield and
water productivity of irrigation management praesic(pre- and post-season) under different weather
patterns using long-term climate data. In this maddedules are user-defined and can irrigaterthe ¢
when the soil-water deficit reaches a set levekmtthe first and final irrigation dates are deiead by

square and boll development.
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Recent advances in irrigation management have dadiuthe development of a framework
‘VARIwise’ that develops and simulates site-specifiigation control strategies (McCarthy et aD1D).
VARIwise divides fields into spatial subunits baseddatabases for weather, soil, and plant parasete
to better account for field variability. The OZCQiodel is used in two capacities in VARIwise: 1) to
simulate the performance of the control strategind 2) to calculate the irrigation application that
achieves a desired performance objective (e.g.imized bale yield or water productivity). In thesti
option, industry standard irrigation managemeratsgies are tested, which apply irrigation totfi soil
profile. In the second option, VARIwise executeg ttalibrated crop model with different irrigation
volumes over a finite horizon (e.g., five daysytiermine which irrigation volumes and timing agk®
the desired performance objective (e.g., maximile lyield or water productivity) as calculated hg t
model. The optimal combination is implemented aid procedure is repeated daily to determine the
timing of the next irrigation event and the siteesific irrigation volumes. An automatic model
calibration procedure for soil water, vegetationd druit load was developed to minimize the error
between the measured and simulated soil and p&sgonses (McCarthy et al.,, 2011). A genetic
algorithm was used to refine the soil and planapeaters that characterized cotton development.

Evaluation of VARIwise has shown improvements migation WUE for center pivot irrigated
cotton (McCarthy et al., 2010) and surface irrigatiThe field implementation of VARIwise for suréac
irrigation includes irrigation hydraulics to deténa the control actions (inflow rate and cut-ofhé)
required to achieve the appropriate irrigationriistion along the furrow as determined by the ouint
strategies. This further improves irrigation efficcies. McCarthy et al. (2013) reviewed the usergp
models for advanced process control of irrigatiord argued that process-based simulation models
perform better than crop production functions. 8igant opportunity remains to further enhance the
VARIwise system by linking the predictive functiditigs of HydroLOGIC, which is focused on crop
growth performance, with the improved irrigatiomgtice recommendations generated by VARIwise.

On-farm water storage and distribution are limitifagtors of the irrigation decision making
process for cotton production. The APSIM framewaréorporates water storage and has enabled the
exploration of irrigation management options thaly ron effluent water or opportunistic capture of
overland flow as water sources (Carberry et alQ220. To provide probabilistic forecasts of on-
allocation and off-allocation water, catchment nlsedand seasonal climate forecasts have been
implemented, and the simulated water supply wasl wgéh a cotton simulation model to determine
seasonal water requirements and cotton bale yRadér et al., 2011a; 2011b). The gross margingrwat
requirements, and subsequent bale yields were tised to evaluate different cropping areas with
different water availability and management panadig Alternatively, the irrigation events were
scheduled when the OZCOT-simulated soil water daBached a set limit or when OZCOT maximized
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bale yield (Ritchie et al., 2004). Then, a grossgimmmodel was developed using the seasonal climate
forecasts, estimated bale yield, and water apjgicdbr the given water supply. The resulting bgkdd,
water and crop production costs, and crop priceeyweovided for each year of the simulation.

With current water reform actions in the Austral&ates of Queensland and New South Wales,
water supply was calculated using seasonal strdam forecasts from the Australian Bureau of
Meteorology (Power et al., 2011b) and the Integt@®antity Quality Model (IQQM), a river flow and
water use hydrological model (Ritchie et al., 2008he calculations can be used to estimate water
availability for input into crop models. In thesppdications, OZCOT was used to determine the optima
planting area and water requirements for diffey@anting areas according to the calculated voluine o

water at sowing (Power et al., 2011b).

3.2.1.3. Asian cotton production

Asia is home to several major cotton producing tesin the world, including China, India,
Pakistan, Kazakhstan, and Uzbekistan. Irrigatedbroproduction in these countries relies mostly on
traditional water management using surface irragatpractices. Nevertheless, several studies applied
cotton simulation models for improving water mamagat strategies in these Asian countries. Yang et a
(2010) used the Cotton2iodel for estimating the irrigation water requirensefor cotton in the North
China Plain using 20 years of agronomic, hydrolpgied climate data. On average, irrigated cotton
production accounted for 8% of the total water iemuents in that region. Singh et al. (2006) evalda
water management strategies at various spatialteamghoral scales using the SWAP model in an
agricultural district in Northern India. The simtitan results indicated that seed cotton yield aradew
productivity could be improved by ensuring an adggwater supply during thdarif (summer) season.
The SWAP model was also used by Qureshi et al. (@4 determine irrigation amounts for cotton
grown in the Syrdarya province of Uzbekistan. Rissdémonstrated that an irrigation application 5@
m® ha' produced an optimal seed cotton yield of 3000 &funder the current climatic conditions with a
water table depth of 2 m. Buttar et al. (2012) usedlibrated CropSyst model for studying the intéc
global warming on seed cotton yield and water pctidity of Bt cotton grown under semi-arid
conditions in North India. Their results showedtttwal ET and crop water productivity decreasethwi

an increase in air temperature from 28° to 32° C.

3.2.1.4. Mediterranean cotton production
Irrigation water management simulation studiedanMediterranean region have mostly used the
AquaCrop, CropWat, and SWAP models. While usingSN¢AP model to evaluate the performance of

the Menemen Left Bank irrigation system, locatedhattail end of the River Gediz in western Turkey,
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Droogers et al. (2000) determined that the cottdgaition requirement was about 1000 mm, and water
productivity, expressed in terms of seed cottoddyjeer amount of water depleted from the soil, was
maximized at an irrigation amount of 600 mm. Ismaid Depeweg (2005) also studied water
productivity and cotton production in relation t@ater supply under continuous flow and surge flow
irrigation methods in short fields of clay and sasdils in Egypt using the CropWat model (FAO, 2p13
Their analysis indicated that surge flow irrigatisran efficient tool either to produce the samedyivith
less water than in continuous flow or to produaghhr yields than continuous flow when using theesam
gross irrigation supply.

Garcia-Vila et al. (2009) determined the optimumeleof applied irrigation water for cotton
production in southern Spain under several climatid agricultural policy scenarios using AquaCrop.
After calibrating the model with data from four expnents in the Cordoba Province, functions of seed
cotton yield versus applied irrigation were develdpfor different scenarios, and an economic
optimization procedure was applied. Maximum profitcurred when irrigation amounts were between
540 and 740 mm for the conditions at the study,atepending on the climatic scenario. However,ifwof
remained close to the maximum (above 95%) for agpfrigation water levels exceeding 350 mm.

Accurate simulation of crop yield under variousgation regimes (full and deficit irrigation) is
important to optimize irrigation under limited aleddility of water resources. Farahani et al. (2009)
evaluated AquaCrop for cotton under full (100%) atedicit (40%, 60%, and 80% of full) irrigation
regimes in the hot, dry, and windy Mediterraneamwirenment of northern Syria. AquaCrop simulated
seed cotton yields within 10% of the measured giétd the 40% and 100% irrigation regimes, while th
errors increased to 32% for the 60% and 80% ifdgategimes. Simulations of ET, biomass, and soll
water for the four irrigation regimes were partély promising given the simplicity of the AquaCrop
model and its limited parameterization. AquaCros a0 used to study seed cotton yield responses to
deficit irrigation for a three-year (2007-2009)ldieexperiment conducted in the southeast of Dangscu
Syria (Hussein et al., 2011). Drip irrigation wased for cotton management under full and deficit
irrigation (80%, 65%, and 50% of full irrigatior§imulations of seed cotton yields were within 6%ghef

measurements. However, the model overestimated WAdEr water-deficit conditions.

3.2.2. Nitrogen dynamics and fertilizer management

Over application of N and other fertilizers on féands not only increases input costs but also
causes excessive vegetative growth and delayedritgatao cotton. Excess N fertilizer can also
contaminate surface water and groundwater and rmenedse nitrous oxide emissions from the soil.
Cotton simulation models that include soil proceskelp assess impacts of fertilizer management,

including application rates, method, and timing, mrtrient dynamics and water quality. Reddy et al.
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(2002b) reviewed the use of GOSSYM to assess thpadmof fertilization on cotton productivity,
evaluate N dynamics as influenced by fertilizerlapion rates, and investigate the effect of Nilieer
application timing on cotton fiber yield. In gener&OSSYM overestimated fertilizer N recovery by
plants, which was attributed to the inability oEthodel to simulate mineralization and immobiliaati
processes or ammonia volatilization losses fronstikor the plants (Boone et al., 1993).

Braunack et al. (2012) examined the effect of epfilanting date and cultivar selection on N use
efficiency in cotton farming systems in Australiardugh field experiments and OZCOT model
simulations. From the field experiments conducteer dwo years at Narrabri in New South Wales, they
found that there was no difference in N use efficiebetween two cotton cultivars: CSX6270BRF and
Sicot 70BRF. They also found that the N use efficie was not statistically decreased if planting
occurred within 30 days from the normal target ptandate of 15 October. The OZCOT simulations
using 53 seasons (1957 to 2010) of climate datdofay, medium, and short cotton growing regions in
New South Wales and Queensland indicated that theseéN efficiency was relatively constant over
planting dates from 30 September to 30 Octobeth@ medium and short season areas and from 30
September to 30 November in the long season ardsjecreased steeply thereafter.

The soil N dynamics and seed cotton yields undeyivg N rates for cotton in the Khorezm
region in Uzbekistan were simulated by Kienzler (@0 using the generic cotton routine within the
CropSyst model. The simulated plant N uptake wghdrithan the applied fertilizer for all treatments
to the N fertilizer rate of 160 kg Hand increased with higher N fertilizer amounts tmaximum of 214
kg N ha' for a fertilizer rate of 250 kg N HaSimulated crop production under farmers’ praciies not
N-limited when more than 80 kg N havas applied. Hence, while maintaining the totaban of N
fertilizer within 120 to 250 kg N K& changing the timing or number of applications miid improve seed
cotton yields. The simulations also indicated tmareasing seed cotton yields without increasing N
losses was possible when water supply better maibbeand.

The EPIC model was used by Kuhn et al. (2010) timege cotton fiber yields as a function of
fertilizer application rates (ranging from 0 to 30§ N ha’) at the regional scale, by dividing the Upper
Oueme basin in Benin, West Africa into 2550 crogpmnse units, which were quasi-homogenous with
respect to land use, soil, and climate. The outpiutee crop simulations for different N applicaticates
were then used to establish yield response furgtiwhich were finally integrated to an economic elod
to simulate the effects of tax exemptions on fesil use, crop yields, food balances, and useraf la
resources for the most important crops of the regimluding cotton.

Chamberlain et al. (2011) used DAYCENT, a C andyblicg model, to simulate N dynamics
under cotton production and then employed the sitimr results to assess the environmental impdcts o

land conversion from cotton to switchgrass in tbetlsern United States. Long-term simulations showed
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a reduction of N in runoff (up to 95%) for conversifrom cotton to switchgrass at N application saié
0-135 kg N hd. They concluded that the model could more acclyratenulate ‘relative differences’
rather than ‘absolute values’ for each croppingtesys Using RZWQM, Abrahamson et al. (2006)
simulated nitrate leaching from tile drains undenwentional and no-tillage management practices in
cotton production and ryeSécale cereale) cover cropping practices in a Cecil soil (kadlmithermic,
Typic Kanhapludult) in Georgia. However, the moaes unable to simulate the pattern of nitrate
transport in these soils, which led to large défares between simulated and measured values bklac
nitrate (62 and 73 kg Hefor conventional tillage and no-till, respectivel¥he authors stated that the ion
exchange equations in the RZWQM were included @oryhe major cations and not for anions adsorbed
onto soil, and this might have resulted in the miglation of nitrate leachate losses.

Recently, Shumway et al. (2012) tested the newoljitn Loss and Environmental Assessment
Package (NLEAP) for its ability to simulate N dyniamfor different cropping systems, including cotto
in three different locations in the Arkansas Defémulations by the NLEAP showed that the model
simulated the effects of management on residudindinate, and it could be used as a tool to quickl

evaluate management practices and their effegtamtial N losses from cropped lands.

3.2.3. Geneticsand crop improvement

The ability of crop models to simulate the interaeteffects of plant traits, environment, and
management makes such models attractive tools gy onprovement (White, 1998). Models find
application both in simulating how specific traitepact yield and in analyzing how variability in
production environments impact yield. While modate often proposed as tools for analyzing genotype
by environment responses in support of breedirgy,(Ehapman et al., 2003; White, 1998), no examples
were found where a cotton model was used to chaiaetthe target population of environments or to
analyze the environmental effects in breeding migser varietal tests. One constraint may bedbton
simulation models lack sufficient genetic and pblggiical detail to describe cultivar differencedriaits
such as canopy temperature. Gene-based modelimpdasavenue to strengthen the genetics and
physiology of models, but it requires understandifthe genetic control of traits of interest (Bert al.,
2010; White and Hoogenboom, 2003). Until gene-baredeling goals are realized, model inversion
techniques may be useful to estimate crop traitgadgties in large field trials, where crop sessare
deployed for field-based high-throughput phenotgdihite et al., 2012).

3.2.4. Climatology
Since crop development is driven by weather, anoiamt application of cotton models is to

analyze the impact of climatological patterns oodpiction. Fernandez and Trolinger (2007) described
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web-based DSS that provides easy access to weadihwork data and numerical tools that simulate
cotton responses to environmental conditions irttsdiexas. A heat unit approach was used for crop
development, while crop height, LAI, and canopyerowere simulated using empirical equations. To use
models for large-scale spatially distributed sirtiolas, reliable weather data is often unavailable,
particularly for solar radiation and precipitatiorherefore, researchers have sought alternatives way
derive such data. Richardson and Reddy (2004) seedn solar radiation models and four temporal
averaging schemes to estimate solar irradiancecatidn production simulations were evaluated at te
locations across the United States using the doladiance data in GOSSYM. Cotton fiber yield
estimation accuracy depended on solar irradiantienatfon accuracy, but location and management
practice (irrigated versus rainfed) also impacteel simulation results. Although the radiation medel
estimated solar irradiance and fiber yield welle thombination of minimum and maximum air
temperatures, rainfall, and wind speed performed foe simulation of solar irradiance and fiberlgiat

all locations. Garcia y Garcia et al. (2008) coreplathe effects of measured and generated solar
irradiance on simulations of cotton, maize, andnpearops in Georgia using the CSM. Simulations of
total ET, aboveground biomass, and seed cottonl yielre similar for generated and measured solar
radiation. They concluded that generated solamat@ti data could be reliably used as input to cotto
simulation models in locations where measured deate not available.

Cotton simulation models have also been used ttyshe effect of cyclical climate variations on
cotton production, particularly the ENSO. Garci&grcia et al. (2010) studied the spatial variabibi
seed cotton yield and WUE of cotton grown in thetkeastern United States as related to ENSO phases.
Seed cotton yield and WUE of rainfed cotton weftedéntially affected by ENSO, and seed cottondyiel
was differentially affected by rainfall, air tempéure, and solar irradiance within ENSO phase.
Simulated seed cotton yield for rainfed cotton Wagher during La Nifia than during El Nifio and naltr
years, ranging from 3044 to 3304 kg'rduring El Nifio years, from 2950 to 3267 kg'taguring neutral
years, and from 2891 to 3383 kg'tduring La Nifia years. Also, simulated seed cotfieid of rainfed
cotton showed a stronger spatial dependence dgtihfio and neutral years than during La Nifia years
Paz et al. (2012) examined the ENSO effect on odtber yields in Georgia for various planting date
three spatial levels: county, crop reporting disfrand region. Using CROPGRO-Cotton, fiber yields
were simulated for 97 counties and 38 to 107 yaelepending on county, each with nine planting dates
within the planting window of 10 April through 6 &L Fiber yields were separated by ENSO phase, and
analyses showed different results regarding the@&Mffect. According to county level analyses, ENSO
had little and spatially less consistent effectd, the effect became more evident at larger spstiles.
According to regional level analysis, the fiber Igialifference among ENSO phases was minimal for

average planting dates, but substantial if plandiate deviated from the average. In the northermrdyu
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Darling Basin, Australia, the impacts of ENSO plsase precipitation patterns were used to develop
seasonal climate forecasts for the region (Riteti@l., 2004). To test the outcome of irrigatorsgis
climate forecasts to schedule irrigations, OZCOmuations provided cotton bale yield responses to
climate-based irrigation management over a longrteeather record.

Liang et al. (2012b) implemented a geographicalstributed GOSSYM model to simulate
United States cotton fiber yield responses oveng-term climate record from 1979 to 2005. The rhode
simulated long-term mean cotton fiber yield witdid% of measurements at a scale of 30 km across the
United States Cotton Belt, and the model respoiagdopriately to regional climate variation. Thedst
was an important precursor to using the geografidastributed GOSSYM model for study of cotton
responses to future climate scenarios. Howevarséocotton models for future climate change scesari
the weather inputs for air temperature, radiatisind speed, and precipitation must be obtained from
future climate models. These climate models, faw,narovide monthly data, rather than the daily itspu
required by most models. Reddy et al. (2002a) deesel a method to create daily future weather Eles
modifying daily current weather assuming that ctesnip daily weather parameters remain constant for
each month. The monthly mean maximum and minimunteaiperature changes were added to current
daily measurements and the change fractions faripgtation, solar irradiance, and wind speed were
multiplied by current daily measurements to gereermat30-year record of daily future weather. This
methodology retained the existing natural varigbiin the historic weather for those years. A samil
methodology was used by Doherty et al. (2003) mukite cotton fiber yields spatially across the

southeastern United States.

3.2.5. Global climate change

Simulation models are widely used to assess thenpal impacts of climate change on cropping
systems (White et al., 2011) and to quantify greesk gas fluxes from agricultural systems. In both
applications, the models are valued for their gbib quantify potential complex interactions oftars,
weather, soils, and management. However, skeptiestipn the accuracy of simulation models relative
to statistical models from historical analyses ®d/and climate trends (Schlenker and Roberts9200
Lobell et al., 2011).

In impact assessment, the usual approach is to aemyield or other traits for a baseline
situation (e.g., 30 years of historical weather g2@,]) with one or more scenarios where future climatic
and [CQ] conditions are input to the model for one or ma@ference periods or for an assumed generic
change (e.g., by increasing daily air temperat@fe€). Among methodological concerns in this preces
are how to realistically alter cultivar characteeis and management to account for likely adaptive

changes in cropping seasons.
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Modifications to the GOSSYM model were requireddoilitate simulations of cotton responses
under future climate scenarios. Model improveméatge focused on the canopy photosynthesis response
to elevated C® (Reddy et al., 2008), pollen and fruit productiefficiency responses to higher air
temperatures (Reddy et al., 1997c), and growthdawtlopmental responses to ultraviolet-B radiation
effects (Reddy et al., 2003). Using GOSSYM, Reddsle(2002a) simulated cotton response to climate
change, including an increase of [§@om 360 to 540 ppm, for a 30-year period (19641993 as the
baseline) at Stoneville, Mississippi. Considerimyyaeffects of [CQ], fiber yield increased by 10% from
1560 to 1710 kg ha but when all projected climatic changes weretidet, fiber yield decreased by 9%
to 1430 kg hd. The adverse effect of warming was more pronouircdwt and dry years. With climate
change, most days with average air temperaturegea®2f C primarily occurred during the reproductive
phase. As a result, the authors emphasized tigstion will be needed to satisfy the high watemded,
thus reducing boll abscission by lowering canopwperatures. Also, if global warming occurs as
projected, fiber production in the future envirommeiill be reduced, and breeding cultivars toleremt
heat and cold will be necessary to sustain cottaayztion in the United States Midsouth. Cultural
practices such as earlier planting may be usedaa dlowering in mid to late summer, when high air
temperatures occur. Doherty et al. (2003) simulatetton response to climate change for the
southeastern United States using the GOSSYM madebrated with general circulation models.
Baseline weather from 1960 to 1995 and a referd@¢a] of 330 ppm were considered. Climate
scenarios corresponded to a [fOf 540 ppm. In the absence of [g@ffects and ignoring adaptation
for planting date (i.e., changing the planting deden 1 May to 1 April), fiber yields decreased 436 for
a coarse-scale climate grid and by 16% for a fosesgrid. Allowing for [CQ] and adaptation, fiber
yields increased 30% with the coarse grid and 18&b tle fine grid. While confirming that increased
[CO;] and adaptation have the potential to offset Jikatlverse effects of warming, the large effects of
spatial scale emphasize the uncertainties inh@resinulation of climate change.

Using the Cotton2K model for irrigated cotton irralsl, Haim et al. (2008) reported that
adaptation by planting two weeks earlier and irgirgn irrigation could offset the negative effecfs o
warming under two climate change scenarios. Usirap8yst to model irrigated cotton in India’s Punjab
region, Buttar et al. (2012) confirmed that warmtauld reduce seed cotton yield through accelerated
development and hence shorter growth duration.

Independent of potential impacts of climate chaagecotton production, researchers have also
used simulation models to quantify greenhouse lgag$ from cotton systems and to simulate long term
changes in soil C where cotton is grown. The EPtglehwas used to simulate changes in soil organic C
under different management scenarios (Causaraah,2007). Differences due to landscape position

were correctly simulated, but the model neededhegfient before the simulations were accurate enough

JCS 30



1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046

to direct management practices at that scale. FHE Enodel was also used to evaluate the abilitg of
soil conditioning index to estimate the impact dfedent cotton tillage systems and other variatias
soil C content (Abrahamson et al., 2007; 2009)gémeral, the index provided the same directional
change in C as EPIC (increase or decrease); howtwerelationship was not linear. Del Grosso et al
(2006) used the DAYCENT model to estimate nitroxgd® emissions across the United States and
included cotton systems (typically a cotton-cortation) but only reported net emissions. Similarly,
DAYCENT was used to quantify changes in greenh@asefluxes due to conversion from conventional

to alternative cropping systems (Chamberlain eRéll1; De Gryze et al., 2010).

3.2.6. Precision agriculture

The goal of precision agriculture is to optimizeldilevel management based on several factors,
such as soil physical properties, yield historyd anonomic benefit. Since the initial pioneerinfpes in
the late 1990's (McCauley, 1999; Paz et al., 19999), various strategies to analyze spatial and
temporal yield variability and develop precisionogr management plans using cropping system
simulation models have been proposed (Batchelat.e2002; Booltink et al., 2001; Sadler et al.020
Thorp et al.,, 2008). These studies highlighted ithportance of using models to account for soll
heterogeneity across the field. McKinion et al.q2Dintegrated the GOSSYM-COMAX DSS with a
geographic information system (GIS) to determindeNilization and irrigation management strategies
that optimized cotton fiber yield spatially. Vai@t in soil properties was specified in the modsihg
soil sample data at 88 locations across the stredy @n a 1 ha grid. They opined that this systesitha
potential to be used in automatic calculation ofirogl irrigation rates considering within-field sz
variability. Using data from a cotton study in Asim, Jones and Barnes (2000) conceptually
demonstrated the integration of GIS, remote sensiages, cropping systems simulation, and a decisio
model to provide decision support for precisionpcnsanagement while considering competing economic
and environmental objectives. Basso et al. (208t)ved that, with a combination of crop modeling and
remote sensing methods, management zones and ¢augidd variability could be identified, whicls i
a prerequisite for zone-specific management phesons. Clouse (2006) used simulated annealing
optimization to spatially calibrate the soil paraene of Cotton2K for sites in west Texas, and the
calibrated model was used to compare site-speeifid uniform irrigation management strategies.
Simulated cotton fiber yields were higher with sifeecific irrigation management, but the yield eases
did not make site-specific irrigation more profibln China, Guo et al. (2008) developed a welebtas
DSS for cotton production systems, which integraedop simulation model into a GIS. McCarthy et al
(2011) reported the development of VARIwise, whicborporated the OZCOT model for evaluation of

agronomic factors and engineering control stratefgie variable-rate irrigation in cotton. Recenfiorp
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and Bronson (2013) developed an open-source GliSthab could manage spatial simulations for any

point-based crop model. They demonstrated the usimlg both the AquaCrop and CROPGRO-Cotton

models to simulate site-specific seed cotton yieltesponse to irrigation management, N management,
and soil texture variability for a 14 ha study anear Lamesa, Texas.

Although not directly applied to cotton productiosgveral other studies have demonstrated
important simulation methodologies that would disee relevance for precision cotton management. For
example, Paz et al. (2002) examined site-speadifybean water stress by adjusting root growth factor
and tile drainage parameters in CROPGRO-Soybearirtimize error between measured and simulated
spatial soybean yield. Also, Paz et al. (2003) UBB(DPGRO-Soybean to analyze options for soybean
variety selection and to develop prescription m@pachieve economic goals while considering weather
history and soil variability. Thorp et al. (2006gwtloped a simulation methodology to determine
precision N fertilization recommendations while swering the trade-off between maize production and
loss of N to the environment. Thorp et al. (200Bpademonstrated a cross validation approach to
evaluate site-specific maize yield simulations vitte CERES-Maize model and to identify causes for
spatial yield variability. Oliver et al. (2010) aetbed the integration of farmer knowledge with exa
precision agriculture tools, including a crop siatidn model, to devise practical and effective
management plans for historically poor performingas in the field. All of these simulation strategi

would likely have similar applicability for cottgaroduction systems.

3.2.7. Integration of sensor data with models

Despite the many potential uses for cotton simotatimodels described above, a potential
drawback is the need to adequately specify theegalof numerous model parameters to produce
consistently accurate simulation results. Buildimgthe pioneering work of Maas (1988a; b; 1993&)b;
efforts in the new century have improved the aauraf crop simulation models by incorporating
reflectance measurements of the crop canopy dthisngrowing season. A primary source of information
for within-season crop model calibration is airb®rind satellite remote sensing imagery and ground-
based proximal sensors. For example, using medasohrtion satellite imagery, Maas and Rajan (2008)
estimated ground cover for a variety of field crod® demonstrate the utility of ground cover
information for cotton growth model calibration, Kb al. (2005) modified the GRAMI model for cotton
and used a within-season calibration proceduralfjosamodel simulations using relatively simpletibp
data derived from proximal sensing. Ko et al. (20€8vised and tested GRAMI to simulate cotton
growth and fiber yield of water-stressed cottone Thodel simulated cotton fiber yield with root mean
squared errors ranging from 28 to 100 kg,siggesting that the within-season calibratiorhogitcould

be used to model cotton growth under various witgting conditions. Rajan et al. (2010) described
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how GRAMI could be used with infrequent satelli@it data for simulating daily crop ground coved an
estimating crop water use for irrigation scheduliBgmmer et al. (2008) calibrated the CropSyst iinode
using within-season satellite-derived LAl of cottgrown in the Khorezm region of Uzbekistan. Thehhig
temporal resolution of the satellite imagery wasfuksfor improving above ground biomass and LAl
simulations with the model.

Remote sensing images have also been useful imseffo use crop models for crop yield
forecasting. Bastiaanssen and Ali (2003) used fiata the Advanced Very High Resolution Radiometer
(AVHRR) with Monteith's biomass simulation modeldathe Surface Energy Balance Algorithm for
Land (SEBAL) model to estimate regional crop yiéd multiple crops, including cotton, in the Indus
Basin in Pakistan. A limitation of the study wae #patial resolution of the images, which did rernpit
field-scale forecasts. Shi et al. (2007) used rteftiporal images from the Moderate Resolution Imggi
Spectroradiometer (MODIS) with an agro-meteorolaginodel, based on Monteith’s biomass simulation
model, to estimate seed cotton yield in the Khorezgion of Uzbekistan. The use of remote sensing da
inputs reduced the need for field data input irrteiudy. The difference between modeled seed ©otto
yield estimations and published government datawidén 10%. Hebbar et al. (2008) used the Infoerop
cotton model along with data from the Indian Ren®émsing program's Linear Imaging Self-Scanning
(LISS-IIl) satellite for simulating seed cotton lglein major cotton growing states in India. The relod
accurately simulated water and N stress, total agsnand seed cotton yield. The ready availatifity
multispectral imagery at little or no cost, suchtlaat from the Landsat series of satellites, erssthat
remote sensing data will continue to be a viablera® of information to guide crop model simulations

and potentially improve model performance.

3.2.8. Economics

Economists use cotton simulation models to detezng@oonomically optimal resource use,
analyze the risk associated with agricultural pridum, and assess the socio-economic implicatidns o
agricultural policies. Process-based crop simutatimdels are now regarded by economists as a better
alternative to the traditional regression based efgpdbecause the former simulates the biologicdl an
physical process related to the plant growth witttdy precision (Bontemps et al., 2001). For exampl
Cammarano et al. (2012) used CROPGRO-Cotton tardiete profit-maximizing strategies for cotton
under deficit irrigation in Australia, and the loterm temporal seed cotton yield distribution getex
by the model was used to determine the economaitiéity of deficit irrigation practices. Nair (2Q)
used cotton fiber yield simulations generated ughogton2K and an economic model to determine the
economically optimal strategies to allocate irrigatwater among different growth stages of cotton a

different sub-optimal levels of irrigation water aability. Cotton2K was also used to assess the
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profitability of partitioning a cotton field, irrigted by center pivot, into irrigated and rainfedtions
(Nair et al., 2013). This study showed that thiffgartitioning increased both fiber yield and jitiadfility

of deficit irrigated cotton. Reddy et al. (2002l&viewed applications of the GOSSYM model for
economic and policy decisions.

From an economist's point of view, the year-to-yeariability in profit, which indicates
production risk, plays an important role in a proglits decision making. Bontemps et al. (2001) ldhke
the data generated by EPIC to an economic modeshoded that when irrigation water availability is
too low to have risk-reducing impact, but high eglodor normal crop growth, the farmers are very
responsive to changes in water price. Ritchie ef{2004) used OZCOT to assess risk management
strategies using seasonal climatic forecastingcédron in Murray-Darling Basin in Australia. Althgh
adjusting planted area in response to seasonahtliforecasts led to significant increases inrrety
farmer responses to the forecasts depended onatiirde toward risk. The crop growth simulation
model, APSIM, coupled with an economic model wasdu® analyze the benefits and risks of investing
in recycled water in Australia (Brennan et al., 00and a case study was used to illustrate the
combination of biological and economic models. T@etton2K model was used along with an
econometric model to assess the impact of a cpttoducer’s attitude towards risk on optimal irrigat
water allocation decisions for center pivot irrigghtcotton in the Texas High Plains (Nair, 2011)e Th
results indicated that optimal irrigation wateroalition has both profit increasing and risk redgcin
effects.

Cotton simulation models are also used to andhygémpact of agricultural policies and to assist
in making whole-farm management decisions. A winsldased application of the EPIC model,
CROPMAN, was used to assess the effectiveness tef wanservation policies for the Ogallala Aquifer
in the Texas High Plains (Das et al., 2010; Johmtah., 2009). These studies compared the watérga
potential and local economic impacts of water coret®n policies, such as imposing pumping
restrictions and charging a water tax. A multidielonfiguration of APSIM named 'APSFarm' was used
to explore management alternatives and developesaoin management decisions in Australia (Power
et al., 2011a). Kuhn et al. (2010) used EPIC aliih an economic model to evaluate the effect &f ta
exemptions on fertilizer use in Benin and reportiedt tax exemption on fertilizers increased crop
productivity and decreased excessive expansiorragdped area. Wang and Nair (2013) developed a
theoretical framework for determining economicaifptimal irrigation water allocations for cotton w@nd
deficit irrigation and used this economic modelnglavith the fiber yield data generated using C@&ton
to analyze the water saving potential of the chstre program aimed at improving adoption of high
efficiency irrigation systems. They concluded ttfasis program did not provide any incentive for the

producers to conserve water.
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3.2.9. Classroominstruction

Cropping system simulation models have been usedhdiyuctors to teach principles of life
sciences and environmental management (Boote,et986; Graves et al., 2002; Reddy et al., 2002h).
However, most models are not classroom-friendly arel not easily portable from one instructor or
institution to another. Therefore, models as irdiomal aides are limited even though the potential
benefits to students, instructors, and institutiexist (Graves et al., 2002).

Many graduate students and postgraduate reseamhdtississippi State University and other
institutions have contributed to various aspect&S#SSYM model development (Reddy et al., 2002b).
Researchers in agricultural engineering, agronooiynate change, computer science, economics,
entomology, extension education, meteorology, avidasd biological sciences have engaged in this
effort. The GOSSYM model has been used as an gi&tnal tool to teach students the basic principles
of botany, climate impacts, and management optioreotton production, to enhance problem solving
skills in the life sciences, and to provide a haisinderstanding of cropping system processes. Two
instructional methodologies have been used: onwhith students improve the functionality of the
models by adding new knowledge to the existing rhodde and another in which the model is used for
classroom instruction. One approach for classrastruction teaches a given cropping system concept
by demonstrating how it is modeled. For exampledets learn how cotton growth and development is
affected by multiple stress factors and how thesetofs are summarized using the environmental
productivity index to reduce photosynthesis (Redtlyal., 2008; www.spar.msstate.edu/classes.html).
Another approach for classroom instruction demassrhow a model can be used to study management
options and to understand crop development and yedponses to environmental variables, such as
climate change. Students learn to implement crappirstem simulation models to study the effects of
alternate planting dates, future climate change, alternate fertility or irrigation schedules oropr
development and yield. Without a process-based hmmh as GOSSYM, it would be difficult to teach
crop and climate interactions in a traditional ingtt Students appreciate the utility of simulationdels
for understanding cropping system concepts andrhamagement affects cotton production in real-world
scenarios.

Instruction on the use of the DSSAT crop models been provided during annual short-term
training workshops. These training programs hataaed between 50 to 100 attendees internationally
from private businesses, universities, and govemiragencies, demonstrating the interest in the tmode
among a variety of people. Such workshops are wmtlyréhe primary source of formal training for post

graduate agricultural professionals aiming to use enodels in their work.
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3.2.10. Other agronomic considerations

To assist research in cotton management issues,ODZBas been used to investigate
opportunities for using high fruit retention traesic cotton with changes in planting time to improv
crop WUE (Braunack et al., 2012) and to assessiskeof alternative management strategies for early
crop maturity (Richards et al., 2001). As partfed FARMSCAPE initiative, which was a participatory
action research approach used to encourage thef esepping system models in Australian commercial
cotton production (Carberry et al., 2002b), OZCGasvimplemented to assist dryland cotton growers in
choosing summer crops (sorghum or cotton) and motiev configurations (solid planted versus skipped
rows) to reduce risk of crop failure (Bange et 2D05). Extending this effort by using the APSIM
simulation framework (Keating et al., 2003) hastldead assessments of the production, economic, and
environmental consequences of different drylangh aatation sequences involving cotton (Carberry et
al., 2002b).

To estimate changes in soil organic C for differmoipping systems in West Africa, Tojo Soler et
al. (2011) used CROPGRO-Cotton with other DSSATp armdules to simulate eight crop rotations that
included cotton, sorghum, peanut, maize, and fallovagroforestry research, Zamora et al. (20085us
the CROPGRO-Cotton model to investigate light alglity to cotton under a pecan alley cropping
system. Finally, Ortiz et al. (2009) used CROPGR}h) to assess the impacts of root-knot nematode

parasitism on biomass and seed cotton yield in @&or

4. Future Directions and Opportunities

In the last century, research efforts resultedhia tlevelopment of several cropping system
simulation models for cotton, including GOSSYM, oK, COTCO2, OZCOT, and CROPGRO-
Cotton. At that time, research funding was avadadpecifically for model development and testingr. F
example, GOSSYM development was initially fundedhini the USDA Agricultural Research Service
(Baker et al., 1983), and CROPGRO development raatgd with the IBSNAT Project (Uehara and
Tsuji, 1998) funded by the United States Agency Ifgernational Development (USAID). Sources of
funding for model development have largely disapp@aThe Agricultural Model Intercomparison and
Improvement Project (AgMIP) is a recent notewordffprt to improve existing crop simulation models,
although model developers are expected to provide bwn resources for this effort. AQMIP is an
international effort to link climate, crop, and econic models to address climate change impacts on
world food security in both developed and develgpinuntries (www.agmip.org). Two major themes of
AgMIP that will advance the use of cropping systesimulation models in the new century are 1) the
intercomparison and improvement of existing cropdets to identify simulation approaches that best

estimate cropping system processes and 2) the apeueht of multidisciplinary teams that unite
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1217 researchers in the areas of climate science, cmpnce, computer science, and economics.
1218  Multidisciplinary teamwork and efforts to comparetton models, such as that exemplified in AgMIP,
1219  will increase the utility of these models for adshiag cotton production issues in the new century.

1220 A notable accomplishment reported herein is theeldgwment of the spatially-distributed
1221 GOSSYM model (Liang et al., 2012b), because lamgdesapplications of cropping system models are
1222  becoming increasingly important to address the imemti challenge of global climate change. Policy
1223 makers, economists, and climate scientists are mtaeeested in simulation results at regional scaleh
1224  as county-level, state-level, or the 30 km griddubg Liang et al. (2012b). However, because exgstin
1225  cotton simulation models were developed from desaofke experiments at the scale of individual
1226  agronomic plots, plants, or plant leaves, the imgletation of the models at regional scale offeversd
1227  challenges. Foremost is the challenge of collectingdel input data over large areas with spatial
1228  resolution high enough to satisfy the original moskealing assumptions. Since current data collactio
1229  methods are unable to provide such detailed infiomathe only option has been to conduct simufetio
1230 at reduced spatial resolutions with knowledge thatiscape heterogeneity can largely invalidate the
1231  original scaling assumptions of the model. The dego which system processes measured and simulated
1232 at the point-scale is relevant at broader scalesairss an open question. One solution lies in the
1233  development of better data collection methodolggiesmodel input requirements can be satisfiechat a
1234  appropriate spatial scale. Until that goal is =l generalization and simplification of existingdels is
1235  necessary to provide appropriate simulation tooiddrge-scale analyses that are not focused wiltén
1236  borders of a given agronomic unit.

1237 Satellite remote sensing has been proposed aseesuiuspatial data for model parameterization
1238 and calibration; however, remaining challenges laoes to appropriately interface remotely sensed
1239  measurements with the simulation models and whettymote sensing offers enough information to
1240 effectively guide a given model. This issue is dikely related to the issue of model complexitystes
1241  generality. With the notable exception of GRAMI, shacropping system simulation models were
1242  developed independently from advancements in remsetsing, which complicates their union. Further
1243  development and perhaps generalization of existiodels, while considering the types of information
1244  that can be obtained from remote and proximal sgnsiill promote the union of the models with these
1245  sensing technologies. Conversely, model paramateriz requirements can advise the development of
1246  novel sensors that provide better estimates of iingat parameters. For example, sensors that measu
1247 leaf orientation or boll development may assist elquhrameterization efforts. Improving the union of
1248 models and sensor data will facilitate the regiestale modeling endeavors described above as well a

1249  precision agriculture applications at the fieldlsca
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While large-scale applications of cotton simulatinodels are becoming increasingly important,
the main utility of the models remains as a tooldoiding management decisions. In the last dedhaée,
literature has demonstrated substantial effortauge cotton simulation models for irrigation water
management in all major cotton-producing regionsosx the globe. The models were also used to
address N fertilization issues and to make crop agament decisions in response to near-term
climatological predictions or water supply consitai Lascano and Booker (2013) discussed several
factors that have contributed to the surge in diseexhanistic crop models as management toolsoFact
included advances in computer hardware and softwelectronics, variable-rate application, and
proliferation and availability of the input datagréred by the models. For example, soil data prexidy
the United States Department of Agriculture, eleratata provided by the United States Geological
Survey, and weather data from weather networksigeahe necessary inputs for model implementation
throughout most of the United States Cotton Bedtsfilte these positive developments, a substarafal g
persists between the use of cotton simulation nsoft®l research and for on-farm decision making
(McCown, 2002b; McCown et al., 2002). Scientistvehaheorized (McCown, 2002a) and developed
(McCown et al., 2002) many agricultural DSSs toivdel scientific knowledge to farm managers.
Unfortunately, many such DSSs remain unused (McCo2002b). Also, McCown et al. (2012)
documented farmers' tendency to reduce model siibaleesults to a set of intuitive management rules
thereby foregoing model use as an on-going decisidnLessons for successful on-farm implementation
of scientific DSSs include 1) treatment of the D&Sa tool to assist the decision process ratherttha
by-pass it, 2) the importance of positive sociériaction between the DSS developer and the faimnelr,

3) the potential for co-creation of DSSs that ipowate both practical and scientific knowledge
(McCown, 2002b). Notable examples of successfidradtions between scientists and farmers include
the early efforts to use GOSSYM-COMAX for on-farmtton management (McKinion et al., 1989); the
use of APSIM in the FARMSCAPE initiative to examittee benefits of science-based soil sampling,
climate forecasting, and simulation modeling apptie on-farm decision support (Carberry et al., 20
and an application of OZCOT within the HydroLOGI@igation management software for eleven on-
farm experiments in Australia (Richards et al., 20@ontinued interaction between cotton growerd an
research scientists is warranted to facilitateuse of cotton models for on-farm decisions andewetbp
appropriate decision tools that implement the motiehnswer pertinent questions.

Applications of cotton simulation models in the &der assessment of environmental impacts are
also increasing in importance. This review providemy examples of model use for analyzing losses of
N fertilizer and other production inputs to the eomment, quantifying greenhouse gas emissions from
agricultural soils, and assessing the potentialsimit C sequestration. However, there is curreatly

movement toward life-cycle assessment or cradigréee analysis for many consumer products,
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including textiles and food. These efforts origmdtoth from policy mandates such as those in the
European Union (Wolf et al., 2012) and from indusiitiatives such as The Sustainability Consortium
(www.sustainabilityconsortium.org). Cropping systeimulation models are the only tool that can
account for complex cropping system processes atithae the impacts of crop management practices
over a wide range of environmental conditions amobgaphic locations.

In the early days of cropping system simulation elatbvelopment, the models were commonly
regarded as stand-alone tools for crop growth gitiarl, and computing technology at that time ditl no
permit much more. Increasingly, the models are mplemented as a single component within broader
software and hardware systems. For example, theolusetton simulation models with optimization
algorithms and advanced process control for irggamanagement (McCarthy et al., 2013), within GIS
software for spatial simulation analyses (Thor@let2013), or with other process models that sateul
water availability (Ritchie et al., 2004), irrigati hydraulics (Bautista et al., 2009), or climatectasts
(Liang et al., 2012b) will be increasingly importdor optimizing management practices while more
broadly considering the desired management outcoH®ce, it is expected that the greatest benkfit o
cotton simulation models will be realized by int&timg the models with the other software and hardwa
components, as required for whole system optintrafror example, cotton simulation models could be
integrated with equipment control systems (e.gigation consoles and tract sprayer controllers)ictv
use real-time telemetry data that describe envisrmal conditions and crop status to automaticaljyst
crop inputs both spatially and temporally for optim crop production. Simultaneously, models
integrated with geospatial technologies on a lasgever could calculate cropping system responses
regionally and provide field-scale control systemih information on crop input limitations or
restrictions, considering potential environmentapacts, resource restraints, and climate pred&tain
the regional scale.

This broad vision for model implementation requitles models to be succinct, well-structured,
and flexible enough for seamless integration inteerde software and hardware systems. It also
necessitates improvements in model documentatiaimjig courses, and educational materials, because
the next generation of cotton modelers will likelyme from diverse disciplines and may have limited
knowledge of the ecophysiology represented in tbelets. Efforts are needed to design models that are
more foolproof, quickly learned, and easily impleresl. This will increase confidence in the models,
attract more users who find value in modeling emdesy and insure that future generations benefinfr

the model development efforts undertaken in thé gecsades.

5. Conclusions
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Prior to conducting this review of literature, tb@nsensus among several of the authors was that
the development and application of cotton simulatiodels had somewhat languished since the early
successes with the GOSSYM model in the last centWith regard to model development, this
assessment appears accurate. No sustained advateemehe development of simulation models
specific to cotton were noted in the new centurgwelver, there has been a substantial increasesin th
application of cotton models since 2000. In falbe tain topics of early reports on cotton simulatio
modeling applications, including irrigation andtfe&zer management, climate assessment, and model
integration with remote sensing, have all been argded to full sections herein, each describing redve
reports of new progress since the turn of the egnfthese contributions have been largely discotatkec
however, an issue that this review aimed to remedy.

An encouraging finding is the increased interest age of cotton simulation models by non-
agronomists and non-traditional crop modelers. Rebers in economics, engineering control, and
climate forecasting recognize the utility of pracdéssed cropping system simulation models for
applications within their areas of expertise. lasiagly, cotton simulation models are being impleted
beyond simple evaluations of agronomic experimefssa result, a challenge for model developers is t
address complexity issues with the models and sorén that models of appropriate complexity are
available for a given application. A related is&i& improve the ease of model implementationfam-
traditional crop modelers.

While improving model versatility for non-agrononsiss an important goal, a main thrust for
cotton simulation modeling research and applicationtinues to be in the area of on-farm management
decisions, including both strategic planning fdoedtion of limited resources and routine manageraén
production inputs by growers. Thus, further effadsdevelop and evaluate existing cotton simulation
models are warranted to improve their ability tepend adequately to environmental conditions and
simulate cotton growth, development, and yieldhat field scale. No efforts to compare existing aott
simulation models were found in literature, so thisuld be advisable as a first effort to evaluate

methodologies among existing cotton simulation ngde
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Table 1. General information on existing cotton simulatinadels.

Model Predecessc Models | Programming | Time Key Reference Decision Suppor
Language Step Tools
SIMCOT]I Fortrar . Baker et al. (198:
GOSSYM SIMCOTII Daily Reddy et al. (2002b) COMAX
GOSSYN C++, formerly .
Cotton2K CALGOS Fortran Hourly Marani (2004) None
KUTUN
COTCO2 ALEALEA Fortran Hourly Wall et al. (1994) None
APSIM
I CottBASE
=
07COT SIRATAC C#, formerly Daily Hearn and Da Roza (1985) HydroLOGIC
Fortran Hearn (1994) .
VARIwise
Whopper Croppel
C
CSM-CROPGRO-Cotton| CROPGRO-Soybean Fortran pailliocgenboom et al. (19¢ DSSAT
Jones et al. (2003)
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Table 2.Crop growth and development processes simulatexkisiing cotton simulation models.

GOSSYM

Cotton2K

COTCO2

0OZCOoT

CROPGRO-Cotton

Develops vegetative

and fruiting branches

and nodes based on
thermal time

Develops vegetative

and fruiting branches

and nodes based on
thermal time

Develops meristem
tissue, leaf primordia,
petioles, growing and

mature leaves, stem

Develops the number
of fruiting sites based
on thermal time

Development proceec
through growth stage

time: emergence, firs
leaf, first flower, first

Phenology Calculates the number Calculates the number segments between Cfalculates tge"number k;seifd’ f(ljrsg(;:or/acked
of branches, squares, of branches, squares, nodes, squares, bollg, 0 kfgl?sar:rsu’j a%sr’tggen ofl anbo” o open

bolls, open bolls, bolls, open bolls, and open bolls based fruits ’based on crop '

fruiting sites, and fruiting sites, and on thermal time . ;
aborted fruits aborted fruits carrying capacity | Calculates boll numbe

and aborted fruits

Plantmap: Yes Yes Yes No No

Orgar-level Leaflevel

Potential carbon

Canopy-level radiatior

1 Canopy-level radiatior

biochemistry

Canopy-level radiatiorn

biochemistry

assimilation interception interception (Farquhar et al., 1980) interception (Farquhar et al.. 1980
Uses an empirical | Calculates growth and Calculateirgar-level Uses lmplrlcal
; . ; growth and functions of Calculates growth and
L function of respiration maintenance X o )
Respiration : L maintenance respiration based on maintenance
based on biomass and  respiration and . iy . e
air temperature photorespiration resplrat|on and frumr)g site count and respiration
photorespiration air temperature
Allocates carbon tc Allocates carbon tc Allocates carbon tc Allocates carbon t Allocates carbon tc
Partitioning individual growing individual growing individual growing cohort pools for single pools for leaves
organs organs organs developing bolls stems, roots, and boll
Calculates stem Calculates hedgerc-
Canopy size Calculates plant height Calculatest feight None based canopy height
segment lengths ;
and widtt
. Calculates fiber masg Calculates fiber masg Calculatesholl mass
Yield . Calculates burr mass . seed cotton mass, seed
as a fraction of boll Calculates boll mass| as a fraction of boll i
components . and seed cotton mass . number, and unit see
mass and boll size mass and boll size weight
Calculates stress di | Calculates stress di Calculates stress di | Calculates stress di | Calculates stress di
Stress to water, nitrogen, and to water, nitrogen, and to water and air to water, nitrogen, and to water, nitrogen, and

airtemperatur

air temperatur

temperatur

air temperatur

air temperatur
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Table 3. Atmospheric and soil processes simulated by exjstotton simulation models.

GOSSYM Cotton2K COTCO2 0OzZCOoT CROPGRO-Cotton
EJCh?)i]o(se;rr?tcrfeos?s Yes Yes Yes No Yes
[CO] effect on No No Yes No Yes

transpiratiol

Modified Penmar
equation from CA

Leaf-level energy

Priestley and Taylor

ET Ritchie (1972) Irrigation Management balance coupled with Richie (1972) (1972) and FAO-56
) stomatal conductance (Allen et al., 1998)
Information System
. 2D RHIZOS mode 2D RHIZOS mode - Ritchie (1998) an
Soil water (Lambert et al., 1976) (Lambert et al., 1976 2D g0t Ritchie (1972) Ritchie ét al. (?2009)
Dynamicsimulation of| Dynamic simulation o Static, empirica Godwin and Sing|
Soil nitrogen | soil and plant nitrogen soil and plant nitrogen No approach that predicts (1998) or Gijsman et
balances balances potential N uptake al. (2002)
Soil phosphort No No No No Yes
Soil salinity No Yes No No No
Waterlogging No No No Yes Yes
Floodinc No No No No Yes
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Table 4. Management practices simulated by existing cathbomlation models and other applications.

GOSSYM | Cotton2K | COTCO2 | OZCOT | CROPGRO-Cotton
Sowing date X X X X X
Cultivar selectiol X X X X X
Row spacin X X X X X
Skip rows X X X
Planing density X X X X X
Irrigation X X X X X
Fertilizel X X X X
Crop residu X
Tillage X X
Growth regulator X X
Defoliatior X X X X
Insectdamag X X X X X
Disease impa X X
Climate chang X X X
Cropping sequens X X
Geospatiaanalysi X X X
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