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ABSTRACT

Crop simulation models constitute the major proportion in decision support systems. A large number of crop
models have been developed for potato and few for tomato and peppers. In the literature, thirty three crop models
have been reported to simulate potato, nine for tomato and six for peppers. Some of these models dealt with the
climate change scenario and others with the crop management practices such as sowing time, irrigation, nitrogen,
and insect-pests management. The most evaluated and applied models for potato include; SUBSTOR, and LIN-
TUL-Potato, whereas CROPGRO-tomato model is the most tested and applied for tomato. The AQUACROP is
the most widely used model to simulate the water dynamics. The CROPGRO model has been tested for elevated
temperatures and CO2 under greenhouse conditions for tomato. In tomato and peppers, almost similar models
have been applied for field conditions as well as under greenhouse environments with some modifications. Nitro-
gen dynamics has been widely tested by employing the EU-Rotate-N model for tomato and peppers. Simulation
studies dealing with changing climate conditions are rare in potato and are not found for tomato and peppers. To
modify potato, tomato and peppers models for climate impact studies, it is required that they are (a) calibrated
and evaluated with new cultivars under various agro-environmental conditions and (b) assessed under varying
field conditions under changing climates and crop management practices, including temperature increases, water
and nutrient management and their interactions. These comprehensive model studies and modifications need a
collaborative international effort and a multi-year, large scale field research studies on potato, tomato and peppers.
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1 Introduction

Plant, soil and environment interactions are intricate, with several factors affecting any desired outcome.
However, developments using computer equipments have made possible to study the effects of mutual
influences of various factors for different interactions. Therefore, it is likely to study quantitative
relationships among plants, soils and climatic conditions to enhance the accuracy in predicting crop
productivity. Thus, increased use of economical and efficient computer techniques and application of new
technologies in agriculture are emerging [1,2].
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This integrated approach utilizes the simulation models for crop modeling of individual crops and
cropping systems. Crop models are fed with recent data of soil, crop genetics and management practices
in a process-oriented manner. The models are then evaluated utilizing the input data, and then they may
be applied for prediction of crop yield under varying management options and changing climates [3–6].

Many mathematical equations have been combined in an integrated manner to develop a model relating
plants, soils and the atmosphere [5,7]. These models simulate the performance of the study crop, by
accurately predicting its growth and developmental morphology stages of its parts, such as stem, roots,
leaves and fruits. So, the model simulates and predicts dry matter production or biomass by utilizing
information regarding the processes occurring in the growth and development of a plant [2,3].

Crop models offer a theoretical outline for organizing research studies [8,9]. Models are usually justified
by their application as well as for their precision in crop management. Generally, crop models provide
quantitative data from which decisions can be taken at the field level regarding sowing time, irrigation,
fertilization and crop protection. At the regional level, policies can be formulated from potential yield
estimations, irrigation requirements, fertilizer needs and other aspects [10–12].

The use of crop simulation models in agriculture started about 60 years ago by the development of the
first crop model in Wageningen University, Netherlands [13,14]. Since then, many research groups in
Netherlands, USA, Australia and China have successfully developed more than 200 crop models
[2,13,15,16]. During 1960–1980, many famous crop models such as CERES and CROPGRO series
models were developed by the researchers from the USA [17–19]. Some models were employed to
predict climate change effects on agricultural productivity [20–22]. A few studies indicated application of
simulation models for estimating productivity at a regional scale employing specific crop cultivars,
sowing dates and representative soil(s) [23–25]. The environmental conditions vary in each region;
therefore, crop simulation models are used to give suitable decisions for selecting cultivars not only at a
regional but also at a global scale. Crop simulation models help in decision making at various levels (Fig. 1).

2 Need of Crop Modeling in Horticulture

Horticulture needs crop models for extensive applications, comprising yield predictions, policy making
and crop management. Yield prediction and harvest timing are the most important factors for producers to fit
into the market demands as well as industrial requirements. The production timing of field vegetable crops is
very critical. Crop growth models enabled growers to organize planting schedules, e.g., in tomato [26],
lettuce [27,28] and cauliflower [29,30]. Likewise, the market price of cut flowers is higher and their

Figure 1: Schematic representation of different levels of decision making by using crop growth
simulation models
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demand increases during very specific and short times of the year, i.e., Mothers’ day, Valentine’s day, as well
as Christmas. Moreover, the market also enforces specific quality standards. Therefore, crop development
models have been successfully applied to simulate timings of productivity, plant height, along many other
characteristics to enhance decision-making for fetching high prices [31–34].

There is a competition for production of horticultural commodities among different regions of a country
as well as in the world. Therefore, it is important to know about the production limits of various crops in
different regions. So far, crop simulation models are widely used in many field crops but not very
common in horticultural crops. Change in climate is a worldwide phenomenon which has hampered
agronomic as well as horticultural crop yields during the previous decades, and it can also have an
influence during the forthcoming decades [22,25,35–38].

3 Types of Decision Problems in Horticulture

In horticultural crops, crop management issues are diverse in nature but they are certainly similar to
those faced by agronomic crops, like irrigation and fertilizer applications [39,40], climate effects and
timing of crop growth [41–44]. Others are more specific, for example, for fruit set and other
physiological problems including source to sink ratios in many vegetables, including sweet pepper.
Greenhouse production systems offer a high level of resource use and environmental control for crop
growth [10,45,46].

3.1 Sowing Time Management
Planting time is an important factor which largely affects the successful growth and yield traits of

different vegetables including sweet pepper [47,48], tomato [26] and potato [49]. Optimum sowing
time brings about proper growth and development of plants resulting in maximum yield of the crop and
economic use of the land [48]. Planting of a crop at different times in various regions influences its
yield due to the change in agro-environmental conditions at the different crop developmental
morphology stages [50].

Generally, past studies were conducted on determining optimum planting date of any crop at a particular
locality using multi-year field experiments, but planting date responses vary among years and locations.
However, crop simulation models well calibrated against field experimental data hold the promise for
inferring short duration field experimental results to other locations and years by using long-term weather
and soil data [51].

3.2 Nutrient Management
Nutrient management in vegetable crops is a very important issue. Proper application of nutrients at the

right time and with the correct methodology ensures an effective growth and high yield of vegetables.
Intensive vegetable production systems normally require frequent irrigation and nutrient applications,
[mainly nitrogen (N)] to attain high yields [52].

Generally water and nutrients are interactively managed in vegetables. Crop nutrient requirements are
largely influenced by the irrigation practices. Interactive effects of nutrients and drought stress on water
relations (besides crop nutrition) have been documented earlier [53–56]. Water deficit can reduce the
capacity of plant roots to absorb maximum nitrogen levels, while a reduction in nitrogen supply can
reduce water-use-efficiency. Optimization and application of site-specific strategies for obtaining an
appropriate timing and requirements of water and nitrogen necessitate extensive and expensive field
experimentation [55].

As it is not possible to test altogether interactions among nutrient and water requirements during
different cropping seasons, application of simulation models can significantly assist in the assessment of
different production processes and/or environments, and thus increase the efficiency of decision-making
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[57]. It is necessary to use this advanced technical tool for optimal irrigation and N management to facilitate
growers in the decision-making process [52]. Simulation models can help in developing crop water and
nitrogen management plans that ponder these issues [52,58].

3.3 Water Management
Irrigation planning is one of the most important tools in developing best management options for

irrigated areas [59–61]. Appropriate irrigation management is of vital importance to conserve water
resources, quantitatively and qualitatively, and to enhance food production with the available water [60].
Improper water management not only causes resource wastage but also reduces crop yield [62]. Thus, it
is imperative to improve the water management methods for attaining optimum decisions. Decision
Support Systems (DSS) are valuable solutions to facilitate farmers to optimize their water and land
resource utilization. Many models have been used in the decision-making process for water management
[63]. These models vary in their functions, structures, description of involved processes and time scales
(i.e., daily or seasonal) [61].

CropSyst [64,65] is a dynamic model, developed for multi-crops, multi-year experiments and for
simulating daily crop water and nutrient dynamics. It simulates crop growth by integrating soil water and
climatic conditions for productivity and environment sustainability [61]. AquaCrop is another crop
simulation model which was developed for the optimization of water management options. Rinaldi et al.
[66] found this model suitable for the optimization of irrigation applications under water deficit
conditions in Mediterranean climates in order to save water resources and obtaining a greater water use
efficiency. Simulation models embedded in different Decision Support Systems have the ability to
simulate water management options including irrigation scheduling, quality of water, water drainage and
method of application. Therefore, models should be incorporated in decision-making policy of crops [67].

3.4 Insect Pest and Disease Management
A number of insect-pests and diseases negatively affect vegetable production either in open fields or

greenhouses. The major diseases and insect-pests affecting different vegetable crops include early plus
late blight in potato, Phytophthora root-rot, viruses in Capsicum species, early blight, viruses, fruit borer,
blossom end rot in tomato, and shoot and fruit borer in brinjal crop. Thrips are major insects in onions,
whereas plant roots are mostly affected by aphids. There are various chemical, physical and biological
methods which are applied to overcome the issues of diseases and insects. These are either applied
individually or on an integrated manner. Efficacy of any control measure depends on the decision
involving time, amount, method and frequency of application. The DSS facilitate these decision-making
process by combining field data with complex models and geographical positioning system, and thus
results in the development of predictive models which give site specific recommendations for integrated
pest management (IPM) [68,69].

A model usually utilizes various processes and functions to make predictions about future planning from
a set of initial conditions [70,71]. In horticulture, models are currently in use to predict pest populations and
forecast probable damage to crops [71–73]. ENDURE network conducted a survey in Europe during 2007–
2008 to identify the uses of DSS in pest management and reported that seven DSS were used for pest
management in horticultural crops. These systems mostly have the ability to integrate with each other [74].

Gebauer et al. [75] applied a simulation model to demonstrate that the rise in temperature would not
affect the asynchrony among the populations of cabbage aphid pests and their parasitoids; instead they
may appear earlier than their parasitoids. This example enlightens the importance of modeling in future
pest control programs. Moreover, modeling can contribute in a better way to compare the cost/benefit
ratio of pest control [70]. The models also facilitate the farmers in identifying the correct timing of pest
control measures [76–79] and can help to redesign the IPM program.
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While discussing the advantages of decision support system/simulation models, these also have some
limitations [68]. For example, DSS need to be continuously updated because of the changing climatic and
field conditions, and continuous funding is required to keep the systems and databases up-to-date [69,80,81].

3.5 Plant Spacing and Density
Optimum plant spacing guarantees proper growth and development of plants, resulting in maximum

crop yields and a best land use. Yield of bell pepper has been reported to be dependent on the number of
plants per unit area [50]. Plant growth and the resultant yield are enhanced by increasing the number of
plants per unit area up to a limit, where they start to decline. Plant density is regarded as an important
aspect affecting fruit setting percentage, production as well as fruit quality parameters. Mehla et al. [82]
found that yield characteristics in tomato are largely influenced by plant spacing. Various studies
indicated the application of DSS for optimizing plant density and/or plant spacing in different agronomic
crops such as rice [39,40], maize [83,84] and soybean [85,86]. However, in the case of vegetable crops,
especially for those solanaceous, no reference has been found showing the use of crop simulation models
in optimizing plant density. Planting density is an important factor affecting the yield as well as quality of
vegetables; therefore, it should be included in future studies involving DSS.

4 Growth, Development and Yield Processes

The simulation of crop growth, biomass and yield is possible through the evaluation of the different
growth/development phases of crops. Plants undergo a series of growth and development phases which
are controlled by several processes. Some important processes include photosynthesis, growth and
maintenance respiration, growth conversion efficiency, assimilate partitioning, pod/seed addition, protein
mobilization, leaf senescence, and maturity. Carbon balance is basic to and dry matter production is the
outcome of these processes. The rate of change in crop dry matter (g/m2) can be described as in Eq. (1):

dW=dt ¼ W � � SL � SS � SR (1)

where,W* is daily new growth, and SL, SS, and SR are senesced parts of leaves, stems and roots, respectively.

In turn, W* can be calculated using the following equation:

W � ¼ E� Pg � Rm

� �
(2)

where E is conversion efficiency, Pg is photosynthesis, and Rm is maintenance respiration

4.1 Photosynthesis
Photosynthesis is the key process in dry matter production, and daily crop photosynthesis can be

described as

Pg ¼ Kp � PGMAX PARð Þ � fL � fO � fN � fT (3)

where, Kp = adjustment (soil fertility) = SLPF; PGMAX(PAR) is response to Photosynthetic Active
Radiation; and fL, f0, fN, and fT are responses (0–1) to leaf area index, water supply, leaf nitrogen
concentration and day temperature, respectively [8,87,88].

4.2 Respiration
Respiration may be either maintenance or growth respiration. Maintenance respiration (MR) is highly

affected by the atmospheric temperature, crop photosynthetic rate and crop biomass produced. The
simulation model CROPGRO utilizes the following relationship to determine maintenance respiration [8].
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MR ¼ Leaf � 0:03þ STEM � 0:015þ ROOT � 0:01þ SO � 0:01 (4)

where leaf, stem, root and SO represent biomasses for leaves, stems, roots and storage organs (SO),
respectively.

It is obvious from the above equation that leaves and stems need more maintenance than roots and
storage organs. The model calculates growth respiration by using the input values of biochemical
composition of the existing tissues. It can be summarized through following relationship [88]:

g Glucose=gProduct � tissue ¼ FP � 2:56þ FC � 1:24þ FF � 3:11þ FL � 2:17þ FO � 0:93
þ FM � 0:05 (5)

where FP, FC, FF, FL, FO and FM represent the fractions of protein, cellulose-starch, fat, lignin, organic
acids and minerals, respectively. It is important to know that sum of all these fractions should be equal to 1.

4.3 Assimilate Partitioning
The rate of assimilate partitioning to sink organs depends upon the plant growth stage, and the water and

nitrogen deficits. Crop models normally use two approaches in assimilate partitioning processes. These
approaches include the either computation of sink strength of all organs or partitioning calendar as a
function of thermal time. In vegetable models, the partitioning calendar approach is mostly used. Models
utilize the priority in partitioning of assimilates to plant organs. At the early vegetative stage, assimilates
are partitioned to vegetative tissues. At the early pod formation stage, the greater partitioning is towards
the pods. Assimilates are partitioned first to the seeds, then to shells and afterward towards leaves, stems
and roots [8,88].

4.4 Mobilization of Protein (N) and Carbohydrate (C)
Mobilization of proteins and carbohydrates occurs during the vegetative and reproductive phases of the

plant. In the vegetative phase, it occurs at a slow rate when compounds have to mobilize from old to new,
vegetative tissues. However, during the seed formation and filling periods, this mobilization happens up to
twice as fast. Seed growth increases through mobilization of proteins, and in turn leaf N decreases,
photosynthesis and maintenance respiration are reduced, and leaves start to abscise at a slow rate [8,88].

4.5 Senescence and Maturity
Senescence is a gradual process and it continues as seed grow and move towards maturity. Mobilization

of proteins from the leaves reduce their N content, leading to less photosynthesis, and leaf abscission starts
initially at a slow rate. Senescence is enhanced by water stress. Leaf abscission reduces seed growth and it
stops in individual cohorts, when the ratio of seed/(seed + shell) exceeds a limit called as THRESH. Seed
growth continues from physiological to harvest maturity until all cohorts reach the THRESH limit.
THRESH is a cultivar dependent trait which identify the ratio of seed to pod mass, where pod mass is
equal to seed + shell mass [8].

5 Growth and Yield Mechanisms in Solanaceous Vegetables

5.1 Potato
Potato is a tuber crop and its dry matter production is characterized by its tuber growth and size. Most of

the potato growth models define five growth phases: (a) pre-planting (b) planting to sprout germination (c)
sprout germination to emergence (d) emergence to tuber initiation and (e) tuber initiation to maturity.
Temperature has a great influence on all these growth stages. During the pre-emergence period, growth
occurs by utilizing the stored carbohydrates in the seed potato. Tuber initiation is affected by day length,
temperature, nitrogen status and water stress. The effect of day length and temperature is cultivar specific,
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and tuber initiation is less affected by high temperatures in early than late cultivars. Potato models simulate
this effect as the cultivar-specific coefficient for critical temperature (TC). Tuber initiation is inhibited above
the critical temperature. The relationship is described in the following equation.

RTFTI ¼ 1:0� 0:0156� TEMP � TCð Þ2 (6)

where TEMP is the daily mean temperature, and RTFTI varies from 0 to 1.

Tuber bulking is the most important simulation process in potato modeling. Once tuber bulking starts,
assimilates are partitioned to tubers as a first priority. Vegetative growth is reduced. Tuber growth rate is
affected by temperature. It is also affected by nitrogen and water stress, and sink strength [89].

5.2 Tomato and Pepper
Tomato and pepper possess almost the same processes as discussed above in the general growth section.

However, there are a few differences in understanding the growth mechanisms and simulating these
processes in most of the horticultural crops, including tomato and pepper. The major difference is that
tomato and pepper are indeterminate (most cultivars) in growth habit, and their growth continues until the
last day of simulation. The CROPGRO model simulated well these mechanisms in tomato [90].

Another factor to be considered is that fruit and seed yields are often reported on a fresh rather than a dry
basis, as it occurs in most cereal crops. Typically, all growth models emphasize the dry weight of pods or
seeds. However, the following relationship can be used to calculate the fruit fresh mass using dry matter
concentration and dry mass on the tomato fruit:

Fw cdð Þ ¼ Dw=DMP cdð Þ (7)

where, Fw = fresh mass per fruit, Dw = dry mass per fruit, and DMP = Dry matter concentration.

Dry matter concentration is a function of thermal time, and it may be affected by water deficit, season,
cultivar and soil nutrition status [90].

6 Decision Support Systems Developed for Horticulture

Starting from 1965, a large number of decision support programs have been developed for horticultural
crops either by research scientists or commercial firms. It is not possible to list all these DSS’s but their usage
in different programs and approaches can be classified [6,87]. Horticultural crop production is mainly
focused on two approaches (i.e., producing crops under open field conditions or inside greenhouses
where almost all environmental factors can be controlled). Decision support systems also deal separately
with these two approaches. A large number of crop models have been developed for potato (Tab. 1), and
only a few for tomato (Tab. 2) and peppers (Tab. 3).

Table 1: Potato crop models used under field conditions with their applications

S. # Model Management Climate change References

Water Nitrogen Temp. CO2

1 APSIM-Potato ✓ [91,92]

2 AquaCrop ✓ [93]

3 CROPSYST ✓ ✓ ✓ ✓ [64,94]

4 CROPSYSTVB-
CSPOTATO

✓ [95]

(Continued)
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Table 1 (continued).

S. # Model Management Climate change References

Water Nitrogen Temp. CO2

5 DAISY ✓ ✓ [96,97]

6 DANUBIA ✓ [98]

7 Expert-N-SPASS ✓ ✓ [99]

8 INFOCROP-POTATO ✓ ✓ ✓ [100]

9 Ingram-model [101]

10 ISPOTA [102]

11 Johnson-model [103]

12 LINTUL-FAST ✓ ✓ [104]

13 LINTULNPOTATO ✓ [105]

14 LINTUL-POTATO ✓ [106]

15 LPOTCO ✓ [107]

16 NPOTATO ✓ ✓ [108]

17 POMOD ✓ [109]

18 POTATO [110]

19 POTATOS ✓ ✓ [108,111]

20 Potato Calculator ✓ ✓ [112,113]

21 PotatoSoil Wat [114]

22 REGCROP ✓ [115]

23 ROTASK 1.0 [116]

24 Sands-model [117]

25 Sanabria and
Lhomme model

✓ ✓ [118]

26 SCRI-model ✓ [119]

27 SIMPOTATO ✓ ✓ [120,121]

28 SOLANUM [122]

29 SPUDSIM [123]

30 SUBSTOR-Potato ✓ ✓ ✓ ✓ [124–127]

31 SVMLEACH – NK POTATO ✓ [128]

32 SWACROP ✓ [129]

33 WOFOST ✓ ✓ [130–132]
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6.1 Potato
Potato is the most important solanaceous vegetable, and its importance can be evaluated by the

development of a great number of crop models for this crop. Most of these models have been applied to
study the effects of climate change as well as to optimize management practices for this crop [5]. The
most cited models in the literature are LINTUL-POTATO [106] and SUBSTOR-Potato [125,156]. The
SUBSTOR-Potato model has been used widely to assess the impact of water [157,158], weather
[124,159,160] and nitrogen dynamics [161,162]. This model has also been used to simulate potato
growth and yields with varying management options and across wide geographic regions. Silva et al.
[163] evaluated this model’s performance in 19 countries with 87 field experiments involving 204
treatments. Experiments varied in irrigation management, soil nitrogen levels and properties, cultivar
selection, planting time and atmospheric conditions. Tuber growth and yields were accurately simulated
with such model under diverse environmental conditions with different cultivars and management
practices. Similarly, Arora et al. [89] reported that SUBSTOR-Potato model simulated well tuber yield at
varying nitrogen and irrigation treatments. The results determined that yield was more responsive to
irrigation in the presence than in the absence of nitrogen. Higher initial soil water content require less
nitrogen and water than lower initial water content for an equivalent tuber yield. Gayler et al. [99]
integrated a modeling program Expert-N with a crop simulation model Soil-Plant-Atmosphere System

Table 2: Tomato crop models used under field conditions with their applications

S. # Model Management Climate change References

Water Nitrogen Temp. CO2

1 TOMGRO ✓ ✓ [133–135]

2 TOMPOUSSE [136]

3 CROPGRO-Tomato ✓ ✓ ✓ ✓ [55,90,137–140]

4 TOMSIM ✓ [141,142]

5 EPIC ✓ ✓ ✓ [143,144]

6 AquaCrop ✓ [139]

7 EU-Rotate ✓ ✓ [46,145]

8 STICS ✓ [146,147]

9 SALTMED ✓ ✓ ✓ [148]

Table 3: Pepper crop models used under field conditions with their applications

S. # Model Management Climate change References

Water Nitrogen Temp. CO2

1 SIMDualKc ✓ [149]

2 VegSyst ✓ ✓ [150]

3 EU-ROTATE-N ✓ ✓ [151]

4 SALTMED ✓ [152]

5 INTKAM ✓ ✓ [153,154]

6 CROPGRO-Pepper ✓ [155]
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Simulation (SPASS) and were able to simulate carbon and nitrogen balances in potato. An adequate
modelling predicted the optimum fertilizer requirement of two potato cultivars and they suggested that
this model can be used to predict the growth, nitrogen uptake and yield in potato under different
environmental conditions and fertilizer management scenarios. Alva et al. [95] studied two growth models
(CROPSYSTVB and CSPOTATO) in an integrated way to simulate the fate of nitrogen under field
conditions. Simulated yield was in accordance with the actual yield. It was concluded that these models can
be used as a valuable tool in predicting potato yield and nitrogen demand under different crop rotation systems.

6.2 Tomato
Under field conditions, tomato crop has been simulated by using different crop models such as EPIC

[143,144], CROPGRO or TOMGRO [45,55,133,137–140,164–168] and TOMSIM [141,142].
CROPGRO-Tomato model is the most cited in literature which has been widely used to simulate tomato
growth functions and yield parameters under open field conditions. Rinaldi et al. [55] evaluated the
CROPGRO model in processing tomato to assess various irrigation and nitrogen management situations
by utilizing 53 years of local weather data. The results confirmed that the model was a useful tool as a
DSS for optimal management of tomato crop. Some modifications were made by Boote et al. [45] in the
CROPGRO model in order to accurately simulate the crop phenology, growth parameters and yield in
response to various temperatures. Models well calibrated with changing weather conditions can be
applied to simulate and predict tomato fruit set, biomass, water use efficiency and yield. AquaCrop is
another crop simulation model which was developed for optimization of water management options.
Rinaldi et al. [66] found this model suitable for optimization of irrigation applications under water deficit
conditions in Mediterranean climates in order to save water resources and obtain greater water use efficiency.

6.3 Peppers
Research on development of growth models for pepper crop remains scarce, when compared to other

vegetable crops such as tomatoes. As a result, few crop simulation models such as VegSyst [150]
SALTMED [152], INTKAM [153], SIMDualKc [149], FARQUHAR [169], EU-ROTATE-N [151] are
cited in literature.

In pepper crop, the important crop management issues are excessive nitrogen applications and
irrigations. Therefore, most models were evaluated for optimizing water and nitrogen applications [150].
Therefore, researchers have focused on increasing water and nitrogen use efficiency. Mathematical
simulation is the current solution to improve water and fertilizer management at the field for achieving
maximum yields and minimum nitrate leaching in soil, and drainage losses under water deficit conditions.
Similarly, another study [151] indicated application of simulation models for nitrogen management in
pepper crop. The EU-ROTATE-N model was applied for optimizing water and nitrogen usage in pepper.
Simulation results revealed that this model has the capacity to estimate soil moisture and nitrate
percentage under varying fertilizer management options for Isfahan climatic situations, and models can be
applied in decision-making processes regarding fertilizer and water management at the farm level. This
model can be used to optimize nitrogen fertilization in various vegetables without requiring much
calibration and can be used under a wide range of growing environments [151]. Moreover, there are
many crop growth models which simulate crop growth and yield characteristics of sweet pepper, as a
function of time dealing with phenological stages, fruit set and harvest index in various levels of
detail [169–171].

7 Model Applications in Greenhouse Environments

The raising of vegetables in greenhouses has become popular in recent decades. In the current scenario,
with increasing demands of vegetables and shrinking of them in arable lands, the technique of growing
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vegetables in greenhouses is gaining popularity. Greenhouses facilitate in providing a suitable environment for
plant growth and developmental processes. The microclimate in greenhouses is the integration of various
physical phenomenon which are controlled by environmental factors, crop species, growth stages and
greenhouse structures. In protected cultivation, the main factors affecting crop development are temperature,
relative humidity and solar radiation. Many crop simulation models have been developed which facilitate
the management of microclimate in various greenhouses as well as the growth of crops [172].

In addition to climate change, nutrient and water management are other important aspects in greenhouse
management. In greenhouses, vegetable production is more intensive than in open fields. Nutrient and water
applications need more precision and accuracy as these are applied frequently in protected horticulture. The
term “spoon feeding” is used in greenhouses for nitrogen and water application to the plants [173,174].
However, this intensive and accurate nutrient and water management is not being managed using fixed
fertilization programs [173]. Crop water and nutrient demands should match when suppling them, and
they would enhance the resource use efficiency [175]. In order to improve the efficiency of this “spoon
feeding” phenomenon, daily crop nutrient and water uptake must be calculated, and simulation models
should estimate daily crop water and nitrogen demands. For commercial applications, these models are
required to be integrated with user-friendly DSS [146].

7.1 Tomato
In greenhouses, simulation studies were performed by using the same models which were used under

field conditions such as EPIC [144], CROPGRO-Tomato [45,55,138–140,167,168] and TOMSIM
[141,142]. These models were modified according to the structure and type of greenhouse as well as the
crop condition. For example, SALTMED model, which has been widely applied to simulate crop growth
in various crops under field conditions, was modified. Silva et al. [148] applied this model to simulate
tomato growth under unheated greenhouse conditions; results revealed that the model accurately
simulated tomato growth, and it can be used as a Decision-Support tool for optimizing crop cultivar,
planting time, irrigation needs and predicting yields. In another study, Dimokas et al. [134] used the
TOMGRO model to simulate the crop development and climate in plastic greenhouses in Greece. The
aim was to shorten the life span of tomato plants, of indeterminate growth habit, without affecting their
dry matter and fruit production. That model worked as a useful tool in simulating those measurements in
plastic greenhouses, and it can be used in decision making processes to optimize functioning of the
greenhouses for obtaining a better growth and yield. EU-ROTATE-N is another simulation model which
has been applied to field grown vegetable crops [145,176]. Soto et al. [46] used this model to optimize
various fertilization treatments in 4-year experiments. Results concluded that EU-ROTATE-N can assess
the effects of crop management in relation to water drainage, nitrate leaching and soil nitrogen dynamics
on tomato raised under greenhouse conditions.

7.2 Peppers
A few studies indicated the development and application of crop growth models for pepper under

greenhouse conditions [153]. The plant-nutrient relationship is an important part when greenhouse
systems are used. Marcelis et al. [154] used a simulation model developed for cucumber by Marcelis
[“INTKAM”; 177] to simulate dry matter production in sweet pepper as an example. Data from two
different climatic zones (i.e., southern Spain and northern France) were used for evaluation of the model.
The model simulates water uptake, and different nutrients and growth of plant organs in relation with
plant-nutrient processes. Likewise, Marcelis et al. [169] developed another crop model “FARQUHAR”
for simulation of sweet pepper crop under a greenhouse climate. Six crops were grown at two locations
viz. Netherlands and France for collection of the data. Radiation interception was measured for a uniform
canopy, and canopy area was predicted using the model functions and considering the temperature data at
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planting time. Valdés-Gómeza et al. [146] evaluated the VegSyst model for optimizing nitrogen and water
management of sweet pepper under greenhouse conditions. They found that daily nitrogen uptake,
evapotranspiration rate and dry matter production were well simulated by the model.

Salinity problems emerge under greenhouse conditions due to excessive application of fertilizers,
resulting in a constraint of plant growth. Model applications also played a role in meeting this challenge.
The SALTMED is the widely used model in this context, and has been used by several workers
[163,178–180] in different experiments. Rameshwaran et al. [152] applied this model on a sweet pepper
crop irrigated with saline water under greenhouse conditions. Results revealed that measured data were in
good agreement with the simulated results in predicting crop growth and yield under saline conditions.
The crop evapotranspiration (ETc) is the critical process in a greenhouse system for an effective irrigation
management. The SIMDualKc is a model developed for simulation of crop (ETc). Qiu et al. [149]
evaluated this model to simulate the ETc of chili pepper grown in Northwest China under greenhouse
conditions. The model was found to be appropriate in calculating ETc, and thus increasing the efficiency
of irrigation application to pepper crop in greenhouses.

8 Conclusions

It is evident from the available literature and the current discussion that only a few studies revealed the
development, testing and application of DSS in solanaceous vegetables as compared with agronomic or
cereal crops. Researchers focused more on potato than tomato and peppers. Since tomato and peppers are
also important fruit vegetables in horticulture, there is a need to develop more crop models for these
crops. These models should be tested in contrasting growing conditions worldwide, with modern cultivars
and varying management options. Planting time, water, nutrients, planting geometry, disease management,
and soil-plant-climate interactions should be focused in this regard. Regarding greenhouse conditions,
these models should be calibrated and tested according to the varying environmental conditions for
tomato and especially for peppers in different greenhouses. International collaboration and research
programs are needed to develop and apply crop models worldwide under changing climates and
contrasting growing conditions.
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