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Water availability for irrigation farming is one of the greatest challenges associated 
with the increasing spatio-temporal effects of climate change and variability on 
tomato production, especially in tropical regions. This study was conducted to 
demonstrate the combined effect of irrigation and nutrient management as a 
water-saving strategy to maximize nutrient and water productivity in tomato 
production. The research was conducted in a screen house at the CSIR-Crops 
Research Institute (CSIR-CRI), Kumasi, Ghana using the split-plot design in 
the 2020 and 2021 cropping seasons. The main plot consisted of a single full 
irrigation at 100% recommended crop water requirement and two deficit 
irrigation levels (75 and 50% of the crop water requirement). The subplots 
consisted of two nutrient amendments (inorganic fertilizer and organic compost) 
and a control (without any nutrient amendment). Data from the research was 
used to parameterize the DSSAT CCROPGRO model to simulate the interactive 
effect of irrigation and nutrient management on the yield of tomatoes. Plant 
height and stem girth did not have a specific influence on tomato yield, but the 
number of branches had a positive effect on tomato yield. The combined use 
of inorganic fertilizer and full irrigation was found to improve tomato yield up 
to 7691.4 and 9009.9  kg/ha whereas treatment with no fertilizer application at 
50% deficit irrigation recorded the lowest tomato yield of 1423.9 and 1739.2  kg/
ha in 2020 and 2021, respectively. For the two deficit irrigations (50 and 75% ETc), 
organic compost produced the highest tomato yield. Deficit irrigation recorded 
higher crop water productivity (CWP) compared to full irrigation. At 50% deficit 
irrigation, organic compost recorded the highest CWP of 4.54  kg/m3 in 2020 
while inorganic fertilizer recorded the highest CWP of 5.52  kg/m3 in 2021. No 
fertilizer at full irrigation recorded the lowest CWP of 1.37 and 1.67  kg/m3 in 2020 
and 2021, respectively. This study has revealed that deficit irrigation with organic 
compost has the same effect on yield and water productivity as full irrigation with 
inorganic fertilizer. The strong agreement observed between the measured and 
simulated yields under the different irrigation and nutrient management shows 
that the DSSAT CROPGRO tomato model can be used to simulate tomato fruit 
yield under future climate scenarios. However, the general overestimation of the 
measured tomato yield shows the limitations of the model to simulate the real-
world complexity of cropping systems under controlled conditions. This calls for 
more research into crop system modeling in controlled environment agriculture.
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1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most extensively 
irrigated crops in the world (Arah et al., 2015). In irrigated cultivation 
of tomatoes in Ghana, farmers tend to use more water than the crop 
requires which reduces water use efficiency and causes fruits to rot as 
well as other water-borne diseases. Despite the investment made by 
tomato farmers to achieve high productivity, the sector continues to 
face challenges, particularly water and nutrient scarcity, which affect 
sustainable tomato production in Ghana relative to other countries 
(Melomey et  al., 2019). Open-field farming exposes tomatoes to 
extreme weather conditions including high infestation from insects, 
pests, and birds as well as fluctuating temperatures, humidity and 
rainfall due to climate change. Climate change, in particular, has had 
severe impacts on tomato production causing heat injury, physiological 
abnormalities such as photosynthesis reduction, tomato growth, and 
development retardation, as well as a reduction in farmers’ livelihood 
as crop yields decline (Ayankojo and Morgan, 2020).

Tomato is currently the most common vegetable grown in 
greenhouses due to extensive studies that have proven that tomatoes 
grown in greenhouses produce higher quality fruits, which helps to 
reduce tomato imports. However, farmers in Ghana have identified 
water and nutrient resources as the main challenges to their adoption 
of controlled environment agriculture such as greenhouses (Forkuor 
et al., 2022). This is because these agricultural technologies do not 
depend on natural inputs such as rainfall and accumulated soil 
nutrients. Tomato cultivation in greenhouses or screen houses, 
requires prudent management of water and nutrient resources in 
order to maximize yield, especially in an era of increasing cost of 
inorganic fertilizer in the global markets as well as climate change 
impacts on water resources in tropical regions.

In recent years, controlled alternate partial root-zone irrigation or 
partial root-zone drying, as well as regulated deficit irrigation are 
practiced as climate change adaptation measures for tomato 
production to maximize water and nutrient productivity (Kumar 
et al., 2017). Deficit irrigation causes a progressive increase in crop 
water stress by reducing the amount of water provided uniformly. This 
approach is increasingly utilized to increase fruit crop water use 
efficiency. A study on a global meta-analysis of the responses of 
different vegetables to deficit irrigation in 30 countries found that 
reducing irrigation levels from full irrigation to 35% crop water 
requirement reduced yield by 50% whereas water productivity 
improved by up to 30% (Singh et al., 2021).

In tomato production, deficit irrigation techniques were found to 
have the greatest potential to increase water use efficiency in areas 
with limited water availability (Al-Ghobari and Dewidar, 2018). Song 
et al. (2016) also found that irrigation with a water deficit index is 
more profitable than total irrigation when water is a constraint to 
agricultural production. A detailed study of modeling the effect of 
deficit irrigation on fruit quality at various development stages of 
tomatoes under greenhouse conditions revealed interesting results 

(Chen et al., 2014). The study found that tomato plants were more 
sensitive to deficit irrigation at flowing, fruiting, and fruit ripening 
stages than initial growth stages. Also, fruit quality parameters such as 
reducing sugar, sugar/acid content ratio, and Vitamin C were more 
sensitive than other quality parameters such as total soluble solids, 
organic acids, firmness and color index (Chen et  al., 2014). 
Nonetheless, several research gaps still exist in deficit irrigation 
studies. These include but are not limited to (i) can deficit irrigation 
sustain tomato yield at a comparable level to full irrigation? and (ii) 
does deficit irrigation improve crop water productivity?

Farmers are also experiencing a decrease in soil fertility status 
(Zhang et al., 2017). Inorganic fertilizers work faster; however, their 
long-term sustenance is a problem (Aryal et al., 2021). Soil quality and 
productivity can be improved by implementing effective management 
practices that can improve tomato yield and reduce chemical 
fertilization. The current plant nutrition regimes seek to improve crop 
system performance by providing the crops with optimal nutrients but 
do not decrease soil nutrient loss nor enhance the sustainability of 
agricultural systems (Mikkelsen et al., 2012). There is a close link 
between water and nutrient use in crop production, when the water 
supply is adequate, plants can make maximum use of the least nutrient 
and vice versa. The task of boosting tomato production while using 
less water and other inputs such as nutrients, will not only help sustain 
production but would also reduce input (water and nutrient) costs, 
increase the incomes of farmers and improve the food sovereignty of 
the country.

Several authors have studied the interactive effects of nutrients 
and water on tomato growth and yield. Rahman and Zhang (2018), 
for instance, found that optimum plant nutrition enables plants to 
withstand water stress. Ullah et al. (2021) studied the effects of deficit 
irrigation and reduced nitrogen on growth and root morphology in 
soilless media. They found that an increase in water and nitrogen 
supply resulted in an increase in photosynthesis and therefore 
biomass, which resulted in increased tomato fruit yield and irrigation 
water use efficiency. Al-Selwey et al. (2021) also studied the effect of 
deficit irrigation on total yield as well as fruit physical and nutritional 
characteristics of four tomato genotypes and found that a reduced 
crop water requirement or crop evapotranspiration (50% ETc) 
significantly increased nutritional value for two of the tomato 
genotypes. The same study also identified 75% ETc at the fruiting stage 
to be  optimal, which did not decrease the total yield of the crop. 
However, these studies did not follow up to simulate and analyze the 
potential interactive effects under future climate scenarios and their 
implication for tomato production, particularly in tropical regions.

For higher productivity, economic returns, and environmental 
quality priorities, various technologies that improve water use 
efficiency will need to be matched by real-time data to support future 
predictions for improved and sustainable production. Research on 
climate change’s impact on agriculture is supported by crop models, 
to simulate crop production and economic balance under various 
climatic and soil management scenarios (Bationo et al., 2012). The 
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Decision Support System for Agro-Technology Transfer (DSSAT) 
model predicts crop growth, development, and yield in response to 
variations in meteorological conditions, soil qualities, and 
management approaches (Jones et al., 2003; Hoogenboom et al., 2019, 
2021). The DSSAT Cropping Systems Models (CSMs) have been 
widely used for different applications by researchers worldwide, which 
have also served as major data sources for Intergovernmental Panel on 
Climate Change (IPCC) assessments for agriculture (Gitay et al., 2001; 
Easterling et al., 2007). By using modern computational instruments, 
CSMs can increase the knowledge gained from field experiments to 
simulate crop responses quickly with a lower cost under a large range 
of experimental conditions for different crops (e.g., Ventrella et al., 
2012; Thorp et al., 2014; Chisanga et al., 2015; Adnan et al., 2017; 
Oteng-Darko et al., 2020). The CROPGRO simulation model of the 
DSSAT CSM suite is used in this research to assess the combined effect 
of irrigation and fertilizer management on the growth and yield of the 
tomato crop under controlled environment agriculture conditions.

The study therefore aims at investigating the interactive effects of 
different deficit irrigation regimes and soil nutrient amendments on 
tomato production and to go further to evaluate the performance of 
crop models in simulating the effects of these interactions on future 
climate scenarios using measured field data from controlled 
environment agriculture as benchmark scenarios. The main research 
questions this study seeks to answer include; (i) what is the combined 
effect of deficit irrigation and nutrient amendments on tomato growth 
and yield? (ii) what is the combined effect of deficit irrigation and 
nutrient amendments on tomato crop water productivity? and (iii) 
how effective is the DSSAT CROGRO Tomato model to simulate 
tomato yield under controlled environment agriculture conditions. 
Simulating tomato yield in controlled environments such as 
greenhouses using measured climate, soil, and crop data can help 
optimize water and nutrient efficiency since farmers can control the 
use of these resources in such agricultural environments and can 
equally be extended to open-field agriculture if all conditions are met. 
The results from the simulations could also help direct future research 
and build optimized recommendations and strategies for current and 
future water and nutrient use in tomato production.

2. Materials and methods

2.1. Study area and experimental design

The experiment was conducted in a screen house at the research 
fields of the CSIR-Crops Research Institute, Fumesua, Kumasi, located 
in the forest agroecological zone of Ghana (6.7177° N, 1.5317° W). 
The experiment was carried out in the 2020 and 2021 cropping 
seasons. The meteorological conditions for the two seasons were 
different. The average temperatures in the screen house were 36°C and 
30°C, with average humidity levels of 52 and 68% in 2020 and 2021, 
respectively. A split-plot experimental design was used for this study. 
The main plots were allocated to the three irrigation schedules: 50% 
crop water requirement—ETc (S1), 75% ETc (S2) and full irrigation or 
100% ETc (S3). The subplot treatments consisted of three different soil 
amendments [NPK 15-15-15 inorganic fertilizer (IF) and organic 
compost (OC)] as nutrients, applied at the same N rate of 90 kg N/ha 
as well as control subplot treatments, where no fertilizer (NF) was 
applied. The design produced nine (9) treatments which were 

replicated thrice, consisting of three potted plants per each replicate. 
The treatments were randomized across replicates. Table 1 presents 
details of the treatment combinations of three irrigation schedules (S1, 
S2, and S3) and three nutrient amendments (IF, OC, and NF) and 
their acronyms for this study.

2.2. Agronomic practices

Seeds of the Pectomech tomato variety were nursed in two big 
bowls in the screen house. The seedlings started to emerge within 
3–5 days after the nursery with a germination rate of approximately 
84% for the two seasons. The germinated seedlings were transplanted 
into the buckets filled with sterilized black soil in the screen house 3 
weeks after nursing. Three tomato seedlings were planted per bucket. 
Staking was done to provide support to the tomato stems. Sampyrifos 
insecticide was used to control whiteflies in the screen house. Weeds 
were controlled by handpicking.

ACARP© Compost fertilizer was used for the OC treatments 
which involved the split application of compost. The first application 
was done 2 weeks before transplanting and the second application was 
done 10 days after transplanting. Compost was split and applied at 
90 kg N/ha for both cropping seasons. It has been found that only 50% 
of the available nutrients in compost are usually available to the crop 
during the growing season (Sayara et  al., 2020). In order not to 
disadvantage the crops fertilized with compost, we  doubled the 
amount of compost used to avail 100% of the N requirement of the 
crop during the growing season. This was done to make more 
nutrients in the compost available to the crop during the growing 
season depending on water availability. The compost was bunded at a 
depth of about 10–15 cm and 5 cm away from the plant within the root 
zone. The IF treatment was split into halves with the first application 
occurring 10 days after transplanting while the second application was 
done at 50% flowering. The N-P-K fertilizer was banded at an 
application depth of about 15 cm.

2.3. Irrigation scheduling

The CROPWAT 8.0 model developed by the FAO Land and Water 
Development Division was used to estimate crop water and irrigation 
requirements (ETc) based on location-specific climate, soil, and crop 
information (FAO, 2002). The climate data used included monthly 
means of the minimum and maximum temperatures, humidity, wind, 
and sunshine hours. The crop data included crop name and potential 

TABLE 1 Details of the deficit irrigation and nutrient amendment 
treatment combinations for the experimental plan.

Treatments Nutrient amendment

N-P-K @ 
90kgN/ha 

(IF)

Compost @ 
90kgN/ha 

(OC)

No 
fertilizer 

(NF)

Irrigation

50% ETc (S1) S1IF S1OC S1NF

75% ETc (S2) S2IF S2OC S2NF

100%ETc (S3) S3IF S3OC S3NF
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variety height, crop coefficient values (Kc) for initial, mid, and late 
seasons, the growth duration for initial, development, mid and late 
seasons, the critical depletion factor, and the yield response (Table 2). 
The depletion factor represents the fraction of total available water 
(TAW) that a crop can extract from the root zone without suffering 
water stress. These values usually vary from 0.3 for shallow-rooted 
crops at high rates of ETc (>8 mmd−1) to 0.70 for deep-rooted crops at 
low rates of ETc (<3 mmd−1). A value of 0.5 is commonly used for 
many crops (Colaizzi et al., 2017). We used values between 0.3 and 0.5 
for initial and late seasons (Table 2). The yield response factor (Ky) 
which quantifies the response of a crop’s yield to water, relates relative 
yield decrease (1 – Ya/Ym) to relative evapotranspiration deficit (1 – 
ETa /ETc), where Ya is the actual yield (corresponding to ETa) [kg/ha], 
Ym is the maximum theoretical yield (corresponding to ETc) [kg/ha], 
ETa is the actual crop evapotranspiration and ETc is the potential crop 
evapotranspiration, and thus the crop water requirement. The crop 
data used in the CROPWAT 8.0 model are presented in Table 2.

Site-specific soil data (Table 3) were also uploaded for use in the 
CROPWAT 8.0 model. The experimental soil was mixed extensively 
and sterilized before transferring to cylindrical shape pots 50 cm deep 
and 30 cm diameter for the potted experiment. Each pot was then filled 
with a weight of 8 kg of sterilized soil. Total available soil moisture was 
determined as the difference between field capacity and wilting point. 
Field capacity and permanent wilting point were determined in the 
laboratory using the retention curve method. An infiltration test using 
a double-ring infiltrometer was carried out to determine the maximum 
infiltration rate. Since rooting was restricted within the pots, the 
maximum rooting depth was taken as the height from the potted soil 
surface to the base of the pot. At planting, pots were irrigated, hence 
initial soil moisture depletion was assumed to be zero.

The water balance Equation (1) was used to calculate 
evapotranspiration (ET):

 
ET Sf p= + − − ±I P R D ∆

 (1)

where I represent the irrigation water amount during the period 
(mm), P is the total precipitation, Rf is the amount of the surface 
flow (mm), Dp indicates the deep drainage (mm) and ΔS is the 
change in soil water content from the beginning to the end of the 
period (mm/120 cm). Before planting seedlings, pots were irrigated 
using the drip irrigation method. Total precipitation (P) and surface 
flow (Rf) were omitted because of the screen house conditions 
under which the crop was planted. Deep drainage was 
also neglected.

2.4. Data collection

Data collection was initiated 21 days after transplanting and 
subsequently, weekly until the final harvest. Three plants in each 
treatment were tagged for data collection. Plant height was 
measured from the base of the plant just above the soil surface to 
the tip of the longest stem with a calibrated rule. Stem girth was 
similarly taken from the three tagged plants using a vernier caliper. 
Total number of branches were counted on the tagged plants. 
Number of days to 50% flowering was recorded when more than 
half of the total number of plants flowered per the treatment. This 
was useful for the application of the second dose of the N-P-K 
inorganic fertilizer.

Harvest data was collected from the three tagged plants. Data on 
fruit weight per plant was collected and used to estimate fruit yield per 
hectare. Fruit weight per plant was determined by weighing the total 
number of fruits harvested in all subsequent harvests for the three 
tagged plants per treatment combinations and the average is taken to 
represent fruit weight per plant. The fruit yield per hectare was then 
estimated by multiplying fruit weight per plant by the number of 
plants per hectare, which is 33,333 plants for the Pectomech 
tomato variety.

Crop Water Productivity (CWP) was estimated as the ratio of the 
total fruit yield to the total amount of water used throughout the entire 
growth period as shown in Equation (2).

TABLE 2 Crop growth parameters used as input for the CROPWAT model.

Crop parameter Value Crop parameter Value

Kc Initial 0.70 Critical depletion Initial 0.30

Mid-season 1.05 Mid-season 0.40

Late season 0.80 Late season 0.50

Stage (days) Initial 30 Yield response Initial 0.50

Dev 40 Dev 0.60

Mid-season 45 Mid-season 1.10

Late season 30 Late season 0.80

Rooting depth 40 cm Crop height 120 cm

TABLE 3 Specific properties of the experimental soil used as input for the 
CROPWAT model.

Soil property Value Unit

Total available soil moisture 129 mm/m

Maximum infiltration rate 30 mm/day

Maximum rooting depth 40 cm

Initial soil moisture 

depletion (as % TAM)

0 %

Initial soil moisture 129 mm/m
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CWP kg m
Yield kg ha

Total amount of applied water m ha
/

/

/

3

3( ) = ( )
( )) 

(2)

2.5. Parameterization of the DSSAT 
CROPGRO model

The CROPGRO simulation model of the DSSAT CSM suite was 
used to simulate the measure of fruit yield for the two cropping 
seasons, taking into account the different irrigation schedules and 
nutrient amendments. Local soil and weather data were used to 
calibrate the soil (X-Build) and weather (Weatherman) modules of the 
DSSAT CROPGRO model (version 4.7.5) respectively. Historical 
weather data for the period 2000–2020 were obtained from the Ghana 
Meteorological Agency, Accra. This included relative humidity, 
minimum and maximum temperatures, rainfall, wind speed and 
direction, solar radiation, and sunshine hours. The historical weather 
data was input into the Weatherman model of DSSAT to be recalled 
during simulations.

About 100 g soil sample was collected and analyzed for soil 
physical and chemical properties at the Laboratory of the 
Department of Crop and Soil Sciences, Faculty of Agriculture, 
KNUST, Kumasi. The soil was analyzed for exchangeable bases and 
acidity, Phosphorous, percent organic carbon and matter, pH and 
particle size distribution (Table  4). Particle size distribution of 
percentage sand, silt and clay content was used to estimate the soil 
texture, which was identified as sandy loam soil (Table  4). Soil 
information was input into the S-Build module of DSSAT and 
recalled for all simulations pertaining to the experiments 
undertaken. We refer readers to Hoogenboom et al. (2019, 2021) and 
Jones et al. (2003) for a more complete description and application 
of the DSSAT and the Cropping System Model.

For validation purposes, the model outputs were tested using a 
Minimum Data Set (MDS) sourced from the experiments carried out 
at the CSIR—Crops Research Institute. The minimum crop data set 
included fruit yield, biomass, plant height, leaf area index and stem 
girth collected from the stress-free experiment conducted in 2019 
under similar environmental conditions as this current research. The 
validation employed one-year weather data from 2019. The genetic 
coefficient of the Pectomech tomato cultivar was derived using the 
trial-and-error method as described by Thirumeninathan et al. (2021). 
After every trial-and-error simulation run, adjustment was made to 
match the observed crop phenology and yield with the simulated 
values. This was done to make the calibrated genetic coefficient lie 
within the predefined limits for the cultivar.

2.6. Statistical analysis

Data collected on the growth parameters (plant height, stem girth 
and number of branches), and productivity data (fruit yield and crop 
water productivity) were subjected to ANOVA (analysis of variance) 
using the LSD.test function of the Agricole package in the R-studio 
statistical software (version 4.0.2). Means separation was done using 
the least significant difference (LSD) at 5% significance level (p < 0.05), 
thus, 95% confidence level.

To assess the overall performance of the DSSAT CROPGRO 
model to simulate the tomato yield, the following statistical and model 
performance measures were used: Mean Bias Error (MBE), Root 
Mean Square Error (RMSE), Index of Agreement (d), and the RMSE—
Observation Standard Deviation (RSR) (Chai and Draxler, 2014; 
Oteng-Darko et al., 2020). The Nash-Sutcliffe model efficiency score 
(Nash and Sutcliffe, 1970) between the measured and simulated fruit 
yields was also used to evaluate the overall model performance.

Suppose m is the number of data points; where Xm is the 
measured yield values, Xs is the simulated yield values, X



m  is the 
mean measured yield value, and j = 1, …, m:

 
MBE

m

s m= −( )
=
∑1

1
m

X X
j  

(3)
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(6)

TABLE 4 Physico-chemical analysis of soil used for the potted 
experiment.

Soil property Parameter Value

pH 6.04

Phosphorous, P (mg/kg) 22.41

% Nitrogen 0.28

Exchangeable bases 

(cmol/kg)

K 0.78

Ca 5.30

Mg 1.60

Na 0.0235

Exchangeable acidity 

(cmol/kg)

Al 0.218

H 0.298

% Organic carbon 2.120

% Organic matter 3.654

Particle size % Sand 82.55

% Clay 12.54

% Silt 4.91

Textural class Sandy loam
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3. Results

3.1. Effects of deficit irrigation and nutrient 
amendment on the growth parameters

3.1.1. Plant height
Figure 1 presents the trends of average tomato plant heights from 

4 to 12 weeks after transplanting at 2 weeks intervals for the treatment 
combinations of deficit irrigation and nutrient amendments for the 
two seasons. The bars represent the least significant difference (LSD) 
values at 95% confidence interval, above which the differences in the 
mean plant height values were considered statistically significant. The 
trends show a systemic increase in plant height for both seasons for all 
treatment combinations. Tomato plants were generally higher from 
the start of data collection (4th week after transplanting) for the 2021 
cropping season but were higher at harvest (12th week after 
transplanting) for the 2020 cropping season. There were significant 
differences (p < 0.05) in plant height between the different treatment 
combinations for each week of data collection for the 2020 cropping 
season (Figure  1A). For the 2021 cropping season, there was a 
significant difference (p < 0.05) in plant height between the different 
treatment combinations for only the 4th week after transplanting 
(Figure 1B).

Tomatoes cultivated under full irrigation schedule with organic 
compost (S3OC) and no fertilizer (S3NF) recorded significantly, the 
highest plant height for the 4th and 6th week after transplanting 
during the 2020 cropping season. Treatments with organic matter 
under all three irrigation schedules then recorded the highest plant 
height from the 8th to 12th week after transplanting in 2020, though 
the mean values were not significantly different from treatments with 
no fertilizer under all three irrigation schedules. For the 4th week after 

transplanting, where the mean differences recorded significant 
differences for the 2021 cropping season, treatment combination of 
organic compost and 75% ETc deficit irrigation (S2OC) recorded 
significantly higher plant height than the same nutrient amendment 
under full irrigation (S3OC). There were however, no significant 
differences with the other treatment combinations. Treatments with 
inorganic fertilizer under all three irrigation schedules consistently 
recorded significantly lowest plant height among the treatment 
combinations for all weeks of data collection for the 2020 cropping 
season. However, this treatment combination consistently recorded 
the highest plant height between the 6th and 12th weeks after 
transplanting for the 2021 cropping season, though this was not 
significantly different from the other treatment combination.

3.1.2. Stem girth
The growth trends for the stem girth also showed systemic 

increases for the 2020 and 2021 cropping seasons under all treatment 
combinations (Figure 2). Stem girths were generally similar from the 
start of data collection (4th week after transplanting) for both cropping 
seasons but were bigger at harvest (12th week after transplanting) for 
the 2020 cropping season. There were significant differences (p < 0.05) 
in the number of branches between the different treatment 
combinations for each week of data collection during the 2020 
cropping season and other weeks of data collection during the 2021 
cropping season except the 8th week after transplanting. For the 2020 
cropping season, treatments with inorganic fertilizer and organic 
compost under all three irrigation schedules recorded significantly 
bigger stem girths. The treatment with no fertilizer under all three 
irrigation schedules recorded the least stem girths (Figure 2A). For the 
2021 cropping season, treatments with inorganic fertilizer under full 
irrigation (S3IF) and 75% ETc deficit irrigation (S2IF) recorded 

FIGURE 1

Average plant height of tomatoes for the different treatment combinations for the two seasons (A) 2020 and (B) 2021. Bars indicate LSD (p  <  0.05) for 
each week of data collection.

https://doi.org/10.3389/fsufs.2023.1199386
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Amankwaa-Yeboah et al. 10.3389/fsufs.2023.1199386

Frontiers in Sustainable Food Systems 07 frontiersin.org

significantly bigger stem girths, whereas organic compost under all 
three irrigation schedules recording significantly smallest stem girths 
(Figure 2B). It can also be observed that in 2021 (Figure 2B), stem 
girths were consistently bigger for treatments with inorganic fertilizer 
(continuous lines), followed by treatments with no fertilizer (dotted 
lines) and then treatments with organic fertilizer (dashed lines) under 
the irrigation schedules for all weeks of data collection.

3.1.3. Number of branches
Again, the trends of the number of branches showed a systemic 

increase for both the 2020 and 2021 cropping seasons under all 
treatment combinations (Figure  3). A number of branches was 
consistently higher for 2021 compared to 2020 throughout the data 
collection period. There were significant differences (p < 0.05) in the 
number of branches between the different treatment combinations for 
each week of data collection for both cropping seasons. For the 2020 
cropping season, treatments with organic compost under 50% ETc 
deficit irrigation (S1OC) recorded the highest number of branches, 
but not significantly higher than the other irrigation schedules (75 and 
100% ETc) as well as treatments with inorganic fertilizer under both 
full irrigation (S3IF) and 50% ETc deficit irrigation (S1IF). Treatments 
with no fertilizer under full irrigation (S3NF) and 50% ETc deficit 
irrigation (S1NF) consistently recorded the lowest number of 
branches. For the 2021 cropping season, treatments with inorganic 
fertilizer under all three irrigation schedules recorded significantly 
highest number of branches, whereas treatments with organic 
compost and no fertilizer under 50% ETc deficit irrigation (S1OC and 
S1NF) recorded the significantly lowest number of branches. 
Treatments with organic compost and no fertilizer under full 
irrigation and 75% ETc deficit irrigation consistently recorded 
intermediary number of branches.

3.2. Effects of deficit irrigation and nutrient 
amendments on productivity parameters

Generally, fruit yield per hectare and crop water productivity was 
higher for the 2021 cropping season compared to the 2020 cropping 
season under all treatment combinations (Table  5). Tomato plants 
cultivated under the treatment combination of full irrigation and 
inorganic fertilizer (S3IF) produced the highest mean yield per hectare 
for both the 2020 and 2021 cropping seasons (7691.4 and 9009.9 kg/ha, 
respectively). Plants cultivated under treatment combination of full 
irrigation and organic compost (S3OC) recorded the second-highest yield 
for both cropping seasons (6297.5 and 7892.7 kg/ha, respectively) whereas 
plants cultivated with no fertilizer application under 50% ETc deficit 
irrigation (S1NF) recorded the lowest yield for both cropping seasons 
(1423.9 and 1739.2 kg/ha, respectively) (Table 5). There were no significant 
differences between the yields from inorganic fertilizer (IF) and organic 
compost (OC) nutrient amendment treatments under 50% ETc and 75% 
ETc deficit irrigation (S1 and S2) for both cropping seasons.

For the 2021 cropping season, treatments with no fertilizer 
statistically producedthe same mean yield under all three irrigation 
schedules. For both cropping seasons, tomato plants cultivated under 
full irrigation (S3) produced the highest fruit yield per hectare for all 
nutrient amendment treatments followed by 75% ETc deficit irrigation 
schedule (S2) with 50% ETc deficit irrigation (S1) producing the least 
yield (Table 5). Nutrient amendment with inorganic fertilizer (IF) also 
produced the highest fruit yield for all three irrigation schedules, 
which were not significantly different from mean yield values for 
treatments with organic compost except for under full irrigation 
schedule (S3) for 2020. Treatments with no fertilizer application 
recorded the least fruit yield under all deficit irrigation schedules for 
both cropping seasons.

FIGURE 2

Average stem girth of tomatoes for the different treatment combinations for the two seasons (A) 2020 and (B) 2021. Bars indicate LSD (p  <  0.05) for 
each week of data collection.
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The total volume of water supplied to each plant for the three 
irrigation schedules S1, S2, and S3 were 27.039, 40.559, and 
54.079 liters, respectively. In 2020, treatments with organic 
compost under 50% ETc deficit irrigation (S1OC) recorded the 
highest crop water productivity (4.54 kg/m3), with inorganic 
fertilizer under full irrigation (S3IF) recording the second-
highest crop water productivity (4.27 kg/m3). There was, however, 
no significant difference between these two treatment 
combinations. In 2021, treatments with inorganic fertilizer under 
50% ETc deficit irrigation (S1IF) recorded the highest crop water 
productivity (5.52 kg/m3), with organic compost under 50% ETc 
deficit irrigation (S1OC) recording the second-highest crop water 
productivity (5.41 kg/m3). There was no significant difference 

between these two treatment combinations, as well as with the 
other two irrigation schedules (S2 and S3) with organic compost 
and inorganic fertilizer nutrient amendments. Meanwhile, 
treatments with no fertilizer application under full irrigation 
(S3NF) produced significantly, the least crop water productivity, 
of 1.37 and 1.67 kg/m3 for the 2020 and 2021 cropping seasons, 
respectively (Table 5).

Deficit irrigation of 50% ETc (S1) produced the highest crop water 
productivity under organic compost (OC) and no fertilizer (NF) 
treatments for the 2020 cropping season, and under all nutrient 
amended treatments for the 2021 cropping season followed by 75% 
ETc deficit irrigation (S2) with full irrigation (S3) producing the least 
water productivity (Table 5). For inorganic fertilizer (IF) treatments, 

TABLE 5 Summary of mean fruit yield and crop water productivity for the treatment combinations for the two cropping seasons.

Treatment Total yield (kg/ha) Crop water productivity (kg/m3)

2020 2021 2020 2021

S1IF 3460.0d 4977.7d 3.84abc 5.52a

S1OC 4089.2d 4873.5d 4.54a 5.41a

S1NF 1423.9f 1739.2e 1.58d 1.93b

S2IF 5084.2c 6962.7bc 3.76bc 5.15a

S2OC 5264.4c 6310.9cd 3.89abc 4.67a

S2NF 1937.8ef 2447.9e 1.43d 1.81b

S3IF 7691.4a 9009.9a 4.27ab 5.00a

S3OC 6297.5b 7892.7ab 3.49c 4.38a

S3NF 2476.3e 3015.0e 1.37d 1.67b

LSD (0.05) 905.7 1442.0 0.72 1.28

In each column, treatments with the same letters are not significantly different at 5% probability level (95% confidence interval) and vice versa. The total yield and crop water productivity 
decrease in the order of a > b > c > d > e > d > f for each column.

FIGURE 3

Average number of branches of tomatoes for the different treatment combinations for the two seasons (A) 2020 and (B) 2021. Bars indicate LSD 
(p  <  0.05) for each week of data collection.
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full irrigation (S3) produced the highest crop water productivity for 
the 2020 cropping season. Again, treatments with no fertilizer 
application recorded the least crop water productivity under all 
irrigation schedules for both cropping seasons. There was no 
significant difference between crop water productivity for treatments 
with inorganic fertilizer (IF) and organic compost (OC) under all 
three irrigation schedules. They were however, significantly higher 
than treatments with no fertilizer (NF) under all three 
irrigation schedules.

3.3. Performance evaluation of the DSSAT 
CROPGRO model

3.3.1. Simulating the effects of deficit irrigation 
and nutrient amendment on fruit yield

Fruit yields were generally higher in the 2021 cropping season 
compared to the 2020 cropping season (see Table 5). As stated earlier, 
full irrigation (S3) recorded the highest fruit yield followed by 75% 
ETc deficit irrigation (S2) with 50% ETc deficit irrigation (S1) 
recording the lowest fruit yield for all nutrient amendments. Organic 
compost (OC) recorded higher fruit yield than inorganic fertilizer (IF) 
under both 50% ETc (S1) and 75% ETc (S2) deficit irrigation, whiles 
inorganic fertilizer recorded higher fruit yield than organic compost 
under full irrigation (S3). Treatments with no fertilizer application 
(NF) consistently recorded the least fruit yield under the irrigation 
schedules. The DSSAT CROPGRO model adequately captured all 
these dynamics in the measured data (Figure 4).

However, the model generally overestimated the measured fruit 
yield for both cropping seasons (Figure 4). This overestimation was 

higher for the 2021 cropping season compared to the 2020 cropping 
season for all treatment combinations. For 2020, model overestimation 
was highest for 75% ETc deficit irrigation (S2) followed by full 
irrigation (S3), whereas full irrigation recorded higher overestimation 
than 75% ETc deficit irrigation in 2021. Deficit irrigation with 50% 
ETc (S1) recorded the lowest overestimation for both cropping 
seasons. In terms of nutrient amendments, treatments with inorganic 
fertilizer (IF) recorded higher overestimation than treatments with 
organic compost (OC) in 2020, with the opposite dynamics in 2021. 
Treatments with no fertilizer (NF) recorded the lowest overestimation 
for both cropping seasons.

For 2020, highest model overestimation of 218.5 kg/ha was 
recorded under treatment combination of 75% ETc deficit irrigation 
with inorganic fertilizer (S2IF), with treatment under the same 
irrigation schedule with organic compost (S2OC) recording the 
second highest model overestimation of 218.0 kg/ha. For 2021, highest 
model overestimation of 448.5 kg/ha was recorded under treatment 
combination of full irrigation with inorganic fertilizer (S3IF), with 
treatment under the same irrigation schedule with organic compost 
(S3OC) recording the second highest model overestimation of 
407.6 kg/ha. Consistently, treatment combination of 50% ETc deficit 
irrigation and no fertilizer application (S1NF) recorded the lowest 
model overestimation of 103.6 and 102.8 kg/ha for the 2020 and 2021 
cropping seasons, respectively.

3.3.2. Model performance metrics for tomato 
yield simulation

The model performance metrics for simulating the measured 
tomato fruit yields in both the 2020 and 2021 cropping seasons are 
presented in Table 6. The metrics include the Mean Bias Error (MBE), 

FIGURE 4

Mean tomato fruit yields as measured from the experiment and simulated using the DSSAT CROPGRO model for the different treatment combinations 
for the two seasons (A) 2020 and (B) 2021. Standard error bars are also indicated.
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Root Mean Square Error (RMSE), Index of Agreement (d), and RMSE 
– Observation Standard Deviation (RSR). Average MBE values of 177 
and 272 kg/ha and RMSE values of 293 and 467 kg/ha were recorded 
for the 2020 and 2021 cropping seasons, respectively. Higher MBE and 
RMSE values were recorded for the 2021 cropping season compared 
to the 2020 cropping season, which confirms the overestimation 
dynamics of the model (see Figure 4). On the other hand, the average 
index of agreement values of 0.83 and 0.82 and RSR values of 0.36 and 
0.38 for the 2020 and 2021 cropping seasons, respectively, confirm 
high correlation between measured and simulated fruit yield values 
and therefore high model performance for the 2020 cropping season 
compared to the 2021 cropping season.

For the model performance on the different treatment 
combinations, MBE values greater than 200 kg/ha were recorded for 
treatments with inorganic fertilizer (IF) under both 50% ETc (S1) and 
75% ETc (S2) deficit irrigation as well as organic compost (OC) under 
75% ETc deficit irrigation for both cropping seasons (Table  6). 
However, more than 300 kg/ha MBE values were recorded for 
treatments with inorganic fertilizer (IF) under both 75% ETc deficit 
irrigation (S2) and full irrigation (S3) as well as organic compost (OC) 
under full irrigation for the 2021 cropping season. MBE values less 
than 150 kg/ha were recorded for treatments with no fertilizer 
application (NF) under both 50% ETc (S1) and 75% ETc (S2) deficit 
irrigation for both cropping seasons.

The model recorded RMSR values of more than 300 kg/ha for 
treatments with inorganic fertilizer (IF) and organic compost (OC) 
under both 50% ETc deficit irrigation (S1) and full irrigation (S3) for 
both cropping seasons (Table  6). However, more than 500 kg/ha 
RMSR values were recorded for treatments with inorganic fertilizer 
(IF) and organic compost (OC) under both 75% ETc deficit irrigation 
(S2) and full irrigation (S3) for the 2021 cropping season. RMSE 
values less than 200 kg/ha were recorded for treatments with no 
fertilizer application (NF) under 50% ETc deficit irrigation (S1) for 
both cropping seasons.

The index of agreement for the 2020 and 2021 cropping seasons 
generally ranged between 0.8–0.9 and 0.6–0.9, respectively. The index 
of agreement was up to 0.9 for treatments with inorganic fertilizer (IF) 
under both 50% ETc (S1) and 75% ETc (S2) deficit irrigation as well 
as treatments with no fertilizer application (NF) under 50% ETc deficit 
irrigation for the 2020 cropping season (Table  6). The index of 
agreement was also up to 0.9 for treatments with organic compost 

(OC) under all three irrigation schedules as well as treatments with 
inorganic fertilizer under full irrigation and no fertilizer application 
under 50% ETc deficit irrigation for the 2021 cropping season. It is 
worth noting that for the 2021 cropping season, low index of 
agreements of 0.6 and 0.7 were recorded for treatments with no 
fertilizer (NF) under both 75% ETc deficit irrigation (S2) and full 
irrigation (S3), respectively (Table 6).

Generally, a relatively high index of agreement translates to a low 
RSR. RSR values for the 2020 and 2021 cropping seasons generally 
ranged between 0.3–0.4 and 0.3–0.6, respectively. The dynamics of the 
RSR values are similar (but opposite in magnitude) to that of the index 
of agreement. Low RSR values of 0.3 were recorded for treatments 
with a high index of agreements (0.9), whereas RSR values of 0.4 were 
recorded for treatments with an index of agreements of 0.8. It is also 
worth mentioning that for the 2021 cropping season, high RSR values 
of 0.6 and 0.5 were recorded for the treatment with no fertilizer (NF) 
under both 75% ETc deficit irrigation (S2) and full irrigation (S3) 
schedules, which also recorded relatively low index of agreements of 
0.6 and 0.7, respectively (Table 6).

4. Discussion

4.1. Plant growth parameters under 
different irrigation schedules and nutrient 
amendment

Growth performance (i.e., plant height, stem girth, and number 
of branches) were generally not consistent with the different treatment 
combinations of irrigation schedules and nutrient amendments. For 
instance, plant height was higher for treatments with organic fertilizer 
and no fertilizer application compared to treatments with inorganic 
fertilizer during the 2020 cropping season, especially under full 
irrigation. However, plant height was higher for treatments with 
inorganic fertilizer compared to treatments with organic fertilizer and 
no fertilizer application during the 2021 cropping season, particularly 
under 75% ETc deficit irrigation.

Stem girths were also similar for treatments with inorganic 
fertilizer and organic manure but higher than treatments with no 
fertilizer application under all three irrigation schedules during the 
2020 cropping season. Treatments with inorganic fertilizer, however, 

TABLE 6 Model performance metrics of the DSSAT CROPGRO model to simulate tomato yield.

Treatment Mean bias error Root mean square 
error

Index of agreement RMSE observations 
standard deviation

2020 2021 2020 2021 2020 2021 2020 2021

S1IF 206.2 265.2 357.1 422.8 0.9 0.8 0.3 0.4

S1OC 178.4 257.7 308.9 446.3 0.8 0.9 0.4 0.3

S1NF 102.8 103.6 178.0 179.4 0.9 0.9 0.3 0.3

S2IF 218.6 316.1 263.2 547.4 0.9 0.8 0.3 0.4

S2OC 218.7 341.0 377.6 590.7 0.8 0.9 0.4 0.3

S2NF 134.2 145.5 232.5 252.1 0.8 0.6 0.4 0.6

S3IF 182.9 448.5 316.8 776.8 0.8 0.9 0.4 0.3

S3OC 189.2 407.6 327.8 706.0 0.8 0.9 0.4 0.3

S3NF 159.2 163.4 275.8 283.1 0.8 0.7 0.3 0.5
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recorded higher stem girth than treatments with organic compost as 
well as treatments with no fertilizer application during the 2021 
cropping season, particularly under 75% ETc deficit irrigation and full 
irrigation. On the other hand, treatments with organic compost and 
inorganic fertilizer recorded a similar number of branches, but higher 
than treatments with no fertilizer application under 50% ETc deficit 
irrigation and full irrigation during the 2020 cropping season. For the 
2021 cropping seasons, treatment with inorganic fertilizer, however, 
recorded a higher number of branches than treatments with organic 
fertilizer as well as treatments with no fertilizer application, especially 
under 50% ETc deficit irrigation.

Different fertilizer sources can have different effects on the 
vegetative growth of plants. For instance, Fidiyawati et al. (2022) 
reported increasing rice plant height for treatments with inorganic 
fertilizer compared to that of organic compost. Abdul-Rahman 
(2019) however, observed an increase in plant height and spikelet 
number per panicle with the application of both organic compost 
and inorganic fertilizers. The application of mineral fertilizer has 
also been reported to increase plant height compared to no fertilizer 
application (Mahmud et al., 2016). Some studies have also reported 
insignificant differences between rice plant height from the 
application of inorganic fertilizer and organic manure in isolation, 
but maximum plant height was attained from the combination of 
these two fertilizer sources (e.g., Moe et al., 2017). The increase in 
height of plants obtained by the use of inorganic fertilizer could 
have been due to the highly stimulating effect of readily available 
nitrogen on various physiological phases in cell division and cell 
elongation (Razaq et al., 2017).

The availability of soil moisture content can also affect the 
absorption rate of available nutrients. For instance, Amina et al. (2023) 
reported that the use of inorganic fertilizer at 100% recommended 
water produced higher stem girth compared to the application of the 
same fertilizer at 50% recommended water. Also, nitrogen addition 
has been reported to significantly increase Arabidopsis thaliana stem 
diameter, cortical thickness, flower ring radius, mid-rib thickness, and 
leaf and stem vascular size, while phosphorus addition significantly 
increased the stem xylem thickness (Cai et al., 2017). These findings 
indicate that different plants have different optimal ranges of nutrient 
demands. Different concentrations, ratios and even different nutrient 
availability can have quite different effects on plant growth 
and development.

The dynamics in plant growth parameters recorded in our study 
might be due to the different microclimatic conditions in the screen 
house for the two cropping seasons. With the same irrigation 
schedule for the two cropping seasons, high temperatures and low 
relative humidity in 2020 compared to 2021 might have influenced 
evapotranspiration through the dynamics of soil temperature and 
moisture content. Several studies have reported the impacts of soil 
temperature and moisture content on plant growth. Ideally, 
optimum soil conditions eventually improve plant growth 
(Ashrafuzzaman et al., 2011; Li et al., 2018; Yang et al., 2018). This 
is usually achieved through the adoption of appropriate irrigation 
schedules (Adekaldu et  al., 2021). Our study focused on the 
atmospheric conditions in the screen house, which have impacts on 
the fruiting and flowing of vegetable plants (e.g., Reddy et al., 2017). 
Perhaps, monitoring soil temperature and moisture content 
dynamics could have helped to better explain the dynamics in the 
plant growth parameters.

4.2. Yield and crop water productivity 
under different deficit irrigation and 
nutrient amendment

Generally, tomato yields increased with increasing water application 
for both cropping seasons. Full irrigation produced the highest tomato 
yield, followed by 75% ETc deficit irrigation, with 50% ETc deficit 
irrigation producing the least yield for all the nutrient amendment 
treatments. This can be ascribed to the conducive growth conditions, 
namely optimum soil temperature, adequate soil moisture, and favorable 
microclimate for microbial activities achieved with the application of 
recommended irrigation rate (Sekhon et al., 2005; Arora et al., 2011; 
Adekaldu et  al., 2021). Optimum soil moisture contents from the 
application of full crop water requirement also enhance root growth and 
proliferation, and, thus, increased nutrient availability and uptake by the 
crop roots eventually improved growth and yield (Sarkar and Singh, 
2007). In the case of tomato crops, yield is likely to drop significantly 
when recommended water is not applied to adequately replenish 
evapotranspiration, as observed in our study. Reduced irrigation has 
been found to result in lower crop yields (Jianming et al., 2017).

Interestingly, the treatment combination of inorganic fertilizer 
and full irrigation schedule produced a higher yield compared to the 
same irrigation schedule with organic compost for both cropping 
seasons. However, for the deficit irrigation schedules (50 and 75% 
ETc), treatments with organic compost produced higher yields 
compared to inorganic fertilizer for both cropping seasons. This is due 
to the ability of organic fertilizers to improve the water holding 
capacities of soils even at a lower water supply (e.g., Elanchezhian 
et al., 2020). Organic composts generally have a slow effect on tomato 
output despite their ability to retain soil qualities whereas inorganic 
fertilizers are expensive but easier to utilize and react fast, especially 
with adequate moisture content (Koul et al., 2022) though, they are 
not environmentally friendly and pose a number of risks to human 
health and the environment (Gong et  al., 2011; Bisht and 
Chauhan, 2021).

Low fruit yield recorded for the control treatments with no 
fertilizer application was expected since the limited soil nitrogen is not 
replenished over the growing season. Mineral nutrition of tomato 
plants from inorganic fertilizer and organic compost application has 
been shown to boost tomato yield and nutrient uptake by several folds 
when compared to no fertilization (Hu et al., 2022). The increase in 
the number of branches observed for the treatments with inorganic 
fertilizer compared to treatments with both organic manure and no 
fertilizer application could have resulted from the direct effect of the 
applied potassium nitrate in the NPK inorganic fertilizer, which 
promotes bud development (Cetinbas and Koyuncu, 2006; Khayyat 
et al., 2010). The number of branches has been found to increase the 
number of active fruit-bearing nodes and photosynthetic rates of 
crops, and subsequently, fruit yields (Adekaldu et al., 2021).

Deficit irrigation at 50% ETc and 75% ETc saved water up to 50 
and 25% of the water used for full irrigation (100% ETc), respectively. 
Although full irrigation produced the highest fruit yield under all 
three nutrient amendments, the depiction of the water use efficiency, 
represented by the crop water productivity is different. Fruit yield 
produced with the same quantity of water was higher under deficit 
irrigation (50 and 75% ETc) than under full irrigation (100% ETc). 
Deficit irrigation was more efficient in terms of water use efficiency 
than full irrigation in this study.
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This study supports the findings of a global meta-analysis of the 
responses of vegetables to deficit irrigation, which found that reducing 
irrigation levels reduced yield but improved water productivity (Singh 
et al., 2021). These findings also support those of Chand et al. (2020), 
who found that irrigation deficits of 30 and 50% result in higher crop 
water productivity in a greenhouse. This is practically important for 
regions with limited water resources such as arid and semi-arid 
tropical regions. However, farmers usually want to maximize 
profitability and therefore tend to focus more on total fruit yield than 
crop water productivity. This effect can be corrected if farmers can 
increase planting density in greenhouses or screen houses (Zhang 
et  al., 2017) or perhaps, increase their farm size in open-field 
agriculture to realize higher yield with the use of deficit irrigation, 
especially in tropical environments.

The high yield and crop water productivity for the 2021 cropping 
season compared to the 2020 cropping season can also be explained 
by the disparities in temperature and relative humidity in the screen 
house. High temperatures (>35°C) have been identified to induce 
poor pollination and flower abortion, so high temperatures during the 
key blooming phase might have lowered tomato yield during the 
cropping season in 2020, with high temperatures compared to the 
2021 cropping season (Ventrella et al., 2012). It has been reported 
that fruit yields are reduced drastically by extreme variabilities in 
weather conditions (Boote et al., 2012; Hatfield and Prueger, 2015). 
Usually, low temperature and high relative humidity suppress the 
impacts of deficit irrigation by reducing evapotranspiration. This 
ultimately increases soil moisture content that will enhance plant 
growth and yield in the face of the limited water resources associated 
with deficit irrigation. For instance, Zhang et al. (2017) reported an 
increase in yield and crop water productivity when midday 
temperature substantially decreased from 38.5°C in high vapor 
pressure deficit area to 31.3°C in low vapor pressure deficit area in a 
green house.

Treatments with inorganic fertilizer and organic compost 
produced statistically the same crop water productivity for the two 
cropping seasons under all the irrigation schedules used, whereas 
treatments with no fertilizer application produced the least crop water 
productivity. The higher crop water productivity recorded by the 
inorganic fertilizer and organic compost can be explained by the role 
of nitrogen, phosphorus and potassium in water uptake and utilization 
(Barłóg et al., 2022; Ru et al., 2022). Indeed, different irrigation and 
fertilization levels have been found to significantly affect crop water 
productivity (e.g., Zou et al., 2020). However, the effect of irrigation 
treatment on the crop water productivity was found to be greater than 
the effect of fertilization, which is consistent with our experimental 
results. One reason might be that fertilization promoted tomato root 
growth and development, thereby improving the capacity of the root 
system to absorb water and nutrients. Another reason may be that 
tomato water consumption improved during growth, causing the 
roots to increase the efficiency of soil water absorption and to further 
improve crop water productivity (Ye et al., 2022).

4.3. Model simulation of tomato yield as 
affected by climate variability

The overestimation of measured tomato yield by the DSSAT 
CROPGRO model is expected since the model produces potential yield, 

which is always higher than the actual yield, resulting from especially, 
fluctuations in soil and weather conditions over the growing stages 
compared to the use of initial soil and weather parameters as required in 
the model (Boote et al., 2012). Positive high Mean Bias Error (MBE) and 
Root Mean Square Error (RMSE) performance metrics of the DSSAT 
CROPGRO model indicate a general overestimation of the measured fruit 
yield by the model. A high index of agreement coupled with low RMSE-
Observations Standard Deviation (RSR) also indicates a high correlation 
between the measured and simulated fruit yields, and eventually, high 
model performance in simulating the dynamics of the measured fruit 
yield for the different treatment combinations of irrigation schedules and 
nutrient amendments.

According to Moriasi et  al. (2007), model performance is 
considered adequate if the Nash-Sutcliffe efficiency score (NSE) is less 
than or equal to 0.65, and RSR is less than or equal to 0.60. The NSE 
for the model performance between the measured and simulated 
yields was greater than 0.90 whereas RSR was less than or equal to 
0.60 for both years (see Table 6). This is consistent with a study by 
Adnan et al. (2017), who reported low RSR of the DSSAT model for 
simulating maize yield for the irrigated and rainfed plots, indicating 
very good performance rating of the model. This observation is also 
similar to that reported by Oteng-Darko et al. (2020), who found that 
the DSSAT CERES Maize model has a very good performance rating 
for simulating maize biomass for irrigated plots, based on similar 
model metrics.

In comparison to stressful situations, the simulated model 
output demonstrated that larger yields can be  obtained under 
adequate conditions (nutrient and water). The more water is 
available for crop use at the optimal temperature, the better the 
yields, and vice versa. However, the DSSAT CROPGRO tomato 
model tends to overestimate yields in soil with high water content 
and underestimate yields in deficit conditions. This is because the 
DSSAT CROPGRO tomato model is sensitive to severe conditions, 
with overestimation of yields in the case of water availability and 
underestimation of yields in the case of stress (Boote et al., 2012). 
Hence, fruit yields improve drastically when given the right doses 
of nutrients and water (Deligios et  al., 2017). This may have 
accounted for the highest simulated fruit yield by the treatment 
combination of inorganic fertilizer and full irrigation for both 
cropping seasons, whereas the treatment combination of no 
fertilizer at 50% deficit irrigation recorded the lowest simulated 
fruit yield in both years (Table 6). In Zambia, similar experiments 
on enhanced fertilizer and irrigation schedules utilized in the 
DSSAT-CERES maize model resulted in higher maize yields 
(Chisanga et al., 2015).

With the increasing utilization of climate models, the DSSAT 
CROPGRO model can be used to simulate potential tomato yields based 
on different projected climate scenarios. The current experiment in the 
screen house provides a basis to validate such models since the 
microclimatic environments and water and nutrient supply can 
be controlled in such agricultural production systems to simulate the 
impact of different climatic conditions. It should be acknowledged that 
practically, modeling the impacts of climate change on tomato yield 
involves numerous issues of data availability and quality as well as scaling 
from global climate change data to the plot scale, where crop models are 
usually implemented. In addition, models have limitations relating to 
processes they consider, contrasting with the real-world complexity of 
cropping systems. However, such results will ultimately provide a solid 
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foundation for tomato growers, agricultural investors, and agricultural 
policymakers to make informed decisions about early warning systems 
and climate adaptation measures in tomato production.

5. Conclusion

This study investigated the combined effects of deficit irrigation 
and nutrient amendments on the growth and yield of the Pectomech 
tomato variety cultivated in sandy loam soils in a screen house during 
the 2020 and 2021 cropping seasons in the forest agroecological zone 
of Ghana. The combined use of inorganic fertilizer and full irrigation 
was found to improve tomato yield. However, for the two deficit 
irrigations (50 and 75% ETc), organic compost produced the highest 
tomato yield. Plant height and stem girth did not have a specific 
influence on tomato productivity, but the number of branches, which 
influence bud development required for flowering and subsequently 
fruiting had a positive effect on tomato fruit yield. Deficit irrigation 
recorded improved crop water productivity, thus the number of 
tomato fruits produced with the same amount of water compared to 
full irrigation. This study has revealed that the use of readily available 
nutrient-holding mineral fertilizers such as NPK can maximize 
productivity with full crop water requirement since high moisture 
content is required to enable the release of nutrients. On the other 
hand, the use of slow response organic compost can as well maximize 
productivity with deficit irrigation schedules since organic compost 
can improve soil water hold capacity which can improve water and 
nutrient absorption even under water stress conditions. The strong 
agreement observed between the measured and simulated yields 
under the deficit irrigation and nutrient amendments shows that the 
DSSAT CROPGRO tomato model can be used to simulate tomato 
fruit yield under future climate scenarios. Increasing the amount of 
information to agricultural decision makers through the use of crop 
simulation models such as DSSAT CROPGRO tomato model can 
help to develop plans and policies that meet sustainable food security 
goals in tropical regions, especially in an era of climate change 
and uncertainties.
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