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Abstract

This work aimed to study the response of tomato (Solanum Ilycopersicum L.) crop to different climate change scenarios using the
AquaCrop simulation model. AquaCrop calibration was performed using data from a tomato crop transplanted on October 1, 2015 in
the Kingdom of Bahrain’s north. Crop yield production during the period from 2006 to 2015 was used for model testing using recorded
climate data for the same period. Generated climate data for the periods of 2020-2030 and 2040-2050 using three climate models;
namely, CNRS- CM, EC-Earth and GFDL with two climate scenarios RCP 4-5 and RCP 8-5 were used as inputs for AquaCrop for
the specified periods compared with the reference period of 1986-2005. AquaCrop calibration showed good fitting with actual data
(R=0.93; RMSE= 0.6 t. ha!; NRMSE= 0.2 and d = 0.97) as well as with testing period for the yield of 2006-2015 (R*= 0.85; RMSE=
0.33 t ha'; NRMSE= 0.093 and d = 0.936). All climate simulation models predicted an increase in both minimum and maximum
air temperatures and CO, concentration. AquaCrop simulated the response of tomato plants as an increase in total biomass and yield
production compared to the reference period. The crop water requirement was reduced due to a shorter crop cycle, which was predicted
to be 12-17 days shorter depending on the climate scenario and simulated period.
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In this study, different predict scenarios of climate changes
produced by three global climate models will be used as input in
the plant growth model AquaCrop developed by FAO to study
the effects of climate changes on tomato crop grown in Bahrain.
AquaCrop model simulates yield response to water in some
strategic crops such as tomato specially when water is a limiting
factor. Tomato is one of the main growing crops in Bahrain with
an average annual production of 4,114 tons (FAOstat, 2018).

Introduction

Nowadays, the world is experiencing many phenomena of
climate change, such as floods, heatwaves, storms, and/or drought
waves. The Intergovernmental Panel on Climate Change (IPCC)
has reported some of these changes, which are happening with
an accelerating rate (IPCC, 2001, 2007). Climate change is a
worldwide concern, and its impact on food production may
change the agricultural plans in many regions of the world.
According to IPCC studies, the Middle Eastern countries,
including Kingdom of Bahrain, will be among the most negatively
affected by climate change, mainly through a high reduction in
rainfall, an increase in temperature, and more frequent drought
waves (IPCC, 2007). These phenomena will negatively affect
agricultural production and food security in the region.

AquaCrop model was used with many crops including tomato
mainly to assess the effect of different irrigation strategies on the
production with good predication results (Rinaldi et al., 2011;
Takcas et al., 2018; Hendy et al., 2019). However, simulated
climate- change scenarios were not yet studied particularly for
Bahraini agricultural system.

Moderate heat stress inhibits stomatal conductance and net
photosynthesis in many plant species (Crafts-Brandner and
Salvucci, 2002; Morales et al., 2003) including vegetables
which are sensitive to environmental extremes and may cause
a reduction in crop yield (Peet and Wolfe, 2000; Hatfield et al.,
2008) due to failure in fruit setting (Foolad, 2005). Knowing
that many vegetables are good sources of proteins, vitamins,
and minerals, reduced crop yields will negatively affect human
nutrition and wellbeing. Therefore, it is important to evaluate the
crop response and consequent production under changing climate

Material and methods

Description of AquaCrop model: AquaCrop (ver. 6.0) is a water-
driven crop growth model which simulates crop biomass growth
as a linear function of transpiration through the water productivity
function (biomass per unit of water transpired) driven from FAO
Paper No.33, relating yield to the consumed water. It simulates
the green canopy cover and uses reference evapotranspiration
ETO and crop coefficient to calculate transpiration. Then, yield
is calculated from the dry matter production and harvest index.

conditions, to present alternative solutions for decision-makers
and farmers.

Field characteristics and agricultural procedures: Input data
for AquaCrop model were adopted from standard agricultural

Journal of Applied Horticulture (www.horticultureresearch.net)



102 Impact of climate change on tomato growth and water use

procedures for growing tomato crop in Budayia area, Northern
Governorate, Kingdom of Bahrain during the growing season of
2015. Input data included site specifications such as soil physical
and chemical properties, as well as irrigation water quality, and
tomato crop characteristics. Tomato (Solanum lycopersicum L.)
seedlings of the hybrid Nawara 206 were transplanted at a five-
leaf stage on 1* October 2015 at a distance of 0.5 m between
plants, and 1.25 m between rows. Plants were fertilized as per
recommended package of practices for the area by the authorities.
Drip irrigation using water with an EC of 3400 ppm was applied
at a rate of 3.0 mm.day'.plant. Destructed samples were taken
at one-month interval by selecting randomly three plants to be
dried at 105 °C for three cycles of 12 hours each to determine
the total dry weight.

Calibration and testing of AquaCrop model: Performance
of AquaCrop in simulating total dry weight was evaluated by
comparing simulated results against observed data from the
growing season of 2015. AquaCrop model was set to work at
the mode of “Calendar days” until the calibration process was
completed then the mode was set to work on “Growing degree-
days” for the testing periods and investigating the new predicted
climate scenarios. During calibration, certain model parameters,
such as soil layer wetness, were adjusted to make the simulation
results match the observed values. The crop parameters used
for calibration were date of planting, plant density, initial and
maximum crop covers, number of days until 90 % of transplants
recovery, days to reach maximum canopy cover, time to canopy
senescence, time to maturity, time to flowering, duration of
flowering, depth and time of maximum active root, and harvest
index. It is noteworthy that unavailable crop parameters have
been set by the model default values. Days to maximum CC
were estimated visually. To validate the AquaCrop model, the
model output was tested against the total yield expressed as dry
matter production, for ten years (2006-2015), in the Kingdom of
Bahrain. Performance of AquaCrop in simulating yield and total
biomass was evaluated by comparing simulated results against
observed data. The statistical indices used in the validation
were: coefficient of determination (R?), root mean square error
(RMSE), normalized RMSE (NRMSE), and index of agreement
d according to the following formula

" (Predicted — Actual)?
RMSE = JZ“( )

n

RMSE X 100
NRMSE = ——

Xt (S z M;)?

iy (ISi = M| + [M; — M) —
where, M, and S, are the measured and simulated values, M is
the average of the M, values, n is the number of measurements
done. Model performance improves as RMSE goes toward zero.
As (d) value gets closer to one, the better the agreement between
measured and simulated values and vice versa (Willmott, 1982).
The coefficient of determination R? explains the amount of the
variance explained by the model in comparison to the observed
values. Its value ranges from 0 to 1, with values close to 1
indicating a good model performance.

d=1-

Planting procedures were set as mentioned earlier. Climate data
of the weather station (26’ 16” N) as the monthly average of the
maximum and minimum temperatures, wind speed, and relative
humidity, as well as daily precipitation for the period of 2006-
2015, were used for calibration and testing stage.

The soil of the experimental site was loamy sand with the
following characteristics: percentages of sand, silt and clay were
87.7, 5.4, and 6.9 %, respectively, volumetric water content at
saturation= 38, field capacity= 14.6, plant permanent wilting
point= 6.9, and hydraulic conductivity= 840 mm day'.

Initial soil and salinity conditions of AquaCrop were fixed at field
capacity, with two layers of soil as 0.0-50.0 cm and 50.0-100.0
cm, of respective water contents 14.0 and 6.9 %, and an EC of
3.85 dS m'. Fertilization was set at a “very good” level.

Climate models: Data of three global climate models; namely,
CNRM-CMS5, EC-Earth, and GFDL-ESM2M, were generated for
Budayia site (26°13°00.2” N, 50°27°27.9” E), and used as inputs
for AquaCrop growth model. The predicated data of the three
models were based on two scenarios of climate change, depending
on predicted CO, concentration in the year 2100 (Representative
Concentration Pathway) (RCP). The optimistic scenario is when
CO, increase will cease at 550 ppm (RCP 4-5), and the dramatic
one is when CO, will continue to rise above 900 ppm (RCP 8-5).

Simulation periods: AquaCrop model was run using the
generated climate data with the two proposed scenarios for the
periods of 1986-2005 (as a referenced period), 2020-2030, and
2040-2050.

Results and discussion

Model calibration and testing: The simulated output of
AquaCrop model for the year 2015 is plotted against measured
data of tomato crop grown in the same season (Fig. la). The
results showed a good fitting of the two data (R*= 0.93) with
an RMSE value of 0.6 t.ha!, NRMSE of 0.20, and an index of
agreement d of 0.971. The testing phase of the model using the
yield data of the growing seasons 2006-2016 is shown in Fig.
1b. There was a quite good fitting between the two data (R? =
0.85). The calculated RMSE value of 0.33 t.ha! indicated good
forecasting with NRMSE of 0.093 and an index of agreement d
of 0.936.

Forecasted climate factors: Climate patterns, as forecasted
by the three climate models (Table 1), showed that while CO,
concentration recorded 354 ppm in the reference period, it
averaged 423 and 463 ppm for RCP 4-5 and RCP §8-5, respectively
for the two periods 0f 2020-2030 and 2040-2050 in the specified
location. Also, minimum and maximum temperatures in 2020-
2030 and 2040-2050 were higher compared to the reference
period (1986-2005) by about 0.9-1.9 and 1.1-2.2 °C, respectively.
With the exception to the GFDL model output in the period of
2020-2030, annual rainfall is expected to be severely reduced by
at least 30 %, reaching maximum reduction of 75 %, compared
to the reference period of 1986-2005. Climate change has been
recorded for many decades and temperature has increased at
an average rate of 0.07 °C per decade since 1880; however, the
average rate of increase since 1981 (0.18 °C) is more than twice
(NOAA, 2019). It seems that the rainfall pattern is uncertain
and depends on the model used. However, most expectations are
reductions in the amount of precipitation, as previously reported
(IPCC, 2008).

Simulation of crop responses to different climate scenarios:
The output of the three models was used for creating climate files

Journal of Applied Horticulture (www.horticultureresearch.net)



Impact of climate change on tomato growth and water use 103

~
L

(a)

[«2)
!

[6)]
!

I
.

w
L

y = 0.926x + 0.7479
R2=0.9329

N
‘
.

Simulated total plant dry weight (ton/ ha)

0 ‘ ‘ ‘
0 2 4 6 8

Observed total plant dry weight (ton/ ha)

(b)

N
L

w
!

N
I

y =1.2156x - 0.6493
R?=10.8495

Simulated yield dry weight (ton/ ha)

N
I

0 ‘ : : :
0 1 2 3 4 5
Observed yield dry weight (ton/ ha)

Fig. 1. Simulated vs. observed data of (a): tomato total dry weight of the growing season 2015, and (b): yield dry weight of the period 2006-2015

Table 1. Average of carbon dioxide (CO

concentrations, maximum and minimum temperatures, and annual precipitation recorded during the reference

)
period (1986-2005) and forecasted by fhree climate models (CNRM, EC-Earth, and GFDL) for the two periods of 2020-2030 and 2040-2050.

Reference
period

Parameter / period

CNRM

EC-Earth GFDL

1986-2005  2020-2030

2040-2050  2020-2030  2040-2050  2020-2030  2040-2050

RCP4-5 354 421
RCP8-5 424

CO, Concentration (ppm)

463 421 463 424 464
464 423 462 424 462

RCP4-5 34.1 354

RCP8-5 355

Maximum temperature (°C)

359 35.6 36.3 352 35.6
359 35.8 36.5 353 36.3

RCP4-5 21.4 22.6

RCPS8-5 22.6

Minimum temperature (°C)

23.1 225 23.4 223 22.8
23.1 22.6 23.5 224 22.9

RCP4-5 42.1 18.5
RCP8-5 - 24.3

Precipitation (mm yr')

26.4 14.4 18.1 524 25
29.6 10.6 22.6 52 18.8

110 -
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Fig. 2. Crop cycle (days) of tomato plants from transplantation to
maturity, under two different RCP, compared to the reference period
of 1986-2005

for the AquaCrop model. However, due to the small differences
among the climate models in their forecasted CO, concentrations
and maximum and minimum temperatures, the AquaCrop
simulations were averaged for each RCP runs.
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Fig. 2 shows that the crop cycle is forecasted to be reduced under

RCP 4-5 and RCP 8-5, by 12-14 days and 14-17 days, for the
periods of 2020-2030 and 2040-2050, respectively compared to
the reference period. Crop growth and development are dependent
on temperature, and the running mode of AquaCrop was set at
growing degree days. Therefore, the forecasted increment in
temperature by climate models resulted in faster development
of the plant and shorter growth cycle with the observed shortest
cycle under RCP 8-5 scenario. Many researchers have indicated
an acceleration of crop life cycles as a result of rising temperature
(Krug, 1997; Porter, 2005; and Hatfield ef al., 2008).

Total plant biomass production was improved as forecasted
by the AquaCrop model under the two RCP scenarios for the
two simulated periods compared to the reference one (Fig. 3).
The increment in biomass production ranged from 8.6-12.9 %
under RCP 4-5 and 5.7-1.6 % under RCP8-5 for the simulated
periods of 2020-2030 and 2040-2050, respectively, compared to
the reference period. The increment in biomass production with
climate change contradicted previous studies of Guhan et al.
(2019). However, this study has focused on climate change factors
without changing the rate of irrigation to plants, which eliminates
the factor of water stress and enables the growing plants to get
benefit of the increment in CO, concentration. The stimulation
of C3 photosynthesis in plants such as tomato is one of the most
established aspects of rising CO, concentration, described in
numerous studies and reviews (Bowes, 1996; Peet and Wolfe,
2000). The latter concluded that higher levels of CO, are likely

Journal of Applied Horticulture (www.horticultureresearch.net)



104 Impact of climate change on tomato growth and water use

to benefit most crops, provided temperatures are not limiting. The
amount of rainfall in the studied area, as predicted by the climate
models, is too small, making the changes in its pattern have a
negligible effect on the growing plants, especially that the crop
in the studied area is irrigation dependent. Hatfield et al. (2008)
mentioned that it is necessary to have conditions of unrestricted
root growth, optimum fertility, and excellent control of weeds,
insects, and disease to maximize crop production benefits from
increased atmospheric CO,, and all these factors were at optimum
in the AquaCrop model.

= S
N\ \
N=

Fig. 3. Total biomass production by tomato plants as simulated by the
AquaCrop model under two scenarios of climate change in two different
periods compared with the reference period

A similar trend of biomass production was observed in the
simulated yield expressed in dry weight (Fig. 4). Total yield dry
weight increased under RCP4-5 by 9.1-13.7 % for the periods
of 2020-2030 and 2040-2050 respectively, while it increased
under RCP8-5 by 7.6-2.4 % for the periods of 2020-2030 and

5 -
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Fig. 4. Total yield of tomato plants as simulated by the AquaCrop model

under two scenarios of climate change in two different periods compared

with the reference period

2040-2050, respectively in comparison to the reference period.
The AquaCrop model calculates the yield as a percentage of the
total biomass using the harvest index of the crop (input variable
by the user). Sanchez-Guerrero et al. (2009) reported a 19 %
yield increase with cucumber from enriching greenhouse CO,
concentration to 700 mole mol™!. Krug (1997) commented that
both growth rate and the rate of phenological development of
vegetable crops will be accelerated by temperature and suggested
that relatively larger effects on reproductive development than
growth will result in smaller yields; and equivalent relative effects
on both growth and reproductive development could result in a
net effect of maintaining similar yields.

However, in AquaCrop, crop yield is expressed as dry weight
which does not indicate the quality of the fruit and whether it
is marketable or not. Increment in temperature may reduce the
quality of the fruits which can negatively affect its marketing
chance. In addition, incidence of some physiological disorders
to the fruits because of high temperatures such as blossom end
rot may affect the partitioning of assimilates (Abdel-Mawgoud
et al., 2005), and this is not considered in the AquaCrop model.

Water productivity expressed by yield production in relation to
evapotranspired water (Fig. 5) is predicted to be increased under
both RCP scenarios during 2020-2030 by 12 and 7 % for RCP
4-5 and RCP 8-5, respectively, while it is forecasted to be reduced
by 5 % or hardly remained the same during 2040-2050 for the
scenarios RCP4-5 and RCP 8-5, respectively. The increment in
water productivity in the period of 2020-2030 is consistent with
the positive effect of CO, increase on plant biomass production
observed earlier. This beneficial effect is diminished in the
period of 2040-2050, probably because of the higher increment
in average temperature, particularly under RCP 8-5 scenario.
2.0 -
m1986-2005 ©2020-2030 ®@2040-2050

1.4 4

ET water productivity (ton/m3)

1.2 4

w0

1.0 -

Ref. period RCP4-5 RCP8-5
Fig. 5. ET Water productivity for yield expressed as yield (kg) produced

per water evapotranspired (m?)

The amount of water supply to the tomato crop (Fig. 6) is
forecasted to be reduced by 12-15 % under RCP 4-5 and by
14-16.8 % under RCP 8-5 for the periods of 2020-2030 and
2040-2050, respectively in comparison to the reference period.
This may be caused by a shorter crop growth cycle due to faster
development rate under high temperatures. DSll (2002) mentioned
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Fig. 6. Amount of applied irrigation as predicted by AquaCrop for tomato
plants grown under two scenarios of RCP compared to the reference
period of 1986-2005.

that irrigation requirements may positively or negatively differ
(+2 to +15 % in the case of China, and by —6 to +5 % in the case
of India), depending on emissions scenarios and climate model.
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In conclusion, AquaCrop model is a powerful tool in predicting
crop responses to different climate scenarios, in terms of biomass
production. However, this does not mean that model output can
be interpreted economically, because there is no guarantee that
the predicted biomass production is going to be partitioned as
expected neither that the produced yield is going to be marketable.
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