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1 | INTRODUCTION
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Abstract

Selecting the appropriate genotype for growing cassava (Manihot esculenta Crantz)
after rice (Oryza sativa L.) can help increase the supply of cassava and improve land
use efficiency. However, conducting the selection requires data from many years of
multi-environment yield trials. A systems analysis approach using crop models can
support this process. This study aimed to evaluate a potential application of the Crop-
ping System Model (CSM)-MANIHOT-Cassava in determining genotype stability
across different upper paddy field conditions when planted following rice. Four cas-
sava genotypes, that is, Kasetsart 50, Rayong 9, Rayong 11, and CMR38-125-77,
were evaluated for the six different environments in Thailand from the 2015 through
2018 growing seasons. The data required for the model were recorded, including
biomass and yield. The cultivar coefficients of the CSM-MANIHOT-Cassava model
for the four genotypes were calibrated and evaluated with the experimental data. The
model was then run for historical weather data from 1988 to 2018 for the six envi-
ronments for production under rain-fed conditions in upper paddy fields following
rice. The overall results showed that the model was able to simulate biomass and
yield of the four cassava genotypes quite well when compared to the experimental
data. The model identified the same stable genotypes as presented in the actual tri-
als. The genotype CMR38-125-77 was found to be a stable genotype and had the
highest mean performance for both the actual yield trials and the simulation study.
Therefore, the CSM-MANIHOT-Cassava model could be used to help identify the
favorable genotype for planting in various paddy field conditions after rice harvest.

globe (El-Sharkawy, 2012; Jansson et al., 2009). It can be
grown in tropical and subtropical regions between a latitude

Cassava (Manihot esculenta Crantz) is recognized as one of
the most important food, feed, and energy crops across the

Abbreviations: ASEAN, Association of the Southeast Asian Nations;
CSM, Cropping System Model; DAP, days after planting; DSSAT, Decision
Support System for Agrotechnology Transfer; MSD, mean square deviation;
NODWT, node weight of the first stem of the shoot before forking; RCBD,
randomized complete block design.

© 2021 The Authors. Agronomy Journal © 2021 American Society of Agronomy

of 30 °N and 30 °S, in poor soils, and under conditions with a
low and unpredictable rainfall (El-Sharkawy, 1993). In 2018,
there were approximately 24.59 million hectares of harvested
cassava worldwide with a fresh storage root of 278 Tg (Food
and Agriculture Organization of the United Nations (FAO),
2020). As the world’s population will continue to increase,
the demand for cassava will increase as well as a source for
food, feed, and energy.
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Many countries in Southeast Asia, including Thailand
are members of the Association of the Southeast Asian
Nations (ASEAN), are now producing cassava for the world
market. In Thailand, cassava is commonly planted under
upland conditions with a normal growing season ranging from
6 to 18 mo, depending on the genotype and growing condi-
tions (Howeler, 2007). In 2018, the total harvested area of
cassava in Thailand was around 1.39 million hectares, produc-
ing 32 Tg of storage root fresh weight (FAO, 2020). Finding
alternative production areas can increase global cassava pro-
duction, which is one way to fulfill the high worldwide cas-
sava demand. Planting cassava after rice (Oryza sativa L.) in
Thailand is one of the potential options for increasing the total
production, as well as improving land use efficiency. Most of
Thai farmers in the rainfed areas normally grow only a single
crop of rice during the rainy season that ranges from June to
December. During the dry season, some farmers leave their
paddy fields fallow for about 10 mo because of limited water
availability. In some places, however, there is sufficient resid-
ual soil moisture, as well as a suitable soil texture to complete
both the growth and storage root formation of cassava.

The performances of the commonly released cassava geno-
types in Thailand are normally evaluated for upland condi-
tions (Curran & Cooke, 2008). Therefore, it is important to
select a suitable cassava genotype that adapts well to upper
paddy fields, while also providing a high yield when planted
following rice. Studies have evaluated the performance of dif-
ferent cassava genotypes that were grown following paddy
rice (Polthanee et al., 2014; Sawatraksa et al., 2018, 2019). To
achieve the best cassava genotype for a wide range of envi-
ronments, further studies under various conditions of upper
paddy fields during the off-season of rice are needed. This
evaluation process requires many years of multi-environment
yield trials, which are laborious, time consuming, and expen-
sive. In addition, it is very difficult to conduct experiments
that cover all growing environments.

The Cropping System Model (CSM)-MANIHOT-Cassava
(Moreno-Cadena et al., 2020) is a part of the Decision
Support System for Agrotechnology Transfer (DSSAT)
(Hoogenboom et al., 2010, 2019a). This model was improved
from the CSM-CROPSIM-Cassava model, which was
calibrated for application in Thailand (Keawmuangmoon
& Jintrawet, 2014; Kumsueb & Jintrawet, 2020). The
cassava module simulates growth and yield for various
cassava genotypes under different management practices
and for many environmental conditions, including upland
conditions (Kaweewong et al., 2013; Phoncharoen et al.,
2021). However, until now there has not been an evaluation
of the CSM-MANIHOT-Cassava model for its ability to
simulate growth and yield under upper paddy fields after
rice. If the cassava model provides reasonable output in
terms of growth and yield, then it could also be used as
a supporting tool to select the suitable cassava genotypes

Core Ideas

* Planting cassava after rice can increase cassava
supply and land use efficiency.

* The CSM-MANIHOT-Cassava provides an oppo-
tunity to simulate crop response to environmental
conditions.

* The CSM-MANIHOT-Cassava model was able to
identify a stable genotype for different paddy field
conditions after growing rice.

by generating the response of crop for the other upper paddy
field conditions. The objective of this study was to evaluate
the potential of the CSM-MANIHOT-Cassava model in deter-
mining yield stability of different cassava genotypes grown in
upper paddy fields after rice.

2 | MATERIALS AND METHODS

2.1 | Multi-environment trials

This study evaluated four cassava genotypes that have differ-
ent maturity durations and branching types, that is, Kaset-
sart 50 (medium maturity and branching), Rayong 9 (late
maturity and non-branching), Rayongl1 (late maturity and
branching), and CMR38-125-77 (early maturity and branch-
ing). These genotypes were grown in upper paddy fields in
Thailand from December 2015 to June 2018 (Figure 1) for
a total of six environments (four locations for a year test-
ing and one location for 2 yr testing) (Table 1). A random-
ized complete block design (RCBD) with four replications
was used for each environment. The plot size was 15 by
8 m, with a spacing of 1 m between rows and 1 m between
plants within the row. Crop management practices were con-
ducted as described by Sawatraksa et al. (2018, 2019). Prior
to planting, the experimental field was first plowed in order
to incorporate rice straw into the soil. The second plowing
and the preparation of soil ridges were conducted about 2 wk
after the first plowing. For plant material, at 12 mo after
planting, the healthy stems of cassava were cut as stakes to
20 cm in length. The stakes were soaked for 5-10 min in Thi-
amethoxam (3-(2-chloro-thiazol-5-ylmethyl)—5-methyl-(1, 3,
5)-oxadiazinan-4-ylidene-N-nitroamine 25% WG) at a rate of
4 g per 20 L to prevent mealybugs. The stakes were then
inserted vertically into the soil ridges so that two-thirds of
the length was buried. Supplementary irrigation was applied
immediately after planting in order to facilitate germina-
tion. For the experiment in Kham Pom, irrigation was also
applied again at 60 days after planting (DAP). At 30 and
60 DAP, manual weed control was conducted and chemical
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FIGURE 1
(d) cassava in paddy field in Ban Kho, Thailand

Cold season
Dec

Agronomy Journal 2337

Rainy season
May

¥, [

Summer season
Jan Feb Mar Apr June

e
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TABLE 1 Locations and planting dates for all experiments
Year Location Geographical coordinate Elevation (m a.s.l.) Planting date
2015 Ban Kho 16.5°N, 102.7°E 173 10 Dec.
2015 Non Daeng 15.5°N, 103.1°E 188 13 Dec.
2016 Ban Kho 16.5°N, 102.7°E 173 12 Dec.
2016 Kham Pom 16.2°N, 102.6°'E 171 22 Dec.
2016 Kham Thao 17.2°N, 104.7°E 147 17 Dec.
2017 Khok Kung 16.1°N, 102.1°E 202 13 Dec.

fertilizer 15-7-18 (N-P,05-K,0) was applied at a rate of
312.5kgha™!.

Data on cassava management, such as planting date, plant-
ing method, row spacing, plant population, fertilizer applica-
tion, irrigation, and harvesting time were recorded. Soil sam-
ples were taken prior to planting for each experimental site
at depths of 0-15, 15-30, 30-45, 45-60, 60-75, 75-90, and
90-105 cm. The soil samples were then used for analysis of
the physical and chemical properties, which included bulk
density, cation exchange capacity, electrical conductivity, pH,
organic matter, total N, available P, and exchangeable K. The
weather data, including daily maximum and minimum tem-
perature, daily total rainfall, and total solar radiation, were

obtained from the meteorological station at each experimen-
tal site.

Aboveground, storage root, and total dry weights were
collected from six sampled plants in the middle rows of
each plot at 30, 60, 90, 120, 150, and 180 DAP. In addition,
18 sampled plants in the middle rows of each plot were
also harvested at 180 DAP to determine final biomass. The
sampled plants were separated into leaves, stems, roots, and
storage roots, and then about 10% of total fresh weight of
each organ was subsampled. The subsamples were oven dried
at 80 °C to a constant weight to determine dry weight values,
and these values were then used to calculate dry weight for
the entire fresh weight samples.
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2.2 | Model calibration, evaluation, and
application

The inputs required for the CSM-MANIHOT-Cassava model
in the DSSAT v4.7.5 include crop management, soil prop-
erties, daily weather conditions, and genetic coefficients
(Hoogenboom et al., 2012; Moreno-Cadena et al., 2020; Tsuji
et al.,, 1994). The genetic coefficients for the four cassava
genotypes were obtained from Phoncharoen et al. (2021).
These coefficients were derived from the experiment designed
specifically at Khon Kaen University with different planting
dates. These experiments were also conducted under upland
field conditions with good management practices to obtain
optimum conditions for plant growth, avoiding drought, lack
of nutrients, and other stresses. For this present study, how-
ever, the genetic coefficients were recalibrated with our data
in order to achieve improved values for the genetic coeffi-
cients for cassava grown under upper paddy field conditions
with water as a limiting factor. The data sets from three dif-
ferent environmental sites, that is, Ban Kho and Non Daeng
in 2015 and Kham Thao in 2016, were used for this recali-
bration process. The only modification was adjustment of the
value for node weight of the first stem of the shoot before fork-
ing (NODWT). The accuracy of the genetic coefficients was
determined by comparing the simulated aboveground, storage
root, and total dry weights with the corresponding observed
values from the actual experiments. In order to evaluate the
model, the derived genetic coefficients of the four cassava
genotypes were used as input for the model to simulate growth
and yield with independent data sets of the experiments con-
ducted at Ban Kho and Kham Pom in 2016 and Khok Kung
in 2017. The agreement index (d) (Willmott et al., 1985) was
used to test the agreement between simulated and observed
data. As recommended by Lietal. (2015) and Liu et al. (2013),
the d values >.9 indicate the excellent agreement; values >.8
and <.9 indicate good agreement; values >.7 and <.8 indicate
moderate agreement; and values <.7 indicate poor agreement
between simulated and observed values.

For model application, the aboveground, storage root, and
total crop dry weights for the four cassava genotypes for
six different environments using historical weather data from
1988 to 2018 were simulated with the CSM-MANIHOT-
Cassava model based on the final calibrated genetic coeffi-
cients. The crop management scenarios were very similar to
the actual management practices of the experiments.

2.3 | Stability analyses for observed and
simulated data

Stability analyses were conducted for observed and simulated
aboveground, storage root, and total dry weights using the

procedure outlined by Eberhart and Russell (1966). A regres-
sion coefficient and a deviation from regression were obtained
by regressing between dry weight and environmental index.
An environmental index was calculated for each testing envi-
ronment by subtracting the grand mean of all experiments
from the mean of all genotypes in each environment. The
mean square deviation (MSD) was used to measure the devi-
ation from regression, because it can be tested directly with
an F test against the pooled error (Patanothai & Atkins,
1974). The t test was used to determine the significant dif-
ference between the regression coefficients derived based on
observed data from actual experiment and simulated data.
A stable genotype was defined as one with a regression
coefficient near 1.0 and a small deviation from regression
(Eberhart & Russell, 1966). A high mean yield was also a
desirable attribute, although not necessarily an indicator of
yield stability.

3 | RESULTS AND DISCUSSION

3.1 | Soil and weather conditions

Soil samples were obtained prior to planting at 15-cm incre-
ments until a depth of 105 cm and analyzed for physical and
chemical properties. Bulk density for all test environments
ranged from 1.36 to 1.87 g cm™>, and soil pH varied from 4.68
to 6.48 (Table 2). Total N ranged from 0.03 to 0.76 g kg™ !,
organic matter varied from 0.78 to 13.01 g kg™!, available
P ranged from 1.01 to 13.44 mg kg~', and exchangeable K
ranged from 11.41 t0 98.55 mg kg~!. Howeler (2002) reported
the optimum soil properties for cassava. Only the Kham Pom
location that had available P and exchangeable K lower than
the optimal levels. For total N and organic matter, all environ-
ments showed lower values than the optimum values. Accord-
ing to the results from Table 2, Khok Kung had the highest
organic matter, available P, and exchangeable K when com-
pared to the other environments. Kham Pom had a higher elec-
trical conductivity in the subsoil than the other environments.

There was limited rainfall from November to April for
all environments (Figure 2). The average annual total rain-
fall for 1988-2018 was 1,229 mm for Ban Kho, 1,320 mm
for Non Daeng, 1,188 mm for Kham Pom, 2,364 mm for
Kham Thao, and 1,156 mm for Khok Kung. Daily solar radi-
ation was normally distributed throughout the year, peaking
between March and April. Average solar radiation by month
during 1988-2018 were 16.33-20.38 MJ m~2 for Ban Kho,
16.78-21.04 MJ m~2 for Non Daeng, 16.48-21.05 MJ m~2
for Kham Pom, 14.16-19.75 MJ m~2 for Kham Thao, and
15.48-20.69 MJ m~? for Khok Kung. Average air tempera-
ture by month during 1988-2018 for Ban Kho ranged from
17.05 to 36.17 °C, for Non Daeng varied from 17.37 to
36.80 °C, for Kham Pom ranged from 16.83 to 36.44 °C,



SAWATRAKSA ET AL.

= Total rainfall

messs Number of rainy days
—e— Solar radiation

--e-- Maximum temperature
ceod--« Minimum temperature

50 800

(@) | 00

10 600
e

ol % % i“*—*—:——;-{ﬁ‘i 500

)
=3
I
S
=3
Total rainfall (mm)

Number of rainy days (d)

3

Temperature (°C), Solar radiation (MJ m™),

1

| L
r Apr May June July Aug Sep Oct Nov Dg¢

04 =
Jan Feb Mai

wu
S

© S
= =

%Y
S

Number of rainy days (d)
Total rainfall (mm)

>

Temperature (°C), Solar radiation (MJ m?),

04 L
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dgc
Month

13 Dec

FIGURE 2

Temperature (°C), Solar radiation (MJ m?), Temperature (°C), Solar radiation (MJ m™),

Temperature (°C), Solar radiation (MJ m'z),

Agronomy Journal 2341

50 800
(©) | 70
600

E-m-=-8-3 .5 500

40

B W
30 ¥ *

B KR, 400

300

Number of rainy days (d)
Total rainfall (mm)

200

Number of rainy days (d)
Total rainfall (mm)

N
=3

Number of rainy days (d)
Total rainfall (mm)

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dgc
Month

13 Dec

Monthly average maximum temperature, minimum temperature, solar radiation, and rainfall, and the number of rainy days for (a)

Ban Kho, (b) Non Daeng, (c) Kham Pom, (d) Kham Thao, and (e) Khok Kung (values are averaged for 1988-2018)

for Kham Thao ranged from 16.76 to 35.06 °C, and for
Khok Kung varied from 18.94 to 36.57 °C. The highest daily
air temperature was found in April, and the lowest daily
air temperature was recorded during December and January.
For weather conditions during the period of growing cas-
sava after rice (from December to June), Kham Thao had
higher average total rainfall for 1988-2018 than the other
environments, while average solar radiation in Kham Thao
was lower when compared with the other environments.
There was a small difference for average air temperature
across environments.

3.2 | Model performance

3.2.1 | Model calibration and evaluation

For model calibration, the simulated values for total, above-
ground, and storage root dry weights for the four cassava geno-
types for Ban Kho and Non Daeng for 2015 and Kham Thao
for 2016 were compared with the observed values (Figure 3).

The values of NODWT were adjusted for all four genotypes
in order to get better calibration results for upper paddy field
conditions with water limitation (Table 3). The growth of
four cassava genotypes was first simulated for the three envi-
ronments with genetic coefficients from Phoncharoen et al.
(2021). The values of NODWT for all four genotypes were
adjusted manually until reciving a good agreement between
observed and simulated values for total, aboveground, and
storage root dry weights. The new values for NODWT were
15.0 for Kasetsart 50, 14.0 for Rayong 9, and 8.0 for both Ray-
ong 11 and CMR38-125-77. These values were lower than
the values of genetic coefficients from Phoncharoen et al.
(2021). The results from the model calibration showed good
to excellent agreement for simulating total and storage root
dry weights for all three environments with the d values rang-
ing from .80 to .99, except for storage root dry weight for
the genotype Kasetsart 50 (d = .77) for Non Daeng and for
the genotype CMR38-125-77 (d = .72) for Kham Thao. The
simulated and observed aboveground dry weights for all three
environments had a moderate to excellent level of agreement
(d = .70-.99), except for the genotype Rayong 11 (d = .68)
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FIGURE 3 Simulated (lines) and observed (symbols) values for model calibration based on total, aboveground, and storage root dry weights of

Kasetsart 50, Rayong 9, Rayong 11, and CMR38-125-77 at (a—d) Ban Kho in 2015, (e-h) Non Daeng in 2015, and (i-1) Kham Thao in 2016

for Non Daeng and the genotype Kasetsart 50 (d = .69) and
the genotype Rayong 11 (d = .68) for Kham Thao.

To evaluate the model, three independent data sets were
obtained from three environments, that is, Ban Kho and Kham
Pom for 2016 and Khok Kung for 2017. Good to excel-
lent agreements for total and storage root dry weights were
achieved for almost all genotypes and environments (d = .80—
.96), except for total dry weight for the genotype Rayong 9
(d = .73) for Ban Kho and the genotype Rayong 11 (d = .70)
for Kham Pom and storage root dry weight for the genotype
Kasetsart 50 (d = .70) and the genotype Rayong 11 (d = .79)
for Kham Pom (Figure 4). Simulated and observed above-
ground dry weights for the four genotypes were in poor to
excellent agreement with the d values ranging from .38 to
.96. Differences between simulated and observed values could
be due to the fact that the model did not account for some
of the field conditions, such as quality of tillage, and biotic
stresses such as pests, diseases, and weeds (Hoogenboom
et al., 2019b). In addition, the poor performance of the model
for aboveground dry weight for Kham Pom might be due to
high soil salinity in the subsoil that was not represented by
the model. The soil salinity in the subsoil increases crop stress
and reduces cassava growth and final storage root yield (Cruz
et al., 2017; Gleadow et al., 2016; Sawatraksa et al., 2019). In
general, however, the CSM-MANIHOT-Cassava model was
able to simulate the growth and development response of the

four cassava genotypes for the different environmental condi-
tions quite well.

3.3 | Stability analysis
To determine the performance of cassava genotypes for suit-
ability for paddy field conditions after rice, a stability anal-
ysis (Eberhart & Russell, 1966) was conducted for both
observed and simulated for total, aboveground, and storage
root dry weights (Table 4). The mean values for simulated
total dry weight for the six environments were higher than
observed values for all cassava genotypes, indicating an over-
estimation (Table 4). The differences between simulated and
observed values might be caused by other stress factors such
as those discussed previously, which were not considered by
the model, as indicated by lower values of MSD found in the
analysis of simulated yield when compared to the actual yield
(Banterng et al., 2006; Hoogenboom et al., 2019a, 2019b).
There were significant differences among the four cassava
genotypes in simulated and observed total dry weights
(Table 4). The genotype CMR38-125-77 had the highest
values for both simulated and observed total dry weights
with weather data representing the experimental conditions
and with the long-term (1988-2018) historical weather data.
There were also no significant differences between the regres-
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TABLE 3
Crop file Abbreviation Definition
Genotype BOIND Duration from planting to first
forking (thermal units)

B12ND Duration from first forking to
second forking (thermal units)

B23ND Duration from second forking to
third forking (thermal units)

BRIFX Branch number per fork at fork 1
(no.)

BR2FX Branch number per fork at fork 2
(no.)

BR3FX Branch number per fork at fork 3
(no.)

BR4FX Branch number per fork at fork 4
(no.)

LAXS Area/leaf at maximum area/leaf,
cm?

SLAS Specific leaf lamina area when
crop growing without stress,
cm? g7!

LLIFA Leaf life, from full expansion to
start senescence (thermal units)

LPEFR Leaf-petiole weight fraction (no.)

LNSLP Slope for leaf production (no.)

NODWT* Individual node weight, g

NODLT Internode length, cm

Ecotype PARUE Radiation use efficiency, g dry
matter MJ~!

KCAN Photosynthetically active radiation
(PAR) extinction parameter (no.)

PPS1 Photoperiod sensitivity for phase 1

(% drop for 10h pp. change)
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Genetic coefficients for the four cassava genotypes as defined in the CSM-MANIHOT-Cassava model

Genotype

Kasetsart 50 Rayong 9 Rayong 11 CMR38-125-77
510 1,650 250 300
330 1 615 505
260 1 240 175
3.0 1.0 35 35
2.0 1.0 2.7 2.5
2.5 1.0 2.0 1.5
2.0 1.0 1.5 1.5
945 655 690 710
230 230 252 245
1,460 2,300 1,400 1,250
0.33 0.33 0.33 0.33
1.49 1.38 1.52 1.40
15.0 14.0 8.0 8.0
4.5 4.0 2.5 4.0
1.60 1.67 1.65 1.65
0.50 0.56 0.43 0.51
0.00 0.00 0.02 0.01

2The values for NODWT were adjusted for this study, and the other genetic coefficients values for the four cassava genotypes were reported by Phoncharoen et al. (2021).

sion coefficients derived from the simulated and observed
data. These results indicate that the model performed well in
capturing the response of cassava genotypes to these environ-
ments. The values of MSD for both simulated and observed
total dry weights was also rather small (MSD = 0.005-0.391).

Aboveground dry weight was overestimated for all four
genotypes (Table 4). This discrepancy can be explained by
other factors that are not simulated by the model, as discussed
previously. There were no significant differences between
the four cassava genotypes for observed aboveground dry
weight, which ranged from 2.73t02.95t ha~!. However, there
were significant differences among the four cassava genotypes
for the simulated values based on the weather data during
the experiment and on the long-term (1988-2018) historical
weather data. Genotype Rayong 11 had the highest average
simulated aboveground dry weight. The difference between

the regression coefficients derived from the simulated and
observed data was not significant. The magnitude of the MSD
for both the simulated and observed data was rather small
(MSD = 0.005-0.079).

For storage root dry weight, the mean value for simu-
lated storage root dry weight for the six environments (2.73—
521 t ha™') was lower than the observed value (3.44—
5.76 t ha™!) for all cassava genotypes, indicating an under-
estimation (Table 4). This underestimation is probably due
to the other environmental factors that were not considered
by the model, but in field conditions affected the partitioning
capacity to the storage root. Among the four cassava geno-
types, the genotype CMR38-125-77 had the highest storage
root dry weight for both the simulated and observed data using
either the weather data during the experiment or the long-term
(1988-2018) historical weather data. Only one, that is, geno-
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FIGURE 4 Simulated (lines) and observed (symbols) values for model evaluation based on total, aboveground, and storage root dry weights of

Kasetsart 50, Rayong 9, Rayong 11, and CMR38-125-77 at (a—d) Ban Kho in 2016, (e-h) Kham Pom in 2016, and (i-1) Khok Kung in 2017

type CMR38-125-77, out of four genotypes showed a signif-
icant difference between the regression coefficients derived
from the actual experiment and the simulation with the his-
torical weather data (from 1988 to 2018). The MSD for the
observed values (MSD = 0.091-0.366) was higher than for
the simulated data (MSD = 0.002-0.017).

A study (Wongnoi et al., 2020) for the genotypes Kasetsart
50, Rayong 9, Rayong 11, and CMR38-125-77 grown under
upland field in Thailand indicated that the values for storage
root dry weights for the first 6 mo (during rainy season) var-
ied from 5.50 to 13.30 t ha—!, which are higher than our sim-
ulated and observed storage root values. Lower storage root
yields obtained from our growing conditions might be due to
less amount of rainfall during the dry season. With the supple-
mentary irrigation, therefore, it can help improve the storage
root yield of cassava for growing on upper paddy field during
the off-season of rice.

There was no significant difference of the regression
coefficients between the simulation with weather data rep-
resenting the experimental conditions and with the weather
data from 1988 to 2018 (Table 4), indicating a similar
crop response. However, the differences in crop dry weight
between the simulations that were conducted with the weather
data from the experimental period (2015-2018) and with the
long-term historical weather data from 1988 to 2018 indicate
the variability in the annual weather conditions. This finding
suggests the importance of using at least 30 yr of historical

weather data for the simulation analyses to support decision
making.

To select the desirable genotype across environments, the
relative performance of the individual genotype rather than
the absolute yield is of primary concern. Although the ranks
for observed and simulated means for total, aboveground, and
storage root dry weights for all tested environments were dif-
ferent (Table 4), the CMR38-125-77 was identified as the best
genotype based on ranking for simulated and observed dry
weights with weather data representing the experimental con-
ditions and with the long-term (1988-2018) historical weather
data. This indicates a capability of the model to identify an
outstanding genetype for different environmental conditions.

The results in Table 4 indicate that the genotype CMR38-
125-77 was not only outstanding in terms of both simulated
and observed values for total and storage root dry weights,
but it also had a regression coefficient close to 1.0 and a small
deviation from regression. Therefore, based on the explana-
tion for stability analysis provided by Eberhart and Russell
(1966), it is the most preferable genotype on the basis of total
biomass and yield for production in paddy field conditions.
The desirable performance of the genotype CMR38-125-77
grown under experimental field conditions after rice has also
been reported in terms of chlorophyll fluorescence (Fv/Fm
and F’v/F’m) and growth rate for leave, stem, storage root,
and crop (Sawatraksa et al., 2018; 2019). For the experiments
under upland conditions, the genotype CMR38-125-77 also
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TABLE 4
regression for observed and simulated data for the six environments

Dry weight, t ha—12

Regression coefficient”
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Mean dry weight, regression coefficients between dry weight and environmental index, and mean square deviation (MSD) from

MSD

Genotype Observed Simulated® Simulated” Observed Simulated® Simulated’ Observed Simulated® Simulated!

Total dry weight
Kasetsart 50 7.37b 9.85ab 9.77b 1.07A 1.11A 1.10A 0.391 0.128 0.005
Rayong 9 7.01bc 9.66b 10.02b 0.92A 1.08A L13AT 0.106 0.044 0.005
Rayong 11 6.24c 10.35a 11.17a 0.82A 0.87A 1.05A 0.343 0.049 0.010
CMR38-125-77 8.74a 10.36a 10.89a 1.19A 0.95A 0.72A 0.302 0.211 0.047
F test okl & kol

Aboveground dry weight
Kasetsart 50 2.87 5.98b 5.10b 1.12A 0.93A 1.07A 0.008 0.079 0.006
Rayong 9 2.73 5.51c¢ 5.01b 0.88A" 0.83A 0.90A 0.005 0.036 0.014
Rayong 11 2.75 6.62a 5.89a 1.05A 0.88A 1.07A 0.016 0.061 0.010
CMR38-125-77 2.95 5.38¢ 4.73¢ 0.96A 1.35A 0.96A 0.011 0.072 0.027
F test ns ok oI

Storage root dry weight
Kasetsart 50 4470 2.96¢ 3.78¢c 0.93A 0.99A 1.02A 0.366 0.012 0.002
Rayong 9 4.25bc 3.30b 4.19b 0.90A 1.02A 1.00A 0.091 0.012 0.005
Rayong 11 3.44c 2.73d 4.28b 0.70A 0.99A 1.14A 0.280 0.011 0.008
CMR38-125-77 5.76a 4.04a 5.21a 1.48A 1.01AB 0.85B7 0.221 0.017 0.006
F test X gk g

*Values in the same column followed by the same small letter are not significantly different at the .01 and .05 by the least significant difference (LSD) test.

PRegression coefficients in the same row followed by the same capital letter are not significantly different at the .05 by ¢ test.

¢Simulation of the dry weight for the four cassava genotypes with weather data during the experimentation of crop.

dSimulation of the dry weight for the four cassava genotypes with historical weather data (from 1988-2018).

*Significant at the .05 probability level.
**Significant at the .01 probability level.
TSignificantly different from 1 at the .05 probability level.

showed an outstanding performance with respect to physiol-
ogy (Fv/Fm, F’v/F’m, net photosynthesis, stomatal conduc-
tance, water use efficiency, relative water content for leaf, leaf
area index, and specific leaf area), biomass, and yield (Janket
et al., 2018; Phoncharoen et al., 2019a, 2019b ; Phosaengsri
et al., 2019; Wongnoi et al., 2020). Therefore, the genotype
CMR38-125-77 is not only a suitable genetic resource for pro-
duction under upland condition, but our study also demon-
strates that it is an appropriate genotype for production under
paddy field conditions in Thailand.

The application of the CSM-MANIHOT-Cassava model
as a supporting tool provides an advanced strategy to deter-
mine yield performance and stability for cassava genotypes
under different abiotic factors, such as soil chemical and
physical properties and climatic conditions, which are of
major concern by plant breeders. The information from
actual field experiments is normally the result of a com-
bination of both abiotic and biotic factors, such as pests
and diseases, resulting in an unclear picture to determine
whether a genotype is stable because of adaptation to local
soil and weather conditions or if it possesses resistances to

biotic stresses (Banterng et al., 2006). Our study showed
the capability of the CSM-MANIHOT-Cassava model to
assist with the identification of suitable cassava genotypes
for production during the off-season of rice on paddy
fields, which would be difficult to obtain with actual field
experiments.

Studies have shown the potential for crop simulation mod-
els to predict yield for different crops in multi-environment tri-
als. Banterng et al. (2006) used the CROPGRO-Peanut model
to predict pod yield for test peanut lines under various envi-
ronmental conditions in Thailand and found that the model
performed well in evaluating the stability for peanut breed-
ing lines. Suriharn et al. (2008) confirmed the capability of
the CSM-CROPGRO-Peanut model in simulating yield of
peanut breeding lines. Anothai et al. (2009) showed that the
CSM-CROPGRO-Peanut model simulated GGE biplot pat-
terns that were similar to the field trials and that it can be used
to help identify stable peanut lines. The CSM-CROPGRO-
Peanut model was also used by Phakamas et al. (2010) to
determine pattern of genotype X location interactions (G X L).
Salmertn et al. (2017) estimated the genotype X environment
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interactions (G X E) for soybean [Glycine max (L.) Merr.]
yield using the CSM-CROPGRO-Soybean model of DSSAT,
while Adnan et al. (2020) applied the CSM-CERES-Maize
model of DSSAT in simulating G X E interactions for maize
(Zea mays L.).

This is the first study to show the performance of the CSM-
MANIHOT-Cassava model in determining yield stability for
different cassava genotypes grown under upper paddy field
conditions during the off-season of rice. The application
of this model can assist plant breeders since it decreases
time and resources for evaluating genotype stability under a
wide range of environments. Although planting the suitable
cassava genotype following rice is an alternative cropping
system to help increase product supply and land use effi-
ciency, it could also disrupt the nutrient balance in the field,
and soil fertility generally plays an important role for crop
productivity. The crop models are mathematical abstractions
of the real-world interactions between crop environments, and
they also provide the option to simulate the response of crops
to different nutrient and water conditions (Hoogenboom,
2000; Hoogenboom et al., 2019b). Applications of both the
rice and cassava simulation models together with actual field
experiments to explore the appropriate management strate-
gies for supporting both cassava and rice are also interesting
for future research. In addition, there are many different
fields with respect to local soil and weather conditions.
Study to select representative experimental sites for testing
is a significant issue for future research as well, that can
also be addressed with crop simulation models (Putto et al.,
2009).

4 | CONCLUSION

Crop simulation models are becoming increasingly impor-
tant tools for assessing yield stability for different crops.
The results of this study showed that the CSM-MANIHOT-
Cassava model can be a useful tool to help identify sta-
ble cassava genotypes across multiple environments. Non-
significant difference between simulation and observation for
the regression coefficients that were obtained from stability
analysis indicated that the CSM-MANIHOT-Cassava model
performed well in capturing the responses of genotypes to
environments. Based on both actual experimental data and
simulation results, the cassava genotype CMR38-125-77 was
considered to be the most favorable one among the genotypes
tested for cassava production on upper paddy fields during the
off-season of rice.
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