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Cassava (Manihot esculenta Crantz) is an important food security crop in sub-Saharan Africa
and other tropical regions, but its genetic improvement is hindered by long breeding cycles and
labour-intensive phenotyping procedures. This study aimed to develop a rapid phenotyping
protocol and assess its predictive capacity for yield and plant architecture traits in cassava using
Normalized Difference Vegetation Index (NDVI) data obtained with affordable handheld
sensor (Trimble GreenSeeker). A diverse panel of 453 cassava accessions was evaluated across
two contrasting agroecological zones in Nigeria; Mokwa (Southern Guinea Savannah) and
Onne (Humid Forest) during the 2021/2022 planting season. NDVI data collected at 3, 6, and
9 months after planting (MAP) were integrated with ground truth phenotypic measurements of
26 agronomic traits.

Genetic parameters including broad-sense heritability and genotype-by-environment
interactions were estimated. Results showed moderate to high heritability for important traits
such as fresh root yield (FYLD), dry matter content (DM), and harvest index (HI). NDVI data,
especially at 6 months after planting, demonstrated strong predictive power (R? up to 0.9) for
yield components, with prediction accuracy varying across locations. Significant negative
correlations between lodging (LODG) and yield traits highlighted the influence of plant
architecture on productivity in cassava. These findings affirm the applicability of handheld
NDVI sensors as cost-effective tools for enhanced phenotyping and selection in cassava
breeding programs for rapid genetic gains and varietal development under diverse field
conditions.

Keywords: NDVI, High-Throughput Phenotyping, Plant Architecture

Background
Cassava (Manihot esculenta Crantz) is a an important staple crop that is widely

cultivated in sub-Saharan Africa, Latin America, and parts of Asia for domestic consumption
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and industrial raw materials (Parmar et al., 2017; Tize et al., 2021). Its resilience to drought,
poor soils, and erratic rainfall makes it a strategic food security crop in the face of climate
change (Jarvis et al., 2012; EPA, 2016; Amelework et al., 2021; Dordley, 2022; IPCC, 2023).
However, the turnaround time for genetic improvement in cassava through conventional
breeding technique is limited by its heterozygous nature, asynchronous flowering and long
breeding cycles (Maxmen, 2019; Ceballos et al., 2020).

Conventional cassava breeding relies on phenotypic evaluation of traits such as yield, dry
matter content and plant architecture, which is labour-intensive, time-consuming and costly
(Ceballos et al., 2020; Conceicao et al., 2023; Fei & Mahama, 2023).

These limitations hinder the scalability of breeding programs and delay the release of improved
varieties. Breeding gains can be accelerated by employing high-throughput phenotyping tools
that enable rapid, non-destructive assessments at scale.

Remote sensing, spectral vegetation indices have been effectively deployed in monitoring crop
growth and predictively relating canopy vigour to yield (Dash, 2021; Machwitz et al., 2021;
Marzougui et al., 2023; Tattaris et al., 2016). Normalized difference vegetation index (NDVI)
is the most widely used of all the vegetation data for predicting crop yield (Huang et al., 2014;
Panek & Gozdowski, 2020; Ji et al., 2021; Roznik et al., 2022).

Satellite and Unmanned Aerial Vehicle (UAV) platforms are effective in capturing NDVI data,
their cost and complexity limit adoption in resource-constrained research institutes. Handheld
sensors such as the Trimble GreenSeeker provide a low-cost, user-friendly solution for NDVI
data collection (Trimble, 2023). Prior studies have demonstrated that NDVI correlates with
cassava yield and biomass traits, making it suitable for use in breeding trials (Ayu Purnamasari
et al., 2019; Rattanasopa et al., 2022). However, variability due to environmental factors and
genotype-by-environment interactions (GEI) necessitates multi-location validation and the
development of robust predictive models.

This study aims to (i) develop a rapid phenotyping protocol by integrating the Trimble
GreenSeeker NDVI data with ground truth phenotypic data, (ii) quantify genetic parameters
including heritability and GXE interactions for key traits and (iii) evaluate NDVTI’s predictive
capacity for cassava yield and plant architecture in contrasting agroecological zones. The

outcomes will inform cost-effective breeding strategies to enhance cassava productivity.

Methods

A total of 453 cassava accessions which include 448 obtained from clonal evaluation trials and

five commercial checks were evaluated across two locations in Nigeria, Mokwa (Southern
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Guinea Savannah) and Onne (Humid Forest). Trials were conducted during the 2021/2022
planting season using an augmented block design with two replications per location. Each plot
consisted of three rows with three plants planted per row and a spacing of 1M between ridges

and 0.8M within rows.

Phenotypic Data Collection
Traits measured included shoot weight (SHTWT), root weight (RTWT), dry matter

content (DM), starch content (STARCH), fresh root yield (FYLD), dry yield (DYLD), top yield
(TYLD), harvest index (HI), NDVI data at 3 months after planting (NDVI3), NDVI data at 6
months after planting (NDVI6), NDVI data at 9 months after planting (NDVI9), number of
lodged plants per plot (LODG), plant height at 3 months after planting (PLTHT3), plant height
at 6 months after planting (PLTHT6), plant height at 9 months after planting (PLTHT9), angle
of branching (ANGBR), stem diameter (STMDI), number of harvested roots (RTNO), number
of plants per stand (PPSTD?9), height at first branch at 9 months after planting (BRNHT9),
height at first branch at 6 months after planting (BRNHT6), number of harvested plants per
plot (NOHAYV), height at first branch at 3 months after planting (BRNHT3), level of branching
at 3 months after planting (BRNLEV3), level of branching at 6 months after planting
(BRNLEV6), level of branching at 9 months after planting (BRNLEV9), chlorophyl content at
3 months after planting (CHL3), chlorophyl content at 6 months after planting (CHL6) and
chlorophyl content at 9 months after planting (CHL9). Measurements were taken at 3, 6, 9, and
12 months after planting (MAP) using standard protocols described by Fukuda et al. (1998)

and in CassavaBase (www.cassavabase.org).

Collection of NDVI Data

NDVI Data Collection with Trimble handheld sensor
The Trimble GreenSeeker (Figure 1), a vegetation sensor manufactured by the agricultural

division of the Trimble Inc USA, was used to capture the spectral properties of the cassava
canopy. The sensor is made up of electroluminescent diodes (LEDs) that emit radiation in the
red and near-infrared (NIR) regions. NDVI values were calculated based on the relationship
between the red and near-infrared bands: (NIR-R)/(NIR+R), where NIR and R refer to the near-
infrared and red reflectance, respectively (Farias et al., 2023). The normalized difference
vegetation index (NDVI) values were measured using the Trimble GreenSeeker handheld
NDVI meter device. The device emits red light at wavelengths within 660 nm, 25 nm FWHM
(full width at half maximum), and near-infrared light at 780 nm and 25 nm FWHM. The device
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has two FOV (field of view) options: 25 cm at 60 cm: This means that when the device is
positioned 60 cm away from the target, it captures an area with a width of 25 cm.

50 cm at 122 cm: Alternatively, when placed 122 cm away, it covers a wider area with a width
of 50 cm. (Sahin, 2022).

The sensor was held at a height of 1 m above the canopy and pointed at a 45° angle towards
the plants. The sensor was triggered at three points across the plants in the middle row within
each plot, and the average NDVI value was recorded. The NDVI values can vary numerically
from -1 to +1, with positive values indicating the vegetative vigour of the cassava plant, while
negative values indicate the absence of vegetation or soil exposure. The data were collected at

3 months intervals, viz: 3, 6 and 9 months after planting.

The plant height, height at first branch, and other plant architecture traits data were also

collected at the same intervals, using the conventional methods.

Figure 1| Trimble GreenSeeker, a vegetation sensor
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Data Analysis

Data Pre-processing:
The data was split into training (80%) and testing (20%) sets using the “createDataPartition’

function from the “caret’ package (Kuhn, 2019) of the (R Core Team, 2020). The seed was set
to 123 for reproducibility. Reproducibility is crucial in data analysis, machine learning,

simulations, and computational experiments to ensure reliability and validity.

Model Building and Calibration:

Two regression models (linear regression and polynomial regression model) were used
for this analysis. A linear regression model ("lm") was fitted with ground truth data of each of
the yield and plant architecture traits used as the dependent variable and NDVI data obtained
at 3, 6 and 9 months after planting used as the independent variable using the training data.
This was done using the 'Im" function from the ‘rms" package (Harrell, 2023) of the (R Core
Team, 2020). The mathematical formula of the linear regression model is herein stated:
FYLD =Bo+B1 * NDVI+¢
FYLD - is the response variable, which is the fresh root yield
NDVI —is the predictor variable, which is the NDVI data taken at 3, 6 or 9 months after planting
[Bo— is the intercept term
B1 —is the coefficient of the predictor variable NDVI
€ - is the error term
A polynomial regression model was developed to predict the cassava fresh root yield (FYLD)
based on several predictor variables. This was done using the 'Im’ function from the ‘leaps’
package, version 3.1 (Miller, 2022) of the (R Core Team, 2020). The model included second-
degree polynomial terms for each predictor variable to capture potential non-linear
relationships. The predictors used in the model were: Normalized Difference Vegetation Index
(NDVI), plant height (PLTHT), chlorophyll content (CHL), stem diameter (STMDI), angle of
branching (ANGBR), number of lodged plants per plot (LODG), number of harvested plants
per plot (NOHAYV), and number of plants per stand (PPSTD). The mathematical formula of the
polynomial regression model is herein stated:

FYLD = Bo + B11 * NDVI + B12 * NDVI? + 1 * PLTHT + B2z * PLTHT? + B3; * CHL + B3
* CHL? + Ba1 * STMDI + Baz * STMDI? + Bs1 * ANGBR + Bs2 * ANGBR? + B¢ * LODG +
Bs2 * LODG? + B71 * NOHAV + B72 * NOHAV? + Bs1 * PPSTD + Bs2 * PPSTD? + ¢
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Each predictor variable X1 (for 1= 1,2,...,12) is modelled with both its linear and quadratic
terms to capture any non-linear relationships between the predictor variables and the response
variable

Where:

FYLD —is the dependent variable, which is the fresh root yield

Bo— is the model intercept term

Bi(1=1to nt+1)—these are the model coefficients for each independent variable and its squared
term. There are a total number of n+1 coefficients, where n is the number of independent
variables (n=8)

¢ - is the error term

NDVI — normalized difference vegetation index

PLTHT - plant height

CHL - chlorophyll content

STMDI - stem diameter

ANGBR — angle of branching

LODG — number of lodged plants per plot

NOHAYV — number of harvested plants per plot

PPSTD — number of plants per stand

All these traits represent the independent variables used in developing the second-order
polynomial regression model. For these three traits, normalized difference vegetation index,
plant height, and chlorophyll content, measurements were taken at 3, 6 and 9 months after
planting. There corresponding values were used for the model development at these growth

stages.

Model performance was evaluated using summary statistics and diagnostic plots generated by

the "Im" function.

The model was calibrated using bootstrapping with 100 iterations using the calibrate function
from the ‘rms” package (Harrell, 2023) of the (R Core Team, 2020). The calibrate function in
the 'rms’ package enhances resampling model calibration. It produces estimates of predicted
versus observed values that have been corrected for bias or overfitting. The calibration results

were printed and plotted using the print and plot functions.
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Model Validation and Evaluation:

The calibrated model was used to predict the values of plant architecture and yield traits for the
testing data set. This was done using the ‘predict’ function from the ‘rms’ package.

Model performance was evaluated using the following statistical metrics:

R-squared (R?) calculated using the ‘cor’ function from the ‘base’ package. It measures the
proportion of variance in the plant architecture and yield traits explained by the NDVI
predictor.

Root Mean Squared Error (RMSE) calculated using basic mathematical operations. It
quantifies the average deviation between predicted and observed values of plant architecture
and yield traits.

Mean Absolute Error (MAE) calculated using basic mathematical operations. It provides an
average of the absolute errors between predicted and observed values of plant architecture and
yield traits.

Validation results were presented for R2, RMSE, and MAE.

Analysis of variance of the plant architecture and yield traits was performed using the °
statgenGxE" package of the R software (R Core Team, 2020). The mathematical formula of

the adopted model is herein stated:

The mathematical formular for the ANOV A model (linear mixed model)

Yijk = p +ai + B+ (af)ij + eijk

Yiik is the response for the i-" genotype in the j-™ environment and the k- replicate.
u is the overall mean

o; is the fixed effect of the i-" genotype.

Bj is the random effect of the j-™ environment.

(aP)jj is the random interaction effect of the i-" genotype and the j-™ environment.

eijk is the residual error.

The random effects 3;, and (af);j are assumed to be independent and normally distributed
with mean 0 and variance components 6°a, and c”ea, respectively. The residual error eij is
also assumed to be independent and normally distributed with mean 0 and variance

component c’e.
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The broad sense heritability (H?) values were calculated as follows:

2
HZ — 9g

2 2
a o
oZ+-2242¢

e er
Where H? is the broad sense heritability estimate, 6°g is the genetic variance component of

the accession effect, o%e is the variance component of the residual error, and r is the number

of replicates.

The estimation of genetic advance as a percentage of mean (GAM) was performed using the

formula described in (Johnson et al., 1955).

_KXGpXH

AM
G 100

Where:
K =2.06 at 5% selection intensity.
H = Heritability.

Op = Phenotypic standard deviation.

Genotypic correlation analysis for plant architecture and yield traits were performed using the
statistical software Meta-R Version 6.0 (Alvarado et al., 2020).
Using the following model:

Yijk = 0+ 0i + B + (af)i + yic+ i

yiik is the observation for the i-" genotype in the j-™ block and the k- replication

u is the overall mean

o; is the fixed effect of the i-" genotype

Bj is the random effect of the j-™ block

(aP)jj is the random interaction effect of the i-" genotype and the j-™ block

Yk is the random effect of the k- replication within block

eijk is the residual error.

The estimates of the genetic and phenotypic correlations were obtained using the variance

components from the linear mixed model:
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y=XB+Zu+e

y is the vector of observations

B is the vector of fixed effects

u is the vector of random effects
e is the vector of residuals

X and Z are the design matrices.

The genetic correlation between two traits is calculated as:

Og1g2

rg = —F/—
’ 2 2

Og1g is the covariance between the random effects of the two traits

62g1 and 62g2 are the variances of the random effects of the two traits

Data visualization was performed with the R package ‘corrplot’ version 0.92 (Wei & Simko,
2021).

Path Analysis was performed with the R package ‘lavaan’ version 0.6-17 (Rosseel, 2023).
Data visualization was performed with the R package ‘semPlot” version 1.1.6 (Epskamp,

2022).

Results
The summary statistics of the NDVI data, plant architecture and yield traits for Mokwa

trial (Table 1) and Onne trial (Table 2) showed that the accessions had differentially expressed
performance for NDVI, plant architecture (angle of branching, stem diameter, shoot weight,
number of lodged plants per plot, plant height at 3 months after planting, plant height at 6
months after planting, and plant height at 9 months after planting) and yield traits (root weight,
dry matter content, starch content, fresh root yield, dry yield, top yield, and harvest index) in
respect to each trial environments. Based on the mean values of these traits, higher values were
reported from the trial conducted in Onne compared to that of Mokwa for all the traits except

fresh root yield (FYLD) which was (24.08 t/ha) in Mokwa compared to (23.45 t/ha) in Onne,

10
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top yield (TYLD) 35.89 t/ha compared to 18.41 t/ha, NDVI at 3 months after planting 0.85 to
0.79, and plant height at 3 months after planting (PLTHT3) 110.58cm to 109.22cm. The error
variance was lower than the genotypic variance for all the traits except for NDVI at 6 months
after planting and levels of branching at 3 and 9 months after planting (Table 3). Broad sense
heritability values ranged from 0.0 for NDVI data at 3 months after planting to 0.87 for height
at the first branch at 3 months after planting. Moderately high values of broad sense heritability
were recorded for important yield and quality traits like starch and dry matter content (0.61) as
well as harvest index (0.66). The phenotypic coefficient of variation ranged from 0% for NDVI
data at 3 months after planting to 69.88% for the number of lodged plants per plot, while
genotypic coefficient of variation values ranged from 0% to 49.21% for these two traits
respectively. The highest value of genetic advance as a percentage of the mean (71.57) was
obtained for the number of lodged plants per plot while the least value of (0) was obtained for
NDVI data at 3 months after planting. The analysis of variance (Table 4) for the NDVI, plant
architecture (angle of branching, stem diameter, shoot weight, number of lodged plants per
plot, plant height at 3 months after planting, plant height at 6 months after planting, and plant
height at 9 months after planting) and yield traits (root weight, dry matter content, starch
content, fresh root yield, dry yield, top yield, and harvest index) traits across the two
environments showed that the accessions performed differently from one another for all the

traits except for NDVI value at 6 months after planting.

Table 1| Summary statistics of the NDVI data, plant architecture and yield traits for the
Mokwa trial

Trait Min Max Mean Variance  Coefficient
of
Variation

11
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SHTWT
RTWT
DM
STARCH
FYLD
DYLD
TYLD
HI
NDVI3
NDVI6
NDVI9
LODG
PLTHT3
PLTHT6
PLTHTY
ANGBR
STMDI

1.74
0.55
21.21
3.93
0.73
0.97
232
0.05
0.37
0.24
0
0
21
52
65
0
9.82

68.55
46.25
38.7
27.23
61.67
18.61
91.4
0.81
0.92
0.8
0.79
9
202.4
231
258
117.05
33.14

26.92
18.06
30.21
15.92
24.08
7.63
35.89
0.4
0.85
0.6
0.61
1.35
110.58
130.44
144.18
69.3
21.47

113.88
70.1
7.86
13.93
124.63
11.22
202.47
0.01
0
0.01
0.01
2.75
779.71
802.12
848.11
594.4
10.67

39.64
46.36
9.28
23.44
46.36
43.9
39.65
25
5.26
1491
13.72
122.84
25.25
21.71
20.2
35.18
15.21

SHTWT - shoot weight, RTWT — root weight, DM — dry matter content, STARCH - starch content, FYLD —
fresh root yield, DYLD — dry yield, TYLD — top yield, HI — harvest index, NDVI3 — NDVI data at 3 months after
planting, NDVI6 - NDVI data at 6 months after planting, NDVI9 - NDVI data at 9 months after planting, LODG

— number of lodged plants per plot, PLTHT3 — plant height at 3 months after planting, PLTHT®6 - plant height at

6 months after planting, PLTHT9 - plant height at 9 months after planting, ANGBR — angle of branching, and
STMDI — stem diameter.

Table 2 | Summary statistics of the NDVI data, plant architecture and yield traits for the

Onne trial
Trait Min Max Mean Variance  Coefficient
of
Variation
SHTWT 1.02 66.2 18.41 93.76 52.6

12



RTWT 1.15 63.25 23.45 115.35 45.8
DM 25.1 43.75 33.62 8.16 8.5
STARCH 9.12 33.96 20.47 14.47 18.58
FYLD 1.15 63.25 23.45 115.35 45.79
DYLD 1.03 22.36 8.27 13.22 43.97
TYLD 1.02 66.2 18.41 93.73 52.59
HI 0.09 0.94 0.56 0.01 17.86
NDVI3 0.52 0.88 0.79 0.002 5.66
NDVI6 0.5 0.91 0.86 0.06 28.48
NDVI9 0.5 0.93 0.84 0.002 5.32
LODG 1 12 2.24 3.2 79.86
PLTHT3 48 186 109.22 385.7 40.92
PLTHT6 75 284 158.29 766.7 17.49
PLTHT9 106 366 203.71 1183.16 16.89
ANGBR 0 125.17 72.68 1295.6 49.52
STMDI 12.43 41.14 24.62 2242 19.23
376
377 SHTWT - shoot weight, RTWT — root weight, DM — dry matter content, STARCH - starch content, FYLD —
378 fresh root yield, DYLD — dry yield, TYLD — top yield, HI — harvest index, NDVI3 — NDVI data at 3 months after
379 planting, NDVI6 - NDVI data at 6 months after planting, NDVI9 - NDVI data at 9 months after planting, LODG
380  — number of lodged plants per plot, PLTHT3 — plant height at 3 months after planting, PLTHT6 - plant height at
381 6 months after planting, PLTHT9 - plant height at 9 months after planting, ANGBR — angle of branching, and
382  STMDI - stem diameter.
383
384
385
386
387
388
389
390 Table 3 | Estimates of variance components, broad sense heritability, PCV, GCV, and
391  genetic advance for NDVI data, plant architecture and yield traits for all the cassava
392  accessions evaluated across two environments in Nigeria.
Trait Mean o’g o%GxE o’e o’)p H?> PCV(%) GCV(%) GA GAM
DM 31.90 3.02 1.37 0.59 498 0.61 6.99 5.45 2.80 8.76
NOHAV 6.50 1.07 0.48 0.81 235 046  23.58 15.91 1.44  22.17
RTNO 48.00 130.37 46.82 73.05 250.24 0.52 3296 23.79  17.02 3546
SHTWT  22.65 26.28 9.50 15.06 50.84 0.52 31.48 22.63 7.61 33.60

13



RTWT 20.77 26.11 10.53 11.28 4792 0.54 3333 24.60 7.79  37.50
STARCH 18.20 5.36 242 1.05 8.83 0.61 16.32 12.72 3.73  20.47
FYLD 23.76 34.97 11.83 15.23 62.03 0.56  33.15 24.89 9.17 38.59
DYLD 7.95 2.62 1.46 1.66 5.74 046  30.12 20.36 226 28.42
TYLD 27.12 34.90 12.59 22.45 69.94 050 30.84 21.78 8.62 31.78
HI 0.48 0.0048 0.24 0.0012 0.2412 0.66 17.7 14.434  0.12 24.29
NDVI3 0.82  0.0002900 0.00 0.0018200 0.00 0.00 0.00 0.00 0.00 0.00
NDVI6 0.73  0.0000000 0.00 0.0100000 0.0 0.00 13.70 0.00 0.00 0.00
NDVI9 0.73  0.0000000 0.00 0.0000000 0.00 0.00 0.00 0.00 0.00 0.00
LODG 1.60 0.62 0.12 0.52 1.25 050 69.88 49.21 1.15  71.57
PLTH3 109.87  202.38 14.70 88.40 30548 0.66 1591 1295 2391 21.76
BRNHT3  55.85 304.95 3.71 41.48 350.14 0.87  33.50 31.27  33.65 60.26
BRNLEV3  1.60 0.01 0.04 0.05 0.09 0.11 18.75 6.25 0.07 4.30
PLTHT6 144.60  340.40 36.59 96.98 47397 0.72  15.06 1276 32.29 22.33
BRNHT6  68.10 95.33 206.51 41.31 343.15 0.28  27.20 1434 10.63 15.60
BRNLEV6  2.00 0.13 0.09 0.05 027 049 2574 18.03 0.52  26.07
PLTHT9 174.60  402.33 62.29 127.01 591.62 0.68 13.93 11.49  34.16 19.56
BRNHT9  85.10 473.15 102.22 60.97 63634 0.74  29.64 25.56  38.73 45.51
BRNLEVY9  2.50 0.02 0.12 0.04 0.18 0.11 16.73 5.66 0.10 3.95
CHL3 49.00 4.77 0.07 1.30 6.13 0.78 5.05 4.46 398 8.12
CHL6 47.89 3.02 0.51 1.28 481 0.63 4.58 3.63 2.84 594
CHL9 45.60 5.16 2.97 1.85 998 0.52 6.93 4.98 3.37 7.40
ANGBR 171.00  492.45 99.22 50.86 642.52 0.77 14.82 1298  40.12 23.46
STMDI 23.10 6.34 1.42 2.02 978 0.65 13.54 10.90 4.19 18.13
PPSTD 2.00 0.10 0.02 0.08 020 051 2222 15.81 046 23.23
%g:}‘- STMDI - stem diameter, FYLD - fresh root yield, DYLD - dry yield, STARCH - starch content, DM — dry matter content, RTWT — fresh root
395  weight, SHTWT — shoot weight, PLTHT9 — plant height at 9 months after planting, LODG — number of lodged plants per plot, HI — harvest
396 index, ANGBRY — angle of branching, RTNO — number of harvested roots, PPSTD9 — number of plants per stand, BRNHT9 — height at the
397 first branch at 9 months after planting, PLTHT6 — plant height at 6 months after planting, TYLD — top yield, BRNHT6 — height at the first
398 branch at 6 months after planting, NOHAV — number of harvested plants per plot, NDVI3 — NDVI at 3 months after planting, NDVI6 - NDVI
399  at 6 months after planting, NDVI9 - NDVI at 9 months after planting, PLTHT3 — plant height at 3 months after planting, BRNHT3 — height
400 at the first branch at 3 months after planting, BRNLEV3 — level of branching at 3 months after planting, BRNLEV6 — level of branching at 6
401 months after planting, BRNLEVY — level of branching at 9 months after planting, CHL3 — chlorophyl content at 3 months after planting,
402 CHL6 — chlorophyl content at 6 months after planting, CHL9 — chlorophyl content at 9 months after planting, 6°g — genotypic variance, c% —
403  residual variance, o°p — phenotypic variance, H? - broad sense heritability, PCV, phenotypic coefficient of variation, GCV- genotypic
404 coefficient of variation, GA - Genetic advance, GAM - genetic advance as a percentage of mean.
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405  Table 4 | Analysis of variance (ANOVA) of the NDVI data, plant architecture and yield traits across two environments
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The exploratory analysis revealed the interrelationships among the plant architecture and yield
traits. Based on the Pearson correlation coefficient values (r), correlation coefficient plots were
used to visualize and quantify these relationships.

Based on the output of the genetic correlation analysis of the data obtained from the trial
conducted in Mokwa (Figure 2), there exists a strong and significant negative relationship
between HI and LODG (r=-0.72, p <0.001). In addition to this, moderate, significant negative
relationships were observed between LODG and FYLD (r = -0.56, p < 0.001), RTWT (r = -
0.56, p <0.001), and RTNO (r =-0.50, p < 0.001) respectively. This shows that the higher the
number of lodged plants per plot, the lesser the values of the key yield traits such as FYLD,
RTNO, RTWT and HI. Also, there exists high positive and significant relationships between
LODG and PLTHT3 (r = 0.75, p < 0.001), PLTHT6 (r = 0.87, p < 0.001), and PLTHTO (r =
0.79, p <0.001). This shows that the taller the plant grows, the more it is prone to lodging.
The output of the genotypic correlation among yield and plant architecture traits in the Onne
trial (Figure 4) showed weaker, negative, and significant relationships between LODG and HI
(r=-0.4, p <0.001) compared to the value (r = -0.72, p < 0.001) obtained in Mokwa trial.
Contrary to the positive relationships recorded between LODG and plant height in Mokwa, low
to moderate, PLTHT3 (r = -0.1, p < 0.001), and PLTHTO (r = -0.49, p < 0.001) respectively
were observed. Unlike in Mokwa, this means that the taller plants in Onne grew, the lesser their
propensity for lodging.

The path coefficient analysis revealed the direct and indirect contributions of the plant
architecture traits to fresh root yield and root weight in cassava.

For the trial at Mokwa (Figure 3), RTWT had an absolute (1.0) positive contribution to FYLD.
However, HI had a strong positive contribution to RTWT (0.67), while the contributions of
PLTHTY9 (0.41) and PLTHT3 (0.17) were also positive. Contrary to these, negative
relationships were observed for LODG (-0.12) and PLTHT6 (-0.18) in respect of their
contributions to RTWT.

Likewise, RTWT had absolute contributions to FYLD in the path coefficient analysis
conducted on the data from the Onne trial (Figure 5). PLTHT6 had strong positive contributions
(1.06) to RTWT while the reverse is the case for ANGBR with negative contribution (-0.30)
and PLTHT6 (-0.21).
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Figure 2| Genotypic correlation coefficient plot of plant architecture and yield traits in
Mokwa trial

NOHAYV - number of harvested plants per plot, RTNO — number of harvested roots per plot, SHTWT — shoot
weight, RTWT — root weight, DM — dry matter content, STARCH — starch content, FYLD — fresh root yield,
DYLD — dry yield, TYLD — top yield, HI — harvest index, LODG — number of lodged plants per plot, PLTHT6 —
plant height at 6 months after planting, BRNHT6 — height at first branch at 6 months after planting, PLTHT9 —
plant height at 9 months after planting, BRNHT9 — height at first branch at 9 months after planting, BRNLEVO -
level of branching at 9 months after planting, BRNHB9 — branching habit at 9 months after planting, ANGBR9
— angle of branching, and STMDI9 — stem diameter.

Figure 3| Path coefficient analysis plot of plant architecture and yield traits in Mokwa trial

NOH - number of harvested plants per plot, RTN — number of harvested roots per plot, RTW — root weight, STA
— starch content, FYL — fresh root yield, HI — harvest index, LOD — number of lodged plants per plot, PLTHT6 —
plant height at 6 months after planting, PLTHT9 — plant height at 9 months after planting, ANG — angle of

branching, and STM — stem diameter.

Figure 4| Genotypic correlation coefficient plot of plant architecture and yield traits in
Onne trial

NOHAYV - number of harvested plants per plot, RTNO — number of harvested roots per plot, SHTWT — shoot
weight, RTWT — root weight, DM — dry matter content, STARCH - starch content, FYLD — fresh root yield,
DYLD — dry yield, TYLD - top yield, HI — harvest index, LODG — number of lodged plants per plot, PLTHT6 —
plant height at 6 months after planting, BRNHT6 — height at first branch at 6 months after planting, PLTHT9 —
plant height at 9 months after planting, BRNHT9 — height at first branch at 9 months after planting, BRNLEVO -
level of branching at 9 months after planting, BRNHB9 — branching habit at 9 months after planting, ANGBR9
— angle of branching, and STMDI9 — stem diameter.

Figure 5| Path coefficient analysis plot of plant architecture and yield traits in Onne trial

NOH - number of harvested plants per plot, RTN — number of harvested roots per plot, RTW — root weight, STA
— starch content, FYL — fresh root yield, HI — harvest index, LOD — number of lodged plants per plot, PLTHT6 —
plant height at 6 months after planting, PLTHT9 — plant height at 9 months after planting, ANG — angle of

branching, and STM — stem diameter.
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The linear regression model prediction statistics (Table 5) for the prediction of plant
architecture and yield traits using the NDVI data showed that the value of NDVI3 predicted
the PLTHT3 with high R? values (0.94) and NDVI6 value for PLTHT6 (0.7) respectively but
with high root mean squared error (RMSE) values of 29.3 and 13.2 respectively, and mean
absolute error (MAE) values of 27.3 and 11.7 respectively. Meanwhile, high R? value of (0.9)
was recorded for the prediction of FYLD, DYLD and RTWT using the NDVI6 data, with
relatively low values of RMSE (8.3, 2.2 and 6.2) respectively and MAE values of (7.4, 1.9 and
5.5) respectively for these traits. In the same vein, high R? value of (0.7) was recorded for HI
for the prediction made using the NDVI6 and NDVI9 data with very low RMSE values of (0.09
and 0.04) respectively and MAE values of (0.09 and 0.04) respectively. Similar result was
reported from the prediction of STMDI from the NDVI3 data with R? value of (0.7) and
relatively higher values of RMSE (1.9) and MAE (1.6).

Moderate values of R? (0.6, 0.4, 0.4 and 0.4) were reported for DYLD and RTWT both
predicted from NDVI9 data, STARCH and DM predicted from NDVI3 data, respectively.
These traits also had relatively low values of RMSE (6.2, 4.7, 2.2 and 1.6) as well as MAE
values of (4.5, 3.4, 1.8 and 1.3) respectively.

The prediction metrics obtained from the trial at Onne (Table 6) revealed lower R? values for
the predicted traits compared to the values obtained from Mokwa trial.

Moderate R? values of (0.5) were obtained on the prediction of FYLD, DYLD, and RTWT,
using the NDVI9 data. However, high values of RMSE (15.3, 5.3 and 15.3) were reported for
these traits respectively as well as high values of MAE (13, 4.7 and 13).

However, moderate R2 value of (0.5) was reported for the prediction of HI, using the NDVI3
data with low RMSE value (0.1) and MAE value (0.07).

Low R? values of (0.3, 0.3 and 0.4) were reported for STARCH, DM and STMDI respectively
from the NDVI3 data. Their RMSE values (3.8, 2.8 and 3.1) were relatively low as well as
MAE values (3.1, 2.3 and 2.9).

The polynomial prediction statistics (Table 7) for the prediction of FYLD from the NDVI data,
PLTHT, CHL, STMDI, ANGBR, LODG, NOHAYV, and PPSTD showed the values of the
model prediction statistics were quite similar across environment and the growth stage at which
the data were collected. The R? value 0.39 was obtained for the data collected from Mokwa
trial at 3 and 6 months after planting and Onne at 6 months after planting while R? value of 0.4
was recorded on data collected from Onne at 3 and 9 months after planting and Mokwa at 9
months after planting. Similarly, MAE values of 6.3 was obtained for the data collected from

Mokwa and Onne at 3 and 6 months after planting, with values of 6.2 and 6.4 for data obtained
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from Mokwa and Onne respectively at 9 months after planting. The RMSE values ranged from

7.8 to 8.2 for data obtained from Mokwa and Onne respectively at 9 months after planting.
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542 Table Error! No text of specified style in document. | Linear regression model prediction
543  statistics for plant architecture and yield traits from NDVI data at MOKWA /2021-2022

544 Trial
Trait NDVI MOKWA NDVI MOKWA NDVI MOKWA
ral 3MAP 6MAP 9OMAP
R?> RMSE MAE R?> RMSE MAE R?> RMSE MAE
Plant Height 094 293 273 0.7 13.2 11.7 0.1 20.3 15
FreshRoot e 134 119 09 83 74 04 62 45
Yield
Dry Yield 0.1 4.1 35 0.9 2.2 1.9 0.6 1.4 1.1
Root Weight  0.07 10.1 8.9 0.9 6.2 5.5 0.4 4.7 34
Starch Content 0.4 2.2 1.8 0.2 1.5 1.2 0.3 2.2 1.4
DryMatter 4 16 13 02 12 09 03 16 1
Content
Shoot Weight  0.08 9.5 8.8 0.2 8.2 7.4 0 10.7 8.4
Harvest Index  0.01 0.1 0.1 0.7 0.09 0.09 0.7 0.04 0.04
Number of
lodged plants 0 0.7 0.6 0.1 0.9 0.9 0.2 0.9 0.7
per plot
Stem Diameter 0.7 1.9 1.6 04 3.1 3 0.2 3 2.3
Angle of 03 65 56 0.1 6 52 02 73 6.1
Branching
545
546 R-squared (R?), root mean squared error (RMSE) and mean absolute error (MAE)Months after planting (MAP).
547
548
549
550
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551  Table 6 | Linear regression model prediction statistics for plant architecture and yield
552 traits from NDVI data at ONNE /2021-2022 Trial

Trait NDVI ONNE 3MAP NDVIONNE 6MAP NDVI ONNE 9MAP
R? RMSE MAE R?> RMSE MAE R? RMSE MAE

Plant Height  0.02 154 10.8 0.0l 25 248 0.2 276 24

Fresh Root

Yield 02 104 8.2 0.4 10.9 92 05 153 13

Dry Yield 0.2 3.8 2.9 0.3 4.2 34 05 53 4.7
Root Weight 02 104 8.2 0.4 11 92 05 153 13

Starch Content 03 3.8 3.1 0 3 27 02 39 25
DryMatter 4 he 23 0 22 2 02 29 19
Content

Shoot Weight 0.01 6.4 53 0.2 18.5 11 0.4 7.6 6.6

Harvest Index 0.5 0.1 0.07 0.01 0.07 004 03 0.09 0.1

Number of
lodged plants 0.1 1.5 1 0.04 1 0.8 0.2 1.4 1.1
per plot

Stem Diameter 0.4 3.1 2.9 0 2.1 1.9 0 2.8 2.8

Angle of

. 0.04 357 315 0.1 505 48 0.2 422 40
Branching

553
554  R-squared (R?), root mean squared error (RMSE) and mean absolute error (MAE)Months after planting (MAP).
555

556
557
558
559
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560 Table 7 | Polynomial regression model prediction statistics for fresh root yield at
561 MOKWA & ONNE /2021-2022 Trials

MOKWA
Trait 3MAP 6MAP OMAP
R> RMSE MAE R? RMSE MAE R? RMSE MAE
FYLD 0.39 7.9 6.3 0.39 7.9 6.3 0.4 7.8 6.2
ONNE
Trait 3MAP 6MAP O9MAP
R> RMSE MAE R? RMSE MAE R? RMSE MAE
FYLD 0.4 8 6.3 0.39 8.1 6.3 0.4 8.2 6.4
562
563 R-squared (R?), root mean squared error (RMSE) and mean absolute error (MAE)Months after planting (MAP).
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
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Discussion

The cassava accessions were planted out in two distinct environments: the humid forest

zone and the southern Guinea Savannah zone. There was a strong genotype-by-environment
interaction (GEI) for all the plant architecture and yield traits at (p < 0.001) except for the
number of lodged plants per plot and plant height at 3 months after planting at (p < 0.01). This
agreed with the findings of Bakare et al. (2022) who reported the presence of a strong
interaction between cassava genotypes and test environments with respect to fresh root yield,
dry yield, top yield, harvest index and dry matter content. Bakare et al. (2022) planted in five
agroecological zones in Nigeria which included both the humid forest and the southern Guinea
Savannah zone. Similar results were reported by Amelework et al. (2022) on trials conducted
in three distinct locations that encompass both tropical and subtropical agro-ecological zones
in South Africa. Amelework et al. (2022) observed significant variation among the test
environments, genotype, and genotype-by-environment among the cassava accessions in
respect to number of roots, root weight, fresh root yield, dry matter content, plant height, shoot
weight and harvest index. In another trial, Ogwuche ef al. (2023) reported similar results for
the following traits; root number, fresh root yield, dry yield, dry matter content at (p < 0.01).
Ogwuche et al. (2023) conducted their trials in eight locations in Nigeria that cut across four
agroecological zones in which both the humid forest and the southern Guinea Savannah zones
were represented.
The presence of genotype-by-environment interaction (GEI) for plant architecture and yield
traits makes it difficult for cassava breeders to adequately select superior cassava genotypes
for advancement in breeding programs. With the presence of GEI, effective selection of
genotypes is rarely achieved due to disparity in the rankings of genotypes across different
environments and introduction of bias that diminishes selection gains (Begna, 2022; Sampaio
Filho et al., 2023).

Rattanasopa et al. (2022) used normalized difference vegetation index (NDVI), simple
ratio vegetation index (RVI), and chlorophyll vegetation index (CIRedEdge) to predict the
fresh root yield and height of cassava plants. The authors found out NDVI with R? value of
0.58 for fresh root yield and R? value of 0.87 for plant height produced the best prediction
accuracy for fresh root yield. This 0.58 R? value was quite low, compared to the 0.9 R? value
for the prediction of fresh root yield recorded at the trial in Mokwa using NDVI data collected
at 6 months after planting. However, it was close to 0.5 R? value from the data collected at

Onne trial at 9 months after planting. Unlike the R? value obtained for yield prediction, the
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plant height values were closer to both values obtained from the data collected at Mokwa trial
which were 0.94 and 0.7 for plant height at 3 and 6 months after planting respectively.
Although, the models have high RMSE and MAE values which require revalidation on a new
set of accessions and trials. In a similar study conducted by Ayu Purnamasari et al. (2019), on
the use of vegetation indices data such as Normalized Difference Vegetation Index (NDVI),
Soil Adjusted Vegetation Index (SAVI) and Infrared Emission Chlorophyll Index (IRECI) in
predicting cassava yield, the authors reported that NDVI had the highest accuracy for cassava
yield prediction with R? value of 0.62.

According to Grados & Schrevens (2020), the NDVI values taken from the cassava fields
between 2 — 10 months after planting ranged between 0.3 — 0.4. These values were quite low
compared to the lowest mean value of 0.60 recorded at 6 months after planting on the trial in
Mokwa, and 0.79 at 3 months after planting recorded on the trial in Onne.

In the same vein the prediction accuracy of starch content and dry matter content using the
NDVI data collected from Mokwa has the R? value of 0.4, though a little below average (0.5).
The model is characterized by very low values of RMSE which ranged from 1.6 —2.2 and RAE
values which ranged from 1.3 — 1.8. These give much credence to the reliability of this model.
This makes it possible to have a fair estimate of these important traits right from the field and
allows for on-the-spot assessment and initial selection.

According to the research conducted by Leon et al. (2021), a mean value of dry matter
content as low as 27.9 was reported with the highest mean value of 41. However, in the trial
conducted at Mokwa and Onne, mean values of 30.21 and 33.62 were recorded respectively.
This is an indication that the accessions have the inherent potential for exploration of genetic
gains for dry matter content. Dry matter content is not only an important determinant of yield
in cassava, but also highly correlated with starch content ( Peprah et al., 2020; Silva et al.,
2023; Malai et al., 2024), which is an important indicator for cassava varieties that are suitable
for industrial use. This was confirmed with the genetic correlation coefficient value of 0.99.
By implication, effective selection for starch content could be carried out using the dry matter
content. Given this moderately high estimate of broad sense heritability (0.61), for starch and
dry matter content, there is significant potential for genetic improvement of these traits in
cassava through selection. Johnson et al. (1955) grouped GAM into 3 categories as follows:
GAM values that were less than 10% were low, values between 10-20% were classified as
moderate while values that were more than 20% were high. The moderately high value of broad

sense heritability (0.61) recorded for these traits and moderate genetic advance as a percentage
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of mean (GAM) value of 20% for starch content indicate that the trait would respond
favourably to selection, thereby resulting into enhanced improvement.

For example, selection for starch content, which has a heritability of 0.61 and genetic advance
as a percentage of mean (GAM) value of 20% implies that imposing selection pressure on the
top 5% of the base population could result in significant gains of 20% in starch content over
time. This will enhance the improvement of the quality of cassava roots for industrial
processing and consumption.

Plant height and stem diameter are also important plant architecture traits. Impressive

prediction accuracy was obtained for these traits with plant height at 3 months after planting
using the NDVI data collected in Mokwa at 3 months after planting with an R? value of (0.94)
but relatively high values of RMSE (29.3) and MAE (27.3) and R? (0.7), RMSE (13.2) and
MAE (11.7) for NDVI data collected at 6 months after planting in Mokwa trial. For stem
diameter, using the NDVI data collected at 3 months after planting, a high R? value of (0.7)
with very low RMSE (1.9) and low MAE (1.6) were realized; this suggests that this model is
highly reliable for the estimation of this trait and it will facilitate rapid on-field assessment of
this trait for real-time decision making.
Amarullah (2021), reported high values of 277.78 cm for plant height and 30 cm for stem
diameter. However, in this trial, mean values of plant height ranged between 110.58cm to
203.71cm while the stem diameter ranged from 21.47 cm to 24.62 cm. There exist a positive
and significant genotypic relationship between plant height and stem diameter. These traits
were also positively correlated to the number of lodged plants per plot. However, all the three
traits were negatively and significantly correlated with an important yield indicator, which is
harvest index. This necessitates the need to strike a balance between these traits for enhanced
productivity. With the high values of broad sense heritability reported for plant height, 0.68 —
0.72, and stem diameter, 0.65 it is possible to manipulate these traits to develop plants with
ideal architecture and improved yield.

The genotypic correlation coefficients showed that traits like root dry yield, root weight,
harvest index and number of roots were positively and significantly correlated with the
principal yield determinant, fresh root yield. This is in agreement with the findings of Edet et
al. (2015). This was also confirmed in the output of the path coefficient analysis which showed
that root weight had an absolute contribution to the fresh root yield. Meanwhile, traits like
harvest index, plant height at 3 and 9 months after planting had positive contributions to fresh
root yield through the root weight while number of lodged plants per plot and plant height at 6

months after planting made negative contributions to the fresh root yield through the root
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weight. Edet et al. (2015), also observed a negative relationship between plant height and fresh
root yield at 1 month after planting.

Mehari et al. (2015) ranked broad sense heritability as follows: low (h? < 0.30),
moderate (0.30 < h?< 0.60) and high (h?>> 0.60). Based on these classifications, broad sense
heritability for both plant architecture and yield traits in this study across environments ranged
from low to high: NDVI at 3 and 9 months after planting (0.0), levels of branching at 3 and 9
months after planting (0.11), stem diameter (0.65), fresh root yield (0.56), root weight (0.54),
plant height at 9 months after planting (0.68), harvest index (0.66), starch content (0.61), dry
matter content (0.61) and angle of branching (0.77). Similar results were reported by Ewa et
al. (2017) on dry matter content (0.47) and fresh root yield (0.25). The range of the broad sense
heritability values reported in this study are also consistent with the findings of Peprah et al.
(2020), who reported broad sense heritability value of (0.41) for number of harvested roots, as
well as Adu et al. (2020b) who reported harvest index value of (0.58), and fresh root weight
(0.45). Harvest index (HI) is a measure of the efficiency of a crop in converting assimilated
photosynthate (source) into economic yield (sink) (Alemu, 2021). The presence of moderately
high values of broad sense heritability for harvest index 0.49 and high genetic advance as a
percentage of mean (GAM) value of 21% shows that there is huge potential for desirable
response to selection and optimization of cassava plants for this trait through recombination of
favourable alleles.

However, broad sense heritability for NDVI data ranged from (0.008) to (0.13), so this shows
that the environmental component of the phenotypic variance had a larger impact on the values
of the NDVI data and this could explain the disparity observed in the degree of accuracy of the

linear regression models developed using the data from the two trial environments.

Conclusions

In this research, two separate models (linear regression model and polynomial
regression model) were used in developing phenotyping protocols that could be used in
predicting the values of yield and plant architecture traits in cassava, using the Normalized

Difference Vegetation Index (NDVI) data collected with the handheld Trimble GreenSeeker.

The results that were obtained using the polynomial regression model to predict fresh root yield
from a number of variables which include: NDVI data, plant height, chlorophyll content, stem
diameter, angle of branching, number of lodged plants per plot, number of harvested plants per

plot and number of plants per stand showed that the prediction accuracy for the fresh root yield
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across the two environments were more or less the same at 3, 6 and 9 months after planting.
However, the values of (R?) that signify the reliability of the prediction models were quite low.

Unlike the polynomial regression model where several variables were used in
predicting the fresh root yield, the linear regression model entails the use of NDVI data in
predicting the yield or the plant architecture trait directly and one trait at a time. Based on the
results obtained from the prediction models that were developed using the linear regression
model, there exist huge disparity between the data obtained from Mokwa and Onne trials with
respect to the accuracy of prediction of the yield and plant architecture traits. Generally, higher
coefficient of determination (R?) values, which signify more reliable prediction accuracy and
lower values of root mean squared error (RMSE) and mean absolute error (MAE) were
observed for the plant architecture and yield traits using the NDVI data collected from Mokwa
compared to that of Onne. This suggests that the disparity in prevailing environmental
conditions could influence the accuracy of model development. This implies that the findings
of this experiment should be subjected to further validation on a new set of cassava accessions

and in different environments.
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941 Table 4 |
NDVI3 NDVI6 NDVI9 HI LODG PLTHT3 PLTHT6 PLTHT9 ANGBR9 STMDI TYLD DYLD FYLD STARCH DM RTWT SHTWT
ENV 1.72%** 20.72%** 23 14%** 11.8%** 23.14%** 1573%* 247T743.74*%**  247743.74%** 3137.82%** 2819.71%**  125111.94%** 118.92%** 192.25% 6572.41*** 3706.58*** 11576.81*** 290827.92%**
BLK(ENV*REP) 0.006%*** 0.07 0.006***  0.009%***  0.006*** 384.34* 518.46%** 518.46%** 259.01* 11.04%** 117.07%*** 12.09%** 117.15%** 6.13%%* 3.46%* 84.63%** 79.10%*
REP(ENV) 0.17%** 0.05 0.05%** 0.01 0.05%** 15686.45%** 20057.5%** 20057.5%** 316.12 195.71%** 1563.36%*** 80.66%** 659.64%** 14.49%* 8.19% 441.03%** 890.61%**
GEN 0.003*** 0.01 0.005%** 0.03%** 0.005%** 112].88*** 1672.35%** 1672.35%** 2312.22%** 32.66%** 275.73%** 22.16%** 247.44%** 33.69%** 19.0%** 190.93*** 199.92%**
GEN * ENV 0.00 0.01 0.005%**  0.009%***  0.005%*** 393.4%%* 489.39%** 489.39%** 654.54%** 12.12%%% 141.63%** 11.95%%* 105.99%** 13.67**%* A 85.0%+** 99.43%*%*
Residuals 0.00 0.06 0.00 0.00 0.00 312.35 326.15 326.15 200.059 6.99 83.44 5.94 54.68 3.95 2.23 40.85 56.33
942
043 sk ik  gionificant at: 0.1%, 1% and 5% respectively
944 NDVI3 — NDVI at 3 months after planting, NDVI6 - NDVI at 6 months after planting, NDVI9 - NDVI at 9 months after planting, HI — harvest index, LODG — number of lodged plants per plot, PLTHT3 — plant height
945 at 3 months after planting, PLTHT6 — plant height at 6 months after planting, PLTHT9 — plant height at 9 months after planting, ANGBRY — angle of branching, STMDI - stem diameter, TYLD — top yield, DYLD - dry
946 yield, FYLD - fresh root yield, STARCH - starch content, DM — dry matter content, RTWT — fresh root weight, SHTWT — shoot weight
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Figures

Figure 1

Trimble GreenSeeker, a vegetation sensor
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Figure 2

Genotypic correlation coefficient plot of plant architecture and yield traits in Mokwa trial

NOHAV - number of harvested plants per plot, RTNO — number of harvested roots per plot, SHTWT -
shoot weight, RTWT - root weight, DM — dry matter content, STARCH — starch content, FYLD — fresh
root yield, DYLD - dry yield, TYLD — top yield, HI — harvest index, LODG — number of lodged plants per
plot, PLTHT6 - plant height at 6 months after planting, BRNHT6 — height at first branch at 6 months after
planting, PLTHT9 — plant height at 9 months after planting, BRNHT9 — height at first branch at 9 months
after planting, BRNLEVO - level of branching at 9 months after planting, BRNHB9 — branching habit at 9
months after planting, ANGBR9 — angle of branching, and STMDI9 — stem diameter.
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Path coefficient analysis plot of plant architecture and yield traits in Mokwa trial
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NOH - number of harvested plants per plot, RTN — number of harvested roots per plot, RTW - root
weight, STA - starch content, FYL — fresh root yield, HI — harvest index, LOD — number of lodged plants
per plot, PLTHT6 — plant height at 6 months after planting, PLTHT9 — plant height at 9 months after
planting, ANG — angle of branching, and STM - stem diameter.
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Figure 4

Genotypic correlation coefficient plot of plant architecture and yield traits in Onne trial

NOHAV - number of harvested plants per plot, RTNO — number of harvested roots per plot, SHTWT -
shoot weight, RTWT - root weight, DM — dry matter content, STARCH — starch content, FYLD - fresh
root yield, DYLD - dry yield, TYLD - top yield, HI — harvest index, LODG — number of lodged plants per
plot, PLTHT6 — plant height at 6 months after planting, BRNHT6 — height at first branch at 6 months after
planting, PLTHT9 - plant height at 9 months after planting, BRNHT9 — height at first branch at 9 months
after planting, BRNLEVO - level of branching at 9 months after planting, BRNHB9 — branching habit at 9
months after planting, ANGBR9 - angle of branching, and STMDI9 — stem diameter.
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Figure 5

Path coefficient analysis plot of plant architecture and yield traits in Onne trial

NOH - number of harvested plants per plot, RTN — number of harvested roots per plot, RTW - root
weight, STA - starch content, FYL — fresh root yield, HI — harvest index, LOD — number of lodged plants
per plot, PLTHT6 — plant height at 6 months after planting, PLTHT9 — plant height at 9 months after
planting, ANG — angle of branching, and STM - stem diameter.
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