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Abstract: Smallholder rice farmers need a multi-purpose model to forecast yield and manage limited
resources such as fertiliser, irrigation water supply in-season, thus optimising inputs and increasing
rice yield. Active sensing tools like Canopeo and GreenSeeker-NDVI have provided the opportunity
to monitor crop health and development at different growth stages. In this study, we assessed
the effectiveness of in-season estimation of rice yield in lowland fields of northwest Cambodia
using weather data and vegetation cover information measured with; (1) the mobile app-Canopeo,
and (2) the conventional GreenSeeker hand-held device that measures the normalised difference
vegetative index (NDVI). We collected data from a series of on-farm field experiments in the rice-
growing regions in 2018 and 2019. Average temperature and cumulative rainfall were calculated at
panicle initiation and pre-heading stages when the crop cover index was measured. A generalised
additive model (GAM) was generated using log-transformed data for grain yield, with the combined
predictors of canopy cover and weather data during panicle initiation and pre-heading stages. The
pre-heading stage was the best stage for grain yield prediction with the Canopeo-derived vegetation
index and weather data. Overall, the Canopeo index model explained 65% of the variability in rice
yield and Canopeo index, average temperature and cumulative rainfall explained 5, 65 and 56% of the
yield variability in rice yield, respectively, at the pre-heading stage. The model (Canopeo index and
weather data) evaluation for the training set between the observed and the predicted yield indicated
an R? value of 0.53 and root mean square error (RMSE) was 0.116 kg ha™! at the pre-heading stage.
When the model was tested on a validation set, the R? value was 0.51 (RMSE = 925.533 kg ha™1)
between the observed and the predicted yield. The NDVI-weather model explained 62% of the
variability in yield, NDVI, average temperature and cumulative rainfall explained 3, 62 and 54%,
respectively, of the variability in yield for the training set. The NDVI-weather model evaluation for
the training set showed a slightly lower fit with R? value of 0.51 (RMSE = 0.119 kg ha~1) between
the observed and the predicted yield at pre-heading stage. The accuracy performance of the model
indicated an R? value of 0.46 (RMSE = 979.283 kg ha~') at the same growth stage for validation
set. The vegetation-derived information from Canopeo index-weather data increasingly correlated
with rice yield than NDVI-weather data. Therefore, the Canopeo index-weather model is a flexible
and effective tool for the prediction of rice yield in smallholder fields and can potentially be used to
identify and manage fertiliser and water supply to maximise productivity in rice production systems.
Data availability from more field experiments are needed to test the model’s accuracy and improve
its robustness.
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1. Introduction

Rice production is a significant contributor to the Cambodian economy for poverty
reduction, income growth and national and household level food security. However, the
yield productivity is 1.6 t ha~! below the potential yields of between 3.3 and 5.5 t ha™!
for the local varieties in Cambodia [1]. As the predominant crop and means of livelihood
for most farmers in the southeast Asia, projections indicated the need to increase rice
production by 1.1% p.a. over the next decades to meet the demand of a rising population [2].
Cambodia has progressed from a rice importer after the Khmer Rouge war to a rice
exporting country. At present, rice yield remains stagnant due to variability in climatic
conditions, irrigation water supply and traditional practices. A past survey reported that
rice yield varied from 0.6 to 5.5 t ha~! across villages and regions in Cambodia due to
variability in management practices [3]. The inability to predict yield may result in low
yield given that crop yield may vary from year to year, depending on the local weather
conditions, soil types and management inputs [4]. To maximise grain yield, rice farmers
need scalable decision support tools to enhance resource use efficiency and intensify rice
production. Recently, the discourse to increase rice productivity in smallholder fields has
extended to sustainable and practices and precision agriculture [5]. Achieving an increase
in rice productivity in smallholder fields will require a locally calibrated and validated
model to predict yield at different rice growth stages.

Predicting rice yield is a diagnostic technique that can enhance resource inputs, min-
imise the risk of crop failure, decrease yield productivity and ultimately promote food
security. Many studies have reported significant increases in rice yield using different yield
prediction models in rice crops [6,7]. For example, the Agricultural Production Systems
sIMulator (APSIM) model has been heralded for its ability to estimate yield and offers
opportunities to improve yield management in Cambodia [8,9]. However, using the APSIM
model to forecast rice yield may not be practical for smallholder rice growers because of its
complexity in using extensive information on cultivar type and soil information that are not
readily available. Hence, over the decades, prediction models using remote sensing data
from advanced platforms such as Unmanned aerial vehicles and Sentinel (satellite) have
been successfully used to make crop management decisions and estimate rice yield [10-12].
Conventionally, many reports focus on using normalised difference vegetation indices
(NDVI) to estimate rice biomass at critical growth stages on small-scale rice fields [13,14].
A past study reported a positive relationship at the panicle initiation (R? = 0.36) and pani-
cle differentiation (R? = 0.42) stages between NDVI and grain yield [15]. A recent study
predicted rice yield at panicle initiation using GreenSeeker-NDVI in rice fields [16]. Never-
theless, the usefulness of its application to predict rice yield is limited in smallholder farmer
fields, particularly in developing countries. Apart from the challenge of spectral saturation
when biomass is high, the GreenSeeker sensor is expensive and not easily accessible to
smallholder farmers. An alternative approach that is cost-effective to estimate rice yield is
using freely available mobile application such as the Canopeo app.

The Canopeo app uses spectral values of red-green-blue (RGB) colour systems to
diagnose plant health conditions and estimate crop biomass [17]. It can be used to develop
a crop model that includes a comprehensive range of crop—canopy attributes. For example,
Canopeo showed a positive and significant relationship in biomass estimation in sorghum
varieties [18], and other yield-related traits in sorghum [19,20]. However, the disadvantage
is that variations in soil conditions and variability in agronomic management practices in
farmers’ fields can affect yield estimation and management decision in rice fields. Most
yield prediction models are improved by long-time series weather data to provide a
quantitative estimation of expected yield in advance because of their influence on vegetative
growth and development at different growth stages [21,22]. A past study reported a
significant influence of accumulated temperature and precipitation in predicting rice yield
phenological development stages [23]. However, our goal is using easy-to- measure weather
variables that are localised to support smallholder farmers to predict rice yield within rice
fields. While the weather variables are great predictors of crop yield across experiments that
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are characterised with spatial and temporal variations, integrating weather components
can offset the limitations associated with the yield prediction from each sensor, which is
a useful strategy to support smallholder farmers to improve rice productivity. The use
of statistical-based model such as multiple linear regression (MLR) provides potential to
determine the relationships between environmental and/or vegetation factors and crop
yield and improve yield predictions [24]. Gnyp et al. [25] reported an R? value of 0.50
between vegetation reflectance indices and rice aboveground biomass at booting stage with
using multiple linear regressions. However, the MLR does not allow flexible specification of
the dependence of the response variable on covariates to capture hidden patterns emanating
from various field management conditions.

The generalised additive model (GAM) can explore the non-linear relationships be-
tween the dependence variables and independent variables for it depends linearly on
unknown smooth functions of some predictor variables, and interest focuses on inference
from these smooth functions to determine the relationship between the predictors and the
response variable. GAMs can account for the potential non-linearity in the relationship
between rice yield and potential predictors of yield, and the linear predictors include a
sum of smooth functions of covariates. The use of the GAMs in forecasting rice yield
are easy to interpret by plotting fitted smooths against yield, which potentially can im-
prove our understanding of crop-vegetation indices-weather interactions. For example,
Evans et al. [26] used seasonal water availability, soil type and location for predicting wheat
yield with GAM. In addition, GAM increased the accuracy of yield (R? = 0.65) estimation
with seasonal climate and phenological metrics in wheat [27]. Hence, this study aimed
to determine if Canopeo index and weather data could predict yield under various field
conditions with the generalised additive model (GAM) compared with only the NDVI and
weather data. The rice yield data from various management and environmental conditions
were examined using vegetation indices and local weather variables across Cambodian rice
fields at specific growth stages to make rice management decisions. The purpose was to
develop a model to forecast yield with a few variables that rice farmers can access locally
to support and improve strategic management practices such as fertilisation, irrigation
scheduling applications and weed control for rice under dynamic field conditions. There-
fore, we hypothesised that developing a Canopeo index and weather model can predict
rice yield in-season using a generalised additive model. The specific objective was to assess
the effectiveness of a model combining Canopeo index and weather data to predict rice
yield at different rice growth stages and to compare its performance with the conventional
NDVI model with weather data.

2. Materials and Methods
2.1. Experiments and Data Collection

Data used in this study were collected from different on-farm experiments with common
measurements undertaken as part of the CamSID project (ACIAR project-CSE/2015/044). The
project is targeted to promote sustainable intensification and diversification in the lowland
rice system in Cambodia. During these experiments, Canopeo index and NDVI data were
collected at panicle initiation and at pre-heading stages to provide good coverage of varying
field conditions in rice growing regions of northwest Cambodia. These experiments were
conducted in the farmers’ field across two provinces during the 2018 and 2019 growing
seasons (Figure 1). These were categorised as Experiments 1, 2, 3, 4 and 5.

Experiments 1 and 2 were conducted in the early wet season (EWS) and main wet
season (MWS), respectively, in the 2018 cropping season at Kork Ton Loab (KTL) village
in Banteay Meanchey (BMC) province. Experiment 3 was conducted at Svay Cheat (SVC)
village in Battambang (BTB) province in the early wet season. Experiments 1, 2 and 3
involved evaluations of study on seeding rates that included 20, 40, 60, 80 and 180 kg ha !
laid out in a randomised complete block design (RCBD) with three replications using the
same management practices. Experiments 4 and 5 were conducted at Don Bosco School
(DBS) farm in BTB province and KTL village, respectively, during the early wet season
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(EWS) in 2019 under different management conditions and were laid out in a split-plot
design with four replications.
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Figure 1. Location of the study area for on-farm field experiments.

For Experiment 4, the subplots consisted of five herbicide options (pendimethalin,
pretilachlor, butachlor, oxadiazon and control) applied at 1.5 a.i. kg ha~!; while the main
plot had 1.0 a.i kg ha~! of bysipyribac-sodium (post-emergence herbicide) and a control
plot. The subplot for Experiment 5 consisted of different seeding rates, 20, 40, 60, 80 and
180 kg ha~!, while the main plots comprised different fertiliser rates as low, medium and
high rates; N-50, P-40 and K-30, N-75, P-60 and K-40 and N-100, P-80 and K-50 kg ha~ 1,
respectively. Rice fields were divided into smaller plots based on the experimental layout
of each experiment treatment, as stated above. The total field size for each experiment was
not less than 0.8 ha, and rice field owners managed the experiments using the protocols in
each rice field. Sen Kra Oub was variety was sown at different dates for each experiment
across the experiments in both cropping seasons.

2.2. Canopeo, NDVI and Weather Data Collection

The spectral measurements were collected using a freely available mobile app-Canopeo
and the commercial GreenSeeker-NDVI (Trimble®, Sunnyvale, CA, USA) (Figure 2). Canopeo
is a smartphone image processing tool that estimates canopy cover using colour values in
the red-green-blue (RGB) bands. It classifies the green pixels from rice canopy within the
spectral domain of 500-570 nm to produce white pixels according to ratios of red/green,
blue/green and the excess green index. The vegetation information collected with the
Canopeo app reproduces the white canopy pixels as well as the value of the percentage of
the canopy cover (Figure 2b—d). Fractional green canopy cover from the app ranges from
0 to 1, where the value of 0 means no green canopy cover, and value of 1 means 100% of
green canopy cover (Equation (1)).

R/G < Py and B/G < P and2G —R—B > P 1)

Py and P, are parameters that have values close to 1 and classify pixels mainly in the
green bands of ~500-570 nm, and P is a parameter that sets the minimum excess green
index at a constant value of 20 to select green vegetation of rice canopy. Default parameter
values for Canopeo are P; = 0.95, P, = 0.95 and P53 = 20. GreenSeeker-NDVI takes canopy
measurements between ~650 and 780 nm at red and near-infrared wavelength bands, respec-
tively (Equation (2)). The vegetation information collected with the GreenSeeker-NDVI sensor
generates an output of NDVI values with no image (Figure 2a).



Agriculture 2022, 12,130

5o0f 14

(c) Green canopy pixels

(b) Canopeo app

(a) GreenSeeker Handheld
l‘

ﬁ N 7\
Take Photo
= O

Record a Video

U

Load from gallery

Canopy Cover | 29.06

(d) White canopy pixels
Figure 2. Ground-based sensors for assessing vegetation information in the rice field.

NIR — Red
NDVI = NIR + Red @

NIR is a reflection in the near-infrared spectrum, while red reflects the red range of the
spectrum. Spectral measurements were taken above a canopy height of between 60-80 cm
using a standard sampling method and position to reduce sampling errors that might result
from both sensors. The scanning method was done in transects by walking eight steps
within plant rows in each plot. Two transects were sampled from each rice plot during
panicle initiation (PI) and pre-heading (PH) stages. Reflectance data for each sensor were
averaged for each plant plot where yield data was collected with a total number of 169 data
points for NDVI and Canopeo data, respectively, in all five experiments (Table 1). Plants
were harvested for grain yield at maturity, dried at 70 °C and weighed. The weather data
used in this study were obtained from the local weather stations. In Cambodia, climate
is tropical and fairly uniform across the province. The average temperatures (°C) and
cumulative precipitations were estimated from the time of sowing to the panicle initiation
and pre-heading stages, respectively, for each experiment (Table 2).

Table 1. Agronomic information, sensing dates and spectral reflectance data from the on-farm experi-
ments at panicle initiation (PI) and pre-heading (PH) for the early wet season (EWS) and main wet season
(MWS) rice growing seasons in 2018 and 2019 at Kork Ton Loab (KTL) village, Banteay Meanchey (BMC)
province, and Svay Cheat (SVC) village and Don Bosco School (DBS), Battambang province.

PI PH Reflectance
Experiment  Site/Season Planting Stage Stage Harvesting Year Data
Total (n = 169)
1 KTL/EWS 26 April 26 June 10 July 9 July 2018 30
2 KTL/MWS 24 September 29 November 13 December 8 January 2018 30
3 SVC/EWS 17 May 17 July 31 July 4 September 2018 24
4 DBS/EWS 20 July 24 August 9 September 30 September 2019 40
5 KTL/EWS 3 May 1 July 10 July 31 August 2019 45
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Table 2. Climate data for each on-farm field experiment during rice growing seasons in 2018 and 2019.

Mean Mean Mean Cumulative = Mean Cumulative
Experiment Temperature PI Temperature PH Rainfall PI Rainfall PH

(@] Q) (mm) (mm)
1 26.11 26.5 341.3 407.8
2 28.1 28.3 589.1 626.0
3 28.3 25.9 369.3 381.1
4 26.8 27.0 346.2 407.8
5 29.6 26.0 748.4 829.3

Where PI and PH represent panicle initiation and pre-heading, respectively.

2.3. Data Processing and Statistical Analysis
2.3.1. Simple Linear Regression and Generalised Additive Models

The relationships of individual datasets with each vegetative index and yield at both
growth stages were initially examined for initial exploration using simple linear regression
(SLR) model in the form of:

Ye = Bot+ B1Ve+ et 3)

where o, Yi Vi and &; represent an intercept, yield, the reflectance index of Canopeo
or NDVI and error term for each site ‘t’. The generalised additive model was developed
for yield predictive and validation purposes using combined predicting components of
individual spectral index and weather data: average temperature and cumulative rainfall.
Grain yield data was log-transformed to meet the assumptions of the regression. A com-
bination of growing cumulative rainfall and growing average temperature were selected
as variables to avoid collinearity. Overall, we developed two models from GAM, which
were the Canopeo-weather model and NDVI-weather model. Data on the growing average
temperature and cumulative rainfall, which coincided with the sensing dates at panicle
initiation and pre-heading stages, were collected across the experiments (Table 1). To in-
crease the model’s application to be used extensively under any environmental conditions
in Cambodia, each on-farm field experiment dataset was pooled together before model
calibration irrespective of the differences in their management conditions.

We randomly split the pooled dataset into approximately 70% for training and 30%
for testing. The model was calibrated using 70% of the dataset, while the remaining 30%
was used to validate the model’s accuracy (GAM). Two different spectral index-weather
data were developed with a generalised additive model (GAM) that combines the specified
sum of smooth terms as ‘f” of the predictors and the dimension of the basis that represent
the smooth term as ‘k’ [28], and the residuals satisfied the criterial for normality.

Model = gam(Logl0(Yield) ~ f;(Vy, k=3) +£,(To, k=3)+£3(R3, k=3) (4

where gam, V1, T, and Rj represent the function for general additive modelling, the spectral
index (Canopeo or NDVI), growing average temperature and cumulative precipitation
data, respectively, while ‘f’ is the smooth function and ‘k’ is the dimension of the basis
that represents the smooth term for all field experiments. The descriptive statistics were
estimated for the observed and predicted yield in the subsets of calibration and validation
for mean, minimum (min), maximum (max), standard deviation (SD) and coefficient of
variation (CV) (Table 3).

Table 3. Descriptive statistics of yield samples from the pooled dataset.

Yield Total Max Min Mean SD cv
(kg ha=1) (n) (kgha=1l)  (kgha"1) (kgha1) (kgha™1) (%)
Calibration 169 9118.86 669.72 3051.58 1460.92 47.87
Validation 60 8445.03 662.73 2807.32 1324.75 52.01

Where Max, Min, SD and CV represent maximum, minimum, standard deviation and coefficient of
variation, respectively.
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2.3.2. Model Evaluation

The coefficient of determination (R?) and the root mean square error (RMSE) was used
to evaluate the model performances.

n )2
R2 —1— i=1 (yl Y1) (5)

n o2
where y; represents the yield data, ¥; is the predicted data and ¥ is the mean yield of the model,
n is the number of samples. All data were analysed using R scripts using these models [29].

3. Results
3.1. Relationships between Yield and Sensors

There was a positive relationship between yield and Canopeo with simple linear
regression (SLR). However, the relationships between yield and Canopeo was poor at
different growth stages across the locations for each experiment (Table 4). The coefficients
of determination (R?) were 0.24 and 0.20 at panicle initiation (PI) and pre-heading (PH)
stages, respectively, in Svay Cheat (SVC). For experiment 3 at Kork Ton Lab (KTL), R? was
0.24 at the PI stage with the Canopeo index. Similarly, NDVI showed a weak relationship
with yield using the SLR model at both growth stages in each location regardless of different
management practices used in the on-farm field experiments (Table 5). With NDVI, R? was
0.23 at KTL in experiment 1 and 0.22 at SVC at pre-heading in experiment 2 (Table 5).

Table 4. Relationship between yield and Canopeo showing coefficients of determination at panicle ini-
tiation (PI) and pre-heading stages across locations at Kork Ton Loab (KTL) village, Banteay Meanchey
(BMC) province, and Svay Cheat (SVC) village and Don Bosco School (DBS), Battambang province.

Predictor

. . 2
Experiment Location Growth Stage Intercept (3¢) (x = Canopeo) R p-Value
1 KTL PI 1157.48 11.718 0.14 0.04 *
PH 1640.75 4.717 0.03 0.37
2 SvC PI 426.88 16.719 0.24 0.02 *
PH 216.49 18.29 0.20 0.06 *
3 KTL PI —8108.39 156.53 0.10 0.11
PH —221.19 71.5 0.24 0.01 **
4 DBS PI 4280.34 —-10.15 0.02 0.35
PH 4784.33 —20.95 0.10 0.09
5 KTL PI 2492.65 8.069 0.03 0.22
PH 2375.26 9.159 0.03 0.09

* and ** are significant at p < 0.05 and 0.01.

3.2. Yield Estimatiion and Model Evaluation with Explanatory Variables Using a Generalised
Additive Models (GAM)

With GAM, the analysis was done on the pooled dataset and (1 = 169) across different
experiments. Generally, the GAM model appeared to be more robust in predicting rice yield
using Canopeo and weather variables combinations despite the different management
practices and various field conditions used in the experiments. The Canopeo-weather
model fitted well with the observed yield data (deviance = 65%) and the 5, 56 and 65%
were the proportion explained by Canopeo index, cumulative rainfall and the average
temperature explained, respectively, at the pre-heading stage (Table 6). More so, the
explanatory smooth terms for average temperature contributed more to the model and
yield increased in a non-linear way with increased average temperature at pre-heading
stage (Figure 3).
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Table 5. Relationship between yield and Canopeo showing coefficients of determination at panicle
initiation (PI) and pre-heading (PH) stages across each location at Kork Ton Loab (KTL) village,
Banteay Meanchey (BMC) province, and Svay Cheat (SVC) village and Don Bosco School (DBS),
Battambang province.

Intercept

Experiment  Location = Growth Stage ) Predictor (x = NDVI) R? p-Value
1 KTL PI —14.25 2739.63 0.14 0.042 *
PH —1845 6046 0.23 0.007 **
2 SVC PI —1675 4570 0.23 0.019 *
PH —1655 4751 0.22 0.020 *
3 KTL PI 9710 —7490 0.0033 0.762
PH 850.7 5294.8 0.002 0.813
4 DBSC PI 4900 —1778 0.010 0.610
PH 6760 —5157 0.10 0.116
5 KTL PI 1272 2834.3 0.20 0.004 **
PH 2105.3 1305.1 0.04 0.187

* and ** are significant at p < 0.05 and 0.01, respectively.

Table 6. Deviance of the models and individual model component at panicle initiation (PI) and
pre-heading (PH) stages with generalised additive model. ‘gam’ in the model is the function for
general additive modelling ‘f’ represents the smooth function and ‘k’ is the dimension of the basis
that represents the smooth term.

Models Predictors/Model Deviance (%)
Components PI PH
gam(yield ~ f(Canopeo, k = ;’:) + f(.average ) 62 65
temperature, k = 3) + f(cumulative rainfall, k = 3)
f(Canopeo) 5 5
f(average temperature) 62 65
f(cumulative rainfall) 35 56
gam(yield ~ f(NDVI, k = 3) + f(average ) 62 62
temperature, k = 3) + f(cumulative rainfall, k = 3)
f(NDVI) <0.1 3
f(average temperature) 62 62
f(cumulative rainfall) 30 54

Evaluating the Canopeo-weather model on the calibration (training) set showed an
R? of 0.51 (RMSE = 0.118 kg ha~!) between observed and predicted yield at the panicle
initiation (Figure 4a). For the validation set, the model showed an accuracy performance
with R? value of 0.46 (RMSE = 977.016 kg ha~!) between observed and predicted yield
at a similar growth stage (Figure 4b). On the other hand, the Canopeo-weather model
showed a higher R? of 0.53 (RMSE = 0.116 kg ha~!) when the model was evaluated on the
calibrated set between observed and predicted at the pre-heading stage (Figure 5a). The R?
was 0.51 (RMSE = 925.533 kg ha~!) when the model was tested on the validation set at the
pre-heading stage (Figure 5b).

The model developed from the variable inputs of NDVI and weather variables showed
slightly lower fit model at the pre-heading stage with deviance value of 65% compared with
Canopeo-weather model (Table 6). The proportion of the variability in yield explained by
the NDVI was 3%, cumulative rainfall explained 54% whereas 62% of the variability in yield
was explained by average temperature. In addition, yield increased in a non-linear pattern
with increased average temperature, while cumulative rain decreased with increased yield
and NDVI showed a flat response (Figure 6.)
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model predictive power between the predicted and the observed yield at pre-heading stage.
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Figure 6. Smooth term effect of each predictor (a) NDVI, (b) cumulative rain, (c) average temperature, on
log-transformed yield at pre-heading stage NDVI-weather model.

The model performance was low (R? value = 0.51 RMSE = 0.119 kg ha~!) for the
calibration set between the observed and the predicted yield at the panicle initiation stage
(Figure 7a). There was similar a similar fit of an R? value of 0.47 when the model was tested
on the validation set with an accuracy model performance with RMSE = 968.688 kg ha~! in
predicting yield at the panicle initiation stage and (Figure 7b).
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Figure 7. Evaluation of model (NDVI and weather variables; average temperature and cumulative
rainfall) for the calibration set (a) and model performance for the validation set (b) showing the
model predictive power between the predicted and the observe at panicle initiation stage.

At the pre-heading stage, the model evaluation on training set showed an R? value
of 0.51 between the observed and predicted yields with RMSE value of 0.119 kg ha~!
(Figure 8a). For the validations set, the R? was 0.46 (RMSE = 979.283 kg ha~!) between the
observed and the predicted yield at the same growth stage (Figure 8b).
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rainfall) for the calibration set (a) and model performance for the validation set (b) showing model
predictive power between the predicted and the observed yield at the pre-heading stage.

4. Discussion
4.1. NDVT Yield Model

This study demonstrates that individual NDVI showed poor relationships with yield
under different management practices using the SLR. The possible reasons are the noise
from standing water in the rice fields might have reduced the correlation between NDVI and
yield. The reflectance index with a red-light band within a narrow range from ~650-670 nm
may not accurately differentiate agronomic parameters and specific physiological charac-
teristics in rice crops resulting in the saturation of the spectral sensors at all the growth
stages for each experiment (Tables 4 and 5) [30,31]. In addition to this, GreenSeeker-NDVI
does not have the in-built feature to remove noise associated with background effect in
the rice fields. Overall, the low coefficient of determination could be attributed to poor
canopy development because of no standing water in the rice fields and high incidence
of blast incidence during the panicle initiation stage. In other words, NDVI can saturates
with excessive biomass or standing water. NDVI is the most widely spectral index used
to estimate rice yield in the fields [32,33], before this study, neither NDVI nor Canopeo
has been used to obtain vegetation information during mid-growth stages under Cambo-
dian rice ecosystems. The poor sensor—yield relationship implies that it is not practical
for growers to rely solely on individual spectral indices with red light bands to estimate
rice yield at mid-growth stages. However, having a universal model is more practical
to estimate yield at different rice growth stages in a wide range of environment [34,35].
In Cambodian rice fields, weather variables have been identified as important predictor
variables that can estimate rice yield [36]. Therefore, NDVI did not explain much deviance
with the NDVI-Weather model (Table 6). Other explanatory variables such as the average
temperature in each model had non-linear relationship with the yield as the higher yield,
the higher average temperature and the higher cumulative rainfall, the lower the yield.
The low model performance at pre-heading was due to the saturation effect frequently
associated with NDVI in the visible wavelength at high biomass conditions [35,36].

4.2. Canopeo-Index Yield Model

As demonstrated in this study, combining weather data and Canopeo index improved
the model’s performance marginally at the pre-heading stage. However, the model was
bias and under predicted yield higher than 4000 kg ha~! between panicle initiation and pre-
heading stages using weather variables and spectral indices likewise NDVI-weather model.
This result is consistent with other findings [37-39] that reported difficulty to predict yield
in-season at 4000 kg ha~! with a different spectral index from the rice canopies. However,
the possible reason for the scattered plots with the Canopeo-weather model might be that
Canopeo extracts vegetation information from a single spectral and rice vegetation acquired
with a single band as well as its dynamics reduced its effectiveness to analyse images in
the red light compared with NDVI that uses two bands of visible light and near-infrared
light. To the best of our knowledge, this study represents the first attempt to predict
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rice yield in-season the combination of Canopeo and cumulative rainfall and average
temperature. The SLR model increased our understanding of yield-sensor relationships in
each location under the variable growing conditions in Cambodian rice farms. At the same
time, the Canopeo-weather model explained more of the variability in yield; 53% and 51%
for calibration and validation set, respectively, at the pre-heading stage with a degree of
improvement in rice prediction accuracy from weather integration with GAM than using
the NDVI-weather model. This agrees with the accuracy reported with GAM for yield
estimation in crops by reducing the limitations associated with using only the sensors to
predict rice yield [40]. This suggests that yield could be estimated with higher accuracy
if more weather data are available and accessible to famers in the decision support tools.
(Figures 4 and 5). Therefore, it is more advantageous to combine Canopeo and weather
data to predict rice yield because of the higher accuracies between expected and observed
yield than using NDVI as revealed in this study (Figures 3 and 4).

Overall, Canopeo-weather model has great potential to support rice growers in taking
management decisions on resource input such as irrigation water supply, fertiliser and
insecticide in rice fields to minimise any future risk in the rice production system. Techni-
cally, the Canopeo-weather model is more flexible by their lesser demand for inputs for
ease of adaptation to other region because rice growers can easily use their mobile phones
to assess information on the model components. The Canopeo app is freely available
online, and weather data can locally be sourced from their weather stations and online
(https:/ /www.weather-forecast.com/maps/Cambodia). Notwithstanding, the models
were biased because they always under-predicted the yield of Sen Kra Oub variety when
the predicted yields were compared with the observed yields at different rice stages because
it is relatively a small dataset. This is a common result of using statistical and models that
fit observations in an average sense for yield estimation [41,42]. Therefore, the Canopeo-
weather model developed in this study can be used as a base model for further effects of
crop management for fertiliser application, irrigation schedule and weed management
to predict yield. It is also essential to determine the degree of uncertainty associated
with the model to increase its reliability in predicting rice yield using other management
conditions that are not included in this study. However, models may improve as data
availability increases with more field experiments to test the model’s accuracy and improve
its robustness.

5. Conclusions

Prediction of rice yield improved using the Canopeo and weather data with a gener-
alised additive model compared with the traditional NDVI algorithm and weather data.
Average temperature and cumulative rainfall, when combined with NDVI, significantly
influenced yield predictions. The combination of Canopeo and weather data further improved
the model’s prediction capability at the pre-heading stage than at panicle initiation between the
observed and predicted yield. The model indicated a higher accuracy for model calibration at
R? = 0.53, RMSE = 0.116 kg ha~! and the validation of R? = 0.51 (RMSE = 925.533 kg ha™!) at
pre-heading stage. The model is promising and can be useful for rice yield prediction to
optimise management practices such as fertiliser and irrigation water supply. Still, proper
modification and more testing are required with additional field experiments to improve
the robustness and reliability of the model. It will be beneficial to adopt this intervention
for managing low yield in smallholder rice fields in lowland rice fields.
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