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Abstract: Determining the effect of irrigated and rainfed conditions on light interception, light
extinction coefficient (k), radiation use efficiency (RUE), biomass, and storage root accumulation of
cassava was the objective of this study. The field experiment was arranged in a randomized complete
block design (RCBD) with four replications. The effect of irrigated and rainfed water conditions in
cassava were evaluated under two planting dates for two years. Light interception depended on
k and LAI which affected solar radiation accumulation and thus biomass production for cassava.
The k values ranged from 0.49 to 0.93 a nd 0.46 to 0.86 for irrigated and rainfed crops, respectively.
The RUEbi and RUEsr depended on water conditions and crop growth stages and seasons, whereas
rainfed crops in the May planting were slightly lower in RUEbi than irrigated crops. RUEbi of the
crop planted in November was not significantly different for irrigated and rainfed crops. Irrigation at
the late growth stage could maintain higher LAI, light interception, and RUE for the crop planted in
May, whereas those in November planting were not significantly different.

Keywords: solar radiation; light interception; leaf area index; extinction coefficient; water stress

1. Introduction

Radiation use efficiency (RUE) relates biomass accumulation to the amount of inter-
cepted photosynthetically active radiation (PAR) [1] and is often used to estimate biomass
accumulation in crops such as maize and soybean [2,3], wheat [4], rice [5], cotton [6], and
cassava [7,8]. RUE is dependent on light intensity which varies by season, latitude, cloud
cover, and plant canopy architecture (leaf position, leaf shape, leaf size, leaf arrangement,
LAI, and leaf angle) [9].

Another useful measurement related to energy capture is the light interception of a
crop-stand. The distribution of leaf angle and leaf arrangement are important for light
interception of crop-stands, which is determined by the extinction coefficient (k). The k takes
values in term of leaf angle; a horizontal leaf implies a high k value (>0.5), whereas erectofila
distribution implies a low value of k [10]. Variation in both RUE and k is dependent on
crop species, location, and growing environment including temperature, nutrients, and
water status [10,11]. RUE values have been measured in oil crops (1.3–1.6 g MJ−1), legumes
(1.0–1.2 g MJ−1), and tuber and root crops (1.6–1.9 g MJ−1) [12–15].

Cassava (Manihot esculenta Crantz) is a root crop rich in carbohydrates, most often
grown in the tropical and sub-tropical regions (∼30◦ N to ∼30◦ S) of the world including
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Africa, Asia, and Latin America. Although cassava can be grown all months of the year in
Southeast Asia, the most popular planting dates are in the early rainy season (April–June,
approximately 70%), and the late rainy season (October–December, 30%) [16]. Cassava
production in Southeast Asia is generally under rainfed conditions and suboptimal in
rainfall amounts and distribution. Typically, the soils are sandy with low soil fertility.
Therefore, crops planted at different planting dates are subjected to drought in the different
growth stages which cause yields loss in cassava [17,18]. Previous reports demonstrated
that irrigation could increase crop yield by helping maintain the plant canopy [17–19]. The
different climatic factors and drought during the crop growing cycle affect canopy devel-
opment, leaf size, and the rate of leaf emergence, and might also affect light interception,
k, RUE, and crop yield of cassava [7,17,20–23]. However, the appropriate canopy with
good leaf position and leaf arrangement allows light to penetrate to the lower part of the
canopy, and this increases the intercepted light area and the amount of light interception.
In cassava, k values, which refer to leaf arrangement in the canopy, have been reported
as 0.50–0.78 depending on variety and fertilizer management [7]. k values ranging from
0.60 to 0.88 have been reached with a full canopy [23–25]. The difference in k values is an
important reason for the difference in available light in the canopy and the ability of the
crop canopy to intercept light, which affects the variation in RUE [10,11]. However, most
reports for RUE in cassava are related to fertilizer applications. Pellet and El-Sharkawy [7],
reported that the RUE increased from 1.15 to 2.30 g MJ−1 after the application of fertilizer.
Ezui et al. [26] showed that potassium applications could increase the RUE in cassava,
and the average RUE across the cropping season was reported as 1.16 g MJ−1. However,
there are very few reports on the response of cassava to light interception, RUE, and k with
different planting dates and water conditions. The aim of this study was to determine the
effect of irrigated and rainfed conditions on light interception, k, and RUE of cassava under
seasonal variations. The information created in this study will help producers select the
best planting dates and water management strategies for light interception, RUE, and yield.

2. Materials and Methods
2.1. Experimental Design and Study Sites

Field experiments were conducted at the Field Crop Research Station of Khon Kaen
University, Thailand (lat. 16◦28′ N, long. 102◦48′ E, 200 m above mean sea level) from 2015
to 2016 and 2016 to 2017. Rayong 9, a non-forking cassava variety from the Department of
Agriculture Thailand was used in this study. A randomized complete block design (RCBD)
with four replications was conducted for testing the effects of rainfed and irrigated water
conditions under seasonal variations (two growing seasons (planting dates) in two years).
The May planting dates represent the early rainy season, and the November plantings
represent the dry season. Plot size was 7× 28 m2, plant spacing was 1 m between rows, and
1 m between plants within rows. Before planting, soil hardpans were broken at 30–60 cm
depth using a deep chisel plow and then ridged with 1 m between rows. Sunn hemp
(Crotalaria juncea L.) was grown as green manure in the season before planting, and cattle
manure at the rate of 6250 kg ha−1 was applied prior to planting.

Cassava stems were selected for health and uniformity from a multiplication field,
cut into 20 cm long sections, and then soaked in thiamethoxam (3-(2-chloro-thiazol-5-
ylmethyl)-5-methyl-(1,3,5)-oxadiazinan-4-ylidene-N-nitroamine 25% WG) at the rate of
4 g 20 L−1 water, for 20 min, to prevent pink mealybug (Phenacoccus manihoti Matile-Ferrero)
infestations. The stalks were then incubated in a gunnysack for 3 days before planting.
During planting, single stalks were buried to half their length on the ridge row. An overhead
sprinkler irrigation system supplied water during early crop establishment (the first 30 days
after planting) in both irrigated and rainfed conditions. Tensiometers were installed in
the experimental field at 20 and 40 cm soil depth for monitoring soil suction in the field.
The crops under irrigated conditions were maintained at soil suction above −30 kPa from
planting until harvest. Irrigation was stopped when the level of water tension at 20 cm
was between −10 and 0 kPa. The frequency and amount of water supplied in each time
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and each crop were different. The amount of water in each time were measured by the
catch-can method and calculated in mm units. Weeds were controlled by hand weeding at
1 and 2 months after planting (MAP). Fertilizers were applied twice during the growing
season, and were based on soil analysis as recommended by Howeler [27] at 1 MAP and
fertilizer formula 15:7:18 of N:P2O5:K2O was applied at the rate of 312.5 kg ha−1 at 2 MAP.
Plots were treated for pests and disease control as necessary.

2.2. Data Collection
2.2.1. Weather Conditions

Weather data collected included, minimum and maximum temperature, daily rainfall,
relative humidity, and photosynthetically active radiation (PAR, 400–700 nm). These data
were recorded using an automatic data logger (Watch Dog 2700) (Watchdog, PCE group,
PCE Germany, Meschede, Germany) that was installed in the experimental field. Daily solar
radiation was calculated by daily PAR multiplied by 2 and converted to MJ m−2 day−1 [28].
Maximum and minimum temperatures for cassava planted in May 2015 ranged from 16.4
to 43.9 ◦C, and from 8.9 to 29.5 ◦C, respectively, and relative humidity ranged from 22.9 to
92.8%. For November 2015, the minimum temperature was 8.9 to 29.5 ◦C, the maximum
temperature was 16.8 to 43.9 ◦C, and relative humidity ranged from 22.9 to 92.3%.

For the May 2016 planting date, the maximum and minimum temperatures ranged
from 24.5 to 39.8 ◦C, and from 14.0 to 27.3 ◦C, respectively. Relative humidity was 33.0 to
92.3%. For the November 2016 planting date, the maximum and minimum temperatures
ranged from 24.5 to 39.8 ◦C, and 14.0 to 27.3 ◦C, respectively, and relative humidity ranged
from 33.0 to 99.6%. The average of each climatic factor is presented in Table 1.

The total amounts of rainfall for the crops planted in May 2015 and 2016 were 883 mm
and 1176 mm, respectively (Table 1). However, the true rainy season started in mid-May and
stopped in mid-October. The dry period occurred from October to mid-May (7–12 MAP)
with total rainfall of 151.4 mm for the May 2015 planting. The amount of rain during the
dry season for the May 2016 planting was 195.0 mm. Water supplied to the crops planted
in May 2015 and 2016 was 25.5 and 44.8 mm, respectively.

The crops planted in November 2015 and 2016 were subjected to dry periods at the
early growth stage (1–6 MAP), with rainfall during dry season being 116.6 and 86.8 mm, re-
spectively. The amount of rainfall throughout the crop cycles was 1122 mm and 1469.3 mm,
respectively. Water supply to the crops planted in November 2015 and 2016 was 37.7 and
46.9 mm, respectively.

The solar radiation from planting to harvest in May 2015 ranged from 6.4 to
25.4 MJ m−2 d−1, and total solar radiation was 6268.7 MJ m−2. For the crops planted
in November 2015, solar radiation ranged from 5.4 to 24.5 MJ m−2 d−1 with a total of
6093.0 MJ m−2. In 2016, the May planting solar radiation ranged from 5.4 to 24.5 MJ m−2 d−1

and the total solar radiation was 6120.0 MJ m−2 and the November planting ranged from
7.7 to 24.8 MJ m−2 d−1, the total amount of solar radiation was 5974.5 MJ m−2.

2.2.2. Soil Physical and Chemical Properties

The soil samples (taken from the top 30 cm) were analyzed for soil physical and chem-
ical properties. All experimented plots were in the Yasothon soil series (Oxic Paleustult),
which is loamy sand and sandy loam. Soil pH ranged from 7.01 to 7.41 except for the
November 2015 planting date where the soil pH ranged from 6.27 to 6.50. The soil of the
four planting dates had low organic matter (0.44–0.53%), total nitrogen (0.013–0.037%) and
exchangeable potassium (30.8–54.6 mg kg−1). Available phosphorus in all field experiments
ranged from 51.6 to 88.5 mg kg−1, which was higher than the critical level of available
phosphorus (4–6 mg kg−1) for cassava [27].
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Table 1. Monthly solar radiation, average relative humidity, average maximum and minimum
temperature, and total rainfall for the crops planted in May and November 2015 and 2016.

May Planting

Sum
Solar

Radiation
(MJ m−2)

Average
Relative

Humidity
(%RH)

Tmax
(◦C)

Tmin
(◦C)

Total
Rainfall

(mm)

Sum Solar
Radiation
(MJ m−2)

Average
Relative

Humidity
(%RH)

Tmax
(◦C)

Tmin
(◦C)

Total
Rainfall

(mm)

MAP May 2015 MAP May 2016

1 656.2 63.6 36.2 25.7 130.0 1 592.9 64.0 35.6 25.5 47.4
2 553.3 66.6 34.5 25.4 120.2 2 489.6 75.7 33.2 24.6 237.5
3 512.6 79.4 32.7 24.1 254.1 3 527.9 77.1 32.8 24.6 189.4
4 498.8 79.0 32.8 24.4 159.8 4 514.1 78.3 32.9 24.5 251.6
5 465.8 77.3 32.7 23.3 63.4 5 461.7 79.2 32.0 23.9 197.2
6 529.5 66.5 34.8 22.6 4.2 6 507.9 73.0 31.9 21.8 58.1
7 456.5 58.0 33.5 20.1 0.0 7 448.5 61.0 30.5 19.4 0.0
8 461.5 58.4 34.3 19.9 13.3 8 449.4 60.4 31.2 19.7 2.1
9 491.4 50.9 32.2 16.3 2.7 9 530.0 49.6 31.6 17.2 0.0

10 490.6 40.1 37.6 21.5 2.5 10 461.1 52.9 35.0 21.4 13.7
11 549.3 43.6 39.5 25.3 21.6 11 580.8 61.2 35.1 23.4 28.4
12 603.2 58.5 37.7 25.9 111.3 12 556.1 70.8 35.0 23.9 150.8

Total 6268.7 883.1 6120.0 1176.2

November Planting

MAP November 2015 MAP November 2016

1 503.8 62.8 34.7 21.8 3.3 1 486.6 68.1 31.1 20.4 42.2
2 439.0 55.6 33.6 19.1 0.5 2 449.5 59.1 30.3 18.5 1.2
3 477.6 59.7 31.7 17.7 15.3 3 469.2 56.5 31.3 19.4 0.9
4 518.9 42.9 35.3 18.7 0.2 4 486.1 49.2 32.7 18.2 7.5
5 480.2 42.3 39.0 23.7 10.0 5 507.1 59.3 34.7 22.1 34.6
6 552.2 48.9 39.8 26.7 82.5 6 594.6 60.0 36.5 24.5 0.4
7 581.0 64.4 36.0 25.5 61.5 7 542.2 82.4 32.6 24.2 173.9
8 492.3 72.4 33.6 25.0 186.6 8 531.8 84.4 33.5 24.3 213.2
9 577.6 75.7 33.7 24.5 226.6 9 465.0 87.9 31.5 24.1 319.7

10 519.4 75.9 33.0 24.7 175.9 10 457.4 87.9 31.4 24.2 311.9
11 450.8 81.7 32.0 24.2 300.1 11 488.9 82.8 33.2 24.4 148.2
12 500.2 75.2 31.7 22.7 60.2 12 496.1 76.6 31.8 22.7 215.6

Total 6093.0 1122.7 5974.5 1469.3

2.2.3. Light Interception and Cumulative Solar Radiation

Light interception is defined by light penetration through the plant canopy. PAR was
measured above and below the canopy (under the plant and between row) using a 1.0 m
line quantum sensor (Licor 191) and data logger (LI-1500, LI-COR). A set of data consisted
of three measurements taken three times per plot. The data were recorded under clear
sky conditions at near-noon (11.30 am–1.00 pm) at monthly intervals beginning 1 MAP
until harvest (12 MAP). Light interception percentages were calculated as (PAR (at above
canopy)–PAR (average below the canopy)) × 100 divided by PAR (at above canopy).

Solar radiation interception was calculated by the amount of solar radiation (MJ m−2),
recorded by the weather station, multiplied by the light interception percentage in each
month’s measurement. The cumulative solar radiations were summarized from planting to
harvesting date in each planting date.

2.2.4. Leaf Area Index (LAI) and Extinction Coefficient (k)

LAI in each plot was measured in one-month intervals within a 6× 7 m2 central area of
the plot using the LAI-2000 Plant Canopy Analyzer (LI-COR, Lincoln, NE) under overcast
and/or clear sky conditions three times in each plot, and then data from three values
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for each plot were averaged according to the instructions described in the LAI-2000 user
manual [29]. The relationships between LAI and light penetration were used to determine
the k of crop canopy using the equation proposed by Monsi and Saeki [30].

I = Io × e-k× LAI (1)

where I is the PAR light received at below canopy, Io is the PAR light above the crop
canopy, and k is the extinction coefficient, which indicates the arrangement of the leaves in
a canopy [10,31].

2.2.5. Total Biomass and Storage Root Dry Weight

Biomass and storage root dry weights were recorded from six plants in the sampling
area (6 m2) of each plot at one-month intervals beginning one month after planting and
continuing to harvest for the 2015 crops planted in May and November. However, for both
planting dates in 2016, the data for biomass and storage root dry weight were recorded
eight times at 1, 3, 4, 6, 8, 9, 10, and 12 MAP. At the final harvest (12 MAP), the data were
recorded from 18 plants (18 m2) in each plot. The plant samples in each sampling date were
separated into leaf, petioles, stems, and storage roots. The total fresh weight of each plant
part was recorded immediately and then a subsample of more than 10% for each plant
part was oven-dried at 80 ◦C for 72 h or until the weight was constant, to determine dry
weight. Storage root dry weight of each plot was recorded and total biomass in each plot
was calculated.

2.2.6. Radiation Use Efficiency (RUE)

The RUE for both biomass and storage root dry weight in each growth stage was
considered. The RUE of each subplot, in 3 month intervals, represents the beginning of
shoot and root (0–3 MAP), canopy development (4–6 MAP), storage root accumulation
(7–9 MAP), and dormancy (10–12 MAP) [32]. RUE was calculated as biomass or storage
root dry weight (g m−2) divided by the amount of solar radiation intercepted (MJ m−2) by
the canopy of each subplot in each sampling time.

2.3. Statistical Analysis

The data of RUE for each planting date and each year were analyzed following an
RCBD and combined analyses with homogeneity of error variance were tested for all
growth stages, planting dates, and years. Mean comparisons based on the least significant
difference (LSD) were conducted for all growth stages, planting dates, and years, using
Statistix 10. Regression analysis was carried out to determine the relationship between light
interception and LAI. The k was determined by the relationship between ln(I/Io) and LAI.

3. Results
3.1. Light Interception

Light interception (defined as light penetration through the plant canopy) within the
rainfed and irrigated crops had similar patterns for May and November plantings exclusive
of the dry periods. For the crops planted in May 2015, the light interception both of rainfed
and irrigated crops peaked at 3–5 MAP and declined after 6 MAP (Figure 1a). Yet for the
crops planted in May, decline in light interception for crops under irrigated conditions
was significantly slower than for crops planted in rainfed conditions after 6 MAP. For
the crops planted in November 2015, both rainfed and irrigated crops increased in light
interception from 1 MAP until 8 MAP, whereas rainfed crops had lower light interception
than irrigated crops during the dry season (4–7 MAP) (Figure 1b). However, the percentage
of light interception of both rainfed and irrigated crops in the November plantings was not
significantly different during the rainy season (8–12 MAP). The pattern of light interception
of the crops planted in May 2016 was similar to that of the crops planted in May 2015; the
highest percentage of light interception for rainfed crops was found at 4 MAP, while for the
irrigated crops, it was shown at 5–6 MAP (Figure 1c). The rainfed crops showed lower light
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interception than the irrigated crops during 9–11 MAP. For the crops planted in November
2016, light interception of rainfed crops was lower than that of irrigated crops at 5–6 MAP.
After that, during the rainy season, rainfed crops seemed to have higher light interception
than irrigated crops until harvest (Figure 1d).

Figure 1. Light interception percentage of Rayong 9 cassava genotype grown under irrigated and
rainfed conditions in May 2015 (a) and 2016 (c) November 2015 (b), and 2016 (d).

3.2. Leaf Area Index and Light Interception

Linear regressions were performed to explain the relationship between LAI and light
interception (Figure 2a–d). Light interception increased with increase in LAI—in May 2015,
LAI was increased by 1 unit and light interception was increased by 12.01% for irrigated
crops and 14.10% for rainfed crops. In addition, in the November 2015 planting, crops
under rainfed conditions had a higher light interception percentage (17.71%) than the
irrigated crops (11.86%) when LAIs increased by 1 unit. However, in both May 2016 and
November 2016 plantings, the irrigated crops had a higher light interception percentage
than the rainfed crops when LAIs increased 1 unit.

3.3. Extinction Coefficient (k)

The relationships between LAI and ln(I/Io) were used to determine the k of crop
canopy and the slope of regression explained the distributions of leaf angles. In this study,
the k ranged from 0.46 to 0.93. For the crops planted in May 2015, the estimated k values
were 0.93 and 0.81 for irrigated and rainfed crops, respectively, with a high R2 (0.89–0.91)
(Figure 3a). However, the crops planted in November under irrigated conditions showed a
smaller k value (0.49) than the crops under rainfed conditions (0.71) (Figure 3b). In the May
2016 crops, the k values of the irrigated and rainfed crops were not significantly different,
both conditions had 0.5 values (Figure 3c). Similar to the May 2016 crops, the November
2016 crops under both irrigated and rainfed conditions showed slightly different k values,
with 0.52 for irrigated crops and 0.46 for rainfed crops (Figure 3d).
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Figure 2. Regression analysis between leaf area index (LAI) and light interception (%) of Rayong
9 cassava genotype grown under irrigated and rainfed conditions in May and November 2015 (a,b)
and 2016 (c,d). ** = significant at p < 0.01 probability levels.

Figure 3. Regression analysis between ln(I/Io) (where I and Io were PAR light below and above
the canopy, respectively) and leaf area index (LAI) to determine extinction coefficient (k) of Rayong
9 cassava genotype grown under irrigated and rainfed conditions in May and November 2015 (a,b)
and 2016 (c,d). Extinction coefficient (k) was determined as the slope of the regression. * = significant
at p < 0.05 probability levels, ** = significant at p < 0.01 probability levels.
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3.4. Cumulative Solar Radiation Interception

The solar radiation intercepted by the crops planted under irrigated and rainfed
conditions for each growth stage (three-month intervals) at the different planting dates is
shown in Table 2. Solar radiation interception ranged from 314 to 1434 MJ m−2. Among
seasons and water variation, solar radiation interception had no significant difference for
almost all the crop growth stages except for 10–12 MAP, whereas the crops planted in
November under rainfed conditions in both 2015 and 2016 had the highest solar radiation
interception (1264 and 1236 MJ m−2, respectively). Significant differences among growth
stages within irrigated and rainfed crops for all planting dates were observed. The crops
planted in May 2015 and 2016 showed the highest solar radiation interception during
4–6 MAP for both irrigated and rainfed conditions. In the November plantings, both
rainfed and irrigated conditions had higher solar radiation interception during the storage
root accumulation stage (7–9 MAP), and the crops under rainfed conditions also maintained
higher solar radiation interception continuing to 10–12 MAP.

Table 2. Solar radiation interception (MJ m−2) in difference growth stages under irrigated and rainfed
conditions for two planting dates and two years.

Solar Radiation
Interception

(MJ m−2)

May 2015 November 2015 May 2016 November 2016
F-Test

Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed

0–3 MAP 930 C 1040 B 421 C 508 C 545 C 776 B 417 C 503 C ns
4–6 MAP 1434 A 1419 A 1084 B 840 B 1267 A 1343 A 1108 AB 845 B ns
7–9 MAP 1051 B 629 C 1304 A 1379 A 863 B 641 C 1217 A 1268 A ns

10–12 MAP 1065 B ab 314 D c 960 B b 1264 A a 919 B b 878 B b 940 B b 1236 A a *

F-test ** ** ** ** ** ** ** **

Total solar
radiation

interception
4480 a 3401 c 3769 bc 3990 b 3594 bc 3637 bc 3681 bc 3852 b *

ns, *, ** = non-significant and significant at p < 0.05 and p < 0.01 probability levels, respectively. The same capital
letters in each column and small letters in each row indicate no significant difference by least significant difference
(p < 0.05).

3.5. Radiation Use Efficiency for Total Biomass (RUEbi)

Radiation use efficiency for biomass (RUEbi) was calculated as total dry matter accu-
mulation at 0–3, 4–6, 7–9, and 10–12 MAP divided by cumulative solar radiation during
that time. RUEbi ranged from 0.22 to 1.64 g MJ−1 for irrigated crops and 0.19 to 1.60 g MJ−1

for rainfed crops (Table 3). Among seasons and water conditions, RUEbi was significantly
different during 4–6 and 7–9 MAP, whereas, during 0–3 and 10–12 MAP, RUEbi was not
significantly different. During 4–6 MAP, the crops planted in May 2016 showed the high-
est RUEbi for both irrigated and rainfed conditions. However, only the November 2015
planting date showed a significant difference for RUEbi between irrigated and rainfed
crops, whereas irrigated crops (1.29 g MJ−1) had higher RUEbi than the crops under rainfed
condition (0.68 g MJ−1). For the crops planted in May 2015, during 7–9 MAP the irrigated
crop had higher RUEbi than the rainfed crops.

Among crop growth stages, a significant difference in RUEbi was observed in both
irrigated and rainfed conditions and planting dates except for the crop growth stage under
irrigated conditions in the November 2016 planting. For the crops planted in May 2015, the
highest RUEbi, 1.54 g MJ−1, was found at 7–9 MAP, whereas rainfed crops had the highest
RUEbi, 1.02 g MJ−1, at 4–6 MAP, and after that RUEbi of rainfed crops declined until harvest.
The pattern of RUEbi of the crops planted in May 2016 was similar to those planted in May
2015, but the highest RUEbi, 1.19 and 1.22 g MJ−1, were observed at 4–6 MAP for both
irrigated and rainfed crops, respectively. For the crops planted in November 2015, irrigated
crops had higher RUEbi than rainfed crops during 4–6 MAP, and the highest performance
of both conditions was observed during 10–12 MAP. For the November 2016 planting, the
RUEbi for the irrigated crops was not significantly different among the crop growth stages,
whereas the highest RUEbi, 1.33 g MJ−1, under rainfed conditions was observed during
7–9 MAP.
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Table 3. Radiation use efficiency (g MJ−1) for biomass of Rayong 9 cassava genotype in different
growth stages under irrigated and rainfed conditions for two planting dates and two years.

RUE
May 2015 November 2015 May 2016 November 2016

F-Test
Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed

0–3 MAP 0.53 B 0.63 B 0.63 B 0.63 B 0.42 B 0.46 B 0.67 0.34 C ns
4–6 MAP 0.72 B bc 1.02 A ab 1.29 A a 0.68 B bc 1.19 A a 1.22 A a 0.61 c 0.58 BC c *
7–9 MAP 1.54 A a 0.19 C d 0.59 B cd 0.85 B bc 0.41 B cd 0.46 B cd 1.13 ab 1.33 A ab **

10–12 MAP 0.27 B 0.49 B 1.64 A 1.60 A 0.22 B 0.38 B 0.49 0.75 B ns

Average 0.77 0.58 1.04 0.94 0.56 0.63 0.73 0.75

F-test ** ** ** ** ** * ns **

ns, *, ** = non-significant and significant at p < 0.05 and p < 0.01 probability levels, respectively. The same capital
letters in each column and small letters in each row indicate no significant difference by least significant difference
(p < 0.05).

3.6. Radiation Use Efficiency for Storage Root Dry Weight (RUEsr)

The comparisons for all planting dates and water conditions in each growth stage
showed significantly different RUEsr only at the 4–6 MAP stage (Table 4). The comparisons
between water conditions in each planting date showed that for the RUEsr during the
4–6 MAP growth stage, irrigated and rainfed crops in each planting date were significantly
different except for cassava crops planted in May and November 2016. Irrigated crops in
planted in November 2015 and irrigated and rainfed crops planted in May 2016 showed
the highest RUEsr.

Table 4. Radiation use efficiency (g MJ−1) for storage root dry weight of Rayong 9 cassava genotype in
different growth stages under irrigated and rainfed conditions for two planting dates and two years.

RUE
May 2015 November 2015 May 2016 November 2016

F-Test
Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed

0–3 MAP 0.10 C 0.19 B 0.23 B 0.23 B 0.09 C 0.16 B 0.26 0.08 C ns

4–6 MAP 0.28 BC
e 0.58 A

bcd 0.82 A a 0.47 A
cde 0.77 A

ab 0.65 A
abc 0.44 cde 0.42 BC

de **

7–9 MAP 0.84 A 0.19 B 0.29 B 0.40 AB 0.40 B 0.47 AB 0.84 0.89 A ns
10–12 MAP 0.37 B 0.48 AB 0.73 A 0.56 A 0.26 BC 0.26 B 0.24 0.54 AB ns

Average 0.40 0.36 0.52 0.42 0.38 0.39 0.45 0.48

F-test ** * ** * ** * ns *

ns, *, ** = non-significant and significant at p < 0.05 and p < 0.01 probability levels, respectively. The same capital
letters in each column and small letters in each row indicate no significant difference by least significant difference
(p < 0.05).

Among crop growth stages, in May 2015, the highest RUEsr was found in 7–9 MAP
for the irrigated crops (0.84 g MJ−1), whereas for the rainfed crops the highest RUEsr was
recorded in 4–6 MAP (0.58 g MJ−1) and 10–12 MAP (0.48 g MJ−1). In November 2015, the
patterns of RUEsr for both irrigated and rainfed conditions were similar,; the highest RUEsr
observed during 4–6 and 10–12 MAP, and the values of RUEsr for the irrigated conditions
were higher than the rainfed conditions during 4–6 MAP crop growth stage. In May 2016,
the RUEsr for irrigated and rainfed conditions were not significantly different, however,
the highest RUEsr for both conditions were observed at 4–6 MAP. The RUEsr for irrigated
crops planted in November 2016 was not significant in all growth stages, whereas the
highest RUEsr was observed during 7–9 MAP (0.89 g MJ−1) and 10–12 MAP, 0.54 g MJ−1,
for rainfed crops.

4. Discussion
4.1. Light Interception and k

In this study, the Rayong 9 cassava genotype was planted under irrigated and rainfed
conditions in May and November for two years. As shown in Figure 1, the May plant-
ings reached high light interception earlier than the crops planted in November in both
years. May plantings had higher temperatures, solar radiation, longer photoperiods, and
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more rainfall in the early growth stages than the November plantings. Veltkamp [25],
El-Sharkawy et al. [8], and Mahakosee et al. [33], noted that high temperatures, solar
radiation, and long photoperiods promoted large canopies in cassava. The climatic fac-
tors had an impact by causing variation of dynamic canopy development, which affected
light-capturing capacity that is essential for the photosynthetic process, and subsequently,
assimilate partitioning and assimilate accumulation [18,32,34].

Drought in the early and mid-growth stages delays cassava canopy development [17].
Yet, newly expanded leaves of previously stressed cassava plants often show higher photo-
synthetic rates than those of unstressed cassava [35]. In this study, the May 2015 planting’s
light interception reached more than 90% when LAI was 4.5–5.0, whereas the maximum
light interception in the other three planting dates appeared when LAI was 3.0–3.5. A
higher LAI in the May 2015 planting was found during 3–5 MAP. It was due to the crops
being subjected to high temperature, high solar radiation, and long day length, which
induced rapid canopy growth with canopy height reaching up to 200 cm [21]. The highest
LAI in that period provides the highest light interception percentage. However, the relation-
ship between LAI and light interception was only moderate, having R2 of 0.59–0.78. This
moderate relationship may be due to variation in leaf position and leaf arrangement in the
canopy [7]. Leaf position, leaf arrangement, and leaf angle are important parameters that in-
fluence light penetration into the lower parts of the plant canopy. In general, leaf angle can
be estimated by the k values, ranging from 0.3 to 1.0 [36–38]. The higher k values indicate
a more horizontal position [10,39]. The k values in this study ranged from 0.46 to 0.93 de-
pending on year, planting date, and water conditions. Similarly, Pellet and El-Sharkawy [7],
have reported k values in cassava ranging from 0.50 to 0.78 depending on variety and rate
of fertilization. Likewise, Fukai et al. [23], reported k values for cassava of 0.59–0.76. In this
study, the larger estimate of k in May 2015 was due to the larger canopy size which might
have altered leaf angle, resulting in a reduction in solar radiation penetrating to the under
canopy. Normally, a large leaf size and horizontal leaf position could receive higher solar
radiation than a small leaf and vertical position leaf [40]. Nevertheless, only the top of the
canopy can intercept solar radiation, while the lower parts of the canopy cannot intercept
solar radiation. The effect of shading on the lower parts of the canopy could lead to a low
light interception, which could cause low leaf photosynthesis [41]. However, the cassava
leaves and petioles could move to track solar radiation (heliotropism) or avoid direct solar
radiation (paraheliotropism) at midday, when there is high solar intensity and leaves can
overheat [42]. In addition, water stress reduced canopy size by reducing leaf emergence,
leaf size, and increasing leaf drooping and leaf fall which influenced light interception.

4.2. Solar Radiation Interception and RUE

The amount of solar radiation absorbed by a crop’s canopy depends on the canopy’s
characteristics, including LAI, leaf shape, thickness, and leaf orientation and it also depends on
incoming solar radiation. In this study, incoming solar radiation differed among seasons and
years. Crops planted in May were subjected to higher solar radiation (>500 MJ m−2 month−1)
in the early growth stage (1–4 MAP), and during the middle growth stage (5–10 MAP), the
crops were subjected to lower solar radiation (<500 MJ m−2 month−1). In contrast, the crops
planted in November for both years were subjected to lower solar radiation from planting
to 5 MAP, however, in the middle growth stage, the crops planted in November 2015
were subjected to higher solar radiation (>500 MJ m−2 month−1) than the crops planted
in November 2016. The variation in incoming solar radiation and canopy size in different
crop growth stages and planting dates affected cumulative solar radiation interception.

In the May planting for both years, the greatest RUEbi for both irrigated and rainfed
crops was found during the canopy-development stage (4–6 MAP). Nevertheless, during
the accumulation stage (7–10 MAP), the crops planted in May were subjected to cool and
dry conditions and the irrigated crops would have higher RUEbi than that of the rainfed
crops. Due to irrigation during low temperature and dry conditions, higher leaf longevity
and canopy size could be maintained for cassava; therefore, the crops could intercept
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more solar radiation and provide higher photo-assimilation than rainfed crop in this crop
growth stage. However, in the November planting, for both years, the irrigated crops had
higher RUEbi than the rainfed crops for most growth stages, but during the storage root
accumulation stage the rainfed crops had higher RUEbi than the irrigated crops. Once
receiving rainfall during the rainy season, the canopy development of the rainfed crops
could recover faster than the irrigated crops, and the newly expanded leaves could provide
higher photosynthetic capacity [42]. However, the canopy development responses were
different for each planting dates and year. Therefore, the light interception, amount of solar
radiation intercepted by canopy, and RUE were different, contributing to differences in
yield.

However, the average RUEbi in our study ranged from 0.56 to 1.04 g MJ−1, which is
considerably lower than the 1.15 to 2.30 g MJ−1 reported by Pellet and El-Sharkawy [7]. The
average RUEsr was 0.36–0.52 g MJ−1, with the highest RUEsr being observed during the
canopy development and storage root accumulation stages (4–6 and 7–10 MAP), whereas,
Veltkamp [25] reported that the higher RUEbi were recorded at 1.34–1.40 g MJ−1 during
1–6 MAP and then declined. Zhu et al. [43] revealed that RUEsr varied by genotype,
ranging from 0.69 to 0.94 g MJ−1. A lower RUEbi in this study might have been due to
climatic factors and rainfall during growing seasons. The annual rainfalls in this study
were recorded at 883.1–1469.3 mm, which is lower than 1800 mm [7]. However, crops
planted in different locations and at different times, which subjects them to different in
climatic conditions, often have different RUE—especially short-life-cycle crops such as
rice [5] and cotton [6]. Ezui et al. [26] found that the study site and seasonal variations
influenced to light interception, RUE, and yield in cassava. Since cassava has a long life-
cycle, which covers all seasons of the year, the effects of climatic conditions and rainfall on
the crop growth stage contributed significantly to canopy development, light interception
and efficiency, and crop yields [21].

Cassava planted under rainfed conditions is often subjected to drought stress, which
decreases canopy development and consequently reduces light interception and RUE.
Subbarao et al. [11] revealed that drought stress during the grain-filling stage in grain
legumes reduced RUE by approximately 70%. Cumulative PAR and the amount of PAR
during the grain-filling period had a high correlation with grain yield and was the dominant
factor contributing to grain yield in corn and soybean [44]. Although cassava has no
critical growth stage similar to grain crops, drought stress and extreme environments are
major causes of yield loss. Previous reports demonstrated that water availability during
first five months are important to determine cassava yield [45]. However, a study of
Mahakosee et al. [21] showed that cassava planted under rainfed conditions in November,
which subject them to low rainfall during 1–6 MAP, could provide storage root yield and
biomass as high as under irrigated conditions. In contrast, for the crops planted in May,
which were subjected to dry conditions during 6–12 MAP, the irrigated crops had higher
biomass and crop yields than other rainfed crops. Although cassava is a crop that requires
high solar radiation to perform more photosynthesis, lower solar radiation and short
daylength promote storage root growth higher than shoot growth [8,25]. Several reports
demonstrated that low temperature and short day-length could result in storage root and
tuber initiation and accumulation in storage root and tuber crops such as potato [46],
sweet potato [47], Jerusalem artichoke [48], and cassava [49]. In cassava, roots start to bulk
and become storage roots at 45 days after planting [50]. As a result of this study, during
0–3 MAP, the RUEsr for the crops planted in November, especially the irrigated crops, were
higher than for crops planted in May indicating that the crops planted in November started
to accumulate storage roots earlier than the crops planted in May, contributing to higher
storage root yield in the November planting [21].

Overall, the light interception in cassava was positively correlated to LAI and leaf
angle, which varied by water conditions and planting dates. The RUEs depended on
incoming solar radiation and the light intercepted area in each growth stage. A larger
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canopy, especially during storage root accumulation, would intercept more solar radiation
and contribute to biomass accumulation and storage root yield of cassava.

5. Conclusions

The light interceptions, k values, and RUE depend on water conditions, planting
dates, and crop growth stages. The crops under the irrigated condition had higher light
interception than those under the rainfed condition during the mid to late growth stage
for planting in May. However, in the November planting, light interception of both
conditions was slightly different during early growth, whereas at mid to late growth stages
there was no significant difference. In terms of RUE, in the May 2015 planting, the crops
under irrigated conditions had a better RUEbi than the crops under rainfed conditions
during storage root accumulation stages. In the November planting, the crops at the
canopy-development stage under irrigated conditions have higher RUEbi than those under
rainfed conditions. However, no difference in RUEbi, was found between irrigated and
rainfed crops in May and November plantings in 2016, because of the greater amount and
distribution of rain. The pattern of RUEsr was similar to that of RUEbi, but RUEsr values
were lower than RUEbi values during at the storage root accumulation stage. These pieces
of information would be useful for water management for cassava production in the early
rainy season and post-rainy season of the tropical Savanna climate.
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