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Abstract

:

Growth and photosynthesis performance of cassava during early vegetative growth are important determinants of final biomass. The objective of this work was to investigate canopy structure and photosynthesis performance of four cassava genotypes (Rayong 9, Rayong 11, Kasetsart 50, and CMR38-125-77) growing under irrigation at 3 and 6 months after planting (3MAP and 6MAP). Data for the 3MAP plants were collected from cassava planted on 30 June (Rainy PD), 10 November (Cool PD1), and 15 December (Cool PD2) 2015; and for the 6MAP from those planted on 20 April 2015 (Hot PD), Rainy PD, and Cool PD1. The plants growing in the rainy season had significantly higher leaf area index (LAI) than those growing in the cool and hot seasons. Consequently, they had lower percentage light penetration at the bottom of canopy, and therefore more light interception through the canopy, and hence a higher mean net photosynthesis rate (Pn) across the six canopy levels. At the 3MAP, which is the stage of maximum rate of leaf and stem growth, the Rainy PD and Cool PD2 plants of CMR38-125-77 showed the highest LAI and highest mean Pn. Similarly, the Cool PD1 plants of Kasetsart 50 showed the highest LAI and highest mean Pn. In contrast, at 6MAP during the stage of active starch accumulation in storage roots, the genotypes with the highest mean Pn were the ones having an intermediate (CMR38-125-77 for the Hot PD) or low LAI (Rayong 9 for the Rainy PD, and CMR38-125-77 for the Cool PD1). Data on variations in canopy structure and photosynthesis potentials of different cassava genotypes in response to seasonal variations may be useful for crop growth modeling and may be employed as a criterion for the selection of suitable genotypes for each growing season.
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1. Introduction


Cassava (Manihot esculenta Crantz) has great potential for enhancing food security and utilization in the future under global climate change because of its ability to tolerate dry conditions and recover from biotic and abiotic stress [1,2]. In Africa, Latin America, and Asia, more than 0.8 billion people use cassava for consumption and animal feed [1,3]. The storage roots of cassava can be harvested from 8 to 18 months after planting (MAP), depending on cultivars and growing conditions [4]. However, cassava is flexible as to the time of harvest and can be stored naturally for long periods by keeping the plants in the field with the roots in the soil [5]. Tuberous roots of cassava have high starch content of 70–84% of root dry weight [6,7]. Among seven carbohydrate food crops, cassava was estimated to have the highest daily energy production of 1045 kJ ha−1 [8]. Primary products of cassava in the forms of chips and pellets can be further processed into high value-added starch derivative products, such as paper, textile, plywood, glue, beverages, and ethanol [9].



Thailand is ranked as the world’s largest exporter of cassava products, supplying around 67% of the global market with an annual production of 31.6 million tons in 2018 [10]. In Southeast Asia, Thailand was reported to have the greatest cassava planting area of around 1.3 million ha [10]. The national average yield has been stagnant at about 18.83–24.15 t ha−1 since 2012, which is higher than the world average (4 t ha−1), yet low compared with the potential of the crop [11]. While under near optimal edaphic–climatic conditions, the highest experimental yield potential of cassava was recorded at 80 to 90 t ha−1 [12,13]. Due to the latitude of the country (tropic region, 16° N, 101° E) and climate type (tropical savanna climate), cassava plants can be grown all year round in Thailand. Approximately 23–31% of the crop is planted in May (early hot season), 10–20% in April (hot season), 11–17% in June (rainy season), and 10–20% during October (late rainy season) and November (early cool season) [14]. This yield gap between national averages and highest yield potential might be due to the lack of sufficient agro-advisory information on the appropriate management practices for the different growing seasons and selection of cassava genotypes suitable for planting in different seasons. Seasonal variations are under the influence of the southwest monsoon coming from the Indian Ocean and the Gulf of Bengal, providing rain to the region for about six months, i.e., from May to October, while cold air comes from mainland China, resulting in a cool and dry climate from November to February [15]. Consequently, drought is a frequent occurrence in this part of the country, influencing cassava growth, development, partitioning processes, and starch accumulation differently among genotypes [7,16,17]. Previous research conducted under an irrigated condition reported the significantly different total biomass of four recommended cassava genotypes, which were planted in different seasons [16]. The genotype Kasetsart 50 had the greatest final total biomass (12 month-old plant) when planted in hot (April) and cool season (November and December), while CMR38-125-88 and Rayong 9 had the highest total biomass when planted in rainy (June and October), and hot (May) seasons, respectively. The genotype Rayong 11 produced an intermediate total biomass when planted in the hot season but had very low productivity when planted in the rainy and cool season. The optimal planting time and the selection of appropriate genotypes is, therefore, an important strategy to help raise the production yield of cassava in the tropical climate [16].



Leaf growth and canopy architecture influence light penetration for photosynthesis and lead to biomass accumulation and crop yield [18,19,20]. Net photosynthesis rate (Pn) and yield production of cassava was reported to have significant correlations across environments [18,21]. Stomata operate an appropriate balance between CO2 uptake for photosynthesis and water loss, and ultimately plant water use efficiency (WUE) [22,23]. In warm subhumid habitats, the mean Pn of upper leaves across cassava 15 genotypes were approximately 24.6–27.6 µmol CO2 m−2 s−1 [24], while in more humid habitats, mean Pn across 8 genotypes were recorded in the range of 25.0–28.4 µmol CO2 m−2 s−1 [17]. The highest recorded net photosynthesis rates of cassava grown under favorable field conditions were between 40 and 50 µmol CO2 m−2 s−1 under light intensities higher than 1800 µmol photon m−2 s−1 with a ratio of intercellular to atmospheric CO2 (Ci/Ca) of approximately 0.42 [24], which was close to some C4 species but lower than values for most C3 species (0.7–0.8) [25].



According to the canopy photosynthetic model, the photosynthesis rate in the canopy is determined by three factors: vertical profile of light penetration in the canopy, leaf area index (LAI), and photosynthetic capacity of leaves in the canopy [26]. Typically, cassava grows as a perennial shrub, with palmate leaves bearing three to nine lobes [27]. Leaves of cassava are alternate and have a phyllotaxy of 2/5, indicating that from any leaf (Leaf 1) there are two revolutions around the stem to reach the sixth leaf (Leaf 6) in the same orthostichy as Leaf 1 [27]. The mature plant generally takes one of two forms: either spreading stems (forking) or erect stems (non-forking) [27]. The forking of cassava affects the canopy development, yield, and dry matter partitioning and is related to increases in the LAI and yield [28,29,30]. The LAI values for the high storage root yields of cassava was reported at 3–3.5 m2 m−2, while leaf abscission began at LAI of 5.0–6.0 m2 m−2 [12,31]. Light measurement in the canopies showed an exponential attenuation of horizontal light flux density with accumulated LAI down the canopy [32]. Photon flux density at different levels in a canopy or position on a live crown is often the major factor determining the rate of CO2 assimilation of individual leaves [33,34,35,36]. Net photosynthesis rate (Pn), maximum net photosynthesis (Pn(Imax)), dark respiration (RD), and light compensation point (Icomp) of the lower canopy leaves of cassava were much reduced compared to those of the upper-position leaves [30,37,38]. Sun and shade types of leaves develop respective types of photosynthetic pigment, which helps plants to perform photosynthesis and survive under adverse conditions [39,40,41]. Li et al. [41] reported chlorophyll (Chl) content of different leaf positions down from the shoot apex of tea; the lower leaves position (Leaf 5–6) had significantly higher total Chl and Chl b than the upper leaves (Leaf 1–3). For leaves growing under shade conditions, genes involved in light reactions of photosynthesis and light signaling were more highly expressed than in the leaves growing under full sunlight condition [42]. Fukai et al. [32,43] reported that the reduction in solar input to 78% of the incident radiation had significant effects on tuber and leaf growth of younger plants in cassava cv. M Aus 7. Reduction in solar input to 32% of the incident radiation reduced crop growth rate and total number of tubers.



The ideal plant type for maximum yield of cassava has been simulated to have the following morphological and growth characteristics: late branching at 6–9 months, maximum leaf size near 500 cm2 per leaf blade at 4 months after planting, long leaf life of ~100 d, LAI between 2.5 and 3.5 m2 m−2 during most of the growth cycle, a harvest index of greater than 0.5, nine or more storage roots per plant, and each plant having two vegetative shoots originated from the cuttings [12,44]. Some of these characteristics have been incorporated into breeding programs [45]. However, physiological traits, particularly photosynthetic performance, have not yet been included for breeding traits, although high productivity of cassava has been shown to be correlated with high maximum photosynthesis rates in several field trials [46,47,48]. Phoncharoen et al. [16] recently reported that four cassava genotypes (Rayong 9, Rayong 11, Kasetsart 50, and CMR38-125-77) growing in six different planting dates under irrigated conditions showed different patterns of changes in crop growth traits during different growth stages, which determined the final biomass and yield. The objective of this study was to evaluate the effects of different growing seasons on canopy structure and photosynthesis performance of these four cassava genotypes growing at the same field site. Two critical stages of development were investigated: three months after planting (3MAP), when the plants were at maximum vegetative growth; and six months after planting (6MAP), when active starch accumulation in storage root occurs. The data on canopy structure, light penetration, and photosynthesis performance of leaves at different canopy levels helped elucidate the physiological basis underlying the reported changes in crop growth characteristics and may contribute toward the inclusion of photosynthesis performance for breeding traits and cassava crop modeling.




2. Materials and Methods


2.1. Site Description and Microclimate


The study site was at the Field Crop Station, Faculty of Agriculture, Khon Kaen University (KKU), Northeastern Thailand (16°28′29.7″ N, 102°48′37.3″ E, altitude 195 m above sea level). The soil group was the Yasothon series, fine loamy, and oxic paleustult [49]. Physical and chemical soil properties at the field site were reported by Phoncharoen et al. [16]. The climate type in the area is a tropical savanna climate according to the Köppen climate classification [50]. Weather conditions were under the influence of the southwest monsoon coming from the Indian Ocean and the Gulf of Bengal, providing rain to the region for about six months, i.e., from May to October. From November to February, cool air comes from mainland China, resulting in a cool and dry climate. During 1981–2010, the seasonal mean air temperatures in the rainy, cool, and hot season were 27.6 °C, 24.2 °C, and 28.6 °C, respectively. Mean total rainfalls were 1103, 224, and 76 mm for the rainy, hot, and cool seasons, respectively [15].



The experimental study was conducted to cover almost all seasons in Thailand, during April 2015 to May 2016. The seasonal periods were divided following the influence of monsoon winds: rainy season from June to October, cool season from November to February, and hot season from March to May. The environmental conditions at the field site were monitored every 5 min during April 2015 to May 2016 by an automatic weather station (WatchDog 2000, Path computation element group, Meschede, Germany). The environmental parameters recorded included photosynthetically active radiation (PAR), relative humidity (RH), air temperature (T), vapor pressure deficit (VPD), number of rainy days, and total rainfall.




2.2. Plant Materials and Cultural Practice


Four recommended cassava genotypes for the starch industry in Thailand were used for this experiment. Rayong 9 is a non-forking genotype, while Rayong 11, Kasetsart 50, and CMR38-125-77 are di- or/and tri-forking genotypes. The descriptions of each genotype were reported by the Department of Agriculture, Thailand and Kasetsart University [51]. Cassava planting materials were stem cuttings (20 cm long) from nine month-old plants grown in the same experimental field at KKU. Before planting, the cuttings were soaked in an insecticidal solution containing thiamethoxan (0.2 g L−1) for 20 min. The cuttings were vertically planted with a plant spacing of 1 m × 1 m in each of the four 5 m × 7 m plots. The experimental design was a randomized complete block design (RCBD) with three replications. In this study, cassava was grown under favorable conditions. Fertilization was conducted at one and two months after planting (MAP) based on soil analysis following recommendations by Howeler [52]. Two months after planting, ammonium sulfate ((NH4)2·SO4) and potassium chloride (KCl; 60% K2O) (Chia tai company limited, Phranakhonsiayutthaya) were applied at the rates of 223.18 and 93.75 kg ha−1, respectively. Throughout the growing and measurement period, water was regularly applied by a mini-overhead sprinkling system to maintain soil water status between 0 and −30 kPa at the cassava root zones 20 cm below ground. Soil water tension was monitored using a tensiometer. Cassava was grown in four planting dates (PD), the first in the hot season (on 20 April 2015; designated the Hot PD), the second in the rainy season (on 30 June 2015; the Rainy PD), and the third and fourth in the early and mid-cool season, respectively (on 10 November 2015; the Cool PD1; and 15 December 2015; the Cool PD2). For each PD, observations on canopy structure and photosynthesis were carried out at two growth stages: 3 and 6 months after planting (3MAP and 6MAP). These stages are important in the vegetative growth phase when the plants begin forming tuber roots (3MAP) and actively accumulating starch (6MAP) [27]. For the 3-month-old plants, the observation was performed during 23–30 September 2015 for the Rainy PD, 3–10 February 2016 for the Cool PD1, and 8–15 March 2016 for the Cool PD2. For the 6-month-old plants, the measurements were carried out during 13–20 October 2015 for the Hot PD, 23–30 December 2015 for the Rainy PD, and 3–10 May 2016 for the Cool PD1.




2.3. Canopy Structure


Canopy parameters including plant height, canopy height, internode length, total leaf number, and LAI were investigated on two plants/replications (n = 6). Plant height (cm) was measured from the soil surface to the shoot apex. The canopy height (cm) was measured from the node bearing the lowest green leaf to the shoot apex. The live crown ratio (LCR) was calculated from the formula (canopy height/plant height) × 100. Total leaf number was the number of all green leaves per plant. Average internode length was calculated from canopy height/total number of nodes. Below-canopy PAR and above-canopy PAR were measured from 10:00 to 11:30 h using a line quantum sensor (LI-191R, Li-Cor Inc., Lincoln, NE, USA). The LAI was calculated according to the equation LAI = −(1/k)ln(Qb/Qa) where k is assumed to be close to 0.5, Qb is an average below-canopy PAR, and Qa is an unobstructed above-canopy PAR reading [53].




2.4. Light Environments inside a Canopy


The same plants as in Section 2.3 were used to investigate light penetration through the canopy. The canopy height was divided into six levels starting from the shoot apex to the canopy bottom (the point where the petiole of the lowest green leaf attaches to the main stem) (Figure 1). Light penetration through canopy was measured during 10:00–11:30 h using the line quantum sensor (LI-191R, Li-Cor Inc., Lincoln, NE, USA) at six levels from Level A (17% distance down the canopy height from the shoot apex) to the canopy bottom (Level F, 100% distance down the canopy height from the shoot apex). The distance between A and F was divided equally into four levels designated Levels B, C, D, and E (33, 50, 66, and 83% distance down the canopy height from the shoot apex, respectively).




2.5. Photosynthesis


Leaf gas exchange parameters including net photosynthesis (Pn), respiration rate (R), stomatal conductance (Gs), transpiration rate (Tr), ratio between intercellular and ambient CO2 concentration (Ci/Ca), and water use efficiency (WUE) were determined on two plants/replication (n = 6) using an infrared gas analyzer (IRGA) model Li-cor 6400xt with an LED light source (6400-02B Red/Blue Light Source, Li-Cor Inc., Lincoln, NE, USA). On each plant, leaf gas exchange parameters were measured on the central lobe of six leaves attached to the stem at each of the six canopy levels (Levels A–F, Figure 1). The conditions during measurements were controlled as follows: PAR at 1500 µmol photon m−2 s−1, CO2 concentration at 400 µmol mol−1, and temperature at 30 ± 2 °C.



Light response curves were constructed on four randomly selected plants of each genotypes (n = 4) from Replication #2. For each plant, the curves were constructed at three levels down the canopy, including the upper-leaf (Level B), middle-leaf (Level D), and lower-leaf (Level F). The Pn were measured at different PAR of 2500, 2000, 1000, 800, 500, 300, 100, 80, 50, 40, 20, and 0 µmol photon m−2 s−1 with a constant concentration of CO2 (400 µmol mol−1) and temperature (30 ± 2 °C). The predictions of maximum net photosynthetic rate at light saturation (Pn(Imax)), light compensation point (Icomp), light saturation (Imax), and apparent quantum yield (AQE) were estimated from the modeled light–response curve using the Solver function of Microsoft Excel in routines provided by Prioul and Chartier [54]: Pn = ((f(Io) × I + Pgmax − ((f(Io) × I + Pgmax)2 − 4θ × f(Io) × I × Pgmax)0.5)/2θ) − RD, where Pn = net photosynthetic rate (µmol CO2 m−2 s−1), f(Io) = quantum yield at I = 0 (µmol CO2 mmol−1 photon), I = photosynthetic photon flux density (µmol photon m−2 s−1), Pgmax = maximum gross photosynthesis rate (mmol CO2 m−2 s−1), θ = convexity (dimensionless), and RD = dark respiration rate (µmol CO2 m−2 s−1).




2.6. Chlorophyll Content


After gas exchange measurements, leaves from 6 canopy levels of three randomly selected plants in Replication #2 were collected for Chl content determination. Briefly, leaf sample (0.1 g fresh weight) was homogenized in 5 mL of 80% acetone. The absorbance of the filtered solutions was measured at 645 and 663 nm (Hanon, Model i3, China). Chl a, b, and total Chl were expressed as mg g−1 tissue fresh weight and calculated using equations following Arnon [55] and Lichtenthaler [56]. Chl a, b, and total Chl values were calculated according to the following equations: Chl a = (12.7 (A663) − 2.69 (A645)) × (V/(1000 × W)), Chl b = ((22.9 (A645) − 4.68 (A663)) × (V/(1000 × W)), and Total Chl = ((20.2 (A645) + 8.02 (A663)) × (V/(1000 × W)), where V is total volume of filtered solution (mL), W is fresh weight of leaf tissue (g), and A645 and A663 are the absorbance values at 645 and 663 nm, respectively.




2.7. Data and Statistical Analysis


Analysis of variance according to RCBD was done for each planting date for canopy characteristics and leaf gas exchange parameters. Combined analysis of variance was then performed to compare planting dates. The least significant difference (LSD) test was used to compare the means at an alpha level of 0.05. All statistical analyses were taken by using Statistix version 10 software and followed the procedure described by Gomez and Gomez [57]. T-tests were used to compare means among canopy levels across genotypes, means among genotypes in the same planning date, means across genotypes among planting dates, and means between plant age (3- and 6-month-old plants) of each genotype in the same PD (Rainy PD and Cool PD1). The relationship between the percentages of light penetration through the canopy and the percentages of the distance down from the shoot apex (Levels A–F) were constructed using SigmaPlot version 11.0 software, and the slopes (S) were obtained by using Microsoft Excel version 2010.





3. Results


3.1. Weather Conditions at the Field Site


The overall illustration of the environmental parameters at the experimental fields from May 2015 to May 2016 are shown in Figure 2 and Table S1. The values of daily mean PAR ranged from a minimum of 721 µmol photon m−2 s−1 in July to 1102 µmol photon m−2 s−1 in June (Figure 2 and Table S1). The highest maximum PAR was recorded in the hot season (May 2015; 2270 µmol photon m−2 s−1) and the lowest in the cool season (January 2016; 1650 µmol photon m−2 s−1). Daily mean RH was highest in the rainy season (June–October 2015; 55.12–69.86%), followed by the cool season (November 2015 to February 2016; 38.71–55.41%), and the hot season (March–May 2016; 35.11–52.62%). Daily mean T was highest in the hot season (32.42–35.33 °C), followed by the rainy season (28.74–31.95 °C) and the cool season (26.80–30.01 °C). VPD was calculated from the air temperature, RH and saturated vapor pressure [58,59]. The highest daily mean VPD was recorded in the hot season (2.37–3.91 kPa), especially in April 2016, followed by the cool season (1.97–2.44 kPa) and the rainy season (1.36–2.29 kPa) (Figure 2 and Table S1). Total rainfall and number of rainy days depend on the monsoon events; the total monthly rainfall was highest in the rainy season, i.e., 323, 136, 118, 88, and 51 mm in August, July, June, September, and October 2015, respectively. Dry periods were spanning across 5 months from November 2015 to March 2016, with a total rainfall of 31 mm and absolutely no rain in December and February (Figure 2 and Table S1).



The environmental conditions experienced by cassava, planted in different seasons, that were used for determination of canopy structures and photosynthesis, i.e., Rainy PD, Cool PD1, and Cool PD2 for the 3-month-old plants, and Hot PD, Rainy PD, and Cool PD1 for the 6-month-old plants, are summarized in Table S1. For each PD, the values showed daily means, maxima, and minima of each parameter from the day of planting to the day of measurements.



For the 3-month-old plants, the Rainy PD plants that were growing during 30 June to 30 September (rainy season), experienced the highest daily maximum and mean PAR of 1995 and 830 µmol photon m−2 s−1, respectively. During the 3 month growing period of these plants, the RH and T were also the highest (92.18% for daily maximum RH, 68.15% for daily mean RH, and 29.68 °C for daily mean T), but the VPD was the lowest (daily minimum, mean, and maximum were 0.25, 1.48, and 2.54 kPa, respectively). The 3-month-old plants of Cool PD1 (10 November 2015–10 February 2016) and Cool PD2 (15 December 2015–15 March 2016) received similar light intensity and temperature regimes throughout their growth period. The daily mean and minimum T experienced by these two PD plants were significantly lower than that for the Rainy PD, i.e., 27.96 and 19.61 °C for Cool PD1, and 27.83 and 18.71 °C for Cool PD2. For Cool PD1 and Cool PD2, the daily mean RH were also similar, but Cool PD1 had significantly higher daily minimum and maximum RH. The daily minimum RH for Cool PD2, Cool PD1, and Rainy PD were 28.21, 32.61, and 51.99%, respectively; while daily maximum RH were 77.43, 83.76, and 92.18%. The VPD during the growing period of Cool PD1 and Cool PD2 were significantly different, i.e., Cool PD2 experienced the daily mean and maximum VPD of 2.38 and 3.82 kPa, respectively, while these values for Cool PD1 were 2.12 and 3.48 kPa. Total rainfall and number of rainy days were highest for Rainy PD plants (547 mm with 44 rainy days), followed by Cool PD2 (27 mm with 10 rainy days) and Cool PD1 (26 mm with 11 rainy days).



The 6-month-old plants investigated consisted of Hot PD (hot–rainy season), Rainy PD (rainy–cool season), and Cool PD1 (cool–hot season), which all experienced significantly different PAR, RH, T, and VPD (Table S1). The Hot PD plants were growing through 1.5 months of the hot season and 4.5 months of the rainy season; they received the highest average light intensity (daily mean PAR of 910 and daily maximum PAR of 2034 µmol photon m−2 s−1) as well as the highest temperature (daily mean T, 31.08 °C; daily maximum T, 34.87 °C). These plants were growing in the conditions of moderate humidity (daily mean RH, 60.23%; maximum daily RH, 86.60%) and VPD (daily mean, 1.92 kPa; daily maximum, 2.88 kPa). The Rainy PD plants were growing across 4 months in the rainy followed by 2 months in the cool season. These plants, thus, were growing in the environments of the highest moisture (daily mean RH, 62.37%; maximum RH, 89.83%) but lowest temperature (daily mean, 29.42 °C; daily maximum, 33.49 °C) and lowest VPD (daily mean, 1.70 kPa; daily maximum, 2.86 kPa). The Cool PD1 plants were growing through 4 months of cool season followed by 2 months of hot season. Therefore, these plants were exposed to the dry environments of lowest RH (daily mean RH, 44.14%; daily maximum, 76.22%) and highest VPD (daily mean, 2.76 kPa; daily maximum, 4.31 kPa). These Cool PD1 plants received slightly lower mean light intensity (871 µmol photon m−2 s−1) than those in Hot PD (910 µmol photon m−2 s−1) but higher than the Rainy PD (831 µmol photon m−2 s−1) ones. Although the Cool PD1 plants received similar daily mean T to Hot PD plants, they were exposed to significantly lower daily minimum T (21.48 °C compared with 25.46 °C for Hot PD). Total rainfall and number of rainy days were the highest during the growth period of Hot PD (739 mm with 68 rainy days), followed by that of Rainy PD (603 mm with 54 rainy days), and lowest for Cool PD1 (178 mm with 19 rainy days).




3.2. Canopy Characteristics


The 3-month-old plants of all four genotypes were characterized by having a single main stem without forking. Six parameters describing the canopy structure are presented in Table 1. When comparing the 3-month-old plants across all four genotypes growing in three different planting dates, it was obvious that the Rainy PD plants showed the most robust growth with the maximum values of all canopy characteristics, i.e., plant height (111 cm), canopy height (103 cm), LCR (92.05%), total number of leaves (66), internode length (1.65 cm), and LAI (3.46 m2 m−2) (Table 1). Most canopy parameters of the Cool PD1 and the Cool PD2 plants were significantly lower than those of the Rainy PD (except total leaf number, which did not differ significantly among planting dates). Almost all canopy parameters of the Cool PD1 and Cool PD2 were similar (except that the Cool PD1 had significantly higher LCR). For each genotype, the differences in canopy structures showed similar trends to the means across genotypes, i.e., the Rainy PD plants consistently showed better growth and higher canopy parameter values than those of the Cool PD1 and Cool PD2. However, many canopy parameters within the same planting dates showed genotypic differences.



Genotypic differences in the canopy structure of the 3-month-old plants were apparent only for the Rainy PD and the Cool PD2. For the Rainy PD plants, only total leaf number and internode length were significantly different among genotypes (p < 0.01 for total leaf number, and p < 0.05 for internode length). It was noted that CMR38-125-77 tended to be tallest (120 cm), having highest canopy height (114 cm), LCR (93.53%), total leaf number (77), and LAI (4.10 m2 m−2). No significant differences among genotypes in all canopy parameters were found in the Cool PD1 plants. In contrast, the Cool PD2 plants showed significant differences in almost all canopy characteristics (except LCR), with CMR38-125-77 showing the maximum values in all characteristics (except internode length). The highest LAI was recorded in CMR38-125-77 (3.48 m2 m−2), followed by Rayong 11, Rayong 9, and Kasetsart 50 (2.46, 2.44 and 1.99 m2 m−2, respectively).



Stems of the 6-month-old plants of Rayong 11, Kasetsart 50, and CMR38-125-77 appeared to fork into dichotomous and trichotomous branches, while Rayong 9 maintained the single stem structure (Figure 1). Comparisons of means across genotypes among the three different planting dates showed that the Hot PD plants (growing through 1.5 months of the hot season and 4.5 months of the rainy season) showed the highest plant height (338 cm, p < 0.001), canopy height (102 cm, ns), total leaf number (259, p < 0.001), internode length (2.20 cm, p < 0.05), and LAI (5.01 m2 m−2, ns) (Table 1). Conversely, the 6-month-old plants of Hot PD had low LCR (29.37%), which was significantly lower (p < 0.001) than that of Cool PD1 (59.42%). The Rainy PD plants, which were growing across 4 months of the rainy season followed by 2 months of the cool season, had intermediate plant height (242 cm) and LAI (4.26 m2 m−2), but the lowest canopy height (75 cm), lowest LCR (28.90%), and the lowest total leaf number (125). On the other hand, the Cool PD1 plants, which were growing across 4 months of the cool season followed by 2 months of the hot season, had the shortest plant height (161 cm) and lowest LAI (2.97 m2 m−2), but the highest LCR (59.42%), intermediate canopy height (97 cm), and intermediate leaf number (184).



Among the three planting dates, Rainy PD plants showed significant differences among genotypes in all seven canopy parameters (Table 1). For the Rainy PD plants, Kasetsart 50 showed the significantly highest stem parameters, i.e., plant height (273 cm), canopy height (111 cm), and LCR (37.93%), while Rayong 11 had the highest leaf number (196). It was noted that Rayong 11 had the highest LAI among genotypes for all three planting dates, i.e., 6.43, 5.68, and 4.19 m2 m−2 for the Rainy PD, Hot PD, and Cool PD1, respectively. Kasetsart 50 had a similar pattern of changes in LAI as Rayong 11, i.e., highest in the Rainy PD (4.95 m2 m−2) and lowest in the Cool PD1 (2.75 m2 m−2). In contrast, CMR38-125-77 had highest LAI in the Hot PD (5.01 m2 m−2), which was dramatically reduced in the Rainy PD (2.76 m2 m−2) and the Cool PD1 (1.80 m2 m−2). It was noted that Rayong 9, which is the non-forking cultivar, had the lowest leaf number among genotypes in all planting dates.



Comparisons of canopy parameters between 3- and 6-month-old plants revealed that the older plants were taller, had slightly greater canopy height, more leaves, longer internodes, and higher LAI, but lower LCR (Table 1). Comparisons of canopy height of the Rainy PD plants at two different ages revealed that the 6-month-old plants of Rayong 9 and Rayong 11 had significantly shorter canopy height than the younger plants at the age of three months. Conversely, for the Cool PD1, 6-month-old plants of Rayong 9 and Rayong 11 had significantly taller canopy height than the younger plants. It is interesting to note that for the Rainy PD plants, the LCR values of the 3-month-old plants (90.80–93.53%) were 3–4 times higher than those of the 6-month-old plants (20.05–37.93%). This difference was also noted for the Cool PD1 plants, but the magnitude of difference was much lower than that observed in the Rainy PD.




3.3. Light Penetration though Different Canopy Levels


Percentages of light penetration through six canopy levels are displayed in Figure 3. For each investigated plant, PARs were measured at six canopy levels, i.e., A to F (Figure 1). Level A received maximum light intensity and therefore was assigned 100% light penetration. Percentage light penetration through each of the lower levels was calculated based on PAR at Level A. Percentages of light penetration through six canopy levels were plotted against relative distances from the shoot apex, i.e., 17, 33, 50, 66, 83, and 100% for Levels A, B, C, D, E, and F, respectively.



For the 3-month-old plants, the amount of light penetrated to the bottom of canopy (Level F) was lowest in the Rainy PD plants (ranging from 17 to 25%, PAR 154–491 µmol photon m−2 s−1; Figure 3A), followed by the Cool PD2 (19–37%, PAR 293–595 µmol photon m−2 s−1; Figure 3C), and the Cool PD1 (30–39%, PAR 444–577 µmol photon m−2 s−1; Figure 3B). For the Cool PD1 and Cool PD2 plants, the rates of reduction in light penetration through the canopy were similar among genotypes. However, for the Rainy PD plants, the rates of reduction in light penetration through the canopy were greatest in CMR38-125-77 (S = −1.09), followed by Rayong 11 (S = −1.08), Kasetsart 50 (S = −0.97), and Rayong 9 (S = −0.96). The percentage light penetration among genotypes were most different in the middle canopy levels (Level C and D). At Level C, light penetration percentages through the canopy of CMR38-125-77, Rayong 11, Kasetsart 50, and Rayong 9 were 43, 64, 69, and 71%, respectively (Figure 3A). Patterns of the reductions in light penetration through the canopy were similar in different PDs except for CMR38-125-77 plants, which showed a wide difference between the Rainy PD and the Cool PDs (Figure S1).



For the 6-month-old plants, the bottom of the canopy at Level F of the Hot PD plants showed the lowest percentage of light penetration (ranging from 8 to 10%, PAR 147–243 µmol photon m−2 s−1), followed by that of the Rainy PD (4–28%, PAR 73–423 µmol photon m−2 s−1) and the Cool PD1 plants (13–41%, PAR 227–747 µmol photon m−2 s−1) (Figure 3D–F). Genotypic differences in the rates of reduction in light penetration through the canopy were clearly evident for the Rainy PD and Cool PD1 plants. Rayong 11 exhibited the greatest rate of reduction in light penetration (S = −1.07 for the Rainy PD and −0.83 for the Cool PD1), while CMR38-125-77 showed the lowest rate (S = −0.85 for the Rainy PD and −0.55 for the Cool PD1). Kasetsart 50 and Rayong 9 showed the intermediate rates of reduction in light penetration (Figure 3E,F). Small genotypic differences in the rates of reduction in light penetration were observed in the Hot PD plants ranging from −1.09 to −1.20 (Figure 3D). The percentages of light penetration among genotypes were the most different in the middle to lower canopy levels (Level C–F). At Level D, the Rainy PD plants of CMR38-125-77 showed the highest light penetration (56%), followed by Rayong 9 (39%), Kasetsart 50 (25%), and Rayong 11 (13%) (Figure 3E), while genotypic differences in percentage light penetration at Level D of the Hot PD plants ranged from 25% in CMR38-125-77 to 12% in Rayong 9 (Figure 3D). Patterns of the reductions in light penetration through the canopy were similar in different PDs for Rayong 11 and Kasetsart 50, but for Rayong 9 and CMR38-125-77 plants, the patterns in the Hot PD were apparently different from those in the Rainy PD and the Cool PD1 (Figure S1).




3.4. Photosynthetic Performance


3.4.1. Photosynthesis of Leaves at Different Canopy Levels


Patterns of changes in leaf gas exchange parameters (including Pn, R, Gs, and Tr) of cassava leaves at six canopy levels (A to F) from the top to the bottom of canopy are displayed in Figure 4. Changes in Pn of the 3-month-old plants of all three planting dates (Figure 4A–C) were similar, with the leaves at Level A showing moderate Pn values (means across genotypes for Rainy PD, Cool PD1, and Cool PD2 at Level A were 22.65, 16.68, and 18.22 µmol CO2 m−2 s−1, respectively; see Table S2). The Pn values of leaves at Level B increased, and the maximum Pn was achieved at Level C (means across genotypes for Rainy PD, Cool PD1, and Cool PD2 were 29.05, 19.69, and 23.22 µmol CO2 m−2 s−1, respectively); then Pn continuously decreased from Levels D to F (see Table S2). In general, Pn values of the Rainy PD plants were the highest followed by those of the Cool PD2 and Cool PD1 plants. In contrast, R values were highest in the youngest leaves (Level A) and continuously decreased from Level B to F (Figure 4G–I). The mean R values across genotypes at Level A for the Rainy PD, Cool PD1, and Cool PD2 were 4.16, 4.28, and 3.81 µmol CO2 m−2 s−1, respectively. It is worth noting that the Rainy PD and Cool PD2 plants of Rayong 11 had the highest R values (5.22 and 5.17 µmol CO2 m−2 s−1, respectively). Patterns of change in Gs (Figure 4M–O) and Tr (Figure 4S–U) were more or less similar to that of Pn.



As shown in Table 2, mean canopy Pn across genotypes of the Rainy PD plants (23.17 µmol CO2 m−2 s−1) were significantly (p < 0.001) higher than those of Cool PD2 (18.00 µmol CO2 m−2 s−1) and Cool PD1 (15.99 µmol CO2 m−2 s−1). Similarly, Gs, Tr, and Ci/Ca were also significantly (p < 0.001) higher in the Rainy PD than the Cool PD2 and Cool PD1 plants (Table 2). However, no seasonal differences were observed in the mean canopy R values and WUE. Among all gas exchange parameters, only R displayed significant differences among genotypes in all PDs. Interestingly, Rayong 11 had the highest values of R in all three PDs (3.22–3.48 µmol CO2 m−2 s−1). In addition, in the Cool PD2, genotypic differences were also found for Tr and WUE, in which Rayong 11 showed the highest value of 7.75 mmol H2O m−2 s−1 and Kasetsart 50 the lowest of 4.90 mmol H2O m−2 s−1. Conversely, Kasetsart 50 showed the highest WUE (3.75 µmol CO2 mmol H2O−1), while the lowest WUE was recorded for Rayong 11 (2.14 µmol CO2 mmol H2O−1).



Patterns of changes in Pn down the canopy of the 6-month-old plants differed among plants growing in different seasons (Figure 4D–F). For the Hot PD plants, mean Pn across genotypes, measured in the rainy season, were not significantly different among leaves at Levels A, B, and C (Figure 4D). The mean Pn values across genotypes were 24.64, 26.91, and 24.49 µmol CO2 m−2 s−1 at Levels A, B, and C, respectively (Table S2). A dramatic decline in the mean Pn across genotypes (14.30 µmol CO2 m−2 s−1) was observed for leaves at Level D. The mean Pn across genotypes continued to decrease to 8.61 and 5.55 µmol CO2 m−2 s−1 for the leaves at Levels E and F (at the canopy bottom), respectively. The biggest genotypic differences in photosynthesis in different canopy levels were found in the Rainy PD plants, as shown in Figure 4E. For Rayong 9, the leaves at Levels A to D displayed similar Pn values, while marked reductions in Pn were observed at Levels E and F. For Rayong 11, the highest mean Pn values were found at Levels A and B. Thereafter, Pn values continuously decreased down the canopy from Level C to F. The patterns changed as did the Pn values at different canopy levels of CMR38-125-77 and Kasetsart 50. For CMR38-125-77 and Kasetsart 50, the maximum Pn values were observed for the leaves at Level A. Thereafter, Pn linearly decreased down the canopy. For the Cool PD1 plants (Figure 4F), all four genotypes displayed similar patterns of changes in Pn down the canopy, i.e., maximum Pn were observed for the leaves at the Level A (19.02 to 21.52 µmol CO2 m−2 s−1) and B (18.50 to 21.38 µmol CO2 m−2 s−1). At the lower canopy levels, Pn continuously declined to reach the minimum at Level F. Patterns of changes in R values were similar irrespective of genotypes and growing seasons, i.e., the youngest leaves at Level A had the highest R, and the values tended to decrease down the canopy (Figure 4J–L). The patterns of change in Gs (Figure 4P–R) and Tr (Figure 4V–X) down the canopy were more or less similar to that of Pn. Noticeably, for the Hot PD plants, Tr values of Rayong 9 at each canopy level were more than two- to three-fold higher than those of the other genotypes. Similarly, for the Rainy PD plants, Tr values of Rayong 11 at the upper canopy levels were considerably higher than those of the other genotypes.



As shown in Table 2, canopy mean values across genotypes of all leaf gas exchange parameters (except R) were significantly different among PDs, with the highest values of Pn, Gs, Ci/Ca, and WUE recorded in the Hot PD. On the other hand, the Rainy PD plants showed minimum values for all leaf gas exchange parameters (except for the WUE). All leaf gas exchange values (except for Tr) of Cool PD1 plants were intermediate between Hot PD and Rainy PD. Significant genotypic differences (p < 0.001 for Pn, Gs, Tr, Ci/Ca, and WUE) in all leaf gas exchange parameters were noted in the Rainy PD plants. It was noted that Rayong 9 had significantly higher Pn (17.95 µmol CO2 m−2 s−1), Gs (0.21 mol H2O m−2 s−1) and Ci/Ca (0.58) than those of the other genotypes. In contrast, Kasetsart 50 tended to have the lowest Pn (8.93 µmol CO2 m−2 s−1) and Tr (0.94 µmol CO2 m−2 s−1) values. In relation to WUE, Rayong 9 also had the highest WUE, but Kasetsart 50 had higher WUE than Rayong 11 and CMR38-125-77 due to its lowest Tr.



Comparisons of canopy mean values of photosynthesis-related parameters of the 3- and 6-month-old plants of the same planting dates are shown in Table 2. For the Rainy PD plants of all genotypes, the younger plants had significantly (p < 0.05) higher Pn, R, Gs, Tr, and Ci/Ca values than the older plants (Table 2). In contrast, WUE of the 6-month-old plants (8.53 µmol CO2 mmol H2O−1) was 2.8 times higher than that of the 3-month-old plants (3.37 µmol CO2 mmol H2O−1). Similarly, for the Cool PD1 plants of all genotypes, the R and Tr values of the younger plants were significantly higher than those of the older plants. However, genotypic differences were observed in the Pn values, i.e., significantly higher Pn in the younger plants were observed only in Rayong 9 and Kasetsart 50.




3.4.2. Light Response Curves


The changes in Pn in response to varying PAR from 0 to 2500 µmol photon m−2 s−1 are displayed in Figure 5A–R. Leaves of the 3-month-old plants growing in different seasons showed differential responses to increasing light intensity. For the upper (Level B; Figure 5A–C) and middle leaves (Level D; Figure 5G–I), the Rainy PD plants tended to have the highest Pn values under high light intensities, followed by plants of the Cool PD2 and Cool PD1. The lower leaves (Level F) of the Rainy PD plants (Figure 5M–O) also had higher Pn under higher light intensities (with the exception of CMR38-125-77), but similar responses were noted for the Cool PD1 and Cool PD2. Genotypic differences in light response were more obvious in the Rainy PD plants than in the others, particularly for leaves in the lower canopy. For the 6-month-old plants, Pn under high light intensities of the Hot PD plants (Figure 5D,J,P) tended be higher than those of the Rainy PD (Figure 5E,K,Q) and the Cool PD1 plants (Figure 5F,L,R). Genotypic differences in light response at all three canopy levels were most obvious in Rainy PD plants, while hardly any differences among genotypes were observed in Hot PD plants.



The parameters for each light response curve including Pn(Imax), Icomp, Imax, and AQE are summarized in Table 3. For the 3-month-old plants, mean Pn(Imax) across genotypes was significantly different in different seasons (p < 0.05 for upper and middle, p < 0.05 for lower leaves). The Pn(Imax) (means across genotypes) of the Rainy PD plants at all three canopy levels were the highest (32.05, 28.22, and 16.37 µmol CO2 m−2 s−1 for the upper, middle, and lower leaves, respectively). For the upper and middle leaves, the Cool PD2 plants had intermediate Pn(Imax) values (25.03 and 25.91 µmol CO2 m−2 s−1, respectively), whereas the lowest Pn(Imax) were observed in the Cool PD1 plants (21.45 and 20.83 µmol CO2 m−2 s−1, respectively). The lower leaves of the Cool PD1 and Cool PD2 plants, however, had similar Pn(Imax) values (13.41 and 12.61 µmol CO2 m−2 s−1, respectively). The mean Icomp values across genotypes among the three planting dates were significantly different for all three leaf levels (p < 0.001), with the upper leaves having the highest values followed by the middle and lower leaves. The maximum mean Icomp values across genotypes were highest in the Cool PD1 plants (63.89 µmol photon m−2 s−1), followed by those of the Cool PD2 (45.35 µmol photon m−2 s−1) and the Rainy PD ones (35.56 µmol photon m−2 s−1). The mean Imax values across genotypes did not significantly differ among seasons for the upper and middle leaves, showing the values ranging from 1907 to 1950 µmol photon m−2 s−1. In contrast, the mean Imax values across genotypes of the lower leaves of the Rainy PD and Cool PD1 plants (1404 and 1472 µmol photon m−2 s−1) were significantly higher than (p < 0.01) that of the Cool PD2 plants (1088 µmol photon m−2 s−1). No significant differences in the mean AQE values across genotypes among different seasons were detected for all three leaf levels showing the values in the range of 0.056–0.067 µmol CO2 µmol photon−1. Genotypic differences in Pn(Imax) were noted only in the middle and lower leaves of the Rainy PD plants, with the maximum value found in Rayong 9 for the middle leaves (31.82 µmol CO2 m−2 s−1) and Kasetsart 50 for the lower leaves (21.06 µmol CO2 m−2 s−1). Similarly, genotypic differences in Icomp were found only in Rainy PD plants, with the highest value found in Rayong 9 for the middle leaves (24.81 µmol photon m−2 s−1), and Kasetsart 50 for the lower leaves (28.46 µmol photon m−2 s−1). For Imax, the only genotypic difference was observed in the lower leaves of the Rainy PD plants, in which CMR38-125-77 showed significantly lower Imax (763 µmol photon m−2 s−1) than the other genotypes (1540–1754 µmol photon m−2 s−1). Interestingly, genotypic differences in AQE were evident only in the Cool PD1 plants. Leaves of Kasetsart 50 had the highest AQE (0.079, 0.087, and 0.089 µmol CO2 µmol photon−1 for the upper, middle, and lower leaves, respectively), which were significantly (p < 0.001) higher than the other genotypes.



For the 6-month-old plants, leaves of the Hot PD plants at all three levels had the highest mean Pn(Imax) across genotypes (29.93, 20.68, and 11.79 µmol CO2 m−2 s−1 for the upper, middle, and lower leaves) (Table 3). The mean Pn(Imax) across genotypes of the upper and lower leaves of Rainy PD and Cool PD1 were similar (23.36 and 25.29 µmol CO2 m−2 s−1 for the upper leaves, and 8.60 and 7.33 µmol CO2 m−2 s−1 for the lower leaves). In contrast, the middle leaves of the Cool PD1 plants had significantly (p < 0.01) higher mean Pn(Imax) across genotypes (18.53 µmol CO2 m−2 s−1) than those of the Rainy PD (14.87 µmol CO2 m−2 s−1). Significantly different Icomp values among planting dates were observed only for the upper leaves, i.e., the upper leaves of Cool PD1 and Hot PD had higher Icomp than those of the Rainy PD plants. Similar to Pn(Imax), the mean Imax values across genotypes were highest in the leaves of the Hot PD plants (1950, 1642, and 1144 µmol photon m−2 s−1 for the upper, middle, and lower leaves, respectively). The mean AQE across genotypes of the upper and middle leaves of the Rainy PD plants (0.067 and 0.082 µmol CO2 µmol photon−1) were significantly higher (p < 0.05) than those of the Cool PD1 plants (0.058 and 0.065 µmol CO2 µmol photon−1). For Hot PD plants, the upper leaves had an intermediate mean AQE, while the middle leaves had a similar AQE to that of the Cool PD1. Genotypic differences in Pn(Imax), Icomp, and Imax were most apparent in Rainy PD plants for all three leaf levels. The highest Pn(Imax) values were found in Kasetsart 50 (27.24 µmol CO2 m−2 s−1) for the upper leaves, and in CMR38-125-77 (20.40 and 12.80 µmol CO2 m−2 s−1) for the middle and lower leaves. On the other hand, the lowest Pn(Imax) values were recorded in CMR38-125-77 (16.97 µmol CO2 m−2 s−1), Kasetsart 50 (8.95 µmol CO2 m−2 s−1), and Rayong 11 (4.62 µmol CO2 m−2 s−1) for the upper, middle, and lower leaves, respectively. The highest Icomp values for the upper and middle leaves were recorded in CMR38-125-77 (35.92 and 34.92 µmol photon m−2 s−1, respectively), and in Kasetsart 50 for the lower leaves (23.64 µmol photon m−2 s−1). On the other hand, the lowest Icomp value for the upper leaves was found in Rayong 11 (16.72 µmol photon m−2 s−1), and those for the middle and lower leaves were recorded in Rayong 9 (16.75 and 13.33 µmol photon m−2 s−1, respectively). Genotypic differences in Imax values were significant only in the middle (p < 0.01) and lower leaves (p < 0.01) of the Rainy PD plants. For the middle leaves, the Imax values were 1802, 1639, 1371, and 903 µmol photon m−2 s−1 for CMR38-125-77, Rayong 9, Rayong 11, and Kasetsart 50, respectively. Similarly, the Imax values for the lower leaves were highest in CMR38-125-77 (1758 µmol photon m−2 s−1) followed by Rayong 9 (1169 µmol photon m−2 s−1), while those of Kasetsart 50 (580 µmol photon m−2 s−1) and Rayong 11 (513 µmol photon m−2 s−1) were significantly lower. Significant differences in AQE among genotypes were observed only in the upper leaves of the Hot PD (p < 0.01) and Rainy PD (p < 0.05) plants. For both planting dates, Rayong 11 had the highest AQE (0.070 and 0.080 µmol CO2 µmol photon−1 for Hot PD and Rainy PD, respectively). For the Hot PD plants, Rayong 9 had the lowest AQE of 0.058 µmol CO2 µmol photon−1, while the Rainy PD plants of CMR38-125-77 had the lowest AQE of 0.060 µmol CO2 µmol photon−1, which did not differ significantly from those of Rayong 9 and Kasetsart 50.



Through comparisons between the 3- and 6-month-old plants of Rainy PD, it was clearly shown that the upper and middle leaves of the younger plants had significantly higher Pn(Imax) for all genotypes. For the lower leaves, only Rayong 11 and Kasetsart 50 had significantly higher Pn(Imax) for the younger plants. For Cool PD1 plants, the upper and lower leaves had similar Pn(Imax) for the two ages of plants. However, the lower leaves of the 3-month-old plants of Rayong 11, Kasetsart 50, and CMR38-125-77 had significantly higher Pn(Imax) than the older plants. The age difference in Imax was noted only in the Cool PD1 plants; the lower leaves of the 6-month-old plants had more than 50% lower Imax values (474–816 µmol photon m−2 s−1) compared to those of the younger plants (1368–1555 µmol photon m−2 s−1).





3.5. Chlorophyll Content


Patterns of changes in total Chl, Chl a, Chl b, and Chl a/b of leaves at six canopy levels (A to F) were displayed in Figure 6. For the 3-month-old plants, only the Cool PD2 ones showed significant differences (p < 0.05) among different leaf levels in all four parameters (Figure 6C,I,O,U). For the Cool PD2 plants, the leaves at the level C or D had the highest values for all four chlorophyll-related parameters. Total Chl and Chl a were significantly decreased at levels E and F. However, Chl b and Chl a/b remained stable at level E and then significantly decreased at level F. For the Rainy PD plants, significant differences among leaf level were recorded for Chl a, Chl b, and Chl a/b but not total Chl (Figure 6A,G,M,S). The younger upper leaves (Level A) tended to have the lowest Chl a and Chl b, while the lowest leaves (Level F) tended to have lowest Chl a and Chl a/b. For the Cool PD1 plants, Chl a/b was the only parameter that displayed significant differences among leaf levels, i.e., upper leaves tended to have higher Chl a/b than the lower leaves (Figure 6B,H,N,T). Most of the 6-month-old plants showed significant differences in chlorophyll-related parameters in different leaf levels. For the Hot PD plants, maximum total Chl, Chl a, and Chl b were found at leaf level D and E, while Chl a/b tended to be highest in the uppermost level and linearly decrease down the canopy (Figure 6D,J,P,V). For the Rainy PD plants, total Chl, Chl a, and Chl b were similar to the uppermost leaves down to level E; only the lowest leaves (level F) showed significantly decreased pigment contents (Figure 6E,K,Q,W). For the Cool PD1 plants, higher values of total Chl and Chl a were observed at the leaf levels B–D, then declined at levels E and F, while Chl b contents did not significantly differ among different leaf levels (Figure 6F,L,R,X).



Total Chl, Chl a, Chl b, and Chl a/b averaged across six leaf levels are summarized in Table 4. For the 3-month-old plants, the Cool PD1 plants showed significantly higher (p < 0.001) genotypic means of total Chl, Chl a, and Chl b (4.37, 3.39, and 1.00 mg g−1) than those of the Cool PD2 and Rainy PD plants. The pigment contents of the Cool PD2 tended to be higher than those of the Rainy PD but not significantly different. The genotypic means of total Chl, Chl a, and Chl b of the Cool PD2 were 4.13, 3.16, and 0.97 mg g−1, respectively, while those of the Rainy PD were 3.76, 2.92, and 0.84 mg g−1. The mean genotypic Chl a/b ratios did not significantly differ among planting dates (3.52, 3.44, and 3.33 for the Rainy PD, Cool PD1, and Cool PD2, respectively. For the 6-month-old plants, the Hot PD and Cool PD1 plants had significantly higher total Chl, Chl a, and Chl b contents than the Rainy PD plants. For Chl a/b, the highest genotypic mean occurred in Rainy PD (3.75), followed by Hot PD (3.30), and Cool PD1 (3.28).



Genotypic differences in total Chl in the 3-month-old plants were observed in Cool PD1 (p < 0.001) and Cool PD2 (p < 0.05), while those in Rainy PD appeared non-significantly different. Rayong 11 showed the highest total Chl in the Cool PD1 (5.33 mg g−1) and the Cool PD2 (3.87 mg g−1), while Kasetsart 50 had the lowest total Chl (3.82 and 3.32 mg g−1 for the Cool PD1 and Cool PD2, respectively). Rayong 9 and CMR38-125-77 had intermediate chlorophyll contents. Similar trends were found for Chl a and Chl b. For the 6-month-old plants, significant differences in total Chl, Chl a, and Chl b among genotypes were observed in the Hot PD and Rainy PD plants. It is worth noting that for all three planting dates Rayong 11 had the highest pigment contents among genotypes.





4. Discussion


4.1. Canopy Structure and Photosynthesis of Cassava Plants at 3MAP


The early growth of cassava crop from planting to the formation of a closed leaf canopy is a critical stage because it determines the rate of supply of photosynthate to drive the development of leaves to capture more light and consequently provides for the establishment of root system and initiation of storage root formation. According to Alves [60], maximum leaf growth of cassava was achieved during the first 90 days after planting. The total biomass of a crop results from the integral of photosynthesis assimilation (minus respiratory losses), which in turn depends on the efficiencies with which the crop intercepts PAR and converts that into biomass over the course of the growing seasons [19]. The PAR interception efficiency at the early stage of vegetative growth is affected by canopy size, duration, and speed of crown cover after planting [45,61]. Canopy characteristics of the four cassava genotypes at 3MAP significantly differed depending on the growing seasons (Table 1). Due to favorable environmental conditions, cassava planted in the rainy season (Rainy PD) had significantly higher plant height, canopy height, LCR, internode length, and LAI than those growing in the cool (Cool PD1) and cool-to-early-hot (Cool PD2) season (Table 1). It was well-documented that high productivity of cassava occurred in the area with high solar radiation (22 MJ m−2 d−1), high annual precipitation (900–1000 mm), high mean annual temperature (28 °C), and high air RH (70%) [44], similar to environments in the rainy season in this study. As a result of their dense canopies, the Rainy PD plants had the highest rate of reduction in light penetration through canopy, and the lowest percent light penetration at the bottom of canopy, indicating more light absorption by upper layers of the canopy (Figure 3A–C). Similar findings were reported for cassava [62] and cotton [63], that light penetration within the canopy decreased with increasing canopy density, and PAR within the canopy was highly significantly correlated with LAI, which was consequently positively correlated with biomass [44].



Photosynthetic capacity depends not only on the internal biochemical and physiological conditions influenced by the light environment during leaf development but also the contemporary environmental variables [64]. The upper unshaded leaves of the Rainy PD plants (Level B), which were growing in the rainy season, had the highest photosynthetic capacity followed by those of the Cool PD2 and the Cool PD1 (Table 3). Similar findings were reported by Vongcharoen et al. [37] on cassava genotype Rayong 9. A recent meta-data analysis across global spatial and phylogenetic scales revealed that irrespective of soil fertility, photosynthetic capacity was principally determined by environmental conditions, specifically solar radiation, temperature, and humidity [65]. The lowest Pn(Imax) of the plants growing in the cool season (Cool PD1; Table 3) could be related to the lowest minimum temperature, low RH, and high VPD (Table S1), which induced a dramatic reduction in stomatal conductance (Figure 4N; Table 2).



Whole plant photosynthesis results from photosynthetic activity of sun-exposed as well as partially shaded leaves. It was estimated that shaded leaves contributed as much as 50% of total canopy carbon gain [66,67]. Therefore, the photosynthetic efficiency of the shaded leaves is an important factor determining crop yield potential. Classically, shade adapted leaves of C3 plants maintained or increased quantum efficiency (AQE) under low light conditions, while they decreased light-saturated rate of photosynthesis (Pn(Imax)), which reflected a reduction in carboxylation efficiency [68]. The lower canopy leaves (Level F) of the Rainy PD plants had significantly lower Icomp than those planted in the cool season (Table 3); that is, these leaves needed lower PAR to attain high enough CO2 uptake rate to compensate for the rate of CO2 loss due to respiration. Moreover, the shaded lower leaves of the Rainy PD plants showed only a slight decline in AQE (0.062 µmol CO2 µmol photon−1) relative to that of the upper leaves (0.065 µmol CO2 µmol photon−1) (Table 3), indicating their ability to maintain high energy conversion efficiency under limiting light. Similar values of quantum efficiency were previously reported by De Souza and Long [69] in four African cassava cultivars, which had values ranging from 0.060 to 0.062. At the same time, the lower leaves of the Rainy PD plants displayed significantly higher Pn(Imax) than those of the Cool PD1 and Cool PD2 plants (Table 3). This indicated that these leaves were metabolically active and had higher stomatal conductance, hence greater carbon fixation ability (Figure 4M–O).



In addition to the light environment inside the canopy, photosynthesis performance also varied with leaf age. In this study, at 3MAP, net photosynthesis rates (Pn) increased with leaf age from the first fully expanded leaf (Level A; leaf age ~8 d) to reach the maximum at full leaf expansion (Level C; leaf age ~38 d); then Pn of the leaves at levels D (leaf age ~53 d) to F (leaf age ~83 d) progressively declined (Figure 4A–C; Table S2). The reduction in photosynthesis performance with leaf age and position after full expansion was previously reported in several plants such as papaya [70] and hemp [71]. For the Rainy PD and the Cool PD2 plants, the effect of leaf age on Pn reduction (Figure 4A,C) was related to its effects on decreased stomatal conductance (Figure 4M,O), reduced total Chl content (Figure 6A,C), as well as reduced Chl a/b (Figure 6S,U; an indication of shade adaptation). It was demonstrated that the age-related decrease in photosynthesis capacity may be caused by a decline in stomatal activity leading to lowered stomatal conductance [70], as well as a decline in biochemical potentials including maximum electron transport rate, maximum rate of Rubisco carboxylation, and triose phosphate utilization [71,72]. The rate of reduction in Pn of lower level leaves was also related to light environment, i.e., the denser the canopy (Rainy PD) the sharper the rate of decline (Figure 3 and Figure 4). Therefore, photosynthesis of cassava leaves was affected by leaf age, position, and canopy light environment. Moreover, photosynthesis of the lower shaded leaves also varied with growing seasons, i.e., the bottom leaves (Level F) of the Rainy PD (growing in the rainy season), which were at a similar age to those of the Cool PD1 and the Cool PD2, although more shaded had significantly higher Pn. Therefore, leaves in different canopy positions with different physiological potentials are fine-tuned to their past and contemporary light conditions [73].



In this study, although the Rainy PD plants showed the highest photosynthetic capacity (Pn(Imax)) and significantly higher mean Pn (averaged across six leaf levels) compared with that of the Cool PD1 and the Cool PD2) (Table 3), the biomass of the Rainy PD plants at 3MAP was 30% lower than that of the Cool PD1 plants [29]. This lack of relationship between Pn and biomass is due to the fact that biomass results from an integration of canopy photosynthesis during the whole period of growing season, which in turn depends on integrated light availability, leaf area, leaf angle, and leaf photosynthetic capacity, which changes with leaf age during development [61,74]. Due to denser canopy, less light was available for lower canopy leaves of the Rainy PD plants than those of the Cool PD1 plants. Path coefficient analysis revealed that the most important factor that influenced Pn of the upper leaves of cassava genotype Rayong 9 at 3MAP was PAR, and to a lesser extent, temperature and VPD, while PAR was the only significant determining factor for the shaded leaves [38]. Moreover, canopy photosynthesis of the Rainy PD plants was also constrained by low and fluctuating solar radiation during the rainy season months (Figure 2). In the field environment, leaves will experience sun and shade flecks across the canopy due to changes in cloud cover, sun angle, self-shading, and wind-driven leaf movement [75,76]. Similarly, the Cool PD2 plants, although having significantly higher mean Pn across the six leaf levels than the Cool PD1 plants (Table 2), have a 47% lower total biomass at 3MAP [29]. This could be due to more light penetration through canopy Levels E and F of the Cool PD1 plants (Figure 3). Moreover, the chlorophyll contents of the lower canopy leaves of the Rainy PD and Cool PD2 were lower than those of the Cool PD1 (Figure 6A–C; Table 4); therefore, their light absorptance and light-harvesting efficiency were assumed to be higher [77].




4.2. Canopy Structure and Photosynthesis of Cassava Plants at 6MAP


For cassava, maximum stem and leaf growth rate, maximum canopy size, and maximum biomass partitioning to stem and leaves are accomplished during 3MAP and 6MAP [27,78]. Earlier work reported that from 4MAP to 5MAP, cassava generally attained an LAI of around 3.0 when the plants received 90% light interception [79] and the plants should reach the maximum LAI of 3.0–3.5 m2 m−2 as quickly as possible to obtain optimum yield [12,27]. However, more recent research using improved high-yielding cultivars growing in well-watered fields in tropical savanna climate reported higher LAI values between 4.0 to 5.0 m2 m−2 at 5MAP to 6MAP [30,80]. In this study, the canopy structures of cassava plants at 6MAP planted in different seasons showed more variation than those observed at 3MAP (Table 1). The mean LAI values, which varied from 2.97 m2 m−2 (for the Cool PD1) to 5.01 m2 m−2 (for the Hot PD), were most closely related to variation in total leaf number (125 for the Cool PD1 to 259 for the Hot PD). The Hot PD and the Rainy PD plants, which were growing through five and four months in the rainy season, respectively, had similar canopy structure characterized by tall stems, very low LCR, and high LAI (Table 1). The low LCR of the 6MAP plants (28.90–59.42%), compared with 78–92% LCR observed in the plants at 3MAP, was due to the accelerated plant height and a large number of fallen leaves as a result of severe shading from the individual plant’s upper leaves as well as those of neighboring plants that expanded their canopies following forking [16]. Low light intensity below the light compensation point in dense canopies leads to negative carbon balance, which in turn triggers leaf senescence [81], which is characterized by regulated processes of degradation of chlorophyll and macromolecules, an increase in lipid peroxidation and membrane leakiness, and re-mobilization of nutrients to younger leaves leading to leaf yellowing and finally death and abscission [82]. In addition to low light intensity, leaf senescence is also triggered by changes in light quality, i.e., low red:far red (R:FR) under shade, leading to decreased activity of chlorophyll biosynthesis mediated by phytochrome A [83]. The light response curves and calculated parameters (Figure 5; Table 3) demonstrated higher levels of shade adaptation in lower parts of the plants at 6MAP than those of the 3MAP plants. Within-canopy acclimation of leaf photosynthesis capacity is driven by total integrated light availability during leaf development [84]. Since older plants have larger canopies, lower leaves inside the canopy receive less light during development and, hence, express stronger leaf traits associated with shade adaptation [85]. Photosynthesis rates are highly sensitive to environmental conditions, both during development and measurements. Therefore, the mean Pn values of the Hot PD plants were the highest, which were significantly higher than those of the Cool PD1 and Rainy PD (Table 2). It was reported that Pn of irrigated cassava genotype Rayong 9 at 6MAP was strongly determined by PAR in all seasons and all leaf levels, while RH, VPD, and air temperature became significant additional influential factors in the cool and hot seasons [38].



Considering the relationship between leaf photosynthesis in this study and plant biomass [16], the total dry weight of the 6-month-old plants was highest in the Hot PD (12,447 g 6 m−2), followed by the Cool PD1 (8216 g 6 m−2) and the Rainy PD (7909 g 6 m−2), which declined in the same order as the mean Pn across six leaf levels (Table 2) and Pn(Imax) of the upper and middle canopy leaves (Table 3). The highest biomass of Hot PD plants at 6MAP, compared to those of the other planting dates, could be attributed to their significantly greater height, higher LAI, higher number of leaves (Table 1), higher percent light interception (Figure 3D), higher photosynthetic capacity (Pn(Imax)) of leaves at three canopy levels (Table 3), higher mean Pn across six leaf levels (Table 2), and also higher chlorophyll contents (Table 4). Previous reports suggested that canopy photosynthesis and biomass observed at any time point resulted from an integration of photosynthesis performance of all leaves in the canopy throughout the development, and biomass accumulation has strong correlations with plant height, LAI, integrated light interception, and pigment contents [86,87,88].




4.3. Genotype Variation in Canopy Structure and Photosynthesis


Seasonal variation in canopy structures and photosynthesis was detected among the four genotypes investigated. For cassava planted in June (Rainy PD) and December (Cool PD2), at 3MAP, CMR38-125-77 had the highest LAI (Table 1), which corresponded to its lowest percent light penetration (Figure 3), and therefore high light interception by leaves at the upper canopy levels. Similar findings were reported for cassava planted in May 2016 (rainy season) and November 2015 (cool season), LAI of the 3MAP plants were higher in CMR38-125-77 than Rayong 11 and Kasetsart 50 [30]. Moreover, for the Rainy PD, CMR38-125-77 recorded the highest Pn at five canopy levels, and for the Cool PD2, it showed the highest Pn at three canopy levels, resulting in the highest mean Pn (Table S2). Consequently, these two crops of CMR38-125-77 had the highest total dry weight at 3MAP [16]. For the Cool PD1 crop, although CMR38-125-77 had slightly lower LAI than Kasetsart 50, it still displayed higher total dry weight [16], probably as a result of higher leaf number (Table 1) and higher percent light interception (Figure 3B).



For the 6-month-old plants, among the four genotypes, only Rayong 9 was non-forking, while the others were of the forking type. For most seasons, Rayong 11 and CMR38-125-77 started forking earlier than Kasetsart 50 (except for the Rainy PD) [29]. The Hot PD plants, which were mostly growing in the rainy season, did not show significant differences in LAI among genotypes. Although Rayong 9 had significantly higher plant height, canopy height, and internode length than Rayong 11, its LAI was lower than that of Rayong 11, presumably due to the forking nature of Rayong 11, and the fact that Rayong 11 had 45% higher leaf number (Table 1). For the Rainy PD plants that were growing through four months in the rainy followed by two months in the cool season, there were significant differences in all canopy parameters among genotypes. This is presumably due to the negative effects of decreasing temperature and humidity during the cool-season months of November and December (Figure 2) on the rate of leaf formation [89] and leaf expansion [90] and also because less photosynthate was supplied to growing leaves due to low photosynthesis rate in the cool season. Although Kasetsart 50 had significantly higher plant height, canopy height, and LCR, its LAI was significantly lower than the maximum value recorded in Rayong 11. This could be related to greater leaf number of Rayong 11 (Table 1) and the higher chlorophyll contents (Table 4). Significant genotypic differences in LAI for the Rainy PD and Cool PD1 plants resulted in widely different light penetration through canopies, with Rayong 11 showing the lowest while CMR38-125-77 the greatest light penetration at all canopy levels (Figure 3E,F). The fact that Rayong 11 had the highest chlorophyll content among the four genotypes (Table 4) could serve as an additional factor causing its low light penetration through lower canopy layers. Although Rayong 11 planted in June (rainy season) had the highest LAI (Table 1), it had the lowest biomass at 6MAP [16]. It is worth noting that the Rainy PD plants of Rayong 11 already had relatively high LAI (3.77 m2 m−2) at 3MAP, and then these plants continued to have extremely high LAI (6.43 m2 m−2) at 6MAP. Therefore, during 3MAP to 6MAP of canopy development of Rayong 11 (genotype with earlier forking), its lower leaves were experiencing continuously heavy shading, hence lower photosynthetic performance. On the contrary, the Rainy PD plants of CMR38-125-77 showed the highest LAI (4.10 m2 m−2) among genotypes at 3MAP, but the value decreased to the lowest (2.76 m2 m−2) at 6MAP. This is presumably because for the Rainy PD, the forking process of CMR38-125-77 started much later (~40–50 d) than that of Rayong 11 and Kasetsart 50 [29], so this genotype ended up having a lower number of leaves and hence lower LAI at 6MAP. Although CMR38-125-77 had the lowest LAI and highest light penetration (Figure 3,E), its mean Pn across six canopy levels was significantly lower than that of Rayong 9 and Rayong 11 (Table 2). Despite low mean Pn across six canopy levels, CMR38-125-77 planted in June had the highest total dry weight among the four genotypes at 6MAP, and also at 12MAP among the four genotypes [16]. It is worth noting that for the Hot PD and the Cool PD1, the genotypes that had the lowest mean Pn across six canopy levels (Kasetsart 50 and Rayong 9, respectively) at 6MAP recorded the highest biomass [16]. Therefore, Pn of the 6MAP plants was affected not only by canopy structure, light availability inside the canopy, and contemporary environments, but also on other factors including plant age and assimilate partitioning. A study on 36 cultivars growing under well-watered conditions reported that starting from 6MAP, more than 80% of photoassimilates were translocated to storage roots and stems and less than 20% to the leaves [45]. Therefore, there are less carbon sources for leaves to maintain physiological status of the actively photosynthesizing leaves. This could result in a low net photosynthesis rate of the 6MAP plants compared with the 3MAP plants [30,38]. During the early growth stage up to 3MAP (when most photoassimilates are partitioned to accelerate leaf growth to obtain a close canopy and high biomass), the desirable canopy traits related to high photosynthetic performance would be the ones contributing to relatively high LAI values. In contrast, during the later growth stage at 6MAP, when photoassimilates are preferentially partitioned to build storage roots, the optimum canopy structure would be the one having an intermediate LAI (for non-forking genotype), or relatively low LAI (for the forking type).





5. Conclusions


The environmental conditions in the rainy season were more favorable for early development of cassava (30 June to 30 September 2015; the Rainy PD) than those in the cool season (10 November 2015 to 10 February 2016; the Cool PD1, and 15 December 2015 to 15 March 2016; the Cool PD2) causing the rainy-season plants at 3MAP to have significantly higher LAI, leading to lowest light penetration through the bottom of canopy, and therefore more light being absorbed by upper canopy layers resulting in higher mean Pn across six canopy levels, and higher photosynthetic capacity. Similar results were obtained for the plants at 6MAP, the Hot PD (20 April to 20 October 2015), and Rainy PD (30 June to 30 December 2015) plants, which were growing through five and four months of the rainy season, respectively, and had significantly higher LAI and photosynthesis performance than the Cool PD1 plants, which were growing through the cool and hot seasons (10 November 2015 to 10 May 2016). Due to the much higher LAI values and older plant age, the 6MAP plants had lower mean Pn across six canopy levels than the 3MAP plants as a result of heavy shading of lower canopy leaves. At 3MAP, high LAI values were related to high mean Pn across six canopy levels. Therefore, the genotype CMR38-125-77, which had the highest LAI, also recorded the highest mean Pn across six canopy levels, which translated to the highest biomass. However, at 6MAP, the genotypes with the highest mean Pn across six canopy levels were the ones having an intermediate or low LAI, and the mean Pn across canopy levels was not related to biomass. On the contrary, the genotypes with the highest biomass were the ones that had relatively low Pn across six canopy levels at 6MAP (Kasetsart 50 for the Hot PD; CMR38-125-77 for the Rainy PD; and Rayong 9 for the Cool PD1). The genotype Rayong 11, which had consistently high LAI and the highest chlorophyll contents, tended to show moderate photosynthesis performance. Information on photosynthesis potentials of cassava at these early stages of growth cycle may be used as additional data to consider together with other traits for selection of suitable genotypes for planting in different seasons in order to achieve maximum biomass and yield.
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Abbreviations




	AQE
	apparent quantum yield



	Ca
	ambient CO2 concentration



	Chl
	chlorophyll



	Ci
	intercellular CO2 concentration



	Gs
	stomatal conductance



	I
	photosynthetic photon flux density



	Icomp
	light-compensation point



	Imax
	light-saturation point



	LAI
	leaf area index



	Pgmax
	maximum gross photosynthesis rate



	PAR
	photosynthetically active radiation



	PD
	planting date



	Pn
	net photosynthetic rate



	Pn(Imax)
	net photosynthesis rate at light-saturation



	MAP
	month after planting



	T
	temperature



	Tr
	transpiration rate



	R
	respiration rate



	RD
	dark respiration rate



	r
	correlation coefficient



	RH
	relative humidity



	VPD
	vapor pressure deficit



	WUE
	water-use efficiency (= Pn/Tr)
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Figure 1. Four cassava genotypes including Rayong 9, Rayong 11, Kasetsart 50, and CMR38-125-77 that were used for this experiment. The whole canopy length (length of crown) was divided into six canopy levels (Levels A to F) starting from the shoot apex to the bottom of canopy. Six canopy levels including A, B, C, D, E, and F were at the distance 17, 33, 50, 66, 88, and 100%, respectively, down from the shoot apex. 
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Figure 2. Weather conditions at the field site, including photosynthetically active radiation (PAR) (A), relative humidity (RH) (B), vapor pressure deficit (VPD) (C), air temperature (T) (D), total rainfall (E), and number of rainy days (F) recorded during May 2015 to May 2016. Values are mean ± SD of 30 days. 
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Figure 3. Percentage of light penetration through different canopy layers (Levels A–F) of the 3- and 6-month-old plants of cassava Rayong 9 (RY9;  [image: Agronomy 10 02018 i001]), Rayong 11 (RY11;  [image: Agronomy 10 02018 i002]), Kasetsart 50 (KU50;  [image: Agronomy 10 02018 i003]), and CMR38-125-77 ( [image: Agronomy 10 02018 i004]) planted in April (Hot PD; D), June (Rainy PD; A,E), November (Cool PD1; B,F), and December (Cool PD2; (C) in 2015. The six canopy levels from A, B, C, D, E, to F were at the distance 17, 33, 50, 66, 88, and 100%, respectively, down from the shoot apex. Data show means of six plants (n = 6, two plants/replication). 
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Figure 4. Photosynthetic parameters including net photosynthesis rate (Pn, A–F), respiration rate (R,G–L), stomatal conductance (Gs, M–R), and transpiration rate (Tr, S–X) of leaves at six canopy levels (A to F) of the 3- and 6-month-old plants. Four cassava genotypes including Rayong 9 (RY9;  [image: Agronomy 10 02018 i005]), Rayong 11 (RY11;  [image: Agronomy 10 02018 i006]), Kasetsart 50 (KU50;  [image: Agronomy 10 02018 i007]), and CMR38-125-77 ( [image: Agronomy 10 02018 i008]) were planted in April (Hot PD), June (Rainy PD), November (Cool PD1), and December (Cool PD2) in 2015. For each genotype and plant age, six plants (n = 6, two plants/replication) were observed. Means across genotypes that were significantly different (p < 0.05) among levels are denoted by lower case letters. 
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Figure 5. Photosynthesis light response curves of leaves at three canopy levels (upper leaves, Level B; middle leaves, Level D; and lower leaves, Level F) of the 3- and 6-month-old cassava plants. Cassava genotypes Rayong 9 (RY9;  [image: Agronomy 10 02018 i009]), Rayong 11 (RY11;  [image: Agronomy 10 02018 i010]), Kasetsart 50 (KU50;  [image: Agronomy 10 02018 i011]), and CMR38-125-77 ( [image: Agronomy 10 02018 i012]) were planted in April (Hot PD; D,J,P), June (Rainy PD; (A,G,M) for 3-month-old plants and (E,K,Q) for 6-month-old plants), November (Cool PD1; (B,H,N) for 3-month-old plants and (F,L,R) for 6-month-old plants), and December (Cool PD2; C,I,O) in 2015. Data show means of four plants of each genotype ± SD. 
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Figure 6. Chlorophyll (Chl) content parameters including total Chl (A–F), Chl a (G–L), Chl b (M–R), and Chl a/b (S–X) of cassava leaves at the six canopy levels (A to F) of the 3- and 6-month-old plants. Four cassava genotypes including Rayong 9 (RY9;  [image: Agronomy 10 02018 i013]), Rayong 11 (RY11;  [image: Agronomy 10 02018 i014]), Kasetsart 50 (KU50;  [image: Agronomy 10 02018 i015]), and CMR38-125-77 ( [image: Agronomy 10 02018 i016]) were planted in April (Hot PD), June (Rainy PD), November (Cool PD1), and December (Cool PD2) in 2015. Means across genotypes that were significantly different (p < 0.05) among levels are denoted by lower case letters. 
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Table 1. Canopy traits including plant height, canopy height, live crown ratio (LCR), total number of leaves, internode length, and leaf area index (LAI) of cassava Rayong 9, Rayong 11, Kasetsart 50, and CMR38-125-77 planted in April (Hot PD), June (Rainy PD), November (Cool PD1), and December (Cool PD2) in 2015. The effects of planting dates (PD) on canopy structure were investigated in the 3- and 6-month-old plants. Means ± SD were from 6 six plants (two plants/replication) of each genotype. Means which were significantly different (p < 0.05) among genotypes are denoted with different lower case letters, whereas those among planting dates are represented by different capital letters. The significant difference (p < 0.05) between the age of plant (3- and 6-month-old plants) of the same PD are denoted with *.
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Genotype

	
Three-Month-Old Plant

	

	
Six-Month-Old Plant




	
Rainy PD

(Jun–Sep)

	
Cool PD1

(Nov–Feb)

	
Cool PD2

(Dec–Mar)

	
Critical-p Value

	
Hot PD

(Apr–Oct)

	
Rainy PD

(Jun–Dec)

	
Cool PD1

(Nov–May)

	
Critical-p Value






	
Plant height (cm)

	

	

	

	

	

	

	

	




	
Rayong 9

	
116 ± 10

	
76 ± 11

	
86 ± 19 a

	

	
369 ± 11 a

	
228 ± 3 c*

	
180 ± 23 a*

	




	
Rayong 11

	
103 ± 6

	
75 ± 9

	
65 ± 6 b

	

	
301 ± 11 c

	
218 ± 3 c*

	
157 ± 8 b*

	




	
Kasetsart 50

	
104 ± 22

	
81 ± 15

	
80 ± 7 a

	

	
350 ± 9 ab

	
273 ± 23 a*

	
155 ± 22 b*

	




	
CMR38-125-77

	
120 ± 11

	
85 ± 9

	
90 ± 9 a

	

	
330 ± 23 b

	
248 ± 14 b*

	
153 ± 13 b*

	




	
F-test

	
ns

	
ns

	
p < 0.05

	

	
p < 0.01

	
p < 0.001

	
p < 0.05

	




	
mean

	
111 A

	
79 B

	
80 B

	
p < 0.05

	
338 A

	
242 B

	
161 C

	
p < 0.001




	
Canopy height (cm)

	

	

	

	

	

	

	

	




	
Rayong 9

	
105 ± 6 *

	
65 ± 9

	
67 ± 17 ab

	

	
110 ± 9 a

	
48 ± 9 c

	
104 ± 22 *

	




	
Rayong 11

	
95 ± 7 *

	
65 ± 4

	
50 ± 4 c

	

	
90 ± 13 c

	
68 ± 7 b

	
97 ± 10 *

	




	
Kasetsart 50

	
97 ± 26

	
66 ± 11

	
63 ± 8 b

	

	
102 ± 5 b

	
111 ± 26 a

	
96 ± 12

	




	
CMR38-125-77

	
114 ± 14

	
67 ± 4

	
75 ± 10 a

	

	
106 ± 12 ab

	
75 ± 21 b

	
91 ± 15

	




	
F-test

	
ns

	
ns

	
p < 0.01

	

	
p < 0.01

	
p < 0.001

	
ns

	




	
mean

	
103 A

	
66 B

	
64 B

	
p < 0.01

	
102

	
75

	
97

	
ns




	
LCR (%)

	

	

	

	

	

	

	

	




	
Rayong 9

	
90.80 ± 1.84 *

	
86.08 ± 2.02 *

	
77.36 ± 3.54

	

	
28.82 ± 1.59 b

	
20.05 ± 1.88 d

	
56.51 ± 6.58

	




	
Rayong 11

	
91.65 ± 0.65 *

	
88.78 ± 11.62 *

	
77.06 ± 3.00

	

	
28.64 ± 2.78 b

	
30.20 ± 2.03 b

	
60.70 ± 1.49

	




	
Kasetsart 50

	
92.18 ± 4.42 *

	
82.89 ± 6.04 *

	
76.00 ± 5.45

	

	
28.74 ± 1.21 b

	
37.93 ± 4.28 a

	
61.93 ± 4.81

	




	
CMR38-125-77

	
93.53 ± 1.54 *

	
77.05 ± 3.27 *

	
81.88 ± 4.87

	

	
31.26 ± 2.67 a

	
27.40 ± 2.78 c

	
58.53 ± 8.54

	




	
F-test

	
ns

	
ns

	
ns

	

	
p < 0.01

	
p < 0.001

	
ns

	




	
mean

	
92.05 A

	
83.71 B

	
78.08 C

	
p < 0.001

	
29.37 B

	
28.90 B

	
59.42 A

	
p < 0.001




	
Total number of leaves

	

	

	

	

	

	

	

	




	
Rayong 9

	
70 ± 16 a

	
60 ± 19

	
54 ± 7 b

	

	
160 ± 68

	
67 ± 13 b

	
135 ± 65 *

	




	
Rayong 11

	
72 ± 16 a

	
73 ± 18

	
51 ± 6 b

	

	
291 ± 59

	
196 ± 115 a*

	
256 ± 139 *

	




	
Kasetsart 50

	
44 ± 8 b

	
46 ± 4

	
56 ± 6 b

	

	
292 ± 95

	
143 ± 61 ab*

	
154 ± 62 *

	




	
CMR38-125-77

	
77 ± 9 a

	
62 ± 24

	
68 ± 10 a

	

	
293 ± 82

	
93 ± 21 b

	
192 ± 72 *

	




	
F-test

	
p < 0.01

	
ns

	
p < 0.001

	

	
ns

	
p < 0.05

	
ns

	




	
mean

	
66

	
60

	
57

	
ns

	
259 A

	
125 B

	
184 B

	
p < 0.05




	
Internode length (cm)

	

	

	

	

	

	

	

	




	
Rayong 9

	
1.54 ± 0.26 b*

	
1.18 ± 0.38

	
1.23 ± 0.22 a

	

	
2.79 ± 0.62 a

	
0.91 ± 0.11 d

	
2.01 ± 0.55 a

	




	
Rayong 11

	
1.37 ± 0.23 b

	
0.93 ± 0.16

	
0.98 ± 0.07 b

	

	
2.23 ± 0.25 b

	
1.22 ± 0.19 c

	
1.16 ± 0.33 bc

	




	
Kasetsart 50

	
2.20 ± 0.23 a*

	
1.43 ± 0.13 *

	
1.13 ± 0.16 ab

	

	
1.37 ± 0.70 c

	
1.62 ± 0.25 b

	
1.13 ± 0.21 c

	




	
CMR38-125-77

	
1.47 ± 0.09 b

	
1.24 ± 0.45

	
1.11 ± 0.06 ab

	

	
2.41 ± 0.63 ab

	
2.04 ± 0.34 a*

	
1.41 ± 0.28 b

	




	
F-test

	
p < 0.05

	
ns

	
p < 0.05

	

	
p < 0.01

	
p < 0.001

	
p < 0.001

	




	
mean

	
1.65 A

	
1.19 B

	
1.11 B

	
p < 0.01

	
2.20 A

	
1.45 B

	
1.43 B

	
p < 0.05




	
LAI (m2 m−2)

	

	

	

	

	

	

	

	




	
Rayong 9

	
2.89 ± 0.64

	
1.96 ± 0.64

	
2.44 ± 0.58 b

	

	
5.28 ± 1.53 a

	
2.90 ± 1.37 c

	
3.14 ± 1.05 b

	




	
Rayong 11

	
3.77 ± 1.37

	
2.44 ± 0.34

	
2.46 ± 0.33 b

	

	
5.68 ± 1.94 a

	
6.43 ± 1.40 a*

	
4.19 ± 0.39 a

	




	
Kasetsart 50

	
3.09 ± 0.81

	
2.48 ± 1.18

	
1.99 ± 0.21 b

	

	
4.08 ± 1.24 b

	
4.95 ± 1.91 b

	
2.75 ± 0.85 b

	




	
CMR38-125-77

	
4.10 ± 1.68

	
2.24 ± 0.55

	
3.48 ± 0.73 a

	

	
5.01 ± 1.36 a

	
2.76 ± 0.63 c

	
1.80 ± 0.39 c

	




	
F-test

	
ns

	
ns

	
p < 0.01

	

	
p < 0.05

	
p < 0.001

	
p < 0.01

	




	
mean

	
3.46

	
2.28

	
2.59

	
ns

	
5.01

	
4.26

	
2.97

	
ns








A, B, C = means across genotypes which are significantly different among PDs; a, b, c = means across six canopy levels which are significantly different among genotypes; ns = no significant differences.
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Table 2. Leaf gas exchange parameters including net photosynthesis rate (Pn), respiration rate (R), stomatal conductance (Gs), transpiration rate (Tr), ratio between intercellular and ambient CO2 concentration (Ci/Ca), and water use efficiency (WUE) of cassava Rayong 9, Rayong 11, Kasetsart 50, and CMR38-125-77 planted in April (Hot PD), June (Rainy PD), November (Cool PD1), and December (Cool PD2) in 2015. Mean values were from six canopy levels of six plants of each genotype. Significantly different means among genotypes were denoted with different lower case letters, whereas those among PDs were represented by different capital letters. Means that were significantly different (p < 0.05) between 3- and 6-month-old plants of the same PDs are denoted with *.
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Genotype

	
Three-Month-Old Plant

	
Six-Month-Old Plant




	
Rainy PD

(Jun–Sep)

	
Cool PD1

(Nov–Feb)

	
Cool PD2

(Dec–Mar)

	
Critical-p Value

	
Hot PD

(Apr–Oct)

	
Rainy PD

(Jun–Dec)

	
Cool PD1

(Nov–May)

	
Critical-p Value






	
Pn

(µmol CO2 m−2 s−1)

	

	

	

	

	

	

	

	




	
Rayong 9

	
22.43 ± 7.42 *

	
15.81 ± 3.61 *

	
16.71 ± 6.67

	

	
17.94 ± 9.45

	
17.95 ± 5.78 a

	
12.60 ± 7.67

	




	
Rayong 11

	
23.13 ± 6.47 *

	
15.32 ± 5.08

	
18.42 ± 6.34

	

	
17.58 ± 8.74

	
12.92 ± 7.74 b

	
13.15 ± 7.68

	




	
Kasetsart 50

	
22.18 ± 6.40 *

	
16.59 ± 4.01 *

	
17.47 ± 7.00

	

	
15.78 ± 9.08

	
8.93 ± 5.47 c

	
12.72 ± 7.49

	




	
CMR38-125-77

	
24.95 ± 6.03 *

	
16.24 ± 5.58

	
19.41 ± 5.99

	

	
18.37 ± 9.50

	
9.51 ± 4.51 c

	
14.37 ± 6.40

	




	
F-test

	
ns

	
ns

	
ns

	

	
ns

	
p > 0.001

	
ns

	




	
mean

	
23.17 A

	
15.99 B

	
18.00 B

	
p < 0.001

	
17.42 A

	
12.33 B

	
13.31 B

	
p < 0.01




	
R

(µmol CO2 m−2 s−1)

	

	

	

	

	

	

	

	




	
Rayong 9

	
2.79 ± 1.13 b*

	
2.98 ± 1.45 ab*

	
2.87 ± 0.97 a

	

	
2.22 ± 1.33

	
1.62 ± 0.70

	
2.22 ± 1.48

	




	
Rayong 11

	
3.42 ± 1.15 a*

	
3.48 ± 1.03 a*

	
3.22 ± 1.48 a

	

	
1.90 ± 1.40

	
1.93 ± 0.88

	
1.92 ± 1.07

	




	
Kasetsart 50

	
2.25 ± 0.77 b*

	
2.71 ± 0.99 b*

	
2.04 ± 0.71 b

	

	
1.49 ± 0.80

	
1.48 ± 0.68

	
1.67 ± 1.24

	




	
CMR38-125-77

	
2.51 ± 1.01 b*

	
2.58 ± 0.95 b*

	
2.34 ± 0.73 b

	

	
1.68 ± 1.14

	
2.05 ± 0.70

	
1.74 ± 1.08

	




	
F-test

	
p < 0.05

	
ns

	
p < 0.01

	

	
ns

	
ns

	
ns

	




	
mean

	
2.74

	
2.94

	
2.62

	
ns

	
1.82

	
1.77

	
1.89

	
ns




	
Gs

(mol H2O m−2 s−1)

	

	

	

	

	

	

	

	




	
Rayong 9

	
0.49 ± 0.24 *

	
0.18 ± 0.07

	
0.33 ± 0.25

	

	
0.32 ± 0.23

	
0.21 ± 0.09 a

	
0.15 ± 0.13

	




	
Rayong 11

	
0.57 ± 0.23 *

	
0.22 ± 0.09

	
0.37 ± 0.20

	

	
0.25 ± 0.17

	
0.11 ± 0.09 b

	
0.17 ± 0.16

	




	
Kasetsart 50

	
0.44 ± 0.18 *

	
0.20 ± 0.07

	
0.26 ± 0.18

	

	
0.29 ± 0.24

	
0.07 ± 0.05 c

	
0.20 ± 0.21

	




	
CMR38-125-77

	
0.62 ± 0.20 *

	
0.20 ± 0.10

	
0.34 ± 0.16

	

	
0.29 ± 0.24

	
0.06 ± 0.04 c

	
0.17 ± 0.13

	




	
F-test

	
ns

	
ns

	
ns

	

	
ns

	
p > 0.001

	
ns

	




	
mean

	
0.53 A

	
0.20 C

	
0.32 B

	
p < 0.001

	
0.30 A

	
0.11 C

	
0.17 B

	
p < 0.001




	
Tr

(mmol H2O m−2 s−1)

	

	

	

	

	

	

	

	




	
Rayong 9

	
6.87 ± 2.19 *

	
4.78 ± 1.38 *

	
5.11 ± 1.91 bc

	

	
4.46 ± 2.28 a

	
1.69 ± 0.56 b

	
2.91 ± 1.98

	




	
Rayong 11

	
8.26 ± 1.73 *

	
4.39 ± 1.78 *

	
7.75 ± 1.88 a

	

	
1.69 ± 0.95 b

	
2.46 ± 1.53 a

	
2.41 ± 1.73

	




	
Kasetsart 50

	
7.32 ± 1.92 *

	
4.62 ± 1.18 *

	
4.90 ± 1.62 c

	

	
1.62 ± 0.95 b

	
0.94 ± 0.55 c

	
2.12 ± 1.59

	




	
CMR38-125-77

	
8.48 ± 1.59 *

	
4.40 ± 1.42 *

	
6.31 ± 1.50 ab

	

	
1.60 ± 0.87 b

	
1.15 ± 0.58 c

	
2.90 ± 1.69

	




	
F-test

	
ns

	
ns

	
p < 0.05

	

	
p > 0.001

	
p > 0.001

	
ns

	




	
mean

	
7.73 A

	
4.55 C

	
6.27 B

	
p < 0.001

	
2.34 A

	
1.56 B

	
2.59 A

	
p < 0.01




	
Ci/Ca

	

	

	

	

	

	

	

	




	
Rayong 9

	
0.72 ± 0.08 *

	
0.56 ± 0.06

	
0.69 ± 0.15

	

	
0.66 ± 0.08

	
0.58 ± 0.08 a

	
0.52 ± 0.17 b

	




	
Rayong 11

	
0.75 ± 0.06 *

	
0.62 ± 0.07

	
0.72 ± 0.12

	

	
0.71 ± 0.16

	
0.43 ± 0.09 b

	
0.68 ± 0.28 a

	




	
Kasetsart 50

	
0.70 ± 0.07 *

	
0.58 ± 0.05

	
0.58 ± 0.11

	

	
0.67 ± 0.12

	
0.34 ± 0.09 c

	
0.56 ± 0.24 ab

	




	
CMR38-125-77

	
0.75 ± 0.06 *

	
0.58 ± 0.08 *

	
0.69 ± 0.06

	

	
0.64 ± 0.12

	
0.30 ± 0.07 c

	
0.50 ± 0.19 b

	




	
F-test

	
ns

	
ns

	
ns

	

	
ns

	
p > 0.001

	
p < 0.05

	




	
mean

	
0.73 A

	
0.59 C

	
0.67 B

	
p < 0.01

	
0.67 A

	
0.41 C

	
0.57 B

	
p < 0.001




	
WUE

(µmol CO2 mmol H2O−1)

	

	

	

	

	

	

	

	




	
Rayong 9

	
3.34 ± 0.78

	
3.38 ± 0.44

	
3.23 ± 0.55 ab

	

	
3.96 ± 0.47 b

	
10.35 ± 0.89 a*

	
5.35 ± 1.40 *

	




	
Rayong 11

	
2.79 ± 0.46

	
2.77 ± 0.72

	
2.14 ± 0.50 c

	

	
10.94 ± 2.01 a

	
5.25 ± 0.73 c*

	
6.85 ± 2.63 *

	




	
Kasetsart 50

	
3.05 ± 0.47

	
3.63 ± 0.49

	
3.75 ± 0.43 a

	

	
9.56 ± 2.68 a

	
9.82 ± 2.53 ab*

	
4.89 ± 1.68 *

	




	
CMR38-125-77

	
2.95 ± 0.54

	
3.69 ± 0.52

	
3.00 ± 0.67 bc

	

	
11.91 ± 3.09 a

	
8.71 ± 1.83 b*

	
5.25 ± 1.85 *

	




	
F-test

	
ns

	
ns

	
p < 0.05

	

	
p < 0.01

	
p > 0.001

	
ns

	




	
mean

	
3.03

	
3.37

	
3.04

	
ns

	
9.09 A

	
8.53 A

	
5.49 B

	
p < 0.001








A, B, C = means across genotypes which are significantly different among PDs; a, b, c = means across six canopy levels which are significantly different among genotypes; ns = no significant differences.
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Table 3. Net photosynthetic rate at light saturation (Pn(Imax)), light compensation point (Icomp), light saturation (Imax), and apparent quantum yield (AQE) of cassava predicted from the light response curves constructed from leaves at three canopy levels (upper leaves, Level B; middle leaves, Level D; and lower leaves, Level F) of the 3- and 6-month-old cassava plants. Means that were significantly different (p < 0.05) among genotypes are denoted with different lower case letters, and those among PDs by different capital letters. The significant differences (p < 0.05) between the 3- and 6-month-old plants in the same PD are denoted with *.






Table 3. Net photosynthetic rate at light saturation (Pn(Imax)), light compensation point (Icomp), light saturation (Imax), and apparent quantum yield (AQE) of cassava predicted from the light response curves constructed from leaves at three canopy levels (upper leaves, Level B; middle leaves, Level D; and lower leaves, Level F) of the 3- and 6-month-old cassava plants. Means that were significantly different (p < 0.05) among genotypes are denoted with different lower case letters, and those among PDs by different capital letters. The significant differences (p < 0.05) between the 3- and 6-month-old plants in the same PD are denoted with *.





	
Leaf Level

	
Genotype

	
Three-Month-Old Plant

	
Six-Month-Old Plant




	
Rainy PD

(Jun–Sep)

	
Cool PD1

(Nov–Feb)

	
Cool PD2

(Dec–Mar)

	
Hot PD

(Apr–Oct)

	
Rainy PD

(Jun–Dec)

	
Cool PD1

(Nov–May)






	
Pn(Imax)

(µmol CO2 m−2 s−1)

	

	

	

	

	

	




	
Level B

	
Rayong 9

	
33.47 ± 2.18 A*

	
20.91 ± 1.67 B

	
25.76 ± 5.29 B

	
30.96 ± 1.63 A

	
25.19 ± 1.61 aB

	
29.16 ± 2.74 A*




	
Rayong 11

	
31.91 ± 1.86 A*

	
23.15 ± 3.13 B

	
24.69 ± 1.66 B

	
30.45 ± 1.39 A

	
24.03 ± 3.08 aB

	
24.42 ± 3.86 B




	
Kasetsart 50

	
30.37 ± 1.34 A*

	
20.46 ± 3.66 B

	
21.83 ± 3.15 B

	
28.45 ± 1.29

	
27.24 ± 1.54 a

	
23.93 ± 4.07




	
CMR38-125-77

	
32.43 ± 1.96 A*

	
21.26 ± 1.72 C

	
27.82 ± 1.91 B

	
29.85 ± 2.94 A

	
16.97 ± 3.60 bC

	
23.64 ± 2.39 B




	

	
mean

	
32.05 A

	
21.45 C

	
25.03 B

	
29.93 A

	
23.36 B

	
25.29 B




	
Level D

	
Rayong 9

	
31.82 ± 3.33 aA*

	
20.29 ± 2.23 B

	
24.40 ± 3.04 abB

	
21.94 ± 5.99

	
15.87 ± 3.98 a

	
21.72 ± 3.59




	
Rayong 11

	
29.24 ± 2.20 abA*

	
22.68 ± 1.76 B

	
26.92 ± 0.54 abA

	
19.53 ± 2.97

	
14.25 ± 1.26 ab

	
17.20 ± 4.71




	
Kasetsart 50

	
25.51 ± 3.35 bA*

	
18.86 ± 3.24 B

	
23.61 ± 1.27 bA

	
20.23 ± 1.17 A

	
8.95 ± 2.26 bB

	
19.19 ± 4.85 A




	
CMR38-125-77

	
26.28 ± 1.00 abA*

	
21.49 ± 1.85 B*

	
28.68 ± 3.12 aA

	
20.97 ± 3.23

	
20.40 ± 4.41 a

	
15.98 ± 3.47




	

	
mean

	
28.22 A

	
20.83 C

	
25.91 B

	
20.68 A

	
14.87 B

	
18.53 A




	
Level F

	
Rayong 9

	
17.18 ± 3.60 a

	
12.65 ± 2.93

	
14.34 ± 3.31

	
13.04 ± 4.07

	
9.98 ± 4.20 a

	
10.25 ± 2.95 a




	
Rayong 11

	
17.36 ± 1.72 aA*

	
11.50 ± 2.73 B*

	
11.08 ± 1.16 B

	
9.67 ± 2.49 A

	
4.62 ± 1.89 bB

	
3.87 ± 1.30 bB




	
Kasetsart 50

	
21.06 ± 1.33 aA*

	
14.97 ± 2.23 B*

	
10.86 ± 2.06 C

	
10.70 ± 2.46

	
7.00 ± 2.54 a

	
6.65 ± 1.56 ab




	
CMR38-125-77

	
9.86 ± 2.42 bB

	
14.48 ± 2.42 A*

	
14.13 ± 2.04 A

	
13.71 ± 2.15 A

	
12.80 ± 2.10 aA

	
8.54 ± 3.48 abB




	

	
mean

	
16.37 A

	
13.41 B

	
12.61 B

	
11.79 A

	
8.60 B

	
7.33 B




	
Icomp

(µmol photon m−2 s−1)

	

	

	

	

	

	




	
Level B

	
Rayong 9

	
33.09 ± 8.48 C

	
70.28 ± 6.33 aA*

	
50.64 ± 9.73 B

	
41.21 ± 4.57 A

	
25.29 ± 2.30 abB

	
49.04 ± 7.06 A




	
Rayong 11

	
35.92 ± 8.20 B*

	
74.12 ± 8.03 aA*

	
49.88 ± 9.90 B

	
30.27 ± 11.83 AB

	
16.72 ± 10.01 bB

	
38.80 ± 4.92 A




	
Kasetsart 50

	
39.98 ± 6.17*

	
55.61 ± 13.47 b

	
38.81 ± 12.95

	
41.63 ± 10.61

	
30.81 ± 2.91 a

	
42.99 ± 16.05




	
CMR38-125-77

	
33.24 ± 10.36 B

	
55.55 ± 7.13 bA

	
42.04 ± 7.58 AB

	
38.74 ± 5.06

	
35.92 ± 7.89 a

	
38.38 ± 12.21




	

	
mean

	
35.56 C

	
63.89 A

	
45.35 B

	
37.97 A

	
27.19 B

	
42.30 A




	
Level D

	
Rayong 9

	
24.81 ± 2.27 aB

	
40.60 ± 9.16 A

	
31.41 ± 6.65 AB

	
24.83 ± 5.95 aAB

	
16.75 ± 9.31 bB

	
36.32 ± 6.13 A




	
Rayong 11

	
21.02 ± 2.32 abB

	
51.47 ± 5.79 A*

	
30.93 ± 10.41 B

	
8.75 ± 5.53 bB

	
18.98 ± 8.00 abAB

	
27.43 ± 10.88 A




	
Kasetsart 50

	
24.79 ± 11.07 a

	
36.15 ± 11.47

	
36.41 ± 4.05

	
23.15 ± 6.720 a

	
22.55 ± 3.79 ab

	
27.89 ± 14.03




	
CMR38-125-77

	
8.19 ± 5.12 bB

	
36.78 ± 9.92 A*

	
35.60 ± 5.74 A

	
30.20 ± 5.25 aAB

	
34.92 ± 10.95 aA*

	
15.26 ± 11.32 B




	

	
mean

	
19.71 C

	
41.25 A

	
33.59 B

	
21.74

	
23.31

	
26.73




	
Level F

	
Rayong 9

	
19.69 ± 2.57 ab

	
31.10 ± 13.15

	
24.02 ± 7.88

	
15.12 ± 2.28 B

	
13.33 ± 5.87 B

	
21.98 ± 3.07 A




	
Rayong 11

	
15.02 ± 7.82 bB

	
39.82 ± 11.44 A*

	
24.54 ± 7.21 B

	
8.45 ± 9.77

	
16.32 ± 10.47

	
16.68 ± 13.74




	
Kasetsart 50

	
28.46 ± 8.37 a

	
28.35 ± 10.68

	
23.14 ± 8.34

	
21.22 ± 10.64

	
23.64 ± 6.67

	
25.33 ± 14.84




	
CMR38-125-77

	
9.48 ± 3.18 bB

	
27.36 ± 8.98 A*

	
31.60 ± 5.65 A

	
24.32 ± 16.28

	
17.78 ± 3.57*

	
9.21 ± 10.67




	

	
mean

	
18.17 B

	
31.66 A

	
25.83 A

	
17.28

	
17.77

	
18.31




	
Imax

(µmol photon m−2 s−1)

	

	

	

	

	

	




	
Level B

	
Rayong 9

	
1950 ± 0.00

	
1950 ± 0.00

	
1944 ± 11.0

	
1950 ± 0.00

	
1950 ± 0.00

	
1950 ± 0.00




	
Rayong 11

	
1950 ± 0.00

	
1950 ± 0.00

	
1950 ± 0.00

	
1950 ± 0.00

	
1950 ± 0.00

	
1833 ± 233




	
Kasetsart 50

	
1950 ± 0.00

	
1950 ± 0.00

	
1923 ± 53.0

	
1950 ± 0.00

	
1950 ± 0.00

	
1895 ± 109




	
CMR38-125-77

	
1950 ± 0.00

	
1862 ± 105

	
1934 ± 32.0

	
1950 ± 0.00

	
1912 ± 75.0

	
1847 ± 119




	

	
mean

	
1950

	
1928

	
1938

	
1950 A

	
1941 A

	
1882 B




	
Level D

	
Rayong 9

	
1950 ± 0.00

	
1950 ± 0.00

	
1950 ± 0.00

	
1922 ± 56.0

	
1639 ± 261 a

	
1768 ± 363




	
Rayong 11

	
1950 ± 0.00*

	
1950 ± 0.00

	
1950 ± 0.00

	
1429 ± 302

	
1371 ± 333 ab

	
1448 ± 367




	
Kasetsart 50

	
1853 ± 149*

	
1831 ± 237

	
1950 ± 0.00

	
1604 ± 253 A

	
903 ± 134 bB

	
1709 ± 350 A




	
CMR38-125-77

	
1878 ± 138

	
1950 ± 0.00

	
1950 ± 0.00

	
1613 ± 239

	
1802 ± 296 a

	
1404 ± 407




	

	
mean

	
1907

	
1920

	
1950

	
1642

	
1429

	
1583




	
Level F

	
Rayong 9

	
1540 ± 182 a

	
1479 ± 160*

	
1152 ± 332

	
1294 ± 162

	
1169 ± 487 ab

	
816 ± 310




	
Rayong 11

	
1558 ± 330 a*

	
1485 ± 489*

	
976 ± 690

	
769 ± 388

	
513 ± 231 b

	
474 ± 114




	
Kasetsart 50

	
1754 ± 236 aA*

	
1555 ± 296 A*

	
995 ± 690 B

	
754 ± 87

	
580 ± 338 b

	
503 ± 103




	
CMR38-125-77

	
763 ± 196 bB

	
1368 ± 359 A*

	
1227 ± 294 AB

	
1151 ± 446 B

	
1758 ± 323 aA*

	
480 ± 341 C




	

	
mean

	
1404 A

	
1472 A

	
1088 B

	
1144 A

	
1006 A

	
569 B




	
AQE

(μmolCO2 μmol photon−1)

	

	

	

	

	

	




	
Level B

	
Rayong 9

	
0.063 ± 0.001 A

	
0.049 ± 0.003 cC

	
0.057 ± 0.002 B

	
0.058 ± 0.003 b

	
0.063 ± 0.003 b

	
0.064 ± 0.009*




	
Rayong 11

	
0.065 ± 0.005

	
0.061 ± 0.005 b

	
0.056 ± 0.005

	
0.070 ± 0.003 aAB

	
0.080 ± 0.013 aA

	
0.061 ± 0.005 B




	
Kasetsart 50

	
0.063 ± 0.003 B

	
0.079 ± 0.007 aA*

	
0.053 ± 0.005 C

	
0.065 ± 0.006 a

	
0.061 ± 0.004 b

	
0.054 ± 0.007




	
CMR38-125-77

	
0.067 ± 0.008

	
0.056 ± 0.007 b

	
0.083 ± 0.036

	
0.063 ± 0.005 ab

	
0.060 ± 0.013 b

	
0.052 ± 0.003




	

	
mean

	
0.065

	
0.062

	
0.063

	
0.064 AB

	
0.067 A

	
0.058 B




	
Level D

	
Rayong 9

	
0.064 ± 0.001 A

	
0.058 ± 0.002 bB

	
0.060 ± 0.003 B

	
0.066 ± 0.005

	
0.075 ± 0.020

	
0.066 ± 0.017




	
Rayong 11

	
0.068 ± 0.009

	
0.062 ± 0.009 b

	
0.059 ± 0.003

	
0.065 ± 0.003

	
0.108 ± 0.043

	
0.072 ± 0.006




	
Kasetsart 50

	
0.061 ± 0.002 B

	
0.087 ± 0.011 aA*

	
0.062 ± 0.004 B

	
0.064 ± 0.010

	
0.075 ± 0.016

	
0.059 ± 0.007




	
CMR38-125-77

	
0.060 ± 0.004

	
0.058 ± 0.006 b

	
0.065 ± 0.005

	
0.061 ± 0.002

	
0.068 ± 0.004*

	
0.062 ± 0.021




	

	
mean

	
0.064

	
0.067

	
0.062

	
0.064 B

	
0.082 A

	
0.065 B




	
Level F

	
Rayong 9

	
0.060 ± 0.009

	
0.057 ± 0.010 b

	
0.055 ± 0.005

	
0.069 ± 0.010

	
0.060 ± 0.013

	
0.053 ± 0.008




	
Rayong 11

	
0.066 ± 0.006

	
0.053 ± 0.009 b

	
0.056 ± 0.007

	
0.049 ± 0.008

	
0.069 ± 0.021

	
0.058 ± 0.015




	
Kasetsart 50

	
0.061 ± 0.003 B

	
0.089 ± 0.010 aA*

	
0.052 ± 0.005 B

	
0.051 ± 0.008

	
0.053 ± 0.007

	
0.050 ± 0.002




	
CMR38-125-77

	
0.057 ± 0.006*

	
0.056 ± 0.009 b

	
0.061 ± 0.004

	
0.059 ± 0.017

	
0.041 ± 0.011

	
0.050 ± 0.010




	

	
mean

	
0.062

	
0.064

	
0.056

	
0.058

	
0.056

	
0.053








A, B, C = means across genotypes which are significantly different among PDs; a, b, c = means across six canopy levels which are significantly different among genotypes.
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Table 4. Means total Chl, Chl a, Chl b, and Chl a/b across six canopy levels of 3- and 6- month-old cassava plants. Four cassava genotypes including Rayong 9, Rayong 11, Kasetsart 50, and CMR38-125-77 were planted in April (Hot PD), June (Rainy PD), November (Cool PD1), and December (Cool PD2) in 2015. Mean ± SD were from 18 measurements (six canopy levels x three plants). Means that were significantly different (p < 0.05) among genotypes are denoted with different lower case letters, whereas those among PDs are represented by different capital letters. The significant differences (p < 0.05) between the 3- and 6-month-old plants in the same PD are denoted with *.
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Genotype

	
Three-Month-Old Plant

	
Six-Month-Old Plant




	
Rainy PD

(Jun–Sep)

	
Cool PD1

(Nov–Feb)

	
Cool PD2

(Dec–Mar)

	
Hot PD

(Apr–Oct)

	
Rainy PD

(Jun–Dec)

	
Cool PD1

(Nov–May)






	
Total Chl

(mg g−1)

	

	

	

	

	

	




	
Rayong 9

	
3.71 ± 0.59 B*

	
4.35 ± 0.57 bA

	
3.75 ± 0.55 aB

	
4.07 ± 0.80 bA

	
2.76 ± 0.47 cB

	
3.92 ± 0.84 A




	
Rayong 11

	
3.89 ± 0.92 B

	
5.33 ± 0.70 aA

	
3.87 ± 0.59 aB

	
4.91 ± 1.05 aA

	
3.37 ± 0.38 aC

	
4.18 ± 0.78 B




	
Kasetsart 50

	
3.40 ± 0.63 AB

	
3.82 ± 0.54 cA

	
3.32 ± 0.44 bB

	
4.04 ± 0.77 bA

	
3.27 ± 0.27 abB

	
4.05 ± 1.20 A




	
CMR38-125-77

	
4.02 ± 0.78 *

	
3.96 ± 0.44 bc

	
3.66± 0.49 ab

	
3.51 ± 0.89 bA

	
2.94 ± 0.40 bcB

	
3.67 ± 0.62 A




	
mean

	
3.76 B

	
4.37 A

	
4.13 B

	
4.13 A

	
3.08 B

	
3.95 A




	
Chl a

(mg g−1)

	

	

	

	

	

	




	
Rayong 9

	
2.93 ± 0.45 abB*

	
3.40 ± 0.44 bA*

	
2.90 ± 0.43 abB

	
3.11 ± 0.64 bA

	
2.18 ± 0.39 cB

	
2.98 ± 0.64 A




	
Rayong 11

	
3.10 ± 0.68 abB*

	
4.06 ± 0.57 aA*

	
2.98 ± 0.48 aB

	
3.76 ± 0.79 aA

	
2.62 ± 0.33 aC

	
3.17 ± 0.62 B




	
Kasetsart 50

	
2.64 ± 0.52 bAB

	
2.98 ± 0.43 bA

	
2.57 ± 0.37 bB

	
3.07 ± 0.54 bAB

	
2.58 ± 0.23 abB

	
3.11 ± 0.93 A




	
CMR38-125-77

	
3.16 ± 0.63 a*

	
3.09 ± 0.49 b

	
2.87 ± 0.40 ab

	
2.69 ± 0.64 bAB

	
2.33 ± 0.34 bcB

	
2.83 ± 0.50 A




	
mean

	
2.92 B

	
3.39 A

	
3.16 B

	
3.16 A

	
2.43 B

	
3.02 A




	
Chl b (mg g−1)

	

	

	

	

	

	




	
Rayong 9

	
0.85 ± 0.16 *

	
0.96 ± 0.15 b

	
0.85 ± 0.12 a

	
0.96 ± 0.19 abA

	
0.58 ± 0.09 bB

	
0.94 ± 0.22 A




	
Rayong 11

	
0.88 ± 0.22 B*

	
1.26 ± 0.24 aA*

	
0.89 ± 0.12 aB

	
1.14 ± 0.28 aA

	
0.75 ± 0.09 aB

	
1.01 ± 0.21 A




	
Kasetsart 50

	
0.76 ± 0.12 AB*

	
0.84 ± 0.12 bA

	
0.73 ± 0.12 bB

	
0.97 ± 0.25 abA

	
0.68 ± 0.10 aB

	
0.94 ± 0.28 A




	
CMR38-125-77

	
0.86 ± 0.16 AB*

	
0.94 ± 0.22 bA

	
0.78 ± 0.09b bB

	
0.82 ± 0.31 bA

	
0.61 ± 0.06 bB

	
0.84 ± 0.16 A




	
mean

	
0.84 B

	
1.00 A

	
0.97 B

	
0.97 A

	
0.65 B

	
0.93 A




	
Chl a/b

	

	

	

	

	

	




	
Rayong 9

	
3.46 ± 0.27

	
3.58 ± 0.28 *

	
3.41 ± 0.21

	
3.26 ± 0.44 B

	
3.77 ± 0.37 A

	
3.21± 0.41 B




	
Rayong 11

	
3.43 ± 0.30

	
3.22 ± 0.41

	
3.36 ± 0.27

	
3.34 ± 0.40

	
3.53 ± 0.39

	
3.19 ± 0.64




	
Kasetsart 50

	
3.45 ± 0.25

	
3.55 ± 0.20

	
3.65 ± 0.82

	
3.24 ± 0.43 B

	
3.85 ± 0.63 A*

	
3.32 ± 0.31 B




	
CMR38-125-77

	
3.67 ± 0.24 A

	
3.39 ± 0.43 B

	
3.65 ± 0.16 A

	
3.37 ± 0.63

	
3.83 ± 0.33

	
3.42 ± 0.54




	
mean

	
3.52

	
3.44

	
3.33

	
3.30 B

	
3.75 A

	
3.28 B








A, B, C = means which are significantly different among PDs; a, b, c = means which are significantly different among genotypes.
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