
		
			[image: 1.png]
		

	
		
			Research Article

		

		
			Density and Yield of Rice (Oryza Sativa L.) Crop Comparing Two Sowing Methods With Satellite Monitoring

		

		
			Juan Gonzalo Ardila Marín1, Diana Carolina Polania Montiel2, Luis Manuel Navas Gracia3, Jordan Alexis Castillo Coronado4 and Jean Carlos Acosta Vargas5*

			1Programa Ingeniería agrícola, Facultad de Ingeniería, Universidad Surcolombiana, Neiva, Colombia; 2Programa Ingeniería agrícola, Facultad de Ingeniería, Universidad Surcolombiana, Neiva, Colombia; 3Doctorado en Ciencia e Ingeniería Agroalimentaria y de Biosistemas Universidad de Valladolid, Palencia, España; Programa; 4Ingeniería agrícola, Facultad de Ingeniería, Universidad Surcolombiana, Neiva, Colombia; 5Programa Ingeniería agrícola, Facultad de Ingeniería, Universidad Surcolombiana, Neiva, Colombia. 

		

		
			Abstract | The sustainability of rice cultivation (Oryza sativa L.) is adversly affected by current production practices and technologies, resulting in high costs and inefficient use of resources. This reality has driven the implementation of cultivation techniques such as mechanised and direct seeding. Accordingly, this project conducted manual phenological monitoring and satellite imagery tracking of two experimental plots at the USCO Farm in Palermo (Huila), where 150 kg ha-1 paddy was sown using two different techniques: direct seeding on wet soil by broadcasting and mechanised direct seeding on dry soil. For comparison, monitoring was carried out at nine random points in each plot, where phenological sampling was performed through counts, height measurements, and threshing at maturity. In parallel with this monitoring, satellite images and the normalised difference vegetation index (NDVI) and green NDVI (GNDVI) spectral vegetation indices were used to corroborate differences in the plots. The results showed that 156 plants m-2 germinated in the broadcast plot, while 218 plants m-2 germinated in the mechanised plot. Phenological monitoring indicated greater vigour and better development in the mechanised plot, but the lower sowing density in the broadcast plot allowed for better panicle formation and grain filling, leading to similar production. Mechanised seeding with a lower seed rate is recommended so that plants can better utilise aerial space and available soil resources.
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			Introduction

			A sustainable supply of rice (Oryza sativa L.) must be ensured because it is a staple food crop that provides nutrition to more than 50% of the world’s population, and there has been a significant decline in its productivity due to climate change (Jat et al., 2022; Yawata et al., 2019). Economic factors and technological opportunities have led to a shift from transplanting methods to direct seeding methods, including the cost of labour, the availability of short-duration rice varieties, and chemical methods for weed control (Negi et al., 2024). Direct seeding methods have played a crucial role in the intensification of rice systems and are considered a sustainable strategy for resilience under adverse climatic conditions. Additionally, dry seeding methods can help achieve greater water use efficiency (Jat et al., 2022; Singh et al., 2023). The traditional method for dry direct seeding is manual broadcasting on tilled soil, which often requires a lot of labour and can create a potential bottleneck for timely crop establishment. Mechanical row seeding (i.e., using some type of mechanical implement to place the seed below the soil surface) can reduce labour requirements and improve emergence by placing seeds at a more uniform depth (Ahmed et al., 2025; Andriatsiorimanana et al., 2024). However, Fukai et al. (2019) explain that the labour-saving advantage of mechanised seeding is over manual transplanting, being more costly than broadcasting, but it requires less seed (40 to 50 kg ha-1) compared to 120 kg ha-1 with broadcasting. Additionally, since the plants are established in rows, it facilitates weeding and reduces weed problems compared to broadcasting. Mechanisation is necessary for rice production to reduce production costs and promote efficiency (He et al., 2022; Shi et al., 2021). Thus, an imminent water crisis, rising labour costs, and the development of seeders have driven the gradual expansion of the area under mechanised dry direct seeding (Abanco and Valle, 2020; Tian et al., 2011).

			For rice, planting density is a key factor in plant growth. A low density reduces above-ground and below-ground competition among plants, providing the opportunity to increase their supply of solar energy and nutrients, enhancing their growth – not per unit area of land as there are still fewer plants, but with larger individual size (Das et al., 2020; Shimono, 2011). According to (Hayashi et al., 2006), rice at a lower density is less sensitive to water deficit due to its deeper and thicker roots that can extract more water from a deeper soil layer. Therefore, in non-flooded rice fields, a lower planting density could be suitable to increase grain yield (Gai et al., 2025). Rice yield is positively related to the number of panicles, which is determined by the number of tillers that develop during the vegetative stage (Zhang et al., 2025). Planting density is a factor that influences tiller production in rice (Gai et al., 2025; Zhu, 2025). Generally, increasing density leads to a higher number of plants per unit area of land, while the Leaf Area Index (LAI) has a negative effect on tillering. A high LAI associated with high planting density can cause a low number of tillers (Zhang et al., 2025; Zhong et al., 2002).

			It is important to provide rice producers with a tool that allows for the comparison between actual and estimated yields, enabling precise, rapid, and economical estimations, knowing that manual surveys require a significant amount of effort and time (Yawata et al., 2019). Over the years, many methodologies for estimating rice yield using images and spectral vegetation indices have been studied. Wang et al. (2017) analysed the ability to estimate the Leaf Area Index (LAI) of various Normalized Difference Vegetation Index (NDVI) established by substituting the Red Band of the General NDVI with all possible combinations of red, green, and blue bands. They used data from rice (Oryza sativa L.) under different conditions. The comparison showed that Green NDVI (GNDVI) and Green-Blue NDVI (GBNDVI) had the best relationships with LAI. (Kimura et al. 2004) tested these indices with the Vegetation Index for Chlorophyll Concentration (VICC) in addition to LAI. The study by Tian et al. (2011) did the same but in estimating Leaf Nitrogen Concentration (Leaf Nitrogen Concentration – LNC) with multiple field experiments on rice with different nitrogen rates, using non-destructive and rapid evaluation enabled by various hyperspectral vegetation indices. Phadikar and Goswami (2016) compared the effectiveness of NDVI and GNDVI in the automatic identification of rice diseases caused by the pathogens Magnaporthe grisea and Bipolaris oryzae. Cárdenas et al. (2019) used these indices to identify, during the reproductive phase, which areas of rice crops were stressed or healthy, and even the planting density, employing images obtained with cameras installed on drones, as did Candiago et al. (2015), while Yawata et al. (2019) used the same indices to evaluate yield but from satellite images.

			Considering the widespread acceptance of using NDVI and GNDVI in planting density and monitoring the phenological dynamics of rice cultivation, the present research conducted phenological monitoring via Sentinel-2 satellite images at three key dates of crop development and with conventional invasive and destructive trials on two experimental plots at the Experimental Farm of the University of Southern Colombia (USCO). These plots evaluated direct wet broadcasting in a plot where it was not advisable to introduce the seeder machine, against a plot where direct dry seeding was performed with the SEMEATO SSM-23 Seeder. It was verified that mechanised direct seeding caused higher planting density, but this affected grain filling, resulting in similar production. It was concluded that mechanised seeding is better but with lower density; it was also determined that monitoring with satellite images and vegetation indices is a useful, non-destructive method that is easy to implement.

			Materials and Methods

			Study area and crop management

			Figure 1 shows the experimental plots studied at the Experimental Farm of the Universidad Surcolombiana, located at coordinates 2°53’9.12”N, 75°18’26.09”Win the municipality of Palermo (Huila), in the Vereda of San Miguel, in the Irrigation District of El Juncal.
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			Figure 1: Location of experimental plots. source of reference: authors.

			Soil preparation involved three passes of disc ploughing (harrowing) to a working depth of up to 20cm, followed by two passes of micro-levelling and ridging with contour lines for the installation of flood irrigation. Four days after sowing, irrigation was applied, saturating the plot for two consecutive days with a water level maintained between 2 and 3 cm. During the vegetative stage of the rice, rapid wetting was conducted, ensuring a thin sheet of water to provide both moisture and heat to the seeds.

			The recommended sowing density was 150 kg ha-¹ using certified seed of the short-cycle variety Fedearroz FL 2020. The sowing methods evaluated in this study were (1) broadcasting, with an initial expectation of a 10% loss due to the irregularity and non-uniform germination of broadcast sowings, and (2) using a Semeato SSM-23 fine-grain mechanical seed drill. During the population count, it was considered that, according to Coronado et al. (2024), Rezaei et al. (2025) and Villalba et al. (2017), between 250 and 300 plants m-² should be established to achieve between 450 and 500 panicles m-², knowing that for the established sowing density of 150 kg ha-¹, there are an estimated 500 seeds m-².

			The fertilisation plan, weed control, fungicide applications, and the schedule of activities were uniformly implemented across the entire experimental area, as detailed in Table 1, with the only variable being the sowing technique. Due to the effectiveness of these treatments, no pests or diseases were observed that could affect the production during the project’s development

			Table 1: Fertilisation plan.

			
				
					
					
					
				
				
					
							
							Application (date)

						
							
							Product

						
							
							Dose

						
					

					
							
							First subscriber (10/01/22)

						
							
							Urea Granulated 46-0-0®

						
							
							10 g m-2

						
					

					
							
							Olafos – S®

						
							
							5 g m-2

						
					

					
							
							Agrimins Granulated ®

						
							
							5 g m-2

						
					

					
							
							Second subscriber (21/02/22)

						
							
							Urea Granulated 46-0-0®

						
							
							10 g m-2

						
					

					
							
							Olafos – S®

						
							
							5 g m-2

						
					

					
							
							KCL Granulated ®

						
							
							7.5 g m-2

						
					

					
							
							Terrabiol®

						
							
							7.5 g m-2

						
					

					
							
							Third subscriber (16/03/22)

						
							
							SAM®

						
							
							5 g m-2

						
					

					
							
							Dap Granulated ®

						
							
							10 g m-2

						
					

					
							
							KCL Granulated ®

						
							
							10 g m-2

						
					

					
							
							Sulcamag®

						
							
							5 g m-2

						
					

					
							
							Fourth subscriber (23/03/22)

						
							
							Urea Granulated 46-0-0®

						
							
							10 g m-2

						
					

					
							
							SAM®

						
							
							5 g m-2

						
					

					
							
							KCL Granulated ®

						
							
							7.5 g m-2

						
					

					
							
							Herringbone protection (24/03/22)

						
							
							Agrostick®

						
							
							0.03 cm3 m-2

						
					

					
							
							Amistar Top®

						
							
							0.05 cm3 m-2

						
					

					
							
							Cumbia (Triciclazol)®

						
							
							0.03 g m-2

						
					

					
							
							Engeo®

						
							
							0.03 cm3 m-2

						
					

				
			

			Source of reference: Authors.

			Finally, the harvest was carried out on 14/04/2022 with Massey Ferguson 5650 combine harvester with respective calibrations and field measurements.

			Experimental design 

			The working area of 1.5 ha was divided into two plots, one of 1 ha and the other of 0.5 ha, corresponding to the two sowing methods: mechanised direct seeding on dry soil (0.5 ha) and manual broadcasting on wet soil (1 ha). The size allocation was determined by the operability of the mechanised seeder, which required a minimum area to perform uniform sowing, while the broadcasting plot was adjusted to the usable space not accessible to the machine. Each plot was then subdivided into three subplots of equal area to allow for replication within treatments and to account for intra-plot variability. This subdivision also supported the spatial analysis of the vegetation indices and phenological variables. Within each subplot, three random sampling points were selected using the Conditional Latin Hypercube (cLH) algorithm, ensuring an optimal spatial distribution of sampling locations. This method preserved the randomness required for statistical validity while ensuring representativeness of each subplot (Tipas et al., 2021). In total, this design yielded 18 sampling points (3 subplots × 3 points × 2 treatments), as shown in Figure 2, which served as the basis for both destructive field measurements and remote sensing validation. The replication through subplots allowed for ANOVA-based comparison between treatments and subplots, reducing spatial bias and increasing the robustness of the results. This distribution was achieved using a free Geographic Information System (GIS) software (QGIS®) and a free software programming compiler (RStudio®). This method generates the optimal geographical distribution of continuous covariates when estimating statistical parameters from spatial data, applying a stratified random procedure, thus becoming an efficient way to sample variables over a given area (Júnior et al., 2014; Liu et al., 2015).
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			Figure 2: Phenology sampling points established by cHL. 

			Source of reference: Authors.

			In situ measurement of biophysical variables

			The yield parameters were monitored using 50x50cm gauges at the established points, according to the schedule presented in Table 2: population count and height measurement at the different stages of the crop (germination 12 days after germination (ddg), tillering 52 ddg, Stuffing 73 ddg, flowering 89 ddg, and maturity 108 ddg), while panicle count and harvest yield were carried out at the maturity stage.

			Table 2: Crop monitoring schedule.

			
				
					
					
					
				
				
					
							
							Activy

						
							
							Date

						
							
							Observation

						
					

					
							
							Sowing

						
							
							18/12/2021

						
							
					

					
							
							Initial population count

						
							
							01/01/2022

						
							
							Germination stage.

						
					

					
							
							Cane counting – Heigth measurement

						
							
							28/01/2022

						
							
							Maximum tillering: Measurement of the height of the aerial part of three random plants from the base to the highest leaf.

						
					

					
							
							First observation

						
							
							22/02/2022

						
							
							Maximum tillering: First low cloud day after maximum tillering - acquisition of satellite images for analysis.

						
					

					
							
							Cane counting – Heigth measurement

						
							
							4/03/2022

						
							
							Maximum stuffing.

						
					

					
							
							Second observation

						
							
							14/03/2022

						
							
							Maximum cloud cover: First day of low cloud cover after maximum cloud cover.

						
					

					
							
							Panicle counting – Heigth measurement

						
							
							24/03/2022

						
							
							Flowering stage: Measurement of the height of the aerial part of three random plants from the base to the last grain of the panicle.

						
					

					
							
							Third observation

						
							
							03/04/2022

						
							
							Maturity stage: Last day of low cloud cover prior to harvest.

						
					

					
							
							Cutting and shelling

						
							
							13/04/2022

						
							
							Maturity stage: The whole is husked. The empty kernels are separated. The full grains are set aside and weighed.

						
					

				
			

			Source of reference: Authors.

			Measurement of vegetation indices

			To obtain the images in the study area (Figure 1), the Land Viewer® of EOS Data Analytics was utilised to download the spectral bands available for cloud-free days, according to the temporal resolution of the Sentinel-2 sensor. Considering the phenological monitoring dates, the dates of 22 February (tillering), 14 March (Stuffing), and 3 April (maturity) were deemed suitable. Post-processing was then conducted using QGIS® software. To derive the indices, the image data were first transformed to reflectance using the Semi-Automatic Classification Plugin (SCP), followed by atmospheric correction. The Raster-Calculator and SCP tools were then employed to programme the NDVI and GNDVI index equations. Subsequently, a layer of regular points spaced every 10 metres was created to coincide with the centroids of the pixels, given the spatial resolution of the sensor used. The points established for the evaluation of the equations are presented in Figure 3.
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			Figure 3: Spectral index sampling points. 

			Source of reference: Authors.

			Among the typical vegetation spectral indices, NDVI is one of the most suitable for tracking the dynamics of vegetation development, as it measures the photosynthetically active biomass of plants. Its first use is reported by Rouse et al. (1976). NDVI is the most common vegetation index in remote sensing, with its values being most accurate in mid-crop during the active growth phase. It should not be used when the vegetation and its canopy are too sparse, as its spectral reflectance is too low, making this index quite sensitive to ground light and atmospheric effects. The model used in this study is described by Equation 1.

			[image: ]

			The GNDVI is a modification of the NDVI that also uses the near-infrared but substitutes visible green for visible red (540 to 570 nm). It measures chlorophyll content more accurately than NDVI. It is used to detect and monitor wilted or aged crops and to measure nitrogen content in leaves when an extreme red channel is not available. The model used in this study is described by Equation 2, as proposed by Gitelson et al. (1996). 

			[image: ]

			Statistical analysis

			Once the data were obtained, a box-whisker plot was created for each sample in Excel to identify and eliminate outliers. The Kolmogorov-Smirnov normality test was performed on the chosen samples, as several samples had more than 50 data points, while the Levene test was performed on the smaller samples to verify their homoscedasticity. The analysis of variance (ANOVA) enabled the identification and quantification of the effect of the experimental study with a confidence level of 95%, determining the existence of significant differences in the parameters analysed between subplots and then between treatments (plots), thus conducting a spatial and then temporal analysis. Finally, Fisher’s Least Significant Difference (LSD) was calculated between samples as a post hoc test to determine the statistical difference, and the Z-test for two-sample means was performed for large samples (Pulido and Salazar, 2008). Given the large sample sizes and the nature of satellite-derived NDVI data, the Z-test was preferred over ANOVA and Levene’s test. The Z-test is more efficient and appropriate for comparing two means when sample sizes are large and variances are stable or known, especially in remote sensing applications where data distributions are often well-behaved and homogeneity of variance is less critical. The data and the results of the different analyses carried out with Excel can be found in the annexes. 

			Results 

			Biophysical data results

			Figure 4 shows the yield curves of the crop in the two treatments of the present investigation. In the population count, the broadcast sowing density was
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			Figure 4: Yield parameters of rice crop under broadcast and mechanised sowing methods. Equal letters: no significant difference, different letters: significant difference. 

			Source of reference: Authors.

			only 125 plants m-2, whereas in the mechanised sowing, an average of 218 germinated plants were counted. An average of 534 panicles m-2 was also reported for mechanical sowing, while the results for broadcast sowing were 308 panicles m-2.

			The samples reported in Figure 4 were tested for normality, where the value of the theoretical test statistic (KSt) for nine data points was 0.273 and 0.316, and for seven data points excluding outliers was 0.303 and 0.35 for a confidence level of 95% and 90%, respectively. Specifically, the Kolmogorov-Smirnov test yielded a KSc of 0.314 for broadcast sowing and 0.145 for mechanised sowing. While mechanised sowing met the normality assumption at all tested confidence levels, broadcast sowing only satisfied the condition at α = 1.035 (KSt = 0.350), confirming the need for a higher confidence threshold due to the reduced sample size after excluding outliers. Furthermore, the ANOVA performed for the homoscedasticity test ranged between 0.134 and 0.87, ensuring that the p-value was greater than the established significance of α = 0.05. Fisher’s LSD test calculated a minimum significant difference of 29 seedlings, while the observed difference between treatments was 93 seedlings, confirming statistical significance.

			For the first tiller count, statistical analysis was conducted using 9 replicates per treatment. The Kolmogorov-Smirnov test confirmed normality for both treatments, with KSc values of 0.213 for broadcast sowing and 0.145 for mechanised sowing, both below the critical thresholds (KSt = 0.250, 0.273, and 0.316). Levene’s test for homoscedasticity yielded an F-statistic of 2.49 and a p-value of 0.134, confirming equal variances. The ANOVA test produced an F-statistic of 14.02, exceeding the critical value of 4.49, with a p-value of 0.0018, indicating a statistically significant difference in tiller count between treatments. Fisher’s LSD test calculated a minimum significant difference of 124 tillers, while the observed difference between treatments was 247 tillers, confirming statistical significance.

			For the second tiller count, statistical analysis was conducted using 9 replicates per treatment. The Kolmogorov-Smirnov test confirmed normality for both treatments, with a KSc of 0.208 for broadcast sowing and 0.134 for mechanised sowing, both below the critical thresholds at multiple confidence levels (KSt values: 0.250, 0.273, and 0.316). Levene’s test for homoscedasticity yielded an F-statistic of 0.50 and a p-value of 0.489, which did not exceed the critical value of 4.49, confirming equal variances. The ANOVA test produced an F-statistic of 17.77, exceeding the critical value of 4.49, with a p-value of 0.0007, indicating a statistically significant difference between treatments. Fisher’s LSD test calculated a minimum significant difference of 116 tillers, while the observed difference between treatments was 204 tillers, confirming statistical significance.

			For the panicle count, statistical analysis was conducted using 9 replicates per treatment. The Kolmogorov-Smirnov test confirmed normality for mechanised sowing (KSc = 0.129), and confirmed normality at α = 0.01 for broadcast sowing (KSc = 0.303), which below the critical thresholds (KSt = 0.250, 0.273, and 0.316). Levene’s test for homoscedasticity yielded an F-statistic of 0.027 and a p-value of 0.870, confirming equal variances. The ANOVA test produced an F-statistic of 15.90, exceeding the critical value of 4.49, with a p-value of 0.0011, indicating a statistically significant difference between treatments. Fisher’s LSD test calculated a minimum significant difference of 120 panicles, while the observed difference between treatments was 226 panicles, confirming statistical significance.

			On the other hand, Figure 5 presents the results in box plots and the yield parameters of the 1000-grain weight. The KSt values obtained for the normality test were 0.273 for broadcast sowing with 9 data points and 95% confidence, and 0.287 for mechanised sowing with 8 data points and 90% confidence. Meanwhile, the results of the calculated statistic (KSc) were 0.247 for broadcast sowing and 0.242 for mechanised sowing.
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			Figure 5: Box plots weight [g] of 1000 kernels. Equal letters: no significant difference, different letters: significant difference. 

			Source of reference: Authors.

			As previously described in the methodology section, yield data were obtained from a total of 18 sampling points – nine per treatment – distributed across three subplots and three sampling points per subplot. The statistical analysis included verification of ANOVA assumptions – normality via the Kolmogorov-Smirnov test and homoscedasticity via Levene’s test – as well as post-hoc comparison using Fisher’s Least Significant Difference (LSD). The results are summarised below. When extrapolating the results of the 1000 grains to bulks per hectare as shown in Figure 6, the results obtained were 93.22 and 106.73 bulks per hectare for broadcast and mechanised sowing, respectively. On the other hand, the results obtained in the ANOVA between samples were 2.64 for F and 4.49 for critical F, and in the post hoc test, an LSD of 17.63 g was calculated. For this case, a KSt of 0.273 was obtained for nine data points with 95% confidence, and for KSc, the results were 0.149 and 0.143 for broadcast and mechanised sowing, respectively. Meanwhile, for the homoscedasticity test, the p-value of the ANOVA performed on the variances was 0.7.

			Vegetation index results

			Figure 7 shows the box plots of the data observed in the two experimental plots on the 3 dates where it was possible to obtain good images. 

			In the broadcast plot, 87 points were located for satellite tracking (Figure 3), while in the mechanised plot, there were 47 points due to its smaller area. During tillering, the NDVI averages were 0.47 for broadcast sowing and 0.63 for mechanised sowing. During lodging, they rose to 0.78 and 0.84, respectively, and at maturity, they dropped to 0.68 and 0.8. The Z-statistic values between each pair of means were 10.68, 8.77, and 14.76 at each evaluation stage, respectively, with a critical F of only 1.96 for two tails at 95%.
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			Figure 6: Box plots of total yield between sub-plots: broadcast sown; mechanised sown. Equal letters: no significant difference, different letters: significant difference. 

			Source of reference: Authors.
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			Figure 7: NDVI index box plots in experimental plots during rice crop development. Equal letters: no significant difference, different letters: significant difference.

			Source of reference: Authors.

			The normality results for the samples with more than 80 data points reported a KSt of 0.095 for 95% confidence and 0.113 for 90%, and the maximum errors found were 0.058, 0.066, and 0.107. For the samples with fewer than 50 data points, the KSt was 0.13 with 95% confidence, while KSc reported values of 0.105, 0.113, and 0.126 (see Annex 4). Figure 8 shows the map of NDVI distribution at each monitoring time.
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			Figure 8: NDVI maps in experimental plots during rice crop development. 

			Source of reference: Authors.

			To assess the practical significance of the differences in NDVI values between broadcast and mechanised sowing methods, Cohen’s d was calculated for each phenological stage. This metric quantifies the magnitude of the difference between two means, normalized by the pooled standard deviation of both groups. For NDVI, the effect sizes were 0.37 at tillering (moderate), 1.63 at heading, and 2.36 at maturity (both of which are considered very large effects). These results indicate that mechanised sowing consistently produced higher NDVI values, reflecting greater vegetative vigor and canopy development. The large effect sizes at heading and maturity suggest that the differences are not only statistically significant but also agronomically meaningful, reinforcing the superiority of mechanised sowing in promoting biomass accumulation and photosynthetic activity during critical growth phases.

			Figure 9 shows the results of the monitoring of the GNDVI index. During tillering, the averages were 0.50 for broadcast sowing and 0.59 for mechanised sowing. During lodging, they increased to 0.72 and 0.82, respectively, and at maturity, they decreased to 0.68 and 0.76.
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			Figure 9: GNDVI index box plots in experimental plots during rice crop development. Equal letters: no significant difference, different letters: significant difference. 

			Source of reference: Authors.

			The critical Z value for the GNDVI index was 1.96, and the values of the Z test statistic at each evaluation stage were 9.32, 14.03, and 12.47, respectively. For samples with more than 80 data points, the critical KS was calculated between 0.095 and 0.098 for 95% confidence, with calculated KS values of 0.051, 0.069, and 0.075 at each stage, respectively. For samples with fewer than 50 data points, the critical KS was between 0.128 and 0.132 for 95% confidence, while the calculated KS values were 0.103, 0.107, and 0.108, respectively

			Cohen’s d was also applied to GNDVI values to evaluate the magnitude of differences between sowing treatments across phenological stages. GNDVI, which is more sensitive to chlorophyll content and nitrogen status, showed effect sizes of 0.24 at tillering (small), 2.60 at heading, and 2.13 at maturity (both indicating very large effects). These findings suggest that mechanised sowing substantially enhanced chlorophyll concentration and nitrogen uptake
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			Figure 10: GNDVI maps in experimental plots during rice crop development. 

			Source of reference: Authors.

			during the reproductive and senescence stages. The pronounced differences in GNDVI values highlight the physiological advantages conferred by mechanised sowing, particularly in optimizing nutrient assimilation and maintaining canopy health. The very large effect sizes confirm that the observed spectral differences are robust and agriculturally relevant, supporting the use of remote sensing indices as reliable indicators of crop performance. Figure 10 shows the map of the distribution of the GNDVI at each monitoring point.

			Discussion 

			Temporal analysis of biophysical variables. 

			Initially, the inefficiency of the broadcast sowing method was verified. The seed losses that normally occur were amplified by the phenomenon of rainfall with seed washing and by birds that consumed them as food, resulting in much lower than the expectation of at least 250 plants per square metre, phenomena already reported by Al-Khayri et al. (2019). Mechanised sowing was also considered to have low emergence, taking into account that it was estimated that approximately 500 seeds were spread per square metre. Even so, it was achieved during phenological development by exceeding 450 panicles per square metre. In the initial broadcast count, two outliers resulting from measurement errors were eliminated, while the KSc for each sample ranged between 0.129 and 0.314, always lower than the theoretical one (KSt), so the normal distribution hypothesis was accepted. Furthermore, the KSc values ranged between 14.02 and 42.54, always higher and therefore statistically different. Fisher’s LSD was also calculated for each pair, and it was verified that the difference between samples always exceeded it (see Annex 1).

			Figure 4 shows that the measurements corresponding to the mechanised sowing treatment represent higher yields compared to broadcast sowing, as mentioned by Vance et al. (2021). For greater clarity, Table 3 shows the relationships between the initial plant count and the counts of tillers and panicles. It can be seen how the indicator increases with each measurement and how they are similar. This is due, initially, to the number of plants that germinated. However, it is difficult to explain considering that both treatments received the same fertilisation and irrigation management, and it is possible that the lack of uniformity in the distribution of the plants in the broadcast sowing treatment had a negative influence on this aspect, coinciding with what was found by Thet (2019). 

			Table 3: Ratio of increment of tillers and/or panicles against initial plant count.

			
				
					
					
					
				
				
					
							
							Factor

						
							
							Broadcasting 

						
							
							Mechanised 

						
					

					
							
							Macrolling 1

						
							
							1.45

						
							
							1.77

						
					

					
							
							Macrolling 2

						
							
							2.05

						
							
							2.31

						
					

					
							
							Panicles

						
							
							2.46

						
							
							2.45

						
					

				
			

			Source of reference: Authors.

			The normality test for Figure 5 indicated that one datum was atypically low according to the sample whisker plot, while the KSc values were both lower than the KSt, allowing the hypothesis of normal distribution to be accepted. The homoscedasticity test yielded a p-value of 0.511, greater than the established 0.05 confidence level, so equality was also established. An ANOVA was performed, which confirmed the difference between means, then an LSD of 1.159 was calculated while the difference was 5.196 g, significantly greater than the minimum significant difference (see Annex 2). The higher average of 30 g in the broadcast sowing treatment is consistent with the expectation for a well-nourished crop, but the lower reading for the mechanised sowing treatment contradicts the phenological evolution reported in Figure 4 and Table 3, where the treatment reported good tillering and lodging but showed deficiencies in grain filling, although, as explained, it received the same agronomic management. However, that grain filling in the crop with lower sowing density was better than in the crop with higher sowing density had already been discovered in studies such as that of Jia et al. (2018).

			These results led to the fact that, when extrapolating the weight of filled grains from each gauger, discounting the empty grains, to units of bulks per hectare of each subplot, taking into account that the weight of each bulk is 62.5 kg, as reported in Figure 6, no significant difference was found between the treatments. Curiously, the slight difference between averages of production in packages per hectare for the two sowing methods was not significant according to the results presented by the ANOVA, with the difference between samples being only 13.51 g, less than the minimum significant, favouring the mechanised sowing treatment. Again, the lack of uniformity in the distribution and the difference in sowing density could favour the performance of broadcast sowing by decreasing competition for nutrients and increasing the area available for plant growth; This relationship between planting density and yield was previously reported by Khan et al. (2017). The normality test determined that both values were lower than the reference statistic, so the normality hypothesis was accepted for both samples. The ANOVA test showed that the variances of the samples were much higher than the established significance of 0.05, which demonstrated the equality of variances (see Annex 3).

			Physiological and agronomic interpretation of yield parity

			The use of the spectral indices NDVI and GNDVI, obtained with the free software QGIS® from Sentinel-2 observations, supported the results presented in Figure 4, but it was not possible to predict the yield recorded after the harvest, which was also contradictory. In the first measurement (NDVI), the vigour of the plants was low due to the early age of the crop in which part of the pixel has soil. During the lodging period, maximum vigour is evident, but at maturity, senescence has already begun and the leaves are already chlorotic, so the vigour index of the crop drops again; This behavior had already been detected via aerial images according to Barbedo (2019). What Figure 4 reinforces is that, in the three moments, these averages are significantly different as established by the Z-test for the pair of samples at each moment, being 34% higher for the mechanised plot at tillering, 7.8% at heading, and 17.6% at maturity.

			Regarding the lack of significant yield difference despite higher plant density and NDVI/GNDVI values in mechanised seeding, we offer the following physiological and agronomic interpretation. First, excessive plant density can lead to intra-specific competition for light, water, and nutrients, which may reduce individual plant performance and limit grain filling. Second, although higher NDVI and GNDVI values indicate greater vegetative vigor, they do not necessarily correlate with final yield, especially when senescence and canopy structure affect spectral reflectance. Third, lower density in broadcast sowing may have allowed better spatial distribution and resource allocation, resulting in more efficient panicle development and grain filling. These mechanisms have been previously reported by Hayashi et al. (2006), Jia et al. (2018) and Shimono (2011), who demonstrated that reduced density can enhance root development, stress tolerance, and grain filling efficiency, ultimately balancing yield outcomes despite lower biomass indicators.

			Conclusions and Recommendations

			The experimental study, conducted in the alluvial soils of the Irrigation District of El Juncal (Palermo, Huila), showed that broadcast sowing on wet soil results in significant seed losses, lower emergence rates, and irregular plant distribution, leading to less uniform crop development. These effects are accentuated in poorly structured or uneven terrain, which is typical of the region.

			In contrast, mechanised direct seeding on dry soil using a precision drill demonstrated better seed placement, greater initial emergence, and higher plant density. However, excessive density can lead to competition for resources and suboptimal grain filling, as observed in this study. Hence, adjusting the seeding rate downward in mechanised systems is advisable to promote efficient use of aerial and soil resources, enhancing individual plant performance and improving panicle formation.

			Given the regional conditions and the predominance of clay-loam soils with good irrigation infrastructure, mechanised dry direct seeding emerges as a more efficient and sustainable alternative for rice growers in northern Huila. This method not only reduces seed costs and facilitates weed control but also ensures better crop uniformity and potentially higher yields if density is properly managed.

			Furthermore, the use of NDVI and GNDVI indices obtained from Sentinel-2 satellite imagery proved to be a reliable tool for monitoring vegetative vigour across phenological stages, supporting in situ measurements. However, while these indices captured differences in canopy development, they did not accurately predict final yield, indicating the need for complementary ground-based data for precise yield estimation.

			In conclusion, for growers in the Irrigation District of El Juncal and similar agroecological zones, mechanised direct seeding with optimised seed rates, supported by remote sensing for monitoring crop development, constitutes a promising strategy for sustainable rice production under current climatic and economic conditions. 
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Sowing Methods With Satellite Monitoring

Juan Gonzalo Ardila Marin!, Diana Carolina Polania Montiel?, Luis Manuel Navas Gracia?, Jordan Alexis
Castillo Coronado* and Jean Carlos Acosta Vargas™

IProgmma Ingenieria agricola, Facultad de Ingenieria, Universidad Surcolombiana, Neiva, Colombia; 2Progmma Ingenieria
agricola, Facultad de Ingenieria, Universidad Surcolombiana, Neiva, Colombia; 3Doctorado en Ciencia e Ingenieria
Agroalimentaria y de Biosistemas Universidad de Valladolid, Palencia, Espania; Programa; 4Ingenierz’a agricola, Facultad de

Ingenieria, Universidad Surcolombiana, Neiva, Colombia; *Pro grama Ingenieria agricola, Facultad de Ingenieria, Universidad
Surcolombiana, Neiva, Colombia.

Abstract | The sustainability of rice cultivation (Oryza sativa L.) is adversly affected by current production
practices and technologies, resulting in high costs and inefhicient use of resources. This reality has driven the
implementation of cultivation techniques such as mechanised and direct seeding. Accordingly, this project
conducted manual phenological monitoring and satellite imagery tracking of two experimental plots at the
USCO Farm in Palermo (Huila), where 150 kg ha* paddy was sown using two different techniques: direct
seeding on wet soil by broadcasting and mechanised direct seeding on dry soil. For comparison, monitoring
was carried out at nine random points in each plot, where phenological sampling was performed through
counts, height measurements, and threshing at maturity. In parallel with this monitoring, satellite images and
the normalised difference vegetation index (NDVI) and green NDVI (GNDVI) spectral vegetation indices
were used to corroborate difterences in the plots. The results showed that 156 plants m™ germinated in the
broadcast plot, while 218 plants m™ germinated in the mechanised plot. Phenological monitoring indicated
greater vigour and better development in the mechanised plot, but the lower sowing density in the broadcast
plot allowed for better panicle formation and grain filling, leading to similar production. Mechanised seeding
with a lower seed rate is recommended so that plants can better utilise aerial space and available soil resources.
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Introduction

sustainable supply of rice (Oryza sativa L.) must
be ensured because it is a staple food crop that
provides nutrition to more than 50% of the world’s
population, and there has been a significant decline
in its productivity due to climate change (Jat ez o/,

2022; Yawata et al., 2019). Economic factors and
technological opportunities have led to a shift from
transplanting methods to direct seeding methods,
including the cost of labour, the availability of short-
duration rice varieties,and chemical methods for weed
control (Negi ez al., 2024). Direct seeding methods
have played a crucial role in the intensification of
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