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Cultivars from crossings between Elaeis oleífera x Elaeis guineensis (OxG hybrids) have proven to have partial resistance to Bud Rot (BR), the most challenging disease for the Colombian palm oil agroindustry. Therefore, OxG hybrids were planted in areas that have experienced BR outbreaks since 2007. Soon, it was discovered that OxG hybrid female inflorescences required to be pollinated with pollen from E. guineensis to improve bunch formation. Researchers from Cenipalma noted that OxG hybrid bunches have a greater proportion of partenocarpic fruits. The latter generated a line of research that yielded artificial pollination in 2018. Artificial pollination consists of applying naphtaleneacetic acid (NAA) to female inflorescences in order to promote the formation of partenocarpic fruits. If artificial pollination was to be scaled up, many questions needed an answer such as, what was labor productivity, the stage at which bunches should be harvested and even, if it was profitable. This paper synthesizes the results of studies carried out by Cenipalma together with managers from oil palm plantations. These research studies were undertaken by means of time and motion studies, optimal harvesting time studies and cost–benefit analysis. Results come from plantations located at all the zones that have planted OxG cultivars that have planted the most common OxG hybrids. Our results indicate that an artificial pollination worker may be asked between 188 and 249 inflorescences per workday depending upon inflorescences density (inflorescences per hectare). We also found that by implementing criteria on optimal harvest time one may increase the oil extraction rate from 6 to 29.7%. Finally, it was found that artificial pollination is more costly than using only E. guineensis pollen, but the increase in yields at the field and the increase in the amount of oil extracted offset this extra cost and provide greater profitability to oil palm growers. This is a sample of how, by using the same natural resources, implementing artificial pollination, and harvesting at the proper stage; one can have greater yields and have a more resilient business. In other words, this is an example of sustainable intensification.
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1. Introduction

Bud rot (BR) is considered the most limiting disease in oil palm production in Colombia (Martínez et al., 2018). As some interspecific OxG hybrid (Elaeis oleifera and Elaeis guineensis) cultivars (hereafter referred to as OxG hybrid cultivars) show partial resistance to BR, their cultivation has gradually increased since 2007 (Avila-Diazgranados et al., 2016). In 2022, approximately 90,000 hectares (ha) of land planted with these cultivars in Colombia was reported (Cooman, 2023).

When OxG hybrid cultivars were first introduced, their crop management had not been conducted on a commercial scale; therefore, the management criteria for E. guineensis were implemented. The management of OxG cultivars has been challenging because these cultivars show poor natural pollination caused by their low pollen viability (Hormaza et al., 2010; Prada and Romero, 2012; Socha et al., 2019; Caicedo et al., 2020). In addition, the female inflorescences are protected by fibers that prevent pollen from contacting the flowers at anthesis (Sánchez et al., 2011; Forero et al., 2012).

For those reasons, oil palm farmers had to resort to assisted pollination to improve bunch formation in OxG hybrid cultivars by removing the bracts and applying pollen from E. guineensis to the female inflorescences at anthesis. This practice improved the potential productivity of OxG crops, with gains in size, weight, bunch formation, and oil quality (Sánchez et al., 2011). However, the need to apply the pollen of E. guineensis at anthesis greatly reduces the time window for bunch formation. In addition, the flowers of OxG hybrid cultivars also tend to be asynchronous, so not all flower buds are receptive at the same time (Guataquira et al., 2019).

Aiming at optimizing palm oil yield, researchers at Cenipalma focused on the fact that 65% of the palm oil content in bunch components of OxG hybrids (Coari x La Mé) correspond to normal fruits and 35% to parthenocarpic fruits (Rincón et al., 2013), as opposed to that in E. guineensis cultivars in which the number of parthenocarpic fruits and the resulting palm oil content are so low that they are not even considered for bunch analysis (Prada and Romero, 2012). This led to a line of research to explore how seedless (parthenocarpic) fruits can be produced using growth regulators, such as auxins and gibberellins, in non-pollinated flowers (Lietzow et al., 2016; Taiz et al., 2017; Qian et al., 2018). The result of that research was artificial pollination, which consists of applying naphthalene-acetic acid (NAA) three times to each female inflorescence. The first application is performed when the inflorescence is at anthesis and either pollen or NAA can be used. The subsequent two applications are conducted at 7 and 14 days after anthesis with NAA (Daza et al., 2020; Romero et al., 2021).

Artificial pollination increases fruit set up to 95% and, enlarges the time window for application so one gets a proper bunch formation (Daza et al., 2020; Romero et al., 2021). The number of harvested bunch components also increases by up to 15% (Daza et al., 2020). Finally, artificial pollination has had an impact on oil production per ton of bunches, with extraction rates ranging from 25 to 28% (Romero et al., 2021). The above reasons contributed to the prompt implementation of artificial pollination by companies. In other words, artificial pollination is a clear example of sustainable intensification of palm oil cultivation with OxG cultivars. Sustainable intensification is understood as the increase in productivity of systems through the efficient use of supplies, reduction of environmental impacts, creation of natural capital, and flow of ecosystem services (Lerner et al., 2017; Sekaran et al., 2021).

In accordance with a toxicology study on the use of NAA over human health the US Environmental Protection Agency (EPA), the exposition to crops using NAA or food produced by means of using NAA are not harmful. Besides, the EPA concluded that if NAA is used within the allowed limits, it may not represent risk of contracting cancer to humans. Finally, the EPA study states that NAA is considered as a pesticide that may cause irritation on eyes, skin, or mucous membranes if they are directly exposed to contact with NAA. Additionally, direct exposition to NAA may cause coughing or running nose. In consequence, it is highly advised that workers performing artificial pollination should wear at all times personal protection items (PPI) (Enviromental Protection Agency, 2012).

For NAA applications, Cenipalma proposed to dilute NAA in water (NAA in a liquid suspension). However, companies in this industry proposed maintaining the concentration and mixing NAA with talc, with the argument that handling water in the field is complex and interferes with the logistics of the work (NAA in solid mixture). The results of NAA applications using NAA in a solid mixture have been equally positive (García et al., 2020). Nevertheless, it is important to consider that using powder products (pneumatic application systems) becomes more complex as the oil palm tree increases in height, so it is necessary to return to the method using NAA in liquid suspension (hydraulic application systems).

In OxG hybrid cultivars, the labor cost accounts for 49% of the production costs of one ton of fresh fruit bunches (FFB), thus constituting the factor with the highest contribution. Pollination is a labor-intensive task because 70–83% of the pollination cost corresponds to payment for labor (Mosquera-Montoya et al., 2019). Therefore, pollination concentrates 15% of the human resources used in OxG oil palm cultivation. Methodological tools should thus be developed to ensure that human resources are used as efficiently as possible. Time and motion studies are among the available tools, with the objective of determining labor performance to establish fair working hours (Hernández Rendón et al., 2022).

Another challenge when using OxG cultivars is that bunch maturity varies among cultivars, and bunch color is not a good criterion to determine when bunches are ripe (Caicedo et al., 2020). This led to another line of research at Cenipalma investigating the optimal harvesting time. This research has shown increases in the oil extraction rate (OER) (Hernández et al., 2020; Sinisterra et al., 2020). These results should be used by businessmen in this industry to redesign their harvest and properly train their workers.

Finally, the economic impact of implementing NAA is also an important issue, as it provides information that supports decision-making not only for oil palm farmers but also for businessmen who are considering investing. Therefore, a cost–benefit analysis of the implementation of NAA is presented in this article.

This article summarizes the results of industrial-scale analysis of the labor productivity of artificial pollination, the effect on the productivity of OxG crops, the optimal harvesting time, and the economic feasibility of implementing NAA. These studies were carried out by the Research Result Validation Unit of Cenipalma in the various landscapes where these cultivars are planted in Colombia and focused on the most widely planted OxG crops in Colombia.



2. Methodology


2.1. Labor productivity of artificial pollination


2.1.1. General information

Studies aimed at determining the labor productivity of artificial pollination were carried out in three of the four oil palm production zones in Colombia, using crops planted with two OxG hybrid cultivars Coarí x La Mé and Brasil x Djongo. The latter are the most widely planted OxG cultivars in Colombia. The crop age ranged from 6 to 14 years. As previously mentioned, the artificial pollination proposed by Cenipalma consisted of three applications of NAA in liquid suspension (Table 1). However, the farms have modified it to include physical mixtures of NAA with talc. In addition, a first application with pollen at anthesis has been proposed (for nut and kernel formation), followed by applications of NAA at 7 and 14 days after the first application. The density of inflorescences to be treated per hectare was variable when the studies were carried out, thus providing insights into production seasonality and its effect on the cost and efficiency of pollination (Table 1). Finally, the amount of NAA mixture (solid or liquid) applied per inflorescence varied among plantations, with NAA ranging from 6 and 8% in the solid mixture and having a concentration of 1,200 ppm in the liquid suspension (Table 1).



TABLE 1 General information on the plantations where labor productivity was estimated.
[image: Table1]



2.1.2. Time and motion studies


2.1.2.1. Motion studies


2.1.2.1.1. Process flow diagram

2.1.2.1.1. Process flow diagram. The activities carried out by artificial pollination operators in each plantation were documented over a period of 3 weeks. The observations were made in plantation lots to establish the operational dynamics. The result of this stage of the study is a process flow diagram that summarizes the activities of the artificial pollination tasks. The process flow diagram shows the work cycle, which is defined as the set of activities carried out most frequently during a working day. In the case of artificial pollination, a work cycle corresponds to the activities carried out to complete this task in each palm. Note that the work cycle does not consider activities that are necessary and require a good part of the working day, such as receiving tools and supplies and delivering them to the operator, traveling to and from the assigned lot, and preparing tools and supplies.




2.1.2.2. Time studies

The result of time studies is a summary of the time required for each activity performed by the operator during a working day. A time analyst monitored the artificial pollination operator during full working days (several days, several operators) to measure the time required for each activity. Data collection was performed using a digital form designed with the Cybertracker software (version 3.496). This form included the activities of the process flow diagram and was uploaded onto a smartphone. As each activity was carried out, the time analyst clicked on the activity icon. The software records the exact time of each activity (hour, minutes, and seconds), so their duration is determined from the time difference between different activities. In addition to the process flow diagram, these forms included the name of the pollination operator and the lot where the operator carried out the artificial pollination.

The concept of supplement is defined as time compensation granted for two reasons. The first is the fatigue caused by the conditions in which the work is carried out (heat, humidity, and equipment load). The second corresponds to the time taken for personal activities, such as eating, drinking, and resting. Data of complete working days were collected in these studies, consequently, it was not necessary to estimate the first type of supplements and, only supplements of the second type were taken into account.

Finally, strange items correspond to time lost throughout the working day in activities not related to artificial pollination. This category includes minor repairs to equipment or tools, conversations, calls, and waiting times.


2.1.2.2.1. Statistical design

2.1.2.2.1. Statistical design. The time and motion study implies a sampling design, in which the sampling unit corresponds to an oil palm tree. The response variable is the length of time that takes to artificially pollinate an oil palm tree (i.e., all the processes that are part of a work cycle). The sample size was determined by means of Equation (1) which correspond to a simple random sampling (Hernández Rendón et al., 2022). Data was collected along complete workdays for different workers with average skills (confirmed by the payroll). Workers were randomly selected to being subject of this study.



2.1.2.2.2. Work cycle sample size

2.1.2.2.2. Work cycle sample size. The tasks carried out by the operators performing artificial pollination were sampled to define the required number of time measurements. Subsequently, the sample variance and the relative error (5%) were considered using Equation 1 (Camperos et al., 2021).

[image: image]

n sub-zero is the calculated sample size, [image: image] = value according to the normal distribution table with a confidence level of 95%, [image: image] = sample variance, and [image: image] = absolute error. It should be noted that the minimum number of oil palms sampled (work cycle) for each case was approximately 5,000 for the time and motion studies performed in this study.





2.1.3. Estimation of labor productivity


2.1.3.1. Effective working time

The effective working time that an operator spends on artificial pollination tasks during a working day is calculated by the sum of the times required for artificial pollination in an oil palm (work cycles) (Camperos et al., 2021; Mosquera-Montoya et al., 2021).



2.1.3.2. Duration of work cycles

The time required for artificial pollination on an oil palm was categorized according to the number of inflorescences to be treated per oil palm (0, 1, 2, and 3 inflorescences to be treated on an oil palm). The objective was to establish a data recording system that would consider the time variability arising from the number of inflorescences to be treated per palm, which in turn has an impact on the time.

After the necessary time data were collected, they were analyzed by descriptive statistics to determine the standard time. The median is the measure of central tendency most frequently used in time and motion studies to estimate labor productivity, as the histograms of data distribution tend to present a bias to the right. Then, the sum of medians of each activity of the work cycle is used to estimate the duration of the work cycle in seconds according to the number of inflorescences to be treated.



2.1.3.3. Proportion of the different categories

This indicator reflects crop yield. A greater number of female inflorescences is associated with a greater number of bunches in the future. This indicator should be considered when estimating labor productivity because it is often affected by production seasonality. Intuitively, the operator spends more time moving around and inspecting oil palms to find inflorescences to treat than on the application of NAA or pollen to oil palms if there are fewer inflorescences to treat. Two contrasting scenarios were considered: the first scenario corresponds to a high density of inflorescences to be treated per hectare (123 inflorescences/ha) and the second to a low density of inflorescences to be treated per hectare (60 inflorescences/ha).



2.1.3.4. Time per hectare

It is the time spent by an operator to carry out artificial pollination tasks in one hectare. It is calculated according to Equation 2.
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where [image: image] is the category according to the number of inflorescences (0, 1, 2, 3); [image: image] is the duration in seconds of the work cycle according to category; and [image: image] is the number of oil palms of each category in one hectare. As time is measured in seconds, 3,600 corresponds to the number of seconds in 1 h (h).



2.1.3.5. Labor productivity per man-day

It is expressed as hectares per man-day (workday) and calculated by the ratio between the effective working time in hours per man-day (workday) and the time per hectare in hours per hectare.




2.1.4. Cost estimation

The labor cost per inflorescence was calculated by dividing the cost per working day by labor productivity in terms of inflorescences per man-day, this term is calculated by multiplying labor productivity (hectares per man-day) by the density of inflorescences per hectare. The cost per working day corresponds to daily minimum wage in Colombia (16 USD), which includes social payments such as contributions to their retirement fund, access to health services, and housing subsidies.




2.2. Optimal harvesting time


2.2.1. General information

The study on the optimal harvesting time (OHT) was carried out in two oil palm production zones in Colombia: Southwest and East. As for the cultivars, in addition to the most frequently cultivated cultivars (Coarí x La Mé and Brasil x Djongo), a cultivar massively planted by small-scale farmers in Tumaco (Cereté x Deli) was also analyzed (Table 2). Adult oil palms aged 10 and 11 years were analyzed. The impact of the implementation of the optimal harvesting time on a commercial scale was investigated in two stages in each plantation:



TABLE 2 Characteristics of the plantations where OHT studies were carried out.
[image: Table2]



2.2.2. Stage 1: baseline

Systematic sampling was carried out to assess one bunch per five harvested bunches to ultimately assess at least 200 bunches. It was also sought to have sufficient FFB to process one bunch of the mill and to measure the OER. During this stage, bunches harvested according to the harvesting criteria traditionally used in the plantation, which is typically a given number of naturally loose fruit, were assessed. The number of loose fruits depends on the OxG cultivar to be harvested. A maturity stage was assigned to each bunch according to the OHT criteria established by Cenipalma, i.e., the number of detached fruits, percentage of fruit cracking, and opacity of fruits (Table 3) (Caicedo et al., 2020). In addition, bunch formation was assessed according to the proposal presented by García et al. (2017), in which a class I bunch has 90.1–100% of fruits, a class II bunch has 70.1–90%, a class III bunch has 50–70%, and a class IV bunch has less than 50% (Figure 1).

[image: Figure 1]

FIGURE 1
 OxG hybrid bunch conformation classification scale. Expressed in terms of percentage of fruits properly formed. (A) Class I – 90.1–100%. (B) Class II – 70.1–90%. (C) Class III – 50.1–70%. (D) Class IV – Less than 50%. Images: Elizabeth Ruiz and Arley Caicedo.




TABLE 3 Characteristics of the bunches according to maturity stage and cultivar.
[image: Table3]



2.2.3. Stage 2: implementation of the optimal harvesting time

During this stage, the FFB harvesting criteria previously used by the plantation were modified, and the OHT criteria were implemented for each cultivar for FFB harvesting. The harvesting workers in the plantation were instructed on the OHT criteria. As in Stage 1, systematic sampling was carried out to select the bunches to be assessed (one out of every five bunches) according to bunch formation and maturity, following the same criteria as in Stage 1. As before, it was also sought to have sufficient bunches to process to determine the OER.



2.2.4. Data analysis

OHT assessment did not result from an experimental design. OHT was previously studied by means of experiments carried out by the plant physiology lab from Cenipalma (Caicedo et al., 2020; Romero et al., 2021). Since OHT results were promising the Research Results Validation Unit from Cenipalma scaled up OHT to be tested at plantation level. This is why, our results correspond to three different assessments carried out in fields planted with three different cultivars, each of them managed properly in terms of nutrition and artificial pollination. We compared the OER obtained at two different moments, before implementing OHT and after implementing OHT. One must note that these palm oil extraction rates (OER) result from processing FFB batches up to 40 metric tons. As opposed to estimating oil contents at the lab.




2.3. Benefit-cost analysis of implementing NAA

Using the methodology proposed by Ruiz-Alvarez et al. (2021), two scenarios were compared: (1) Cultivation of OxG hybrid with assisted pollination using pollen (Pollen) and (2) Cultivation of hybrid with artificial pollination using pollen at anthesis and NAA 7 and 14 days after anthesis (Pollen-NAA-NAA). Historical data from plantations located in Urabá Antioqueño were used for the analysis, given the great range of technologies implemented in these crops. The values were estimated in pesos for the year 2021 and then converted to dollars using the mean exchange rate for 2021 [Colombian pesos (COP) 3,743/USD 1]. The following indicators were estimated.


2.3.1. Costs estimation


2.3.1.1. Cost of pollination

The cost of pollination ($/ha) was estimated based on labor productivity, supply requirements, equipment and tools, and labor supervision.



2.3.1.2. Costs per metric ton of FFB

This was estimated according to the methodology proposed by Mosquera-Montoya et al. (2022), which considers a 30-year crop flow and estimates costs for each production stage (establishment, non-productive stage, development stage, and mature stage). The costs are estimated based on an analysis that considers the performed tasks, task frequency, supplies (doses and prices), and labor (rates and labor productivity). The costs associated with the use of capital goods, opportunity land cost, and those associated with technical assistance and crop supervision are also considered.

The unit cost results from the ratio between the sum of the total expenses for one cultivated hectare during the 30-year life cycle of the crop and the sum of the tons of FFB produced in the same unit area and in the same period. Crop yields differed for each scenario, mainly owing to the mean bunch weight and the percentage of spoiled bunches.



2.3.1.3. Crop net income

This estimates the amount of money generated by one hectare of adult crop in 1 year after deducting the production costs from the gross income (sales). Revenues were estimated based on the production per hectare in each scenario, considering the mean reference price paid for one ton of fruit.



2.3.1.4. Costs per metric ton of crude palm oil

Colombian mills are designed to process fruit from E. guineensis cultivars. Processing the OxG cultivars leads to a decrease in pressing capacity of at least 15% (Ruiz-Alvarez et al., 2021). This increases the extraction costs because the husk is added to replace the nut, thus increasing energy and labor costs.

This study considered both fixed (plant depreciation) and variable (energy consumption, water consumption, labor, and maintenance) costs for Scenarios 1 and 2 for a mill in Urabá. The production costs reported by Mosquera-Montoya et al. (2022) were used, which considers a 30-year crop flow, and the price paid for the raw material (FFB) would be the crop production cost. In addition, the OER and the kernel extraction rate were analyzed. The latter corresponds to the percentage of clean and dry kernel recovered from one ton of FFB and sold as a by-product of the process, generating revenue (Sue, 1992). The parameters used to estimate the cost of CPO are shown in Table 4.



TABLE 4 Parameters used to estimate oil production cost.
[image: Table4]



2.3.1.5. Oil net income

The income generated by one hectare was calculated based on the amount of oil extracted from FFB for each scenario. The production (raw material) and extraction costs are deducted from the gross income resulting from the sale of oil per hectare, resulting in the production cost of one ton of oil. The price parameters used for this analysis are shown in Table 5.



TABLE 5 Parameters to estimate the oil net income per hectare.
[image: Table5]





2.4. Statistical analysis

We studied the descriptive statistics of the data gathered (mean, standard deviation, maximum and minimum). For the work cycles time length, depending upon the number of inflorescences to be treated per palm, we performed a normality test and homoscedasticity test to decide whether using parametric data analysis (ANOVA) or non-parametric data analysis (Kruskal-Wallis). The null hypothesis was that the average time length for all categories was equal (significance level 0.05).




3. Results and discussions


3.1. Labor productivity of artificial pollination


3.1.1. Process flow diagram

Table 6 presents the process flow diagram that summarizes the activities carried out in all companies where studies on artificial pollination were completed. The activities in dark cells correspond to the artificial pollination work cycle.



TABLE 6 Process flow diagram for artificial pollination.
[image: Table6]



3.1.2. Time per activity of the working day

Time studies showed that the working day of an artificial pollination operator lasted on average 7.09 h in the companies where the studies were carried out (Table 7). The effective time, i.e., the time spent by the operator pollinating oil palms was 3.47 h, i.e., 48.9% of the working day was dedicated to work cycles. The time spent on supplements and strange items accounted for 1.24 h and 0.62 h (37.2 min), respectively. Regarding the latter, it is possible to improve the process because most of the time on strange items corresponded to minor repairs to pollination equipment (such as nozzle clogging and pump pressure adjustments) and unnecessary waiting time. Therefore, more robust equipment and better logistics for NAA delivery in the field are two issues that can be improved to increase labor productivity. Another factor affecting artificial pollination was reported by Camperos et al. (2020), who measured a transportation waiting time up to 1,5 h at a plantation from Colombia. In that case, a recommendation to the managerial staff was to improving personnel transportation processes, so workers could dedicate more time to the task assigned (i.e., artificial pollination).



TABLE 7 Time per activity and contribution of each activity to the working day.
[image: Table7]



3.1.3. Labor productivity

Labor productivity was estimated for the two limits of the range of inflorescence density per hectare density found at the time the studies were carried out (i.e., 60 and 123 inflorescences per hectare). As previously noted, this indicator represents FFB production seasonality and is closely related to crop yield (Table 8). Inflorescence density reported in this work are consistent with those found in other pollination studies, that reported inflorescences densities ranging from 50 to 130 inflorescences per hectare (García et al., 2020; Camperos et al., 2021; Hernández Rendón et al., 2022).



TABLE 8 Simulation of labor productivity and cost per inflorescence for two contrasting scenarios of inflorescences densities.
[image: Table8]

A hectare with a low density of inflorescences concentrated the number of oil palms per category in the categories of 0 and 1 inflorescence to treat per oil palm, with both accounting for 93% of the work cycles. On the contrary, in the scenario with the highest density of inflorescences per hectare, 81% of the oil palms had at least one inflorescence to treat (Table 8).

Results from ANOVA and means comparison (Tukey) yielded significant statistical differences for artificial pollination time length among palms with no inflorescences to treat, with one inflorescence to treat and two/three inflorescences to treat (p-value ≤ 0.001). Palms with two or three inflorescences to treat did not yield significant statistical differences in terms of artificial pollination time length (Table 9). The shortest work cycle was found for oil palms without inflorescences to treat, so the operator’s work cycle only consisted of searching for inflorescences in the crown, which took 14.82 ± 3.84 s on average. Once the operator determined that there were no inflorescences to treat, he moved to the next oil palm tree. In the case of oil palms with three inflorescences to treat, the work cycle consisted of carrying out the work cycle operations three times (inspection, marking, application, and registration), which required 93.68 ± 15.26 s on average. Once finished, the operator moved to the next oil palm tree (Table 9). The time length of work cycles per palm found in our study were consistent to those reported by other studies according to which, the time to treat a palm with 0 inflorescences ranged between 12.7 and 17.7 s; while treating a palm with three inflorescences took between 74 and 110.4 s (Camperos et al., 2020; Hernández Rendón et al., 2022).



TABLE 9 Average elapsed time of work cycles by category (inflorescences per palm).
[image: Table9]

As described in the Methodology section, the time spent on each work cycle for each category multiplied by the number of work cycles for each category provided the time spent by the operator on pollination tasks on one hectare. Thus, 0.9 h was required for a density of 60 inflorescences per hectare, whereas 1.5 h was required for a density of 123 inflorescences per hectare. Based on this value, the artificial pollination operator covered 3.5 ha (210 inflorescences) in a low inflorescence density (60 inflorescences per ha) scenario during the effective working time and, covered 2.2 ha in a high inflorescence density scenario (Table 8). Our observed labor productivity is lower than that reported by Ruiz et al. (2015) and Fontanilla Díaz et al. (2016), who estimated between 7 and 12 ha/day for assisted pollination, which consisted in applying only E.guineensis pollen on inflorescences in the stage of anthesis (just once). The lower labor productivity when implementing artificial pollination is explained by the need of treating each inflorescence three times. The difference on number of bunches formed and fruit set (bunch conformation) have boosted the adoption of artificial pollination over assisted pollination (Romero et al., 2021).




3.2. Optimal harvest time


3.2.1. Evaluations at the field and at the palm oil extracting mill

Bunch conformation results from the pollination tasks. A good pollination ensures that bunches are in Class I and II, meaning that more than 70% of the bunch fruits have formed. In the case of the work carried out in Cereté x Deli in Stage 1, 88% of the bunches were well formed, whereas this percentage was 81% in Stage 2. For the work carried out in Brasil x Djongo, 94 and 99% of the bunches were well-formed in Stages 1 and 2, respectively. The study undertaken on Coarí x La Mé had a percentage of well-formed bunches of 82 and 88.5% in Stages 1 and 2, respectively. The fact that bunches were well-formed at all studies indicates that those figures were comparable because the pollination tasks were carried out correctly. Properly carried out NAA applications on inflorescences at an industrial level, confirms what was observed by Romero et al. (2021) at their experiments. In fact, a properly treated inflorescence, yield a fresh fruit bunch well conformed, with conformation values higher than 80% (Romero et al., 2021).

Regarding bunch maturity, bunches are considered immature if harvested at stages 805 and 806, which has a negative impact on the oil content of the fruits. Conversely, bunches are considered mature if harvested at stages 807 and 809. Implementing the OHT increased the percentage of mature bunches in all three cases. Specifically, the percentage of harvested mature bunches for Cereté x Deli increased from 70.7% in Stage 1 to 100% in Stage 2. As for Brazil x Djongo, the percentage of mature bunches increased from 47% in Stage 1 to 82.1% in Stage 2. Finally, the percentage of mature bunches for Coarí x La Mé increased from 29% in Stage 1 to 97.9% in Stage 2 (Table 10).



TABLE 10 Effect of the optimal harvest time on the proportion of bunches cut according to their developmental stage.
[image: Table10]

Most studies on bunch maturity determine oil yield by conducting oil extractions in the laboratory. Our results came from OER measured in the mill, which is a relevant contribution. Note that OER increased by 6.01 points from Stage 1 to Stage 2 for Cereté x Deli, which represented a 29.7% increase in the amount of oil extracted per ton of FFB. In the case of Brazil x Djongo, the OER increased by 1.41 points, representing a 6% increase in the amount of oil extracted per ton of FFB. Finally, Coarí x La Mé evidenced an increase of 5 points in the OER, equivalent to a 27% increase in the amount of oil extracted per ton of FFB (Table 10). Our results confirmed that changing the harvesting criteria led to increasing the FFB oil content, providing a practice strongly directed toward sustainable intensification of oil palm cultivation. These results are in line with previous reports from OxG crops from three different high yielding Colombian plantations where; by implementing OHT they obtained an average yield increase from 40 to 43.1 t FFB/ha per year and, an average OER increase from 25.1 to 27.3%. These figures allowed companies to get about 11 t CPO/ha per year (Romero and Ayala-Díaz, 2021).



3.2.2. Cost-benefit of artificial pollination


3.2.2.1. Pollination costs

Figure 2 depicts the pollination costs according to each scenario. A cost of USD 326/ha per year was estimated when only pollen was used, which increased by 39% when the two NAA applications were implemented to a total of USD 452/ha per year. The labor cost increased by 14% as a result of changes in labor productivity. Note that Scenario 2 requires three applications on inflorescences instead of one that characterizes Scenario 1. Regarding supplies, the increase in cost was 210% because the two booster NAA applications represent an additional investment.

[image: Figure 2]

FIGURE 2
 Pollination costs for each method.




3.2.2.2. Costs per hectare

An increase of 13% in cropping costs was observed in Scenario 2 (from USD 2,580 to USD 2,918) because, in addition to the extra pollination cost, a greater amount of fertilizer was required for nutrient replacement, with also greater costs for harvesting and transporting FFB to the mill (Table 11).



TABLE 11 Unit crop production cost.
[image: Table11]



3.2.2.3. Costs per metric ton of FFB

NAA application results in a higher number of bunches, which were previously lost for not reaching anthesis, and a lower number of malformed bunches. However, less nut was produced, which decreased the mean bunch weight. The net effect was a 6% increase in crop yield (Table 11). The result was an increase of 0.8% in the cost per ton of FFB from USD 77.5 to USD 78.1 (Table 11).



3.2.2.4. Crop net income

The net crop income increased by 5% in Scenario 2 as a result of the increase in crop yield (Table 11). Therefore, the greater FFB yield compensated for the increase in unit cost. This result contradicts the notion that implementing NAA only benefits those in the palm oil extraction business.



3.2.2.5. Costs per ton CPO

The cost of a ton of oil decreased by 3% when moving from Scenario 1 to Scenario 2. Such variation is related to the oil content of FFB, which materializes in the OER. In the case studied, an OER of 20.6% was reported for Scenario 1, whereas Scenario 2 had an OER of 23.5%. This is due to Scenario 2 requiring fewer bunches to produce one ton of oil (Figure 3).

[image: Figure 3]

FIGURE 3
 Oil extraction cost of one ton of crude oil palm.




3.2.2.6. Oil net income per hectare

The net income generated per hectare per year increased by 22% when Scenario 2 was implemented instead of Scenario 1. This is a considerable change in business profitability and results from an increase from 7.6 tons (Scenario 1) to 9.1 tons (Scenario 2), which corresponds to an increase of 19% in oil production per hectare (Table 12).



TABLE 12 Oil net income per hectare.
[image: Table12]

These results are in line with those reported by Mosquera-Montoya et al. (2022), who state that Adopting NAA implies greater financial resources to be invested in the cropping stage of the palm oil value chain in terms of USD per hectare. Additionally, one must consider the loss in efficiency at the oil extraction process which also implies an extra cost in terms of USD per metric ton of FFB processed at the oil palm mill (Mosquera-Montoya et al., 2022). However, the greater amount of FFB obtained at the field and the increase in the oil content of FFB, offset the greater spendings yielding on a more profitable business (Mosquera-Montoya et al., 2022). Additionally, it was evident at the Colombian oil palm agroindustry that almost all planters having OxG crops adopted rapidly artificial pollination (Arias et al., 2023).






4. Conclusion

This article summarizes the results of studies aimed at determining the labor productivity of artificial pollination operators on an industrial scale and the impact of using OHT criteria on OER. Studies were carried out in OxG Coarí x La Mé and Brasil x Djongo hybrid cultivars in all oil palm production zones. Artificial pollination was analyzed using NAA in liquid suspension and NAA in a solid mixture. Although the latter does not correspond to the technology developed by Cenipalma (NAA in liquid suspension), it maintains the biological principles for the induction of oily parthenocarpic fruits. In fact, NAA in a solid mixture was developed by Colombian oil palm agroindustry companies that found logistic advantages in not transporting water to perform the work.

The results of the time and motion studies provide sufficient information on the activities required for artificial pollination and its productivity. This information is very helpful to those in charge of planning the pollination work (logistics and personnel allocation) because it shows that the area to be allocated per day depends on two factors. The first is the density of inflorescences, which depends on crop yield and production seasonality. The second factor is the height at which inflorescences are located, as not only inflorescences at a greater height are more difficult to inspect, but it is also harder to apply a liquid suspension than a solid mixture to these inflorescences. The impact of this second factor should be evaluated in future studies when oil palms are taller.

Regarding commercial-scale work aimed at assessing the OHT for fruit harvesting, the objective of harvesting is to maximize the amount of oil to be delivered to the mill. The results of harvesting bunches in the OHT were obtained for Coarí x La Mé, Brasil x Djongo, and Cereté x Deli cultivars. OER values were compared using the FFB harvesting criteria of the plantation (baseline) with respect to the implementation of the OHT criteria, with increases of 6 to 27% in the OER. This has a direct impact on the amount of oil produced per unit area, and, therefore, on the business profitability.

Finally, the benefit–cost analysis investigated the economic feasibility of changing the strategy using assisted pollination with pollen of E. guineensis at anthesis to a strategy that complements assisted pollination with two applications of NAA at 7 and 14 days after anthesis, and the results showed that the cost of one ton of FFB increased by 0.8%, but a greater amount of FFB was produced; thus, the net crop income increased by 5%. Moreover, a higher OER means fewer tons of FFB are required to produce CPO, and, therefore, the cost of one ton of oil decreases by 3%.
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ot correspond to work cycles

30 Moving inside the | Movement of the operator from one oil palm
lot to the next

35 Inspection Search for inflorescences at anthesis to apply

NAA/Pollen o for inflorescences that require
asecond and third application of NAA

40 Decision-making  Any inflorescences still requiring an

application?
Yes: continue to 45
No: continue to 70
45 Decision-making s the inflorescence in its first application?
Yes: continue to 50
No: continue to 55

50 Bract opening Removal of the peduncular bracts of the

inflorescence to be pollinated

55 Leaf marking Marking of the base of the leaf holding the

inflorescence

60 Decision-making s the pump empty?

Yes: continue to 65
No: continue to 70

65 Pump filling Filling of the application equipment with

iquid and solid NAA

70 NAA/Pollen NAA/Pollen application on the inflorescence
application as applicable

75 Data collection Record data in digital, paper, or manual form

Continue to 35

80 Decision-making  End of labor?

Yes: continue to 85
No: continue to 30

85 Moving to the Operator moves from the lot to the warchouse
warehouse (company)

% Delivery of Operator delivers equipment, tools

equipment surplus supplies (if any)
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Parameter Price

Price per ton of oil ($/t CPO) USD 1022
Price per ton of FEB ($/t FFB) UsD 173
Price per ton of kernel ($/t kernel) USD 321

Husk (8/t husk) USD 534
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Number of oil palms per category per ha
Category contribution

Average duration of work cycle (5)

Time per category (h/category)

Total time per hectare (/ha)

Labor productivity (ha/man-day)

Labor productivity (inf/man-day)

Labor cost per NAA application (USD/inf)
Cost of supplies per NAA application (USD/inf)

Total cost per application (USD/inf)
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Activity Time elapsed Average Minimum Maximum

average contribution
(h) + standard (%)

deviation
10 Receiving equipment and supplies 0222013 32% 007 032
15 Moving to the lot 025007 35% 02 033
20 Preparation 041012 58% 026 055
2 Moving outside the lot 0274014 38% on 038
30 Moving inside the lot 0734051 103% 041 164
35 Inspection 096046 13.5% 041 164
50 Bract opening 056035 7.9% 026 105
55 Leaf marking 0262008 37% 018 035
65 Pump filling 024009 34% 008 031
70 NAA/Pollen application 061£02 86% 038 083
75 Data collection 0352024 49% 004 068
85 Moving to the point of delivery of equipment and supplies 034005 48% 03 039
% Delivery of equipment 0032004 04% 0,003 0.07
95 Supplements 1242087 17.5% 046 25
100 Foreignitems 062039 87% 018 092
Duration of the working day 7.09 100%

Effective working time (blue activities) 347 48.90%





