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Abstract

:

Recent advances in oil-palm breeding and agronomic practices may have influenced the dry-matter production and nutrient demand of tenera oil palm since the last comprehensive studies published some three decades ago. This has raised concerns, since updated knowledge of nutrient requirements at various stages of oil palm growth is essential for formulating fertilizer recommendations that meet agronomic, economic, and environmental objectives. We therefore filled in this knowledge gap with the objective to quantify the standing biomass, dry-matter production, and nutrient demand of tenera oil palm of different ages, grown under current agronomic practices. Tenera palms were sampled at 12, 29, 48, 88, 133, 209, and 238 months since nursery planting and separated into spear leaves, leaflets, rachis, petiole, leaf bases, cabbage, trunk, bole, and roots attached to bole for determination of dry weights and nutrient contents. Fruit bunches were harvested, with dry weights and nutrient contents of ripe bunches determined. Annual dry-matter production was calculated from dry weights of different plant parts, and together with nutrient concentrations determined in these plant parts and fruit bunches, annual nutrient demand was calculated. Excluding roots, the total standing vegetative biomass increased almost linearly from 1.3 kg palm−1 at 12 months old to 808.6 kg palm−1 at 238 months old. Whole-palm dry-matter production increased with palm age but at a decreasing rate, from 1.5 kg palm−1 year−1 at 12 months old to 285.5 kg palm−1 year−1 after 133 months, with little increase thereafter. The maximum rates of nutrient demand occurred after 209 months, coinciding with peak production of fruit bunches—except for K, which occurred at month 88 when vegetative growth demand for K peaked. Annual gross amounts of nutrients required to produce 25 t fresh fruit bunches ha−1 were 1.99 kg N, 0.28 kg P, 3.94 kg K, 0.42 kg Mg, 0.99 kg Ca, and 2.5 g B per palm. The net amounts of nutrients required to meet similar production level of fruit bunches were 1.04 kg N, 0.16 kg P, 1.85 kg K, 0.26 kg Mg, 0.47 kg Ca, and 1.3 g B per palm per year if all nutrients contained in the pruned leaves were recycled. These results provide much-needed updated data on the dry-matter production and nutrient demand of tenera oil palm grown under current agronomic practices and also serve as a general yardstick for practitioners to further refine fertilizer recommendations.
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1. Introduction


Oil palm (Elaeis guineensis Jacq.) is the most productive edible oil-producing crop, with potential to produce up to 9.5 t oil ha−1 [1]. It requires a large amount of nutrients such as N, P, K, Mg, and Ca to maintain its high levels of standing biomass and dry-matter production [2,3,4,5,6]. These nutrients are typically supplied by fertilizers, since oil palm is predominantly grown on highly weathered tropical soils with low soil-nutrient reserves [7,8]. Fertilizers are thus essential for sustaining growth of oil palm and economic production of fresh fruit bunches, which can account up to 32% of total production cost of fresh fruit bunches [9]. The high operating budget for fertilizers emphasizes the importance of more efficient use of fertilizers to maximize profitability of palm oil production while reducing potential detrimental effects of inorganic fertilizers on the environment [10].



The amount of nutrients required by a growing oil palm encompasses the amount of nutrients required to meet growth demand and deficiency demand [11], where deficiency demand is the amount of nutrients required to correct nutrient deficiency, which can be determined through measurements of nutrient concentrations in the leaflet and rachis tissues [12,13,14]. Meanwhile, growth demand is the amount of nutrients required to grow plant tissues such as spear leaves (unopened leaves), leaves, trunk, roots, and fresh fruit bunches, as well as to replace any plant tissues that are removed such as fresh fruit bunches, leaves and roots [11]. This growth demand for nutrients can be calculated from the amount of dry matter incorporated in the plant tissues and its nutrient concentrations.



A few studies have investigated the dry-matter production [2,15,16] and nutrient content [2,17] in oil palm through destructive measurement of oil palms of different ages. This had allowed determination of growth demand for nutrients and enabled formulation of the fertilizer requirement for oil palm. However, the oil palms sampled were mostly of the thick-shelled dura that has since been replaced by the thin-shelled tenera as the primary commercial oil-palm planting material [11] because of its higher oil-yield potential (9.5 t oil ha−1) [1]. The higher oil-yield potential of tenera may be associated with greater total plant nutrient demand, and this nutrient demand is best determined through destructive measurements. However, this was not practiced until the work by Teoh and Chew [18] and Goh et al. [4,5] who studied the N, P, and K requirements of tenera. However, they restricted their measurements to mature palms aged between 12.5 and 19 years. More recently, a similar study was conducted on 14-year-old tenera but with limited measurements on the nutrient contents of fruit bunches, trunk tissue, and roots [6]. Other studies have been limited to determining the nutrient content of tenera bunches [19,20]. In one rare study, the micronutrient boron requirement of 20–82 month-old tenera was investigated [21]. Since then, there have been no such investigations carried out to determine the nutrient demand of tenera of different ages.



Therefore, it is obvious that the palm-oil industry lacks comprehensive knowledge on the nutrient demand of tenera at various stages of growth. Recent advances in oil-palm breeding and agronomic practices may have further influenced the uptake, partitioning, and accumulation of nutrients in tenera since the last comprehensive studies were conducted on tenera three decades ago [4,5]. As such, data collected from dura are sometimes used to fill this gap. This has raised concerns, since updated knowledge of nutrient requirements at various stages of tenera growth is essential for formulating fertilizer recommendations that meet agronomic, economic, and environmental objectives [22]. Goh et al. [21] found that 20-to-82-month-old tenera required about 27% more boron than dura of the same age. Tarmizi and Mohd Tayeb [6] found that N and K contents in tenera bunches were higher than those in dura bunches by 5% and 6%, respectively, but the P and Mg contents were 16% lower than those in dura bunches. In another study, the N, P, K, and Mg contents in tenera bunches were 56, 54, 44, and 14% higher than those in dura bunches, respectively [19]. All these findings suggest that tenera, which has higher oil-yield potential, requires a larger amount of nutrients to sustain its productivity. As such, fertilizer recommendations based on older nutrient demand data might not adequately support the increased oil production. It is thus imperative that we reevaluate the nutrient uptake and partitioning patterns in tenera at different stages of growth.



We aimed to fill in this knowledge gap with the objective to quantify the standing biomass, dry-matter production, and nutrient demand of tenera of different ages, grown on inland sedentary soils under the current agronomic practices in Malaysia.




2. Materials and Methods


2.1. Study Site


This study was carried out in an oil-palm plantation located in Layang-Layang (1.81° N 103.45° E), Johor, Malaysia. The plantation has 129 oil-palm blocks with a total planted area of 2935 hectares. Block size varies from 5.1 to 34.8 hectares. There are 13 soil types found in the plantation but Harimau Series (Typic Paleudult), which is a deep, well-drained soil with 30% clay, 3% silt, 34% fine sand, and 29% coarse sand, dominates 56.5% of the total planted area [23]. The cation exchange capacity (CEC) of Hariamu Series is low at 4.09 cmol kg−1, with exchangeable K, Ca, and Mg at 0.11, 0.68 and 0.18 cmol kg−1, respectively. Harimau Series soil is moderately acidic, with a pH of 4.5, 0.13% total N, and 8.2 ppm available P. The topography of the study site is undulating, with slopes ranging from 2 to 6°. Annual rainfall received from 2011 to 2019 averaged (±sd) at 2522 ± 66 mm, with 135 ± 3 rain days. Mean annual air temperature averaged at 26.5 ± 0.5 °C. The study site is thus deemed favorable for growing oil palm [8,24].




2.2. Planting Materials


Tenera (Deli Dura × AVROS Pisifera) palms were sampled. These were fertilized commercial palms grown under the current Sime Darby Plantation agromanagement practices. These palms were sampled from different blocks, where each block is planted with one specific palm age. Most blocks were initially planted with 148 palms per hectare but there are some blocks planted with higher densities of 160–180 palms per hectare. Based on the developed soil map by the Sime Darby Plantation, palms planted in blocks with similar terrains and with Harimau Series as dominant soil type were selected for sampling. The age of palms at time of sampling were 12, 29, 48, 88, 133, 209, and 238 months old, calculated from the time of nursery planting. Four palms from each age group were randomly sampled. Stunted, abnormal, and roadside palms were excluded from sampling. The 88-month-old palms sampled from a high-density planting block were healthy and not etiolated at the time of sampling. Fertilizers were applied on an annual basis and the last three years’ fertilizer quantities applied to the sampled palms prior to destructive sampling were averaged and are provided in Table 1. The nursery palms (12 months old) only received one year of fertilizer applications while the 29-month-old palms received one year of fertilizer applications after field planting. Oil palm is normally raised in the nursery for 12 months before transplanting in the field.




2.3. Destructive Sampling


The tenera palms selected for destructive sampling were harvested, uprooted, and separated into different morphological components viz. leaves (further divided into leaflets, rachis, and petiole), leaf bases, spear leaves, cabbage, trunk, bole, roots, male and female inflorescences, and bunches [2,18]. Figure 1 briefly illustrates the sampling of various parts of the oil palm. Root biomass may contain significant amounts of nutrients, but no measurement was made in this study.



2.3.1. Leaves


Each leaf was removed individually and divided into leaflets, rachis, and petiole. Leaflets were sampled systematically by sampling one leaflet for every ten leaflets until the tip of the rachis for both sides of a leaf. These leaflets were then bulked, weighed, and treated separately for nutrient analysis. All remainder leaflets were cut off, bulked, weighed, and dried. Each of the rachis and petiole was cut into six and four equal parts respectively, bulked and weighed. A 10-cm long subsample was cut from the middle of each part, bulked, weighed, dried and used for nutrient analysis. ‘Spear leaves’ (unopened leaves) were cut off from the crown after felling the sampled palm, numbered and cut into six parts of equal length, bulked and weighed. A 10 cm long subsample was cut from the middle of each part, bulked, weighed, dried and used for nutrient analysis.




2.3.2. Trunk


After the removal of all leaves, the whole trunk was uprooted with the bole. The bole was separated from the trunk, then the trunk was further separated into upper and lower trunk parts, because the tissues of both trunk sections contain contrasting nutrient concentrations [2]. The upper trunk, which supports the leaves, is defined as the section from the base of Leaf–41 to the base of Leaf–1 (Figure 1a). The upper trunk was cut into three equal sections, and each section was weighed separately. A 15-cm thick subsection was cut from the middle of each trunk section and weighed. Each trunk subsection was further cut into eight equal parts, and two one-eighth parts were taken randomly. These subsamples were bulked separately, weighed, and used for nutrient analysis. The lower trunk, which forms the major portion of palm trunk is defined as the section between the base of Leaf–41 and the trunk base where the bole was separated (Figure 1b). The lower trunk was then cut into three equal sections and treated in the same way as the upper trunk.




2.3.3. Cabbage


The cabbage is the succulent tissue found at the apex of the upper trunk, which is basically comprised of a soft mass of immature leaves and inflorescences that contain much higher concentrations of nutrients. It was treated separately. The cabbage was cut out, chopped, dried, weighed, and taken for nutrient analysis.




2.3.4. Bole


The bole was separated from the trunk, and soils attached to the bole and the roots were removed by spraying with water. Roots attached to the bole were removed with a sharp knife. The bole was weighed and then cut into eight longitudinal sections of approximate size. Two one-eighth sections were weighed and taken for nutrient analysis. All roots removed from the bole were bulked and weighed, and about 2 kg of each of the roots was taken for nutrient analysis.




2.3.5. Leaf Bases


All leaf bases attached to each section of upper and lower trunk were removed, bulked, and weighed. Two pieces of leaf bases from each section were randomly sampled, weighed and used for nutrient analysis.




2.3.6. Fresh Fruit Bunches


All fruit bunches were harvested before palm felling and were separated into ripe and unripe bunches. Each bunch was weighed in the field and immediately taken to the laboratory where each bunch was treated separately [6]. In the laboratory, every bunch was stripped and separated into fruits, stalks, and spikelets with trash and weighed. All of the fruits were cleaned and separated, firstly into pericarp and nut, and were again weighed individually. The stalk, spikelet, and pericarp were diced. A maximum of 2 kg of subsamples from stalk, spikelet, and pericarp component were dried overnight at 70 °C before grinding in a mill. The nut was dried similarly and then cracked with a hammer to extract the kernel. After separation, the shell was placed in a canvas bag and crushed with a hammer before grinding in a mill. The kernel was pounded up in a porcelain mortar. The ground material was then quartered for a subsample of about 250 g. The stalk was cleaned and treated in the same way as the spikelet/trash.





2.4. Laboratory Analysis


All palm organs were wiped clean with distilled water before they were cut into smaller pieces and dried to a constant weight between 50 to 70 °C using a Memmert laboratory oven Model UF450 (Memmert GmbH, Schwabach, Germany). Total N in the organ samples was determined using the combustion method with an elemental analyzer with temperature set at 900 °C [25]; P was determined colorimetrically by the yellow phosphovanadate complex using the AutoAnalyzer after dry-ashing [26]; K, Mg, and Ca by the Atomic Absorption Spectrophotometer after dry-ashing [27]; and B by the Azomethine method using a UV Spectrophotometer after dry-ashing with H2SO4 [28].




2.5. Data Analysis


2.5.1. Determination of Dry Weight


Total dry weight of a specific palm tissue, DWx (where x represents a specific tree part, such as spear leaves, leaflets, rachis, petiole, leaf bases, cabbage, trunk, or bole) for each palm age was determined as:


    DW  x     = W   0     ×     W 2     W 1     



(1)




where W0 is the total fresh weight of a specific palm tissue, and W1 and W2 is the subsample fresh weight and dry weight of a specific palm tissue, respectively. All weights are in kg palm−1.




2.5.2. Estimation of Dry-Matter Production


Dry weights determined for each replicate of spear leaves, trunk, and bole at months 12, 29, 48, 88, 133, 209, and 238 were treated individually and subjected to nonlinear regression analysis using TableCurve 2D version 5.1 (SYSTAT Software Inc., San Jose, CA, USA, 2002) to estimate annual dry matter incorporated in spear leaves (DMspear), trunk (DMtrunk), and bole (DMbole). Models generated from the curve-fitting software were examined. Parsimonious models with low fitting standard error and high R2 were selected [29]. From the fitted curves, monthly DMspear, DMtrunk, and DMbole were then calculated and summed to give annual dry-matter production in kg palm−1 year−1. Trunk dry matter includes the cabbage and the upper and lower trunk. Annual leaf dry-matter production (DMleaf; kg palm−1 year−1) was calculated following Corley et al. [16] as:


    DM   leaf    =   (      DW   leaf     FN    )   ×   FPR   



(2)




where DWleaf is the total dry weight of leaves (kg palm−1) at the time of sampling, FN is the total number of leaves per palm at the time of sampling, and FPR is the 12-month period’s total leaf numbers produced for the year preceding the destructive sampling (no. palm−1 year−1). The number of leaves produced by the sampled palms was estimated from Equation (3), which was derived from three oil-palm planting-density trials carried out under the Malaysian inland environment (see Supplementary Figure S1), which is similar to the environment of this study [30]. The number of leaves produced in a month for a given palm age was estimated as:


       FPR    month    = 2   . 9645 exp   (  − age / 380.6418  )   



(3)




where age is the palm age in months since nursery planting. Annual root dry-matter production (DMroot; kg palm−1 year−1) was derived from the aboveground vegetative dry-matter production (VDM) estimated in this study as:


    DM   root    = VDM   ×   0.104   



(4)




where 0.104 is the mean root-to-shoot ratio, calculated from Henson and Chai [31]. The dry weight of fresh fruit bunches (DMFFB) in kg palm−1 year−1 for the year preceding destructive sampling was calculated as:


    DM   FFB    =   (     Y  FFB     SPH    )   ×   0   . 5275   



(5)




where YFFB is the 12-month period’s total weight of fresh fruit bunches (kg ha−1 year−1), SPH is the number of palms per hectare for the block from which the sampled palms were taken, and 0.5275 is a constant used for converting the weight of fresh fruit bunches to the dry weight [32].




2.5.3. Estimation of Nutrient Demand


The annual quantity of nutrient required to grow and maintain each palm organ (Nx; kg palm−1 year−1) for each palm age was calculated as:


       N   x     = DM   x       ×   C   x   



(6)




where DMx is the amount of dry matter incorporated in a specific palm organ over a year, and where x represents bunches, spear leaves, leaves, trunk, bole, or roots. Cx (% dry matter) is the concentration of a nutrient element for a specific palm organ, x. The annual nutrient demand calculated for each vegetative organ was summed to give the annual nutrient demand for vegetative growth. The sum of nutrient demand for vegetative growth and bunch production gives the total nutrient demand.




2.5.4. Statistical Analysis


Dry weight and dry-matter production data, and nutrient concentrations data collected from vegetative tissues and components of fruit bunches were analyzed using JMP® Version 14 (SAS Institute Inc., Cary, NC, USA, 2021). The growth stages of tenera were divided into nursery (12 months old), immature (29–48 months old), and mature (88–238 months old). Means were separated by the Tukey HSD test procedure at the threshold significant level of 5%. Pearson correlations between tissues’ nutrient concentrations with palm age in 12-to-238-month-old tenera were analyzed using JMP® Version 14 (SAS Institute Inc., Cary, NC, USA, 2021).






3. Results


3.1. Vegetative Biomass and Its Distribution


Total vegetative biomass increased almost linearly from 1.3 kg palm−1 at 12 months old to 808.6 kg palm−1 at 238 months old (Table 2). Trunk biomass alone increased from 1.1 kg palm−1 at 29 months after planting to 430.8 kg palm−1 at 238 months old, while leaf biomass, which is comprised of leaflets, rachis, and petiole increased from 1.0 kg palm−1 at 12 months after planting to 223.3 kg palm−1 after 133 months, with little increase thereafter. The biomass of leaf bases increased substantially from 11.4 kg palm−1 at 48 months old to 105.7 kg palm−1 at 133 months old before declining to 90.4 and 59.6 kg palm−1 at 209 and 238 months old, respectively. The bole was taken as the only belowground vegetative biomass in this study, while roots attached to the bole were excluded. Bole biomass increased from 0.24 kg palm−1 at 12 months old to 58.7 kg palm−1 after 238 months of planting.



Leaves and trunk make up the bulk of vegetative biomass measured in this study, while spear leaves and bole contributed between 1–7% and 1–18% to total vegetative biomass, respectively (Figure 2). The proportion of accumulated biomass in leaves decreased with age, as the proportion of biomass in trunk increased. The contribution of leaf bases to total vegetative biomass appears substantial, especially from 88 to 209 months after planting. Within the leaf biomass, leaflets and rachis contributed 30% each, while the petiole took up the remaining 40%.




3.2. Estimation of Dry-Matter Production


Cumulative dry matter incorporated in tree parts was estimated through nonlinear regression (Table 3). The cumulative dry weights for spear leaves, trunk, and bole fitted well to modified exponential models. This method was highly satisfactory and gave accurate estimate of dry-matter production as R2 of all the equations determined for most of the replicates exceeded 0.90. Lower R2 found in replicate 4 of DWspear and all replicates of DWbole was caused by outliers.




3.3. Dry-Matter Production


Whole-palm dry-matter production increased with palm age but at a decreasing rate (Table 4). This was mainly attributed to the increasing amount of dry matter incorporated in vegetative tissue and fruit bunches during the first 133 months of growth. However, as the amount of dry matter incorporated in leaves, trunk, roots, and fruit bunches started to stabilize at about 133 months onwards, the rate of whole-palm dry-matter production decreased. The amounts of dry matter used for the spear leaves and bole were very small, averaging at 0.6 and 2.3 kg palm−1 year−1, respectively.




3.4. Nutrients in Vegetative Tissues


The concentrations of N, P, K, Mg, Ca, and B in the vegetative tissues of nursery, immature and mature tenera palms are summarized in Table 5, while concentrations of these nutrients in vegetative tissues for each palm age are provided in Tables S1 and S2. In general, the concentrations of N, P, K, Mg, Ca, and B in vegetative tissues varied depending on type of tissues, palm age, and nutrient elements. Nutrient concentrations between palms varied considerably depending on palm age, nutrient element, and tissue types. For a whole palm, the coefficient of variation for N, P, K, Mg, Ca, and B concentrations could vary between 5.7 and 20.7%, 9.1 and 27.3%, 8.2 and 33.5%, 5.0 and 16.1%, 2.9 and 20.9%, and 2.8 and 19.2%, respectively.



Among the vegetative tissues, the cabbage, which comprises mainly meristemic cells, had the highest concentrations of N, P, K, Mg, Ca, and B, while roots in general had the lowest concentrations of these nutrients. The leaflets, which serve as photosynthetic organ had the second highest N concentration. The trunk, which is a storage organ, had higher concentrations of N, P, K, Mg, and Ca after the cabbage and leaflets, except for Mg concentration in the trunk of mature palms. Leaf bases, which are parts of the petiole that are attached to the trunk, had comparable concentrations of N, P, K, Mg, and Ca to the petiole.



Averaged over the whole palm, the concentrations of N and Mg of 12-month-old nursery tenera were lower than in tenera of the same age studied previously (Table 6), but P concentration was comparable, and K and Ca concentrations were higher. For the whole immature tenera, the concentrations of N and Mg were comparable to tenera studied by Ng et al. [2] but P, K, and Ca concentrations were higher (Table 6). The concentrations of N, P, K, and Ca of mature tenera studied here were higher than previously studied dura and tenera except for Mg in mature dura (Table 6).



K concentration in the leaves, trunk, and the whole palm did not change with palm age while concentrations of N, P, and Mg decreased with age (Table 7). On the other hand, Ca and B concentrations decreased with age in the trunk and the whole palm but not in the leaves.




3.5. Nutrients in Fresh Fruit Bunches


The nutrient concentrations in fresh fruit bunches and their components are given in Table 8. For the whole bunch, the order of nutrient concentrations is: K (1.20%) > N (0.90%) > Ca (0.44%) > Mg (0.25%) > P (0.150%) > B (11.1 mg kg−1). Among the bunch components, the kernel had the highest N and P concentrations, while the stalk had the highest K and B concentrations. The mesocarp, on the other hand, had the highest Mg and Ca concentrations. It is also apparent that the tenera bunches studied here are much richer in nutrients than the dura bunches, as well as other previously studied tenera bunches (Table 9).




3.6. Nutrient Demand


The annual demand of N, P, Mg, Ca, and B for vegetative growth tended to follow annual vegetative dry-matter production (Figure 3; Table 4), with low demand during the first 12 months of growth. However, thereafter, nutrient demand increased rapidly up to 88 months after nursery planting, and with slower increase thereafter up to month 209, before declining to a lower demand at month 238. Annual vegetative growth demand for K was slightly different, as K demand declined sharply after peaking at month 88, and only reverted upward at month 238. Annual fruit-bunch demand for N, P, K, Mg, Ca, and B closely followed annual fruit-bunch production (Figure 3; Table 4), with a steady increase from 48 months after nursery planting, up to month 209 when fruit-bunch production peaked. Thereafter, nutrient demand declined following lower fruit-bunch production. Annual total nutrient demand appeared to follow nutrient demand for vegetative growth, with maximum nutrient demand occurring at month 209 when fruit bunch-production reached its peak—except for K demand, which occurred at month 88, when vegetative growth demand for K peaked (Figure 3). At 12 months old, the total nutrient demand of the tenera oil palm was 18 g N, 2.3 g P, 25 g K, 2.5 g Mg, 4.1 g Ca, and 0.01 g B per palm. However, its annual nutrient demand increased substantially to its maximum at 2.34 kg N, 0.35 kg P, 4.36 kg K, 0.50 kg Mg, 1.14 kg Ca, and 3.0 g B per palm. These amounts of nutrients are sufficient to meet annual fruit-bunch production of 30 t ha−1.



During the entire duration of 238 months of palm growth, K was the most required nutrient, which accounted for about 54% of total nutrient demand, followed by N at about 25%, while P, Mg, and Ca accounted for about 4, 6, and 12% of total nutrient demand, respectively. Not surprisingly, as it is a micronutrient, B demand was the lowest, at about 0.03%. Of the measured nutrients, between 37 and 54% of N, P, Mg, Ca, and B taken up by the tenera palms across different ages was partitioned to fruit bunches; except for K, which was lower (ranged between 19 and 36%) (Table 10).





4. Discussion


4.1. Standing Vegetative Biomass and Dry-Matter Production


The aboveground dry weight of tenera palms measured in this study were comparable to previous studies on either dura or tenera palms grown on different soils and under different management practices in Malaysia [16,18,34] and in Indonesia [35,36] (Figure S2). Our results suggest that accumulation of aboveground vegetative biomass in oil palm tends to remain relatively constant across different types of planting materials and environments. However, clear differences in aboveground vegetative biomass accumulation were observed on palms grown under suboptimal conditions such as peat in Malaysia [37] and in West Africa [15,38]. The poor growing conditions of peat [39,40] and marked dry seasons prevailing in West Africa [41] would have detrimentally affected the growth of the sampled palms there; hence, they accumulated less aboveground vegetative biomass.



The rapid increase in dry-matter production during the first 88 months of planting is typical of oil palm and is consistent with previous studies [2,16]. Production of aboveground vegetative dry matter in mature palms was in close agreement with studies conducted in Malaysia [2,16] but was much higher than in oil palms studied in West Africa [15,38] (Table S3). Seasonal drought (6 consecutive months with monthly mean rainfall of less than 100 mm per month−1) [11] in West Africa would have affected the rate of leaf production and expansion [36,42], and in turn resulted in lower leaf dry-matter production. Ng et al. [2], on the other hand, might have underestimated leaf dry-matter production by only considering 18 pruned leaves with average leaf dry weight of 3.95 kg while overestimating trunk dry-matter production by including leaf bases as part of the trunk.



If root dry-matter production is considered, the total vegetative dry-matter production estimated in this study agreed with Dufrene’s estimation [38] of 171.3 kg palm−1 year−1, but this was about 25% higher than Corley et al. [16] and 75% higher than Rees and Tinker [15]. Dufrene [38] and this study estimated annual root dry-matter production, but the other studies only considered net increase in root dry weight, and this perhaps explains the observed differences. If Equation (4), which was developed in Malaysia, was used to estimate the root dry-matter production in Corley et al. [16], then total vegetative dry-matter production would be increased to 144.7 kg palm−1 year−1, quite close to the present estimate of 168.2 kg palm−1 year−1 (Table S3). It is thus obvious that production of vegetative dry matter could be quite similar across different environments, but the partitioning of above- and belowground vegetative dry matter might vary depending on the prevailing growing conditions. Dufrene [38] showed that oil palm tends to partition more dry matter to roots in places with pronounced dry seasons. In this study, the root dry-matter production was estimated using Equation (4) developed in Malaysia [31]. The estimated root dry-matter production only represents about 10.4% of total aboveground vegetative dry-matter production. This is a considerably small fraction of dry matter partitioned to the roots as argued by Corley and Tinker [11] (pp. 341–342). Thus, it seems that further studies are required to ascertain root dry-matter production of tenera palms at different ages of growth, since this has important implication on total dry-matter production, partitioning, and vegetative growth demand for nutrients.



Bunch dry matter produced in this study was comparable to the amounts produced elsewhere in Malaysia but was 1.6 to 2 times more than those in West Africa (Table S3). This is not unexpected, as dry-matter requirements for vegetative growth appear to be met first before any surplus dry matter is diverted to bunch production. This surplus is smaller in less-conducive environments like West Africa, where a marked dry season prevails. Consequently, total dry-matter production across different environments might not vary as substantially as highlighted here. Total dry-matter production found in this study was only 15% more than Dufrene [38], despite having produced 61% more bunch dry matter.




4.2. Nutrient Concentrations and Nutrient Demand


The variations in nutrient concentrations among vegetative tissues found in this study were consistent with previous studies [2,4,5,17,18,21,43]. These results confirm that the uptake of nutrients cannot be reliably deduced from leaf nutrient analysis alone [43], as high concentrations of nutrients are also found in other vegetative tissues such as rachis, petiole, leaf bases, and trunk. Classical fertilizer recommendation methodology based solely on leaf nutrient analysis data must consider the variations in nutrient concentrations among vegetative tissues. Considerable palm-to-palm variations in nutrient concentrations might be attributed to genetic differences, since tenera palms planted at the study site came from different genetic origins. It has been shown that nutrient uptake could vary by up to 30–40% among oil-palm planting materials [43]. It is also possible that the variations observed were caused by genetic–environmental interactions. We therefore recommend establishing plantations with blocks of homogenous oil-palm planting materials in order to obtain a more reliable estimate of fertilizer requirements. In the case of existing plantations with mixed oil-palm planting materials, an appropriate sampling size should be established for every management block so as to minimize variation.



Much higher nutrient concentrations found in the cabbage were expected and have been documented [2,21]. This plant part is the growing point of the palm, so it is not surprising to observe a much higher concentration of nutrients here, as more nutrients are required to grow developing tissues, such as immature leaves and leaf bases. Higher K concentrations found in all vegetative tissues, particularly in the trunk, agreed with previous findings [2,18,43,44], and confirmed its prominent role in the nutrition of oil palm. The high concentrations of nutrients found in the leaf bases highlight the importance of this plant part as nutrient sink and stock, and it should be given due attention since it constitutes a significant portion of vegetative biomass (Table 2). The amounts of nutrients immobilized by leaf bases and recycled back to the soil through shedding of leaf bases could be significant [45]. The low nutrient concentrations found in the roots have been reported [2,4,5,21].



The higher concentrations of N, P, K, Mg, and Ca found in the whole immature and mature tenera studied here (Table 6), suggest that the tenera studied here might require more N, P, K, Mg, and Ca to sustain vegetative growth for a same unit of biomass produced. Recent advances in agronomic practices might have improved the uptake of nutrients, and led to the observed higher concentrations of N, P, K, Mg, and Ca. It is also possible that the presently studied tenera had higher nutrient concentrations in its vegetative tissues intrinsically as a result of advances in oil-palm breeding [43].



The decline in concentrations of N and P with age, particularly in the trunk, has been reported [2]. Henson and Chang [46] analyzed published nutrient concentration data and found that only concentrations of N and P in the trunk declined with age, while N, P, and K concentrations in other palm tissues did not. The present study confirmed their findings but also found that concentrations of N and P in the leaves, concentration of Mg in the leaves and trunk, and concentrations of Ca and B in the trunk declined with age (Table 7). The ability of oil palm to store K in vegetative tissues might explain the lack of correlation between K concentration and palm age [18,44]. This is supported by higher K concentrations found in the vegetative tissues such as rachis, petiole, leaf bases, trunk, and bole (Table 5). If whole-palm nutrient concentration is considered, only K concentration did not decline with age (Table 7). The physiological mechanism underlying the decline in concentration of nutrients in plant tissues with plant or organ age is complex and has not been fully understood [47]. One plausible explanation is that as the plant grows and accumulates more biomass, the increase in plant or organ biomass is greater than the corresponding increase in nutrient content. This eventually decreases the concentration of nutrients due to the dilution effect of biomass [47,48]. Trunk K behaved quite differently in relation to palm age. It tended to increase with palm age initially before declining to a more stable level (Figure S3). Ng et al. [2] observed a similar trend of K concentration in the trunk (Figure S3). They argued that oil palm tends to build up a K reserve in the trunk during the early years of planting, but this reserve will deplete gradually soon after fruit-bunch production peaks. The present observation seems to agree with Ng et al. [2] as K concentration in the trunk tended to decrease with increasing fruit-bunch yield in both studies.



The variations in nutrient concentrations among bunch components found in this study were consistent with previous studies [6,19,20,21,33]. The most striking variation is the nutrient concentrations in the mesocarp. The tenera bunches studied here had much higher N, P, K, Mg, and Ca concentrations in their mesocarps than previously studied dura and tenera bunches (Table 8). Consequently, the tenera bunches studied here contain higher N, P, K, Mg, and Ca contents than previously studied dura and tenera bunches (Table 9). It is thus obvious that for the same production level of fruit bunches, the tenera studied here would require more nutrients to support fruit-bunch production.



The rapid increase in nutrient demand in the first 88 months since nursery planting was mainly driven by growth rate (Table 4), consistent with Ng et al. [2] and Goh et al. [21], and also suggests that derivation of nutrient requirements from palms of one age or from mature palms alone appears inadequate. Higher demand of N, P, Mg, Ca, and B at month 209 was attributed to high demand of these nutrients for fruit-bunch production (Figure 3; Table 4). The decline in K demand for vegetative growth after month 88 was consistent with the decline in trunk K concentration (Figure 3 and Figure S3). It appears that the studied tenera did not increase its K uptake when fruit-bunch demand for K increased due to increasing fruit-bunch production but instead used K reserved in the vegetative tissues, particularly trunk K, to meet fruit-bunch production. Thus, it is important to build up K reserves during the early years of planting to meet increased K demand in later years. Teoh and Chew [18] estimated that trunk K reserve of fully fertilized tenera palms could support vegetative growth and fruit-bunch production for 2 to 6 years.



The substantial amounts of nutrients required annually by the tenera studied here re-emphasize the large fertilizer needs of oil palm and the importance of judicious manuring that meets agronomic, economic, and environmental objectives. The amounts of nutrients depicted in Figure 3 were regarded as gross nutrient demand [2,11] since nutrients recycled from pruned leaves were not considered. If annual fruit-bunch production of 25 t ha−1 is considered, the annual gross nutrient demand of mature tenera studied here would be 1.99 kg N, 0.28 kg P, 3.94 kg K, 0.42 kg Mg, and 0.99 kg Ca palm−1 which is about 53, 57, 132, and 64% more N, P, K, and Ca than found in the dura studied by Ng et al. [2], respectively, but Mg demand was only 2% higher than in the dura. No difference was found when annual B demand was compared with another mature tenera [21], as both required 2.5 g palm−1.



However, if nutrients contained in the pruned leaves were all recycled, the annual net demand of nutrients would be 1.04 kg N, 0.16 kg P, 1.85 kg K, 0.26 kg Mg, 0.47 kg Ca, and 1.3 g B palm−1. These amounts were higher than net nutrient demand of fully fertilized mature dura [2] and tenera [18] studied previously. Teoh and Chew [18] found that fully fertilized mature tenera grown on different soils in Malaysia required 1.34 to 1.59 kg K palm−1 year−1 if K recycled from pruned leaves was considered. The higher nutrient demand is not unexpected because of higher nutrient concentrations found in the vegetative tissues and fruit bunches of tenera studied here, and given that dry-matter production of either dura or tenera planting materials could be quite similar, especially when they are grown under favorable environments (Table S3). Therefore, for the same level of dry-matter production, the tenera studied here would need more nutrients.



Fruit bunches accounted for the largest portion of required N, P, Mg, Ca, and B, except in the case of K (Table 9), because a large portion of K is stored in vegetative tissues such as leaves, trunk, and leaf bases (Table 6). Goh et al. [44] found that fully fertilized mature tenera grown on different soils in Malaysia partitioned 70–73% of their K demand to vegetative tissues, whereas unfertilized tenera partitioned 55–70%. Thus, from the fertilizer management context, the production level of fruit bunches has great influence on the determination of fertilizer requirements of oil palm.




4.3. Implications on Fertilizer Requirements of Oil Palm


The tenera studied here has been fertilized following standard commercial fertilizer regimes that are commonly practiced in the palm-oil industry in Malaysia (Table 1). The vegetative dry matter and fruit-bunch production of this tenera was comparable to fully fertilized tenera studied in Malaysia [4,5,16], suggesting that the tenera studied here must be growing at its potential. The tenera were neither deficient nor luxuriant in nutrient content since the net amounts of nutrients required for vegetative growth and fruit-bunch production closely matched the applied fertilizer quantities after accounting for losses to the environments [49,50] (Table S4). The small deficit of about 46 kg N, 54 kg K, and 11 kg Mg per hectare per year could be easily supplied by Harimau Series soil (Typic Paleudult). Soils in Malaysia could supply 90 to 194 kg N and 62 to 189 kg K per hectare per year [4,44]. Therefore, the growth demand for nutrients determined in this study could serve as the potential nutrient demand of tenera oil palm grown under current agronomic practices in Malaysia, and perhaps elsewhere. The nutrient demand data obtained here can be used together with soil and foliar nutrient analysis data to further refine the fertilizer requirements for tenera oil palm grown on different soil types.





5. Conclusions


The present study closes a significant gap in the nutrient management of tenera oil palm grown under current agronomic practices, by determining its nutrient demand at different ages of growth.



Although the dry-matter production of commercially grown tenera has not increased over the years, its N, P, K, Mg, Ca, and B concentrations in vegetative tissues and fruit bunches were found to be higher. This has led to higher demand of these nutrients, which should be given due attention when formulating fertilizer requirements for tenera grown under current agronomic practices. The present findings provide an opportunity to match the nutrient demand of tenera at different ages of growth. This allows more sustainable production of palm oil that meets agronomic, economic and environmental objectives.



Important findings of this study are summarized below.



	(1)

	
Excluding roots, the total standing vegetative biomass increased almost linearly from 1.3 kg palm−1 at 12 months old to 808.6 kg palm−1 at 238 months old.




	(2)

	
Whole palm dry-matter production increased with palm age but at a decreasing rate, from 1.5 kg palm−1 year−1 at 12 months old to 285.5 kg palm−1 year−1 after 133 months, with little increase thereafter.




	(3)

	
Nutrient concentrations in vegetative tissues varied considerably depending on palm age, nutrient element, and tissue types. The tenera studied here generally had higher nutrient concentrations in the vegetative tissues and fruit bunches than previously studied dura and tenera.




	(4)

	
The maximum N, P, Mg, Ca, and B demand occurred at month 209 during peak production of fruit bunches, while maximum K demand occurred at 88 months after nursery planting, when vegetative growth demand for K peaked.




	(5)

	
Tenera bunches studied here contain 4.74 kg N, 0.79 kg P, 6.35 kg K, 1.31 kg Mg, 2.30 kg Ca, and 5.9 g B per tonne of fresh fruit bunches.




	(6)

	
Total amounts of nutrients required to produce 25 t fresh fruit bunches ha−1 year−1 were 1.99 kg N, 0.28 kg P, 3.94 kg K, 0.42 kg Mg, 0.99 kg Ca, and 2.5 g B palm−1 year−1.




	(7)

	
If all leaves produced in a year were pruned off and all its nutrients were recycled, the net amounts of nutrients required to produce 25 t fresh fruit bunches ha−1 year−1 would be 1.04 kg N, 0.16 kg P, 1.85 kg K, 0.26 kg Mg, 0.47 kg Ca, and 1.3 g B palm−1 year−1.
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Figure 1. Destructive sampling of the tenera oil palm. (a) A 5-year-old palm, after almost all leaves were removed before it was felled. Upper and lower trunk were identified and marked. (b) Cutting the bole of an uprooted palm using chainsaw and chisel. (c) Oil-palm trunk with leaf bases attached to it. (d) Oil-palm leaves with petiole, rachis, and pinnae identified. (e) Cleaned oil palm roots. (f) Harvested bunches. Left—ripe bunch; middle and right—unripe bunches. 
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Figure 2. Proportion of vegetative biomass of different ages of tenera oil palm. 
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Figure 3. Mean amounts of N, P, K, Mg, Ca, and B required to meet nutrient demand for vegetative growth and fruit-bunch production of tenera oil palm of different ages sampled in this study. Error bars are standard errors. 
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Table 1. Average fertilizer rates applied to the sampled tenera palms prior to destructive sampling. SPH and n.a. denote actual stands per hectare at time of sampling, and not applicable, respectively.
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Palm Age

(Months)

	
SPH

	
Quantity of Nutrients Applied (kg palm−1 year−1)




	
N

	
P

	
K

	
Mg

	
Ca

	
B






	
12

	
n.a.

	
0.04

	
0.02

	
0.02

	
0.01

	
0

	
0




	
29

	
157

	
0.60

	
0.51

	
0.71

	
0.06

	
0.57

	
0




	
48

	
148

	
0.66

	
0.40

	
1.06

	
0.12

	
0.52

	
0.009




	
88

	
173

	
0.97

	
0.21

	
1.93

	
0.28

	
0.52

	
0.009




	
133

	
150

	
0.89

	
0.24

	
1.91

	
0.26

	
0.72

	
0.009




	
209

	
133

	
0.89

	
0.22

	
1.99

	
0.26

	
0.70

	
0.009




	
238

	
134

	
0.85

	
0.21

	
1.85

	
0.23

	
0.63

	
0.009
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Table 2. Dry weights (mean ± SE) of standing vegetative biomass of tenera oil palm sampled in Malaysia.
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Palm Age *

	
Vegetative Biomass (kg palm−1)




	
Leaflets

	
Rachis

	
Petiole

	
Leaves

	
Spear Leaves

	
‡ Trunk

	
Leaf Bases

	
Bole

	
Total






	
12

	
0.37 ± 0.05 e

	
0.24 ± 0.03 c

	
0.4 ± 0.1 c

	
1.0 ± 0.1 d

	
0.045 ± 0.005 d

	
–

	
–

	
0.24 ± 0.01 c

	
1.3 ± 0.1 f




	
29

	
3.2 ± 0.1 e

	
2.0 ± 0.1 c

	
5.1 ± 0.5 c

	
10.2 ± 0.7 d

	
0.35 ± 0.04 d

	
1.1 ± 0.1 e

	
–

	
0.57 ± 0.02 c

	
12.3 ± 0.7 f




	
48

	
26.8 ± 0.2 d

	
21.1 ± 0.8 c

	
38.6 ± 1.9 b

	
87.6 ± 0.7 c

	
3.2 ± 0.1 cd

	
30.1 ± 0.2 de

	
11.4 ± 0.3 c

	
2.0 ± 0.04 c

	
134.0 ± 0.6 e




	
88

	
49.4 ± 3.3 c

	
49.6 ± 5.6 b

	
54.0 ± 6.2 b

	
153.0 ± 14.8 b

	
6.0 ± 1.0 bcd

	
85.1 ± 4.8 d

	
72.7 ± 3.1 b

	
10.1 ± 1.1 bc

	
326.9 ± 16.9 d




	
133

	
61.9 ± 2.3 b

	
75.5 ± 11.9 a

	
86.0 ± 8.9 a

	
223.3 ± 22.5 a

	
11.3 ± 1.5 ab

	
216.8 ± 7.7 c

	
105.7 ± 11.1 a

	
20.7 ± 2.5 b

	
577.9 ± 29.3 c




	
209

	
72.7 ± 1.4 a

	
70.8 ± 1.5 ab

	
92.1 ± 4.7 a

	
235.5 ± 6.6 a

	
8.8 ± 0.6 abc

	
308.9 ± 3.0 b

	
90.4 ± 2.0 ab

	
21.1 ± 1.2 b

	
664.7 ± 7.5 b




	
238

	
68.8 ± 3.5 ab

	
90.2 ± 6.4 a

	
87.3 ± 7.4 a

	
246.2 ± 12.4 a

	
13.3 ± 2.9 a

	
430.8 ± 34.3 a

	
59.6 ± 11.1 b

	
58.7 ± 7.0 a

	
808.6 ± 34.3 a








* Months since nursery planting. ǂ Trunk comprises cabbage and upper and lower trunk. Means sharing the same letter within each parameter are not significantly different at p ≤ 0.05.
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Table 3. Equations to calculate the cumulative dry matter incorporated in spear leaves, trunk, and bole of tenera oil palm. The variable ‘age’ is the number of months since nursery planting and DWspear, DWtrunk, and DWbole are dry weights (kg palm−1) accumulated in spear leaves, trunk, and bole, respectively, at the time of sampling.






Table 3. Equations to calculate the cumulative dry matter incorporated in spear leaves, trunk, and bole of tenera oil palm. The variable ‘age’ is the number of months since nursery planting and DWspear, DWtrunk, and DWbole are dry weights (kg palm−1) accumulated in spear leaves, trunk, and bole, respectively, at the time of sampling.





	
Equation

	
Replicate

	
a

	
b

	
SE of Fits

	
R2

	
p-Value






	
     DW   spear    = exp   (  a −  b    age   1  . 5       )    

	
1

	
2.2826

	
−417.6429

	
0.66

	
0.97

	
<0.01




	
2

	
2.4968

	
−497.2144

	
1.01

	
0.95

	
<0.01




	
3

	
2.6945

	
−439.7475

	
2.90

	
0.78

	
<0.01




	
4

	
3.1698

	
−825.2037

	
4.67

	
0.69

	
<0.05




	
     DW   trunk    = exp   (  a −  b    age   0  . 5       )    

	
1

	
8.2456

	
−33.6274

	
35.74

	
0.96

	
<0.01




	
2

	
7.9697

	
−31.4995

	
15.71

	
0.99

	
<0.01




	
3

	
8.9256

	
−42.5053

	
49.53

	
0.94

	
<0.01




	
4

	
7.6207

	
−26.7059

	
21.30

	
0.98

	
<0.01




	
     DW   bole    = exp   (  a −  b    age   0  . 5       )    

	
1

	
8.5704

	
−67.0073

	
13.85

	
0.76

	
<0.01




	
2

	
5.4891

	
−28.7558

	
7.30

	
0.80

	
<0.01




	
3

	
6.3014

	
−36.5681

	
9.58

	
0.80

	
<0.01




	
4

	
7.0320

	
−45.4535

	
11.97

	
0.77

	
<0.01
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Table 4. Dry matter (mean ± SE) incorporated in vegetative tissues (kg palm−1 year−1) and fruit bunches of tenera oil palm. No SE values were calculated for fruit bunches, since the weight of fruit bunches was obtained from the actual bunch weight recorded in a single block.






Table 4. Dry matter (mean ± SE) incorporated in vegetative tissues (kg palm−1 year−1) and fruit bunches of tenera oil palm. No SE values were calculated for fruit bunches, since the weight of fruit bunches was obtained from the actual bunch weight recorded in a single block.





	Palm Age *
	Spear Leaves
	Leaves
	ǂ Trunk
	Bole
	Roots
	Total Vegetative
	Fruit Bunches
	Whole Palm





	12
	0.045 ± 0.005 c
	1.0 ± 0.1 c
	-
	0.24 ± 0.01 d
	0.17 ± 0.01 c
	1.5 ± 0.2 c
	-
	1.5 ± 0.2 d



	29
	0.5 ± 0.2 bc
	10.6 ± 0.4 c
	6.7 ± 1.8 b
	0.4 ± 0.2 cd
	2.7 ± 0.1 c
	21.1 ± 1.4 c
	-
	21.1 ± 1.4 d



	48
	1.6 ± 0.1 a
	50.7 ± 0.4 b
	15.1 ± 1.9 ab
	1.2 ± 0.3 bcd
	7.9 ± 0.1 b
	76.5 ± 1.6 c
	36.0
	112.5 ± 1.6 c



	88
	1.1 ± 0.3 ab
	112.0 ± 12.1 a
	23.6 ± 0.6 a
	2.4 ± 0.2 abcd
	14.4 ± 1.3 a
	153.7 ± 13.3 a
	77.9
	231.6 ± 13.3 b



	133
	1.1 ± 0.2 bc
	138.4 ± 15.7 a
	25.7 ± 2.1 a
	3.3 ± 0.4 abc
	17.0 ± 1.9 a
	184.9 ± 18.6 a
	100.6
	285.5 ± 18.6 a



	209
	0.2 ± 0.1 c
	122.1 ± 4.3 a
	24.2 ± 3.5 a
	4.0 ± 1.0 ab
	15.1 ± 0.5 a
	165.7 ± 4.3 a
	121.1
	286.8 ± 4.3 a



	238
	0.2 ± 0.1 c
	127.5 ± 4.2 a
	23.2 ± 3.7 a
	4.2 ± 1.2 a
	13.3 ± 0.4 a
	168.3 ± 5.9 a
	95.8
	264.1 ± 5.9 ab







* Months since nursery planting. ǂ Trunk comprises cabbage and upper and lower trunk. Means sharing the same letter within each parameter are not significantly different at p ≤ 0.05.
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Table 5. Concentrations (mean ± SE) of N, P, K, Mg, Ca, and B in vegetative tissues of nursery, immature, and mature tenera oil palms.
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Plant Tissue

	
% of Dry Matter

	
mg kg−1




	
N

	
P

	
K

	
Mg

	
Ca

	
B






	

	
Nursery seedlings (12 months old)




	
Spear leaves

	
1.86 ± 0.20 ab

	
0.312 ± 0.021 a

	
2.38 ± 0.10 a

	
0.28 ± 0.02 a

	
0.39 ± 0.04 ab

	
11.6 ± 0.3 abc




	
Leaflets

	
2.60 ± 0.10 a

	
0.186 ± 0.003 bc

	
1.95 ± 0.07 b

	
0.27 ± 0.04 a

	
0.49 ± 0.03 a

	
13.0 ± 0.4 ab




	
Rachis

	
0.53 ± 0.05 c

	
0.106 ± 0.015 d

	
1.90 ± 0.06 b

	
0.09 ± 0.01 b

	
0.24 ± 0.04 bc

	
6.4 ± 0.4 d




	
Petiole

	
0.55 ± 0.10 c

	
0.119 ± 0.012 cd

	
1.50 ± 0.11 c

	
0.14 ± 0.01 b

	
0.20 ± 0.02 c

	
8.3 ± 0.3 cd




	
Bole

	
1.28 ± 0.29 bc

	
0.224 ± 0.023 b

	
1.39 ± 0.08 c

	
0.16 ± 0.01 b

	
0.18 ± 0.05 c

	
8.8 ± 0.3 cd




	
Roots

	
0.82 ± 0.14 c

	
0.107 ± 0.007 d

	
1.61 ± 0.06 bc

	
0.13 ± 0.01 b

	
0.16 ± 0.05 c

	
13.8 ± 2.0 a




	
Whole palm

	
1.21 ± 0.12 bc

	
0.150 ± 0.007 cd

	
1.62 ± 0.07 bc

	
0.16 ± 0.01 b

	
0.26 ± 0.02 bc

	
9.5 ± 0.2 bcd




	

	
Immature palms (29–48 months old)




	
Spear leaves

	
1.71 ± 0.09 ab

	
0.291 ± 0.015 ab

	
2.07 ± 0.09 c

	
0.26 ± 0.02 bcd

	
0.39 ± 0.02 cd

	
11.2 ± 1.3 bcd




	
Leaflets

	
2.09 ± 0.18 a

	
0.165 ± 0.010 bc

	
1.03 ± 0.04 de

	
0.29 ± 0.04 bc

	
0.62 ± 0.06 b

	
10.7 ± 0.9 bcd




	
Rachis

	
0.36 ± 0.05 c

	
0.090 ± 0.021 c

	
1.27 ± 0.11 cde

	
0.12 ± 0.02 cd

	
0.29 ± 0.03 de

	
5.3 ± 0.5 e




	
Petiole

	
0.49 ± 0.05 c

	
0.122 ± 0.015 c

	
1.76 ± 0.14 cd

	
0.17 ± 0.01 cd

	
0.34 ± 0.03 d

	
9.6 ± 0.9 d




	
Leaf bases

	
0.51 ± 0.10 c

	
0.112 ± 0.020 bc

	
1.75 ± 0.28 cde

	
0.26 ± 0.03 bcd

	
0.25 ± 0.02 de

	
14.6 ± 1.3 abc




	
Cabbage

	
2.45 ± 0.47 a

	
0.363 ± 0.066 a

	
5.06 ± 0.42 a

	
0.90 ± 0.03 a

	
0.90 ± 0.03 a

	
17.9 ± 1.2 a




	
Trunk

	
1.75 ± 0.34 ab

	
0.336 ± 0.075 a

	
3.48 ± 0.46 b

	
0.40 ± 0.10 b

	
0.59 ± 0.11 bc

	
14.0 ± 0.6 ab




	
Bole

	
0.82 ± 0.18 c

	
0.123 ± 0.032 c

	
1.59 ± 0.22 cde

	
0.09 ± 0.02 d

	
0.29 ± 0.02 de

	
9.1 ± 0.6 d




	
Roots

	
0.42 ± 0.07 c

	
0.067 ± 0.011 c

	
0.86 ± 0.09 e

	
0.08 ± 0.01 d

	
0.09 ± 0.01 e

	
4.9 ± 0.6 e




	
Whole palm

	
1.07 ± 0.11 bc

	
0.159 ± 0.017 bc

	
1.76 ± 0.09 cd

	
0.22 ± 0.03 bcd

	
0.42 ± 0.03 bcd

	
10.1 ± 0.6 cd




	

	
Mature palms (88–238 months old)




	
Spear leaves

	
1.14 ± 0.07 c

	
0.150 ± 0.006 b

	
2.02 ± 0.07 bc

	
0.16 ± 0.01 bc

	
0.28 ± 0.01 d

	
10.5 ± 0.7 bc




	
Leaflets

	
1.81 ± 0.06 b

	
0.123 ± 0.004 bc

	
1.00 ± 0.03 de

	
0.20 ± 0.01 b

	
0.54 ± 0.02 b

	
12.5 ± 0.7 b




	
Rachis

	
0.25 ± 0.02 g

	
0.065 ± 0.007 def

	
1.61 ± 0.09 cd

	
0.07 ± 0.004 e

	
0.30 ± 0.02 d

	
6.4 ± 0.4 de




	
Petiole

	
0.42 ± 0.02 efg

	
0.097 ± 0.009 cd

	
2.32 ± 0.10 bc

	
0.14 ± 0.01 bcd

	
0.42 ± 0.03 c

	
11.1 ± 0.6 bc




	
Leaf bases

	
0.55 ± 0.04 def

	
0.078 ± 0.010 cde

	
2.03 ± 0.15 bc

	
0.20 ± 0.02 b

	
0.31 ± 0.04 cd

	
8.9 ± 0.7 cd




	
Cabbage

	
2.39 ± 0.11 a

	
0.417 ± 0.029 a

	
5.03 ± 0.23 a

	
0.68 ± 0.04 a

	
0.82 ± 0.05 a

	
21.5 ± 0.9 a




	
Trunk

	
0.65 ± 0.06 de

	
0.091 ± 0.008 cde

	
2.50 ± 0.35 b

	
0.09 ± 0.004 cde

	
0.26 ± 0.02 d

	
8.4 ± 0.8 cd




	
Bole

	
0.49 ± 0.07 defg

	
0.045 ± 0.007 ef

	
1.98 ± 0.16 bc

	
0.08 ± 0.01 de

	
0.29 ± 0.01 d

	
8.4 ± 0.7 cd




	
Roots

	
0.33 ± 0.02 b

	
0.022 ± 0.003 f

	
0.66 ± 0.06 e

	
0.06 ± 0.004 e

	
0.06 ± 0.01 e

	
4.8 ± 0.4 e




	
Whole palm

	
0.70 ± 0.03 b

	
0.090 ± 0.006 cde

	
2.02 ± 0.15 bc

	
0.13 ± 0.004 cde

	
0.32 ± 0.01 cd

	
9.0 ± 0.3 cd








Means sharing the same letter within each nutrient element are not significantly different at p ≤ 0.05. Cabbage tissue of nursery seedlings was not separated but treated as bole tissue since it is difficult in practice to separate them. No leaf bases and trunk tissue were recovered from nursery seedlings.
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Table 6. Concentrations (mean ± SE) of N, P, K, Mg, Ca, and B of nursery, immature, and mature oil palms. Other studies did not report their SE values.
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Planting

	
% of Dry Matter

	
mg kg−1

	




	
Material

	
N

	
P

	
K

	
Mg

	
Ca

	
B

	
Reference






	

	
Nursery seedlings (12 months old)

	




	
Tenera

	
1.21 ± 0.12

	
0.150 ± 0.007

	
1.62 ± 0.07

	
0.16 ± 0.01

	
0.26 ± 0.02

	
9.5 ± 0.2

	
This study




	
Tenera

	
1.37

	
0.147

	
1.48

	
0.22

	
0.14

	
-

	
[2]




	

	
Immature palms (29–48 months old)

	




	
Tenera

	
1.07 ± 0.11

	
0.159 ± 0.017

	
1.76 ± 0.09

	
0.22 ± 0.03

	
0.42 ± 0.03

	
10.1 ± 0.6

	
This study




	
Tenera

	
0.85

	
0.098

	
1.53

	
0.22

	
0.14

	
-

	
[2]




	

	
Mature palms (88–238 months old)

	




	
Tenera

	
0.70 ± 0.03

	
0.090 ± 0.006

	
2.02 ± 0.15

	
0.13 ± 0.04

	
0.32 ± 0.01

	
9.0 ± 0.3

	
This study




	
Dura

	
0.53–0.65

	
0.052–0.105

	
1.48–1.72

	
0.16–0.20

	
0.17–0.20

	
-

	
[2]




	
Tenera

	
0.38–0.57

	
0.052–0.063

	
1.22–1.86

	
-

	
-

	
-

	
[4,5,18]
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Table 7. Pearson correlations between tissues’ nutrient concentration with palm age in 12-to-238- month-old tenera oil palm. Values presented are correlation coefficients. * p < 0.05; ns p > 0.05.
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	Nutrient
	Leaves
	Trunk
	Whole Palm





	N
	−0.56 *
	−0.59 *
	−0.70 *



	P
	−0.54 *
	−0.60 *
	−0.69 *



	K
	0.06 ns
	0.34 ns
	0.05 ns



	Mg
	0.53 *
	−0.50 *
	−0.65 *



	Ca
	0.03 ns
	−0.44 *
	−0.44 *



	B
	0.22 ns
	−0.62 *
	−0.44 *
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Table 8. Nutrient concentrations (mean ± SE) in fresh fruit bunches and their components in tenera oil palm. (n = 22 ripe bunches harvested from different ages of palms).
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Bunch

Component

	
% of Dry Matter

	
mg kg−1




	
N

	
P

	
K

	
Mg

	
Ca

	
B






	
Stalk

	
0.84 ± 0.04 b

	
0.127 ± 0.011 b

	
3.98 ± 0.19 a

	
0.14 ± 0.01 c

	
0.43 ± 0.03 bc

	
13.9 ± 0.6 a




	
Spikelet

	
0.84 ± 0.06 b

	
0.116 ± 0.008 b

	
1.84 ± 0.11 b

	
0.21 ± 0.02 bc

	
0.36 ± 0.03 bcd

	
13.4 ± 1.2 a




	
Mesocarp

	
0.93 ± 0.10 b

	
0.141 ± 0.017 b

	
1.20 ± 0.17 c

	
0.38 ± 0.05 a

	
0.73 ± 0.11 a

	
13.0 ± 1.3 a




	
Kernel

	
1.67 ± 0.11 a

	
0.378 ± 0.034 a

	
0.55 ± 0.07 d

	
0.20 ± 0.02 bc

	
0.20 ± 0.03 cd

	
5.8 ± 0.8 b




	
Shell

	
0.64 ± 0.09 b

	
0.105 ± 0.020 b

	
0.48 ± 0.05 d

	
0.11 ± 0.01 c

	
0.15 ± 0.02 d

	
6.8 ± 0.7 b




	
Whole bunch

	
0.90 ± 0.06 b

	
0.150 ± 0.011 b

	
1.20 ± 0.10 c

	
0.25 ± 0.02 b

	
0.44 ± 0.05 b

	
11.1 ± 0.8 a








Means sharing the same letter within each nutrient element are not significantly different at p ≤ 0.05.
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Table 9. Nutrient contents (mean ± SE) in dura and tenera fresh fruit bunches. Other studies did not report their SE values.
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Bunch Type

	
Nutrient Content (kg t−1 FFB)

	
Reference




	
N

	
P

	
K

	
Mg

	
Ca






	
Dura

	
2.94

	
0.44

	
3.71

	
0.81

	
-

	
[33]




	
Tenera

	
3.10

	
0.37

	
3.92

	
0.68

	
-

	
[6]




	
Tenera

	
5.03

	
0.66

	
5.26

	
0.76

	
-

	
[19]




	
Tenera

	
3.07

	
0.38

	
3.84

	
0.62

	
0.51

	
[20]




	
Tenera

	
4.74 ± 0.31

	
0.79 ± 0.06

	
6.35 ± 0.50

	
1.31 ± 0.10

	
2.30 ± 0.27

	
This study
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Table 10. Proportion of nutrients (mean ± SE) partitioned to fruit bunches in tenera oil palms of different ages. Palm age is given in number of months since nursery planting.
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Palm Age

	
Proportion of Nutrients Partitioned to Fruit Bunches (%)




	

	
N

	
P

	
K

	
Mg

	
Ca

	
B






	
48

	
35 ± 1 b

	
37 ± 2 b

	
23 ± 1 b

	
42 ± 1 b

	
36 ± 2 c

	
31 ± 1 b




	
88

	
37 ± 2 b

	
43 ± 2 ab

	
19 ± 2 b

	
50 ± 2 ab

	
38 ± 4 c

	
38 ± 3 ab




	
133

	
45 ± 2 a

	
52 ± 2 a

	
27 ± 1 b

	
49 ± 3 b

	
42 ± 4 bc

	
40 ± 2 ab




	
209

	
48 ± 3 a

	
52 ± 4 a

	
37 ± 4 a

	
58 ± 2 a

	
50 ± 6 a

	
47 ± 3 a




	
238

	
45 ± 1 a

	
53 ± 3 a

	
27 ± 1 b

	
58 ± 1 a

	
49 ± 3 ab

	
45 ± 2 a








Means sharing the same letter within each nutrient element are not significantly different at p ≤ 0.05.
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