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Abstract

Background and aims: In oil palm, similar fertilization treatments can result in leaflet potassium and magnesium concentrations that vary significantly from
one progeny to another. This hinders the development of standardized fertilizer recommendations for this crop, as they are usually calculated based on
optimum leaflet nutrient concentrations.

Methods: 4-high-yielding oil palm progenies with contrasting leaflet K and Mg concentrations (C1, C2, and C3 of Delix La Mé origin and C4 of Delix Yangambi
origin) were treated with combinations of 3-levels of KCl and MgSO0,, in a completely randomized split-plot factorial design with 6-replicates, where progenies
were a sub-factor.

Results: For a given level of KCl or MgS0,, different leaflet K and Mg concentrations were found between progenies (p < 0.0001). Leaflet K concentration and
yield response to KCl applications revealed that the four oil palm progenies have different optimum leaflet K concentrations. In our study period (5-8 YAP),
progenies C1 and C3 showed their highest fresh fruit bunch (FFB) yields (13.62 and 16.54 t ha™ year”, respectively) at K2, whereas progenies C2 and C4
showed their highest yields (14.62 and 12.39 t ha™ year”, respectively) at K1.

Conclusion: Our study highlighted specific optimum leaflet K and Mg concentrations for different oil palm progenies in a given environment. It paves the way
for adopting K and Mg fertilizer application rates adapted to specific requirements of each type of oil palm planting material.

1. Introduction

Oil palm (Elaeis guineensis Jacq.) (Fam. Arecaceae) is a very productive perennial oil crop when grown under suitable pedo-climatic conditions (Tarmizi and
Mohd 2006; Nodichao et al. 2008; Aholoukpé 2016). It is the high-yielding oil crop in the world (in t oil/ha) (Corley and Tinker 2016). Fresh fruit bunch (FFB)
production exceeds 30 t ha™" year™! in Southeast Asia, whereas in West Africa, production levels are often below 24 t ha™" year™! at full maturity (Dufréne et
al. 1990; Probowo et al. 2002; Nouy et al. 1999; Cros et al. 2013). In commercial plantations, high-yielding oil palm genotypes can produce 8 t of palm oil ha™
year™! under optimum conditions: rainfall > 1800 mm year™" well distributed with water deficit < 200mm year™", temperature between 25.0°C to 34.0°C, and
annual radiation > 12 MJ m~2 d™", with a soil rich in organic matter (Omont 2010; Durand-Gasselin et al. 2010, 2011, Corley and Tinker, 2016). In Indonesia,
palm oil yields improved from an average of 1.3 tha™" year ' in 1960 to 5.4 t ha™" year™' in 2010, half of which can be attributed to the breeding of more
productive genotypes and the other half to environmental conditions (Davidson 1993; Cochard et al. 2005; Durand-Gasselin et al. 2010, 2011).

Soil fertility (i.e. the combination of soil texture, structure and mineral and organic matter) is a significant yield-determining factor in oil palm cultivation.
Consequently, it is essential to apply the right types and amounts of nutrients to achieve maximum fruit bunch and oil yields.

Potassium (K) plays a role in physiological processes, such as stomatal opening and closure, along with CO,-assimilation by enabling the transformation of
light into chemical energy during photosynthesis (Yanbo et al. 2008). K is also the main driver of oil palm vegetative growth and fruit and oil production, due to
its role in chlorophyll fluorescence emission (Yanbo et al. 2008). K is further involved in transporting sugar assimilates from photosynthetic tissues to other
organs of the plant (Lamade et al. 2014), such as inflorescences and developing fruits. Applying K to oil palms, seeing its soil content, usually increases their
leaflet K concentrations (Dubos et al. 2017), number of functional fronds (i.e. non-senescent), number of inflorescences and fruit bunch weight (Kusnu et al.
1996). According to Corley and Tinker (2016), K application increases overall oil palm dry matter production and oil yield. Oil palm leaflet K concentration is a
good yield indicator (Goh et al. 1999). It is therefore used as a basis for the calculation of the amount of K fertilization required to maximize oil palm yield.
Under Nigerian environmental conditions, with 2066 mm of average rainfall year (Bonneau et al. 2014), mature commercial oil palms that yield between 133
and 148 kg of FFB palm™ year ™' have been found to require up to 2.5 kg KCI palm™ year "' (Bonneau et al. 2018).

Magnesium also plays essential and specific roles in oil palm metabolism. As the central element of the chlorophyll molecule, Mg enhances photosynthesis
and is also involved in enzymatic reactions related to energy transfer (Gerendds and Fiihrs 2013). However, there are indications that oil palm’s leaflet mineral
concentrations can vary greatly from one progeny to another, suggesting that mineral requirements depend on the vegetal material (Jacquemard et al. 2010:
Prabowo et al. 2012; Ollivier et al. 2017).

Leaf analysis is a commonly used agronomic tool for assessing oil palm mineral requirements, hence for determining the right amounts of fertilizers to be
applied (Dubos et al., 2019). Factorial trials can provide useful data for developing fertilizer x yield response curves and for determining optimum mineral
concentrations in oil palm leaflets that are linked to the best economic yields (Webb 2009). To that end, fertilizer recommendations are made by comparing
the actual nutrient concentrations in oil palm leaflets with optimum nutrient levels, as determined by fertilizer x yield response curves (Dubos et al. 2010).

Environmental conditions affect leaflet K and Mg dynamics in oil palm progenies (Dogan and Akinci, 2011; Ciriaco da Silva et al., 2011). Studies in Indonesia
and Nigeria have revealed significant variations in leaflet potassium (K) and magnesium (Mg) concentrations for different oil palm progenies (Ollivier et al.
2013, 2017; Lee et al. 2014; Dassou et al., 2018) producing similar oil yields and receiving equal amounts of fertilizers (Ollivier et al. 2017). Such variation
hampers the unequivocal conversion of leaflet nutrient concentrations into standardized fertilizer recommendations for all commercially used oil palm
genotypes. Consequently, there is a need for deeper knowledge of interactions between oil palm genetic materials (GM) and mineral nutrition (MN).

In this study, we assess how different oil palm progenies react when subjected to different combinations of potassium and magnesium fertilizer rates. We
hypothesize that in a given environment, different oil palm progenies have different fertilizer x yield response curves and therefore different optimum leaflet K
and Mg concentrations. The results of this study should help to identify progenies that require less fertilizer to obtain a given oil palm bunch and oil
production levels in the specific agroclimatic environment of Nigeria (West Africa), which could reduce fertilizer costs in the Nigerian oil palm sector. Providing
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oil palm growers with more productive planting material that requires fewer fertilizers can increase the ecological and economic sustainability of global oil
palm cultivation.

2. Materials And Methods
2.1. Experimental site characteristics

The trial was set up at Ologbo (Presco Plc oil palm plantation) near Benin City (N6.03652° E 5.55609° at 20 m a.s.l) in Nigeria. Average annual rainfall in the
study area between 1996 and 2018 was 2,066 mm (Bonneau et al. 2014). Rainfall distribution is monomodal, with a dry season from November to March, and
a rainy season from April to October (Bonneau et al., 2014). According to the latter author, it is highly unlikely that oil palms suffer from drought in this area,
unless an exceptional dry period occurs. Unfortunately, the El Nifio phenomenon resulted in more than five months of unusual drought with only 338.7 mm
total precipitation between November 2015 and March 2016. In the same period (November to March), between 1996 and 2018, average annual temperatures
ranged from 25.0°C to 27.8°C, and average annual radiation was 13.78 MJ m 2 d™". The ferralsols (FOA nomenclature) have a flat relief, are uniform, deep and
very sandy on the surface, with a gradual increase in clay contents with depth. Soil fertility was low (Supplementary table ST1).

2.2. Plant material

Four different Tenera oil palm (Elaeis guineensis Jacq.) progenies (C1, C2 and C3 of Delix La Mé origin, and C4 of Delix Yangambi origin) were selected for
this study (Supplementary table ST2). In an earlier experiment (oil palm genetic trial) in Indonesia (Ollivier et al. 2017), under a given fertilization regime, these
progenies showed the most contrasting leaflet K and Mg concentrations among a population of 116 progenies, with high and similar fresh fruit bunches (FFB)
and oil yields. These progenies represent a wide genetic diversity of the E. guineensis species. Their contrasts in leaflet K and Mg concentrations covered the
extreme ranges of leaflet concentrations in these minerals (PIC 2011).

2.3. Fertilizer treatments

During the 8-year trial period (2011-2019), the four oil palm progenies were treated with potassium chloride (KCI: 60% K,0) and kieserite (MgS0O,: 27% MgO)
fertilizers according to all possible combinations of three levels (0-1-2) of each fertilizer (Supplementary table ST3).

In the first year after planting (YAP), fertilizers were applied as a basal and uniform top dressing. A basic application of urea (1000 g palm™) and triple
superphosphate (500 g palm™) was applied in the second year. Additional combinations of KCl and MgSQ, fertilizer rates were applied for seven years, by
increasing their amounts each year in the main fertilizer plots, starting from year two (Supplementary table ST3).

Starting from 4 YAP a fixed fertilizer rate of 0, 1.5 and 3.0 kg palm™ year” of KCI for KO, K1 and K2, respectively, and of 0, 0.75 and 1.5 kg palm™ year” of
kieserite for Mg0, Mg1 and Mg2, respectively, were applied. Over the eight years of fertilization, the cumulative KCl applied per palm amounted to 0,9 and 18
kg palm™ for KO, K1 and K2 respectively, whereas the cumulative MgS0, applied per palm amounted to 0, 3.7 and 7.4 kg palm™ for Mg0, Mg1 and Mg2,
respectively. Leaf analysis revealed a chlorine (Cl) deficiency in the KO plots, which might have limited K uptake (Dubos et al. 2010). Chlorine was applied as
NaCl to all palms in the KO plots until leaflet Cl concentrations reached the required level of 0.5% of dry matter (DM), to avoid a chlorine deficiency, while Na
concentrations remained very low (0.005% DM on average) with no visual toxicity effects in the field. The progenies also displayed deficient leaflet boron (B)
concentrations in all plots, which were resolved by applying borax (B,03) at a rate of 100 g palm™ in the first 4 YAP (split into 10 g palm™ in the first year, 20 g

palm™ in the following two years and 50 g palm™ in the fourth YAP), applied to all palms in the trial to prevent a boron deficiency.

2.4. Experimental design

The trial, consisted of a K3Mg? factorial split plot design (Supplementary fig. SF1), which was set up in 2011 on 33 ha with palms planted 9 m apartin a
staggered, equilateral triangle design corresponding to a planting density of 143 plants ha™" (PIC, 2012). Measurements were carried out over 6 years (2013 to
2019). All combinations of three levels of potassium chloride (KCl: 60% K,0) and kieserite (MgS0,: 27% MgO) fertilizers were tested, resulting in a total of nine
completely randomized fertilizer treatments. Each fertilizer treatment was applied to 4 subplots, each planted with one of the four oil palm progenies and in
three rows of three palms. The experimental trial layout comprised six replicates (i.e. 36 subplots per replicate, 216 subplots in total and 1944 palms in the trial
as a whole). The studied palms in each subplot were surrounded by border palms in all directions (45 border palms per fertilizer plot, i.e. a total of 2,430 border
palms for all 54 fertilized plots). Another 350 border palms were planted along the sides of the road to protect the palms under study and their main border
palms from attacks by rodents, as the trial is located near a forest.

2.5. Measured parameters
2.5.1. Fresh Fruit Bunch (FFB) and male inflorescence production

Each month from 2013 (first year of FFB production) to 2019 (3 to 8 YAP), three harvesting rounds were organized to collect ripe bunches. Bunch number and
bunch weight of each individual palm were recorded on each harvesting round. Three yield components were considered for each YAP: number of bunches per
palm, average bunch weight per palm and total bunch weight per palm. Yield data were summed on a monthly and annual basis. Annual production in t ha™
was obtained by multiplying the total production obtained for one year (in tons) by 135 palms, rather than the actual 143 palms per ha (planting density of
industrial plantations), following Durand-Gasselin et al. (2006). The latter deduction of 8 palms per ha accounted for non-productive palms (dead and
abnormal palms estimated to be 4 palms per hectare on the basis of a phytosanitary census, Durand-Gasselin et al. (2006)) and areas occupied by roads in
plantations (also estimated to amount to 4 palms per hectare). The production is calculated on the basis of 135 palms per hectare to represent yield that
could be achieved in an industrial plantation with the same treatments.
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Male inflorescences were counted on a monthly basis by painting the petiole of all fronds holding a male inflorescence. Different paint colours were used for
successive months to avoid mistakes in the inflorescences counting. This allowed us to distinguish fronds bearing male from those bearing female
inflorescences even if the male inflorescence had completed its growth cycle and was abscised or when the bunches resulting from the female inflorescences
had been harvested.

2.5.2. Bunch analysis: oil extraction rate (OER) and crude palm oil (CPO) production

Five years after planting, bunches were analysed following the CIRAD bunch analysis protocol (IRHO-CIRAD-IGK 9, 1996) to assess the oil extraction rate
(OER). For each progeny subplot, 40 bunches were randomly selected and analysed over two years at weekly intervals (resulting in 960 analysed bunches: 40
bunches x 4 progenies x 6 replicates). Progeny OER values were averaged over all 6 replicates. To obtain the industrial oil extraction rate (OER,;;), the
laboratory oil extraction rate (OER|,,) was multiplied by 0.855 to account for losses (as a result of inefficient extractors), as per Durand-Gasselin et al. (2006).
Total bunch weights per palm were subsequently multiplied by their respective OER to obtain their crude palm oil (CPO) production.

2.5.3. Optimum leaflet K and Mg concentration levels

Progenies’ leaflet mineral (K and Mg) concentrations were assessed each year in December. From each of the nine central useful palm trees in each subplot, 3
leaflets were sampled on each side (left and right) at the middle of the leaf rachis of rank 17 (Ollivier et al. 2017). Leaflet samples were dried in an oven at
80°C for at least 48 hours (CIGE 2013). K, Mg and Ca concentrations were analyzed using the standard CIRAD laboratory protocol for plant tissue analysis
(CIRAD, US 49, France), which uses inductive coupled plasma-optical emission spectrometry (Model: ICP-OES Agilent 720-ES) after double calcination
extraction following Pinta (1973), Dogan and Akinci (2011) and Ciriaco da Silva et al. (2011). Optimum leaflet mineral concentrations were determined using
leaflet mineral concentration and yield response curves. Optimum leaflet mineral concentrations correspond to the maximum yield obtained in response to a
fertilization level beyond which additional fertilizer application does not add extra yield (Ochs 1985). It is therefore possible that an optimum leaflet mineral
concentration is lower than the maximum leaflet mineral concentration.

2.6. Statistical analysis

To examine genotype, fertilizer and genotype x fertilizer interaction effects, three-way ANOVAs were performed with the factors "genotype’, "K" and "Mg". The

split-plot nature of the design was taken into account by conducting the ANOVAs using a mixed effects model, with the sub-block effects (i.e. fertilizer x block
interaction) as a random factor. Tukey's multiple comparison test was run to evaluate the significance of differences in parameter means between progenies

and between K-Mg fertilization level combinations.

Linearity of the response curves was tested with a quadratic contrast test. Statistical analyses were performed using software packages XLSAT, (Version
2018-7, www.xlstat.com) and R version R-3.6.0 of Windows, 32/64 bit.

3. Restlts
3.1. Effect of KCIl and MgSO, fertilization on leaflet K and Mg concentrations

Progenies displayed different leaflet K concentrations in response to the applied KCl levels. Treatment K1 significantly (p < 0.0001) increased leaflet K
concentrations in the palms of progenies C1, C2 and C3 compared to treatment K0, whereas no significant differences were observed in leaflet K
concentrations between oil palms with treatment K2 compared to the palms with treatment K1 in the same progenies. Leaflet K concentrations of progeny C4
significantly increased between treatments KO and K1 and between treatments K1 and K2. With data pooled for all progenies, average leaflet K concentrations
significantly increased from 0.715-0.829% and 0.864% of DM for KO, K1 and K2, respectively (Fig. 1A).

Without KCI application (KO) over the same period (5 to 7 YAP), progeny C4 had a leaflet K concentration (0.82%) that was 11%, 18% and 25% higher than in
progenies C1, C2 and C3, respectively. Respective increases were 12%, 18% and 24%, for treatment K1 and 11%, 20% and 26% for treatment K2 (Fig. 1A).

MgSO0, applications (data pooled for all progenies) had a significant effect (p = 0.0002) on leaflet Mg concentrations. Across all progenies, average leaflet Mg
concentrations in oil palms with treatment Mg2 (0.288% of DM) differed significantly (p = 0.0002) from those with treatment Mg1 (0.270% of DM) and those
with treatment Mg0 (0.263% of DM), with the last two concentrations not significantly differing from one another (Fig. 1B).

With treatment Mg0, the palms of progeny C3 had a leaflet Mg concentration (0.292%) that was 13%, 18% and 10% higher than that of the palms of progenies
C1, C2 and C4, respectively. Respective increases were 12%, 18%, and 13%, for treatment Mg1 and 13%, 16%, and 10%, for treatment Mg2, respectively
(Fig. 1B).

Average leaflet Mg concentrations significantly (p = 0.002) decreased from 0.302-0.266% and 0.255 of DM, for treatments KO, K1 and K2, respectively.
However, in all progenies there were no significant differences in leaflet Mg concentrations between treatments K1 and K2. Leaflet Mg concentrations
decreased in all progenies from K0 to K1, whereas there was no significant difference between treatments K1 and K2 for none of the progenies (Fig. 1C).

Increasing MgS0, levels had no significant effect on leaflet K concentrations in the progenies. However, leaflet K concentrations differed between progenies
for each Mg level (Fig. 1D). Statistical analysis did not reveal any significant K*Mg interactions for leaflet K or Mg concentrations.

3.2. Influence of KClI fertilization on oil palm progeny yield components

Progeny C1 produced the largest number of bunches per year (14.4 + 6.0), which was not statistically different from those of progeny C2 (14.3 £ 5.1). The
palms of progeny C4 produced the lowest annual bunch number (11.4 + 2.5), which was significantly lower than that of progenies C1 and C2, whereas
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progeny C3 palms had an intermediate average annual bunch number (13.6 + 5.3), which significantly differed from that of progenies C1, C2 and C4 (Table 1).

The number of male inflorescences significantly (p < 0.0001) differed between progenies. Progeny C1 (Deli x La Mé origin) exhibited the lowest annual number
of male inflorescences (6.8 + 4.3). Progenies C2 and C3 had intermediate male inflorescence numbers (9.1 + 4.6 and 9.5 + 4.4), whereas progeny C4 produced
the largest number of male inflorescences (15.3 * 3).

The “bunch number to emitted frond number” ratio was 0.40, 0.37, 0.36 and 0.31 in the palms of progenies C1, C2, C3 and C4, respectively.

Progeny C3 palms had the highest average bunch weight (8.9 + 2.8 kg bunch™?) over the 5 to 8 YAP period and an average weight of 10.7 and 11.9 kg bunch™!
at the age of 7 and 8 YAP (last two years of bunch harvesting), respectively (Table 1). On average, the palms of progenies C1 and C2 produced the lightest
bunches, with bunch weights for progeny C1 that were significantly lower than those of progeny C2 (7.3 + 1.8 and 7.7 + 2.4 kg bunch™, respectively). Average
bunch weight for progeny C4 palms at 8 YAP (11.8 kg bunch™) was similar to that of progeny C3 at the same age. However, at 7 YAP, the palms of progeny C4
had an average bunch weight of 8.07 kg, which was significantly lower than that of progeny C3 at the same age.

Between 5 and 8 YAP, progeny C3 (all fertilizer treatments combined) produced 15.80 t of FFB ha™ year” and 5.16 t of crude palm oil (CPO, ,,) ha™ year” on
average (Table 2), which was significantly higher than the FFB and CPO_,,, of the palms of the other progenies, particularly those of progeny C4, which
produced the lowest average yield (12.20 t of FFB ha™ year” and 3.78 t of CPO, ;) ha™ year". The highest bunch producing progenies (C3 > C2) were also the
highest oil producers, with similar oil extraction rates (Table 2). The lowest oil extraction rate (OER, ,;,: 31.65%) was found for progeny C4, whereas progenies
C2 and C3 had significantly higher extraction rates (32.46% and 32.74%, respectively). No KCl effect on the oil extraction rate was observed for any progeny (p
=0.19).

KCl treatments were associated with bunch weight increases for the palms of progenies C2 (+0.6 kg from KO0 to K1; p = 0.017), C3 (+0.8 kg from KO to K2; p =
0.0001) and C4 (+1.0 kg from KO to K1; p< 0.0001) and bunch number increases for the palms of progeny C1 (+0.7 bunches year™ from K0 to K2) with a
significant linear contrast test result (F = 4.37; p = 0.038) over the 5 to 8 YAP period.

In none of the progenies did KCI applications have a significant effect on the average number of male inflorescences produced per palm, except at 5,6 and 7
YAP for progenies C4, C2 and C3, respectively (Table 1).

The linear contrast test on the average bunch weight for the KCI treatment of progeny C3 was significant (F = 19.7; p < 0.0001). The quadratic contrast test
was significant (F = 10.0; p = 0.002) for progeny C4, but not for progeny C2 (F = 3.2; p = 0.074).

3.3. Yield responses to KCl applications

Over the 5 to 8 YAP period, we found significant (p < 0.0000) differences in bunch production between progenies. For all KCI levels applied, annual bunch
production per palm could be ranked as C3 > C2 > C1 > C4 (Fig. 2), with a difference of 25 to 30 kg palm™ year™" between the highest (C3) and the lowest
yielding progeny (C4).

In all progenies, bunch production was significantly lower for treatment KO than for treatments K1 and K2. Treatment K1 significantly improved bunch yields
for the palms of all progenies (p = 0.0007) compared to treatment KO. For progenies C2 (p = 0.037) and C4 (p = 0.015), there was a significant increase in
bunch production only between treatments KO and K1 (Fig. 2). For progenies C1 (p = 0.045) and C3 (p = 0.003), significant increases in bunch production
gains were also observed between oil palms receiving treatments K1 and K2.

3.4. Progenies’ optimum K levels

The quadratic contrast test results (F = 2.56; p=0.111 and F = 3.11; p = 0.079, for C2 and C4, respectively) were not significant, indicating that K1 was the
optimum level for these two progenies (Fig. 3). Leaflet K concentrations of palms with the K1 treatment were 0.78% and 0.95% for progenies C2 and C4,
respectively.

For progenies C1 and C3, maximum yield was only reached with treatment K2 (Fig. 3). The contrast test results showed KCI response linearity (F = 6.16; p =
0.014 and F = 11.8; p=0.000 for C1 and C3 respectively), indicating that in our experiment, K2 was the optimum KClI treatment for progenies C1 and C3
(Fig. 3). Leaflet K concentrations at K2 were 0.91% and 0.77% for progenies C1 and C3, respectively.

MgSO0, had no effect on the yield of any progeny, except for the average bunch weight of progeny C3 over the 5 to 8 YAP period (p = 0.049), with an increase

of 0.35 kg bunch™! between treatments Mg0 and Mg1.

4. Discussion
4.1. Oil palm progeny (optimum) leaflet mineral concentrations

Leaf analysis remains the most frequently used tool for predicting oil palms’ mineral requirements. It allows to tailor fertilizer applications to specific oil palm
genotypes when cultivated in a specific environment (Dubos et al. 2019).

We showed that oil palms of different progenies had specific optimum leaflet K levels in our experiment in the Nigerian growth conditions. The leaflet Mg
concentrations corresponding to optimum leaflet K levels were found to be 0.227%, 0.224%, 0.264% and 0.236% of DM for progenies C1, C2, C3 and C4,
respectively.
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The fact that different progenies have different optimum leaflet K concentrations specific KCl fertilization rates is most likely linked to progeny-specific leaflet
K allocation and/or progeny-specific K uptake. The different progeny-specific optimum KCI levels might imply that each progeny has its specific K requirement.

The linearity KCl response showed by the contrast test results in our study (Fig. 3) for progeny C1 and C3 implies that the latter progenies may request a higher
KCl amount than that supplied with K2.

The fact that oil palms of different progenies exhibit different yields for a given KCl application rate could also mean that these progenies may be more or less
efficient in using the amounts of K taken up. These hypotheses should be further explored. However, after being equally fertilized, progenies have shown
significant differences in leaflet mineral concentrations, which could be related to the differential partitioning of the minerals in the palm tissues that implies
that for the assessment of the more efficient material, the comparison may be done on the basis of the mineral uptake by the progenies at the whole palm tree
level.

Since the FFB number of C2 and C3 palms is relatively high, they are also relatively large mineral sinks (Legros et al. 2006; Lamade et al. 2014). The resulting
relatively high amounts of minerals stored in their FFB are ultimately exported from the plantation during harvesting. This might explain why their leaflet K
concentrations were low compared to those of the C1 and C4 palms, which were less productive. However, further research should confirm the latter
hypothesis.

High FFB production is not necessarily linked to a high optimum leaflet K concentration, as observed in the progenies that showed the highest bunch
production (C3 & C2) while displaying the lowest optimum leaflet K concentrations, whereas the progenies with the lowest bunch production (C1 & C4) showed
the highest optimum leaflet K concentrations. We can therefore hypothesize that leaflet K concentration is related to different allocations of K in the different
oil palm tissues.

The seemingly inverse relation between a progeny’s high yield and low leaflet K concentration does not mean that leaf analysis is an inaccurate tool for
assessing nutrient deficiencies in oil palms, but does imply that there is room for fine-tuning (Dubos et al. 2019), and implies that genotypic differences in oil
palm mineral use efficiency should be explored. Under equal K availability in the soil, contrasting leaflet K concentrations are linked to specific physiological
mechanisms in oil palm progenies, such as photosynthesis and biochemical metabolism (soluble sugar and starch production), where minerals are used more
or less efficiently (Lee et al. 2011, Chwill 2001&2009, Jacquemard et al. 2010, Ollivier et al. 2013, Ollivier et al. 2017, Lamade et al. 2014, Legros et al. 2006 and
Fabre et al. 2020). The high bunch and oil production observed in the palms of progeny C3, which had the lowest leaflet K concentration of all tested
progenies, was probably the result of efficient K use, which might be linked to specific physiological traits between progenies (such as functional potassium
channels in oil palm tissues). These hypotheses warrant further research. In hybrid cotton seedlings (Gossypium hirsutum) as in many other crops such as
rice, sweet potato, oil palm, Fugiang et al. (2010) and Zhang et al. (2007), Rengel and Damon (2008), Liu et al. 2009, Melvin et al. 2002, Prabowo et al. 2012
found significant genotypic differences in leaf K concentrations and K use efficiency.

Further studies are necessary to quantify mineral contents in different oil palm organs, in order to determine the true K and Mg uptake capacities and use
efficiencies of the studied oil palm progenies.

4.2. Oil palm progeny yield components and nutrient uptake

We observed the highest bunch number in oil palms of Delix La Mé origin and the lowest number in oil palms of Delix Yangambi origin, which was also found
by Cros et al. (2013) in Benin and Nouy et al. (1999) in Benin, Ivory Coast and Indonesia. In Indonesia, from 6 to 9 YAP, average bunch yields, produced by oil
palms of the same progenies as in our study, amounted to 31.1,29.6,30.7 and 32.5tha™" year™" (230.2,219.6, 227.5, 240.6 kg palm™" year™") for progenies
C1, C2, C3 and C4, respectively, with no statistical differences between these yield figures (PIC 2012).

Despite that the oil palms in Indonesia were tested over a period that was just one year longer than in our experiment in Nigeria, we can safely assume that the
higher bunch and oil production figures in Indonesia resulted from more favourable environmental conditions.

Unlike in Indonesia, in Nigeria we found significant differences in bunch production between the progenies. This confirms the well-known fact that oil palm
production is determined by physiological processes brought about by both genetic and environmental factors. The palms of progeny C3 that produced the
largest bunches in Nigeria had the smallest bunch sizes in Indonesia. On the other hand, the palms of progeny C4 (Delix Yangambi) had a significantly higher
bunch weight than the palms of progenies C1 and C2 in both countries. Moreover, oil palms of Delix Yangambi origin are generally not able to fully express
their production potential in less favourable environments (Nouy et al. 1999). The low bunch number per palm and the significantly higher male inflorescence
numbers observed in our experiment for progeny C4 of Delix Yangambi origin (which is more susceptible to drought, Nouy et al. 1999; Legros et al. 2006), can
therefore be linked to the relatively drier Nigerian environment compared to that of Indonesia and probably to differences in soil fertility. The drought period
that occurred between 2015 and 2016 (El Nifio phenomenon with more than 5 months of an inhabitual drought) was a factor that might have increased male
inflorescence production in Nigeria.

As observed in our experiment, the high oil production found in progeny C3 in Nigeria is linked to the high bunch number and weight of C3 progeny oil palms
(higher than that of all the other Delix La Mé materials (C1, C2), as well as that of progeny C4 oil palms, which are of Delix Yangambi origin. As a result, these
findings suggest that C3 progeny oil palms are interesting oil palm genetic material for oil palm production in Nigeria and - more generally - in all West African
zones.

The lack of a KCl effect on the progenies’ oil extraction rate (OER) implies that the latter parameter is influenced by genetic factors and therefore is the result
of oil palm breeding (Durand-Gasselin et al. 2000, Cochard et al. 2005).
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In progeny C3, the average bunch weight increased by 0.35 kg bunch™ between treatments Mg0 and Mg1 over the 5 to 8 YAP period, suggesting that Mg
fertilization contributes to oil palm productivity in this progeny. However, given the antagonistic effect of Mg and K applications, KCl applications may inhibit
the effects of Mg application. Despite the lack of MgS0, effects on the evaluated parameters (apart from average bunch weight in progeny C3), the required
Mg rates ought to depend on the balance between the optimum leaflet K and Mg concentrations (Dogan and Akinci 2011; Ciriaco da Silva et al. 2011) of the
planting material used. The lack of a MgS0, effect found in our study for most production parameters is frequently observed in oil palm fertilization
experiments (Caliman et al. 1994, Tang et al. 2001 and Bonneau et al. 2018). It might be explained by the high amounts of exchangeable Mg in our
experimental soil, which was (as generally observed in most ferralsols in tropical zones) even higher than the amount of exchangeable K (Supplementary table
ST1), and need to be monitor to avoid excess Mg application in the field. Also in a factorial trial in Sumatra (Indonesia), in which different combinations of N,
P, K and Mg rates were applied, Kusnu et al. (1996) only found a Mg effect on the bunch number in the third and fourth year of MgS0, applications, but did not
find any MgS0, effect on the other yield components. This was probably linked to a lower Mg exchange capacity (exchangeable Mg: 0.12 cmol kg™") of their

experimental soil compared to that of our experimental soil (exchangeable Mg: 0.37 cmol kg™" between 0 and 20 cm).

5. Conclusion

The four oil palm progenies considered in this study showed different yield potential. Our results showed that under Nigerian environmental conditions, oil
palms of progeny C3 (Delix La Mé) had a higher oil and bunch production than those of the other progenies with the lowest leaflet K concentrations. C3 oil
palms thus appear to be an excellent planting material for the West African environment.

Potassium proved to be the main mineral involved in oil palm development, as well as in palm oil production. Our results also revealed specific optimum
leaflet K concentration levels depending on the genetic origins of the oil palms in the Nigerian environment.

Recent clone development with more productive oil palm material on a global scale for new oil palm plantations enables the establishment of plantations with
specific genotype, whereby oil palm growers will have tailor K fertilizer recommendations to the specific leaflet K concentrations of oil palm genotypes in a
specific environment.

This study is a first step towards the selection of oil palm germplasm with improved K use efficiency. However, in order to confirm that palms of progeny C3
have the highest K use efficiency, the tested progenies’ mineral (K and Mg) uptake capacities and use efficiencies need to be assessed on a whole plant level,
rather than on the level of a single leaf.
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Table 1

Bunch number, average bunch weight (kg) and number of male inflorescences per oil palm of different oil palm progenies in response to 3 KCl treatments
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levels

Progenies

KO

K1

C1 K2

KO

K1

C2 K2

KO

K1
C3

K2

KO

K1
C4

K2

Average

P

Number of bunches per palm

5years

21.5a

21.9a

23.2a

222A

20.7 a

208 a

208 a

20.6B

204 a

20.7 a

244 a

20.5B

14.7 a

14.2a

14.3a

144C

19.43

<0.0001

6 years

7.55a

8271a

827 a

8.01 BC

812a

8.52a

830a

8.31B

7.57 a

7.88a

7.49 a

7.65C

8.95a

9.46 a

8.60a

9.00 A

8.24

<0.0001

7 years

154 a

15.7a

15.0 a

15.2A

15.0a

15.0a

156 a

15.2A

129 a

12.8 a

12.7 a

12.8B

12.8 a

12.7 a

13.7a

12.87B

14.02

<0.0001

8 years

711.33b
12.19
ab
712.38a

12.0B

129a

129a

13.12a

13.0A

13.46 a

13.16 a

13.76 a

13.5A

10.2 a

9.89 ab

9.15b

9.75C

12.03

<0.0001

Average
5-8

years
old

14.0 +
6.0b

14.3 +
5.8 ab

14.7 +
6.3 a

14.4 +
6.0A

14.7 +
5.0a

14.3 +
51a

14.4 +
52a

14.3 +
51TA

13.6 +
52a

13.64 +
52a

14.59 +
7.1a

13.6 +
53B

711.3+
26a

711.66 +
23a

11.29 +
28a

13.14

Average bunch weight (Kg)

5years

4.95a

502 a

5.01 a

508B

4.88 a

517a

505a

5.01B

582b

6.08 ab

6.35a

6.08 A

56b

6.17a

6.35a

6.02 A

553

<0.0001

6 years

6.76 a

6.92a

6.98 a

6.89 A

6.06 b

6.70a

6.57 ab

6.45B

6.43b

6.84b

749 a

6.92 A

573b

6.68a

6.47 a

6.29B

6.64

<0.0001

7 years

7.75a

8.04 a

816a

7.98C

841a

9.04 a

882a

8.76 B

104 b

70.6 ab

11.7a

10.7 A

7.6b

837a

837a

8.07C

8.9

<0.0001

8 years

9.0a

94a

9.5a

9.28C

99a

10.6 a

10.6 a

1048B

11.3b

12.7a

124 a

11.9A

10.6 b

12.3a

12.7 a

11.8 A

10.8

<0.0001

Average
5-8

years
old

7.
7
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Number of male in’

5years

085a

0.90 a

0.74 a

0.83C

4.03a

327a

393a

3.78B

3.79a

4.14 a

4.35a

104 b

12.8a

10.9b

11.4A

5.01

<0.0001

6 years

11.6a

10.8 a

710.9 a

11.1D

12.4 at

11.7b

126 a

12.2C

15.0a

14.5a

14.8 a

14.8B

16.7a

15.9a

159a

16.0 A

13.5

<0.000°

Lower-case letters (a-d) indicate differences (p < 0.01) revealed by the Tukey test in the yield parameters between the 3 different KCI treatments for each
progeny and for each production year.

Upper-case letters (A-D) indicate differences (p < 0.0001) in yield parameter averages for all KCl treatments between progenies revealed by the Tukey test for

each production year.

For each parameter, the last column presents the average production of the four years (5-8 YAP) + standard deviation.

Table 2

Average crude palm oil production parameters of the four oil palm progenies.

Page 10/13



C1
C2
C3
C4

Progeny

FFB :5 — 8 years
(tha'year™)
13.10c¢c

14.20b

15.80 a
12.20d

OER,,p
(%)
32.10 bc
32.46 ab
32.74 a
31.65¢c

OERmil
(%)
27.45 be
27.75 ab
27.99 a
27.06

CPO,p :5 — 8 years

(thayear™)
421 ¢
4.62b
5.16a
3.78d

CPO,ij :5 — 8 years

(thayear™)
3.60c
3.95b
4.41a
3.23d

FFB: fresh fruit bunch, OER,,: oil extraction rate in the laboratory, OER,,;;: oil extraction rate in the mill, CPO|,,,: crude palm oil in the laboratory, CPO,;; : crude

palm oil in the mill.

Production data are the averages of the last four years (5 — 8) of observation. a, b, ¢ and d indicate the differences in parameters between progenies revealed

by the Tukey test.
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Figure 1

Oil palm progeny average leaflet nutrient (K and Mg) concentrations over the 2016-2018 period (5 to 7 YAP) at different KCI (A) and MgS04 (B) application
rates and the effect of KCI on leaflet Mg concentrations (C), as well as of MgS04 on leaflet K concentrations (D) Av T_K and Av T_Mg are respectively, average
leaflet K and leaflet Mg concentrations for all progenies (C1, C2, C3 and C4) in response to different KCl and MgS04 rates Letters a, b and c indicate significant
(P < 0.0001) differences in progeny leaflet concentrations revealed by the Tukey test between the different KCl (A) and MgS04 (B) application rates
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Figure 2

Average annual fresh fruit bunch yields (kg) per palm of the different oil palm progenies from 5 to 8 YAP (four consecutive harvesting years) according to 3
KCl application rates Letters a and b indicate significant (p < 0.05) differences in FFB production between 4 oil palm progenies revealed by the Tukey test
from 5 to 8 YAP for 3 KCI application rates.
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Figure 3

Average annual fresh fruit bunch yields (kg) per palm of the different oil palm progenies from 5 to 8 YAP (four consecutive harvesting years) according to their
leaflet K concentrations between 5 to 7 YAP y: fresh fruit bunch (FFB) production, x: leaflet K concentrations for the different progenies (C1, C2, C3 and C4), K
levels (KO, K1 and K2), E1, E2, E3 and E4: Equation of FFB production determination on the basis of each progeny leaflet K concentrations.
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