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Chemical elements in Elaeis 
guineensis materials and derived oil
Hadee Thompson‑Morrison 1,3*, Fransisca Ariantiningsih 2, Sugesti Muhammad Arief 2, 
Sally Gaw 1 & Brett Robinson 1

The production of oil palm (Elaeis guineensis) in Southeast Asia is vital to the economies of 
Indonesia and Malaysia. Both fertilisers and pesticides used in palm production can contain elevated 
concentrations of Trace Elements (TEs) which may accumulate in soils and leaf tissues of plants. We 
hypothesised that leaves from oil palms may be deficient in essential elements, while containing 
elevated concentrations of non-essential TEs commonly found in agrichemicals. Samples of plant 
materials (leaves and fruitlets) were collected from active and former plantations in Sumatra, 
Indonesia, and analysed for essential and non-essential elements. Indonesian palm oil samples were 
sourced in New Zealand and their elemental concentrations determined. Leaf materials from both 
active and abandoned production sites were deficient in N, K, S and Mo, while leaf materials from 
abandoned sites were deficient in P. These deficiencies may have been a contributing factor to the 
abandonment of production at these sites. Concentrations of non-essential elements were below or 
comparable to average plant concentrations and no evidence of contamination was found in plant 
tissues. Palm oil contained low concentrations of TEs, which did not pose any toxicity risks. However, 
Na and Al were present in concentrations of 1198 and 159 mg kg−1 respectively, which were higher 
than have been previously reported. Tropical oil palm production could benefit from the determination 
of bioaccumulation factors for fertiliser contaminants in E. guineensis, to limit the transfer of 
contaminants to plants and products if increased fertiliser applications were used to correct nutrient 
deficiencies.

The African oil palm (Elaeis guineensis Jacq.) is an economically important crop, producing the world’s most 
consumed vegetable oil1. Palm oil represents 10% of Indonesia’s exports and 5% of Malaysia’s, with these two 
countries being the world’s major cultivators of E. guineensis2. A 2016 assessment determined that 45% of har-
vested E. guineensis plantation land in Southeast Asia had been converted from tropical forests since 19893. 
Tropical forest soil is typically nutrient-poor and requires inputs of both capital and maintenance nutrients 
through fertilisers to support production4,5. The essential elements of most importance for E. guineensis are N, P, 
K, Mg and B6. Inadequate supply of these elements through fertilisers can lead to yield reductions in E. guineensis 
production, particularly on acidic and weathered tropical soils such as those from Indonesia and Malaysia6,7. 
Plant deficiencies can be assessed through the leaf concentrations of essential elements.

Fertiliser-borne trace elements (TEs) can accumulate in soil to concentrations that exceed guideline values8. 
Pesticides and other agrichemicals used to support production are also potential sources of TEs6,9,10. If soil-accu-
mulated TEs are taken up by plants, this has potential for products to exceed food safety standards8,11. The transfer 
of TEs into plant products is a function of plant TE uptake, surface deposition and post-harvest contamination. 
The root absorption of TE ions in soil solution occurs via the symplastic and apoplastic pathways, followed by 
xylem transport to leaves and potential phloem transport to fruit tissues12. Spray residues containing TEs can 
sorb to plant leaves after direct pesticide applications, while deposition of soil containing TEs onto plant parts 
used for manufacturing can lead to plant products containing TEs13. Trace elements can also enter products due 
to contamination from machinery and equipment during manufacturing, processing and storage post-harvest14,15. 
The uptake of ions from soil solution is governed by its bioavailability: high total concentrations of TEs in soil 
do not always correspond with high uptake16. Bioavailability is a function of the solubility and speciation of the 
TE in soil, the presence of competing ions as well as the receptor organism12. Leaf concentrations—particularly 
pinnae concentrations in E. guineensis—of essential elements are better indicators of plant nutrition than the total 
soil concentration17. The presence of TEs in vegetable oils as a result of plant uptake and transport is typically 
limited due to their partitioning away from the lipid phase in plants18. This is supported by no identification of 
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concentrations of TEs in processed palm oils at which breached food safety standards19. Although some TEs 
may be present in crude palm oil, these are removed during refining processes20–22.

Concurrent research on E. guineensis plantation soils from Indonesia23 determined that the soils analysed 
were deficient in essential nutrients N, P, K, Mg and Mo, and elevated above background levels in TEs Cu, Zn, 
As and Pb. Furthermore, the soils analysed were acidic and TEs were more mobile compared to other arable 
systems. In the current work, we analysed E. guineensis plant materials—leaves, rachides, endosperms and 
mesocarps—from the same plantations as well as the E. guineensis product palm oil for with a specific focus on 
plant-essential nutrient and TE composition.

We hypothesise that E. guineensis leaf concentrations of N, P, K, Mg and Mo will be deficient and below 
concentrations of 2.3%, 1400 mg kg-1, 7500 mg kg-1, 2000 mg kg-1 and 0.3 mg kg-1, respectively. Furthermore, we 
hypothesise that concentrations of Cu, Zn, As and Pb may be elevated in plant tissues. We hypothesise that palm 
oil will contain inconsequential levels of all elements below tolerable upper limits for food safety. This research 
aims to determine whether plants are deficient in essential nutrients and elevated in TEs, and thus the benefits 
and risks of using E. guineensis products with specific respect to chemical elements.

Methods
Site descriptions and sample collection
Plant material samples were collected from three E. guineensis plantations in Sumatra, Indonesia in May 2019. All 
plantations shared a common soil type of Acrisol (taxonomically related to Oxisols according to the USDA soil 
classification24). The sampling locality (approximately 3.5952° N, 98.6722° E) is reported in Thompson-Morrison 
et al.23. Materials collected included leaves, rachides and whole kernels, which were divided into mesocarp and 
endosperm prior to analysis. Plant material was cleaned with water and oven dried at 60 °C until a constant 
weight was obtained. All samples were ground prior to analysis.

The study was conducted in accordance with the relevant institutional, national, and international guidelines. 
Permissions were obtained from landowners for the collection of plant material and plants were identified by the 
landowners or farmers present during sampling. Samples were sent to the University of Canterbury in New Zea-
land under approved permits from both New Zealand’s Ministry for Primary Industries (permits #2019072466 
for kernel material and #2018068845 for leaf material) and Indonesia’s Agency for Agricultural Quarantine (phy-
tosanitary certificate #2019.2.0702.0.K10.E.000785 for kernel material and #2019.2.0702.0.K10.E.000728 for leaf 
material). Kernels were crushed and ground prior to export to ensure non-viability. Once in New Zealand, sam-
ples were stored and analysed in Physical Containment Level 2 approved facilities with kernels stored at ~ 4 °C.

Sites A and B were adjacent but separate sites that both bordered Gunung Leuser National Park and were 
abandoned after ca. 30 years of production. These sites were adjacent to each other and were separated north-
east (Site A)/southwest (Site B). At the time of sampling, the sites were overgrown and had had no amendments 
applied for at least 3 years and had not been harvested throughout this time period. Previous to this, they were 
under corporate management and underwent regular harvesting. Sites A and B had slopes of approximately 12° 
in places and samples were taken based on practicality and accessibility from areas in which E. guineensis trees 
remained.

Site C was also near to Gunung Leuser National Park, however, was an active smallholder E. guineensis planta-
tion. This site had been under production for ca. 20 years. Weeds were regularly cleared from the understory of 
this plantation using spray chemicals and fruit were regularly harvested. The slope of this site was < 4°.

Samples of refined palm oil were sourced from an Indonesian food manufacturer whose food products are 
marketed in New Zealand.

Analytical methods
Pseudo‑total element concentrations
We analysed pseudo-total element concentrations (hereafter referred to as elemental concentrations) of all 
samples using microwave digestion, following EPA Method 3051A25. A Ultrawave Single Reaction Chamber 
Microwave Digestion Unit was used. In each analysis, 0.20 g (± 0.01 g) was weighed into a digestion tube and 5 
mL 70% HNO3 was added. Samples were pre-digested overnight and then digested in the Ultrawave at 230°C 
for 25 min26. Two reagent blanks and two standard reference materials27,28 were included with every 11 samples 
for quality assurance. Digestates were analysed by inductively coupled plasma-mass spectrometry along with 
standard reference materials29. Recoveries of SRMs ranged from 79–134% of certified values. A full list of SRM 
recoveries is available in Supplementary Materials Table S1. All concentrations reported are on a dry weight 
basis. The limit of quantification for analyses was 0.01 mg kg-1.

Total carbon and nitrogen
Total C and N concentrations of all samples were analysed by C and N analyser: CN828 Elemental Analysis by 
Combustion. Blanks and SRMs30 were included with samples for quality assurance.

Bioaccumulation coefficients
Bioaccumulation coefficients (BACs) give an indication of a plant’s ability to accumulate heavy metals from soils31. 
They can be calculated as the plant / soil TE concentration quotient for each plant tissue using the equation32

(1)BAC =

TE
(

plant
)

TE(soil)
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Bioaccumulation coefficients were calculated for pinnae, endosperm and mesocarp tissue from each site. 
These were calculated for Cu, Zn, As, Sr, Cd and Pb using soil concentrations from these sites detailed in 
Thompson-Morrison et al.23. These TEs were chosen as they are common contaminants of agrichemicals used 
to support production33.

Statistical Analysis
R (version 4.1.0) was used for all statistical analysis34. One-way parametric Analysis of Variance (ANOVA) was 
run to compare means of each sample type between site using the package multcomp35. Data was (natural) log-
transformed where assumptions of normality were not met and non-parametric permutational ANOVA was 
used when assumptions of homoscedacity were not met. In most cases there were no differences between the 
results of the parametric and non-parametric ANOVA and the parametric test was considered robust. When 
significant differences were identified, Tukey’s Honest Significant Difference test was run to determine which 
sites these existed between.

Results and discussion
Elements in E. guineensis leaves (pinnae and rachides)
Essential elements
Deficiencies of N, K, S and Mo were present in pinnae samples from all sites, whereas P deficiency was present 
in pinnae samples from abandoned Sites, A and B (Table 1). The leaf tissue samples tended to contain higher 
concentrations of both essential and non-essential elements compared to fruit (kernel and mesocarp) tissue. 
This is consistent with plant physiology, given leaves are a water-sink and elements taken up via the roots are 
transported here via xylem flow12.

Mean concentrations of N, S and Mo in pinnae samples were in the deficient range for oil palm production 
at all sites. In contrast, P was deficient in 100% of samples at both of the abandoned sites (A and B) and mean 
K was deficient at Sites B and C (Table 1). Nitrogen deficiencies were present in all pinnae samples from the 
three sites. The mean N concentrations at Site C (1.9%) were comparable to those of palms grown on Malaysian 
Oxisols of 1.8%14. Across all sites, the N concentrations (1.3–1.9%) were lower than those of oil palms grown in 

Table 1.   Mean essential element concentrations in E. guineensis leaf material (pinnae and rachides) at each 
site (standard error of the mean in parentheses) compared with available literature values for deficiency, 
adequate growth and toxicity, where available. All values in mg kg-1 unless otherwise specified. Sites which 
share the same letter(s) for a single variable are not significantly different from each other. *B n = 9. + Values 
specific to E. guineensis growth for palms > 6 years old17. † Typical values for adequate plant growth as none 
specific to E. guineensis were identified12. ‡ Typical values for adequate plant growth as none specific to E. 
guineensis were identified15.

Site A (n = 10) * B (n = 7)
C (pinnae n = 2, 
rachides n = 1) Deficient + Adequate +

Excessive/
toxic+

Pinnae

Macro-elements

C (%) 48(0.35)a 47(0.20)a 48(0.15)a – – –

N (%) 1.4(0.090)a 1.3(0.077)a 1.9(0.010)b  < 2.3 2.4–2.8  > 3.0

P 1102(49)a 1054(27)a 1689(144)b  < 1400 1500–1800  > 2500

K 9266(982)a 7109(857)a 5350(249)a  < 7500 9000–12,000  > 16,000

S 1729(119)a 1799(148)a 1804(24)a  < 2000 2500–3500  > 6000

Mg 3139(376)a 2883(354)a 2476(316)a  < 2000 2500–4000  > 7000

Micro-elements

B 21(3.1)a 24(1.8)a 12(5.5)a  < 8.0 15–25  > 40

Mn 272(44)a 910(197)b 705(150)ab  < 35 50 † 400–1000 ‡

Fe 83(5.1)a 80(5.3)a 68(7.1)a – 100 † –

Cu 5.8(0.26)a 5.9(0.73)a 7.6(2.2)a  < 3.0 5.0–8.0  > 15

Zn 25(1.4)a 24(1.6)a 23(0.68)a  < 10 12–18  > 80

Mo 0.13(0.025)ab 0.060(0.010)a 0.24(0.040)b 0.10–0.30 ‡ 0.50–0.80 10–50 ‡

Rachides

Macro-elements

C (%) 47(0.14)a 47(0.19)a 48a – – –

N (%) 0.20(0.024)a 0.21(0.037)a 0.61b – – –

P 462(52)a 687(184)a 1316a – – –

K 8969(1760)a 6204(876)a 8614a  < 13,000 13,100–16,000  > 16,000

S 837(96)a 998(126)a 947a – – –

Mg 742(145)a 898(43)a 1117a – – –

Micro-elements

B 28(4.2)a 25(5.0)a 22a – – –

Mn 35(7.0)a 132(26)b 78ab – – –

Fe 63(17)a 61(12)a 19a – – –

Cu 2.4(0.17)a 2.3(0.22)a 2.3a – – –

Zn 10(1.1)a 13(2.1)a 7.8a – – –

Mo 0.20(0.048)a 0.16(0.031)a 0.020a – – –
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Nigeria (2.1%) and Indonesia (2.3–2.7%)7,14. For the Indonesian palms, 2.3% N was considered deficient. Nitrogen 
deficiencies have also been reported in oil palms from Cameroon36 and primarily affect leaf production, size, 
colour and net assimilation rate17. With insufficient N, oil palms will suffer depressed growth which becomes 
increasingly exacerbated with age17.

Phosphorus in all pinnae samples from Sites A and B were in the deficiency range for E. guineensis (Table 1). 
These P concentrations were lower than those reported in Indonesia, Malaysian and Nigerian E. guineensis leaves 
of 1500–1700 mg kg-17, 1210–1350 mg kg-114 and 1280 mg kg-114, respectively. The P concentration in leaves at Site 
C (1689 mg kg-1) was within the adequate range for E. guineensis and comparable to the value of 1700 mg kg-1 
from E. guineensis also grown in Indonesia reported by Woittiez et al.7. The range of leaf P concentrations across 
the sites were comparable to those of New Zealand native species grown in low-fertility systems in nutrient-poor, 
non-fertilised soils37. This indicates the low nutrient status of the E. guineensis trees we sampled and is consistent 
with inadequate fertilisation. Sites A and B may have had low native P concentrations followed by insufficient 
capital and maintenance nutrients applied during production. Unlike N, P concentrations do not typically drop 
precipitously following site abandonment as P may bind to soil colloids and be retained in soils38. This indicates 
that P concentrations at Sites A and B were sub-optimal during production and may have been a contributing 
factor to low yields and subsequent site abandonment. Deficiencies of P in oil palm result in reduced growth 
rates with smaller fruit bunches, leaves and trunks, reducing yields from these trees17.

Rachis concentrations of K have been suggested as a more accurate indication of plant K status compared to 
pinnae concentrations as they provide a more accurate indication of fruit yield39. The K concentrations of the 
rachis samples range from 6204 mg kg-1 at Site B to 8969 mg kg-1 at Site A, indicating K deficiency (Table 1). 
Potassium deficiency is the most limiting nutrient factor affecting yield in oil palm production17,40,41. Like P, 
deficiencies of K in oil palm result in smaller fruit bunches as well as reduced number of fruit bunches per 
tree17. Insufficient K also leads to reduced disease resistance in oil palms17. Deficiency of this element has been 
attributed to inadequate K fertilisation of production soils which already have naturally low background levels7,36. 
Cost has been cited as a barrier to K fertilisation for Indonesian smallholders, as K fertilisers are not subsidised7. 
Concentrations of K in oil palm leaves from Indonesia and Malaysia have also been reported in deficient ranges 
of 6000–6300 mg kg-17 and 5700–7600 mg kg-114 respectively. Non-deficient levels of 8800 mg kg-1 were measured 
in Nigerian oil palm leaves14.

Among the three sites, 90% of pinnae samples from Site A, 71% of samples from Site B and 100% of samples 
from Site C were deficient in S. The S concentrations were comparable to those of Nigerian E. guineensis (1740 mg 
kg-1)14. Sulphur deficiency in oil palms has similar effects to N deficiency, i.e., stunted leaf growth and necrosis, 
as well as potential decreased resistance to Cercospora infection17. Boron was below the optimal range at Site C, 
and lower than reported concentrations for oil palm leaves also grown in North Sumatra (16.4–19.5 mg kg-1), 
which were expressing B deficiency symptoms42. Boron is the most significant TE for oil palm growth: with 
insufficient B, leaf development is severely affected and leaves become thin, short and brittle17. There is little 
information available on the role of Mo in oil palm growth17 and no studies reporting Mo concentration of E. 
guineensis leaves could be identified for comparison.

Magnesium, Fe, Cu and Zn in pinnae samples were within the adequate range for oil palm growth at all sites 
(Table 1). The Mg concentrations were comparable to those in leaves of E. guineensis grown in Indonesia and 
Nigeria of 2800–3000 mg kg-1 and 2330 mg kg-114, respectively. Zinc concentrations were comparable to leaf 
concentrations from Malaysian E. guineensis plants of ca. 15–28 mg kg-143. The Fe and Cu pinnae concentrations 
were within typical ranges contained in plant leaves12. Manganese was present in high concentrations in pinnae 
samples, however still within the range of concentrations likely to be present in plants44. Concentrations were 
significantly higher at Site B compared with Site A (Table 1). Toxicity thresholds for Mn are plant- and even 
cultivar-specific12, and no specific thresholds for oil palm have been identified. Considering differences between 
active and former production sites, the active site (C) was significantly higher in N and P than former sites (A 
and B) and significantly higher in Mo than Site B. This may be due to the Site C’s ongoing cultivation at the time 
of sampling, and thus more recent fertilisation.

Our leaf samples were collected from plantations with soils deficient in N, P, K and Mo23. Thus, it is unsurpris-
ing that plant concentrations of these essential elements are sub-optimal and likely to be limiting production, as 
plants source the majority of their nutrient requirements from bioavailable elements in soils through diffusion 
and mass flow12. These deficiencies are attributed to the conversion of acidic, low-fertility forest soils to produc-
tion without the full amount of necessary inputs of both capital and maintenance nutrients4,5. As E. guineensis 
producers in Indonesia rely heavily on subsidised fertilisers, these deficiencies—particularly K for which no 
subsidised fertilisers are available—are commonplace, particularly in smallholder plantations7,40.

Non‑essential trace elements
Most non-essential elements were present in concentrations less than the average concentrations for terrestrial 
plants (Table 2). The low concentrations of Cr (1.7–4.7 mg kg-1 in pinnae, 1.1–10 mg kg-1 in rachides) and Ti 
(1.5–1.8 mg kg-1 in pinnae, 0.60–0.87 mg kg-1 in rachides) indicate that the non-essential elements present in E. 
guineensis leaves were not a result of soil contamination of leaves. While Ti, Cr, Ni and Hg were present above 
average terrestrial plant concentrations45, they were below toxicity thresholds for leaf tissues15.

Mean concentrations of Na and Si were higher in rachides (170–192 mg kg-1 and 188–291 mg kg-1, respec-
tively) compared with pinnae (54–116 mg kg-1 and 1.3 mg kg-1, respectively). Cadmium concentrations 
(0.020–0.027 mg kg-1 in pinnae, 0.010–0.014 mg kg-1 in rachides) were lower than those reported from Malay-
sian E. guineensis leaves (0.18–0.38 mg kg-1)43. Silver and Au were present in leaf tissues in concentrations < 0.1 
mg kg-1 and pose no toxicity risks46.
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The pinnae concentrations of Te at Site C (0.29 mg kg-1) were significantly higher than at Sites A and B, and 
higher than those reported in Angiosperm leaves of 0.017 mg kg-147. Cerium was also significantly higher in 
pinnae from Site C compared to Sites A and B. There is a scarcity of data on Te and Ce in plants with which to 
compare our results. Pinnae from Site C contained significantly higher concentrations of Cs than Site A, while 
rachides from Site C were significantly higher in Cs than Sites A and B. Caesium concentrations in pinnae at 
Sites B and C (0.25 and 0.41 mg kg-1, respectively) and rachides at Site C (0.74 mg kg-1) were higher than average 
plant concentrations of 0.2 mg kg-145. The higher Te, Cs and Ce at Site C may be due to current production, as 
these TEs may be present in agrichemicals which were being used at the site at the time of sampling.

Elements in E. guineensis endosperms and mesocarps
Essential elements
The essential elements in the endosperm tissues (Table 3) were comparable to those in Malaysian and Nigerian 
E. guineensis endosperms, except for Mg and Fe which were both lower in our samples43,48,49. Endosperm tissues 
contained the highest P and Cu concentrations of all plant materials analysed. Mesocarp tissues tended to contain 
the lowest concentrations of most elements, particularly essential plant elements, of all plant materials analysed.

Phosphorus and K in endosperm samples ranged from 3125–3827 mg kg-1 and 4870–5045 mg kg-1, respec-
tively, within concentration ranges reported in Nigerian endosperms: 2600–4700 and 2770–6600 mg kg-1, 
respectively49. These concentrations were lower than those in Malaysian endosperms: 6520–6950 and 6930–7510 
mg kg-1, respectively48. The concentrations of Mn in endosperm samples (136–285 mg kg-1) overlapped with the 
range reported in Malaysian endosperms (82–145 mg kg-1)49 but were lower than Mn concentrations reported 

Table 2.   Mean concentrations of non-essential trace elements in E. guineensis leaves (pinnae and rachides) at 
each site (standard error of the mean in parentheses) with available literature values for toxicity and tolerability 
in agronomic crops. All values in mg kg−1. Sites which share the same letter(s) for a single variable are not 
significantly different from each other. *45. + 15.

Site A (n = 10) B (n = 7) C (pinnae n = 2, rachides n = 1) Land plants average * Excessive/toxic to plants+

Pinnae

Na 116(15)a 111(21)a 54(20)a 1200 –

Al 46(5.4)a 44(4.5)a 30(9.2)a 500 –

Si 1.3(0.019)a 1.3(0.014)a 1.3(0.035)a 200 –

Ti 1.8(0.18)a 1.6(0.20)a 1.5(0.20)a 1 50–200

Cr 4.2(0.92)a 4.7(1.1)a 1.7(0.52)a 0.23 5–30

Co 0.071(0.010)a 0.093(0.020)a 0.04(< 0.01)a 0.5 15–50

Ni 3.6(0.51)b 5.8(1.0)b 1.1(0.080)a 3 10–100

As 0.030(< 0.01)a 0.031(< 0.01)a 0.025(< 0.01)a 0.2 5–20

Sr 16(2.7)a 9.7(0.85)a 17(0.90)a 26 –

Ag  < 0.01a  < 0.01a  < 0.01a 0.06 –

Cd 0.027(< 0.01)a 0.023(< 0.01)a 0.020(< 0.01)a 0.6 5–30

Te  < 0.01a  < 0.01a 0.29(0.29)b – –

Cs 0.18(0.030)a 0.25(0.035)ab 0.41(0.045)b 0.2 –

Ce 0.22(0.048)a 0.39(0.061)a 0.85(0.26)b – –

Au  < 0.01a  < 0.01a  < 0.01a 0.002 –

Hg 0.045(< 0.01)a 0.044(< 0.01)a 0.052(0.015)a 0.015 1–3

Pb 0.64(0.060)a 0.76(0.12)a 0.62(0.15)a 2.7 30–300

Rachides

Na 173(19)a 170(14)a 192a 1200 –

Al 18(2.7)a 24(3.6)a 13a 500 –

Si 273(28)a 291(29)a 188a 200 –

Ti 0.60(0.063)a 0.87(0.11)a 0.60a 1 –

Cr 10(3.6)a 8.8(2.1)a 1.1a 0.23 –

Co 0.134(0.040)a 0.14(0.030)a 0.020a 0.5 –

Ni 5.3(1.6)a 5.5(1.2)a 0.50a 3 –

As  < 0.01)a  < 0.01a  < 0.01a 0.2 –

Sr 11(1.2)a 6.9(0.86)b 6.6ab 26 –

Ag  < 0.01a  < 0.01a  < 0.01a 0.06 –

Cd 0.014(< 0.01)a 0.010(< 0.01)a 0.010a 0.6 –

Te  < 0.01a  < 0.01a  < 0.01a – –

Cs 0.092(0.020)a 0.18(0.020)b 0.74c 0.2 –

Ce 0.060(0.010)a 0.090(0.020)a 0.07a – –

Au  < 0.01a  < 0.01a  < 0.01a 0.002 –

Hg  < 0.01a  < 0.01a  < 0.01a 0.015 –

Pb 0.27(0.051)a 0.35(0.080)a 0.080a 2.7 –
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in Nigerian samples of 410–610 mg kg-148. Our Cu and Zn concentrations in endosperms tissue (16–17 and 
24–27 mg kg-1, respectively) were similar to the ranges present in Malaysian endosperms of 16–18 and 25–36 
mg kg-1, respectively49 and lower than those of Nigerian endosperm tissue48. Magnesium and Fe concentrations 
in our analysed samples were lower than those from Malaysia (2050–3060 mg kg-1 Mg and 43–52 mg kg-1 Fe)48 
and Nigeria (2250–5540 mg kg-1 Mg and 110–220 mg kg-1 Fe)49. No data could be identified for comparison on 
concentrations of C, N, S, B or Mo in E. guineensis endosperm tissue. There were only two significant differences 
in concentrations of essential elements in endosperm tissues between sites: Site A was significantly higher in B 
than site B, while Site B was significantly higher in Mo than Site C.

The low concentrations in mesocarp tissues (Table 3) are typical of E. guineensis: as fruit ripens, essential 
elements in the mesocarp decrease due to dilution by growth or translocation into the endosperm14. Our sam-
ples were ripe when collected, and the concentration ranges of N, P, K and Mg—0.29–0.42%, 484–849 mg kg-1, 
3044–6876 mg kg-1, 803–1516 mg kg-1, respectively—are comparable to those of ripe mesocarp: 0.33–0.41%, 
440–530 mg kg-1, 2900–3700 mg kg-1, 1300–1500 mg kg-1, respectively50. Of the essential elements analysed, N, 
P, Mg, S Mn, Cu, Zn, and Mo were significantly higher in endosperms compared to mesocarps.

Non‑essential trace elements
Excluding Na, Al, Si, Cr, Ni and Sr, all non-essential elements in E. guineensis endosperms and mesocarps 
were < 1.0 mg kg-1 (Table 4). Non-essential elements posed no toxicity risks for manufactured products. As 
palm oil is expressed or extracted from the mesocarp, the low concentrations in this plant material indicates 
that TE concentrations in palm oil are likely to be low and of no concern regarding food safety standards, unless 
it is contaminated during the extraction process. As with leaf concentrations, Cs was significantly higher in 
mesocarps from Site C. Other than this, there were no significant differences in mesocarps between sites. Low 
elemental concentrations are typical of endosperm tissue, as to reach this location of the plant elements must 
be carried by phloem transport and cross the placenta51. As with leaves, Ni was significantly lower in mesocarp 
tissue from Site C site compared with Sites A and B. Chromium was also significantly higher in mesocarps from 
Site A compared to Site B.

Mean Na in the endosperm samples ranged from 112–223 mg kg-1, within the range of 80–240 mg kg-1 
from Malaysian kernels49 and below the range of 610–1200 mg kg-1 from Nigerian kernels48. Cadmium in our 
endosperm samples (0.02–0.03 mg kg-1) was lower than in samples from Malaysia (0.09–0.31 mg kg-1)43, while 
Pb (0.02–0.03 mg kg-1) was comparable to the below-detection concentrations of ≤ 0.05 mg kg-1 reported in 
Nigerian kernels48.

Table 3.   Mean concentrations of essential elements in analysed E. guineensis endosperms and mesocarps from 
each site (standard error of the mean in parentheses). All values in mg kg−1 unless otherwise specified. Sites 
which share the same letter(s) for a single variable are not significantly different from each other.

Site A (n = 8) B (n = 7) C (n = 3)

Endosperm

Macro-elements

C (%) 61(0.37)a 62(0.41)a 60(1.0)a

N (%) 1.4(0.10)a 1.3(0.12)a 1.3(0.19)a

P 3618(131)a 3827(189)a 3125(16)a

K 4870(109)a 5045(326)a 4932(414)a

S 1665(79)a 1554(89)a 1456(114)a

Mg 1958(76)a 1937(115)a 1574(105)a

Micro-elements

B 67(7.8)b 37(3.8)a 52(6.4)ab

Mn 136(18)a 285(69)a 157(20)a

Fe 32(1.3)a 37(2.7)a 37(5.5)a

Cu 17(0.73)a 16(0.8)a 17(1.7)a

Zn 24(1.4)a 27(2.3)a 26(2.6)a

Mo 0.24(0.033)ab 0.34(0.060)b 0.1(0.019)a

Mesocarp

Macro-elements

C (%) 66(1.7)a 70(1.0)a 64(4.4)a

N (%) 0.29(0.02)a 0.31(0.044)a 0.42(0.035)a

P 513(53)a 484(25)a 849(85)b

K 4487(605)ab 3044(192)a 6876(1894)b

S 981(92)a 815(29)a 994(74)a

Mg 1166(180)a 803(84)a 1516(206)a

Micro-elements

B 51(4.4)a 45(4.0)a 57(11)a

Mn 5.6(0.70)a 10(2.4)a 14(5.5)a

Fe 35(2.9)b 25(1.8)a 33(6.3)ab

Cu 15(1.4)a 14(1.0)a 14(0.80)a

Zn 4(0.47)a 3.7(0.443)a 8.2(1.1)b

Mo 0.056(0.011)a 0.063(0.016)a 0.033(< 0.01)a
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Table 4.   Mean concentrations of non-essential elements in analysed E. guineensis endosperms and mesocarps 
from each site (standard error of the mean in parentheses). All values in mg kg−1. Sites which share the same 
letter(s) for a single variable are not significantly different from each other.

Site A (n = 8) B (n = 7) C (n = 3)

Endosperm

Na 223(33)a 128(15)b 112(24)ab

Al 31(5.2)a 17(2.9)a 27(4.9)a

Si 352(38)a 303(38)a 226(22)a

Ti 0.33(0.016)a 0.39(0.051)a 0.30(< 0.01)a

Cr 0.29(0.018)b 0.19(0.027)a 0.24(0.064)ab

Co 0.013(< 0.01)a 0.014(< 0.01)a 0.010(< 0.01)a

Ni 1.6(0.17)b 2.2(0.35)b 0.60(0.13)a

As  < 0.01a  < 0.01a  < 0.01a

Sr 5.0(0.59)a 4.6(0.32)a 3.9(0.44)a

Ag  < 0.01a  < 0.01a  < 0.01a

Cd 0.018(< 0.01)a 0.027(< 0.01)a 0.017(< 0.01)a

Te  < 0.01a  < 0.01a  < 0.01a

Cs 0.068(0.015)a 0.094(0.023)a 0.13(0.022)a

Ce 0.16(0.028)a 0.080(0.014)a 0.14(0.023)a

Au  < 0.01a  < 0.01a  < 0.01a

Hg  < 0.01a  < 0.01a  < 0.01a

Pb 0.031(< 0.01)a 0.021(< 0.01)a 0.027(< 0.01)a

Mesocarp

Na 213(29)a 164(9.4)a 180(27)a

Al 35(6.3)a 28(3.1)a 31(8.6)a

Si 328(22)a 320(12)a 313(38)a

Ti 0.50(0.17)a 0.40(0.044)a 0.30(0.12)a

Cr 3.8(0.28)a 2.6(0.39)a 4.0(1.0)a

Co 0.070(< 0.01)a 0.066(0.010)a 0.060(0.012)a

Ni 2.1(0.15)a 1.6(0.18)a 2.0(0.36)a

As  < 0.01a  < 0.01a  < 0.01a

Sr 4.5(0.64)a 4.4(0.47)a 6.3(1.3)a

Ag  < 0.01a  < 0.01a 0.010(< 0.01)a

Cd 0.014(< 0.01)a 0.011(< 0.01)a 0.010(< 0.01)a

Te  < 0.01a  < 0.01a  < 0.01a

Cs 0.24(0.074)a 0.28(0.071)a 0.73(0.082)b

Ce 0.13(0.014)a 0.11(0.014)a 0.13(0.040)a

Au  < 0.01a  < 0.01a  < 0.01a

Hg  < 0.01a  < 0.01a  < 0.01a

Pb 0.053(0.014)a 0.047(0.011)a 0.060(0.015)a

Table 5.   Bioaccumulation coefficients of TEs in plant tissues at each if the E. guineensis plantation sites 
sampled. Coefficients for As in endosperm and mesocarp tissues are presented as < their calculated value as As 
concentrations in these fruit tissues was < 0.01.

Site A Site B Site C

Pinnae Endosperm Mesocarp Pinnae Endosperm Mesocarp Pinnae Endosperm Mesocarp

Cu 0.31 0.89 0.79 0.16 0.42 0.37 1.4 3.0 2.5

Zn 0.27 0.26 0.044 0.26 0.30 0.041 0.31 0.35 0.11

As 0.0079  < 0.0026  < 0.0026 0.0072  < 0.0026  < 0.0023 0.0027  < 0.0011  < 0.0011

Sr 0.67 0.21 0.19 0.69 0.33 0.31 0.35 0.81 0.13

Cd 0.19 0.13 0.10 0.26 0.31 0.13 0.24 0.20 0.12

Pb 0.040 0.0019 0.0033 0.045 0.0012 0.0028 0.022 0.0010 0.0021
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Bioaccumulation coefficients
Most BACs for TEs in E. guineensis at the sites sampled were < 0.5 (Table 5). A BAC of ≥ 1 indicates that a plant 
may take up higher than typical concentrations of a TE from soil31. These results are consistent with low BACs 
of most non-essential TEs measured in other studies52,53 except for Sr, for which no BACs could be identified 
from literature.

The BAC of Cu in all plant tissues at Site C was > 1, indicating E. guineensis here contained high concentra-
tions of Cu relative to the soils at this site. This may have been due to direct application of Cu-containing spray 
residues onto plant tissues, as this site was still under active management, however, this is unlikely as endosperm 
and mesocarp tissue had higher BACs relative to pinnae. Leaf tissues typically receive foliar spray applications 
while internal fruit tissues do not, therefore if this were the reason for the high BACs at this site, it is likely that 
endosperm and mesocarp BACs would be lower than that of pinnae tissues. While it is possible that Cu may be 
translocated from the leaf to the fruit following direct contamination of leaves with Cu spray, the higher BACs 
of fruit tissue relative to leaf tissue indicate that Cu was likely entering plants via root uptake from soil solution 
and was highly phloem-mobile. This is supported by the BACs for Cu in fruit tissues at Site A (0.89 and 0.79 for 
endosperm and mesocarp, respectively), which were higher than the pinnae BAC at this site. The high BAC of 
Cu in E. guineensis fruit tissues may result in high Cu concentrations in plant products, including oil and PKE, 
if production soils contain excessive Cu concentrations. This may present risks to human and animal health if 
food and fodder safety standards, respectively, for Cu are exceeded.

The BAC of Sr in pinnae at both Sites A and B (0.67 and 0.69, respectively) indicated that Sr was likely enter-
ing plant tissues E. guineensis at these sites via soils. The BAC of Sr at Site C (0.81) also indicated that Sr maybe 
phloem mobile and easily transported to fruit tissues. There is little published information on Sr BACs or trans-
port in plants with which to compare these results.

As E. guineensis is cultivated in plantations with differing management styles, including smallholder, corpo-
rate- and government-owned54, the determination of BACs for fertiliser contaminants in E. guineensis grown 
under a range of conditions with differing agrichemical input rates may be of benefit to this production systems. 
This research may develop strategies to limit the transfer of contaminants to plants and products if increased 
fertiliser applications were used to correct nutrient deficiencies.

Elements in palm oil
Unlike TEs, plant oils are not transported by xylem or phloem from leaves to fruit tissue but are synthesised from 
sugars in situ18. Most TEs occur as hydrophilic metal complexes in plants, partitioning away from oils in plant 
tissues55. As such, high TE concentrations in vegetable oils are not common. Elemental concentrations in refined 
palm oil were lower than food safety standards and posed no risk of elemental toxicity. However, this study did 
not analyse pesticide residues which may be present in oils. No elements in the oil we analysed exceeded tolerable 
upper limits or maximum dietary reference intakes (Table 6). This is consistent with other studies addressing 
the elemental composition of plant-derived oils, in which TEs were found either below detection limits or in 
concentrations ≤ 1.0 mg kg-156,57.

The following elements were present in our analysed palm oil at concentrations comparable to or less than 
concentrations in palm oils from previous studies: Mg, P, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Hg and Pb 
(Table 6). Concentrations of Na and Al in our palm oil samples were higher than previously reported. The mean 
concentration of Na in our samples was 1198 mg kg-1. This is higher than reported levels in Nigerian palm oils 
of 30 mg kg-158 and 115–533 mg kg-159, however, would not result in consumption beyond the tolerable upper 
limit of 2300 mg Na day-1. The mean concentration of Al in our palm oil samples (159 mg kg-1) was also higher 
than those previously reported in Nigerian palm oil by Obi et al.58 (31 mg kg-1) and Asemave et al.60 (1.9 mg kg-1), 
however below concentrations which would surpass its tolerable weekly intake of 1 mg kg-1 bw wk-1, assuming 
an average body weight of 70 kg61 and an average daily palm oil intake of 37.1 g62. For people weighing < 41 kg, 
exceedance of the tolerable weekly intake may occur if they are consuming ≤ 37.1 g of palm oil per day, the average 
vegetable oil consumption in China—a major importer of palm oil. High Al and Na in plant derived products 
are usually attributed to soil or dust contamination of plant materials (e.g., during harvesting)63, however as 
these elements were found in the oil they may also come from processing. Other potential reasons for higher 
concentrations of these elements in the samples analysed include the use of saline washdown water in mills. The 
high Al concentrations in palm oil are supported by the mean Al concentrations in mesocarp samples (28–35 mg 
kg-1). Unlike most other TEs, Al may form hydrophobic organic complexes in plants which are phloem mobile, 
thereby partitioning into palm oil in the mesocarp64.

Conclusions
The E. guineensis plant materials from North Sumatra, Indonesia, were deficient in essential elements includ-
ing N, P, K and Mo, likely reducing palm oil yields from these sites. This is consistent with our hypotheses 
that E. guineensis leaves will show nutrient deficiencies, however, Mg was not deficient in leaf tissue as we had 
hypothesised. Leaf tissue from all sites was deficient in K, indicating that K may have been a yield-limiting factor 
potentially leading to the abandonment of production at two of the sites sampled. There is clear evidence that 
element deficiencies contribute to site abandonment. Leaf tissues showed no sign of elevated Cu, Zn, As and Pb, 
which falsified our hypothesis that leaves may contain elevated levels of TEs. Copper, however, had BACs > 1, 
indicating either elevated plant uptake or surface contamination from Cu-containing agrichemicals. This may 
result in E. guineensis-based products that exceed food and fodder safety standards if plants are grown on soils 
with excessive Cu concentrations. Palm oil generally contained low concentrations of TEs which were not likely 
to pose any toxicity risks. This was consistent with our hypothesis and with plant physiology considering trace 
elements often occur in plants as metal complexes which partition away from the oil phase. Aluminium and Na 
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were present in palm oil at higher concentrations than had been previously reported in other studies, however, 
were not in breach of food safety standards. Future work could assess the bioaccumulation coefficients of TEs in 
E. guineensis under a range of conditions to determine whether plant tissues or oils may exceed toxicity thresholds 
or food safety standards with large fertiliser applications. This could be achieved in a dose–response pot trial. 
This would inform reasonable limits for fertiliser applications and contaminants to limit the transfer of TEs to 
plants and products in palm oil production systems.

Data availability
The data that support the findings of this study are openly available at www.​kiwis​cience.​com/​Data/​Thomp​son-​
Morri​son-​Plant​Paper​Data.​xlsx.
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