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Abstract: Vigorous and well-established nursery seedlings are an important component of sustain-
able oil palm production. We postulated that Si fertilization at the seedling stage could help to
achieve improved performance of oil palm seedlings leading to healthy and vigorous nursery es-
tablishment. In this study, we evaluated the growth and physiological responses of oil palm Tenera
hybrid seedlings under three Si fertilization treatments and a control including (i) 0 g Ca25iO4 (TO),
(ii) 0.5 g Ca25i04(T1), (iii) 3.5 g Ca2SiO4 (T2), and (iv) 7.0 g Ca2SiO4 (T3) per plant per month. Ca25iO4
was used as the Si fertilizer source and was applied for four consecutive months. Nondestructive
data including stem diameter, plant height, leaf length, photosynthetic rate, leaf angle, and leaf
thickness and destructive data including leaf, stem, and root fresh weight and dry weight, as well
as chlorophyll 4, Si, and nitrogen contents, were recorded before treatment (0 DAT), as well as 60
(60 DAT) and 120 days after treatment (120 DAT). Results indicated that Si fertilization enhanced Si
accumulation in oil palm seedlings, and maximum accumulation was observed in the aerial parts
especially the leaves with the highest accumulation of 0.89 % dry weight at T3. Higher Si accumu-
lation stimulated the growth of seedlings; a total fresh weight of 834.28 g and a total dry weight of
194.34 g were observed at T3. Chlorophyll a content (0.83 gm2) and net photosynthetic rate (4.98
UM COzms7') were also observed at T3. Leaf morphology was not significantly influenced under
Si fertilization, whereas the nitrogen content of seedlings was significantly increased. Correlation
analysis revealed a highly significant and positive association among Si accumulation, chlorophyll
a content, photosynthetic rate, total fresh weight, total dry weight, and nitrogen content of seedlings,
indicating that Si fertilization enhanced the performance of these attributes. On the basis of the re-
search evidence, it was concluded that Si fertilization should be considered for improved nutrient
management for oil palm seedling and nursery production.

Keywords: silicon fertilization; oil palm; growth; physiological response

1. Introduction

Silicon (Si) is a beneficial element for plants and is ranked as the second most abun-
dant element at 28% in the Earth’s crust following oxygen [1,2]. The Si content of soil
ranges from 1-45% depending on soil type, but Si is usually scarcely soluble, and its avail-
ability for plant uptake is limited [3]. A long period of intensive plant cultivation leads to
the deprivation of soil Si, subsequently resulting in insufficient Si to sustain productive
agriculture [4,5]. Subtropical and tropical agriculture are typically low in available Si, and
rational Si fertilization could enhance crop yield [4]. In plants, silicon deficiency affects
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the development of strong leaves, stems, and roots. Rice with silicon deficiency is suscep-
tible to fungal and bacterial diseases, as well as insect pests. The photosynthetic activity,
growth, and grain yield are reduced [6].

The potential of Si in improving growth and yield and in alleviating the negative
effects of biotic and abiotic stresses has been studied in multiple crops including rice, to-
mato, sugarcane, and wheat [4,7-11]. Plants absorb Si from the soil solution in the form of
monosilicic acid, also called orthosilicic acid (Hs5iO4). On average, plants absorb 50-200
kg Si-ha[12]. However, the absorption ability of plants differs greatly among species.
According to Si concentrations found in the tissues, plants can be classified as low accu-
mulators (<0.1% Si), intermediary accumulators (1% Si), and high accumulators (up to 5%
Si) [13]. In general, monocots are classified as either intermediate or high accumulators
[4]. Most dicots are unable to accumulate Si and belong to the low accumulator classifica-
tion. However, some dicots of the Asteraceae, Urticaceae, and Cucurbitaceae families are
known to benefit from Si fertilizer, indicating that Si is absorbed and accumulated in the
tissues of these species [14-16].

The beneficial effects of Si on plant growth, productivity, photosynthesis, balanced
nutrient availability, and the mechanisms for reactive oxygen species scavenging have
been demonstrated in numerous studies [17,18]. Thus, the application of Si has been
widely implemented on various crops to alleviate the deleterious effects of water, salt, and
heavy-metal stresses, as well as protect against pest infestation and disease [1,7,9-11,18-
21]. Si has been reported to promote stem strength by increasing lignin accumulation. In
rice, stem strengthening helps to reduce lodging, thus preventing mutual shading, main-
taining canopy photosynthesis, and consequently improving productivity [20,22]. Ahmad
and Haddad [19] demonstrated that Si application positively influenced the antioxidant
system in Triticum aestivum plants. Song et al. [23] reported that leaf chloroplast was dis-
ordered and chlorophyll content was reduced under high-Zn stress, which were counter-
acted by the addition of Si. An interaction between Si and nitrogen and an increase in the
levels of chlorophyll a in Oryza sativa plants were reported by Avila et al. [24]. Si has been
proven to mediate plant defense against insect and pest infestation. Amorphous Si depo-
sition in plant tissues acts as a physical barrier, contributing to increased rigidity and abra-
siveness of plants, thus enabling plants to become less digestible for insects [25-27]. Ad-
ditionally, in several species, Si appears to increase the level of proline and glycine betaine
concentrations under drought and salinity stresses to attenuate their negative impacts
[28,29]. However, studies in drought-stressed maize and salt-stressed borage reported a
decrease in glycine betaine [30,31].

Oil palm (Elaeis guineensis Jacq.) is the highest yielding oil crop with an average an-
nual oil yield of 3.3 t-ha™ [32]. In the beginning, oil palm plantations were centered in
tropical areas with the optimal conditions for oil palm to grow [33]. Demand for palm oil
has greatly increased over the past few decades because of numerous benefits and its ap-
plications in food and nonfood industries. To match the growing demand, there has been
an expansion of oil palm plantations, but protected areas and other existing land uses have
been major limitations [34]. As a perennial crop which generally produces ongoing fruit
for up to 30 years, constant high yield is desired. Factors determining yield, i.e., varieties
planted, available rain and irrigation water, and fertilization must be taken into account.
Sufficient nutrition is necessary during the growth and development stages of the oil
palm, since nutrient uptake establishes the plant’s production potential [33]. In addition
to essential nutrients, other elements such as sodium (Na), silicon (Si), and cobalt (Co)
have been applied in some species to promote plant growth and development [35]. Ac-
cording to Munevar and Romeo [36] who assessed oil palm throughout Colombia, Si con-
centration in oil palm ranges from 0.73% to 1.71% in leaf no. 3 and 1.55% to 4.07% in leaf
no. 17, indicating Si accumulation and sensitivity to available Si. However, little is known
about the potential effects of Si fertilization on oil palm growth and development, espe-
cially without biotic and abiotic stresses. Therefore, in this study, we investigated the ben-
eficial effects of silicon fertilization on the growth and physiological responses of oil palm
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at the seedling stage under nonstress conditions. The results of this research can be ad-
vantageous in oil palm nutrition management for nursery establishment and to sustain
high yields.

2. Materials and Methods
2.1. Pre-Plantation Soil Analysis

Topsoil of Hat Yai soil series (clayey, skeletal, kaolinitic, isohyperthermic Typic
Paleudults) [37] was obtained from the 0-50 cm layer of an agriculture field in Songkhla
Province. Soil was finely prepared, and plant parts and roots were removed using a 2 mm
sieve. A uniform and homogeneous soil sample was obtained prior to soil filling in plant-
ing bags. Soil was airdried and sent for soil analysis to assess soil properties and nutrient
concentrations. The texture of the soil was sandy clay loam, and details of soil properties
including texture [38], pH, electrical conductivity, total N [39], available P [40], extractable
K+, extractable Mg, extractable Ca, and available Si [41] are presented in Table 1. Available
Si in the planting soil used in this current study was 8.774 mg-kg™!, which was considered
to be a low level [4].

Table 1. Pre-plantation physicochemical properties of soil used for the experiments.

1
Properties Vva l,lesf/ Methods References/Instrument
Description
Texture Sandy clay Hydrometer Bouyoucos, 1936 [38]
loam

H 4.76 H meter, soil/water=1:5 oo Easy
P ) Pl metet, soljwater = & (Mettler Toledo)
Electrical ivi Easy EC M -

ectr}ca conductivity 0303 EC meter, soil/water = 15 Seven Easy EC Meter (Met
(ds'm™) tler Toledo)
Total N . .
(eke ) 0.262 Kjeldahl method Kjeldahl, 1883 [39]
Avallakjle p 1.729 Bray II, molybdenum blue Bray, 1945 [40]
(mg-kg™) method
E le K* 1 M-NH4OAc (pH 7 ic ab-

xtracta‘ti N 0.073 N . 1OAc (pH7) atomic ab Spectrophotometer
(cmol-kg™) sorption spectrophotometry
E 1 1 M-NH4OAc (pH 7 ic ab-

xtracta‘ti eMg 0.020 N . {OAc (pH 7) atomic ab Spectrophotometer
(cmol-kg™) sorption spectrophotometry
Extracta‘tile Ca 0.034 1 M-NH4OAC (pH 7) atomic ab- Spectrophotometer
(cmol-kg™) sorption spectrophotometry
Avallakjle Si 8774 Yellow molybdenum blue Estefan et al,, 2013 [41]
(mg-kg™) method

2.2. Seedling Transplantation and Adaptation

Seeds of the oil palm Tenera variety, a hybrid between Dura and Pisifera widely grown
in the oil palm industry [33], were germinated in seedling trays. Sandy clay loam soil was
filled in black plastic planting bags of 40 x 45 cm size. Four month old seedlings were
transplanted in planting bags as single seedlings per bag, and the bags were placed at 30
cm plant-to-plant and row-to-row distance in sheds located at the Faculty of Natural Re-
sources, Prince of Songkla University, Hat Yai, Thailand. Plants were manually irrigated
on daily basis, and 1.5 L of water per bag was applied to maintain the water content near
to field capacity and avoid water stress. Moreover, 7 g of N-P-K (15-09-15) fertilizer not
containing any Si was applied to each planting bag twice a month to help seedling estab-
lishment and nursery adaptation. Emerging weeds were manually removed. A net was
placed to protect oil palm seedlings from pests, and daily monitoring for disease was per-
formed during the experiment.
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2.3. Treatment Application

Planting bags containing 4 month old single seedlings per planting bag were ar-
ranged using a completely randomized design (CRD) with 18 replications in the green-
house. Calcium silicate (Ca25iO4 from Sigma-Aldrich, St. Louis, MO, United States) pow-
der was used as the Si fertilizer source. The water solubility of the Ca25iOs used was 0.26
g/L at 20 °C. Plants were subjected to four treatments: (i) 0 g Ca25iOs (TO), (ii) 0.5 g
Ca:SiOsplantmonth? (T1), (iii) 3.5 g Ca:SiOsplant'month? (T2), and (iv) 7.0 g
CazSiO«-plant'-month (T3). Ca2SiOs was applied at 10 cm soil depth from the base of the
plants, every month for four consecutive months.

2.4. Data Collection

Nondestructive data including stem diameter, plant height, and leaf length were rec-
orded on 10 reserved seedlings from each treatment before treatment (0 DAT), as well as
60 (60 DAT) and 120 days after treatment (120 DAT). Stem diameter was recorded by
measuring the circumference of the base of the stem near the soil surface in the planting
bag. Plant height was recorded as the length of oil palm plants from soil surface to the
joint of topmost leaf. Leaf length was recorded from the base of the leaf to the tip. A port-
able photosynthesis measurement system LCpro-SD (ADC BioScientific Ltd., Hoddesdon,
UK) was used to record the photosynthetic rate at the third fully expanded leaf in each
treatment between 9:00 and 10:00 a.m. for each recording interval. Leaf angle and leaf
thickness were measured using a MultispeQ device at the third fully expanded leaf in
each treatment. The relative rate of growth in stem diameter, leaf length, and plant height
was calculated using a modification of the formula proposed by Hoffmann and Poorter
[42].

. (InA; —InA);)
Relative growth rate (RGR) = ——, (1)
L—-t4
where “In” is the natural logarithm, “A¢” is the reference value for specific attributes and
units at 60 DAT and 120 DAT, and “Ai” is the reference value for specific attribute and
units at 0 DAT; “t2” refers to 60 DAT and 120 DAT, while “t1” refers to 0 DAT.

Destructive data including fresh weight and dry weight of four oil palm seedlings
from each treatment were recorded at 0 DAT, 60 DAT, and 120 DAT. At 120 DAT, four oil
palm seedlings were taken from those reserved for nondestructive data collection. Plants
samples were first separated into leaves, roots, and stems to record fresh weight and were
then kept in the oven for various time intervals at 75 °C until a constant weight was ob-
served. The foliar content of chlorophyll 4, the main pigment that participates directly in
harvesting light energy for photosynthesis in plants [43], was measured from three ran-
domly selected oil palm seedlings at the third fully expanded leaf in each treatment.
Leaves were drilled into circular discs with an area of 0.84 square centimeters. Leaf sam-
ples were then placed into a glass tube filled with 4 mL of DMF (N,N-dimethylforma-
mide), and tubes were covered and stored in the dark for 24 h at 4 °C to prevent chloro-
phyll contents from being damaged by light. The DMF solution was used to measure the
absorbance at 647 and 664 nm wavelengths with a spectrophotometer using pure DMF
solution as a reference. The recorded absorbance was used to calculate the chlorophyll a
content according to Equation (2).

vol
X X Area x 100’

where At is the absorbance at a wavelength of 647 nm, Aess is the absorbance at a wave-
length of 664 nm, vol is the volume of DMF used to extract chlorophyll (mL), and X is the
dilution factor.

Chlorophyll a = [—2.99(Ag47) + 12.64 (Aggs)] X (2)
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2.5. Determination of Silicon and Nitrogen Contents in Oil Palm Seedlings

Plant samples were obtained for silicon and nitrogen content analysis to observe the
variations in nutrient absorbance under various treatments. The silicon concentration in
plant parts was analyzed using the molybdenum blue method [41] to observe silicon ac-
cumulation in plants. The distribution of silicon in different parts of plants was calculated
using Equation (3). The Kjeldahl method [39] was used to determine the nitrogen content
of oil palm seedlings.

Si distribution = (Si concentration in plant part/Total Si concentration) X 100  (3)

2.6. Statistical Analysis

Observed data were statistically analyzed using the Statistix 8.1 package (Analytical
software, Tallahassee, FL, USA) to study the impact and the significance of fertilization
treatments. Means were compared using Fisher’s least significant difference (LSD)
method at a 95% confidence level. “Corr” and Corrplot packages [44] of R program were
used to compute Pearson’s correlation matrices and visuals for various attributes as de-
scribed by Hussain et al. [45].

3. Results
3.1. Accumulation and Distribution of Si in Oil Palm Seedlings

The concentration of silicon (Si) was highest in leaf followed by root and stem at 120
DAT (Table 2). Si-treated soil resulted in a gradual increase in Si content in stem and leaf,
ranging from 0.17% to 0.24% and from 0.63% to 0.89%, respectively. Si concentration in
the root was not significantly different in oil palm seedlings grown under nontreated and
Si-treated soil. The silicon percentage in root ranged from 0.40% to 0.45%.

Generally, Si accumulation increased significantly with seedling age regardless of Si
fertilizer treatment (Figure 1A-D). Leaves accumulated the highest amount of Si ranging
from 124-163 g-plant and 494-736 g-plant! at 60 DAT and 120 DAT, respectively (Figure
1C). In stem, Si accumulation of 36—44 g-plant? and 94-134 g-plant” was observed at 60
DAT and 120 DAT, respectively (Figure 1B). Si accumulation in root was the lowest com-
pared to accumulation in other tissues at 60 DAT, with the range of 2443 g-plant™ (Figure
1A). However, at 120 DAT, a range of 141-172 g-plant! was found in oil palm root, sur-
passing Si accumulation in the stem. Considering the whole plant, Si accumulation was
approximately 121 g-plant™ prior to the start of Si treatment. Si accumulation then in-
creased to 172-249 g-plant™ and 740-1040 g-plant™ at 60 DAT and 120 DAT, respectively
(Figure 1D). According to the results, application of Si fertilizer to oil palm seedlings gen-
erally enhanced Si accumulation in the shoot, stem, and total plant but not in the root. Si
fertilization of 3.5 and 7.0 g-plant'-month' significantly increased the stem, leaf, and total
Si accumulation in oil palm seedlings starting from 60 DAT.

Table 2. Silicon concentration in the root, stem, and leaf of oil palm after 4 months of calcium silicate
application.

Si Concentration (% Dry Weight)

Si Fertilization Treatments

Root Stem Leaf
TO 0.45+0.01 0.17 £ 0.09b 0.66 +0.02b
T1 0.44 +0.02 0.22 +0.01ab 0.63 +0.05b
T2 0.45 +0.02 0.25+0.01a 0.74 +0.02ab
T3 0.40 £ 0.05 0.24 £0.01a 0.89 £ 0.04a
F-test ns * *
CV (%) 11.60 7.80 8.54

Data are represented as means + standard errors; ns indicates non-significant;* indicates signifi-
cant at p <0.01; Different letters in the same column indicate significant differences according to
the LSD test at p <0.01 (n = 4).
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Figure 1. Silicon accumulation in the root (A), stem (B), leaf (C), and total plant (D). Data represent
the means, and error bars represent the standard errors of the means. Different uppercase letters
indicate significant differences in silicon accumulation at 0, 60, and 120 days after treatment (DAT),
and different lowercase letters indicate significant differences in silicon accumulation in oil palm
seedlings treated with different levels of calcium silicate according to the LSD test at p <0.01 (1 = 4).
T0, T1, T2, and T3 are Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0 g
CazSiOs-plant-month, respectively.

3.2. Positive Impacts of Silicon on Oil Palm Growth

Application of Si fertilizer stimulated the oil palm growth. The stem, leaf, and total
plant biomass of oil palm seedlings was significantly promoted by 3.5 and 7.0 g Si ferti-
lizer-plant’-month treatments (Figures 2 and 3A-D). Root biomass, however, was not
affected by Si fertilization. Overall, root dry weight increased 1.56- and 5.30-fold at 60 and
120 DAT, respectively, regardless of Si fertilizer application (Figure 3A). Stem dry weight
increased 1.86- and 6.05-fold at 60 and 120 DAT, respectively, without addition of Si ferti-
lizer. Similarly, 1.58- and 5.68-fold increases at 60 and 120 DAT, respectively, were ob-
served in oil palm treated with 0.5 g Si fertilizer-plant--'month-'. A significant increase in
stem dry weight with Si supplementation was noted at 60 DAT. Application of Si fertilizer
at 3.5 and 7.0 g-plant"'month resulted in 1.95- and 2.07-fold increases, respectively, in
stem dry weight at 60 DAT and 7.34- and 7.59-fold increases, respectively, in stem dry
weight at 120 DAT (Figure 3B). Similar results were observed for leaf and total plant bio-
mass in oil palm treated with Si fertilizer at 3.5 and 7.0 g-plant--‘month-'. At 60 DAT, leaf
biomass increased 1.84- and 1.85-fold when silicon fertilizer at 3.5 and 7.0
g-plant’-month was applied, respectively, compared to the 1.58-fold increase in the con-
trol treatment. More notable effects of Si fertilizer were demonstrated at 120 DAT. Specif-
ically, 6.38- and 6.39-fold increases in accumulation were observed in leaf biomass of oil
palm seedlings with 3.5 and 7.0 g Si-plant-month-, respectively, at 120 DAT, whereas oil
palm seedlings without Si fertilization and with 0.5 g Si-plant-month exhibited 5.2- and
4.68-fold increases in leaf dry weight (Figure 3C).

Similar patterns in the dry mass accumulation of oil palm seedlings treated with Si
fertilizer were noticed for fresh weight (Figure 4). Si fertilization at 0.5 g-plant”-month-!
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did not noticeably change the fresh weight accumulation in oil palm seedlings. The stem
and leaf but not the root of oil palm seedlings treated with 3.5 and 7.0 g-plant’-month-!
exhibited a significant increase when compared with the control at 60 and 120 DAT (Fig-
ure 4). Stem fresh weight increased 1.67-, 1.52-, 2.03-, and 1.76-fold at 60 DAT following
control, 0.5, 3.5, and 7.0 g Si-plant’-month™ treatments, respectively, in contrast to 5.44-,
5.40-, 6.93-, and 6.94-fold, respectively, at 120 DAT (Figure 4B). A significant increase in
the leaf fresh weight was noted when at least 3.5 g Si-plant’-month-! was applied to oil
palm seedlings. In the control treatment, leaf fresh weight increased 1.96- and 5.50-fold at
60 and 120 DAT, respectively, whereas Si fertilization rates of 3.5 and 7.0 g-plant”-month-!
significantly stimulated2.46- and 2.34-fold increases in leaf fresh weight, respectively, at
60 DAT and 6.61- and 6.67-fold increases in leaf fresh weight, respectively, at 120 DAT
(Figure 4C).

Figure 2. Positive impact of silicon fertilization on growth of oil palm seedlings at 120 days after
treatment. TO, T1, T2, and T3 are Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0 g
CazSiOs-plant-month, respectively.
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Figure 3. Root (A), stem (B), leaf (C), and total plant (D) dry weight. Data represent the means, and
error bars represent the standard errors of the means. Different uppercase letters indicate significant
differences in silicon accumulation at 0, 60, and 120 days after treatment (DAT), and different low-
ercase letters indicate significant differences in silicon accumulation in oil palm seedlings treated
with different levels of calcium silicate according to the LSD test at p < 0.01 (n = 4). TO, T1, T2, and
T3 are Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0 g Ca:SiO«plant”-month™, respectively.

A  DODAT M60DAT WI120DAT _ 357 _B CODAT Mé0DAT M120DAT
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-— — 280 i Aa a
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Figure 4. Root (A), stem (B), leaf (C), and total plant (D) fresh weight. Data represent the means,
and error bars represent the standard errors of the means. Different uppercase letters indicate sig-
nificant differences in silicon accumulation at 0, 60, and 120 days after treatment (DAT), and differ-
ent lowercase letters indicate significant differences in silicon accumulation in oil palm seedlings
treated with different levels of calcium silicate according to the LSD test at p < 0.01 (n = 4). TO, T1,
T2, and T3 are Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0 g Ca2SiOs-plant’-month-,
respectively.
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Si fertilization demonstrated positive effects on the relative growth rate of oil palm
stem diameter, leaf length, and plant height (Figure 5). The relative growth rate of stem
diameter was generally higher at 60 DAT as compared to 120 DAT with and without Si
fertilization. The maximum relative growth rate in stem diameter was observed in oil
palm seedlings treated with 7.0 g Ca:SiO«+plant-month at 60 DAT. The increase in rela-
tive growth rate of stem diameter was then abated but still stimulated by the addition of
Si fertilizer at 120 DAT (Figure 5A).

Similar trends were demonstrated in the relative growth rate of leaf length and plant
height. At 60 DAT, the relative leaf length rate of oil palm seedlings treated with 7.0 g
Ca:SiO«plant'month was significantly higher as compared to other treatments. At 120
DAT, application of both 3.5 g and 7.0 g Ca:SiO«plant-month! considerably increased
the relative leaf length rate. Under control conditions, the relative leaf length rate at 120
DAT was slightly lower than that at 60 DAT (Figure 5B). The relative plant height rate was
also positively affected by Si fertilization. Although the stimulating effects were not ob-
served 60 DAT, a significant increase in the relative plant height rate of oil palm seedlings
supplemented with 7.0 g Ca:5iOs-plant'-month~ was detected 120 DAT (Figure 5C).

A O60DAT @120 DAT B O60 DAT @120 DAT
0.0060 1 "t
U AB AB . = 0.008 1 B B AA
T 00050 { B YA . [P 0 _ Bc B 52 15
g T B e M B3 5 . T o= el
8 0.0040 4 — = 0.006 -
= %?‘ “g o
a8 _:: 0.0030 4 'E 2 0.004 A
TS ) = &
5 § 00020 G~ 000 -
% 0.0010 A 2
& 0.0000 v v v . 0.00D T T T ,
T0 T1 T2 T3 T0 T1 T2 T3
Silicon Application Treatments Silicon Application Treatments
C 060 DAT @120 DAT
. 0.008 - A
B B B B _
T 0006 4 = e
s
=
.Et = 0.004 -
=%
i & 0.002 A
2
0.000 T T T v
TO T1 T2 T3

Silicon Application Treatments

Figure 5. Relative growth rate (RGR) of stem diameter (A), leaf length (B), and plant height (C). Data
represent the means, and error bars represent the standard errors of the means. Different uppercase
letters indicate significant differences in silicon accumulation at 0, 60, and 120 days after treatment
(DAT) in oil palm seedlings treated with different levels of calcium silicate according to the LSD test
at p<0.01 (n=10). TO, T1, T2, and T3 are Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0
g CazSiOs-plant'-month, respectively.

3.3. Effects of Silicon Fertilization on Physiological Responses of Oil Palm Seedlings

In the present study, the stimulating effects of Si fertilization on chlorophyll a content
and photosynthesis were clearly demonstrated (Figure 6). Starting from 60 DAT, the chlo-
rophyll a content and photosynthetic rate following treatments with 3.5 and 7.0 g
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CasSiOsplant'-month were significantly higher than those following control and 0.5 g
CasSiOsplant'*month™ treatments. The chlorophyll a content was increased 1.14- and
1.07-fold by the 3.5 and 7.0 g Ca25iOs-plant’-month' treatments, respectively, compared
to the control at 60 DAT and increased 1.20- and 1.13-fold, respectively, at 120 DAT (Figure
6A). A significant increase in photosynthetic rate were observed along with an increase in
chlorophyll a content. At 60 DAT, the photosynthetic rate of oil palm seedlings following
3.5 and 7.0 g Ca:SiOs-plant-‘month! treatments were increased 1.09- and 1.08-fold, respec-
tively, compared to the control. Similarly, at 120 DAT, 35 and 7.0 g
CazSiO«s-plant'-month treatments increased the photosynthetic rate 1.05- and 1.04-fold,
respectively, compared to the nontreated seedlings (Figure 6B).
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Figure 6. Chlorophyll a content (A) and net photosynthetic rate (B). Data represent the means, and
error bars represent the standard errors of the means. Different uppercase letters indicate significant
differences in silicon accumulation at 0, 60, and 120 days after treatment (DAT) in oil palm seedlings
treated with different level of calcium silicate according to the LSD test at p <0.01 (n=3). TO, T1, T2,
and T3 are Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0 g Ca25iO4-plant-!month-,
respectively.

3.4. Effects of Silicon Fertilization on Oil Palm Leaf Morphology

Leaf angle and leaf thickness were measured to elucidate the effects of Si fertilization
on leaf morphology (Figure 7). A slight decrease in leaf angle was measured following
control and 0.5 g Ca:SiOs-plant-month™ treatments, indicating that seedling leaves were
less erect, whereas 3.5 and 7.0 g Ca:SiO«plant-month-! treatments led to more upright
leaves. At 0 DAT, leaf angle ranged from 44.12° to 44.6° in all treatments. At 120 DAT, leaf
angle ranged from 44.89° to 45.08° in 3.5 and 7.0 g Ca:SiOsplant”’-month-! treatments, re-
spectively, in contrast to 43.53° and 43.45° in control and 0.5 g Ca2S5iOsplant”’-month-!
treatments, respectively (Figure 7A). However, leaf thickness was not affected by Si ferti-
lization (Figure 7B). Leaves in all treatments increased in thickness with the age of seed-
lings, exhibiting a similar pattern across treatments. At 0 DAT, leaf thickness was approx-
imately 0.60 mm, and it increased to the range of 0.64 to 0.68 mm at 60 DAT and to the
range of 0.65 to 0.68 mm at 120 DAT (Figure 7B).
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Figure 7. Oil palm leaf angle (A) and leaf thickness (B). Data represent the means, and error bars
represent the standard errors of the means. T0, T1, T2, and T3 are Si treatments of oil palm seedlings
using 0, 0.5, 3.5, and 7.0 g Ca2SiOs-plant~-month, respectively.

3.5. Effects of Silicon Fertilization on Nitrogen Accumulation in Oil Palm Seedlings

Oil palm seedlings grown in soil treated with 3.5 and 7.0 g Ca2SiOsplant’-month™
accumulated considerably higher nitrogen content as compared to the control (Figure 8).
Prior to Si treatments, oil palm seedlings contained approximately 0.38 g N-kg™ dry
weight. At 60 DAT, oil palm seedlings without Si fertilization accumulated 0.82 g N-kg!
DW, whereas fertilization with 0.5, 3.5, and 7.0 g Ca:5iOs-plant-month-! resulted in 0.82,
1.08, and 1.03 g N-kg' DW, respectively. At 120 DAT, nitrogen accumulation was 2.25,
1.87, 2.43, and 2.58 g N'kg?! DW following treatment with 0, 0.5, 3.5, and 7.0 g
Ca:xSiOs-plant-month, respectively.
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Figure 8. Nitrogen content in oil palm seedlings. Data represent the means, and error bars represent
the standard errors of the means. Different uppercase letters indicate significant differences in ni-
trogen accumulation at 0, 60, and 120 days after treatment (DAT) according to the LSD test at p <
0.01 (n = 10). TO, T1, T2, and T3 are Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0 g
CazSiOs-plant-month, respectively.

3.6. Correlation Assessment

The correlation assessment (Pearson’s) among various attributes (Figure 9) showed
high positive associations between Si accumulation and total fresh weight (0.99), total dry
weight (0.99), and nitrogen content (0.98). A highly positive correlation was also found
between nitrogen content and total fresh weight (0.99) and total dry weight (0.99). A pos-
itive relationship was detected between silicon accumulation and chlorophyll a content
(0.76) and net photosynthesis (0.61). As expected, chlorophyll a content and net photosyn-
thesis were highly correlated (0.91). The high associations among these attributes indi-
cated the positive relationship and beneficial impact of Si fertilization. In contrast, nega-
tive associations were observed in terms of relative growth rate between stem diameter
and total dry weight (-0.60), stem diameter and total fresh weight (-0.59), and stem diam-
eter and nitrogen content (—0.57).
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Figure 9. Correlation plot illustrating computed Pearson’s correlation coefficients for photosynthe-
sis (Ph), chlorophyll a (Chla), total fresh weight (TFW), total dry weight (TDW), nitrogen content
(NC), silicon accumulation (SiA), relative growth rate in terms of plant height (RGRPH), relative
growth rate in terms of leaf length (RGRLL), leaf angle (LA), leaf thickness (LT), and relative growth
rate in terms of stem diameter (RGRSD). Positive and negative associations are indicated by blue
and red circles, respectively. Squares with no colored circles represent a nonsignificant association
at p <0.05. Computed coefficient values are also listed. The strength of association among different
attributes is directly proportional to the color intensity and the size of the circles.

4. Discussion

In the oil palm plantation industry, optimum growth and productivity are not
achieved due to various factors, among which nutrient management and well-established
nursery seedlings are crucial. Uniform and vigorous seedlings are a key component of
improved oil palm production [33,46]. Therefore, improved nutrient management is nec-
essary to achieve healthy and well-adapted vigorous seedlings [33].

The beneficial effects of Si on various crops have been studied intensively under var-
ious biotic and abiotic stress conditions. However, the effects of Si on vegetative growth
under nonstress conditions have been debated for different plants. Guo et al. [47] reported
that alfalfa treated with Si had increased leaf area, height, and forage yield. Costa et al.
[48] indicated that Si fertilization at 0.28 to 0.55 g-pot™ provided better growth of passion
fruit. In addition, Si application stimulated vegetative growth of rice, sugarcane, straw-
berry, and soybean [4,12,49]. In contrast, applying Si had no significant effect on the
growth of Spartina anglica and cowpea [47].

The mechanism via which plants benefit from Si is still unclear. However, for plants
to be affected by Si fertilization, Si accumulation needs to be observed [13]. In the present
study, oil palm was found to accumulate Si in all tissues, preferably leaf followed by root
and stem. According to Tongchu et al. [50], a study on the translocation factor of calcium
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silicate in oil palm demonstrated that more Si was transferred from the root to the leaf in
the presence of calcium silicate compared to the control. Oil palm seedlings accumulated
0.17-0.89% Si (dry weight) across the whole plant, which was, therefore, considered to be
an intermediate accumulator according to Ma et al. [13]. A positive relationship between
Si accumulation and Si fertilization was noticed in present study. A linear regression re-
lationship between dose of Si application and the concentration of Si in leaf tissues of oil
palm seedlings was also reported by Putra et al. [51]. Among plants, Si concentration is
found to be higher in monocotyledons than in dicotyledons with an increase in the fol-
lowing order: legumes < fruit crops < vegetables < grasses < grain crops [5]. Si is mainly
deposited in plant parts as phytoliths (5iO2-nH20) [52]. This acts as a physical barrier and,
thus, improves plant resistance to pathogens and insects [52]. As foliar deposition of Si
was evidenced in our results, resistance to leaf spot and leaf blight diseases, commonly
found in nursery-stage oil palms, should be investigated.

The present study indicated stimulatory effects of Si on fresh weight, dry weight, and
relative vegetative growth rate [17]. Similar results were reported in multiple plants
[17,18]. Biomass production is involved in the coordination of different events including
the transition from elongation to thickening of stem tissues and synthesis of secondary
cell walls impregnated with lignin, many of which are regulated by phytohormones. It
has been proposed that the remaining Si in the form of soluble silicic acid (S5i(OH)4) may
be involved in stimulating biochemical/molecular processes contributing to biomass pro-
duction under Si supplementation.

Interactions of Si fertilization with other plant nutrients including nitrogen have been
well documented [53-55]. Si positively affects almost all aspects of nitrogen nutrition, in-
cluding nitrogen uptake, assimilation, and remobilization, and it has been reported in
many crops [53,56,57]. Beneficial effects of Si on plant growth and production have been
reported under low, optimal, and excessive nitrogen supply [58]. In oil palm seedlings,
nitrogen content was enhanced with the supplementation of Si. The mechanisms under-
lying the stimulatory effects of Si have not been reported in any plants, but it has been
demonstrated that increased nitrogen concentration in plant parts resulted from enhance
nitrogen fixation, as well as upregulation of NOs~ transporter genes and genes involved
in nitrogen uptake.

In the present study, the enhanced growth of oil palm seedlings treated with Si could
be attributed to increased chlorophyll a content and, consequently, photosynthetic rate.
Chlorophyll is an important pigment in photon absorption, transmission, and transporta-
tion and is closely related to photosynthesis [59]. Nitrogen is required for the production
of chlorophyll, nucleic acids, and enzymes. Therefore, increased nitrogen content can im-
prove the chlorophyll content in crop leaves, thus improving photosynthetic performance
[60]. A positive correlation among nitrogen content, chlorophyll a content, and photosyn-
thetic rate was also demonstrated in the present study.

Overall, Si fertilization at a certain rate exhibited stimulatory effects on oil palm seed-
ling growth, which could be attributed to increased nitrogen uptake and photosynthesis.
An increased growth rate in oil palm seedlings is preferable as it help to shorten the time
required for seedling development and establishment. As oil palm plantations are contin-
uously expanded, these beneficial effects of Si on oil palm can facilitate the production of
oil palm seedling to be able to keep up with increased demand for seedling materials. As
oil palm was demonstrated to be an intermediate Si accumulator, other beneficial effects
of Si fertilization under biotic and abiotic stress conditions can be further investigated to
contribute to better nutrient management in oil palm.

5. Conclusions

Silicon (Si) fertilization with 3.5 g and 7.0 g Ca2SiOsplant’-month! stimulated
growth and physiological processes of oil palm seedlings under nonstress conditions. Oil
palm is an intermediate Si accumulator, and it was observed that a higher proportion of
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Si was deposited in the aerial parts, especially the leaf. Chlorophyll a content and photo-
synthetic rate were positively correlated with Si fertilization and could have contributed
to the better growth observed. Nitrogen uptake was demonstrated to be enhanced by Si
fertilization. Leaf thickness and leaf angle were not considerably affected by Si fertiliza-
tion, but slight trends toward more upright leaves with increased Si fertilization were ob-
served and should be further investigated. Overall, Si fertilization provided beneficial ef-
fects on growth and physiological responses in oil palm seedlings. Therefore, Si fertiliza-
tion should be considered for improved nutrient management for healthy and vigorous
oil palm seedling and nursery production.
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