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The same rainfall can cause different degrees of water stress depending on soil type, so
the production response shown by plants can be different. This study is essential for
growers, especially in predicting oil palm production based on water deficit for each soil
type. The study was conducted on oil palm plantations in Central Kalimantan, Indonesia,
with four soil types in 1,446.15 ha (40 blocks). The source of data collected from oil palm
plantations included bunch number, average bunch weight, rainfall, and soil physical and
chemical properties for the last 15 years (2007 - 2021). This experimental study used a
two-stage cluster sampling method. The results showed that the best productivity, bunch
number, and average bunch weight were found on Ultisols. The four soil types tested
showed the same annual production distribution dynamic, but the response rate from
each soil type showed differences. Entisols and Spodosols were more prone to drought
stress due to water deficit than Ultisols and Histosols because of the differences in soil
texture. Water deficit causes a decrease in oil palm productivity by 5 - 22% in the first
year (Ultisols 12 - 22%; Entisols 12 - 22%; Spodosols 7 - 19%; Histosols 5 - 15%) and 1 -
8% in the second year (Ultisols 3 - 7%; Entisols 2 - 4%; Spodosols 5 - 8%; Histosols 1 - 5%)
compared to previous years production. A decrease in oil palm productivity occurs at 3 -
5 months (bunch failure phase), 1 year (abortion sensitive phase), and 2 - 2.5 years (sex
differentiation phase) after a water deficit appears.
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1. INTRODUCTION

The availability of sufficient water is vital in the palm’s
growth and development process (Carr, 2011; Miranda et al.,
2021; Perez, 2017). A water deficit is the main limiting cause
of stomatal closure, impaired physiological reactions,
reduced photosynthetic rate, and thus impaired and reduced
growth and yield of oil palm production (Lopes Filho et al.,
2021; Rivera-Mendes et al., 2016). The interaction of water
and nutrient availability impacts the growth process, biomass
partitioning, nutrient concentration, and morphological and
physiological characteristics of oil palms (Lindh et al., 2022).
Further, water availability for oil palm is determined by an
interaction between climate and soil characteristics that are
influenced by rainfall, irrigation, soil type, evapotranspiration,

drainage, and percolation factors (Gunawan et al., 2020;
Woittiez et al., 2017).

Oil palm productivity in Histosols and Ultisols,
respectively, reach 28.81 tons ha year? and 25.17 ha® year™.
In comparison, production in Spodosols reaches only 5.4 tons
ha? year?® (9 years old), but Spodosols with improvement
through breaking the hardpan and mounding can reach > 20.0
tons ha? year! (Koedadiri & Adiwiganda, 1998; Nasution et
al., 2017; Suwardi, 2021). Qil palms (Elaeis guineensis Jacq.)
require an average rainfall of 150 mm month? or 1,750 -
3,000 mm year?! with a dry period of no more than 2 - 3
months (Harahap et al., 2013). Rainfall above 2,500 mm is
considered unfavorable because it reduces solar radiation
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(Ahmed et al., 2021). Rainfall of more than 3,500 mm year,
less than 2,000 mm year?, or less than 100 mm month™ can
also reduce oil palm production and CPO levels (Kamil &
Omar, 2017; Woittiez et al., 2017). The rainfall distribution is
closely related to climate change factors, which affect water
availability for the production of fresh fruit bunches (FFB)
(Hashim et al., 2014). The same amount of rainfall can cause
differences in water stress depending on soil type, so plants’
production responses can also differ. This is because each soil
type has a different capacity to store water.

Water deficit negatively correlates with increasing oil
palm production (Sukarman et al., 2021). Shlyannikov (2016)
reported that severe water stress reaching 25%
evapotranspiration could affect plant physiology through
decreased vegetative growth, plant water status, stomata
conductance, transpiration rate, and photosynthesis. Azzeme
et al. (2016) stated that water stress has potentially caused
crop failure, decreasing FFB production by 40% and CPO by 21
- 65%. A water deficit of more than 400 mm/year can reduce
the potential yield of crop productivity by one-third, but it
also depends on several factors, such as temperature, wind
speed, soil texture, and soil depth (Woittiez et al., 2017).
Ardiyanto et al. (2021) examined the effect of an increase in
water deficit of 10 mm per month in 10 months before
harvest (MBH) in Dystrudept, Paleudults, and Haplohumods
on monthly FFB production. They found a reductionin arange
of 2-12%.

Central Kalimantan has relatively varied soil types with a
marginal land area of 7.4 million ha (Suharta, 2010). This
study helps understand production dynamics based on both
marginal and non-marginal soil distribution, and it is very
important in predicting plant productivity based on soil types.
To date, no one has studied the effects of water deficit on oil
palm productivity for different soil types, so the information
available is general. As a consequence, the results are less
accurate. Detailed data outlining the effect of water deficit on
several soil types are extremely valuable for planters to
predict their oil palm production in the near future.
Moreover, research related to the comparison of Ultisols,
Entisols, Spodosols, and Histosols regarding productivity
response, bunch number, and average bunch weight (ABW)
of oil palm caused by water deficit has not been reported.
Therefore, this study aimed to analyze the relationship
between water availability and oil palm productivity in
Ultisols, Entisols, Spodosols, and Histosols in oil palm
plantations in Central Kalimantan, Indonesia.

2. MATERIALS AND METHODS
2.1 Study Site Characteristics

This study was carried out in an oil palm plantation in
Central Kalimantan from January to June 2022. It is an
experimental study using a two-stage cluster sampling
method. The study site terrain is characterized by flat to
slightly wavy topography with elevation ranging from around
5 - 32 meters above sea level (m asl). The site has six soil
types: Oxisols, Ultisols, Inceptisols, Histosols, Spodosols, and
Entisols.

In addition to these soil types, there are soil map units
where each soil type cannot be separated from one another
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into separate map units: local alluvial complex and organic
clay muck. Ultisols at the study site are divided into subgroups
based on the USDA classification system, including Typic
Hapludults, Typic Kanhapludults, Typic Paleudults, Typic
Kandiudults, Aquic Paleudults, and Typic Paleaquults.
Histosols consist of subgroups typic haplofibrists and typic
haplohemists. Spodosols consist of Typic Haplohumods, and
Entisols of Albic Quartzipsamments, Humagqueotic
Endoaquents, and Humic Quartzipsamments. Ultisols in this
study were selected from the subgroups Aquic palaeudults
and Typic paleaquult, Entisols from Albic Quartzipsamment,
Spodosols from Typic haplohumod, and Histosols from Typic
haplohemist. Table 1 shows climate data of the site study
from the nearest weather stations (Meteorological,
Climatological, and Geophysical Agency) (Sampit, Central
Kalimantan).

2.2 Sampling Methods

This sampling method used is a technique that forms
several clusters from the population selection process. The
first stage involved selecting the area, climate, soil type, and
contour. Then the second stage was done by selecting plant
age, variety, and block area. This study investigated four (4)
soil types, namely Ultisols, Entisols, Spodosols, and Histosols,
with repetitions in ten blocks and a planting density/stand per
hectare (SPH) of 131 palms (Table 2). The different oil palm
varieties (10 blocks) used for each soil type are Lonsum (4
blocks), 101 (3 blocks), and Felda (3 blocks).

The data collected included rainfall, productivity, bunch
number, ABW, and soil physical and chemical properties for
the last 15 years (2007 - 2021). The details of the data
parameters are shown in Table 3.

2.3 Soil Analysis Methods

Blocks for soil sampling were conducted properly based
on the cluster sampling method. Soil samples were collected
from 0 - 20 cm on the circle and inter-row of oil palm.
Composite soil samples were collected, correctly handled,
and submitted for laboratory analysis. Physical properties
included in the soil analysis were texture and structure. The
chemical soil properties analyzed included organic carbon
(Walkley and Black method), nitrogen (Kjeldahl method), P,0s
(25% HCl extraction), K;0 (25% HCl extraction), MgO (25% HCI
extraction), and pH (pH meter).

2.4 Water Deficit Calculation Methods

The soil water balance equation is needed to determine
the water deficit value that will be used to analyze the effect
of time (months) on oil palm productivity in the four sail
types. The water balance was calculated based on the
following formula:

B =Res+R—PET [1]

Where B: water balance at the end of the month; Res:
groundwater reserves at the beginning of the month; R:
rainfall; PET: potential evapotranspiration.

Potential evapotranspiration was calculated with the
available data on the number of rainy days with values of 122
mm month-1 or 4 mm day? (rainy days > 10 days) and 152
mm month-1 or 5 mm day?! (rainy days < 10 days)
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Table 1. The climate condition in the study locations (2010 — 2021)

No Parameters Unit Year
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
1 Minimum Air Temperature (OC) 234 224 224 224 226 23.0 235 233 23.0 23.0 236 234
2 Maximum Air Temperature (OC) 329 327 326 328 33.2 330 329 327 328 329 325 324
3 Average Air Temperature (OC) 26.8 264 26.7 269 271 270 272 269 269 271 271 270
4 Relative Humidity (%) 839 831 832 835 826 848 864 859 853 852 869 87.0
5 Average Sunshine duration  (hour day'l) 4.4 4.5 4.6 4.4 3.7 4.8 5.1 4.8 5.4 5.0 5.0 5.0
6 Total Sunshine duration hour month™ 120 132 134 134 11 127 142 132 145 153 146 150
7 Maximum Wind Speed (m s"l) 398 462 463 440 375 375 433 421 411 382 399 384
8 Average Wind Speed (m s'l) 186 200 189 114 122 124 121 136 116 122 153 1.29
9 Rainy Days (dayvyear') 215 149 143 157 140 127 182 181 164 132 192 179
10 Rainfall (mm year-l) 3,944 2,344 2,531 2,943 2,497 2,041 2,622 3,034 2838 2114 3,536 2,772
Table 2. Soil type and area in the studied block
Soil Type Year of Planting Stand per Ha (SPH) Replication (Block) Area (Ha)
Ultisols 2007 132.7 10 408.32
Entisols 2007 131.7 10 337.96
Spodosols 2007 132.0 10 394.76
Histosols 2007 131.2 10 305.11
Total 131.9 40 1,446.15
Table 3. Parameters and data source
No Data Source Data Type Parameters Year
1  Company (Site Study) Secondary Data Productivity, bunch number, 2007 - 2021
average bunch weight, rainfall, rainy
days
2 Meteorological, Climatological, and Primary Data Soil physical and chemical properties 2017 - 2021
Geophysical Agency Secondary Data Air Temperature, Relative Humidity, 2010 - 2021

Sunshine duration, Wind Speed

(Afandi et al., 2022; Corley & Tinker, 2015; Suharyanti et al.,
2020). However, when there are no rainy days (0 rainy days),
the potential evapotranspiration value was calculated as 198
mm month™ or 6.5 — 7.5 mm day. The critical deficit factor
in oil palm is rarely used, and the value of available water
content (AWC) is used to calculate the water balance. The
critical deficit value is needed to determine the soil water
holding capacity (SWHC), calculated based on the AWC
multiplied by 70%. If the water balance is negative, it
indicates a water deficit (B < 0 = water deficit).

2.4 Data Analysis Methods

Data were analyzed using ANOVA and Duncan Multiple
Range Test (DMRT) to compare oil palm productivity of
different soil types. Multiple correlations and multiple
regression were used to determine the relationship between
water deficit and oil palm productivity in the different soil
types.

3. RESULT
3.1 Soil physicochemical properties

Each soil type has different limiting factors that affect its
ability to provide water and nutrients. Generally, the limiting
factors are determined based on the soil’s physical and
chemical properties. Entisols, Spodosols, and Histosols are
classified as marginal. Analysis of soil chemical properties
with soil fertility standards for oil palm plantations is
presented in Figure 2. The results of the content of N (0.83%),
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P (624 ppm), K (0.75 %), and Mg (0.74 Meq 100 g?) in
Histosols show conformity at a very high level. In this study,
Histosols have relatively good chemical properties because
the sub-type, Typic Haplohemist, has a characteristic upper
soil layer (0 - 50 cm), formed from organic substances that
have decomposed to a point where the initial organic matter
source is no longer recognizable (sapric). Further down the
profile, the subsoil (50 - 100 cm) is composed of semi-rotted
organic material, and some of the original substance is still
recognizable. This makes the nutrient content of N, P, K, and
Mg in Histosols optimal compared to Ultisols. Ultisols contain
low levels of N (0.06 %), very high P (325 ppm), very low K
(0.16 %), and very low Mg (0.24 Meq 100 g%).

Entisols and Spodosols show lower nutrient content (N, P,
K, and Mg) than Ultisols and Histosols. Entisols and Spodosols
are classified as sandy soils that are poor in nutrients and
water. Entisols had the lowest nutrient content; N - very low
(0.02 %), P - low (81 ppm), K - very low (0.09 %), and Mg - very
low (0.18 Meq 100 g1). This is because Entisols have deep soil
profiles (> 100 cm) with sandy humus topsoil. The lack of
organic matter and dominant sand fraction classify Entisols as
nutrient-poor soils. Even though P, K, and Mg content in
Spodosols are at the same level, N content in Spodosols (low)
was higher than that in Entisols (very low). Spodosols contain
low N (0.06 %), low P (98 ppm), very low K (0.06 %), and very
low Mg (0.19 Meq 100 g?). This is because Spodosols’
subgroup, Typic Haplohumods, has a shallow soil profile (50—
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100 cm), limited by a cementation layer of Fe, Al-oxide, and
humus known as a spodic horizon. In terms of plant
vegetation in the field, Spodosols showed better vegetation
than Entisols.

The pH levels of Ultisols (4.72), Entisols (4.55), Spodosols
(4.89), and Histosols (4.23) in Figure 1 show moderate levels
required for oil palm growth. Although Histosols have a better
ability to store water (Table 4) and provide nutrients (Figure 1),
the pH of Histosols is lower than other soil types. A low pH
can be a limiting factor for the soil in fulfilling optimum
nutrient and water requirements for oil palm. This
contributes to why oil palm production in Histosols is lower
than that of Ultisols.

The value of water availability in soil is affected mainly by
its texture. Histosols included in the organic category (peat)
have the highest available water content (400 mm). A high
available water value indicates a high level of water
availability for oil palm. The productivity of Ultisols and
Histosols for oil palm plantations is quite diverse, depending
on their limiting factors. However, the use of land with
Ultisols generally has fewer and lighter restrictions than
Histosols. Although water availability values of Histosols are
higher than in Ultisols, Histosols have irreversible drying
properties, causing the soil to have a poor ability to bind
water, especially during the dry season. Histosols (peat) that
have experienced extreme drought will show difficulty
absorbing water, and water additions cannot be stored.
Ultisols with sandy loam texture have 125 mm available water,
Entisols with loamy sand texture have 91.7 mm available
water, and Spodosols with sandy texture has the lowest
available water at 58.3 mm.

3.2 Oil palm productivity in several soil types

Comparative analysis of oil palm productivity on several
soil types was carried out when the palms entered the Mature
Palm 1 (MP1) period (4 years old). At 1 - 3 years old, palms
enter an immature plant period (IMP) where no FFB has been
harvested. Analysis results showed that the best oil palm
productivity during MP1 to MP12 (15 years old) was on
Ultisols with 23.5 tons ha year™. Histosols productivity is 7%
lower (3.4 tons ha™ year?) than Ultisols. The productivity of
Entisols and Spodosols is lower than Ultisols and Histosols,
and the difference is 33% (7.7 tons ha? year?) and 31% (7.2
tons ha™ year) compared to Ultisols.

Soil type significantly affects productivity, bunches
number, and ABW on oil palm. The highest bunch production
is on Ultisols (2,104 bunches ha year?) followed by Histosols
(1,750 bunches ha year?), with a high variance reaching 15%
(653 bunches ha year?). The lowest bunches number is on
Entisols and Spodosols with a respective variance of 30% (625
bunches ha? year?!) and 22% (471 bunches ha?l year?)
compared to Ultisols. There is no significant difference
between the ABW of Ultisols and Histosols, although
Histosols are 0.4% lower (0.05 kg bunch™). On the other hand,
the ABW variance of Entisols (14%; 1.7 kg bunch?) and
Spodols (18%; 1.2 kg bunch™) are lower than Ultisols.
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3.3 Effect of water deficit on decreasing oil palm productivity
3.3.1 Dynamics of oil palm productivity and monthly rainfall

Effect of rainfall on the distribution of oil palm production
(MP1 - MP12) on Ultisols, Entisols, Spodosols, and Histosols
show the same production dynamic distribution (Figure 3),
but response rate, increasing percentage, and decreasing
productivity in each soil type show differences. The
production rate response shows a difference between a
forward and backward decrease in monthly production due
to the impact of monthly rainfall and water deficit.

Water deficit (r =-0.31**; p =0.032), rainy days (r = 0.48**;
p =0.000), and rainfall (r = 0.43**; p =0.002) are correlated to
the increase in oil palm productivity. This is because water
deficit is directly related to the amount of available water
needed by oil palm to grow and produce. Rainfall and rainy
days are related to the frequency and amount of water that
enters the soil. An essential role in water availability is further
played by the ability of soil to store water and provide it back
to plants.

3.3.2 Correlations of rainfall to water deficit on several soil
types

A valid method for calculating water balance can provide
information on water availability and accurate production
predictions. The previous study did not consider the value of
available water content (AWC) and critical deficit of each soil
type in calculating water balance in oil palm plantations
(Afandi et al., 2022; Ardiyanto et al., 2021; Darlan et al., 2016;
Evizal et al., 2021; Kaeng et al., 2017; Monzon et al., 2022).
Most of the AWC values used are the same, which refers to
Ultisols, even though the area has different soil types.
Therefore, the AWC value must be calculated based on the
soil texture for each soil type. As described in Table 4, Ultisols,
Histosols, Entisols, and Spodosols have different textures
resulting in different AWC values

Figure 4 explains that Spodosols, Entisols, and Ultisols can
endure water deficit for a shorter period than Histosols,
where Spodosols hold the least water compared to other soil
types. This is because each has a different ability to store
water in the soil, as determined by its texture. Histosols have
an organic texture (peat), so it has a higher ability to store
water than the other three types of soil. Due to the soail
texture of Entisols (sand) and Spodosols (loamy sand), the
dominant sand fraction causes lower water binding ability.

3.3.3 Effect of water deficit on oil palm productivity on
several soil types

Analysis of the water deficit impact on oil palm
productivity should occur during Plateau Yield Phase (8 — 15
years old). Plateau Yield Phase (PYP) is the peak production
phase, and its production is not affected by the age of the oil
palm. So, the analysis of increasing productivity in this study
was not carried out in Ascend Yield Phase (AYP) or Declining
Yield Phase (DYP). During AYP, there is a significant increase
in production due to the effect of plant age, while during DYP,
there is a decrease in production due to decreasing plant
productive age.
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Figure 3. Correlations of rainfall to oil palm productivity dynamic on Ultisols, Entisols, Spodosols, and Histosols

Table 4. Available Water in Ultisols, Entisols, Spodosols, and Histosols

Soil Type Soil Texture Available Water Content (mm) Critical Deficit (mm)
Ultisols Sandy Loam 125.0 87.5
Entisols Loamy Sand 91.7 64.2
Spodosols Sand 58.3 40.8
Histosols Peat 400.0 280.0
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Water deficit causes a decrease in oil palm productivity by
5-22% (Ultisols 12 - 22%; Entisols 12 - 22%; Spodosols 7 - 19%;
Histosols 5 - 15%) in the first year and 1 - 8% in the second
year (Ultisols 3 - 7%; Entisols 2 - 4%; Spodosols 5 - 8%;
Histosols 1 - 5%) compared to the previous years’ production
(Table 6). The higher the water deficit value, the higher the
potential for a decrease in productivity. A productivity
decrease was seen in 2016 due to a water deficit that
occurred 1 - 2 years earlier, in 2014 and 2015. In contrast, the
decrease in productivity in 2019 was due to a water deficit in
2018 and 2019 of 0 - 335 mm year. This decrease was lower
than in 2016, as the 2014 and 2015 deficit was 55 - 459 mm
year®,

Ultisols endured the highest decrease in production due
to water deficit, both in weight (ton? ha' year?) and
percentage from the previous years’ production (Table 6). The
lowest impact of decreased production was found in Histosols.
This is because the water deficit in Ultisols (412 mm year) is
higher than in Histosols (220 mm year?), but both show the
same production distribution dynamic due to water deficit.
Production in Ultisols and Histosols in 2016 showed the most
significant decrease due to the double impact of the water
deficit for two consecutive years: 2014 plus 2015. In 2017,
production increased by 20% for Ultisols and 12% for
Histosols compared to 2016. But compared to 2015, there
was still a 7% decrease in Ultisols and 5% in Histosols. In 2017,
it seemed as though production had increased, whereas, in
2016, production decreased due to the double impact of two
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years of water deficit. This explains why in Table 6, there is an
increase in production, and in Figure 5, a decrease in
productivity.

As oil palms were 15 years old, the highest productivity
was achieved in 2018 on both Ultisols (30.7 tons ha? year?)
and Histosols (25.8 tons ha year?). This could be because
there was no water deficit in the previous two years (2016
and 2017). A double impact also occurred on Ultisols in 2020
due to the water deficit in 2018 and 2019, but the effect was
not as significant asin 2016. Based on Table 6, there was a 5%
increase in Ultisols productivity in 2020 (28.5 tons ha™ year?)
compared to 2019 (27.1 tons ha™ year?), but when compared
to 2018 (30.7 tons ha year?), production decreased by 7% in
2020. The water deficit in 2019 also caused a decrease in oil
palm production in 2021 (effect of 2" year) on Ultisols and
Histosols.

Spodosols and Entisols show a more frequent decrease in
production than Ultisols and Histosols during the eight years
of observation (2014 — 2021), as presented in Table 6.
Although Entisols and Spodosols are both classified as sandy
soils, Entisols have a more significant decrease in productivity
than Spodosols. The dynamic of decreased productivity due
to water deficit in Entisols and Spodosols is still the same as
the description for Ultisols and Histosols above. However,
Entisols and Spodosols showed decreased productivity for
three consecutive years due to the influence of water deficit
in the previous 1 - 2 years (2018 and 2019), as shown in Figure
6..

Table 5. Oil palm production on Ultisols, Entisols, Spodosols, and Histosols

Average Variance

No Soil Type Productivity Bunch Number ABW Productivity = Bunch Number ABW

(ton ha™yr?) (bunch ha®yr?) (kg per bunch) (%) (%) (%)
1 Ultisols 23.53° 2104 ° 12.3 ™ - - -
2 Entisols 15.86 ¢ 1479 h 10.54 n 33% 30% 14%
3 Spodosols 16.30 ¢ 1633 g 10.09 n 31% 22% 18%
4 Histosols 20.09 b 1785 g 12.23 m 15% 15% 0%

Total 19.04 1762 11.17

Remark: means sharing the same superscript are not significantly different from each other (DMRT, P<0.05)

Table 6. Effect of water deficit on decreasing oil palm production on Ultisols, Entisols, Spodosols, and Histosols in PYP (age 8 —

15 years)
0il Palm Productivity (ton ha™ year?)
No Note Soil Type 2014 2015 2016 2017 2018 2019 2020 2021
TMS5 TM6 ™7 TMS8 TM9 TM10 TM11 TM12

1 Water Ultisol 248 412 0 0 135 289 0] 0]
Deficit Entisol 271 436 0 0] 158 312 0] 0]
(mm tahun™) Spodosol 295 459 14 0 182 335 0 0

Histosol 55 220 0 0 0] 96 0] 0]

2 Yield Ultisol 267 P 27.7 M 2164 2591 3071 2714 2851 2641
(ton hat Entisol 191 191 1504 184 1 2361 2074 2064 203 ¢
tahun™) Spodosol 183 P 198 1P 1604 187 1 2321 2174 2054 199 ¢

Histosol 2151 2351 2004 2231 258 M 2454 254 1P 243 4
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Figure 6. Impact of water deficit on oil palm productivity on Entisols and Spodosols

4, DISCUSSION

Generally, FFB productive variance is influenced by bunch
number and ABW (Shi et al., 2017). Plant age, climate, soil
type, and technical culture of oil palm also greatly influence
bunch number and ABW. Ultisols have a better level of land
suitability for oil palm growth than Entisols, Spodosols, and
Histosols. Ultisols have higher productivity, followed by
Histosols, Spodosols, and Entisols. Histosols have the highest
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nutrient content, followed by Ultisols, and Entisols and
Spodosols are the lowest. The acidity level of the four soail
types was in the moderate range. Soil acidity level
significantly affects nutrient availability in soil because of its
reaction with soil particles and nutrients (Neina, 2019).
Jackson and Meetei (2018) explain that macro and micro-
nutrients are more widely available in soil with optimum pH.
Macronutrients (N, K, Ca, Mg, and S) are more available at pH
6.5 — 8.0, and micronutrients (B, Cu, Fe, Mn, Ni, and Zn) at pH
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5.0 — 7.0. Low soil pH affects the population and activity of
soil organisms that play a role in converting N, S, and P into
available forms for plants (Memoli et al., 2020).

It has been reported that the main limiting factor in
Ultisols is lack of nutrient P, aeration and porosity
characteristics, low stability index, and Fe and Al oxidation, so
crop productivity can still be optimized with proper soil
management practices (Aji et al., 2022; Cristancho et al.,
2011; Holilullah et al., 2015; Igwe et al., 2013). On the other
hand, in Histosols, the limiting factors that can affect crop
productivity include high acidity, low fertility, low density,
susceptibility to excessive drought, lack of micronutrients,
and nutrient imbalances (Rinaldi et al., 2019; Wigena,
Subardja, et al., 2013).

Ultisols with sandy loam texture better hold and provide
water for oil palm growth and production than other mineral
soils (Entisols and Spodosols). Spodosols and Entisols have
low soil aggregation, larger soil pores than clay, high
infiltration capacity, and lower water and nutrient storage
capacity, so drought stress and nutrient deficiency are higher
(Fries et al., 2020; Gunawan et al., 2021). The low proportion
of clay in Spodosols and Entisols reduces field capacity and
production potential because the potential for nutrient
leaching in sandy soils is high, and water availability is low,
causing soil and plants to be susceptible to drought, especially
in the dry season (Wigena, Marwanto, et al., 2013).
Furthermore, sandy soils have more macro pores and a
smaller surface area than clay soil, making it difficult to hold
water (Pujawan et al., 2016).

Soil water availability factor also plays an essential role in
increasing oil palm production. Water carries nutrients from
the soil to plants (Ojeda & Mattana, 2015), so even if there
are high amounts of nutrients available in soil, if there is no
water or low water availability, the process of transporting
nutrients from the soil to leaves is not optimal. The
interaction between water availability and dissolved
nutrients is influenced by water’s osmotic and hydraulic
processes through the cohesion mechanism (Miranda et al.,
2021). Water availability in soil affects the movement
dynamic of solutes/nutrients absorbed into roots (EI-Nesr et
al., 2014) because differences in the spatial distribution of
water determine nutrient transport. Also, nutrient uptake
sites in the root system allow water and solutes to move along
symplastic pathways between cells (Pinto & Ferreira, 2015).
The plant’s ability to extract water and nutrients in soil affects
the balance of water and nutrients transported into plant
tissues (Madhu & Hatfield, 2013).

The monthly production response of oil palm to rainfall on
the four soil types has the same stable dynamic, except for
Spodosols. High porosity and low water-holding capacity
cause Spodosols to be very susceptible to the potential
effects of water deficits and water stress. Darlan et al. (2016)
state that the drought stress factor due to water deficit is
correlated with low rainfall levels and affects the
performance of oil palm on its growth, development, and
productivity. The decrease in production due to water deficit
in Histosols was smaller than in Ultisols, Spodosols, and
Entisols. The high organic matter content causes Histosols to
rarely experience a water deficit. In addition, the effect of the
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time lag of water deficit on production (tonnage, FFB number,
and ABW) varies between soil types. For example, decreased
production due to 2014 and 2015 deficits occurred in 2016,
and water deficits in 2016 and 2018 reduced production in
2020 and 2021. The oil palm production decrease in 2020 only
occurred in Entisols and Spodosols, while it happened to all
soil types in 2021. This is closely related to differences in
physical and chemical properties of each soil type which in
turn affects the water status of oil palm production through
its influence on sex determination, flower abortion, and
bunch failure.

More specifically, the effect of water deficit on decreased
productivity occurs in several important phases of oil palm
growth. These phases include the initiation of flowers to sex
determination, sensitivity to abortion, and bunches failure
(Kamalrudin & Abdullah, 2014; Tani et al., 2020). Harahap et
al. (2013) added that the effects of stress on vegetative
growth consist of leaf area, growth of new buds, and root
shoot ratio. Effects on generative growth include abnormal
inflorescence, embryo abortion, and abnormal seed and fruit
development. Woittiez et al. (2017) reported that a water
deficit of more than 400 mm year? resulted in a 33%
reduction in potential yield, depending on climate and soil
characteristics. A single increase in water deficit of 100 mm
year? causes a decrease in oil palm production by 6 - 10%
(Suharyanti et al., 2020). Salmiyati et al. (2014) argue that
increasing the water deficit of 50 mm year™ in combination
with anincrease in temperature of 1°C can reduce production
by 2.15 tons ha? year®. Hermantoro and Rudyanto (2018)
added that every 100 mm vyear? increase in rainfall, 1°C
temperature, and 50 mm year™? water deficit can reduce oil
palm productivity by 2 tons ha year™.

At flower initiation to sex determination, water deficit
causes a decrease in productivity in Ultisols because it
reduces flowers’ potential to form both male and female
flowers. The impact occurred about 2 - 2.5 years after the
water deficit occurred, that is, 27 - 30 MBH on Ultisols, 26 -
29 MBH on Spodosols, 27 - 29 MBH on Entisols, and 26 - 27
MBH on Histosols. Furthermore, bunch abortion causes a
decrease in the bunch number harvested due to bunch losses.
The impact of a water deficit on decreasing productivity
caused by abortion occurs about a year after a water deficit,
so 14 - 15 MBH in Ultisols and 13 - 15 MBH in Entisols, but not
significant for Spodosols and Histosols. Nonetheless, rainfall
significantly affected the sensitive phase of abortion in
Histosols at 13 MBH. These results provide more detailed and
accurate information about water deficit effects on a series of
mechanisms that determine oil palm productivity through the
sex determination phase, flower abortion, and bunch failure
sorted for Ultisols, Entisols, Spodosols, and Histosols.
Accurate time lag information is essential for plantation
management in the context of mitigating climate change
effects, as the impact of climate change is predicted to be
even more significant in the coming decades.

Agusta et al. (2020) state that water stress during the dry
season causes infertile oil palm flowers, which are affected by
rainfall three years before harvest. This contradicts research
by Corley and Tinker (2015), who state that abortion generally
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occurs at 5 - 10 MBH but mainly at 9 - 10 MBH. Stress factors
due to climate change, environmental conditions, technical
culture, and genetic factors are possible causes of differences
in fruit development, maturity rate, and oil palm productivity
(Saripudin & Putra, 2015; Yousefi et al., 2020). Bunch failure
is a condition where pollinated flowers cannot develop
optimally into fruit. It can reduce production because ABW
produced is lower than usual. The effect of water deficit on
the bunch failure phase can be observed from ABW data
because there is a decrease in ABW. Bunch failure due to
water deficit in Ultisols occurs at 3 MBH, Entisols at 3 - 4 MBH,
and Spodosols at 3 - 5 MBH, while Histosols do not show a
significant effect on bunch failure. Based on this, the impact
of decreased production due to bunch failure occurred in 3 -
5 MBH. Suharyanti et al. (2020) added that soil water stress
could also affect the anthesis phase of oil palm, causing bunch
failure.

Decreased productivity due to a decrease in bunch
number and ABW can be caused by variations in climate,
environmental conditions, technical culture, and genetic
factors (Ipir et al., 2017; Musyadik & Fathnur, 2020). Water
stress and thermal time cause differences in leaf growth and
flower initiation stage to ripe bunches (Hossain et al., 2020;
Murugesan et al., 2017; Suresh et al., 2021). Temperature is
related to the bunch development rate, whereas rainfall and
humidity are correlated with the bunch maturity rate
(Teixeira das Chagas et al., 2019). High rainfall is also not good
and can even reduce oil palm productivity. It can increase the
growth and attack of the pathogenic fungus Marasmius
palmivorus, reduce air temperature, and reduce the duration
of sunlight, thereby disrupting the photosynthesis process
(Perez, 2017; Salmiyati et al., 2014; Shi et al., 2017).

5. CONCLUSION

The four soil types tested showed similar annual
production distribution dynamics, but the response rate of
increasing productivity from each soil type showed
differences. The best productivity, bunch number, and ABW
were found on Ultisols. Entisols and Spodosols are more
prone to drought stress due to water deficit than Ultisols and
Histosols because of the differences in soil texture. Water
deficit causes a decrease in oil palm productivity by 5 - 22% in
the first year (Ultisols 12 - 22%; Entisols 12 - 22%; Spodosols
7 - 19%; Histosols 5 - 15%) and 1 - 8% in the second year
(Ultisols 3 - 7%; Entisols 2 - 4%; Spodosols 5 - 8%; Histosols 1
- 5%) compared to previous years’ production. Water deficit
and rainfall also have a significant effect on decreasing
productivity compared to rainy days. A decrease in oil palm
productivity occurs at 3 - 5 months (bunch failure phase), 1
year (abortion sensitive phase), and 2 - 2.5 years (sex
differentiation phase) after a water deficit.
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