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investigated the empirical relationship between meteorological elements
and stomatal conductance (STC) and leaf water potential (LWP) water
stress indices in mature OP trees. The STC, LWP, meteorological
Keywords: Stomatal elements and soil moisture content (SMC) were measured on-field and
conductance,  Soil  texture, | concurrently for 120 days. The best STC performance was when the
Vapor pressure deficit, Water | relative humidity (RH) was between 98.3% to 82.6%. The STC became
stress, Leaf water potential. highest between 24.5°C to 27.6°C and lowest at 30.1°C — 32.7°C. For
vapor pressure deficit (VPD), 0.06 to 1.09 kPa caused a positive response
of STC, while 1.5 to 2.73 kPa limited it by 50.1%. Increased LWP was
observed at 35.2°C - 37.0°C, VPD of 2.6 kPa, and RH below 58.3%. The
OP on clay at 91.1% SMC was lower in STC than that under sandy clay
at 86.2% SMC by 16.4%. Under the highest soil wetness (91.1% - clay
and 86.2% - sandy clay), the LWP of the OP was still higher in palms
under clay. The SMR curve showed the clay soil to have a higher SMC
across all the potentials than the sandy clay. Correlation output indicated
that STC positively correlated with RH (r=0.66) and negatively with
VPD. The finding disentangled key actors involved in OP gaseous
exchange and inferred that OP under clay has a higher proneness to water
stress.
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Introduction

Oil palm (OP) occupies about 10.7 million hectares of land space in the Southeast Asian region,
equivalent to 42.8% of total global OP production area, thus ranking it the 12% crop by cultivation
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area extent (Lewis et al., 2020). In Malaysia, OP production represents the central agricultural
engagement of greatest economic value, both in terms of the country’s Gross Domestic Product
and job creation (MPOB, 2022). However, there has been concern of yield gap from climate
change effects, notably due to water stress resulting from rainfall water deficits (Idris et al., 2024;
Abubakar et al., 2021). Okon et al. (2021) established that water stress causes OP to wilt, stunt,
and suffer root underdevelopment, through its effect on carbon dioxide intake and stomatal
aperture response (Montoya ef al., 2024). High water demand and natural predisposition of OP to
water stress (Pangaribuan et al., 2024) make studying its gaseous exchange characteristics and leaf
water status crucial for sustainable production through a well-informed irrigation program (Payus
et al., 2020). Moreover, the physiological characteristics in question (stomatal conductance and
leaf water potential) are greatly weather-dependent (Konduri et al., 2020; Monzon et al., 2021,
Monzon et al., 2022), hence the need to coopt monitoring of meteorological elements in the study,
for a comprehensive understanding of the scenario.

Weather is a geographical term that denotes atmospheric state, specific to a short time and less
extensive location coverage (Ahmed et al., 2020). It is described through measured conditions of
temperature, relative humidity, precipitation, and vapor pressure deficit among others. Li et al.
(2023), and Paterson (2023) noted that certain physiological mechanisms and processes (e.g.,
gaseous exchange and photosynthesis) that govern crop growth and development are
synergistically controlled by two or more variables. Oil palm like other plants synthesizes its
photosynthates by combining atmospheric CO; with water. The CO; raw material gets into the
crop systems through stomatal opening when water escapes through the stomatal conductance
process (Jaafar and Anderson, 2024). In other words, as crop leaflets release water from the
stomates, CO; is taken-in simultaneously for photosynthesis. According to Bayona-Rodriguez and
Romero (2019), OP experiencing low leaf water exhibits a reduction/cessation of growth and yield
as a result of low transpiration which lowers CO> intake. Therefore, stomatal conductance and leaf
water condition provide an unambiguous indication of potential photosynthetic and yield
performances in OP trees (Bayona-Rodriguez and Romero, 2019). However, Idris et al. (2024)
stated that, OP possesses certain special features including well-lignified cuticle, and fibrous
leaflets which make water stress symptoms physically less noticeable, leading to photosynthetic
inefficiency and remarkable yield decline (Norizan et al., 2021). As such, providing insights into
these OP gaseous exchange variables is critically imperative in OP production enhancement,
especially for location-specific decision-making and precision water management designs.

On a broader view, the challenge at hand suggests that, to satisfy global food demand by 2050,
the current production output ought to be increased by 100%. Notwithstanding, temperature
weather parameter alone potentially constrain this target since it has been projected to rise by about
3.2°C, over the 21 century across all the emission scenarios IPCC (2014). This means there is a
high probability of heat increase both in terms of intensity and duration. Findings by Monzon et
al. (2022) further underpin the importance of vapor pressure deficit (VPD) which strongly and
negatively correlated with water use efficiency (WUE), bunch number, and bunch weight in many
OP plantations in Indonesia. The authors attributed the outcome to the stomatal conductance
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reduction due to lowered leaf water content. To that extent predicting and enhancing the
sustainability of OP as a critical food and energy commodity can be best done by relating crucial
weather variables to these important physiological processes that drive the growth and
development of the crop (Randall et al., 2024; Konduri ef al., 2020). More and more, even within
similar climatic zones, other endogenous factors notably soil textural difference accounts for
variability in productive physiological performance which cascade to yield differences (Monzon
et al.,2022). According to Idris (2020) soil textural role revolves around controlling soil moisture
content and its energy state. Best known to us, no open-field research studied the trend of water
stress indicators as weather variables and soil moisture levels change over the whole daytime
hours. Most studies are non-recent and they were able to cover only a few hours of the daytime
(Suresh et al., 2010; Kunjet et al., 2013; Apichatmeta et al., 2017). Middleby et al. (2024) stated
that, although, meteorological elements like air temperature and VPD exert significant effect on
crop physiological functions, their relationship is yet blunt. Filling this gap, therefore, this study
aimed to unveil the behavioral pattern of stomatal conductance and leaf water potential water stress
indicators in connection with weather and soil moisture variability throughout the daytime hours
under different soil textures.

Materials and Methods
Experimental Site, Treatment, Weather and Moisture Monitoring

The study was executed between 2023 and 2024 at an oil palm site located in the Universiti
Putra Malaysia, Seri Serdang, Selangor (2°59'20”N, 101°43'14”E). The plantation was planted
with the dura crossed with Pisifera in 2012, is spaced in 8.8 x 8.8 x 8.8 under a good routine
management system (ring weeding, inter-row slashing, pruning etc). Daily measurements of
stomatal conductance and leaf water potential were recorded for four consecutive months
(December to March) from six healthy, mature oil palm trees, with three on sandy clay (SCL) and
three on clay (CLY) soils. The measurements were accordingly conducted on wet and dry days
(24hrs after a wet day and 48hrs after a dry day, respectively), based on the theoretical basis that
perfect drainage and runoff must have occurred after 48 hours. The weather variables of the study
site were recorded using a portable WatchDog 2000 series station (Figure 1B). Hourly soil
moisture content was recorded using the Aqua Pro sensor — AP — 204 model.

Determination of Water Stress Indices

Stomatal conductance and leaf water potential measurement

Stomatal conductance was measured using the leaf porometer SC-1 model, METER Group, Inc.
USA. The meter was calibrated accurately using a calibration plate, filter paper, and desiccator
granules as the User Guide prescribes. The oil palm leaflets on frond 17 were clipped to the
porometer sensor head until the measurement indicator on the monitor reached the maximum.

The Plant Moisture System model SKYE SKPM 1400, Skye Instrument Ltd., United Kingdom,
which consists of a pressure chamber and an N>-gas-containing cylinder pressure source was used
to measure the leaf water potential. To achieve that, healthy fresh leaves from frond 17 were cut
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off from the internode using secateurs. Scissors were used to expose the midrib by cutting off the
leaf blades at both sides. A rubber washer with a 1.0 mm aperture that fits tightly to the midrib
was selected for correct measurement. The lower part of the leaflet was carefully rolled and
wrapped using sellotape and placed into the pressure chamber (Figure 1A). The PMS was
calibrated using the zero knob. The flow rate knob was carefully adjusted to monitor the pressure
flow rate into the chamber in which the leaflet was placed. The readings were recorded once the
water was squeezed and bubbled out of the leaf midrib.

Figure 1 (A). Prepared leaflets ready to be inserted into the PMS
pressure chamber and (B) WatchDog 2000 weather station monitor
interphase used for obtaining weather records of the study site

Laboratory Analyses

The soil particle distribution analysis was conducted using the Standard International Pipette
method following the procedure outlined by Gee and Bauder (1986) as detailed by Sung and Talib
(2006). Soil moisture retention at various potentials were determined using the pressure plate
(Klute, 1986; Reynolds et al., 2008).

Statistical Analyses

All obtained data were graphically and statistically analyzed using OriginPro 2024 learning
edition software and R 4.2.3 2023 software, respectively. Two-factor analysis of variance was used
to compare the different time scales and textures through library (readxl), fit <- Im (y~x1+x2, data
= filename), anova (fit) and (Isd_trt<-LSD.test (fit, "factor")) codes. Correlation outputs for water
stress indices, soil and meteorology data were generated using the library
("PerformanceAnalytics") and chart. Correlation (filename, Method ="round").
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Results and Discussion

Graphs in Figure 2 presents a temporal pattern of the key meteorological variables and how they
relate to the stomatal conductance (STC) and leaf water potential (LWP) water stress indices over
the daytime hours during the wet and dry days. During the wet days, the relative humidity (RH)
ranged from 98.3 to 58.8%. The best stomatal conductance performance was recorded when the
RH was between 98.3 % to 82.6% and a considerable reduction occurred when the RH dropped to
69.5% until 58.8%. It can be drawn from the stomatal response to RH that 82.1% favored the best
performance greater than the lowest value recorded fewer than 58.8% by 66.8%.

For the temperature effect, the stomatal conductance was highest between 24.5°C to 27.6°C and
lowest at 30.1°C —32.7°C. A temperature of 27.6°C resulted in the highest stomatal conductance
in oil palm, which was significantly better than that recorded at 32.7°C by 66%. In respect of VPD,
0.06 to 1.09 kPa caused positive response of the stomatal conductance while 1.5 to 2.7 kPa reduced

it hugely by more than 50%.

During the dry days, RH at 44.2 — 58.3% drastically lowered the stomatal conductance by 48.4%
compared to 95.6 — 75.4% RH. Similarly, 35 - 37°C led to partial stomatal closure. The VPD
shoots up during the afternoon hours compared to the morning time averaging 2.7 kPa leading to
declined stomatal conductance. Equally, increased leaf water potentials were observed when
temperature rose to 35°C up to 37.0°C, VPD of 2.6 kPa and below 58% RH implying water
tolerance adaptability. In the final analysis, the result revealed that the stomatal conductance and
leaf water potential trends of the oil palm both during the wet and dry days behaved in response to
fluctuating weather variables. From the pooled results (Dry and wet day) 98% to 75% and 24.5°C
to 27.6°C and 0.06 to 1.0 kPa suggest the most favorable meteorological condition for oil palm

gaseous exchange and water status.

Middleby et al. (2024) report on six tree species has aligned with our findings indicating
stomatal conductance inverse relationship with RH, temperature and VPD after exceeding the
optimal range. Similarly, observations by Li et al. (2020) confirmed a profound decrease in leaf

water status which in turn affects mesophyll conductance in wheat crop.
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Figure 2. Diurnal pattern of the relative humidity, vapour pressure deficit and
atmospheric temperature meteorological variables and stomatal conductance (STC)
and leaf water potential (LWP) water stress indicators in wet and dry days
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Soil Moisture - Water Stress Indices Relationship

Graphs in Figure 3 demonstrate the behavior of oil palm stomatal conductance and leaf water
potential scenarios as soil moisture and textural class differ. According to the outcomes, although
clay texture showed the highest percent of soil moisture content — SMC (91.1 — 41.3%)), still its
stomatal conductance (STC) was lower compared to that of sandy clay. For instance, oil palm
under 91.1% SMC in clay textured soil had 16.4% lower STC compared to those under 86.2%
SMC in sandy clay texture. Similarly, oil palm under 66.0% SMC in clay had 2.3 times lower STC
than those under 64.3% SMC in clay texture. Still, the STC of oil palm under 55.2% SMC in clay
(125.6 mmol m2 s!) was statistically equal to those under 50.0% SMC in sandy clay (124.1 mmol
m2sh.

As signified by the results, the pressure at which water is held in the oil palm leaves behaved
distinctly under clay and sandy clay textures at different moisture levels. The pressure with which
the water is retained in the oil palm leaflets was much greater in clay than in the sandy clay soil.
Even under high soil moisture (91.2% clay and 86.2% sandy clay), the leaf water potential was
still higher in clay (0.14 vs 0.16 bar, respectively). However, when soil moisture approached field
capacity, the disparity reduced such that at 47.4% and 41.3% SMC the potentials were 4.1 and 3.7
bar in sandy clay and clay, respectively. A close look at the result revealed a lack of consistent
relationship between the %SMC and leaf water potential. This is expected due to the role of several
contributory factors ranging from weather, nutrition and hormones in water conservation
mechanism (Lindh et al., 2022). Suresh et al. (2010) reported that although oil palm exhibits
varying levels of cellular plasticity due to leaf hydraulic state, soil water status did not irreversibly
influence gas-exchange characteristics particularly leaf water and its energy state.
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Figure 3. Relationship between soil moisture content and stomatal conductance and leaf water
potential in oil palm tree in clay (CLY) and sandy clay (SCLY) textured soils

Soil Water Retention Curve

The Soil water retention curve (SWRC) which denotes the relationship between the matric
potential of the soil water and its corresponding volumetric amount was plotted according to
Eftekhari and Akhtarpour (2024). The curve (Figure 4) showed the clay soil to have a higher
moisture level across all the potentials measured compared to the sandy clay. Idris (2020) stated
that although water moves up higher in small-diameter capillaries, thereby favoring small-size
pores retain more water but it is held more tightly than in large-size pores. The curve (Figure 4)
suggests that the sandy clay may allow better water uptake, aeration and facilitate good drainage

compared to the clay.
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Figure 4. Soil retention characteristic curve for clay and sandy clay textured soils

Correlation Plot

The correlation analysis further defines the quantified relationship between the water stress
indices and the meteorological variables. Here, stomatal conductance significantly depicted a
strong positive correlation with RH (r = 0.66) while depicting a significantly strong negative
correlation of about equal magnitude with temperature and VPD (r =-0.63 and -0.64, respectively).
Expectedly, the leaf water potential demonstrated a significant and positive correlation with
temperature and VPD. The output re-establishes the stomatal sensitivity to the two variables
(temperature and VPD), and also signifies how oil palm responded swiftly by holding or retaining
water more tightly hence the observed positive correlation between the LWP and temperature and

VPD (see Figure 5).
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Figure 5. Correlation chart demonstrating strong positive relationship between water stress indices

- STC and LWP (Stomatal conductance and leaf water potential) and weather variables (Temp =
temperature, RH = relative humidity, VPD = vapor pressure deficit)

From the results presented, it was deduced that, although water was abundantly available to the
oil palm trees in clay texture, the OP exhibited less gaseous exchange characteristics by recording
lower stomatal conductance and higher leaf water potential. In harmony with our results, Monzon
et al. (2022) reported highest moisture content in clay-rich soil, yet pointed out that palms under
such high moisture conditions could manifest partial stomatal closure and decreased transpiration,
possibly due to high suction effect. Equally, Kholova ef al. (2021) suggested that while certain
traits can provide better yield under low moisture, some show reduced yield even under high-
watered conditions. Generally, from our results, the stomatal conductance has expressed a high
sensitivity to water reduction for each of the soil textures. This has been found by Smith (1989)
who recommended that oil palm genotypes with low stomatal sensitivity to soil water deficit

should be best considered in rainfed production system compared to those with high sensitivity.
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Conclusions

Results of this study inferred that, temperature between 24.5°C to 27.6°C best supported
stomatal conductance of mature oil palm trees, while 30.1°C — 32.7°C caused its remarkable
decline (166%). At an RH of 82.1% oil palm demonstrated highest stomatal conductance (166.8%)
than 58.8% RH. Additionally, vapor pressure deficit of 0.06 to 1.09 kPa resulted in superior
stomatal conductance, while 1.5 to 2.7 kPa reduced it by . It can be notably deduced from the
results that, oil palm had better leaf water status and higher stomatal conductance under sandy clay
soil, than under clay, despite soil moisture content was 5.0% higher in the clay soil. Our findings
confirmed the sensitivity of STC and LWP to temperature, relative humidity and vapor pressure
deficit in oil palm. It further indicated that, although clay soil retains higher water than sandy clay,
oil palm under clay is more liable to water stress than in sandy clay. Stomatal conductance
demonstrated a significant positive correlation with RH (r = 0.66) which was a sharp contrast as
per its relationship with temperature and VPD (r = -0.63 and -0.64, respectively).
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