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Abstract: Water-use efficiency (WUE) is a crucial parameter for sustainable crop production,
particularly in water-limited environments where optimizing resource utilization is essential for
maintaining productivity and resilience. This study investigates the physiological and agronomic
responses of two black pepper (Piper nigrum) cultivars, Clonada and Uthirankotta, under varying soil
water potentials and along the time. Results indicate that WUE varies significantly between cultivars
due to distinct physiological strategies. Clonada exhibited higher photosynthetic rates, stomatal
conductance, and gas exchange efficiency, leading to greater yield performance under moderate
stress conditions. Conversely, Uthirankotta demonstrated consistently higher WUE across all water
conditions, prioritizing water conservation and biomass accumulation over gas exchange efficiency.
Both cultivars displayed peak performance at 25-35 kPa soil water potential, with yield and
physiological efficiency declining at higher tensions. Principal Component Analysis (PCA) confirmed
distinct physiological profiles, reinforcing the trade-offs between productivity and water-use
strategies. These findings highlight the importance of cultivar selection for optimizing WUE in black
pepper cultivation and provide insights for improving irrigation management and breeding
programs.

Keywords: Black pepper; physiological parameters; soil water potential; cultivar selection; yield.

1. Introduction

Water-use efficiency (WUE) is a fundamental parameter in sustainable agriculture, particularly
in water-limited environments where optimizing resource use is crucial for maintaining productivity
and environmental resilience [1-3]. Increasing WUE has been a primary goal in agronomic research,
as it contributes to improved crop performance under fluctuating water availability while
minimizing excessive water consumption [1,2]. While previous studies have demonstrated that
certain cultivars exhibit enhanced WUE under specific conditions, most research has focused on
instantaneous WUE measurements rather than long-term yield sustainability [4]. Understanding the
physiological and hydraulic mechanisms underlying WUE at different time scales remains a critical
aspect of improving water management strategies in crop production [1,2,5].

Water-use efficiency is often quantified through multiple physiological parameters, including
intrinsic WUE (WUE;), which accounts for the ratio of carbon assimilation to stomatal conductance,
and instantaneous WUE (WUEg), which reflects immediate responses to environmental conditions
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[5-7]. These parameters provide insights into how plants regulate water loss and carbon gain under
dynamic stress conditions [6-8]. However, the extent to which short-term physiological adjustments
correlate with long-term agronomic performance remains uncertain [5-7,9]. Recent studies suggest
that WUE responses are highly cultivar-dependent, with trade-offs occurring between gas exchange
efficiency, hydraulic traits, and yield stability under varying water conditions [10].

Black pepper (Piper nigrum) is a high-value crop cultivated in tropical and subtropical regions,
where water availability significantly influences its productivity and quality [10-12]. Given the
increasing challenges posed by climate variability, optimizing WUE in P. nigrum is essential for
maintaining stable yields under diverse environmental conditions [9,10]. While studies have reported
variability in WUE among black pepper cultivars, there is limited knowledge on how different
cultivars balance physiological performance and yield potential under varying soil water tensions
and over seasons. Investigating these responses at both physiological and agronomic levels is
necessary to develop improved management strategies for sustainable pepper cultivation [10,11,13].

Despite extensive research on WUE, most studies rely on instantaneous measurements without
fully integrating the long-term consequences of water availability on productivity [14-16]. On the
other hand, there is a lack of understanding regarding the cultivar-specific hydraulic and
physiological responses that contribute to WUE differences over time. Moreover, how and whether
the hydraulic bases underpinning the performance of different P. nigrum cultivars explain their
responses to varying levels of water availability, and temporal dynamics remain largely unexplored.
Therefore, identifying the physiological and structural adaptations that drive these differences can
help refine irrigation strategies and breeding programs aimed at improving WUE without
compromising yield.

In this sense, by analyzing cultivar-specific physiological parameters, including photosynthetic
rates, stomatal regulation, and water potential, this study seeks to elucidate the fundamental drivers
of WUE across different time frames and soil moisture conditions. We hypothesize that distinct P.
nigrum cultivars exhibit divergent physiological and agronomic strategies in response to water stress,
with one favoring high photosynthetic performance and gas exchange efficiency and the other
prioritizing water conservation and yield stability. Specifically, we predict that Clonada will maintain
higher photosynthetic rates and transpiration under moderate stress, leading to greater yields at
lower soil water potentials, whereas Uthirankotta will exhibit superior WUE across all conditions
due to its conservative water-use strategy.

2. Materials and Methods

2.1. Plant Material and Experimental Conditions

The experiment was conducted at fields of the Tropical Products Company of Castanhal
(Tropoc), municipality of Castanhal, PA, Brazil (01°17' 50” S, 47° 55' 20” W, 40 m altitude). The trial
was carried out in cooperation with the Study Group on Water and Soil Engineering in the Amazon
(GEEASA) from the Universidade Federal Rural da Amazonia (UFRA). The field was composed of
2-year-old seedlings from two cultivars of Piper nigrum L., namely cv. Clonada and cv. Uthirankotta.
They were arranged in an area of 1930 m2. The experiment was set up in randomized blocks design,
in which each plot consisted of four plants per cultivar (Clonada and Uthirankotta), in a double-row,
with a spacing of 4.0 m between rows and 2.20 x 2.20 m among plants.

The soil is classified as a dystrophic Yellow Argisol (medium texture), with predominating
secondary vegetation [17]. The soil chemical and acidity corrections were carried out by applying
liming (3.7 t ha') and both organic and mineral planting fertilizers as previously described by
Oliveira and Nakayama (2007). Plants were cultivated under global radiation (GR) of 1303 W/m?
(nearly 700 pmol de photons m?s?), and daytime temperatures of 25.3 to 26.2 + 2 °C (day/night), with
relative air humidity between 60.5 and 86%. According to Kdppen, the region's climate is classified
as Af-type (wet equatorial climate), with annual precipitation averages of 2,432 mm and temperature
of 26.5 °C. In particular, the rainfall regime in this Amazon region concentrates from December to
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May and presents the lowest volumes during the dry period, corresponding to June to November
[18].

The method of [19] was applied to climatological data from the automatic station A202 of the
National Institute of Meteorology — INMET from Castanhal during the period from 2003 to 2022,
using the (Figure S1). Overall, the climatological water balance for Castanhal presented the greatest
water oversupply between February and May, with a maximum in March (186 mm) and April (190
mm).

2.2. Irrigation System Setup and Management

Soil water availability was managed by a drip irrigation system, set up to a flow rate of 3.55 L h-
1, with emitters spaced 30 cm apart. The drip tubing was arranged superficially with a self-
compensating drip-tech PC/AS flat emitter for irrigation, with DN 16 mm, set up to a working
pressure of 1 bar at the end of the hose. The dripping tubes were positioned within the plot in a
double line, to meet the plants' double spacing (7 drippers per plant). The automation consisted of a
24-volt time/sector programmer and a standard box with five solenoids. 1,250 m of 8 x 4 mm linear
polyethene control and necessary connections were used. Five water tanks, 10,000 L each, a 1 hp
electric pump (flow of 8.44 m 3 h-') and a disc filter were used to supply the irrigation system. The
irrigation system was tested for efficiency by applying a Distribution Uniformity Coefficient (CUD).
The uniformity analysis was carried out by 250 ml collection containers under eight emitters, which
collected the drip water for 1 min. This procedure was performed with three replications. The system
presented a rate of 97%, which is considered excellent according to the classification postulated by
[20].

To determine the critical soil tensions (or soil water potential), a set of three puncture
tensiometers was installed: two installed at a depth of 20 cm, to indicate the time of irrigation; and
one at a depth of 30 cm to check whether water percolation is occurring. The tensiometers were
positioned in line with the plant set, about 15 cm from the drippers. Daily readings of tensions were
carried around 8:30 am, which was followed by the irrigation system activation. Irrigations were
performed when the tensiometers (at the same depth) presented the critical tension for each
treatment, seeking to raise the soil to its respective soil moisture at field capacity (10, 25, 35, 45 and
55 kPa). For puncture tensiometer outputs, the value of matric potential (Wm) was determined using
the method described by [21].

Finally, the irrigation regime and management were based on the soil water characteristic curve
obtained in the 0 — 20 cm deep layer. The outputs of soil water retention were achieved using the
Richards pressure chamber at potentials of 0, 6, 10, 30, 100, 500 and 1500 kPa [22]. The data obtained
were fitted to the model proposed by Van Genuchten (1980) with the R software, and the parameters
of the adjustment equation for the soil water retention curve were determined (Figure S2). Both water
levels and the operating time of the irrigation system were calculated according to [21], considering
the effective depth of the root system equal to 20 cm, as previously described by [23]. The summary
of irrigation regime and management, such as irrigation levels, the total amount of water applied,
number of irrigations, irrigation frequency and daily water demand are available in Table S1.

2.3. Green and Black Pepper Yield Coupled To Water-Use Efficiency

Fruits were harvested at the corresponding harvest months for each cultivar. For cv. Clonada,
between July and October, while between August and November for cv. Uthirankotta. Using data of
fresh pepper fruits weight, green pepper yield (GPY) was calculated as GPY=P/A, where Y, as yield
(kg ha'); P, as production (kg); and A, as area (ha). The water balance was monitored throughout the
experiment and expressed in mm. Based on this, the water-use efficiency (WUE) between cultivars
was obtained through the relationship between black pepper fruit productivity (kg ha') and water
consumption (mm) [24], as WUE=Y/w, where: WUE, as water-use efficiency, kg ha' mm; Y, as total
yield, kg ha'; w, as the volume of water applied, mm. The black pepper yield (BPY) was calculated
using the percentage of yield related to the production of black pepper with the production of
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harvested green pepper, calculated by the equation BPY=(BPP/GPP)*100%, where: BPY, black pepper
yield, %; BPP, black pepper production, kg plant'; GPP, green pepper production, kg plant'. The
yield was determined at the end of the harvest season. The entire experiment period comprised 36
months.

2.4. Gas Exchange

Gas exchange parameters were determined using the infrared gas analyser (LCpro-SD, ADC
BioScientific Ltd, United Kingdom). Analyses were performed on the third to fourth fully expanded
leaf of the twelfth branch from the base to the apex. Net carbon assimilation rate (A), stomatal
conductance (gs), transpiration (E) and intercellular CO: concentration (Ci), were measured at a
diurnal period under photosynthetically active radiation (PAR) of 1000 pmol (photons) m=2 s and
400 ppm CO: at leaf level (Yin et al. 2009). Instantaneous (WUEieaf) and intrinsic water-use efficiency
(WUEi) were estimated based on the ratio between A/E and A/gs, respectively. Such procedures were
repeatedly performed 40, 80, 120 and 160 days after the experiment.

2.5. Water Status

Leaf water potential measurements were carried out at both predawn (Wpda) and midday (Wma)
using the Scholander pressure chamber [25], model M 1505D (Pressure Chamber Instruments, PMS),
on completely healthy expanded leaves from the 12th plagiotropic branch of two plants from each
cultivar and replication. The predawn water potential (Wpa) was performed between 2:30 am and 5:30
am, while the midday water potential (Wmd) was performed between 12:00 pm and 3:00 pm. The
predawn water potential (Wpa) was assessed at 40, 80, 120 and 160 days after the experiment was
initiated; and the midday water potential (Wmd) was at only both the 80t and 120t days.

2.6. Data Analysis

The data were obtained from the experiments using a randomized blocks design, in a factorial
scheme in split plots of 5 x 2, using 10 treatments and three blocks. The treatments consisted of five
soil water tensions (15, 25, 35, 45 and 55 kPa) indicating the time to irrigate — critical tension, and two
black pepper cultivars (Clonada and Uthirankotta. The homoscedasticity and normality of the data
were verified to meet assumptions surrounding ANOVA. If ANOVA showed significant effects, a
Tukey test (P< 0.05) was used to determine differences between cultivars either over time or among
water availability levels (see Table S2, S3). Furthermore, a principal component analysis (PCA) was
conducted considering both cultivars and variables. Statistical procedures were performed using R
software [26].

3. Results

3.1. Green and Black Pepper Yield And Water-Use Efficiency Under Tensions

Green pepper yield (GPY), black pepper yield (BPY) and water use efficiency (WUE) were
significantly (P<0.05) influenced by soil water tension. [GPY] (Figure 1A-C). The green pepper yield
(Figure 1A) demonstrated significant variations across different soil water potentials (SWP) for both
Clonada and Uthirankotta (Figure 1A). In Clonada, the yield increased from 15 kPa (3500 kg ha™) to
its maximum at 35 kPa (4500 kg ha™). This peak was statistically higher than at 15, 25, and 45 kPa.
Beyond 35 kPa, the yield declined, reaching its lowest value at 55 kPa (3000 kg ha,), significantly
lower than all other tensions. Similar to Clonada, the yield increased with decreasing soil water
availability, peaking at 35 kPa (4500 kg ha') in Uthirankotta. Yields were lower at both 15 kPa (3000
kg ha™) and 55 kPa (3000 kg ha). There was no significant difference between the 15, 45, and 55 kPa
yields. Finally, at 15 kPa, Clonada produced significantly higher yields than Uthirankotta. At 35 kPa,
both varieties performed equally, achieving their maximum yields. At 55 kPa, Clonada showed
statistically similar yields to Uthirankotta.
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The black pepper yield (Figure 1B) followed a trend similar to the green pepper yield, with
variations depending on the variety and soil water potential. In Clonada, Black peper yield increased
from 15 kPa (1750 kg ha™) to its maximum at 35 kPa (2250 kg ha™!). Beyond this point, the yield
decreased, with the lowest value recorded at 55 kPa (1500 kg ha). The difference between 15, 25,
and 45 kPa was not statistically significant. On the other hand, in Uthirankotta, yield peaked at 35
kPa (2250 kg ha), with significantly lower yields at 15 kPa (1500 kg ha™!) and 55 kPa (1500 kg ha™).
Finally, there were no significant differences among 15, 25, and 45 kPa. At 15 kPa, Clonada produced
significantly higher yields than Uthirankotta. At 35 kPa, both varieties achieved their maximum
yields without statistical differences. At 55 kPa, Clonada outperformed Uthirankotta, with a
statistically significant difference.

Water use efficiency (Figure 1C) displayed distinct trends across soil water potentials and
between the two varieties. In Clonada, WUE increased from 15 kPa (1.5 kg ha™ mm™) to its maximum
at 35 kPa (2.5 kg ha™ mm™). At 45 kPa (2.0 kg ha™ mm™), WUE decreased significantly compared to
35 kPa. The lowest WUE was observed at 55 kPa (1.0 kg ha™* mm™), which was significantly lower
than all other tensions. In Uthirankotta, WUE was consistently higher than Clonada at all soil
tensions. It increased from 15 kPa (2.0 kg ha' mm™) to its maximum at 35 kPa (2.6 kg ha™* mm™™).
Beyond 35 kPa, WUE declined, reaching its lowest value at 55 kPa (1.2 kg ha™* mm™). At all soil
tensions, Uthirankotta exhibited statistically higher WUE compared to Clonada. For example, at 15
kPa, Uthirankotta recorded 2.0 kg ha mm compared to Clonada's 1.5 kg ha™' mm~". Both varieties
reached their maximum WUE at 35 kPa, with Uthirankotta significantly outperforming Clonada.
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Figure 1. Black pepper productivity [A], yield [B], and water-use efficiency [C] of two black pepper cultivars
(Clonada and Uthirankotta) cultivated under five soil water potentials. Different capital letters indicate statistical
differences among soil water potentials within the same cultivar. Different lowercase letters denote statistical
differences between cultivars at the same soil water potential. Means comparison was accomplished by the
Tukey test (P>0.05).

3.2. Physiological Parameters Under The Influence of Time Of Evaluation

The net photosynthetic rate (Figure 2A) varied significantly between measurement days (40, 80,
120, and 160 days) and between the two varieties, Clonada and Uthirankotta. In Clonada, the highest
photosynthetic rate was observed at 40 days (approximately 25 umol CO, m™ s!) and 80 days (25
umol CO, m2 s71), with no statistical difference between these two time points. The rate declined
significantly after 80 days, reaching its lowest value at 160 days (10 umol CO, m=2s'. In Uthirankotta,
a similar trend was observed, with maximum rates at 40 and 80 days (20 umol CO, m™2 s!) and a
significant decline by 160 days (8 umol CO, m2 s7). The photosynthetic rate for Uthirankotta was
consistently lower than Clonada at all time points, with statistical differences at 40, 80, and 160 days.

Stomatal conductance (Figure 2B) followed a pattern similar to net photosynthesis, with
significant differences between days and varieties. In Clonada, the highest stomatal conductance was
recorded at 40 and 80 days (both approximately 0.25 mol H,O m~2 s7'), followed by a decline at 120
days (0.15 mol H,O m™ s!) and 160 days (0.10 mol H,O m2 s7). In Uthirankotta, the stomatal
conductance was slightly lower than Clonada at all time points, with maximum values at 40 and 80
days (approximately 0.20 mol H,O m=2s71) and the lowest at 160 days (0.08 mol H,O m=2s"). Statistical
differences were observed between varieties at 40, 80, and 160 days.

The transpiration rate (Figure 2C) displayed significant variation over time and between
varieties. In Clonada, transpiration was highest at 40 days (6 mmol H,O m=2 s™) and decreased
significantly over time, reaching its lowest value at 160 days (2 mmol H,O m™ s7). Intermediate
values were observed at 80 and 120 days, with statistical differences between these time points. In
Uthirankotta, a similar declining trend was observed, with the highest value at 40 days (4 mmol H,O
m s71) and the lowest at 160 days (1.5 mmol H,O m s7!). Uthirankotta consistently exhibited lower
transpiration rates than Clonada, with significant differences at 40 and 80 days.

Leaf water potential (Figure 2D) became progressively more negative with time for both
varieties. In Clonada, the least negative water potential was recorded at 40 days (-1.5 MPa), which
became increasingly negative, reaching its lowest value at 160 days (-3.5 MPa). In Uthirankotta, a
similar trend was observed, with water potential ranging from -2.0 MPa at 40 days to -4.0 MPa at 160
days. Uthirankotta consistently displayed more negative values compared to Clonada, with
significant differences at 40, 80, and 120 days.

Instantaneous water use efficiency (Figure 2E) demonstrated variations over time and between
varieties. In Clonada, WUE. was highest at 80 days (4.5 umol CO, mmol™ H,O) and remained stable
between 40 and 80 days. However, a significant decline was observed at 120 and 160 days, reaching
3.0 umol CO, mmol" H;O. In Uthirankotta, WUE. followed a similar trend, peaking at 80 days (4.0
umol CO, mmol™ H,0O) and declining thereafter to 2.8 umol CO, mmol™ H,O at 160 days. Statistical
differences between varieties were observed at 40 and 80 days, with Uthirankotta showing lower
WUE..

Water use efficiency based on stomatal conductance (Figure 2F) increased over time for both
varieties. In Clonada, WUEs was highest at 160 days (100 umol CO, mmol- H,O) and lowest at 40
days (80 pmol CO, mmol™ H,O). A significant increase was observed over time. In Uthirankotta,
WUEy followed a similar pattern, increasing from 40 days (70 pumol CO, mmol™ H;O) to 160 days
(90 pmol CO, mmol™ H,O). Uthirankotta showed consistently lower WUE,, compared to Clonada,
with statistical differences at all time points except 160 days.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Net CO: assimilation rate [A], stomatal conductance [B], transpiration [C], predawn water potential
[D], instantaneous water-use efficiency [E], and intrinsic water-use efficiency [F] of two black pepper cultivars
(Clonada and Uthirankotta) throughout the experiment (days). Different capital letters indicate statistical
differences among days within the same cultivar. Different lowercase letters denote statistical differences

between cultivars at the day. Means comparison was accomplished by the Tukey test (P>0.05).

3.3. Physiological Parameters Under the Influence of Soil Water Tension in Both Cultivars

The net photosynthetic rate (Figure 3A) showed significant variations with soil water potential
(15, 25, 35, 45, and 55 kPa) and between the two varieties, Clonada and Uthirankotta. In Clonada, the
highest rate was observed at 15 kPa (approximately 30 pmol CO, m™ s7!) and remained high at 25
and 35 kPa (27-28 pmol CO, m™ s7). A significant decline occurred at 45 and 55 kPa, reaching a
minimum at 55 kPa (approximately 12 umol CO, m2 s7!). In Uthirankotta, the highest rate was also
at 15 kPa (approximately 25 pumol CO, m2s™) and decreased progressively with increasing soil water
potential, reaching a minimum at 55 kPa (10 pumol CO, m™ s™). At all soil water potentials,
Uthirankotta showed statistically lower photosynthetic rates compared to Clonada, except at 55 kPa,
where differences were not significant.

Stomatal conductance (Figure 3B) was significantly affected by soil water potential and varied
between varieties. In Clonada, the highest stomatal conductance was at 15 and 25 kPa (approximately
0.3 mol H,O m=s7). It declined significantly with increasing soil water potential, reaching its lowest
value at 55 kPa (0.1 mol H,O m2 s7!). In Uthirankotta, A similar trend was observed, with maximum
stomatal conductance at 15 kPa (0.25 mol H,O m2 s7!) and minimum at 55 kPa (0.08 mol H,O m=2s™).
Uthirankotta consistently showed lower stomatal conductance than Clonada at all soil water
potentials.

The predawn leaf water potential (W4, Figure 3C) became more negative with increasing soil
water potential for both varieties. In Clonada, W4 ranged from approximately -0.5 MPa at 15 kPa to
-1.5 MPa at 55 kPa. There were no significant differences between 25, 35, and 45 kPa, but a significant
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drop occurred at 55 kPa. In Uthirankotta, W4 followed a similar trend, ranging from -0.6 MPa at 15
kPa to -1.8 MPa at 55 kPa. At all soil water potentials, Uthirankotta showed more negative Wyq
compared to Clonada.

Midday leaf water potential (Wng, Figure 3D) exhibited similar trends to W,s but was more
negative overall. In Clonada, Wi ranged from -1.0 MPa at 15 kPa to -2.5 MPa at 55 kPa. Significant
declines were observed with increasing soil water potential. In Uthirankotta, W4 ranged from -1.2
MPa at 15 kPa to -3.0 MPa at 55 kPa. Uthirankotta consistently showed more negative values than
Clonada, with significant differences at all soil water potentials.

Instantaneous water use efficiency (Figure 3E) increased initially but declined at the highest soil
water potential. In Clonada, WUEE was highest at 25 kPa (approximately 5 pmol CO, mmol-! H,O)
and decreased significantly at 55 kPa (3 umol CO, mmol-! H,O. In Uthirankotta, WUEE followed a
similar trend, with the highest value at 25 kPa (4.5 pmol CO, mmol™ H,O) and a decline at 55 kPa
(2.5 pmol CO, mmol- H,O). Uthirankotta consistently had lower WUEg than Clonada at all soil water
potentials.

Water use efficiency based on stomatal conductance (Figure 3F) displayed a similar trend across
soil water potentials. In Clonada, WUEg was highest at 25 and 35 kPa (120-130 umol CO, mmol™
H;0) and declined slightly at 55 kPa (110 pmol CO, mmol* H,0O). In Uthirankotta, WUE was highest
at 25 and 35 kPa (110-115 umol CO, mmol™! H,O) and declined significantly at 55 kPa (90 umol CO,
mmol~ H,O. Uthirankotta showed lower WUE compared to Clonada at all soil water potentials.
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Figure 3. Net CO: assimilation rate [A], stomatal conductance [B], predawn water potential [C], midday water
potential [D], instantaneous water-use efficiency [E], and intrinsic water-use efficiency [F] of two black pepper
cultivars (Clonada and Uthirankotta) cultivated under five soil water potentials. Different capital letters indicate

statistical differences among soil water potentials within the same cultivar. Different lowercase letters denote
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statistical differences between cultivars at the same soil water potential. Means comparison was accomplished
by the Tukey test (P>0.05).

3.4. The Interplay Between Water-Use Efficiency and Physiological Parameters

The Principal Component Analysis (PCA) biplot illustrates the relationships among
physiological traits and their contributions to the variance in the data for the two varieties of Piper
nigrum. The first two principal components (PC1 and PC2) explain 68.7% of the total variability, with
PC1 accounting for 43% and PC2 for 25.7% (Figure 4).

The clustering indicates that Clonada is primarily associated with physiological traits such as
net photosynthesis rate (A), transpiration rate (E), and stomatal conductance (g:). The arrow
directions (A, E, WUEiet, and Ci) show that these variables significantly drive the separation of
Clonada along PC1. On the other hand, Uthirankotta is closely associated with traits related to yield
(YIELD), water use efficiency (WUE), and percent yield (YIELD%). These variables contribute to the
separation of Uthirankotta from Clonada along PC1, as indicated by the arrows pointing in the
positive PC1 direction.

In detail, yield-related traits (YIELD, YIELD%, WUE) strongly correlate with Uthirankotta and
explain the variability in the positive PC1 direction. On the other hand, photosynthetic parameters
(A, WUEeat, g, and Ci) are strongly associated with Clonada, driving the variability in the negative
PC1 direction. PC2 separates some secondary traits that influence variability within each group. The
contribution of yield-related traits (e.g., WUE, YIELD) along PC2 is minimal but still differentiates
individuals within Uthirankotta.
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Figure 4. Principal component analysis biplot presenting major axes of variation for parameters related to
physiological traits. The arrows are the vectors of correlation among variables and ellipses represent delineated

groups based on normally distributed data in different watering regimes.

4. Discussion

Water-use efficiency (WUE) is a critical parameter in sustainable agricultural systems and has
been the focus of numerous studies due to its implications for resource conservation and crop
productivity [1-3]. While substantial evidence supports improvements in WUE across various plant
species, most studies predominantly rely on instantaneous WUE measurements, often neglecting
yield-related aspects (Jones & Turner, 2019; Blum, 2009). Recent findings indicate that the cultivar
Uthirankotta exhibits significantly higher WUE, demonstrating an efficiency approximately 80%
greater than that observed in the cultivar Clonada [10]. However, no direct correlation was observed
between short-term and long-term WUE in either cultivar. In this study, we further demonstrate that
cultivar responses to temporal variations in water availability differ significantly. Both cultivars
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exhibited enhanced yield and WUE as soil water potential declined from 15 to 35 kPa, with peak
performance observed at 35 kPa. However, beyond this threshold, a decline in performance was
noted. While Clonada generally achieved higher green and black pepper yields at lower soil water
potentials (e.g., 15 and 25 kPa), Uthirankotta consistently exhibited superior WUE across all tested
conditions. Principal Component Analysis (PCA) further revealed distinct physiological and
agronomic profiles between the cultivars. Clonada showed a tendency to favor traits associated with
enhanced gas exchange, whereas Uthirankotta displayed characteristics more strongly linked to yield
optimization and water-use efficiency. These findings highlight the complex interplay between
structural and functional adaptations in shaping cultivar-specific responses to water availability.

4.2. Green and Black Pepper Yield And Water-Use Efficiency Under Tensions

Water availability is a critical determinant of yield and WUE in pepper cultivars, with optimal
performance typically observed within a moderate range of soil water potential [27,28]. The observed
peak in yield and WUE at 35 kPa aligns with previous findings that moderate water deficits enhance
physiological efficiency and resource partitioning in many crop species [29,30]. However, as soil
water potential declines beyond this threshold (45-55 kPa), both varieties exhibited a significant
reduction in yield and WUE, likely due to increased hydraulic limitations and metabolic constraints
[31,32].

Differences in performance between Clonada and Uthirankotta suggest cultivar-specific
adaptations to soil moisture levels [33,34]. Clonada produced higher green and black pepper yields
at lower soil water potentials (15 and 25 kPa), possibly due to its superior stomatal regulation and
photosynthetic efficiency under mild stress conditions [27,29]. In contrast, Uthirankotta consistently
demonstrated superior WUE across all soil water potentials, suggesting a greater investment in water
conservation mechanisms, likely linked to its anatomical and hydraulic traits [28,32].

4.3. Physiological Parameters Under the Influence of Time of Evaluation

The temporal decline in photosynthetic rates, stomatal conductance, transpiration, and leaf
water potential observed in both cultivars aligns with well-documented trends in plant water
relations, where prolonged exposure to water deficits induces physiological adjustments to minimize
water loss [35,36]. Interestingly, despite these declines, both WUE. and WUE, increased over time,
suggesting an adaptive trade-off where plants prioritize water conservation over maximizing carbon
assimilation [37,38].

The inter-varietal comparison further highlights Clonada’s superior photosynthetic rates,
stomatal conductance, and transpiration across most time points, which may contribute to its higher
productivity under moderate stress [39,40]. Conversely, Uthirankotta’s consistently lower (more
negative) water potential values indicate a greater susceptibility to water stress, possibly due to

differences in root hydraulic conductivity or osmotic adjustment capabilities [10,41].

4.4. Physiological Parameters Under the Influence of Soil Water Tension in Both Cultivars

The decline in photosynthesis, stomatal conductance, and leaf water potential with increasing
soil water potential reflects the physiological constraints imposed by limited water availability
[42,43]. Stomatal closure under high soil water tension (55 kPa) reduces transpiration but also limits
CO, diffusion, thereby decreasing photosynthesis and overall plant productivity [44,45]. The peak in
WUE. and WUE at intermediate soil water potentials (25-35 kPa) is consistent with reports that mild
water stress can enhance intrinsic water-use efficiency by optimizing the balance between carbon
gain and water loss [46,47].

Clonada’s consistently higher photosynthetic performance (4, E, gs) suggests a superior ability
to maintain gas exchange under varying moisture conditions, likely due to a combination of efficient
stomatal control and photosynthetic machinery [48,49]. Uthirankotta’s more negative leaf water
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potential values reinforce its greater susceptibility to water stress, yet its enhanced WUE suggests a
strategy focused on productivity rather than maximizing physiological resilience [46,49].

4.5. The interplay Between Water-Use Efficiency and Physiological Parameters

The clear separation between Clonada and Uthirankotta along PC1 in the PCA analysis confirms
that these cultivars employ distinct physiological and agronomic strategies under soil tension
conditions [10]. This clustering pattern underscores how different traits dominate the response
mechanisms of each variety, reflecting fundamental trade-offs between productivity and
physiological regulation.

Clonada’s stronger association with gas exchange parameters (A, E, gs) highlights its ability to
sustain photosynthetic activity under varying water conditions, likely supporting its higher yields at
lower soil water potentials [10]. In contrast, Uthirankotta’s alignment with yield and water-use
efficiency traits suggests a prioritization of biomass accumulation and water conservation over
sustained physiological activity [10]. These findings reinforce the idea that cultivar selection should
consider the balance between physiological robustness and water-use strategies to optimize
performance under different environmental constraints [10].

5. Conclusions

This study highlights the complex interplay between water availability, time-dependent
physiological responses, and cultivar-specific adaptations in determining yield and water-use
efficiency (WUE) in pepper cultivars. Our findings reveal that both Clonada and Uthirankotta exhibit
an optimal balance of yield and WUE at moderate soil water potentials (25-35 kPa), beyond which
performance declines due to increased physiological constraints. However, their distinct agronomic
and physiological strategies indicate different adaptive mechanisms for coping with water stress.
Clonada demonstrated superior photosynthetic performance, stomatal conductance, and gas
exchange capacity across most conditions, which contributed to its higher green and black pepper
yields at lower soil water potentials (15-25 kPa). This suggests that Clonada is more efficient at
maintaining physiological activity and productivity under mild to moderate water stress. In contrast,
Uthirankotta consistently exhibited higher WUE across all soil water tensions, despite experiencing
more negative leaf water potentials. This indicates a stronger emphasis on water conservation and
biomass accumulation rather than maximizing gas exchange, making it more resilient under
prolonged water scarcity. Over time, both cultivars showed declining photosynthetic activity,
stomatal conductance, transpiration, and leaf water potential, reflecting the cumulative effects of
water stress on plant function. However, WUE. and WUE, increased progressively, suggesting an
adaptive shift toward more conservative water use strategies as stress intensified. Future studies
should explore the genetic and molecular mechanisms underlying these differences to enhance

breeding strategies for improved water-use efficiency and productivity in pepper cultivation.
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