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ABSTRACT: Water scarcity is an escalating global challenge that severely threatens productivity and reproductive
success in crops, particularly in drought-sensitive species such as Capsicum annuum L. Although deficit irrigation
strategies are widely recommended to enhance water use efficiency, knowledge remains limited regarding their
interactions with soil amendments such as biochar and the consequent impacts on reproductive traits. This study
aimed to evaluate the combined effects of deficit irrigation strategies and biochar application on pollen viability and
morphology in Capsicum annuum. The experiment was conducted under full, partial, and deficit irrigation regimes with
and without biochar treatment, following a randomized block design. The primary parameters examined were pollen
viability (viable, semi-viable, and non-viable rates), anther width and length, and pollen width and length. Microscopic
measurements and statistical analyses (p < 0.05) revealed significant effects of both irrigation regimes and biochar
applications. Under deficit irrigation, viable, semi-viable, and non-viable pollen rates were 29.84%, 32.95%, and 37.21%,
respectively, whereas the highest viable pollen rate was observed under full irrigation. In partial irrigation, viable pollen
accounted for 31.67%, semi-viable for 38.81%, and non-viable for 29.49%. In plots treated with biochar under partial
irrigation, anther width (1700.89 pum), anther length (3805.34 pum), pollen width (26.93 pm), and pollen length (37.42
pm) reached the highest values, while the lowest values were recorded in deficit irrigation plots without biochar. These
findings emphasize the importance of integrating biochar into irrigation management to mitigate the adverse effects of
water stress on pollen development. Nevertheless, further research is needed to clarify the long-term implications of
these practices for reproductive success and agricultural sustainability.
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1 Introduction

Abiotic stresses such as drought are among the main causes of yield losses in crop production [1].
Drought, as one of the most critical environmental stress factors, limits plant growth and productivity by
disrupting physiological and biochemical processes such as photosynthesis, respiration, nutrient transport,
and hormone balance [2,3]. Globally, only about 15% of agricultural land is irrigated, yet this area accounts
for nearly 50% of food production; therefore, water scarcity is regarded as one of the greatest threats of the
21st century [4]. Alongside salinity, drought is the most dominant abiotic factor affecting plant development
and yield, exacerbated further by global warming [5]. Vegetables are particularly sensitive to extreme
environmental conditions [6], and in peppers, drought can reduce yield and quality by up to 70%, with the
most critical stress stages being seedling establishment and the pre-flowering phase [4].
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Biochar is a carbon-rich, porous material produced through the pyrolysis of organic residues under
limited or absent oxygen conditions. Owing to its high surface area and structural stability, biochar enhances
soil water and nutrient retention, supports microbial activity, and contributes to pH regulation, thereby
improving soil fertility. These properties highlight its role as a sustainable soil amendment in agricultural
production [7-10].

Pollen viability is a critical determinant of plant reproductive success and is directly influenced by
environmental stresses, particularly water stress. Elevated temperature and humidity levels have been
reported to reduce pollen viability, thereby disrupting reproductive systems in certain plant species [11].
Drought and heat stress impair carbohydrate and energy metabolism within the anther during pollen
development, leading to a marked reduction in viable pollen [12]. Studies have further demonstrated that
drought not only decreases pollen viability but also restricts anther growth, potentially resulting in sterility
within the reproductive cycle of flowering plants [13,14]. Moreover, when drought and high temperature
stress occur simultaneously, sucrose metabolism, specifically sucrose synthase activity, is suppressed, causing
severe declines in pollen viability [12]. Consequently, pollen viability and anther development represent some
of the most sensitive stages under water stress, posing a direct threat to yield and seed production [15].

The goal of this study was to analyze pollen viability under field conditions. The Capsicum annuum
‘Postal’ variety was used in this research. Pollen viability was assessed using in vitro pollen germination, a
widely accepted and efficient method for field applications. Clearly identifying the tolerance and sensitivity
levels of Capsicum annuum L.cv. Postal variety under drought conditions is essential for initiating future
breeding programs focused on improving drought resistance in pepper plants.

Capsicum annuum L. (sweet pepper) is one of the most economically important vegetable crops
worldwide and is widely cultivated in both open-field and greenhouse systems due to its nutritional value,
consumer demand, and high market potential. In Turkey, pepper is a major horticultural product with
significant regional and export value, particularly in the Mediterranean and Marmara regions. However,
pepper is highly sensitive to abiotic stress factors, especially drought, which affects critical stages such as
flowering, fruit set, and seed development [3,16]. Despite the global and regional importance of pepper,
relatively few studies have focused on the combined effects of deficit irrigation and biochar application on
its reproductive development, particularly pollen viability and anther morphology. Most previous research
has prioritized vegetative growth or yield parameters, leaving a knowledge gap regarding the underlying
physiological and anatomical responses of reproductive organs under stress conditions. Therefore, this study
aims to evaluate how irrigation regimes and biochar affect key reproductive traits in Capsicum annuum
L., with particular emphasis on the role of biochar as a soil amendment that enhances water retention
and mitigates the adverse effects of drought, offering important insights into strategies for maintaining
productivity under water-limited conditions.

2 Materials and Methods
2.1 Materials
2.1.1 Experimental Site and Plant Material

The experiment was conducted at Bursa Uludag University, Faculty of Agriculture, Research and
Experiment Field, Turkey (40°13'08.0364"” N; 28°52'12.0036” E). The soil at the experimental site was
classified as clayey, with organic matter contents of 1.51% and 0.18%, pH values of 6.50 and 7.84, and salt
contents of 0.045% and 0.017%, respectively. The plant material consisted of Capsicum annuum L. cv. Postal
seedlings, which were raised in a substrate mixture of organic peat and farmyard manure.
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2.1.2 Biochar Characteristics and Application

The biochar used in this study was produced from agricultural pruning residues through slow pyrolysis
at approximately 500°C under limited oxygen conditions. Following production, the biochar was ground
and sieved to a particle size smaller than 2 mm. It was characterized by a pH of about 9.0, an organic
carbon content of 60%, and a cation exchange capacity of nearly 65 cmol(+) kg™, reflecting typical
properties of wood-based biochar with the potential to improve soil structure, water retention, and nutrient
availability [17,18]. Biochar was applied to the experimental plots at a rate of 1 t per decare. After soil
preparation, the material was uniformly broadcast over the soil surface and incorporated into the root zone
with a rotary tiller to ensure homogeneous distribution.

2.2 Methods
2.2.1 Seedling Production and Transplanting

Seeds of the Postal cultivar were sown on 12 March 2024, and seedlings were raised under controlled
conditions in low plastic tunnels. A hardening treatment was applied before field transplantation to increase
seedling tolerance to environmental stresses. Transplantation was performed on 13 May 2024, when seedlings
had developed two to four true leaves and well-formed root systems. Plants were placed at a depth of
approximately 3-5 cm up to the collar level, following a randomized plot design as described by [19].

2.2.2 Irrigation Treatments and System

The amount of irrigation water to be applied in each treatment was calculated using the following
equation:

ETc =ETO0 x Kc
where
ETc = Evapotranspiration (mm/day)

Kc = Crop coeflicient
ETo = Reference evapotranspiration (mm/day)

The crop coefficient was obtained daily from TAGEM-SUET software from the first irrigation to the
last irrigation [20]. Crop coefficients varied in the range of 0.48-1.00 during the growing season. In this
study, the Penman-Monteith (FAO56-PM) method was used to estimate daily ETO0 [21]. The FAO Penman-
Monteith method uses meteorological data such as average maximum and minimum temperature, relative
air humidity, wind speed, and solar radiation. Daily meteorological data were obtained from an automatic
meteorological station approximately 500 m from the experiment field for this study.

Three irrigation treatments were established as follows: (1) full irrigation (FI), 100% of water requirement
(ETc) calculated according to the Penman-Monteith equation and the Kc coefficient; (2) partial irrigation
(DI75), 75% of ETc; (3) deficit irrigation (DI50), 50% of ETc.

In this study, a drip irrigation system was used for irrigation plots. The drip irrigation system was
composed of a main pipeline, a manifold, and laterals. The distance between main plots was 2 m. Each plot
consists of 4 lateral lines. The lateral line spacing was 0.4 m. The discharge rate of the drippers was 4 L/h, and
the drippers were spaced 25 cm apart within lateral lines. According to previous pepper studies, irrigation
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was applied at 4 or 6-day intervals [22,23]. Irrigation was uniformly applied to all treatments at the beginning
of planting based on 100% replacement of ET losses for plants to be well established.

Thereafter, deficit irrigation treatments were started on 21 May 2024. The amount of irrigation water
applied in different irrigation treatments was measured through water meters.

2.2.3 Anther and Pollen Measurements

In the balloon stage, flowers of Capsicum annuum grown under biochar-amended and non-amended
conditions with full irrigation, partial irrigation, and deficit irrigation treatments, 30 anthers and pollen
grains were collected to measure their longitudinal length (um) and transverse width (um) (Fig. 1). For this
purpose, anthers and pollen grains were placed on a microscope slide, and a drop of glycerin was added
before covering with a coverslip. Another measurements were performed using a stereo microscope, while
pollen dimensions were measured under a light microscope equipped with a DP-20 digital system.

Figure 1: Anther (A) and pollen (B) appearance measured under a microscope in capia pepper ‘Postal” cultivar. 1 =
length, w = width

2.2.4 Pollen Viability Assay

Pollen viability was determined using a 1% 2,3,5-triphenyl tetrazolium chloride (TTC) solution. Pollen
grains were obtained from unruptured anthers of balloon-stage pepper flowers by placing them on a slide,
adding one or two drops of TTC solution, and crushing them with a glass rod. The slides were then covered
with a coverslip to prevent air exposure and left at room temperature for three hours. This procedure was
conducted in three replicates for each treatment, and the number and percentage of viable, semi-viable, and
non-viable pollen grains were recorded. Viable pollen stained red, semi-viable pollen appeared light red to
pink, and non-viable pollen remained unstained (Fig. 2).
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Figure 2: Views of viable, semi-viable and dead pollen grains in capia pepper ‘Postal’ cultivar
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2.3 Statistical Analysis

The statistical analysis of pollen viability, anther, and pollen morphology data was performed using
the JMP statistical software. All analyses were conducted in three replicates, and mean values were used for
evaluation. Differences among means were compared using the least significant difference (LSD) test at a
significance level of p < 0.05.

3 Results and Discussion

No statistically significant differences were observed between treatments and irrigation levels in
biochar-amended and non-amended plots (p > 0.05); however, differences in pollen viability rates were
found to be statistically significant (p < 0.05) (Fig. 3). The findings indicated that the highest proportion
was recorded in non-viable pollen at 37.00 percent, followed by semi-viable pollen at 34.00 percent and fully
viable pollen at 29.00 percent. These results suggest that different irrigation regimes have a significant impact

on pollen viability and that drought stress may have substantial consequences on pollen physiology.

Pollen Viability

Semi-viable

mViable Semi-viable mDead

Figure 3: Pollen viability rates in Capsicum annuum under different irrigation regimes in biochar-amended and non-
amended plots (%)

A study examining the effects of drought stress on Capsicum annuum pollen physiology and fertility
reported that drought conditions significantly reduced water use efficiency and pollen quality [24]. Further-
more, a study investigating the differential expression of genes associated with pollen viability in Capsicum
annuum under drought stress revealed that while certain genes support pollen development under drought
conditions, water stress generally leads to a decline in pollen fertility [25].

Statistically significant differences in pollen viability rates were observed among different irrigation
regimes applied in the experimental plots (p < 0.05) (Table 1). Pollen viability rates varied between 23.92
percent and 42.94 percent depending on the irrigation treatments. The highest percentage of non-viable
pollen, 42.94 percent, was recorded under partial irrigation conditions, while the lowest percentage of viable
pollen, 23.92 percent, was also observed under the same treatment. Under deficit irrigation, the viable pollen
rate was 32.11 percent, the semi-viable pollen rate was 33.20 percent, and the non-viable pollen rate was
34.62 percent. In full irrigation conditions, the viable pollen rate was recorded as 30.88 percent, the semi-
viable pollen rate as 34.68 percent, and the non-viable pollen rate as 34.41 percent. Water deficiency can
significantly impact pollen viability in plants. A study conducted by Almeida et al. (2021) [26] investigated
the effects of different irrigation methods on water use efficiency and yield in Capsicum annuum, revealing a
direct correlation between irrigation practices and pollen development. Similarly, Richard et al. (2015) [27]
examined the effects of different irrigation levels on pepper yield and water use efficiency under shaded
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and open-field conditions. Their findings confirmed the negative effects of water limitation on both pollen
viability and crop productivity. Mild water stress may activate various adaptive mechanisms in plants that
help sustain pollen viability. For instance, enhanced activities of antioxidant enzymes (SOD, CAT, POD, etc.)
and the accumulation of osmoprotectants (proline, soluble sugars) can preserve cell membrane integrity,
thereby supporting the proper development of pollen. In contrast, full irrigation may induce excessive soil
moisture, leading to oxygen deficiency in the root zone, which can impair metabolic processes and reduce
pollen viability. Furthermore, the pepper genotype employed in this study may have developed tolerance
mechanisms to moderate stress, potentially contributing to the observed outcome. Consistently, previous
studies, including Zhang et al. (2023) [28] and Arathi and Smith (2023) [29], have reported that mild water
stress can, under certain conditions, enhance pollen viability and reproductive success.

Table 1: The effect of different irrigation treatments on pollen viability rates in pepper plants

Irrigation treatment Viable pollen Semi-viable pollen =~ Non-viable pollen
rate (%) rate (%) rate (%)
Full 30.88> 34.68° 34.41°
Partial 23.92° 33.11° 42,94
Deficit 32.11°¢ 33.20° 34.62°

Note: *Means followed by the same letters are not significantly different (LSD test, p < 0.05).

These results indicate that irrigation regimes have a significant impact on pollen viability. The highest
proportion of non-viable pollen and the lowest percentage of viable pollen recorded under partial irrigation
highlight the adverse effects of water restriction on pollen physiology. The findings underscore the necessity
of optimizing irrigation strategies to mitigate the detrimental impacts of water stress on reproductive
development in Capsicum annuum.

The differences of biochar and non-biochar treatments were found to be statistically significant (p < 0.05)
(Table 2). Pollen viability rates varied between 28.58 percent and 39.81 percent across different treatments.
The highest proportion of non-viable pollen, 39.81 percent, was recorded in non-biochar plots, while the
highest proportion of semi-viable pollen, 36.55 percent, was observed in biochar-amended plots. In both
cases, the lowest rates were recorded in the viable pollen category, suggesting that biochar application did
not make a significant contribution to the formation of fully viable pollen.

Table 2: Pollen viability rates in biochar-applied and non-applied plots

Treatment  Viable pollen rate (%) Semi-viable pollen rate (%) Non-viable pollen rate (%)

Biochar 28.58° 36.55% 34.842b¢
Non-Biochar 29.36° 30.79P¢ 39.81%"

Note: *Means followed by the same letters are not significantly different (LSD test, p < 0.05).

The findings indicate that biochar application has a significant effect on pollen viability, particularly in
reducing the proportion of non-viable pollen. However, despite the observed increase in semi-viable pollen
rates, biochar did not lead to a statistically significant improvement in fully viable pollen rates. These results
align with findings from previous studies in the literature. A study conducted by Fathi et al. (2022) [30]
demonstrated that sago husk biochar applications enhanced growth and yield in pepper plants but did not
directly improve pollen viability. Similarly, Wisnubroto et al. (2017) [31] reported that biochar applications
contribute to long-term soil fertility and plant growth, yet have no direct impact on pollen physiology.
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The potential effects of biochar on pollen viability may be linked to its ability to enhance water
management and stress tolerance in plants. Gaber et al. (2024) [32] found that biochar supports plant growth
and yield by promoting root development under water stress conditions.

The present findings suggest that while biochar application positively influences pollen viability by
reducing the proportion of non-viable pollen, it does not lead to a statistically significant enhancement in
tully viable pollen rates. This indicates that despite its beneficial effects on soil fertility and water management,
biochar does not provide a distinct advantage in terms of pollen physiology. Indeed, Zhang et al. (2016) [33]
reported that excessive application of biochar could inhibit seed germination and seedling growth, revealing
its potential phytotoxic effects. Recent studies corroborate this caution: Kataya et al. (2024) [34] found that
certain biochar types, particularly at higher doses or lower pyrolysis temperatures, led to inhibition of wheat
seed germination and early shoot elongation in germination-assay tests. Similarly, Zabaleta et al. (2024) [35]
observed that biochar extracts derived from agro-industrial wastes had species-specific phytotoxic effects
on seed germination, root and shoot growth, especially in highly sensitive plant species. These findings
suggest that while biochar is overall beneficial, its dosage, feedstock type, production conditions, and the
sensitivity of plant species must be carefully considered to avoid adverse effects on reproductive and early
developmental stages.

The application x irrigation interaction showed statistically significant differences (p < 0.05) in the
viable, semi-viable, and non-viable pollen rates of Capsicum annuum plants (Table 3). In biochar-amended
plots, the highest viable pollen rate, 31.67 percent, was recorded under full irrigation, followed by 38.81
percent semi-viable pollen and 29.49 percent non-viable pollen. Under partial irrigation, the viable pollen
rate dropped significantly to 20.05 percent, while the non-viable pollen rate peaked at 41.30 percent. In deficit
irrigation conditions, the viable pollen rate increased to 34.03 percent, while the semi-viable and non-viable
pollen rates were recorded at 32.20 percent and 33.73 percent, respectively.

Table 3: Distribution of pollen viability (%) in Capsicum annuum across different irrigation regimes and biochar
treatments

Treatment  Irrigation Viable pollen Semi-viable Non-viable pollen

rate (%) pollen rate (%) rate (%)

Full 31.67°<4 38.812bcd 29.49¢de

Biochar Partial 20.05° 38.63bcd 41.30*°
Deficit 34,03bcd 32.20°<d 33.732bcd

Full 30.090cde 30.562¢<de 39.332b¢

Non-Biochar  Partial 27.79°4e 27.60%¢ 44 59"
Deficit 30.20bcde 34.212bcd 35.512bcd

Note: *Means followed by the same letters are not significantly different (LSD test, p < 0.05).

Biochar application has been shown to enhance growth and yield in Capsicum annuum. A study using
sago husk biochar reported that biochar application increased flower bud formation and stem height [26].
This aligns with the findings in Table 3, where pollen viability rates were relatively higher in biochar-treated
plots. Arnaoudova and Arnaoudov (2020) [16] found that water stress negatively aftects Capsicum annuum
pollen fertility, reducing pollen viability by an average of 37.4 percent. This supports the results observed in
biochar-free plots, where partial irrigation led to an increase in non-viable pollen rates.

Similar trends were observed in non-biochar plots. Under full irrigation, the viable pollen rate was
recorded at 30.09 percent. However, in partial irrigation conditions, this rate dropped to 27.79 percent, while
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the non-viable pollen rate increased to 44.59 percent. In deficit irrigation, the viable pollen rate in non-
biochar plots rose to 30.20 percent, while the non-viable pollen rate was recorded at 35.51 percent. Chakhchar
et al. (2024) [36] reported that water-saving irrigation strategies, such as Partial Root Drying and Regulated
Deficit Irrigation, improve physiological parameters in pepper plants. Since deficit irrigation was found
to increase viable pollen rates under certain conditions (Table 3), these irrigation techniques may provide
beneficial effects under specific circumstances. These findings support the results presented in Table 3 and
suggest that biochar amendments and optimized irrigation strategies can positively impact pollen viability
and overall plant health in Capsicum annuum.

Statistically significant differences were observed among irrigation regimes in terms of anther width,
anther length, and pollen width (p < 0.05) (Table 4), whereas pollen length did not show a statistically
significant change depending on irrigation levels (p > 0.05). The partial irrigation treatment resulted in the
highest values for anther width 1654.25 pm, anther length 3781.76 pm, and pollen width 26.93 um, indicating
that this irrigation strategy provided the most favorable conditions for the morphology of reproductive
organs. In contrast, deficit irrigation negatively affected anther and pollen size, leading to the lowest values
for anther width 1577.52 pm, anther length 3556.62 pum, and pollen width 25.47 pm. Although full irrigation
had a supportive effect on anther and pollen development, partial irrigation produced higher values for all
measured parameters. These findings align with previous studies in the literature. Zamljen et al. (2020) [37]
reported that different irrigation treatments altered metabolite accumulation in pepper plants and that water
deficiency exerted a suppressive effect on flower development and pollen production. This observation is
consistent with the reduction in pollen and anther size observed under deficit irrigation in the present
study. Additionally, Wang et al. (2020) [38] identified the CaMF5 gene as being associated with anther
development in pepper plants, with different environmental factors influencing its expression levels. The
varied effects of irrigation regimes on anther and pollen development observed in this study support
the hypothesis that irrigation levels may influence gene expression patterns related to reproductive organ
formation. Furthermore, Guo et al. (2018) [13] demonstrated that the Aborted Microspores (AMS)-Like
gene plays a crucial role in anther and microspore development in pepper plants. The reduced anther and
pollen size under deficit irrigation observed in this study may be explained by these genetic mechanisms.
Overall, this study highlights that irrigation regimes are a key factor in determining pollen and anther
development, with partial irrigation emerging as the most effective strategy. Deficit irrigation resulted in
reduced anther and pollen size, while full irrigation supported reproductive organ development but was
not as effective as partial irrigation. The findings are further supported by literature, suggesting that partial
irrigation provides optimal conditions for pollen development, minimizes the adverse effects of water stress
on pollen physiology, and contributes to an efficient fertilization process.

Table 4: Anther and pollen sizes (um) of peppers grown under different irrigation treatments in biochar-applied and
non-biochar-applied plots

Irrigation Anther width (um) Anther length (um) Pollen width (um)

Full 1632.78%0 3656.712 26.12%b
Partial 1654.25% 3781.76%" 26.93*
Deficit 1577.52b 3556.62° 25.47°

Note: *Means followed by the same letters are not significantly different (LSD test,
p <0.05).

The application of biochar in pepper cultivation was found to have a statistically significant effect on
pollen morphology at the p < 0.05 level. Pollen width and pollen length were found to be higher in peppers
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grown in non-biochar plots compared to those in biochar-amended plots (Table 5). The average pollen width
was measured as 27.45 pm in non-biochar plots, whereas in biochar-amended plots, it was recorded as 24.89
pm. Similarly, pollen length was found to be 38.58 um in non-biochar plots and 35.29 um in biochar-amended
plots. These differences were statistically significant at the p < 0.05 level, indicating that biochar application
does not contribute to an increase in pollen dimensions. Statistical analyses revealed that pollen width and
pollen length were significantly higher in non-biochar plots. Conversely, a significant reduction in pollen
size was observed in biochar-amended plots. The variations in pollen morphology may be associated with
how biochar affects soil structure and plant development processes. Biochar is known to enhance soil water
retention capacity, thereby supporting plant growth. However, the observed effects on pollen development
may be linked to biochar’s interactions with micronutrient uptake and water balance. Several studies in the
literature have reported varying effects of biochar on reproductive physiology. A study conducted by Kumar
et al. (2018) [39] found that biochar application promoted overall growth and increased disease resistance in
pepper plants. However, further research is needed to fully understand its direct effects on plant reproductive
physiology. Similarly, a study by Macias-Bobadilla et al. (2020) [24] emphasized the negative impacts of water
stress on pollen development, noting that drought conditions could lead to a reduction in pollen size. The
observation of smaller pollen sizes in biochar-amended plots may be related to changes in water balance
and micronutrient uptake in these plots, as well as genetic and physiological modifications occurring during
pollen development.

Table 5: Pollen sizes (um) of peppers grown in plots with and without biochar application

Treatment  Pollen width (um) Pollen length (um)

Biochar 24.89° 35.29P
Non-Biochar 27.45% 38.58"

Note: *Means followed by the same letters are not significantly
different (LSD test, p < 0.05).

The application x irrigation interaction was found to be statistically significant (p < 0.05) for anther
width (um), anther length (pm), pollen width (um), and pollen length (um) (Table 6). Comparisons between
biochar-amended and non-amended plots showed that the largest anther width and length were obtained
under partial irrigation in biochar treated plots. In biochar-amended plots, anther width ranged from 1564.79
to 1700.89 pm, while anther length varied between 3529.49 and 3805.34 pm. In non-biochar plots, anther
width ranged from 1590.24 to 1647.19 um, and anther length varied between 3583.75 and 3758.18 um. The
largest anther dimensions were observed under partial irrigation in bio-char-amended plots, whereas the
smallest anther dimensions were recorded under deficit irrigation in non-biochar plots. It is suggested
that biochar may positively influence anther development by enhancing soil water retention capacity and
optimizing nutrient availability.

Biochar is considered to have a positive effect on anther development by increasing water retention
capacity and optimizing soil nutrient availability. Similarly, a study conducted by Fahad et al. (2015) [40].
Demonstrated that high-temperature stress significantly reduces pollen fertility, anther dehiscence, and
pollen germination in rice plants. However, it was observed that these adverse effects were substantially
mitigated in plants treated with biochar and phosphorus fertilization. The study reported that rice plants
subjected to biochar application exhibited higher pollen fertility, improved anther dehiscence, and increased
pollen germination rates.
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Table 6: Effects of biochar application and different irrigation regimes on anther and pollen morphology in pepper
plants

Treatment  Irrigation Anther Anther Pollen Pollen
width (um) length (um) width (um) length (um)

Full 1618.37%P 3601.86¢ 24.424 33.92¢

Biochar Partial 1700.89*" 3805.34%" 25.49¢d 36.01°

Deficit 1564.79° 3529.49° 24.77<4 35.94P

Full 164719 3711.56%0¢ 27.812b 38.84%"

Non-Biochar  Partial 1607612 3758.18% 28.33%" 38.84%

Deficit 1590.24° 3583.75°¢ 26.22b¢ 38.08%"

Note: *Means followed by the same letters are not significantly different (LSD test, p < 0.05).

In terms of anther development, a study by Rodriguez-Pefia and Wolfe (2023) [41] found that anther
dehiscence duration and morphology are significantly influenced by climatic factors. The study determined
that larger anther openings prolonged the duration of pollen release. Additionally, high humidity and low-
temperature conditions were found to extend anther dehiscence time, thereby delaying pollen dispersion.
These findings support the hypothesis that biochar may enhance anther development by improving water
retention and stabilizing microclimatic conditions.

Regarding pollen morphology, in non-biochar-treated plots, pollen width ranged from 26.22 to 28.33
um, while pollen length varied between 38.08 and 38.84 um. The highest pollen length was recorded under
full irrigation conditions in biochar-free plots. Conversely, in biochar-treated plots, pollen width ranged from
24.42 to 25.49 pum, and pollen length varied between 33.92 and 36.01 pm. These findings indicate that pollen
dimensions were generally smaller in biochar-treated plots.

In this context, Fatmi et al. (2020) [42] conducted a study highlighting that pollen morphology is subject
to variations based on climatic conditions. Their research examined the pollen morphology of Atriplex
halimus L., a species found in arid and hyper-arid regions, under different ecological conditions. The findings
revealed that pollen shape varied according to climatic zones and that water availability played a crucial role
in pollen development. The most common pollen types were more prevalent in arid regions, while distinct
pollen morphologies were identified across different bioclimatic zones. Consequently, it is hypothesized that
biochar may influence pollen development by increasing water retention and altering pollen size.

These results indicate that the effects of biochar on pollen and anther development are closely associated
with irrigation regimes. Specifically, under partial irrigation conditions, biochar appears to enhance anther
size. However, from a pollen morphology perspective, biochar application has been found to reduce both
pollen width and length. This suggests that biochar may alter the mechanisms of water and nutrient uptake
during pollen development, thereby exerting distinct physiological effects on pollen formation. Further
research is required to assess the long-term impacts of biochar on anther and pollen morphology under
varying soil and climatic conditions.

4 Conclusions

The findings indicate that irrigation regimes play a crucial role in pollen viability. Under deficit irrigation
conditions, the proportion of non-viable pollen increased, whereas full irrigation was associated with higher
viable pollen rates. Partial irrigation exhibited a more balanced distribution of pollen viability. In terms
of anther and pollen morphology, the highest anther width and length values were recorded under partial
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irrigation in biochar-amended plots, while biochar application was found to reduce pollen width and pollen
length. These results suggest that biochar and irrigation regimes directly influence pollen development and
anther morphology, highlighting their strong connection with water management strategies. Particularly,
partial irrigation had a positive effect on anther development, while it caused a slight reduction in pollen size.
Future studies should focus on the long-term effects of biochar and its interaction with different irrigation
regimes to comprehensively analyze its impact on reproductive physiology and underlying mechanisms.
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