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Abstract

In agricultural practice, improper irrigation levels and excessive fertiliser use negatively
impact water resources and soil properties, respectively. This experiment aims to determine
the effects of varying irrigation levels and vermicompost doses on the growth, quality,
and productivity of pepper plants grown under polycarbonate greenhouse conditions.
To achieve this objective, different irrigation levels (IL) of IL100 (100% full irrigation),
IL75 (75%), IL50 (50%), and vermicompost doses (VD) of VDO (0%), VD10 (10%), and
VD20 (20%) were tested. The highest irrigation level was in the IL100-VD10 treatment,
which also had the highest water consumption (ET) in the 27.8 L pot~!. By comparison,
the IL50-VDO treatment had the lowest irrigation level in the 15.4 L pot~!, representing
nearly 55.4% of the maximum irrigation water amount. The findings showed that the
irrigation levels and vermicompost doses had a significant impact on plant growth, quality,
and fruit yield parameters. Accordingly, the irrigation levels and vermicompost doses had
significant effects on the studied plant growth parameters (stem diameter, plant height,
number of leaves, stem fresh weight, stem dry weight, root fresh weight, and root dry
weight). Similar effects were also observed on the fruit quality parameters (fruit width,
fruit length, fruit weight, fruit flesh thickness, pH, titratable acidity (TA), total soluble
solids (TSS), chrome, and hue). This study found that the highest total yield (164.5 g pot™1),
marketable yield (149.8 g pot~!), total water use efficiency (6.1 g L™!), and marketable
water use efficiency (5.6 g L~!) were obtained at the 100% irrigation level. However, similar
results were observed at the 75% irrigation level and a 20% vermicompost dose, where the
total water use efficiency was 5.9 g L™! and the marketable water use efficiency was 5.3 g
L~!. This suggests that 75% irrigation can be a viable alternative to full irrigation (100%)
and offers water-saving potential, particularly in areas with limited water resources.

Keywords: irrigation; fertilisation; growth and quality characteristics; total and marketable
yield; yield response factor

1. Introduction

Improving agricultural water efficiency is crucial for achieving better water man-
agement, ensuring food security, and mitigating environmental degradation. Increased
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water efficiency ensures that agricultural output increases while minimising water overcon-
sumption, soil degradation, and excessive use of agricultural chemicals [1]. Additionally,
controlled deficit irrigation saves water at specific rates throughout the growing season
or at different developmental stages, depending on the plant’s water sensitivity, without
causing significant yield losses. Moreover, it has been reported that this treatment increases
the economic income by reducing water use when available water is insufficient [2,3]. How-
ever, sometimes producers use excessive amounts of chemical fertilisers and irrigation to
increase the economic income [4-6]. Furthermore, the excessive use of inorganic fertilisers
to meet plant nutritional needs and to increase productivity not only increases production
costs but harms environmental health, particularly the soil’s physicochemical properties.
However, unlike inorganic fertilisers, organic fertilisers provide the soil with organic matter
and nutrients, while also improving microbial activity and biodiversity. This has a positive
impact on several key parameters, including soil structure and nutrient cycling [7,8]. Or-
ganic amendments used to increase soil fertility contribute to plant growth by providing
essential nutrients to the soil and modifying its physical properties, such as aggregate
stability and porosity, thereby improving the plant root zone [9,10]. Worm compost is a
natural, eco-friendly fertiliser produced by the breakdown of organic matter through the
interaction of microorganisms and worms. It is used to increase the soil organic matter con-
tent and, consequently, its fertility [11]. Vermicompost is an effective soil conditioner due
to its nutrient-rich content, which includes magnesium, calcium, phosphorus, potassium,
and nitrates. It also supports soil microbial activity, increases water retention capacity, and
improves porosity. Its use has increased in recent years due to its ability to enhance plant
productivity and quality, as well as the growing awareness of organic agriculture [12-16].

Pepper (Capsicum annuum L.) is one of the world’s major greenhouse crops, cultivated
year-round in various regions, including the Mediterranean, and many other parts of the
world. It offers significant economic benefits and is commonly used in human nutrition,
both in its fresh and processed forms [17-21]. Various technical and managerial interven-
tions, including deficit irrigation, appropriate fertilisation, and crop selection, have shown
promise in increasing yields while using less water [22,23]. Several researchers have proved
that irrigation treatments during pepper growth significantly affect total yield [24-27].
Additionally, the positive effects of vermicompost applications on pepper productivity
have been reported in some previous studies [28,29]. In studies on irrigation levels and
vermicompost applications, Senyigit et al. [30] examined the irrigation water consumption
and yield parameters of basil plants grown in pots with four irrigation water levels and
three vermicompost doses. As a result, they recommended full irrigation (100%) and a
vermicompost dose of 100 kg da~! to reduce plant water consumption and to increase
yield in basil cultivation. It was also found that environmentally friendly production could
be achieved through its use as an organic fertiliser. Cogkan and Senyigit [31] investigated
the effects of lettuce plants on the uptake of certain micronutrients under polycarbonate
greenhouse conditions by testing five different irrigation water levels and two different
vermicompost doses. The results showed that vermicompost doses and water levels af-
fected micronutrient uptake. Furthermore, the study found that 75% irrigation resulted
in greater micronutrient uptake than full irrigation (100%). Demir [32] reported that the
highest lettuce yield was obtained with full irrigation (100%) and a 5% VC application
under greenhouse conditions. Llaven et al. [33] stated that the yield and characteristics of
bell peppers grown in soil amended with vermicompost were generally superior to those
grown in soil alone. Piri et al. [34] investigated the effects of different vermicompost doses
and irrigation levels on cucumber water use efficiency and yield parameters in a green-
house. They found that three levels of vermicompost and three levels of irrigation water
could significantly increase cucumber yield by affecting quality, yield, irrigation water use
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efficiency, and soil physicochemical properties. Furthermore, researchers reported that,
in addition to the common use of vermicompost, there are significant deficiencies in the
interaction between irrigation water and vermicompost across various plant products, and
they recommended that studies be conducted on this topic [30-34].

Previous studies have separately investigated the effects of irrigation levels and ver-
micompost doses on pepper yield [25,26,33]. Furthermore, while there are studies on the
combined effects of irrigation and vermicompost applications on the yields of different
plants (lettuce, basil, cucumber, etc.) [31,32,34], knowledge of the effects of these applica-
tions on the plant growth, quality, and water use efficiency of pepper plants is quite limited.
Therefore, the aim of this study is as follows: (1) to assess the effects of different irrigation
and vermicompost applications on the pepper plant growth and quality parameters; (2) to
investigate the effects of applications on crop water consumption, water use efficiency, and
the yield response factor; (3) to recommend the more suitable irrigation and vermicompost
dosage for producers growing in greenhouses.

2. Materials and Methods
2.1. Experimental Site and Description

To evaluate the growth parameters and quality characteristics of pepper plants under
varying irrigation water levels and vermicompost doses, an experiment was conducted in
a polycarbonate greenhouse at Kirsehir Ahi Evran University in Kirsehir, Turkey, in 2022.
Kirsehir has a semiarid climate and is located at 39°08' N, 34°07’ E, and 1082 m above sea
level. The average annual temperature is 11.5 °C and the average humidity is 63.0% [35].
The climate parameters measured inside and outside the greenhouse during the experiment
period are given in Table 1.

Table 1. Climate parameters of the experimental site.

Sensor Locations = Parameters May June July Aug.
. Tmean, °C 15.2 20.4 22.2 20.6
Outside
RHmean, % 61.2 59.5 51.0 51.6
) Tmean, °C 23.8 27.2 28.4 24.4
Inside
RHmean, % 47.0 52.3 41.5 58.6

Note: Trean: mean air temperature; RHpean: mean relative humidity.

Soil collected from a nearby field and vermicompost obtained from cow manure were
used as the plant growth medium in this study. This mixture was filled into 6.4 L pots. The
soil and vermicompost were sieved through a 2 mm sieve to remove large particles. The
wilting point and field capacity of the growing medium were determined to be 4.5% and
19.2%, respectively. The physical and chemical analyses of the soil and vermicompost are
given in Table 2.

The tap water used for irrigation in the experiment was classified as C2-S1 by the
USSL [36]. The results of the irrigation water quality analysis are presented in the Table 3.

2.2. Experimental Method and Crop Management

In the experiment, the plant material was the pepper variety C. annuum, cv. Mostar F1.
This study was conducted using a factorial arrangement design with three irrigation levels
and three VD doses in randomised plots with three replications (two pots per replication
and one plant per pot, for a total of 54 pots). The pepper seedlings, at 3—4 leaves, were
planted in the greenhouse on May 5th and harvested on August 8th, with a total growth
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period of 96 days. The growth stages for full irrigation (100% treatment) are presented
in Table 4.

Table 2. Physical and chemical analyses of the soil and vermicompost.

Properties Soil Vermicompost
Soil texture Sandy clay-loam (SCL)

Sand (%) 70.9

Clay (%) 21.08

Silt (%) 8.02

Bulk density (g cm™3) 1.27

pH 8.44 8.27
EC (uScm™1) 135.7 13300
CaCOs3 (%) 41.9 5.99
OM (%) 2.65 37.11
Available P,Os (kg da—') 8.70 379.42
Available K,0 (kg da~ 1) 72.0 3726.56

Table 3. Irrigation water parameters.

Anions, meq L1 Cations, meq L1
pH EC, dS m~1 SAR
Ca Mg K Na CO; HCO;Cl SO
7.70 0.62 28 120 005 140 O 5 03 03 1.40

Table 4. Dates of growth stages of the pepper plant.

Growth Stages of
Pepper Plant

VDO VD10 VD20

IL100 IL75 IL50 IL100 IL75 IL50 IL100 IL75 IL50

Planting

First Flowering

of pepper

Pepper fruit setting
First harvesting

of pepper

Last harvesting

of pepper

May5 Mayb5 Mayb5 Mayb5 Mayb5 Mayb5 Mayb5 May5 Mayb
May24 May25 May27 May22 May24 May25 May19 May20 May22
Jun. 5 Jun.7  Jun.10  Jun. 2 Jun. 6 Jun. 9 Jun. 1 Jun. 3 Jun. 8
Jul. 11  Jul. 13 Jul. 20 Jul. 9 Jul. 14 Jul. 18 Jul. 6 Jul. 10 Jul. 16

Aug.8 Aug.8 Aug. 8 Aug. 8 Aug. 8 Aug. 8 Aug. 8 Aug. 8 Aug8

In this experiment, the irrigation program was designed to replace the water lost
from the pot capacity to the plant on a daily basis. Accordingly, irrigation treatments
consisted of three levels: 100% (full irrigation, equivalent to 100% of the pot capacity),
75% (25% less water than full irrigation), and 50% (50% less water than full irrigation).
The irrigation level amounts were expressed as IL100, IL75, and IL50, respectively. In the
treatments, 3.5 kg of soil was placed in the pots. Vermicompost was then poured into the
seedling hole and mixed. The amount of vermicompost applied to the pots was calculated
on a weight-to-weight (w/w) basis. The vermicompost doses applied to the pots were
0% (control treatment), 10%, and 20% (w/w). The vermicompost doses were expressed as
VDO (no vermicompost), VD10, and VD20, respectively. In this study, vermicompost was
applied once at planting, and no other fertiliser was used.

2.3. Determination of the Irrigation Water Amount, Water Use Efficiency, and Yield
Response Factor

The amount of irrigation water to be applied for each treatment was calculated using
Equation (1), and evapotranspiration between two consecutive irrigations was calculated
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by using the water balance equation in Equation (2) [25,26], and plants were hand watered
at a daily interval.
IRW = [(IRWppc — IRWp)/pw] x Crr (1)

ET = IRW =+ (IRW,, — IRW,,,1) — R )

where IRW is the amount of applied irrigation water (L), IRWpgc is the pot weight (kg)
at the field capacity, W is the pot weight just before irrigation (kg), pw is the unit mass of
water (1 kg L), Crg is water application coefficient (100%, 75%, and 50%)), ET is the crop
water consumption (L pot_l), IRW,,, and IRW,,;; are the change water content between
two consecutive irrigations (kg), and R is the drainage water amount (L).

Water use efficiency (WUE) was estimated as total WUE (g L~1) and marketable WUE
(g L™1) using Equations (3) and (4) [19,37].

TWUE = (TY/ET) 3)

MWUE = (MY/ET) (4)

where the Total WUE (TWUE) was calculated as the ratio of the total yield (g pot~!) to
the total water applied to the plant (L pot_l) and the marketable WUE (MWUE) was
determined as the ratio of the marketable yield (MY) (g pot™!) to the total water applied to
the plant (L pot™!).

In this study, the yield response factor (ky), representing the proportional decrease in
yield with decreasing plant water consumption, was determined using Equation (5) [19].

Y, ET,
(=35 =k - 55) ®)

where Y, is the actual yield (g pot™!), Yp, is the maximum yield from full irrigation (g pot 1),
ET, is the actual evapotranspiration (L pot!), ETp, is the maximum evapotranspiration
from full irrigation (L pot~!), and ky is the yield response factor indicating a decrease in
yield concerning the per-unit decrease in ET.

2.4. Soil and Water Analyses

The analysis of the soil samples involved determining the size distribution of the soil
particles using a hydrometer [38]. Soil bulk density was determined as reported by [39].
The weight of the pots after draining excess water, which had been filled with water and
covered, was measured to determine the field capacity [25,26]. Using a pH meter, the soil
response (pH) values were obtained from a 1: 5 (w/v, water/soil) soil-water suspension;
an EC meter (with Eutech PC 700, Thermo Fisher, Waltham, MA, USA) was used to identify
the soil electrical conductivity (EC 25 °C) from the same soil-water suspension [40]. Lime
content was measured using the Scheibler calcimeter (Gabbrielli, Calenzano, Toscana, Italy),
as described by [41], available phosphorus (P) contents were measured with extraction
with 0.5 M (sodium bicarbonate) NaHCOj at pH 8.5, as described by [42], and available
potassium (K) was measured from (ammonium acetate) NH;sOAc (pH, 7.0) extract, as
described by [43]. The organic matter (OM) content was determined using the modified
Walkley—Black method, as reported by [44].

The analysed irrigation water was characterised by its water reaction (pH) and electri-
cal conductivity (EC), as measured using a Eutech PC 700, as reported by [36]. Mg, Na, and
K values were determined by direct reading using an Agilent 240 AA atomic absorption
spectrometer (Agilent Technologies, Santa Clara, CA, USA), as reported by [36]. Ca values
were found by direct reading using a JENWAY /PFP7 flame photometer (Jenway, Mortdale,
Australia), as reported by [36]. CO3; and HCO3 were determined using sulfuric acid titra-
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tion, as reported by [36]. Cl was specified using the Mohr method (silver nitrate titration),
as reported by [36]. SO4 was determined by the barium chloride method using the Thermo
Scientific™ GENESYS™ 10S UV-Vis Spectrophotometer (Thermo Fisher, Waltham, MA,
USA), as described by [45]. The sodium adsorption rate (SAR) was calculated, as described
by [36].

2.5. Plant Growth and Quality Measurements and Analyses

Harvests began on day 45 after planting, when the fruits reached a certain size,
colour, and maturity, and continued until day 96, the end of the experiment. Plant growth
parameters were measured by taking two plants from each replicate at the end of harvest.
Pepper stem diameter and height were measured using a digital calliper (with £0.1 mm
sensitivity). The number of leaves was counted on each plant (by counting). Root and stem
fresh and dry weights were measured using an electronic scale (+-0.05 g sensitivity). The
stem and root samples were weighed before and after drying in an oven at 650C until it
reached a constant weight

For the pepper quality analyses, a total of 15 fully ripe fruits were randomly se-
lected for each treatment. Pepper width, length, and fruit flesh thickness were measured
using a digital calliper (£0.1 mm sensitivity); fruit weight (g) was measured using an
electronic scale (£0.005 g sensitivity). The sample’s juice was obtained using an extrac-
tor and used in the analyses. All quality analyses samples were performed twice. Total
soluble solids (TSS) was measured using a digital refractometer as °Brix (with Hanna HI
96801, Woonsocket, RI, USA), pH was measured using a pH tester (with Hanna, HI 9321,
Woonsocket, RI, USA), titratable acidity (TA) was measured using the titration method
0.1 N NaOH up to an endpoint of pH 8.1. Colour was measured using a colourimeter
(Konica Minolta CR-410, Osaka, Japan).

Total and marketable yields (g pot 1) were determined using the total weight of the
harvested fruits and weighed using an electronic scale (with £0.05 g sensitivity). Mature
green fruit were harvested twice and graded according to the Ttirkiye standards [46] as
marketable or non-marketable: marketable fruit (hard, crisp, smooth, and free of various
damages) and unmarketable fruit (cracked, damaged, and infected). All harvested yields
were included in the total yield, and only the marketable yields were included in the
marketable yield.

2.6. Statistical Analysis

Pepper growth parameters, quality characteristics, and yield were subjected to vari-
ance analyses (ANOVA). The means of these characteristics were used to test for statistically
significant (p < 0.05) differences between the irrigation and vermicompost doses and were
compared using Duncan’s multiple range test in SPSS 15.0.

3. Results and Discussion
3.1. Plant Growth Parameters of Pepper

Plant growth parameters are crucial for achieving the optimal yield and yield compo-
nents in pepper plants. The effects of the irrigation level and vermicompost dose on pepper
plant growth parameters are presented in Table 5.
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Table 5. Plant growth parameters of pepper.

'Stem Plfmt Number of Stem Fresh  Stem Dry  Root Fresh  Root Dry
Treatments Diameter Height Leaves . . . .
(mm) (cm) (Pieces) Weight (g)  Weight(g)  Weight (g) Weight (g)
IL50-VDO 6.44 27.3¢ 56.2 € 3524 21.8¢ 35.1 de 23.6P
IL75-VDO0 6.7 ¢d 31.74d 482°¢ 35.44d 23.2¢ 320¢ 19.1¢
IL100-VDO 7.0 cd 3234 37.2f 33.74d 25¢ 32.9de 14.04
IL50-VD10 6.8 cd 35.2¢d 83.7°¢ 58.1°¢ 26.74 43.7 ¢ 24.4P
IL75-VD10 8.6ab 415P 81.8¢ 75.0 P 309Pb 52.3 b 27.24
IL100-VD10 8.82 48.02 72.34d 62.5¢ 28.7°¢ 57.14 19.0 ¢
IL50-VD20 7.1 ¢d 38.7 be 943b 80.9P 29.0°¢ 38.6 cde 220P
IL75-VD20 8.4 ab 4702 108.0 2 100.1 2 3282 45.5 be 243b
IL100-VD20 7.6 be 39.7 be 96.8P 55.6 ¢ 252°¢ 39.8 «d 1464
IL *% *% *% *% X% NS *3F
VD *% *3% *% *F *% *F *%
IL X VD *% *F *% *F *% * *%

Note: *, ** significant at the 0.05 and 0.01 level, respectively; NS, not significant. Mean values within columns
followed by the same letter are not significant (p > 0.05).

In this study, the highest stem diameter of 8.8 mm was observed in the IL100-
VD10 treatment, while the lowest diameter of 6.4 mm was observed in the IL50-VDO0
treatment, corresponding to nearly 72.7% of the maximum stem diameter (Table 5). Ac-
cording to the stem diameter values obtained for the treatments, the stem diameter was
statistically significantly affected by IL, VD, and their interaction (p < 0.01). In studies
on plant stem diameter, Gutiérrez-Miceli et al. [47] reported that different vermicompost
doses increased the stem diameter in tomatoes compared with the control treatment. Boy-
ac1 et al. [48] found that the stem diameter increased with increasing irrigation levels in
peppers. Moreover, in a previous study, Boyaci et al. [49] reported that increasing IL and
VD increased the plant stem diameter values in tomatoes. In this study, the stem diameters
of stressed plants decreased due to low water levels and insufficient fertiliser. Increasing IL
and VD in the treatments resulted in higher plant stem diameter values.

In this experiment, the highest plant height of 48.0 cm was observed in the IL100-
VD10 treatment, while the lowest height of 27.3 cm was observed in the IL50-VDO0 treatment,
corresponding to approximately 56.9% of the maximum plant height (Table 5). The plant
height values were significantly affected by IL and VD doses, as well as their interactions
(p < 0.01). EL-Mogy et al. [50] examined the effects and interactions of compost, biochar,
and vermicompost on the vegetative growth measurements of pepper plants. They found
that the highest plant height was measured with the vermicompost applications. Boyac1
etal. [48] and Yamin Kabir et al. [51] investigated various irrigation levels and found that the
height of pepper plants increased with increasing irrigation levels. Piri et al. [34] determined
that irrigation water, vermicompost, and irrigation water x vermicompost interactions were
effective on plant height in cucumber (p < 0.01). Alaboz et al. [52] found that irrigation
significantly affected plant height in peppers (p < 0.01), as well as vermicompost and the
interaction between irrigation and vermicompost (p < 0.05). This study demonstrated that
increasing IL and VD resulted in increased plant height. Increasing irrigation water and
vermicompost doses likely increased the rate of photosynthesis. This stimulated vegetative
growth, leading to increased plant height.

For the plant leaves, while the highest number of plant leaves, 108.0 pieces, was
obtained in the IL100-VD10 treatment, the lowest number of leaves, 37.2 pieces, was
obtained in the IL50-VDO0 treatment, which is nearly 34.4% of the maximum number of
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plant leaves (Table 5). EL-Mogy et al. [50] examined the effects and interactions of compost,
biochar, and vermicompost on the vegetative growth measurements of pepper plants. They
found that the highest number of leaves was achieved with the vermicompost application.
Boyaci et al. [48] stated that the number of pepper plant leaves increased with increasing
irrigation levels. The results obtained in this study, similar to those for stem diameter and
plant height, indicate that increasing IL and VD doses stimulated vegetative growth and
increased plant leaf counts.

For the plant stem, while the highest stem fresh weight of 100.1 g was obtained in the
IL75-VD20 treatment, the lowest weight of 33.7 g was obtained in the IL100-VDO treatment,
which is nearly 33.5% of the maximum stem fresh weight (Table 5). In this study, the
amount of water draining from the pot decreased due to moderate water stress in the IL75-
VD20 application. Furthermore, the high level of fertiliser increased the water-holding
capacity, resulting in increased nutrient uptake by the plant. This is thought to have
contributed to the development of the plant’s stem and increased fresh weight. Additionally,
while the highest stem dry weight of 32.8 g was obtained in the IL75-VD20 treatment, the
lowest weight of 21.8 g was observed in the IL50-VDO treatment, which is nearly 66.5%
of the maximum stem dry weight (Table 5). For the plant root, while the highest root
fresh weight of 57.1 g was obtained in the IL100-VD10 treatment, the lowest weight of
32.0 g was obtained in the IL75-VDO0 treatment, which is nearly 56.0% of the maximum
stem fresh weight (Table 5). Additionally, while the highest stem dry weight of 27.2 g was
obtained in the IL75-VD10 treatment, the lowest weight of 14.0 g was obtained in the IL100-
VDO treatment, which is nearly 51.5% of the maximum stem dry weight (Table 5). The
treatments and the stem wet and dry weight values were statistically significantly affected
by IL, VC, and their interactions (p < 0.01). The treatments, the root fresh weight effect
of VC (p < 0.01) and IL x VD interactions (p < 0.05), and root dry weight values were
statistically significantly affected by IL, VC, and their interactions (p < 0.01). The growth
parameters of leaves, stem diameter, and root weight decreased under water-limited
conditions [53,54]. Alaboz et al. [52] reported that pepper fresh root weight was affected
by irrigation (p < 0.01), while vermicompost and vermicompost x irrigation interactions
were found to be insignificant (p > 0.05). Najar et al. [55] reported that, in vermicompost
applications, the dry root weight of eggplants increased. The findings of this research
showed that the fresh and dry weights of the stems and roots were affected by IL and VD.

3.2. Quality Parameters of the Pepper

The quality parameters of the pepper fruit for various irrigation and vermicompost
treatments are given in Table 6.

The highest fruit width of 23.5 mm was obtained in the IL100-VD20 treatment, and the
lowest width of 17.0 mm was observed in the IL50-VD20 treatment, which is nearly 72.3% of
the maximum of the fruit width (Table 6). Fruit width values showed statistically significant
differences (IL, p < 0.01) affected by the interaction between irrigation and vermicompost
(p < 0.05). Vermicompost doses did not affect fruit width (p > 0.05). Moreover, the highest
fruit length of 17.8 mm was obtained in the IL100-VD20 treatment, and the lowest length of
12.7 mm was obtained in the IL50-VD20 treatment, which is nearly 71.3% of the maximum
fruit length (Table 6). According to the fruit length values obtained for the treatments, the
effects of IL, VD doses, and the interaction between irrigation and vermicompost on fruit
length were statistically significant (p < 0.01). EL-Mogy et al. [50] examined the effects and
interactions of compost, biochar, and vermicompost on the fruit quality measurements of
pepper fruits. They found that the highest fruit width and length were achieved when
vermicompost was applied. Piri et al. [34] determined that irrigation and vermicompost
were effective on the fruit width and length in the cucumber (p < 0.01), and the interaction
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of irrigation and vermicompost affected fruit width (p < 0.05) and fruit length (p < 0.01).
This study found that the fruit width and length were affected by the IL and the VD.

Table 6. Effects of different treatments on quality parameters of the pepper fruit.

. . . . . Fruit Flesh
Treatments Fruit Width  Fruit Length = Fruit Weight Thickness pH "lo"A oTS:S Chrome Hue ()
(mm) (mm) (g) (mm) (%) (°Brix)
IL50-VDO 17.3¢ 14.9 bed 10.0¢ 2.6bc 57ab 122 544 38.0°¢ 116.7 ¢
IL75-VDO0 19.1 be 13.6de 11.8bc 20¢ 573 102 522 427bc 121 6abc
IL100-VDO 18.0¢ 13.1de 13.1 be 2.5bc 58ab 11a 424d 4553 117.3bc
IL50-VD10 17.3¢ 13.9 cde 12.6bc 2.3be 592 102 48Pb 3154 124,62
IL75-VD10 19.7 be 15.7 be 16.4P° 2.7ab 58ab 092 424 3164 12452
IL100-VD10 21.9ab 16.4 3P 2302 324 57ab  pga 404 50.02 118.3 be
IL50-VD20 17.0¢ 12.7¢ 12.5 be 2.40bc 57ab 092 5.3P 25.64 125.82
IL75-VD20 184°¢ 15.6 be 16.8P 2.1 be 563 092 49b 2654 122.7 @b
IL100-VD20 2352 17.82 26.72 2.5 be 55 092 45¢ 46.43b 1211 abc
IL *3% *3% *3% * NS *% *% *% *
VD NS %% %% % * %% %% %% %%
IL x VD * ¢ * NS NS #¢ o o NS

Note: *, ** significant at the 0.05 and 0.01 level, respectively; NS, not significant. Mean values within columns
followed by the same letter are not significant (p > 0.05).

In this experiment, the highest fruit weight of 26.7 g was obtained in the IL100-
VD20 treatment, and the lowest weight of 10.0 g was achieved in the IL50-VDO0 treatment,
which is nearly 37.5% of the maximum fruit weight (Table 6). The effects of IL and VD on
fruit weight were significant (p < 0.01). The effect of the interaction between irrigation and
vermicompost on fruit weight was not significant (p > 0.05). EL-Mogy et al. [50] investigated
the effects of compost, biochar, and vermicompost on fruit quality measurements of pepper
fruits. They found that the highest fruit weight was achieved when vermicompost was
applied. Furthermore, Piri et al. [34] determined that the effect of irrigation level, VC
doses, and interaction between irrigation and vermicompost on cucumber fruit weight was
statistically significant (p < 0.05). This study found that fruit weight was affected by IL
and VD.

In this study, the highest fruit flesh thickness of 3.2 mm was obtained in the IL100-
VD10 treatment, and the lowest thickness of 2.0 mm was obtained in the IL75-VDO treat-
ment, which is nearly 62.5% of the maximum fruit flesh thickness (Table 6). According
to fruit flesh thickness values, the effect of irrigation level and VD doses on fruit flesh
thickness was significant (p < 0.05). Determining the firmness of fruit flesh is an important
criterion for preventing damage that may occur during storage and transportation [56].
EL-Mogy et al. [50] found that the highest fruit flesh thickness was achieved with vermi-
compost application while examining the effects and interactions of compost, biochar, and
vermicompost. Moreover, Boyaci et al. [48] reported that pepper fruit flesh thickness was
affected by irrigation level and was statistically significant (p < 0.01). Similarly, this experi-
ment found that fruit flesh thickness tended to increase with increasing IL and decrease
with decreasing IL.

As a result of this study, the highest pH of 5.9 was obtained in the IL50-VD10 treatment,
the lowest pH of 5.5 was found in the IL100-VD20 treatment, which is nearly 93.2% of the
maximum pH (Table 6). Low pH values typically indicate sour fruits in quality analyses [57].
Boyaci et al. [49] reported that the interaction between irrigation and vermicompost had no
significant effect on tomato pH values (p > 0.05). Pepper fruits with low pH values indicate
higher citric acid levels, which are beneficial for human consumption [58]. Additionally,
fruit with low pH is more suitable for ripening and also improves shelf life [59]. The rational
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use of nutrients is crucial for achieving high productivity and nutritional quality [60].
Similarly, this experiment found that VD had a significant effect on the pH.

In this study, the highest titratable acidity (TA) of 1.2 was obtained in the IL50-
VDO treatment, and the lowest TA of 0.8 was obtained in the IL100-VD10 treatment,
which is nearly 66.7% of the maximum TA (Table 6). The effects of IL, VD, and the interac-
tion between irrigation and vermicompost on TA were statistically significant (p < 0.01).
Low acidity values measured in fruit quality analyses indicate sweet fruits [57]. Previous
research findings have shown that TA decreases as the irrigation level increases [48,61].
EL-Mogy et al. [50] demonstrated that high titratable acidity was achieved through ver-
micompost application. Also, Martins et al. [62] stated that an increase in TA (titratable
acidity) parameters in fruits under water deficit is generally attributed to the loss of water
by the fruit. Similarly, in this study, lower water levels were associated with higher TA
levels. The results showed that the effects of IL and VD were important on titratable acidity.
Gierson and Kader [63] stated that the higher the sugar-to-acid ratio (TSS/TA) of a fruit,
the better its flavour. This study found that increasing the fertiliser doses increased the
TSS/TA ratio, contributing to the formation of sweet pepper fruits.

In this experiment, the highest total soluble solids (TSS) of 5.4 was obtained in the IL50—
VDO treatment, and the lowest TSS of 4.0 was obtained in the IL100-VD10 treatment, which
is nearly 74.1% of the maximum TSS (Table 6). According to the TSS values obtained for the
treatments in this study, the effects of IL, VD, and its interactions on TSS were statistically
significant (p < 0.01). Llaven et al. [33] stated that the addition of vermicompost increased
the TSS in pepper fruits compared to the control treatment. EL-Mogy et al. [50] found
that the highest TSS was achieved with the vermicompost application when considering
the compost, biochar, and vermicompost treatment. Although decreasing irrigation levels
increased the TSS in peppers, the TSS decreased as irrigation levels increased [49,64]. In
this study, lower water levels were associated with increased TSS levels. This is because
the decreasing water availability in the environment reduced the water intake of the
pepper fruits. In addition, declining water levels in the environment increase soil nutrient
concentrations, thereby decreasing the solution’s osmotic potential. This hindered the
plants’ ability to absorb water, leading to an increase in the TSS. However, as water levels
rose and soluble fertiliser intake increased, the TSS value decreased.

For the chrome, the highest value of 50.0 was obtained in the IL100-VD10 treatment,
and the lowest value of 25.6 was in the IL50-VD20 treatment, which is nearly 51.2% of
the maximum chrome value (Table 6). Moreover, the highest hue (°) value of 125.8 was
obtained in the IL50-VD20 treatment, and the lowest hue (°) of 116.7 was obtained in the
IL50-VDO treatment, which is nearly 92.8% of the maximum hue. Fruit colour is one of
the most significant fruit quality parameters affecting fruit attractiveness [65]. Goel and
Kaur [66] reported that the fruits of tomato plants receiving 15%, 30%, and 45% vermi-
compost doses were better in colour than those of plants in the control. Boyaci et al. [49]
showed that treatments involving the interaction between irrigation and vermicompost
affected tomato fruit colour (p < 0.01). This study found that increasing irrigation level and
vermicompost dose treatments generally increased the lightness value, resulting in brighter
pepper fruit. These treatments also increased the hue (°) value, resulting in greener pepper
fruit. Accordingly, increased IL and VD doses affected the colour and vitality of the pepper.

3.3. Water Consumption Amount and Yield Relationships

Effective water management is crucial at every stage of plant development, as irriga-
tion water use significantly impacts fruit set and quality. The effects of different treatments
on irrigation water amount and water—yield relations are presented in Table 7.
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Table 7. Effects of different treatments on irrigation water amount and water—yield relations.
Treatments ET (L) TY (g pot1) MY (g pot~1) TWUE (gL-1) MWUE (g L)
IL50-VDO 15.4h 55.2¢€ 39.6¢ 3.6P 26¢
IL75-VDO0 18.7 f 71.8 de 61.1de 3.8P 33¢
IL100-VDO 21.6¢ 8g8.7d 76.0 d 41b 3.5bc
IL50-VD10 1758 91.04 78.9 d 522 454b
IL75-VD10 232°¢ 123.3¢ 1104 ¢ 532 482
IL100-VD10 2782 152.2 ab 137.8 b 552 502
IL50-VD20 17.28 95.0d 83.7 d 552 492
IL75-VD20 2234 130.5 be 118.5 be 592 532
IL100-VD20 26.8P 164.52 149.82 6.12 562
IL *o *% X% NS NS
VD *% *% *% *% *%
IL x VD # NS NS NS NS

Note: ** significant at the 0.01 level, respectively; NS, not significant. Mean values within columns followed by
the same letter are not significant (p > 0.05).

In this study, the highest amount of water (ET) was 27.8 L in the IL100-VD10 treat-
ment, and the lowest was 15.4 L in the IL50-VDO0 treatment, which is nearly 55.4% of the
maximum irrigation water amount (Table 7). Previous studies on the water content in
pepper, conducted by Demir [32], found that a 5% vermicompost application increased
the soil’s field capacity and, therefore, its usable water-holding capacity compared to the
control treatment. Organic matter supplements increase the water-holding capacity of
the soils [67]. Senyigit et al. [30] found that increasing the vermicompost dose reduced
the need for irrigation water, thereby reducing water consumption. Appropriate soil con-
servation strategies and the use of organic materials can significantly increase soil water
retention, optimising water and soil management. This improves the nutrient uptake by
plants and increases agricultural water efficiency with the same amount of water input [1].
Similarly, in this experiment, the highest water consumption was achieved with IL100-
VD10 (27.8 L) under full irrigation, followed by IL100-VD20 (26.8 L). Accordingly, the
total water consumption in the IL100-VD20 treatment decreased by approximately 3.6%
compared to the IL100-VD10 treatment, because higher vermicompost doses increased the
soil’s water-holding capacity.

In this study, the highest total yield of 164.5 g pot~! was produced in the IL100-
VD20 treatment, while the lowest total yield of 55.2 g pot~! was obtained in the IL50~
VDO treatment, which is nearly 33.6% of the maximum total yield (Table 7). The yield
increase in the highest-yielding treatment, IL100-VD20, was 7.5% greater than in the second-
highest-yielding treatment, IL100-VD10. Additionally, while the highest marketable yield
of 149.8 g pot~! was achieved in the IL100-VD20 treatment, the lowest marketable yield
of 39.6 g pot~! was obtained in the IL50-VDO treatment, which is approximately 26.4%
of the maximum marketable yield. Moreover, this study showed that the yield increase
in the treatment with the highest marketable yield, IL100-VD20, was 8% greater than in
the second-highest-yielding treatment, IL100-VD10. Additionally, comparing the IL75V-
D10 and IL75-VD20 treatments, increasing the vermicompost dose from 10% to 20% at
the 75% water level resulted in a 3.9% reduction in water consumption and a 5.5% and
6.8% increase in total and marketable yields, respectively. Furthermore, comparing the
IL100-VD10 and IL100-VD20 treatments, increasing the vermicompost dose from 10% to
20% at the 100% water level resulted in a 3.6% reduction in water consumption and a 7.5%
and 8.0% increase in total and marketable yields, respectively. Additionally, comparing
the IL75-VD10 and IL100-VD10 treatments, increasing water levels from 75% to 100% in
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the 10% vermicompost dose resulted in a 16.5% increase in water consumption and total
and marketable yields increased by 19.0% and 20.2%, respectively. Moreover, comparing
IL75-VD20 and IL100-VD20 treatments, increasing the water level from 75% to 100%
with a 10% vermicompost dose resulted in a 16.8% increase in water consumption, but
total and marketable yields increased by 21.0%. In studies on total yield, Demir [32]
found that vermicompost, irrigation level, and the interaction between vermicompost
and irrigation level significantly affected lettuce yield, while Alaboz et al. [52] found
that irrigation significantly affected yield in pepper (p < 0.01), whereas vermicompost
and the interaction between irrigation and vermicompost were not significant (p > 0.05).
The positive relationship between irrigation intensity and quality features highlights the
importance of water availability in facilitating optimal physiological processes in plants
and nutrient uptake. Water is the primary means by which nutrients circulate in plants,
and reserve substances are deposited in fruits [68]. Oliveira et al. [60] stated that nutritional
balance in plants is important for producing high-quality fruit, and that nutrition plays a
significant role in determining the fruit’s size, shape, colour, and flavour. The findings in
this study demonstrate that higher irrigation levels enhance the efficiency of vermicompost
and crop yield.

The necessity for strategic water management is becoming increasingly imperative
on a global scale. One of the most promising ways to balance escalating food needs with
sustainable water use is to enhance water productivity, which is defined as the ratio of
crop yield to water consumed [69]. In this study, the highest total WUE of 6.1 g L~! was
obtained in the IL100-VD20 treatment. Moreover, the lowest total WUE of 3.6 g L~! was
obtained in the IL50-VDO treatment, which is nearly 59% of the maximum total WUE
(Table 7). Also, the highest marketable WUE of 5.6 g L—1 was obtained in the IL100-
VD20 treatment, and the lowest marketable WUE of 2.6 g L—1 was obtained in the IL50-
VDO treatment, which is about 46.4% of the maximum marketable WUE (Table 7). These
findings indicate that VD affects the pepper’s total WUE and marketable WUE values, and
these results are consistent with those of previous studies. Water use efficiency is a parame-
ter that indicates the suitable use of water in regions with limited water resources [70,71].
Aladenola and Madramootoo [72] found that the highest WUE was obtained with 120%
ETc, while the lowest WUE was obtained with 40% ETc. Also, water use efficiency followed
the same trend as fruit marketable yield. Nazarideljou and Heidari [53] found that, for the
Dreamland Red plant, the highest WUE was achieved at a 70% irrigation level and 2.5%
VC treatment, while the lowest WUE was observed at a 40% irrigation level and 0% VC.
In this study, the highest total and marketable WUE were observed for the IL100-VD20
treatment (6.1 and 5.6 g L™, respectively). Water is crucial for maintaining horticultural
productivity; however, the changing climate is challenging the economic viability and
environmental sustainability of horticulture due to its high water use requirements and
declining water supplies [73]. Although the yield under IL75-VD20 was slightly lower than
full irrigation, its higher WUE makes it more suitable for water-limited regions. However,
applying IL75-VD20 (5.9 and 5.3 g L 1) in regions with water shortages and applying 100~
VD10 (5.5 and 5.0 g L—1) in regions with high fertiliser costs may yield advantageous
outcomes in maintaining a balance between water and yield.

In this experiment, the effect of different treatments on the yield response factor is
presented in Figure 1.

It can be shown that the field response factor (ky), which represents the proportional
decrease in pepper yield in response to relative plant water consumption, was determined
for total yield (Tky) and marketable yield (Mky). The total yield response factor (Tky) was
found to be 1.41 (R?= 0.84), and the marketable yield response factor (Mky) was found to be
1.50 (R% = 0.83). Doorenbos and Kassam [19] stated that, under limited water conditions, the
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crop with ky > 1 would lose more yield than the crop with ky < 1. The total and marketable
yield response factor values obtained in this study, being greater than 1, indicate that the
plant is sensitive to a unit water deficit. Proper irrigation management in greenhouses
is crucial for mitigating water stress and enhancing product quality and economic effi-
ciency [74,75]. The ky value obtained in this study was lower than the 1.66 reported by
Unliikara et al. [26] and the 1.12 reported by Yilmaz and Kusgu [75]. For the total yield, it
was 1.14; for the marketable yield, it was 1.25, as reported by Boyaci et al. [48]. Researchers
have found that the ky value is an important indicator of water use in relation to crop yield
and production [30,48,76]. The yield response factor is considered high because it varies
according to cultivation location, plant species, plant variety, and irrigation method [77].
Furthermore, the found ky value indicated that the rate of yield decrease was propor-
tionally higher than the evaporation deficit. While deficit irrigation under greenhouse
conditions can cause significant decreases in pepper yield, maintaining appropriate irriga-
tion water levels can result in substantial yield increases. In conclusion, the yield response
factor, which represents the relative decrease in pepper yield with increasing relative plant
evapotranspiration, can be used to optimise water use efficiency in greenhouse-grown

pepper plants.
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Figure 1. Effect of different treatments on the yield response factor.

4. Conclusions

Pepper production, plant growth parameters, quality, total and marketable yield,
and total and marketable water use efficiency were significantly affected by irrigation
and vermicompost levels. The highest water consumption was achieved with IL100-
VD10 (27.8 L), under full irrigation, followed by IL100-VD20 (26.8 L). Accordingly, total
water consumption in the IL100-VD20 treatment decreased by approximately 3.6% com-
pared to the IL100-VD10 treatment, while total and marketable yields increased by 7.5%
and 8%, respectively. Furthermore, comparing the IL100-VD20 treatment, which achieved
the highest yield under 100% irrigation, with the IL75-VD20 treatment, which achieved the
highest yield under 75% irrigation, showed that water consumption increased by 16.8%,
while total and marketable yields increased by 21.0%. Full irrigation with 20% vermicom-
post achieved the highest yield, whereas 75% irrigation with 20% vermicompost improved
water use efficiency, making it more suitable for water-limited areas. In conclusion, an
appropriate irrigation and fertilisation program improves the yield and yield components
in greenhouse pepper cultivation, enabling higher yields per unit area. The results of
this study will help producers optimise water levels and vermicompost application rates.
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Furthermore, future research should explore multi-season trials and economic optimisation
under different soil types.
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