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Abstract: The crisis experienced from the water supply causes food production to be adversely affected in the agriculture sector, which is the biggest
consumer of water. The deficit irrigation strategy ensures the continuity of food production as well as using water effectively. However, since the plant
grown in this strategy is exposed to abiotic stress, it experiences significant yield and quality losses. For this reason, it is necessary to develop approaches
to improve yield and quality losses of the plant grown with deficit irrigation. In this study, the physical and physiological properties and mineral content
of curly lettuce (Lactuca sativa L. var. Crispa) grown by applying different rates of biochar to the soil (0%, 1%, 2%, 3%) with varying irrigation water levels
(100%, 67%, 33%) researched. The study determined that decreasing irrigation water level decreased plant height, stem diameter, number of leaves, root
wet and dry weights, plant weight, chlorophyll and leaf relative water contents, stomatal conductivity and N, P, K, Ca, Mg, Na, Fe, Cu, Mn and Zn
contents of curly lettuce, while increasing the membrane damage index, but the physical and physiological properties and mineral content affecting the
yield and quality of curly lettuce improved with increasing biochar rates. In the study, as a result of the emergence of the highest stress factor in irrigation
at 33% level, it was observed that physical and physiological properties and mineral content of curly lettuce were affected at the highest level, and the
dose of biochar, which managed the stress most effectively, was 3%. As a result, considering that biochar has an important potential to improve yield
and quality losses of curly lettuce grown under deficit irrigation conditions, the use of biochar in the deficit irrigation regime were found to be
recommendable.
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Oz: Su arzindan yasanan kriz suyun en biiyiik tiiketicisi olan tarim sektdriinde gida iiretiminin olumsuz etkilenmesine neden olmaktadir. Kismtil
sulama stratejisi suyu etkin kullanmanin yan sira gida tiretiminin stirekliligini de saglamaktadir. Ancak bu stratejide yetisen bitki abiyotik strese maruz
kaldig1 igin 6nemli verim ve kalite kayiplar1 yasamaktadir. Bu nedenle kisintili sulamayla yetistirilen bitkinin verim ve kalite kayiplarini iyilestirmeye
yonelik yaklagimlarin gelistirilmesi gerekmektedir. Bu ¢alismada degisen sulama suyu seviyeleriyle (% 100, % 67 ve % 33) topraga farkli oranlarda
biyocar uygulanarak (% 0, % 1, % 2 ve % 3) kivircik marulun (Lactuca sativa L. var. Crispa) fiziksel ve fizyolojik ozellikleri ile mineral madde igerigi
arastirilmistir. Calisma azalan sulama suyu seviyesinin kivircik marulun bitki boyunu, gévde ¢apini, yaprak sayisini, kok yas ve kuru agirliklarim ve
bitki agirhgini, klorofil ve yaprak bagil su igeriklerini, stoma iletkenligini ve N, P, K, Ca, Mg, Na, Fe, Cu, Mn ve Zn igeriklerini azaltirken membran
zararlanma indeksini artirdigini ancak kivircik marulun verim ve kalitesini etkileyen fiziksel ve fizyolojik 6zellikleri ile mineral madde igeriginin artan
biyocar oranlariyla gelisim gosterdigini belirlemistir. Calismada % 33 seviyesinde sulamada en yiiksek stres faktoriiniin ortaya ¢tkmasi sonucunda
kivircik marulun fiziksel ve fizyolojik 6zellikleri ile mineral madde igeriginin en yiiksek seviyede etkilendigi ve stresi en etkili yoneten biyogar dozunun
ise % 3 oraninda gergeklestigi goriilmiistiir. Sonug olarak kisintili sulama kosullarinda yetistirilen kivirckk marulun verim ve kalite kayiplarini
iyilestirmeye yonelik biyocarn &nemli bir potansiyelinin oldugu dikkate alinarak kisintili sulama rejiminde biyocarin kullanimi 6nerilebilir olarak
bulunmustur.
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INTRODUCTION

Agriculture, which is the largest consumer of the world's freshwater use, is struggling to meet its food
needs in the face of increasing population and global warming (Chai et al., 2016). While more food
production is required to meet the demand of the increasing population, the increase in plant water
consumption with the increasing severity of global warming reveals the need for more water. However,
although water has a renewable character, it is actually a limited natural resource. While it is not possible
to increase the amount of freshwater, the increasing population and global warming also lead to a
significant reduction in the amount of existing freshwater resources by polluting them. It is predicted that
the world population will increase by 30% in 2050 year (Godfray et al., 2010), and it is stated that water
resources and agricultural areas should be increased by 53% and 38%, respectively, to meet the food
demand of this increasing population (Mancosu et al., 2015). Currently, 2.5 billion people have problems
accessing water of suitable water quality (Schiermeier, 2014), and it is estimated that more than 20% of the
world's population may face water scarcity in the near future (Girones et al., 2010).

It is certain that the crisis in water supply has affected the agricultural sector on the largest scale. Imbalances
in food production in the agricultural sector, which is affected by insufficient water resources, cause food
security and food crisis risks to accelerate (Kang et al., 2017). For this reason, irrigation in agricultural
production should be managed more effectively and food production should be continued with less water
input. Deficit irrigation, in which less than the amount of water needed by the plant is supplied to the plant,
ensures continuity in production, especially in regions where water resources are insufficient. In addition,
deficit irrigation, which reveals the possibility of opening more areas to irrigation with the amount of water
that is restricted from here, is considered as a food production model that provides significant water
savings in agricultural production (Chai et al., 2014). However, it is inevitable that the cellular and
physiological functions of the plant, which is experiencing water stress, are negatively affected by deficit
irrigation, resulting in a decrease in yield and quality (Chai et al., 2016). For this reason, it is necessary to
make improvements with practical approaches to compensate for the yield and quality losses in plants
grown with the deficit irrigation regime.

The biochar material with a coaly structure, which is formed as a result of the thermal decomposition of
the biomass by pyrolysis at high temperatures under limited oxygen conditions, is a good soil conditioner.
Biochar, an environmentally friendly material, increases the carbon stocks in the soil with its rich organic
carbon content, both regulating soil fertility and saving water by improving the water holding capacity of
the soil (Yang et al., 2020). In addition, the porous structure and spongy nature of the biochar reveal the
effective management of irrigation water by storing more water within it (Ahmad et al., 2014). Biochar
makes important contributions to the improvement of soil fertility by providing nutrients to the soil and
increasing the availability of nutrients (Zhu et al., 2017). Biochar, which increases the surface area of the
soil and improves the cation exchange capacity, supports the improvement of plant yield and quality by
retaining nutrients and water in the soil (Egamberdieva et al., 2017). Plants that face various biotic and
abiotic stresses can overcome these stress conditions more easily with biochar (Semida et al., 2019). All
these superior characteristics of biochar have brought it to the forefront as a practical organic material that
regulates soil water and increases water use efficiency in arid conditions.

Since vegetables are very sensitive to drought stress, they experience significant decreases in yield and
quality under water stress conditions, especially in arid and semi-arid regions. However, this decrease in
yield and quality can be improved by mitigating the water stress experienced with biochar applied to the
soil (Yildirim et al., 2021). To our best knowledge, although there were some studies in the literature
investigating the effectiveness of biochar on the yield and quality of some vegetables grown under water
deficit conditions, no studies were found examining the effects of biochar under drought stress conditions
on curly lettuce, which has an important potential among leafy green vegetables and makes up about half
(252 thousand tons) of the 562 thousand tons of lettuce produced in Turkey (TUIK, 2023). Therefore, this
study focusing on the effects on the physical and physiological properties and mineral content of the plant
when irrigated with varying irrigation water levels of curly lettuce grown in soil treated with biochar at
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different rates, hypothesized that increasing rates of biochar would reduce the adverse effects of curly
lettuce exposed to drought stress.

MATERIAL AND METHOD

The experiment was carried out in a plastic covered greenhouse and during the experiment, daily mean
temperature and humidity were 23+4°C and 48+6%. The experiment, which was created with a completely
randomized design with 3 replications, was carried out by irrigating curly lettuce soil in which biochar was
mixed on the basis of dry weight at 4 different rates [B0: 0% (no biochar), B1: 1%, B2: 2%, B3: 3% biochar]
at 3 varying irrigation levels [I100: irrigation at 100% (full irrigation), 167: 67%, 133: 33% levels]. Thus, the
total number of pots (volume: 4 liters, diameter: 19 c¢cm, height: 18 cm) in the experiment was 36 (3
replications x 4 biochars x 3 irrigation water levels).

Before the experiment, the pH and EC of the soil and biochar were determined by pH meter and conductive
meter (McLean, 1982; Corwin and Rhoades, 1984), while the organic matter and total N content were
determined according to the Walkley-Black and Kjeldahl methods (Nelson and Sommers, 1982; Bremner
and Mulvaney, 1982). According to the soil texture determined by the Bouyoucos hydrometer method (Gee
and Bauder, 1986), pH, EC, organic matter and total N values of the sandy loam soil (sand: 66%, silt: 16%,
clay: 18%) were 7.17, 0.62 dS m', 0.81% and 0.04, respectively. The same values of biochar were 9.65, 4.26
dS m, 56.11% and 1.80%, in the same order. In the experiment, pyrolyzed oak biochar material at 400°C
was used as the biochar material.

The sieved and homogenized biochar was mixed with the sieved air-dried soil and transferred to pots. The
seedlings of the Campania variety of curly lettuce (Lactuca sativa L. var. Crispa) obtained from a commercial
company, planted in two per pot, were diluted in the next period and the experiment was continued with
one seedling in each pot. After planting, the current soil moisture was completed to the field (pot) capacity
by irrigating, and irrigations were continued at three-day intervals until the harvest period. After the
seedlings were planted, the first three irrigations were carried out by weighing the weight of the current
moisture in the control treatment that did not apply biochar [0% (no biochar)] and completing to the pot
capacity according to this determined soil moisture, with full irrigation at the same level for all treatments.
In subsequent irrigations, deficit irrigations were started and irrigations at varying irrigation water levels
[irrigation at 100% (full irrigation), 67%, 33% levels] were continued until the harvest period, taking into
account the weight of the current moisture in the control treatment.

At the end of approximately three month experiment, plant height was determined by measuring with the
help of a ruler. The stem diameter was measured with a digital caliper. The number of leaves was obtained
by counting the leaves of each plant by peeling them off. Root wet weight was determined by weighing the
root sample after cleaning with distilled water, and then the same sample was dried in an oven at 65°C
until it reached a constant weight and thus root dry weight was obtained. Plant weight was determined by
weighing each harvested plant on a scale.

To determine the chlorophyll content, measurements were taken from ten different points of each plant
with the SPAD-502 chlorophyllmeter device and the mean of these measurements was recorded. Leaf
relative water content was calculated according to Smart and Barss (1973) by determining the weights of
fresh leaf samples, leaf samples kept in distilled water for 4 hours and the same leaf samples kept in an
oven at 65°C for 48 hours. Disc samples taken from leaves were kept in ionized water for 24 hours and their
electrical conductivity was measured, and then the same samples were kept in a water bath at 95°C for 20
minutes and their electrical conductivity was measured again, and finally, the membrane damage index by
using these two electrical conductivity values was determined by measuring the electrolyte coming out of
the leaf cells (Jamei et al., 2009). To measure pore activity, stomatal conductivity was measured from five
different points of each plant with the Decagon SC-1 diffusion leaf porometer device (Kiran et al., 2014;
Camoglu and Demirel, 2015).

For the mineral content (N, P, K, Ca, Mg, Na, Fe, Cu, Mn, Zn) of plant samples, the samples were dried and
ground and subjected to wet burning. While the Kjeldahl method was used for the N content of plant
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samples (AOAC, 2005), the other mineral content was obtained by readings with an Inductively Coupled
Plasma spectrophotometer (Kalra, 1997).

SPSS program was used in the statistical evaluation of the obtained data. The significant means of the data
evaluated with the General Linear Model were classified with the Duncan multiple range test at the 5%
probability level.

RESULTS AND DISCUSSION

The physical properties of curly lettuce (plant height, stem diameter, number of leaves, root wet and dry
weight, plant weight) were significantly (p < 0.01) affected by varying irrigation water levels and biochar
treatments at different rates (Table 1). While the physical properties of curly lettuce decreased with
decreasing irrigation water levels, these physical properties improved with increasing rates of biochar
(Figure 1).

The decrease in the physical properties of curly lettuce with the decreasing irrigation water level can be
explained by the decreasing moisture in the soil and the exposure of the plant to drought stress. The
weakening of the plant's nutrient uptake from the soil due to the decrease in soil water storage with deficit
irrigation can be expressed as the reason for lower physical development. The decrease in the mineral
content of curly lettuce under the conditions of decreasing irrigation water level supports this situation
(Figure 3). Lettuce is a plant that is highly dependent on water for its potential to improve its physical
properties and increase its yield (Montenegro et al.,, 2011). There is a linear relationship between the
physical properties affecting the lettuce yield and the water consumption of the lettuce (Karipcin and Satir,
2016). Water stress adversely affects the organs involved in cell functions and photosynthesis, and causes
the plant's physical properties to weaken (Muller et al., 2011). Increasing drought stress reduces the
chlorophyll content of lettuce (Figure 2), which is the reason why the plant displays a lower level of physical
characteristics as a result of decreased metabolic functions (Yazgan et al., 2008). In line with the findings of
this study, the results of different studies also stated that the decreasing irrigation water level reduces the
physical properties of lettuce (Senyigit and Kaplan, 2013; Karipcin and Satir, 2016; Al-Bayati and Sahin,
2018).

The increase in the physical properties of curly lettuce with increasing biochar rates can be explained by
the plant's more effective management of nutrients in the root profile under biochar conditions and the
addition of nutrients to the soil by biochar. The increase in the mineral content of curly lettuce under the
conditions of increasing biochar rates supports this situation (Figure 3). Depending on its porous structure
and surface load holding capacity, biochar improves the nutrient holding capacity of the soil and increases
the physical properties of the plant (Hossain et al., 2020). Biochar makes soil suitable for nutrient mobility
as a nutrient pool and for increasing the bioavailability of nutrients (Gul and Whalen, 2016). The biochar
creates a better environment for soil microorganisms also supports the conversion of nutrients into useful
forms by plants and ensures the improvement of plant yield (Li et al., 2017). The fertilizer characteristic of
biochar as a soil conditioner transforms the soil into an environment where the plant can increase
productivity in terms of macro and micro nutrients (Purakayastha et al., 2019). In addition, biochar may
have kept the soil water in its body for a longer period time and increased the use of soil moisture by the
plant, resulting in the better physical development of the plant. Thanks to its porous structure, hydrophilic
and large surface area, biochar can able to preserve the water in the soil for a longer period of time without
being exposed to evaporation, so biochar uses soil moisture effectively, improves the conditions for plant
growth and increases plant productivity (Razzaghi et al, 2020). The improvement of soil physical
properties of biochar also contributes to more effective management of soil moisture. The decrease in the
bulk density of the soil applied with biochar and the increase in its porosity provide the development of
the soil water reservoir (Laghari et al., 2016). Mandal et al. (2021) reported that the water holding capacity
of biochar treated sandy, loamy and clayey soils increased with the contribution of biochar. All these
favorable conditions of the biochar improved soil provide a better development of the plant and increase
the physical properties of the plant. Sabatino et al. (2020) stated that the improvement of the physical
properties of curly lettuce grown in biochar treated soil is reflected in the yield of curly lettuce.
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Table 1. The variance analysis results.
Cizelge 1. Varyans analizleri sonuclar1.

Source df Mean square F P Mean square F P

Plant height Stem diameter
Irrigation 2 323.531 318.575 0.000 99.194 66.130 0.000
Biochar 3 16.472 16.220 0.000 18.324 12.216 0.000
Interaction 6 1.386 1.365 0.269 0.380 0.523 0.953
Error 24 1.016 1.500

Number of leaves Root wet weight
Irrigation 2 247.861 114.397 0.000 124.059 305.479 0.000
Biochar 3 27.778 12.821 0.000 14.541 35.806 0.000
Interaction 6 0.306 0.141 0.989 0.120 0.297 0.933
Error 24 2167 0.406

Root dry weight Plant weight
Irrigation 2 4751 42.651 0.000 102 747.250 433.889 0.000
Biochar 3 2.501 22.453 0.000 6 424.037 27.128 0.000
Interaction 6 0.008 0.074 0.998 93.843 0.396 0.874
Error 24  0.111 236.806

Chlorophyll Leaf relative water content
Irrigation 2 670.110 420.718 0.000 554.937 478.509 0.000
Biochar 3 30.799 19.337 0.000 63.670 54.901 0.000
Interaction 6 0.367 0.230 0.963 0.425 0.367 0.893
Error 24 1593 1.160

Membrane damage index Stomatal conductivity
Irrigation 2 1149.211 1428577  0.000 7 209.694 118.787 0.000
Biochar 3 28.453 35.370 0.000 1168.769 19.257 0.000
Interaction 6 0.653 0.812 0.571 27.102 0.447 0.840
Error 24 0.804 60.694

N P
Irrigation 2 5.094 268.760 0.000 1.342 108.266 0.000
Biochar 3 1.371 72.351 0.000 0.475 38.340 0.000
Interaction 6 0.009 0.497 0.804 0.004 0.338 0.910
Error 24  0.019 0.012

K Ca
Irrigation 2 3.526 199.763 0.000 1.639 130.950 0.000
Biochar 3 0.339 19.211 0.000 0.243 19.448 0.000
Interaction 6 0.002 0.124 0.992 0.004 0.283 0.939
Error 24  0.018 0.013

Mg Na
Irrigation 2 0.331 224.303 0.000 1.065 128.913 0.000
Biochar 3 0.032 21.661 0.000 0.200 24.258 0.000
Interaction 6 0.000 0.323 0.919 0.002 0.184 0.979
Error 24 0.001 0.008

Fe Cu
Irrigation 2 34 435.845 615.425 0.000 87.879 3193.657  0.000
Biochar 3 7 515.483 130.524 0.000 0.242 8.798 0.000
Interaction 6 155.450 2.700 0.038 0.002 0.074 0.998
Error 24 57.579 0.028

Mn Zn
Irrigation 2 12.593 1707.539 0.000 235.436 357.000 0.000
Biochar 3 0.201 27.250 0.000 23.953 36.321 0.000
Interaction 6 0.005 0.637 0.699 0.648 0.983 0.458
Error 24 0.007 0.659
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Figure 1. Physical properties of curly lettuce in varying irrigation water levels and biochar treatments at different
rates.

Sekil 1. Degisen sulama suyu seviyelerinde ve farkli oranlarda biyokomiir uygulamalarinda kivircik marulun fiziksel ozellikleri.

The physiological properties of curly lettuce (chlorophyll content, leaf relative water content, membrane
damage index, stomatal conductivity) were significantly (p < 0.01) affected by varying irrigation water
levels and biochar treatments at different rates (Table 1). While the chlorophyll content, leaf relative water
content and stomatal conductivity of curly lettuce decreased and the membrane damage index increased
with decreasing irrigation water levels, the chlorophyll content, leaf relative water content and stomatal
conductivity of curly lettuce increased and membrane damage index decreased with increasing rates of
biochar (Figure 2).

The decrease in the chlorophyll content of curly lettuce with the decreasing irrigation water level can be
explained by insufficient soil moisture due to drought conditions. Chlorophyll, which is a clear indicator
of water stress, decreases with the inhibition of chlorophyll functions in increasingly deficit irrigation
conditions (Bauerle et al., 2004). The decrease in the water potential of the leaves of the plant exposed to
drought with the decreasing irrigation water level can be expressed as the reason for the decreased leaf
relative water content under deficit irrigation conditions. Since there is a linear relationship between plant
water consumption and leaf relative water content, increased moisture conditions in the soil explain more
leaf relative water content (Yazdic and Degirmenci, 2018). Insufficient soil moisture causes significant
damage to membrane systems by negatively affecting the membrane structure of the cell (Yildirim et al,,
2022). Increasing drought stress may cause damage to cell membrane systems by decreasing the leaf
relative water content of lettuce (Figure 2) with increasing leaf temperature. In addition, decreasing

S
Uluslararas: Tanim ve Yaban Hayat1 Bilimleri Dergisi https://dergipark.org.tr/tr/pub/ijaws

210



Physical and Physiological Properties and Mineral Content of Curly Lettuce Grown by Applying Different Rates of Biochar to the Soil with
Varying Irrigation Water Levels

chlorophyll content in arid conditions (Figure 2) may increase the damage to cell membrane systems as a
result of damage to mesophyll cells (Marcinska et al., 2013). Thus, the increase in the membrane damage
index of curly lettuce with the decreasing irrigation water level can be explained in this way. In addition,
drought due to decreasing irrigation water levels also causes a decrease in the stomatal conductivity of the
plant (Oukaltouma et al., 2022). In this study also, it was observed that the stomatal conductivity of curly
lettuce decreased under increasing drought conditions. Similarly, Camoglu et al. (2019) also stated that
increasing deficit irrigation significantly reduced the stomatal conductivity of tomatoes. While decreasing
moisture in the soil decreases the chlorophyll content, the leaf relative water content and the stomatal
conductivity of the plant, it causes an increase in the membrane damage index (Ors and Ekinci, 2015). With
increasing drought stress, the decrease in stomatal conductivity and leaf relative water content, and then
the closure of stomata and the decrease in chlorophyll content and the increase in membrane damage index
as a result of increasing leaf temperature can be listed as the chain effects of decreasing soil moisture on
plant physiology.

The increase in chlorophyll content of curly lettuce with increasing biochar rates can be explained that
biochar increases the plant's nutrient uptake from the soil. The increase in the mineral content of curly
lettuce under increasing biochar rates also supports this situation (Figure 3). While Fe is involved in
chlorophyll formation and protein development (Pushnik et al., 1984), decreasing N weakens chlorophyll
growth since N is a building block of chlorophyll (Bojovi¢ and Markovi¢, 2009). In addition, the presence
of micronutrients in the soil supports the formation of chlorophyll by being carried to the plant leaves, and
this results in an increase in the chlorophyll content of the plant (Bolat and Kara, 2017). Qianqgian et al.
(2022) stated that biochar increased the chlorophyll content of lettuce. Considering the water retention
supporting property of biochar in the soil (Ahmad et al., 2014), the reason for the increase in the leaf relative
water content and the decrease in the membrane damage index of curly lettuce under increasing rates of
biochar can be explained. Cornelissen et al. (2013) stated that improving the water holding capacity of the
soil increases the water storage of the plant, while it was reported as a result of a different study that the
leaf relative water content of the plant increased with this improvement provided by the biochar. Karabay
etal. (2021) stated that the membrane damage index of peas decreased in conditions where increasing doses
of biochar were applied to the soil compared to the control treatment, and they explained this decrease
with the longer protective effect of biochar on soil moisture. In addition, the decrease in the membrane
damage index of curly lettuce with increasing biochar rates can also be explained by the increase in the
protective enzyme activity of biochar. Biochar treatment to the soil prevents the increase of membrane
damage by improving the active oxygen capacity and membrane lipid peroxidation, as well as protective
enzymes such as superoxide dismutase, catalase and guaiacol peroxidase (Lyu et al., 2016). Biochar reduces
the membrane damage index by providing the processing of enzymes that improve the yield of the plant
and increase the defense system (Yildirim et al., 2021). In addition, the effect of biochar on soil moisture
retention also leads to an improvement in the stomatal conductivity of the plant (Tanure et al., 2019). In
this study also, it was observed that the stomatal conductivity of curly lettuce increased with increasing
biochar rates. Biochar manages soil moisture more effectively due to its special surface area and spongy
structure (Ahmad et al. 2014) and increases the plant's use of soil water (Hossain et al., 2020). Thus, the
stomatal conductivity of the plant that uses water more effectively is likely to increase. Similarly, Yildirim
et al. (2021) also stated that the stomatal conductivity of cabbage grown in biochar treated soil increased
and this increase was due to the effect of biochar on soil moisture management and drought reducing effect.

The mineral content of curly lettuce (N, P, K, Ca, Mg, Na, Fe, Cu, Mn, Zn) was significantly (p < 0.01)
affected by varying irrigation water levels and biochar treatments at different rates (Table 1). While the
mineral content of curly lettuce decreased with decreasing irrigation water levels, mineral content other
than Na in curly lettuce increased with increasing rates of biochar, but the increase in Cu was at a lower
level and Na decreased (Figure 3).
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Figure 2. Physiological properties of curly lettuce in varying irrigation water levels and biochar treatments at
different rates.
Sekil 2. Degisen sulama suyu seviyelerinde ve farkli oranlarda biyokomiir uygulamalarinda kivircik marulun fizyolojik
ozellikleri.

The decrease in the mineral content of curly lettuce with the decreasing irrigation water level can be
explained by the limitation of nutrient intake as a result of the plant's limited water intake from the soil
due to insufficient soil moisture. The plant performs less transpiration due to the decrease in soil water
storage with deficit irrigation can be expressed as the reason for the decrease in the mineral content of curly
lettuce in drought conditions. Similarly, Karipcin and Satir (2016) and Demir et al. (2022) also stated that
the mineral content of lettuce decreased under deficit irrigation conditions and that the highest mineral
content was obtained from full irrigation conditions.

The increase in the mineral matter content of curly lettuce with increasing biochar rates can be explained
by the nutrient content of biochar to the soil and the increase of biochar's nutrient uptake by the plant.
Biochar may have supported the plant's uptake of more nutrients from the soil by improving the nutrient
holding capacity of the soil (Hossain et al., 2020) and increasing the nutrient content of the soil with its
content (Purakayastha et al., 2019). Biochar absorbs and preserves soil nutrients, preventing their loss and
increasing their uptake and use by plants (Nguyen et al., 2017). Thus, this situation can be expressed as the
reason for the increase in the mineral content of curly lettuce with increasing rates of biochar. Yildirim et
al. (2021) also stated that the mineral content of the plant increased with increasing rates of biochar due to
the nutrient retaining and soil nutrient content increasing effects of biochar.

High accumulation of Na in the plant causes the plant to be exposed to toxicity by negatively affecting the
osmotic balance of the plant and disrupting the nutrient distribution (Katerji et al., 2004). However, Na
uptake of the plant grown in biochar treated soil is limited due to the increased demand for K, Ca and Mg
from the plant (Chaganti et al., 2015). In particular, the competition between K and Na significantly affects
the nutrient uptake of the plant through the roots. Biochar is an organic material that not only minimizes
Na uptake by improving the K stock of the soil and increasing the K uptake of the plant, but also regulates
the uptake of K and other nutrients from the soil (Akhtar et al., 2015). Thus, this situation explains the
decrease in Na content of curly lettuce with increasing biochar rates. Similarly, Yue et al. (2016) also stated
that biochar treatment increased the mineral matter uptake of the plant by reducing the Na uptake of the
plant.
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Figure 3. Mineral content of curly lettuce in varying irrigation water levels and biochar treatments at different rates.
Sekil 3. Degisen sulama suyu seviyelerinde ve farkli oranlarda biyokémiir uygulamalarinda kivircik marulun mineral madde
icerigi.
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CONCLUSION

This study, which examines the effects of irrigation with varying irrigation water levels of curly lettuce
grown in soil treated with biochar at different rates on the physical and physiological properties and
mineral content of the plant, determined that decreasing irrigation water level negatively affected the
physical and physiological properties and mineral content of curly lettuce, but these negative effects that
affect the yield and quality of curly lettuce improved with increasing biochar rates. In the study, the highest
abiotic stress was obtained in the irrigation of curly lettuce at 33% level and the dose of biochar, which
manages the stress most effectively, was 3%. As a result, considering the decrease in freshwater resources
and the increase in drought in today's conditions, it was found that it can be suggested to use biochar to
improve the physical and physiological properties and mineral content of curly lettuce irrigated with deficit
irrigation, and to focus on integrated managements to improve yield in the deficit irrigation strategy for
future studies.
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