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Abstract

Abiotic stress has a significant influence on plants at all stages of their development. One of the
abiotic stress factors is soil water deficit, which reduces plant growth and productivity. Crop
productivity during drought can be improved by biostimulants, i.e. preparations enhancing the
natural immune mechanisms of plants. An experiment was conducted in western Poland to ex-
amine the effect of a biostimulant containing amino acids on the biological properties of soil,
measured by its enzymatic (dehydrogenase, protease) and respiratory activity, vegetative
growth, and fruit quality of strawberries growing on low, optimal, and high moisture soil. The
experiment showed that the soil moisture level significantly affected the parameters under
study. The dehydrogenase, protease and respiratory activities in the water-deficient soil were
from 27 to 47% lower than in optimal moisture soil. The average leaf weight and the content of
chlorophyll a and b were also significantly lower. The plants growing in the water-deficient soil
also yielded fruit with the lowest weight. In the variants where the leaves of strawberry plants
had been sprayed with the biostimulant, the soil enzyme and respiratory activities as well as
the average leaf weight were several dozen per cent greater than in the variants without this
treatment. The content of chlorophyll a and b in the leaves, the average fruit weight, and the
content of soluble substances in the strawberries also increased significantly. The biostimulant
was most effective in the water-deficient soil.
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INTRODUCTION

Throughout the life cycle of plants, they are exposed to various stress
factors. It is estimated that up to 90% of the world’s arable land is affected
by abiotic stress factors (Younis et al. 2020). Stress causes changes in the
morphological, physiological, and biochemical processes in plants, reducing
the yields of all major crops (Gilliham et al. 2019). Apart from salinity
and nutrient deficiency, drought is one of the major abiotic stress factors
(Rajanna et al. 2023). Water deficit can be observed in plants when transpi-
ration (evaporation) predominates over the uptake of water from the soil.
It is important to emphasize that soil water excess can also be a stress factor
for plants. When there is too much water in the soil, the respiration of plant
root systems can be limited, microorganisms may have worse access to oxy-
gen, and fruit quality may deteriorate.

The productivity of plants exposed to water deficit decreases because
they tend to close their stomata so as to reduce the loss of water through
transpiration. However, in this way the supply of CO, to leaves is also
limited, which not only impedes their respiration but also reduces their
photosynthetic activity (Bashir et al. 2021). Plant productivity may also be
decreased because of the inhibited growth of the root system in such condi-
tions. The root length, density, and dry matter content decrease (Kang et al.
2019). In water-deficient soils, salinity increases but the availability
of nutrients decreases (Lahbouki et al. 2023). Ozturk et al. (2021) and Hura
et al. (2023) observed that drought stress impaired the transport of water
to aerial parts of plants, thereby limiting nutrient transport.

Strawberries (Fragaria X ananassa Duch) are some of the most popular
and commonly consumed berries. They are appreciated for their attractive
appearance, excellent flavour, and health-beneficial properties. Strawberries
contain phenolic compounds (Agarwal et al. 2022) protecting the body from
some diseases of affluence. They also have numerous minerals and vitamins
A, C, and B (Kumar et al. 2018). In Poland, the production of berries, includ-
ing strawberries, plays an important role in horticulture. According to the
FAOSTAT data, in 2022, the annual strawberry production in Poland
amounted to about 17% of the strawberry production volume in the European
Union. Strawberries are particularly sensitive to water shortages due to
their morphological structure. They have a relatively shallow root system,
approximately 90% of which is in the topsoil (0-25 ¢cm), the layer which dries
out the fastest. The large leaf surface area of strawberry plants and the high
water content of their fruit are also important factors.

The progressive climate change, which affects the average daily tempera-
ture, may increase the frequency and intensity of drought periods. In view of
the growing global demand for food, various strategies are being implemen-
ted to improve food security and crop productivity in stressful conditions.
There are various agronomic practices, such as the selection of optimal
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irrigation rates and resistant crop species and cultivars, and the use of
preparations enhancing plants’ natural immune mechanisms. For example,
the use of biostimulants seems to be one of the most promising strategies
for mitigating the negative effects of abiotic stress (Rouphael et al. 2020,
Al et al. 2021). Biostimulants are substances or microorganisms used to
improve the productivity of plants, increase their resistance to abiotic stress,
and/or im-prove their quality regardless of the content of nutrients (du Jar-
din 2015). Biostimulants may contain humic acids, microorganisms, plant
extracts, macro- and micronutrients, and amino acids. Amino acids, which
are compounds containing nitrogen, carbon, hydrogen, and oxygen, are the
basic building blocks of proteins. When sprayed onto leaves, they are quickly
recognized and absorbed by plants. They have been proven to be very benefi-
cial for plants. Amino acids stimulate protein biosynthesis, activate enzymes,
facilitate the uptake of nutrients by plants (Hildebrandt et al. 2015, Souri
et al. 2019) and enhance their natural resistance to stress factors. When
applied to plants, the chlorophyll content in leaves increases (Bulgari et al.
2019), which results in improved photosynthetic efficiency (Kaluzewicz et al.
2017).

The aim of the study was to assess how a biostimulant containing amino
acids influenced the biological properties of the soil as well as the growth
and quality of strawberries at different soil moisture levels.

MATERIALS AND METHODS

Experiment design

In 2021, during the growing season, an experiment was conducted
in western Poland (52°31' N; 16°38' E), at an experimental station belonging
to the Poznan University of Life Sciences. The experiment was conducted on
strawberry plants of the Albion cultivar, which were planted in 8-litre plastic
containers. During the experiment, the containers were kept under con-
trolled conditions in a polytunnel. The plants were planted in proper lessive
soil, formed from loamy sands. The soil had the following physicochemical
properties: pH,,, 6.0. salinity 0.2 g dm® NaCl; macronutrient content
(mg dm?): N-NO, — 26, N-NH, — 1.8, P - 76, K — 218, Ca — 460, Mg — 91,
Cl — 96, micronutrient content (mg dm=?): Mn — 7.3, Zn — 2.8, Cu — 2.3,
B — 1.8. Three soil moisture levels were maintained in the plant containers:
80-90% FC (field capacity) — high moisture level, 60-70% FC — optimal mois-
ture level, 30-40% FC — low moisture level. These target moisture levels
were maintained from mid-May (the flowering period) to mid-July. The soil
moisture was modified by periodic manual irrigation. Digital tensiometers,
which measure the soil water potential (suction force) were used to regularly
measure moisture levels. Measurements were taken daily in the morning.
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There were six variants in the experiment: 1 — soil moisture 30-40% FC,
2 — soil moisture as in variant 1, the Terra-Sorb Complex biostimu-
lant added, 3 — soil moisture 60-70% FC, 4 — as in variant 3, the biostimulant
added, 5 — soil moisture 80-90% FC, 6 — as in variant 5, the biostimu-
lant added. There were eight replicates (containers) for each variant of the
experiment.

The Terra-Sorb Complex biostimulant (Osadkowski, Poland) was used in
the experiment. The biostimulant contained bioactive free amino acids (20%)
obtained through enzymatic hydrolysis. It also contained macro- and micro-
nutrients, including N, MgO, B, Fe, Mn, Zn, and Mo. The Terra-Sorb Com-
plex biostimulant improves the overall condition of plants by providing mi-
cronutrients and amino acids, especially in stress conditions, when their
natural synthesis in the plant is slow. According to the manufacturer,
the recommended dose of the biostimulant is 1.5 1 per ha. In the experiment, the
biostimulant was applied to leaves with a handheld sprayer at a total dose of
1.5 ml per 10 m? after counting. The first treatment took place on May 24,
with subsequent treatments applied at ten-day intervals. The plants were
sprayed five times during the experiment.

During the experiment, a temp. of 20-25°C and humidity of about
50-60% were maintained in the polytunnel. Standard plant care procedures
were applied, including manual weeding and plant protection, as recom-
mended by the strawberry protection programme. No mineral fertilizer was
applied to the plants during the experiment.

Measurements and observations

The biological parameters of the soil, the vegetative growth of the plants,
the content of water and photosynthetic pigments in leaves, leaf colour inten-
sity, and fruit quality were measured in the experiment. The biological pro-
perties of the soil were analysed at three different times during the experi-
ment: at the end of May (26.05.2021), mid-June (17.06.2021), and mid-July
(14.07.2021). A small amount of soil was collected from each container with
a laboratory spatula. After mixing, a sample weighing about 0.5 kg was
created to represent each variant of the experiment. The activities of two soil
enzymes (dehydrogenases and proteases), and soil respiration were analysed.
The protease activity (mg of tyrosine h' kg' dry matter of soil) was mea-
sured spectrophotometrically according to the method developed by Ladd
and Butler (1972). The dehydrogenase activity (cm® H, 24 h' kg dry matter
of soil) was measured colorimetrically with a 1% TTC solution according
to the method developed by Thalmann (1968). The soil respiratory activity
(CO, in mg kg' 48 h'') was measured with the absorption method developed
by Golebiowska and Pedziwilk (1984) by calculating the amount of CO,
released. The biological properties of the soil were analysed in four repli-
cates.

The vegetative growth of the plants was determined by measuring the
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average leaf area (cm?) and leaf weight (g). Leaves were collected at the end
of the experiment for measurements. Twenty leaves were sampled from each
variant, weighed to the nearest 0.1 g, and their average weight was calcu-
lated. The leaf assimilation area was determined with a scanner and
DigiShape 1.9 software (Cortex, Spain).

The content of photosynthetic pigment in strawberry leaves: the total
content of chlorophyll a, b, and the content of carotenoids were measured in
fresh leaf mass, with dimethyl sulphoxide (DMS) used for extraction (Hiscox
and Israelstam 1978) A 0.5 g aliquot of fresh leaves was sampled. Discs
(d = 8 mm) were cut out with a cork borer and then immersed in 5 ml
of DMSO. Before measurements, the samples were placed in a water bath
at 65°C for 20 min to allow the chlorophyll to dissolve. Next, the solution
was analyzed spectro-photometrically at wavelengths of 470 nm for caro-
tenoids, 645 nm for chlorophyll b, and 663 nm for chlorophyll a. Additionally,
the SPAD index was measured with an MPM-100/S multi-pigment meter
(Bio Scientific Ltd, United Kingdom). The measurements were taken between
9.00 and 11.00 a.m. on two leaves collected from each plant.

The RWC (relative water content) was the index used to measure water
deficit in the strawberry leaves. It was calculated based on the following for-
mula: RWC = (fresh tissue weight — dry tissue weight / fresh weight at full
turgor — dry weight) X 100%. In order to assess the RWC, four leaves were
sampled from each replicate. Discs were cut out from the leaves and
weighed. Next, the material was soaked in distilled water for four hours,
then dried and weighed again. The vessels with the samples were placed
in a dryer and dried at 105°C for 4 hours. After cooling, the samples were
weighed again to measure the leaf dry weight.

The fruit quality assessment was based on measurements and analyses
of the fruit average weight, firmness, content of total soluble solids (TSS),
cell sap pH, and hydrolytic acidity expressed as citric acid. Fruits for evalu-
ation were harvested twice — in mid-June (14.06.2021) and early July
(05.07.2021). Twenty fruits were harvested from each variant and weighed
immediately to the nearest 0.1 g. Firmness was measured with a Fruit Pres-
sure Tester model 337 (Facchini, Italy), mounted on a stand (the Magness-
-Taylor test). The values of measurements were expressed as g mm™.
The total soluble solids were analysed in the fruit used for firmness mea-
surements. The values of this parameter were measured with a PR 101
digital refractometer (ATAGO Co Ltd., Fukayashi, Japan) and expressed
as % Brix. Cell sap pH was measured with a pH meter, while titratable
acidity (expressed as citric acid) was determined by titration. 45 ml of distil-
led water was added to 5 ml of juice and then titrated. The percentage
of acid was calculated on the basis of the sodium hydroxide used. All mea-
surements of the strawberry fruit quality parameters were quadruplicated.
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Statistical analysis

The results of measurements were analysed statistically with the Statis-
tica 12.1 software (StatSoft, Inc., Tulsa, OK, USA). One-way analysis
of variance was used. The Duncan’s Multiple Range Test (DMRT) was
applied to assess the significance of differences at a = 0.05.

RESULTS AND DISCUSSION

Biological properties of soil

The availability of nutrients for plants is influenced by the rate of organ-
ic matter mineralisation and the efficiency of soil microorganisms. It is the
soil enzyme activity that indicates the efficiency of microorganisms (Meena,
Rao 2021). As the experiment showed, the moisture level of soil significantly
affected its biological parameters, measured with the soil enzyme activity
and respiration rate. If there was a soil water deficit, the activity of dehydro-
genases and proteases as well as the respiration rate were the lowest
(Table 1). In comparison with the variant with the optimal soil moisture
level, the difference ranged from 27% (the respiration activity — 52.51 and
38.29 mg kg' 24 h'') to over 47% (dehydrogenase activity — 1.28 and 0.68 cm?
H, 24 h'' kg' d.m., respectively). It is particularly important to note that the
activity of soil dehydrogenases decreased because these enzymes are closely
related to the presence of living soilborne microorganisms. On the other
hand, an excess of soil water did not favour the activity of soil microorga-
nisms, measured with the amount of CO, released. Combined with high
humidity, the soil respiration activity was about 22% lower than the optimal
level (41.61 and 52.51 mg kg! 24 h'!, respectively) — Table 1.

Table 1

The influence of soil moisture and biostimulant on the biological properties of soil
(average of three terms)

Soil moisture s‘frlr(l)u Dehydrogenase Protease Re;(iiiir?gon
lant (cm® H, 24 h' kg’ d.m.) | (mg tyrosine h™ kg' d.m.) (mg kg 24 h)
Low - 0.68 + 0.07 a 3.056+0.19 a 38.29 £ 2.95 a
(30-40% FC) + 0.83 £0.03 b 3.70 £ 0.26 b 49.82 +2.98 ¢
Optimal - 1.28 +0.21 e 4.78 £ 0.49 cd 52.51 +3.84d
(60-70% FC) + 0.96 + 0.06 ¢ 3.92+0.215b 52.60 = 2.49 d
High - 1.24+0.23 ¢ 4.17 + 0.34 be 41.16 +1.98 b
(80-90% FC) + 1.11+0.08 d 5.14 £ 0.43 d 38.38 + 2.36 a

FC - field capacity. The mean values marked with the same letters do not differ significantly

at a = 0.05.
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Excess soil water may result in unfavourable oxygen conditions for micro-
organisms, thus reducing their effectiveness. The comparison of the activity
of soil dehydrogenases and proteases in the high humidity variant with the
activity in the optimal level variant did not reveal any significant differences.

The experiment showed that the biostimulant had a positive effect on
the enzyme and respiratory activities of the soil, especially when its moisture
level was low. In comparison with the variants without the biostimulant,
the differences ranged from about 18% (dehydrogenase activity — 0.83 and
0.68 cm® H, 24 h' kg' d.m.) to about 23% (respiratory activity — 49.82
and 38.29 mg kg'! 24 h'') — Table 1. These findings confirmed earlier conclu-
sions about the high effectiveness of biostimulants, including amino acids,
when plants were exposed to stress (Al et al. 2021).

Leaf parameters

Water deficit may result in leaf wilting or even necrosis. A decreased leaf
area leads to lower plant productivity (Fathi et al. 2016, Song et al. 2019).
Zhao et al. (2024) studied the effect of drought on the growth and flowering
of begonia. The researchers found that it negatively influenced not only
the height of plants and the number of flowers, but also the length, width,
and number of leaves. Our experiment showed that the soil moisture level
was related to the strawberry leaf parameters under analysis. Both the aver-
age weight and area of the leaves of plants exposed to the water deficit
(4.61 g and 24.33 cm?) were over 27% smaller than those of the plants grow-
ing in optimal humidity (6.39 g and 31.23 cm?) and almost 30% smaller
than those of the plants in the high humidity variant (6.84 g and 34.89 cm?)
— Table 2.

Table 2
The effect of soil moisture and biostimulant on strawberry leaf parameters
Soil moisture Biostimulant Surface (cm?) Weight (g)

24.33 +4.34 a 4.61 £ 0.62 a
Low (30-40% FC)

+ 27.28 £+ 5.28 a 5.93 + 0.81 bc

. 31.23+7.53b 6.39+0.94 d

Optimal (60-70% FC)

+ 32.01 £ 748 b 6.15 + 0.85 cd

. 34.89 7510 6.84 £ 0.69 d
High (80-90% FC)

+ 42.15 + 8.68 ¢ 7.09 = 0.66 d

FC - field capacity. The mean values marked with the same letters do not differ significantly
at a = 0.05.

When there is water deficit, the growth of plants may be limited due to
the insufficient supply of nutrients in the soil or their poorer availability
(Ahluwalia et al. 2021). Lahbouki et al. (2023) noted that drought signifi-
cantly limited the availability of N, K, Ca, and Mg. The deficit of these ele-
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ments may result from higher electrical conductivity (EC) of the soil under
such conditions (Hossain et al. 2020). As the hydraulic conductivity of plants
is disrupted, the movement of water and essential nutrients from the roots
to the aerial parts of plants is hindered (Ozturk et al. 2021, Hura et al.
2023). The roots take up less water because drought limits their length, den-
sity, and dry mass (Kang et al. 2019).

Of the strawberry leaf parameters under analysis, the biostimulant used
in the experiment had the greatest effect on the leaf mass. This effect varied
depending on the soil moisture level. For example, when the soil moisture
level was optimal, the effect of the biostimulant on the average weight
of strawberry leaves was insignificant. The most noticeable differences were
observed during water deficit. The difference in the average leaf weight
between the strawberry plants treated with the biostimulant and the
untreated ones in the variant with a low soil moisture, was about 28% (5.93
and 4.61 g, respectively) — Table 2. This increase in the strawberry leaf
weight can be attributed to the effect of amino acids as well as the macro-
and micronutrients, especially nitrogen, contained in the biostimulant.
The better vegetative growth of plants treated with biostimulants containing
amino acids may also result from the easier uptake of nutrients (Rajesaheb
et al. 2025), particularly nitrogen (Baglieri et al. 2014), which is largely
influenced by the plant’s root system. This was confirmed by the results of
the experiment conducted by Mattner et al. (2018), who observed an increase
in the length and density of strawberry roots treated with the biostimulant.

The analysis of the strawberry leaf area did not reveal any statistically
significant differences between the variants with and without the biostimu-
lant, either at the optimal or low soil moisture level. This conclusion is dif-
ferent from the findings of the experiment conducted by Soppelsa et al.
(2019), in which biostimulants increased the strawberry leaf area by appro-
ximately a dozen per cent. In our experiment, differences in the average leaf
area of a dozen per cent or so were observed only in the high soil moisture
variant.

In the consequence of the soil water deficit, the content of photosynthetic
pigments in leaves decreases (Kiran et al. 2019, Ye et al. 2022, Huang et al.
2023), which translates into lower photosynthetic efficiency (Xian et al.
2022). In our experiment, the total content of chlorophyll a and b in
the leaves of strawberry plants grown in the low moisture soil decreased
significantly. In the variant with a soil moisture level of 30-40 FC, it was
significantly lower (146.40 mg kg of fresh matter) than in the variants with
the optimal and high moisture levels (151.34 and 152.91 mg kg! of fresh
matter) — Table 3.

Kaboosi et al. (2023) and Zhao et al. (2024) conducted experiments and
observed a significant decrease in the chlorophyll content in the leaves of
plants exposed to drought. The decrease may have been caused by the plants’
limited uptake of certain elements, especially magnesium, in such conditions
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Table 3

Content of photosynthetic pigments (mg kg fresh weight) in strawberry leaves depending

on tested factors

Soil moisture Biostimulant Sum of chlorophyll Carotenoids SPAD
a and b
Low 146.40 + 4.17a | 901.03 + 50.46 ab | 41.6+1.81 a
(30-40% FC) + 153.23 +3.54 be | 972.22 +52.96 ¢ | 43.7+1.35 ab
Optimal 151.834 +2.98 b | 915.21+47.21b | 44.9+ 1.42 ab
(60-70% FC) + 155.18 + 2,57 ¢ | 1014.00 + 74.85 ¢ | 47.6+1.68b
High 152.91 + 2.81 be | 866.29 + 42.64 a | 45.1+ 1.76 ab
(80-90% FC) + 152.52 + 1.65 be | 976.14+34.78 ¢ | 485+1.51b

FC — field capacity. The mean values marked with the same letters do not differ significantly
at a = 0.05.

(Zhao et al. 2020). The biostimulant used in our experiment positively affected
the total content of chlorophyll a and b in the strawberry leaves. The most
noticeable effect was observed in the low moisture variant, where the total
content of chlorophyll a and b in the strawberry leaves treated with the bio-
stimulant (153.23 mg kg of fresh matter) was about 5% greater than in the
variant without the biostimulant (146.40 mg kg of fresh matter) — Table 3.
A positive effect of the biostimulant was also observed in the optimal soil
moisture variant, but the increase in the total content of chlorophyll a and b
was lower (about 2.5%). At the high soil moisture level, there were no signi-
ficant differences in the total content of chlorophyll a and b in the straw-
berry leaves between the variant treated with the biostimulant and the one
without the treatment. Rodrigues et al. (2025) also found no differences
in the content of photosynthetic pigments in the leaves of plants treated with
a plant-derived biostimulant. Our measurements showed that the biostimu-
lant had no significant influence on the SPAD index of strawberry leaves
in each of the soil moisture variants.

The low and optimal soil moisture level did not have any significant
effect on the carotenoid content in the strawberry leaves. However, this
effect was observed after the application of the biostimulant. The carotenoid
content in the strawberry leaves treated with the biostimulant was from
about 8% (the low soil moisture level) to about 13% (the high soil moisture
level) greater than in the variants without the treatment (Table 3).

The RWC (relative water content) is a parameter determining the water
status of plants. Drought stress reduces the relative water content in leaves,
measured by the RWC index (Ye et al. 2022, Zhao et al. 2024), which signifi-
cantly impairs photosynthesis and plant metabolism (Min et al. 2019). Our
experiment confirmed these conclusions. The relative water content in the
strawberry leaves of plants exposed to water deficit (RWC = 47.25%) was
almost 16% lower than in those growing at the optimal soil moisture level
(RWC = 56.27%) — Figure 1.
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Fig. 1. The effect of soil moisture and blostlmulant on the degree of strawberry leaf hydration
measured by the RWC index. The mean values marked with the same letters do not differ
significantly at @ = 0.05; FC = field capacity)

The biostimulant used in the experiment did not significantly change the
RWC values in strawberry leaves, regardless of soil moisture levels (Fig. 1).
There were similar findings of the authors’ earlier experiment (Zydlik, Zydlik
2023) as well as the experiment conducted by Rodrigues et al. (2025), in
which there were no significant differences in the RWC between the plants
(grapes) sprayed with a plant-derived biostimulant and those sprayed with
water.

Fruit quality

Soil water deficit, which worsens the biometric parameters of leaves,
may also reduce the yield. According to Faiz et al. (2020), high temperatures
combined with insufficient soil water content are estimated to reduce
the yield of crops by 10-17%. One of yield determinants is the fruit weight.
In our experiment, the strawberry fruit weight varied depending on the soil
moisture level. Fruits with the lowest weight (4.48 g) were harvested from
the plants growing in the moisture-deficient soil (Table 4).

A higher soil moisture level translated into an increase in the average
fruit weight. In the optimal soil moisture variants, the average fruit was
approximately 14% (5.23 and 4.48 g) greater than in the water-deficient
variants, whereas in the high soil moisture variants, it was approximately
23% greater (5.81 and 4.48 g) — Table 4. The total soluble solids (T'SS) con-
tent is another parameter that varies depending on the soil moisture level.
The lowest TSS value (9.90 Brix) was observed in the fruit harvested from
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Table 4
The influence of soil moisture and biostimulant on the quality parameters of strawberry fruit
Soil moisture Biostimulant Fruit(;s)reight Izigrillﬁ?f)s (; B?rsix)
Low 448 +028a | 126.00+950ab | 9.90+0.21a
(30-40% FC) + 5.05+ 0.35 b 137.50 + 5.50 ¢ 9.77+ 0.42 a
Optimal 5.23 +0.49 b 12450 £+ 1.50 @ | 11.45+0.56 b
(60-70% FC) + 494+ 0.36 ab | 132.25+8.50 be | 10.91+0.28 b
High 5.81 +0.21 ¢ 12550 £ 7.50 @ | 11.34+0.49b
(80-90% FC) + 548 +0.39 be | 128.75+9.50 ab | 9.90 = 0.32 a

FC — field capacity. The mean values marked with the same letters do not differ significantly
at a = 0.05.

the plants growing on the water-deficient and high moisture soil. The fruit
harvested from the plants growing in the soil with the optimal moisture
level had significantly greater TSS content. It is noteworthy that a further
increase in the soil moisture level did not cause significant changes in the
total soluble solids content.

The authors proved that the biostimulant significantly affected the quali-
tative characteristics of strawberries. In the water-deficient soil variants, the
plants treated with the biostimulant yielded heavier fruit than the ones not
treated with the biostimulant (5.05 and 4.48 g, respectively) — Table 4. Such
differences were not observed in the fruit harvested from the plants growing
in the soils with the optimal and high moisture levels.

Except for the variant with high soil moisture, the biostimulant did not
significantly affect the T'SS content in the fruit. Presumably, this parameter
is more influenced by other factors, i.e. the cultivar, soil properties, and,
above all, weather conditions (Saridas et al. 2021). High temperatures
and sunlight increase the amount of soluble solids in the fruit.

Firmness determines the proper storage of fruit, which is of primary
importance for strawberries. In our experiment, the effect of the biostimulant
on the fruit firmness varied in a soil-moisture-level-dependent manner.
There were no significant differences in the fruit firmness between the
biostimulant-treated and untreated variants at high soil moisture levels
(Table 4). However, there were differences between these variants at the
optimal and low soil moisture levels. Importantly, the difference in the fruit
firmness between the biostimulant-treated and the untreated strawberries
harvested from the plants growing in the water-deficient soil was greater
than between the fruit harvested from the plants growing at the optimal soil
moisture level. The differences amounted to about 6% and about 9%, respec-
tively (Table 4).

The taste of fruit, which depends on its content of sugars and acids,
determines its attractiveness to consumers. The content of sugars and acids
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depends on the degree of fruit ripeness, as indicated by parameters such as
titratable acidity and cell sap pH. In our experiment, the fruit acidity ranged
significantly in a variant-dependent manner. The most acidic fruits (0.57%)
were harvested from the plants growing in the water-deficient soil; the least
acidic ones — from the plants growing in the soil with the optimal moisture
level (0.48%) — Table 5. No significant effect of the biostimulant on fruit
acidity was observed.

Table 5
The effect of soil moisture and biostimulant on the titratable acidity and cell sap pH
Soil moisture Biostimulant pH Acidity (%)
4.57+0.03 a 0.54 +£0.01 ¢
Low (30-40% FC)
+ 4.59 + 0.01 ab 0.57 + 0.02 cd
) 4.60 + 0.02 ab 0.48 + 0.01 a
Optimal (60-70% FC)
+ 4.59 + 0.04 a 0.50 + 0.01 ab
) 4.63 +0.03 ¢ 0.51 +0.02 b
High (80-90% FC)
+ 4.60 + 0.01 be 0.52 +0.02 b

FC - field capacity. The mean values marked with the same letters do not differ significantly
at a = 0.05.

This difference can be attributed to the fact that when there is water
deficit, the rate of photosynthesis decreases (Bashir et al. 2021). As a result,
the sugar content in the fruit decreases, whereas the content of organic acids
increases. In our experiment, the use of the biostimulant did not have a sig-
nificant effect on the cell sap pH or titratable acidity of the fruit. Likewise,
Mikiciuk et al. (2019) in their experiment observed no changes in the acidity
of strawberries under the influence of biostimulants. It can be assumed that
agricultural treatments have lesser influence on these parameters than,
for example, sunlight. The degree of fruit ripeness is also important. As Bose
et al. (2019) and Ni et al. (2021) concluded, the cell sap pH drops significantly
during the ripening process as a result of metabolic changes and the con-
sumption of acids during cellular respiration.

CONCLUSIONS

The soil moisture level significantly modified both the biological proper-
ties of the soil and some qualitative traits of the strawberries. The soil
enzyme and respiratory activities in the water-deficient soil were found to be
several dozen per cent lower than in the soil with the optimal moisture level.
The water deficit resulted in poorer growth of the strawberry plants. Com-
pared to the variant with optimal soil moisture, the average leaf weight was
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reduced by about 22% and leaf area — by about 28%. The strawberry leaves
had a low hydration rate (RWC) and significantly lower total content of chlo-
rophyll a and b. The plants growing in the water-deficient soil also yielded
fruit with the lowest weight.

The application of the biostimulant improved most of the parameters
under analysis, especially in the plants growing in the water-deficient soil.
In comparison with the variants without the biostimulant treatment, the soil
enzyme and respiratory activities increased by several dozen percent, which
translated into better vegetative growth of the plants. The average leaf
weight and content of chlorophyll a and b also increased significantly.
The average fruit weight and fruit firmness also increased significantly
(by approximately 13% and 9%, respectively). It is noteworthy that, of all soil
moisture levels, the biostimulant proved to be the most effective in the
water-deficient soil. This fact was evidenced by increases ranging from
several to several dozen per cent in the average leaf weight (about 30%),
total content of chlorophyll a and b (about 5%), average fruit weight, and
fruit firmness. The biostimulant had no effect or was less effective at the
optimal or high soil moisture levels.

Due to the progressive climate change, there is an increasing occurrence
of extreme temperatures and, as a result, dry periods during the growing
season. Therefore, it is justified to continue the search for effective and envi-
ronmentally friendly methods to minimize the effects of water deficit. Amino
acid-based biostimulants are an example of such solutions.
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