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Abstract

Given the growing and urgent need for strategies to mitigate the negative effects of drought stress in arid and semi-arid
regions, a field study was conducted to evaluate the effects of plant growth promoting bacteria (PGPB) treatments with
recycled wastewater and fresh water on seed yield and water productivity of safflower (Carthamus tinctorius L.) under
deficit irrigation levels in 2022 and 2023. In the study, 0% (10 - rainfed), 25% (125), 50% (150), 75% (I175) and 100%
(I100) of the evaporation values read from the Class A pan were selected as irrigation levels; Two irrigation waters of
different quality were used: recycled wastewater (RW) and fresh water (FW). The PGPB treatments were applied at four
frequencies: RO (no inoculation, control), R1 (single application at sowing), R2 (two applications: at sowing and 10 days
after sowing), and R3 (three applications: at sowing, 10 and 20 days after sowing). Evapotranspiration (ETa) values were
similar in both water types. The highest plant height, stem diameter, head diameter, 1000 grain weight and seed yield
(107.36 cm, 10.52 mm, 28.55 mm, 48.21 g and 173.10 kg dafl) were measured among RW conditions with 1100-R3
treatment recorded. In all treatments, WUE and IWUE ranged between 0.27 and 0.56 kg m > and 0.46 and 1.77 kg m 3,
respectively, and it was observed that water stress, the number of bacterial treatments and RW treatments WUE and IWUE
values increased in both years. Yield response factor (ky) is between 0.30 and 0.37 for RW treatments and 0.35-0.39
for FW treatments. Similar results were observed in ky values of RW and FW treatments. This state is considered more
tolerant to water stress. Thus, RW and deficit irrigation treatments can successfully improve productivity by increasing
water efficiency under conditions where water resources are limited. However, it was determined that PGPB applications
reduced the seed yield loss caused by water stress in the plant.

Introduction

Global climate change causes adverse weather events
such as frequent and intense droughts, leading to a signifi-
cant reduction in renewable water resources, especially in
arid and semi-arid regions (Schilling et al. 2020; Wu et al.
2020). This, together with rapidly growing population and
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urbanization, significantly increases the demand for fresh
water resources (Oskay et al. 2023). Water scarcity in arid
and semi-arid regions has become one of the major prob-
lems negatively impacting agricultural production and the
food industry (Shareef et al. 2018; Saad et al. 2023; Tutar
2024). Protecting and sustainably managing freshwater
resources is critical to global food security. In this regard, it
is necessary to increase agricultural yield per unit of water
and use water resources more efficiently (Ozer et al. 2020).

In order to reduce the pressure on water resources in
arid and semi-arid regions, increasing water use efficiency
and identifying alternative water resources are of strategic
importance. In this context, environmentally friendly and
innovative practices such as the use of recycled wastewater
in irrigation and deficit irrigation techniques are considered
suitable solutions to both save water and contribute to the
sustainability of agriculture (Lahlou et al. 2021; Perulli et
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al. 2021). Deficit irrigation is a method of saving water by
consciously reducing irrigation water during certain criti-
cal periods of plant growth. Many field studies show that
this method can maintain or increase plant productivity
if applied correctly (Chai et al. 2016; Chand et al. 2020;
Ahmadian et al. 2021; Abd El-Mageed et al. 2022).
Reusing wastewater is an effective approach to maximiz-
ing available water resources and alleviating water scarcity
in the fight against climate change (Yang et al. 2017; Mah-
joub et al. 2022). Studies on the use of recycled wastewa-
ter in agriculture show that this practice both improves soil
properties and has positive effects on crop yield parameters
(Abdel-Aziz2015; Nzediegwu et al. 2019; Bashir etal. 2021;
Ammeri et al. 2023). In addition to these strategies, Plant
Growth-Promoting Bacteria (PGPB) can live in the root
zone of plants, providing direct or indirect positive effects
on growth and yield (Alharbi et al. 2022). Plant Growth-
Promoting Bacteria (PGPB) enhance plant growth through
diverse direct and indirect mechanisms, though not all bac-
teria possess the same traits (Mondani et al. 2019; Shah et
al. 2021). Direct mechanisms include biological nitrogen
fixation, nutrient solubilization (phosphorus, potassium),
and phytohormone production such as auxins, gibberellins,
and cytokinins (Khalifa et al. 2016; Etesami et al., 2020).
Nitrogen-fixing PGPB, including Bacillus and Azospirillum
strains, convert atmospheric nitrogen into plant-available
forms via nitrogenase, reducing synthetic fertilizer needs
(Bouchet et al. 2016; Alori et al. 2017). Phosphate-solubi-
lizing genera such as Arthrobacter, Bacillus, Burkholderia,
Enterobacter, Microbacterium, Pseudomonas, Rhizobium,
Mesorhizobium, Flavobacterium, and Serratia release
organic acids to increase P availability (Anand et al. 2016;
Riaz et al. 2020). Siderophore-producing PGPB mobilize
insoluble iron for photosynthesis, nitrogen fixation, and
respiration, while limiting pathogen access (Rezanka et al.,
2018; Khoshru et al. 2020; Haider et al. 2024). Indirectly,
PGPB suppress pathogens via antimicrobial compounds,
hydrolytic enzymes, antibiotics, and resource competition in
the rhizosphere (Ulloa-Ogaz et al. 2015; Vejan et al. 2016).
Some strains induce systemic resistance through defense
hormones like jasmonic acid (Admassie et al. 2021; Yang et
al. 2024). ACC deaminase activity reduces ethylene levels
under stress, improving tolerance to drought, salinity, and
other abiotic factors (Dutta et al. 2015; Mutai et al. 2017,
Ilangumaran And Smith 2017). PGPB also enhance root
architecture, water uptake, and antioxidant activity, mitigat-
ing damage from water scarcity, salinity, and heavy met-
als (Santos et al. 2018; Mahreen et al. 2023; Gamalero And
Glick 2024). Overall, the combined actions of PGPB—from
nutrient mobilization and hormone modulation to patho-
gen suppression and stress alleviation—support sustain-
able crop production, improve yields, and reduce reliance
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on agrochemicals (Paul et al., 2014; Swarnalakshmi et al.
2020; Zarei 2022; Hasan et al. 2024).

Rhizobacteria generally belong to the genera Microcco-
cus, Pseudomonas, Acinetobacter, Achromobacter, Alca-
ligenes, Artrobacter, Rhizobium, Serratia, Enterobacter,
Erwinia, Flavobacterium, Aereobacter, Agrobacterium,
Bacillus, Burkholderia, Azospirillum, and Xanthomonas
(Khan et al. 2020). Azospirillum brasilense promotes plant
growth and yield through indole acetic acid (IAA), nitric
oxide (NO), and carotenoid synthesis (Fibach-Paldi et al.
2012), while the Azospirillum generally improves growth
through TAA synthesis (Fukami et al. 2017); Enterobacter
cloacae and Achromobacter xylosoxidans increase photo-
synthetic rate and yield through ACC deaminase produc-
tion, reduction of ethylene levels, and nitrogen fixation
(Danish et al. 2020); Bacillus subtilis DHK strain increases
yield through IAA production (Sood et al. 2020); When
Azospirillum brasilense and Pseudomonas fluorescens are
applied together, they increase grain yield by enhancing
IAA production, ACC deaminase activity, and phosphate
solubility (Di Salvo et al. 2018); Gluconacetobacter diazo-
trophicus enhances nutrient uptake by solubilizing nutrients
(Sarathambal et al. 2010); Pseudomonas fluorescens P1
strain promotes root system development and plant growth
by producing auxin (IAA) and ACC deaminase (Zarei et al.
2019). PGPBs have been shown to improve plant adapta-
tion, particularly under abiotic stress conditions such as
water stress (Tanveer And Ali 2022; Zarei 2022).

Safflower (Carthamus tinctorius L.) is an annual oilseed
plant belonging to the Asteraceae family, known for its high
oil content (35-40%) and resistance to water stress, and is of
global importance (Torabi et al. 2015; Yazdani et al. 2019).
Thanks to its taproot structure, safflower can adapt to arid
conditions and is an important agricultural crop grown in
arid and semi-arid regions (Yeloojeh et al. 2020; Bijanzadeh
etal. 2022). Safflower is cultivated in many countries world-
wide, including Egypt, Morocco, China, India, and parts of
the Mediterranean region (Ekin 2005), and is particularly
widespread in regions with high temperatures and low rain-
fall. This characteristic makes it a suitable crop for arid
agricultural systems (Ebrahimian et al. 2019). However, the
literature shows that research involving the use of recycled
wastewater and PGPB treatments to reduce the sensitiv-
ity of safflower to water stress is limited. The aim of this
study was to investigate the effects of irrigation of recycled
wastewater with plant growth promoting bacteria (PGPB)
on grain yield, water-yield relations and water efficiency of
safflower at different irrigation levels under semi-arid con-
ditions. In this context, the findings are expected to provide
important contributions to sustainable water management
and agricultural production in arid and semi-arid areas.



Irrigation Science (2026) 44:17

Page3of 17 17

Fig. 1 A general view of the study area
Material and methods
Experimental site

The present study was carried out between May and Sep-
tember 2022 and 2023 in the experimental field of the
Application and Research Center for Crop Production at
Ataturk University. The study area (39.934°N, 41.236°E) is
about 1788 m above sea level and the image of the study
area is presented in Fig. 1.

According to long-term climate data (1929-2023),
the study area has a semi-arid climate with an annual

precipitation of 431.5 mm and an average annual air tem-
perature of 5.8 °C. July (26.8 mm total rainfall and 19.2 °C
average air temperature) and August (17.9 mm total rain-
fall and 19.5 °C average air temperature) are the driest and
hottest months (DMI 2024). Average monthly climate data
during the vegetation periods are given in Table 1. The aver-
age temperature and total precipitation for the year 2022
are 16.36 °C and 183.7 mm, while the average temperature
and total precipitation for the year 2023 are 16.16 °C and
225.1 mm. Precipitation values during the growth periods
were measured with a pluviometer installed in the experi-
mental area. Climatic parameters such as average tem-
perature, sunshine duration and relative humidity of the
vegetative period are consistent with the long term.

Selected characteristics of the soils are given in Table 2.
Both disturbed and undisturbed soil samples were col-
lected from 0 to 30, 30-60 and 60-90 cm depths and ana-
lyzed according to the methods presented. The results of
the analysis showed that the mean values of pH, electrical
conductivity, organic matter, CaCO;, Total N, P,O5 and
K,0 were 7.58, 1.38 dS/m, 1.30%, 1.39%, 0.07%, 4.29 kg
da~!, 136 kg da™ !, respectively. Soil texture was clay loam
(36.2% clay, 30.4% silt, 33.4% sand).

Plant material and experimental design

In this study, Dincer, adapted to the ecological conditions of
the region, was used as a safflower variety (Carthamus tinc-
torius L.). The plots were sown on May 13, 2022 and May
9, 2023 into account with 2 kg of seeds per decare. Accord-
ing to the soil analysis results, nitrogen (ammonium sul-
fate) and P (triple superphosphate) fertilizers were applied
to all plots at doses of 6 kg N da™! and 4 kg P,05 da !,
respectively. The plant was harvested at the stage when the
leaves were deformed and yellowed. Weeds control were

Table 1 Long term and experimental year’s monthly climate data of study site

Years Months Thax CC) T in (°C) T, (°C) Precipitation (mm) R.H. (%)
1929-2021 May 16.9 43 10.7 72.6 62.5
June 21.8 7.3 14.9 48.6 57.8
July 26.6 11.1 19.2 26.8 51.5
August 27.3 11.2 19.5 17.9 48.1
September 22.7 6.4 14.8 242 50.6
2022 May 159 2.1 9.1 89.3 67.3
June 239 7.5 159 80.4 62.8
July 28.4 9.5 19.4 52 48.1
August 315 11.6 21.9 0 36.2
September 25.7 43 15.5 8.8 42.6
2023 May 16.8 39 10.3 99.8 64.6
June 21.9 7.5 14.8 62 66.6
July 23.6 10.4 18.0 55.6 57.9
August 30.9 10.6 21.3 44 41.8
September 25.1 6.9 16.4 33 46.3
Tnaxs Tmin and T,y,! maximum, minimum, and average temperature, R.H: relative humidity.
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Table 2 Selected properties of the experimental soil

Properties  Soil depth Method
0-30 cm 30-60 cm 60-90 cm
Clay (%) 36.4 36.2 359 (Gee
Silt (%) 30.1 31.0 30.2 And Or
Sand (%)  33.5 32.7 339 2002)
Textural Clay-Loam Clay-Loam Clay-Loam
Class
pH 7.55 7.58 7.61 (Thomas
1996)
EC (dS/m) 1.33 1.39 1.42 (Rhoades
1996)
CaCO, 1.51 1.35 1.31 (Loep-
pert And
Suarez
1996)
Organic 1.61 1.26 1.10 (Nelson
matter (%) And
Sommers
1996)
Bulk 1.32 1.36 1.32 (Gross-
density (g man And
cm ™) Reinsch
2002)
Field 29.80 28.70 25.60 (Cas-
capacity sel And
Py %) Nielsen
Wilting 16.10 15.43 13.11 1986)
point (P,,,
%)

Fig. 2 Flowering safflower (Carthamus tinctorius L.) in the experi-
mental field during the growing season

@ Springer

done by hand-hoeing during the growth period. The harvest
was realized on September 19 in 2022 and September 15
in 2023. Figure 2 presents photographs of safflower (Car-
thamus tinctorius L.) in the flowering stage taken from the
experimental area.

The field experiments were designed as a randomized
complete block split-split plot design with three replicates.
Each experimental plot was arranged 8 m long and 1.8 m
wide with a total area of 14.4 m* and consisted of four rows
spaced 0.6 m apart. A distance of 5 m was set between the
FW and RW blocks. In the study, recycled wastewater (RW)
and fresh water (FW) treatments constituted the main plots,
deficit irrigation levels (I) were assigned to the sub-plots,
and plant growth promoting bacteria (PGPB) treatments (R)
were assigned to the sub-subplots.

For both water types (RW: recycled wastewater and FW:
Fresh water), five different irrigation levels were applied
for each water source: 100% of full crop irrigation water
requirement, CWR (1100), 25% water less than CWR (175),
50% water less than CWR (150), 75% water less than CWR
(I25), and rain-fed only (I0) conditions. and four PGPB
treatments (RO: Liquid media without bacteria, R1: Liqg-
uid media+ 1 time bacteria treatment, R2: Liquid media+2
times bacteria treatment, R3: Liquid media+3 times bacte-
ria treatment). The PGPB treatments were applied at four
frequencies: RO (no inoculation, control), R1 (single appli-
cation at sowing), R2 (two applications: at sowing and 10
days after sowing), and R3 (three applications: at sowing,
10 and 20 days after sowing).

Bacteria application

In this study, nine bacterial isolate mixture solutions con-
sisting of Bacillus megaterium M-3, Bacillus megaterium
KBA-10, Bacillus megaterium TV-3D, Bacillus megate-
rium TV-91 C, Bacillus subtilis TV-17 C, Bacillus subtilis
TV-12 H, Bacillus thuringiensis CP-1, Pantoea agglomer-
ans RK-79, Pantoea agglomerans RK-92 were prepared
and applied (Gok¢e and Kotan 2014; Kotan et al. 2014). The
atmospheric nitrogen fixation capacity of Bacillus megate-
rium KBA-10, Bacillus megaterium TV-3D, Bacillus subti-
lis TV-17 C and Bacillus thuringiensis CP-1 isolates were
found to be strongly positive. This indicates that these iso-
lates have a high potential to biologically support nitrogen
nutrition of plants (Kuan et al. 2016; Stepien et al. 2022).
On the other hand, Bacillus megaterium M-3 and Pantoea
agglomerans RK-92 isolates showed strongly positive
results in terms of their inorganic phosphate solubilization
capacity, indicating that these isolates may play an active
role in converting insoluble phosphorus compounds in soil
into a form that plants can take up (Singh et al. 2020; Soltani
et al. 2025). Studies were carried out on the efficiency of



Irrigation Science (2026) 44:17

Page50f17 17

the isolates in terms of phosphate solubilization, nitrogen
fixation, hormone and amino acid production and their
effects on plant growth (Li et al. 2017; Silva et al. 2019a).
The bacterial strains used in this study were obtained from
the culture collection unit of Atatiirk University, Faculty of
Agriculture, Department of Plant Protection. Bacterial cul-
tures were grown on nutrient agar for routine use and pre-
served in Luria Broth containing 15% glycerol at —=80°C for
long-term storage (Kotan et al. 2014; Yildirim et al. 2021).
Tryptic soy agar (TSA, Oxoid) and tryptic soy broth (TSB,
Oxoid) were used in the experiments. All bacterial isolates
were incubated in TSA at 27 °C for 24 h. After incubation,
single colonies were transferred to 500-mL flasks containing
TSB and grown aerobically on a rotating shaker (150 rpm)
for 48 h at 27 °C. The bacterial suspension was then diluted
in sterile distilled water (sdH,O) to a final concentration of
1x10% cfu mL™! as measured with a turbidimeter. The pre-
pared bacterial solution was stored at +4 °C until use. For
field applications, the solution was applied using a backpack
sprayer operating at 2 atmospheres with agitation. The first

Table 3 The quality properties of recycled wastewater and freshwater

Properties Freshwater  Recyled
wastewater
pH 8.03 6.92
EC (dSm ) 0.33 0.63
Ca (meq L) 0.93 2.52
Mg (meq L") 0.71 0.97
Na (meq L) 0.33 2.91
K (meqL™h 0.10 0.93
CO; (meq L7Y) - -
HCO, (meq L) 1.47 3.96
Cl (meq L") 0.51 1.92
SO, (meq L) 0.13 0.15
B(mgL 0.02 0.06
Fe(mgL ™) 0.05 0.04
Cu(mgL™") - 0.00
Mn (mg L™ - 0.01
Zn (mg L) - 0.06
Pb (mg L") - 0.00
Cd (mgL™") - -
Cr(mgL™h) - 0.00
Ni(mgL™) - 0.00
Total Nitrogen (mg L™ 1) - 7.74
Total Phosphorus (mg L™1) - 1.20
Chemical Oxygen Demand (mg L™ 1) - 22.33
Bi?logical Oxygen Demand (BODs) (mg - 3.90
L)
Sodium Adsorption Ratio (SAR) (%) 0.40 2.25
Re]sidual Sodium Carbonate (RSC) (meq —0.17 0.47
L)
% Na 14.55 39.43
Fecal Coliform (colony forming units, - 180.33
CFU 100 ml ")
Total Coliform (colony forming units, - 665.00
CFU 100 ml™")

application was made directly to the seedbed, followed by
two or three subsequent applications at 10-day intervals,
depending on the treatment group, at a rate of 400 L/ha
to ensure effective colonization and plant interaction. The
prepared bacterial solution was first applied to the seedbed;
then the application was repeated at 10-day intervals after
the planting date to evaluate the effects on plant growth. The
same concentration and volume were used for each applica-
tion. As a control, liquid media, which is known to have no
effect on plant growth and in which bacteria live, multiply
and feed, was used.

Supply of irrigation water and irrigation system

Irrigation water was supplied to the plots using a drip irri-
gation system consisting of 16 mm diameter lateral pipes,
and the dripper flow rate was 4 L/h at a working pressure
of 100 kPa. Diameter of the main pipe and lateral pipes is
50 mm. In the study, FW was obtained from a deep well
in the research area and RW was obtained from Erzurum
Municipality Biological Wastewater Treatment Plant. The
results of the analysis of fresh and recycled wastewater
used in irrigation during the years of the study are given in
Table 3. It was determined that all quality characteristics of
the water used were within the usable limits for soil, plant
and irrigation systems (Ayers And Westcot 1989; Kanber
and Unlii 2010).

Irrigation water amount (1) and evapotranspiration
(ET)

The amount of irrigation water applied and evapotranspira-
tion values obtained from the treatments are given in Fig. 3.
Equal amounts of irrigation water were applied in full irri-
gation with fresh water and recycled wastewater. In 2022,
the amount of irrigation water applied to the plots was real-
ized in the range of 100-340 mm, and in 2018 in the range
of 82.5-330 mm. In both years of the experiment, planned
irrigations were started at the same time and continued until
the end of the season. A total of 9 irrigations were made in
the first year and 7 irrigations in the second year. The aver-
age irrigation interval was calculated as 7 days. ET values
varied between 235 and 498 mm in 2022 and 291-552 mm
in 2023. In 2022, the highest ET value was observed in the
1100-R1 treatment and the lowest value in the 125-R3 treat-
ment, while in 2023, the highest ET value was observed in
the 1100-R0O and 100-R1 treatments and the lowest value in
the 125-R2 and 125-R3 treatments (Fig. 3). The changes in
evapotranspiration values of bacteria and irrigation treat-
ments in both experimental years are similar. In the case
of full irrigation, evapotranspiration values were similar
for RW and FW since the soil moisture difference at the

@ Springer
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Fig. 3 Irrigation amount appliAed 600 ooy [ 400
(I) and actual evapotranspiration 2022 B
(ETa) in the 2022 and 2023 grow- =
ing seasons - 300
- 250
- 200
- 150
100

L 50
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EENETa (mm) =—e—I(mm)

beginning and end of the vegetation period was close and
the irrigation water amounts were equal. In previous stud-
ies, Singh (2016) reported that the average ET values of saf-
flower plants grown under different irrigation levels ranged
between 239 and 535 mm. Istanbulluoglu et al. (2009)
reported that seasonal ET values of summer and winter saf-
flower (Carthamus tinctorius L.) varied between 232 and
728 mm under water stress. ET values have been reported
to vary between 200 and 1000 mm under different climatic,
soil and sowing time conditions and in different varieties
(Kar et al. 2007; Lovelli et al. 2007; Istanbulluoglu 2009).
While ET values were similar to some previous studies, they
were higher or lower than some others. These differences
are thought to be due to factors such as climatic conditions,
soil properties, irrigation management, safflower variety
and cultivation techniques.

Calculation of irrigation water and plant water
consumption

The amount of irrigation required for each irrigation was
calculated with the following equation. Irrigations were

@ Springer

performed when total evaporation from the Class A pan
reached 50+5 mm (Ertek 2011; Ozer et al. 2020).
I=E,xKpxA (D
where; [=amount of irrigation water (liters), A=Plot area
(m?), Ep=Cumulative amount of water that evaporated
from the Class-A Pan (mm), K, = Plant-pan coefficient (K
values for different irrigation levels were selected as 1, 0.75,
0.50 and 0.25).

Actual evapotranspiration (ETa) was calculated accord-

ing to the water budget equation proposed by Allen et al.
(1998).
ETa=1+P+Cr—Dw—-Rf £ AS 2)
where; ETa=Evapotranspiration (mm), [=Amount of irri-
gation water (mm), Cr=Capillary rise (mm), Dw=Deep
percolation (mm), Rf=Amount of runoff (mm) and
AS=Changes in water content (mm).

The soil of the experimental area was deep and there
were no problems with drainage and salinity. Therefore,
since there was no capillary rise due to groundwater, the Cp
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value was not taken into account in the calculations. Soil
moisture above field capacity due to rainfall or irrigation
events was considered as deep infiltration. Since the amount
of irrigation applied did not exceed the field capacity in all
treatments, deep infiltration was disregarded. Since the drip
irrigation system was planned and managed correctly, no
losses due to surface runoff occurred and therefore the Rf
value was excluded from the calculations.

Yield response factor (ky), WUE, and IWUE

Seasonal values of the yield response factor (ky) for each
experimental season were determined using the Stewart
model Eq. 3 (Doorenbos and Kassam 1979).

ETa
] 3)

Ya
[1 - an] =hy. {1 T ETm

where; Ya=actual yield, Ym=Maximum yield, ETa=Actual
ET (mm), Em=Maximum ET (mm) and ky=Yield response
factor.

Irrigation water use efficiency (IWUE) was calculated
dividing the grain yield by total irrigation applied during the
growing season. Seasonal water use efficiency (WUE) was
calculated as follows (Howell 2001; Zou et al. 2021).

Y
W = 4

UE ETa “4)
IWUE = % (%)

where, Y is the total yield (kg da” ') while, ET and IR are
the total seasonal evapotranspiration and applied irrigation
amounts, respectively.

Growth parameters and seed yield

Fifteen plants were randomly sampled from the middle two
rows for each plot and then growth yield variables such
as plant height, stem diameter, head diameter, 1000 grain
weight and grain yield were measured.

Statistical analysis

The data obtained as a result of the research were subjected
to analysis of variance with the help of SPSS version 22
packpage program and compared with analysis of variance
(ANOVA) and Duncan multiple comparison test for differ-
ences between means.

Results and discussion
Morphological and yield traits of safflower

The average plant height, stem diameter, tray diameter, 1000
grain weight and grain yield values of safflower plants in
2022 and 2023 are given in Table 4. The effects of irrigation
levels of treated wastewater and fresh water and number of
bacterial treatments on plant height, stem diameter, head
diameter, 1000 grain weight and grain yield were found sta-
tistically significant at p<0.05 level.

Plant height varied between 75.10 and 107.36 cm, stem
diameter 6.83—10.52 mm, head diameter 20.42-28.55 mm,
1000 grain weight 40.87-48.21 g, grain yield 104.11-
173.10kgda'. The highest plant height, stem diameter, head
diameter, 1000 grain weight and grain yield (107.36 cm,
10.52 mm, 28.55 mm, 48.21 g and 173.10 kg da ') were
recorded in [100-R3 treatment with recycled wastewater
conditions while the lowest values (75.10 cm, 6.83 mm,
20.42 mm, 40.87 g and 104.11 kg da” ") were recorded in
10-RO treatment. When the data obtained on plant height,
stem diameter and head diameter were analyzed, it was
observed that plant height increased as the amount of irriga-
tion water increased. No tendency of the difference in irri-
gation levels on 1000 grain weight was detected. In both
years of the study, the increase in bacterial treatments under
recycled wastewater and fresh water conditions increased
the values of the head diameter and 1000 grain weight.
When examining the average 1000 grain weight values for
the 2022-2023 vegetative period, it was determined that the
1100-R3 treatment using recycled wastewater had a value
14.07% higher than the 1100-RO treatment. Similarly, for
fresh water, the 1100-R3 treatment exhibited the highest
value, which was 14.74% higher than that of the 1100-R0
treatment. In both years, the data on grain yield revealed
that an increase in irrigation water quantity and the number
of bacterial applications (RO: none, R1: once, R2: twice, R3:
three times) resulted in higher grain yield.

It was observed that R2 and R3 treatment values for seed
yield were similar to each other. The increase in plant height
and stem diameter was found statistically significant as
the number of bacterial treatments increased in the rainfed
treatment. This resulted in the conclusion that the number
of bacterial treatments was important in reducing the nega-
tive effects of water stress on the plant. The effects of recy-
cled wastewater and fresh water treatments on plant height,
stem diameter and grain yield were found to be statistically
significant at p<0.05 level, while the effect on 1000 grain
weight was not found to be significant. The effects of recy-
cled wastewater and fresh water treatments on head diam-
eter were found to be statistically significant at p <0.05 level
except for I75-R0 and 175-R1 treatments in the first year and
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Table 4 Effects of irrigation water quality and bacterial applications on plant height, stem diameter, head diameter, 1000 grain weight and grain
yield in safflower plant under different irrigation levels

Irrigation ~ Treatment 2022
water Plant height Stem Head 1000-
(cm) diam-  diameter grain
eter (mm) weight
(mm) (8)

Rainfed 10-RO 75.10cC 6.83¢eD  25.74bA  41.25bD
10-R1 80.85cB 7.51eC  23.83dB  43.07bC
10-R2 81.81cB 7.74eB  24.81dC 44.84bB
10-R3 85.53cA 7.95¢A 22.41dD 45.55bA

RW 1100-RO 95.89aB 8.72aD 26.54aD 42.26aD
1100-R1 94.49aB 8.88aC 27.12aC  44.66aC
1100-R2 96.86aB 9.25aB 27.87aB  45.64aB
1100-R3 98.48aA 9.30aA  28.55aA 48.21aA
175-R0O 95.93aB 8.41bD 25.88bD 42.90aD
175-R1 93.51aB 8.65bC  26.42bC  43.57bC
175-R2 95.98aB 8.67bB 27.24bB  44.42bB
175-R3 97.56aA 8.81bA 28.45bA 45.51bA
150-R0O 90.80bC 8.21cD 25.32bD 42.78aD
150-R1 92.20bB 8.31cC 26.81bC 42.87cC
150-R2 93.30abA  8.41cB 27.37bB 42.91cB
I50-R3 92.93bA 8.51cA 28.26bA 43.42cA
125-R0O 88.78bB 7.82dD 24.55cD  41.39bD
125-R1 91.02bA 7.92dC 25.42¢C  41.52dC
125-R2 91.40bA 8.12dB  26.56cB  42.82cB
125-R3 90.89bA 8.20dA 27.74cA  45.88bA

FW 1100-RO 88.13aB 8.24aD 26.45aD 42.95aC
1100-R1 89.33aA 8.36aC 26.91aC 45.07aB
1100-R2 89.50aA 8.45aB 27.64aA 45.53aB
1100-R3 89.05aA 8.51aA 27.43aB  48.12aA
175-R0O 87.21abB  8.15bB  25.86bC 42.34bC
175-R1 84.40bB 8.18bB 26.41aB  43.98bB
175-R2 89.00aA 8.26bA 26.71cB 42.52dB
175-R3 88.43aA 8.28bA 27.44aA  44.03cA
150-RO 87.17abB  7.83cB  25.62bC  42.04bC
150-R1 84.13bC 7.86cB  26.22bB  42.74bB
150-R2 88.20aA 7.94cA  27.32bA 43.82cB
150-R3 85.70abB  7.96cA 27.11bA  44.35cA
125-R0O 84.83bA 7.76dB  25.24cD 41.28¢cC
125-R1 82.48bB 7.78dB  26.05bC  41.26¢C
125-R2 87.20bA 7.85dA  26.34dB 43.73¢cB
125-R3 82.56cB 7.85cA  27.24bA  44.06cA

2023

Grain Plant Stem Head 1000- Grain

yield (kg  height diameter diameter grain yield

da ) (cm) (mm) (mm) weight (kgda™h

(g

104.11dC  78.12dD  7.29¢D  20.42¢D 42.08bD 116.21eC
108.12dB  81.24dC  7.58eC  21.30eC 43.93bC  122.69¢B
113.15¢A 85.13dB  7.82eB  21.90eB 45.24aB  130.24eA
114.11eA 89.10dA  8.05eA  22.36eA 46.46aA 128.20cA
170.12aC  103.17aC 9.12aD  25.16aD 41.52¢D  165.14aC
172.12aB  106.39aB  9.56aC ~ 26.64aB  43.32bC  168.25aB
173.09aA  106.58aB  10.02aB  26.16aC  44.67bB  170.14aA
173.10aA  107.36aA 10.52aA 26.88aA 46.76aA 170.33aA
164.16bC  100.87aC 8.78bD  25.09bD 43.76aD  159.87bC
166.95bB  103.12aB  8.96bC  25.44bC 44.04aC 161.39bB
168.54bA 103.10aB  9.18bB  25.79bB 45.21aB  164.89bA
169.94bA  105.23aA 9.41bA  26.28bA 46.42aA 166.66bA
148.63cC  93.25bC  8.46cD  24.98cD 41.06dD 144.59cC
150.06cB  95.78bB  8.63cC  25.22¢cC  42.16cC  146.36¢cB
152.11cA  95.89bB  8.91cB  25.30cB 43.20cB  149.36cA
155.05cA  98.26bA  9.02cA  25.86cA 44.12cA  149.50cA
145.38¢C  86.45¢cC  8.33dD 24.36dC 40.98dD 140.53dC
148.47cB  89.98cB  8.46dC  24.39dC 41.10dC 142.28dB
149.88dA  90.23cB  8.61dB  24.96dB 42.39dB  146.96dA
150.71dA  92.54cA  8.78dA  25.68dA 45.42bA  146.88dA
158.08aD 91.26aB  8.55aD  23.98aD 43.19aD  151.58aC
160.92aC  93.25aA  8.72aC  24.24aC 43.72aC  155.63aB
162.79aB  93.75aA  9.0laB  25.60aB  44.16cB  158.32aA
165.73aA  94.05aA  9.28aA  25.90aA 46.68aA  158.30aA
152.10bD 90.75aC  8.26bD  23.52¢cD 41.62cD  145.59bC
154.05bC 92.51aB  8.43bC  24.32aC 43.76aC  148.95bB
155.03bB 93.21aA  8.61bB  24.51bB 44.47bB 152.14bA
156.03bA 93.60aA  8.88bA  24.74bA 46.12bA  153.66bA
146.05cD 86.28bC  7.98cD  23.88bD 41.66cD 131.31cD
148.03cC  88.12bB  8.25¢cC  23.92bC 42.31bC  134.14cC
149.03cB  88.04bB  8.43cB  24.46cB 43.08dB 137.17¢B
150.01cA  90.10bA  8.64cA  24.68cA 43.91cA 139.91cA
138.03dD 82.23¢cC  7.52dD  23.03dD 40.87dD 126.17dC
139.01dC  84.58cB  7.78dC  23.15¢cC 41.50cC 129.48dB
142.01dB 85.27cB  7.99dB  23.64dB 42.64eB  133.87dA
144.01dA 87.34cA  8.13dA  24.10dA 45.98bA 132.74dA

Letters followed in each row (small letters) shows differences between irrigation levels, while letters in columns (capital letters) shows differ-
ences between bacterial treatments. Mean differences were tested at the level of p<0.05.

in all treatments in the second year. When 1100-R3 with the
highest plant height was analyzed, it was calculated that RW
treatment increased the average plant height by 10.58% and
14.15%, the average stem diameter by 9.40% and 13.36%,
and the grain yield by 4.45% and 7.59% in 2022 and 2023,
respectively, compared to the FW treatment. The results
of the present study were similar with the findings in the
literature. Recycled wastewater treatments had positive
effects on plant growth compared to fresh water (Hashem
And Qi 2021; Nemera et al. 2021; El Khoumsi et al. 2024).

@ Springer

For example, Mousavi and Shahsavari (2014) and Quemada
et al. (2016) reported that stem diameter and grain yield
increased, and it was emphasized that these changes may be
due to the nitrogen content (Safi-naz And Shaaban 2015; Lu
et al. 2015; Vergine et al. 2017). Yazdani et al. (2018) and
Demir and Sahin (2017) reported that recycled wastewater
treatment increased fruit diameter, Yazdani et al. (2019) and
Moradi et al. (2015) reported that it increased 1000 grain
weight and this was statistically significant.
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Irrigation using RW can lead to increased plant growth
compared to irrigation using FW. The reason for this
increase is the high nutrient content of the wastewater, espe-
cially the nitrogen contribution. However, when irrigation
restrictions are imposed, plant growth may decrease. This is
associated with reduced water and nutrient input to the soil.
These results suggest that wastewater utilization can be a
useful alternative in areas where water resources are scarce
or limited. Bacteria treatments also had a positive effect on
plant height. The effect of this additive was greater than in
FW. It is believed that the combination of plant growth-pro-
moting bacteria can facilitate the uptake of plant nutrients
(Cheng et al. 2025). The fact that the RW content is rich
in nitrogen and phosphorus (Sengupta et al. 2015) and the
bacterial combination used contains nitrogen and phospho-
rus solubilizing bacteria may have accentuated this posi-
tive difference (Khan And Bano 2016; Sarawaneeyaruk et
al. 2019). Similarly, many researchers have shown that the
increase in plant height is due to high nutrient contribution
under irrigation conditions with wastewater use (Hajihash-
emi et al. 2020; Shah et al. 2022). In addition, many studies
have been carried out on the decrease in plant height due
to water stress (Kermani And Asadi 2018; Bhattarai et al.
2020; Rady et al. 2021).

Chand et al. (2020) reported that the stem diameter of
tomato plants grown at different irrigation levels decreased
as the water constraint increased. Rawashdeh (2017) and
Ebrahimian et al. (2019) reported that maximum 1000 grain
weight was obtained under full irrigation conditions. Shah-
rokhnia and Sepaskhah (2017) reported that water stress
negatively affected grain yield in safflower plants grown
under partial root dryness conditions. In accordance with
our study, different researchers reported that water stress
applications decreased grain yield (Yeloojeh et al. 2020;
Saad et al. 2023). Different studies have reported that water
stress has a negative effect on plant growth (Abd El-Mageed
et al. 2022; Li et al. 2022). Ayrica Turan et al. (2014) ve
Ijaz et al. (2018) PGPR treatments increased stem diameter
in plants under drought stress. Samancioglu et al. (2016)
reported that drought conditions created under different
irrigation levels negatively affected the growth of cabbage
plants. However, they found that the application of PGPR
to plants was effective in enhancing tolerance to the adverse
effects of drought stress. Lack et al. (2013) reported that the
effect of bacterial inoculation on 1000 grain weight was sta-
tistically significant. In addition, Saeidi et al. (2018) found
that the effect of different doses of chemical fertilizer and
nitrogen and phosphorus solubilizing bacteria applications
on 1000 grain weight of safflower plant was statistically sig-
nificant. Ekin (2020) evaluated the cultivation of safflower
plant under irrigated and dry conditions with Bacillus
megatorium M3 and Bacillus subtilis OSU142 strains that

promote plant growth, and it was reported that rhizobacteria
applications increased head diameter and grain yield. Kha-
demian et al. (2019) stated that grain yield of safflower plant
decreased as water stress increased, and Azotobacter+ Azo-
spirillum applications caused positive improvements in
grain yield. The findings of the present study suggest that
recycled wastewater and PGPR can increase plant tolerance
to drought stress and that these practices can be an impor-
tant tool for sustainable agriculture.

Water use efficiency (WUE) and irrigation water use
efficiency (IWUE)

Average WUE and IWUE values of safflower plants for the
experimental years are given in Figs. 4 and 5, respectively.
In terms of two-year average values, the effect of irrigation
levels of RW and FW and the bacterial treatments on WUE
and IWUE values were found significant at p<0.05 level.
In all treatments, WUE and IWUE varied between 0.27 and
0.56 kg m ? and 0.46-1.77 kg m ">, respectively. The high-
est WUE and IWUE values were obtained in the 125-R3
treatment of RW, while the lowest values were observed in
the 1100-RO treatment of FW. In both years of the experi-
ment, RO and R1 and R2 and R3 treatments of RW and FW
treatments showed statistically similar characteristics on
WUE and IWUE. It was observed that WUE and IWUE
values increased with increasing water stress and bacterial
treatments in both years of the experiment.

WUE and IWUE values in the first year of the study were
higher than the second year values. This is due to the fact
that although the yield values obtained in both vegetative
periods for WUE are similar, the seasonal rainfall amounts
are different, which affects the evapotranspiration, and for
IWUE, the amount of irrigation water applied in the second
year is less than the first year. In the first year, the high-
est WUE was obtained at 125, which was 21.95% higher
than 10. However, in the second year, WUE values of 125
and 10 subjects were close to each other. It is thought that
this situation is due to the high yield values and seasonal
rainfall amount of the 10 subject in the second year. Accord-
ing to the average values of two years, the IWUE value of
125-R3 RW treatment was 228% higher than 1100-RO FW
treatment. IWUE values were calculated higher compared
to WUE values. In this direction, it can be said that the main
source of water consumption of plants is irrigation water.

In both years of the study, recycled wastewater source
WUE and IWUE values were higher than fresh water condi-
tions. Considering that soil fertility increases during irriga-
tion due to the nutritive properties of recycled wastewater,
the higher WUE values obtained with the use of RW were
found to be statistically significant. In addition, recycled
wastewater WUE values were 7.31%(R0), 9.52%(R1),
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6.81%(R2) and 6.52%(R3) higher than fresh water, respec-
tively. RW treatments achieved higher IWUE and WUE val-
ues, indicating that they may have increased productivity
by improving soil fertility. In water restriction experiments
conducted on different plant species under Erzurum condi-
tions, similar findings to those obtained in this study were
reported (Kuslu et al. 2014; Ors et al. 2016). Similarly, Erice
et al. (2010) found that different levels of drought reduced
WUE values in alfalfa plants. When the studies on differ-
ent crops and irrigation treatments are examined, it can be
said that WUE and IWUE values generally increase with
decreasing irrigation level under deficit irrigation condi-
tions. (Marsic et al. 2012; Lerna And Mauromicale 2020;
Yu et al. 2020). In a lettuce trial conducted in Erzurum, it
was determined that Bacillus megaterium TV-6D and Bacil-
lus subtilis TV-12 H treatments increased WUE by reducing
the negative effects of deficit irrigation (Sahin et al. 2015).
Similarly, higher WUE and IWUE values were reported
in soybean plants inoculated with bacteria (Karakaya and
Odemis 2019). In addition, it has been reported that RW
provides higher WUE and IWUE values compared to FW.
(Rao et al. 2016; Shareef et al. 2018; Chand et al. 2020;
Ghassemi et al., 2020).

Relationships between water-yield and yield
response factor (ky)

Crop yield exhibited a relative yield loss (1 - Ya/Ym) that
increased proportionally to the relative evapotranspiration
deficit (1 - ETa/ETm) depending on water stress (Fig. 6).
The average values for ky, 2022 and 2023 were determined
as 0.35, 0.37, 0.35 and 0.30 for RO, R1, R2 and R3 under
RW conditions, respectively, while the values for FW condi-
tions were determined as 0.35, 0.37, 0.36 and 0.39, respec-
tively. Similar results were observed in the ky values of RW
and FW applications. These findings appear to be strongly
related to the application of different irrigation levels. Water

1-(ETa/ETm)
045 0.40 0.35 0.30 0.25 0.20 0.15 0.10 0.05 0.00

/ .
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ARl
R2
R3
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y=0.4519x + 0.0039
R?=0.9911

1-(Ya/Ym)

0.150

0.200

0.250

stress at 150 level was severe enough to reduce grain yield
more than relative evapotranspiration deficit in all treat-
ments. This is due to the fact that the grain yield values
obtained in the I50 treatment and the 125 treatment are simi-
lar. According to the results obtained, all treatments have
a ky value less than 1. In this case, crops with a ky value
less than 1 are considered more tolerant to water stress, as
yield loss under water deficit conditions is lower than the
reduction in evapotranspiration (Yavuz et al. 2020). These
findings are consistent with studies in the literature (Peji¢ et
al. 2009). For example, the ky values of maize grown under
treated and fresh water conditions were determined to range
between 1.19 and 1.77, with higher ky values observed in
RW treatments compared to FW treatment (Cakmakci and
Sahin 2021). The winter maize grown in Brazil exhibited
high sensitivity with a ky value of 1.22 (Silva et al. 2019b).
The ky values of maize grown under water-restricted con-
ditions were determined to range between 0.66 and 0.77,
indicating a sensitivity to water stress varying from high to
moderate (Zou et al. 2021). Similarly, Smith and Steduto
(2012) calculated ky and reported that it varied between
0.20 and 2.30 across different growth stages. These ky val-
ues serve as an important guide for irrigation management
and crop planning, contributing to improved water use effi-
ciency and optimized yield predictions.

Safflower grain yields were closely related to ET and
applied irrigation water amounts in both years. For all treat-
ments, significant linear regression was observed between
crop ET and applied irrigation water amounts and grain
yield (Figs. 7 and 8). The equations and coefficients of deter-
mination defining the relationships between ET (Fig. 6)
and applied irrigation water (Fig. 8) and grain yield in all
traetments are indicated in the relevant figures. In general,
studies on water-yield relationships have reported linear
relationships between ET and the amount of irrigation water
applied and yield (Kuscu et al., 2015; Shareef et al. 2018;
Sezen et al. 2019a, b; Yavuz et al. 2020).
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Fig. 6 Relationship between relative evapotranspiration deficit 1- (ETa/ETm) and relative yield decrease 1 - (Ya/Ym) (confidence level p<0.05)
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Conclusions

This study was conducted during the 2022 and 2023 grow-
ing seasons in Erzurum Province, Turkey, to evaluate the
effects of recycled wastewater applied through drip irri-
gation at different irrigation levels, combined with plant
growth-promoting bacteria (PGPB), on the yield, water-
yield relationships, and water use efficiency of safflower
(Carthamus tinctorius L.).

When the two-year average values were examined, it
was determined that the RW of the 1100 topic increased the
plant height by 12.41% and the stem diameter by 11.23%
compared to the FW. The RW increased grain yield by
5.98% in the 1100 treatment compared to the FW. When
examining the two-year average of non-irrigated condi-
tions, the R3 treatment increased seed yield by 9.98% com-
pared to the RO treatment. Overall, the results indicated that
RW applications, different irrigation water levels, and the
bacterial treatments significantly affected the yield of saf-
flower. Considering the average of both experimental years,
the 125 treatment under RW showed 14% yield reduction,
while achieving a 244 mm irrigation water savings and an

@ Springer

85% increase in IWUE. In FW, the 125 treatment showed a
14.66% yield reduction, while achieving the same 244 mm
irrigation water savings and an 83.23% increase in IWUE.

These findings are significant for conserving water
resources and promoting sustainable water management in
agriculture, particularly in arid and semi-arid regions with
limited water availability. To this end, the expansion of agri-
cultural production systems that use water efficiently, the
implementation of water-saving methods, especially limited
water production techniques, and the promotion of recy-
cling and reusing water are essential. The increasing water
demand, high costs associated with natural water resources,
and advancements in reclamation technologies make waste-
water reuse an attractive option both environmentally and
economically.
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