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The negative effects of agricultural drought are particularly pronounced in spring crops, which are 
generally less tolerant to dry periods. One such crop frequently affected by drought is poppy (Papaver 
somniferum L.). Hydrogels enriched with fertilizer represent a promising technology to enhance 
water availability for plants and improve nutrient uptake from applied fertilizers. The aim of this 
research was to compare the effects of standard fertilizer (NPKS), a natural-based (NHA) hydrogel, a 
synthetic hydrogel (SAP), and both hydrogels enriched with fertilizer (NHA-NPKS and SAP-NPKS) on 
culinary poppy yield, the agronomic efficiency of N fertilization (AEN) and soil microbial activity. Each 
treatment was applied in two dosages (I and II). Results from a three-year field experiment showed 
that the application of SAP-NPKS at the lower dose (I) significantly increased seed yield. The highest 
AEN was also observed in the SAP-NPKS I treatment. The highest seed yield overall was achieved with 
the higher dose of the natural-based hydrogel enriched with fertilizer (NHA-NPKS II). Furthermore, 
the use of NHA and NHA-NPKS significantly increased soil microbial activity. These findings suggest 
that fertilizer-enriched natural-based hydrogels are a promising approach for improving soil moisture 
retention and nutrient availability, particularly under drought conditions in poppy cultivation.
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Abbreviations
NHA	� natural-based hydrogel
SAP	� synthetic hydrogel
NPKS	� mineral fertilizer YARA Mila Complex
NHA-NPKS	� natural-based hydrogel enriched with fertilizer
SAP-NPKS	� synthetic hydrogel enriched with fertilizer
AEN	� agronomic efficiency of nitrogen fertilization
AEH	� agronomic efficiency of hydrogel
DHA	� dehydrogenase activity
BR	� basal respiration

 Climate change is increasingly altering environmental conditions, directly affecting the cultivation of field 
crops. The rise in temperature and shifts in precipitation patterns have led to a higher incidence of droughts1, 
which adversely impact crop production and ecosystem services. Yield losses due to drought stress depend on 
the timing, duration and severity of the drought2. The negative effects of agricultural drought are particularly 
pronounced in spring-sown crops, which are generally less tolerant to water deficit. One such a crop frequently 
affected by drought is poppy (Papaver somniferum L.). This oilseed crop is especially vulnerable to unfavourable 
weather conditions early in the growing season, particularly during germination and emergence3. Efficient soil 
moisture management is therefore crucial for successful poppy cultivation.
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The use of synthetic superabsorbent polymers (SAPs) to enhance the water retention capacity of topsoil has 
been practiced for over two decades4. These polymers can absorb and subsequently release many times their 
weight in water to support plant growth over time5. As a result, they increase the soil´s water holding capacity6 and 
help to mitigate plant drought stress7. In addition, hydrogels reduce erosion and nutrients leaching during heavy 
rainfall, improve soil structure and prevent compaction8. Despite the efforts to use hydrogels based on natural 
polymers or their organic-inorganic hybrids, yet, the mostly used hydrogels are of synthetic origin (abbreviated 
here as SAPs), such as acrylate and acrylamide monomers9. The popularity of SAPs is caused particularly due 
to their low production demands and costs10. The beneficial properties of SAPs are well-documented, but their 
introduction into soil systems may also pose several risks. A major concern is the persistence of polyacrylic acid 
due to its extremely low biodegradation rates in soil (e.g., 0.2–0.5% over year)11,12.

In accordance to Commission Delegated Regulation (EU) 2024/277013, continuous use of SAPs for water 
retention improvement in soil is conditional. It is required an ultimate degradation of at least 90% of SAPs 
(relative to the reference material) within 48 months plus the indicated functionality period. Second option 
includes mineralization of at least 90% measured by evolved CO2, within the same timeframe (according to 
the test method EN ISO 17556:201914). Nevertheless, due to the low biodegradability of SAPs, current research 
efforts turned to developing biodegradable, environment-friendly alternatives15–19.

Indeed, over the last decade, natural-based hydrogel alternatives (NHAs) have shown promise as eco- friendly 
and cost-effective substitutes. A specific group, inorganic hydrogels, appeared to be limited by low swelling 
capacity and adverse effects on soil fertility20,21. This shifted the attention to NHAs derived from biopolymers 
such as polysaccharides22 (e.g. cellulose, starch, chitosan or various gums) or proteins7 (e.g. gelatine).

In addition to water availability, adequate nutrient supply is critical for optimal plant growth. For poppy, 
the most important nutrients include nitrogen (N), phosphorus (P), potassium (K), and sulphur (S). Nitrogen 
is essential for synthesis of amino acids, nucleic acids, enzymes and chlorophyll, playing a key role in biomass 
production23,24. Phosphorus is involved in synthesis of nucleic acids and phospholipids, respiration, glycolysis, 
lipid metabolism and energy transfer25. Potassium contributes to ion homeostasis, osmoregulation, enzyme 
activation, and membrane protein transport26. Sulphur is critical for the synthesis of sulphur-containing amino 
acids (e.g. cysteine, methionine) and certain vitamins27 and it supports vegetative growth28.

These macronutrients are usually supplied through mineral fertilizers. However, a significant portion 
is often lost through leaching into deeper soil layers, immobilization in soil, volatilization, runoff29, thereby 
reducing nutrient-use efficiency. As a result, only about 45% of applied nitrogen fertilizer is typically utilized by 
crops30. Therefore, improving synchronization between nutrient availability and crop demand is crucial for both 
economic and environmental sustainability.

Sustainable agriculture aims to introduce innovative plant nutrition systems that enhance fertilizer 
efficiency. One such strategy involves the application of NHA-based hydrogels in combination with mineral 
fertilizers to simultaneously improve soil water retention and nutrient availability. These bio-based polymers, 
when combined with conventional mineral fertilizers, can potentially hold substantial quantities of water and 
nutrients, releasing them in sync with plant demand. In case of SAPs their capacity to serve as carriers and 
regulators of nutrient release, reducing nutrient losses while sustaining plant growth have already been well-
documented31,32. In contrast, broader adoption of NHAs is still limited by gaps in understanding the mechanism 
of nutrient release, the impacts on soil physical, chemical and biological properties as well as on plant root 
development33. Nonetheless, several studies have already indicated that NHAs can bind nutrients and release 
them in a controlled manner22. Furthermore, multicomponent NHAs have been found to slow nitrogen release, 
enhance soil moisture retention, and partially mitigate the environmental risks associated with SAPs18,34.

The aim of this study was to evaluate the multi-year effect of SAPs and NHAs enriched with fertilizer (NPKS) 
on the seed yield of culinary poppy. To the best of our knowledge, the impact of specific nutrient-enriched 
hydrogels on culinary poppy has not yet been investigated in this context. The main hypothesis was that fertilizer-
enriched natural hydrogels would achieve equal or superior yield outcomes compared to synthetic SAPs. To test 
this hypothesis, a three-year field experiment (2022–2024) was conducted under real agricultural conditions.

Materials and methods
Experimental locality and climate-soil conditions
The effect of fertilizer-enriched natural and synthetic hydrogels on poppy yield was evaluated in a three-year 
(2022–2024) small-plot field experiment. The trial was conducted at the Žabčice experimental station in South 
Moravia, Czech Republic (49°1′18.658″ N, 16°36′56.003″ E), at an elevation 184 m above sea level. The site is 
characterized by mild, wet winters and warm, somewhat dry summers, with an average annual temperature 
10.1  °C and annual precipitation of approximately 490  mm. According to the Köppen climate classification, 
the region falls within the “Cfb” category (temperate oceanic climate). The total precipitation and average air 
temperature during the experimental growing seasons were 121 mm/11.8 °C (2022), 159 mm/11.0 °C (2023), 
and 205 mm/14.4 °C (2024). Average monthly temperatures and precipitations during the experimental period, 
along with the 1991–2020 climatic norm, are presented in Fig. 1.

The experiment was conducted on a single field (240 m × 150 m), which was divided into three experimental 
Sect. (80 m × 150 m). Each year, poppy was grown on a different section, always following a spring barley pre-
crop. Key physicochemical properties of the topsoil (0–30 cm) over the three years are presented in Table 1.

 

Experimental design and treatments
The objective was to evaluate the effect of two types of hydrogels (synthetic and natural) enriched with nutrients 
(N, P, K, S) on poppy (Papaver somniferum L.) yield. The natural hydrogel (NHA) was prepared from potato 
starch (AGRANA Beteiligungs-AG, Konstanz, Germany), glycerol (PENTA, Ltd., Prague, Czechia), clinoptilolite 
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zeolite (particle size 2 mm; Rosteto, Jindrichuv Hradec, Czechia) and potassium polyacrylate (Falconry, Kozmice, 
Czechia). The final NHA composition consisted of 86wt.% starch- glycerol mixture (43wt.% glycerol), 7 wt% 
potassium polyacrylate, and 7 wt% zeolite. NHA was prepared by thermoplasticization at 140  °C by passing 
one cycle in a hot-melt extruder using citric acid as a crosslinking agent. The synthetic superabsorber polymer 
(SAP) treatment consisted of 100% potassium polyacrylate. Details on NHA preparation and nitrogen release 
characteristics are described by Skarpa et al.22.

The nutrient source was NPKS fertilizer (YARA Mila Complex 12-11-18-8; YARA Agri Czech Republic, 
Prague, Czechia). The hydrogels, fertilizer and fertilizer-enriched hydrogels were applied in two dosage levels 
(I and II). The ratio of hydrogel to fertilizer was adjusted to ensure equal application rates of nitrogen (24 and 
48 kg/ha) and hydrogel (15 and 30 kg/ha) in both dosage levels (Table 2).

The blue-seed poppy variety “MS Harlekyn” (National Agricultural and Food Center, Luzianky, Slovak 
Republic) was used as a model crop. The experiment followed a Randomized Complete Block Design. Each 
treatment was replicated 4 times (4 plots per treatment) each year (experimental section). The area of each plot 
was 15 m2 (10 × 1,5 m). The allocation of replicates across the area of each experimental section was consistent 
for all years (Figure S1).

Soil Parameter

Year

2022 2023 2024

Clay (%) 38.0 40.2 41.9

Silt (%) 46.3 45.1 44.1

Sand (%) 15.7 14.7 14.0

pH/CaCl2 6.9 6.5 6.6

P (Mehlich 3, mg/kg) 123 115 121

K (Mehlich 3, mg/kg) 244 166 267

Ca (Mehlich 3, mg/kg) 3681 1967 3015

Mg (Mehlich 3, mg/kg) 172 189 194

N-NH4 (K2SO4, mg/kg) 2.3 1.2 1.6

N-NO3 (K2SO4, mg/kg) 8.1 11.0 17.3

Table 1.  Physicochemical properties of the experimental soil (0–30 cm depth). The clay/silt/sand content was 
determined according to Gee and Bauder35, soil acidity (pH/CaCl2) and nutrient content were determined 
according to Zbíral et at36..

 

Fig. 1.  Weather conditions during the field experiment (2022–2024).
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Fertilizers and hydrogels were manually applied to individual plots one day before sowing and incorporated 
into the soil immediately after application. Sowing took place on 28 February 2022, 1 March 2023, and 19 March 
2024.

Harvesting was carried out after physiological maturity (27 July 2022, 20 July 2023, and 22 July 2024) using a 
Haldrup C-85 plot harvester (Haldrup GmbH, Ilshofen, Germany). Seed yield was measured using a digital scale 
(KERN DS 60K0.2, KERN and Sohn GmbH, Germany). Grain moisture content was determined with a portable 
grain moisture meter Wile 78 Crusher (Farmcomp Oy, Tuusula, Finland) and yield was standardized to 8.0% 
moisture and expressed in tons per hectare (t/ha). The 1000-seeds weight was determined using a scale KERN 
ARJ 220-4 M, KERN and Sohn GmbH (Balingen, Germany).

The agronomic efficiency (AE)37 was expressed for the fertilized treatments as the increase in seed yield (kg) 
per unit of nitrogen applied (kg) according to the Eq. 1) and per unit of hydrogel applied (kg) according to the 
Eq. 2):

	
AEN(kg/kg)=

YFERT(t/ha) − YCONTROL(t/ha)
NDOSE(kg/ha)

× 1000� (1)

	
AEH(kg/kg)=

YFERT(t/ha) − YCONTROL(t/ha)
HydrogelDOSE(kg/ha)

× 1000� (2)

where AEN is agronomic efficiency of nitrogen, AEH is agronomic efficiency of hydrogel, YFERT is fertilized 
treatment yield of poppy seed, YCONTROL is unfertilized treatment yield of poppy seed, NDOSE is nitrogen dose 
applied by fertilizer, and HydrogelDOSE is hydrogel dose applied.

Soil sampling (0–15 cm depth) was carried out after poppy each year. Fresh fine samples were stored at 4 °C 
and analyzed for dehydrogenase activity (DHA) using 2,3,5-triphenyltetrazolium chloride (TTC) method38, and 
basal respiration (BR) using MicroResp® device (The James Hutton Institute, Scotland) according to Campbell 
et al.39.

Economic analysis
A partial budget analysis40 was performed to assess the cost effectiveness of hydrogels treatments on poppy 
seed production. This procedure considers only major differences between treatments (fertilization) without 
considering all costs and benefits. Therefore, only the cost of fertilizer or/and hydrogels, their applications (12 
€ for each treatment) and price of poppy seed were considered. All non-fertility costs (e.g., seed costs, field 
operations, plant protection) were held constant across treatments and were not included in the calculation. The 
cost of 1 ton of used fertilizer (YARA Mila Complex) was 840 €; the cost of 1 ton of SAP and NHA hydrogels 
was 12 000 and 5 400 € respectively. The prices of fertilizers for treatments were recalculated according to the 
corresponding applied doses (Table 2). The price of harvested commodity (culinary poppy seed) was 2400 €/t. 
The prices were based on the actual market values at the end of 2024.

However, the inherent volatility input (fertilizer/hydrogels) and output (seed of poppy) prices represents a 
challenge for accurate economic analysis. This approach focuses on practical economic variability; therefore, 
scenario-based sensitivity analysis was preferred over statistical confidence intervals, as it more realistically 
represents uncertainty arising from market and climatic fluctuations. Therefore, additional sensitivity analysis41 
was performed under three different scenarios to accommodate possible market dynamics and to assess the 
effects of input and output price changes on the compared treatments of fertilization. These scenarios were: (Sc. 
1) increase cost of hydrogels/fertilizer by 10% but fixed commodity price, (Sc. 2) increase commodity price by 
10% with fixed hydrogels/fertilizer cost and (Sc. 3) increase cost of hydrogels/fertilizer by 10% and decrease 
commodity price by 10% (worst case scenario from farmers’ perspective). The average yield of poppy over the 
three years of the experiment was used for the economic evaluation. Confidence intervals for average yields were 
not included, as they would represent within-year experimental variability rather than the economic uncertainty 

Treatment

Dose of nutrients 
(kg/ha)

Hydrogel dose (kg/ha)N P2O5 K2O S

Control 0 0 0 0 0

NHA I 0 0 0 0 15

SAP I 0 0 0 0 15

NHA-NPKS I 24 22 36 16 15

SAP-NPKS I 24 22 36 16 15

NPKS I 24 22 36 16 0

NHA II 0 0 0 0 30

SAP II 0 0 0 0 30

NHA-NPKS II 48 44 72 32 30

SAP-NPKS II 48 44 72 32 30

NPKS II 48 44 72 32 0

Table 2.  Treatment design and application rates.
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captured by the scenario-based sensitivity analysis, which better reflects market and climatic risks influencing 
profitability.

Statistical analysis
The effect of the hydrogels, fertilizer and their mixtures were assessed using ANOVA. Before performing 
ANOVA, the assumptions of normality and homogeneity of variances were tested using the Shapiro–Wilk and 
Levene’s tests, respectively. ANOVA was used to evaluate the effects of hydrogel type, dose, fertilizer, and their 
combinations. Two model structures were used:

	(i)	 Per-year analyses, performed as a one-way ANOVA with Treatment as a fixed factor and Plot as a random 
factor (yield, 1000 seed weight, AEN, AEH, DHA, and BR), and.

	(ii)	 Combined analyses, performed as a mixed two-way ANOVA with Year and Treatment as fixed factors and 
Plot (Year) as a random factor.

When appropriate, a factorial ANOVA including the main effects of Hydrogel type and Dose, and their interaction 
(Type × Dose), was used to partition the total variability. For each model, the F-statistic, degrees of freedom (df), 
and p-values for main effects and their interactions were calculated and are reported in Supplementary Tables 
S1–S3. The effect sizes were expressed as eta-squared (η² = SSeffect/SStotal) and partial eta-squared (partial η² 
= SSeffect/(SSeffect + SSerror)), representing the proportion of total variance explained by each factor. After a 
significant omnibus F-test (p ≤ 0.05), Fisher’s Least Significant Difference (LSD) test was applied for post-hoc 
multiple comparisons among treatment means. All statistical analyses were conducted using Statistica 14 CZ 
software42. Results are expressed as means ± standard deviations (SD) or standard errors (SE), as appropriate.

Results
Seed yield of poppy and agronomic efficiency
The effects of hydrogels (SAP, NHA) enriched and not-enriched with fertilizer applied at two doses (I and II) 
on poppy seed yield are presented in Fig. 2. In all years, it is evident that the higher nutrient dose (II) applied in 
conventional fertilizer (NPKS) relatively increased seed yield in comparison with the lower dose (NPKS I) by 
1.6% (2023), 4.7% (2022) and 5% (2024). The increase in yield of poppy seed caused by the higher NPKS dose 
was significant compared to the control in 2023 and 2024.

The yield response was also influenced by hydrogel dose, which accounted for 32.3% (η² = 0.323, Partial η² = 
0.487, p = 0.335) of total seed yield variability, while hydrogel type explained 7.6% (η² = 0.076, Partial η² = 0.183, 
p = 0.638). A higher dose of synthetic SAP relatively reduced seed production (by 5.3% on average), whereas a 
higher dose of a natural-based hydrogel increased poppy seed yield: Control (1.15 t/ha, 100%) ˂ NHA I (1.22 t/
ha, 106.5%) ˂ NHA II (1.29 t/ha, 112.3%).

The highest seed yields were observed in all years with fertilizer-enriched hydrogels. At the lower fertilizer 
rate (I), except in 2022, the combination of fertilizer with synthetic SAP had a higher effect on production 
compared to NHA (Fig. 2). This corresponded to the effect of pure SAP. At the higher nutrient rate (II), a higher 
increase in poppy yield for the fertilizer-NHA combination was observed (in 2023 and 2024). The effect of soil 
application of the tested fertilizers on seed yield, expressed as a mean for lower dose of hydrogels/fertilizer (I), 
was as follows: 1.15 ± 0.12 t/ha (Control) ˂ 1.22 ± 0.14 t/ha (NHA) ˂ 1.27 ± 0.11 t/ha (NPKS) ˂ 1.29 ± 0.15 t/ha 
(NHA-NPKS) ˂ 1.32 ± 0.18 t/ha (SAP) ˂ 1.36 ± 0.22 t/ha (SAP-NPKS). In contrast, when higher rates (II) were 
used, the effect of the tested fertilizer types was as follows: 1.15 ± 0.12 t/ha (Control) ˂ 1.26 ± 0.17 t/ha (SAP) ˂ 
1.29 ± 0.17 t/ha (NHA) ˂ 1.32 ± 0.10 t/ha (NPKS) ˂ 1.36 ± 0.13 t/ha (SAP-NPKS) ˂ 1.38 ± 0.18 t/ha (NHA-NPKS).

The 1000-seed weight was not significantly affected by fertilization in 2022 and 2023 (Table 3). In 2024, the 
significantly highest poppy seed weight was found in the higher fertilizer rate (II) treatments as follows: NHA-
NPKS ˂ NPKS ˂ SAP-NPKS. Consistent with the results of the 3rd year of testing, the relatively highest average 
seed weight was found on the treatments fertilized with higher rates of pure fertilizer and hydrogels enriched by 
fertilizer. Their increased doses (II) resulted in an increase of poppy seed weight compared to the lower doses (I), 
by 6.6% (NPKS), 7.2% (NHA-NPKS) and 11.4% (SAP-NPKS), respectively. Pure hydrogels did not affect seed 
weight significantly.

The agronomic efficiency of nitrogen (AEN) and hydrogel (AEH) is shown in Table 4.
The lower rate of nitrogen applied by NPKS fertilizer resulted in significantly higher AEN compared to the 

higher rate in the average of three years (Table 4). The largest difference in AEN between nitrogen rates was 
observed in 2023, where 1 kg of nitrogen applied at the lower rate increased poppy seed yield by 6.9 kg, while the 
yield increase at the higher rate was 3.8 kg of seed.

The agronomic nitrogen efficiency of fertilizer-enriched hydrogels applied at a lower rate was significantly 
higher when using synthetic SAP. Significant increase in AEN for SAP-NPKS I compared to NPKS I was found 
in 2023 (+ 46.4%) and 2024 (+ 160.7%), averaging 69.2% over the three years (Table 4). An average increase in 
AEN (+ 15.4%) was also observed with the use of fertilizer-enriched NHA (NHA-NPKS I), but not significant. 
Higher rates of hydrogels enriched by fertilizer did not statistically affect the efficiency of applied nitrogen. The 
relatively highest AEN value was found for the NHA-NPKS II treatment (4.9; 100%), followed by SAP-NPKS II 
(91.8%) and NPKS II (71.4%). The total variability of AEN was significantly influenced mainly by the dose of 
hydrogel (η² = 0.570, Partial η² = 0.851, p = 0.021) while the type of hydrogel explained 11.7% (η² = 0.117, Partial 
η² = 0.539, p = 0.286).

With pure hydrogel applied at a lower rate, poppy seed yield increased significantly with synthetic SAP. The 
average AEH for SAP I was 11.7 (i.e. the seed yield increased by 11.7 kg due to the application of 1 kg of SAP). 
The agronomic efficiency of the synthetic hydrogel was more than twice as high compared to NHA (Table 4). In 

Scientific Reports |        (2025) 15:44694 5| https://doi.org/10.1038/s41598-025-28213-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Treatment 2022 2023 2024 Average

Control 0.44a ± 0.03 0.37a ± 0.03 0.42de ± 0.01 0.41d ± 0.04

NHA I 0.43a ± 0.01 0.39a ± 0.02 0.46bcd ± 0.03 0.43bcd ± 0.04

SAP I 0.44a ± 0.03 0.38a ± 0.04 0.45cde ± 0.05 0.42cd ± 0.05

NHA-NPKS I 0.43a ± 0.01 0.40a ± 0.05 0.43cde ± 0.03 0.42d ± 0.03

SAP-NPKS I 0.44a ± 0.02 0.37a ± 0.01 0.43cde ± 0.06 0.41d ± 0.05

NPKS I 0.45a ± 0.01 0.39a ± 0.03 0.43cde ± 0.02 0.42cd ± 0.03

NHA II 0.44a ± 0.01 0.38a ± 0.01 0.41e ± 0.03 0.41d ± 0.03

SAP II 0.45a ± 0.01 0.37a ± 0.02 0.47bc ± 0.10 0.43bcd ± 0.07

NHA-NPKS II 0.45a ± 0.03 0.39a ± 0.01 0.50ab ± 0.03 0.45abc ± 0.05

SAP-NPKS II 0.46a ± 0.02 0.39a ± 0.03 0.54a ± 0.05 0.46a ± 0.07

NPKS II 0.44a ± 0.02 0.39a ± 0.04 0.52a ± 0.02 0.45ab ± 0.06

Table 3.  Effects of fertilization on 1000 seed weight (g). Roman numerals I and II indicate hydrogels/fertilizer 
rates. The values are expressed as the arithmetic mean (n = 4) ± standard deviation. Different lower-case letters 
indicate significant differences among treatments (each year was evaluated separately). The values F, df, and P 
for main effects and interactions are given in Tables S1.

 

Fig. 2.  Effects of fertilization on poppy seed yield (t/ha) in 2022, 2023, 2024 (a), and average of three years 
(b). Control: treatment without fertilization; NHA: fertilized with bio- natural-based hydrogel; SAP: fertilized 
with synthetic hydrogel; NPKS: fertilized with NPKS fertilizer; NHA-NPKS: fertilized with NPKS fertilizer-
enriched bio- natural-based hydrogel; SAP-NPKS: fertilized with NPKS fertilizer-enriched synthetic hydrogels. 
Roman numerals I and II indicate hydrogels/fertilizer rates. The columns marked by different lower-case letters 
indicate significant differences among treatments (each year was evaluated separately). The columns represent 
the arithmetic means (n = 4), standard deviation is expressed by error bars. The values F, df, and P for main 
effects and interactions are given in Tables S1.
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contrast, for the higher dose of hydrogel, the efficiency of NHA was similar to the effect of its lower dose, whereas 
in the case of SAP, AEH was significantly reduced (more than threefold decrease).

The effect of hydrogels (AEH) on poppy yield increased when used in combination with fertilizers. In the case 
of natural hydrogel enriched by fertilizer (NHA-NPKS) compared to its pure form (NHA), a significant increase 
in AEH was observed for both doses (I + 92%, II + 68.1%). In the case of synthetic hydrogel, an increase in AEH 
was also observed between the SAP-NPKS and SAP, but significantly only for the higher dose (+ 89.5%).

Soil microbial activity and biomass
No significant effects of any treatment of hydrogels (SAP, NHA) applied either solely or with NPS was observed 
on soil dehydrogenase activity (DHA) in 2022 (Table 5). In the next year 2023, all types of amendments (except 
of NHA I) increased DHA in comparison to Control value, and increased value in SAP I, which was even higher 
in combination with higher NPKS (SAP-NPKS II) as well as in all treatments with higher or/and combined 
NHA amendment (NHA-NPKS I, NHA II, NHA-NPKS II). Moreover, NHA II enhanced soil DHA significantly 
more than both doses of NPKS (I and II), showing the highest enzyme values in 2023, 2024 and in 3-year 
average (Table 5). In 2024, only treatments with sole NHA (I, II), NHA-NPKS I, and NPKS I were increased over 
Control, while SAP II was decreased. In 3-year average, SAP applied solely (in low dose I) or combined (I, II) 
increased DHA over Control values but not compared to NPKS (I, II). Only NHA-NPKS I and NHA II enhanced 
DHA more than amendment of fertilizers.

In 2022, soil basal respiration (BR) was decreased compared to Control in treatments with high fertilizer dose 
(NPKS II), applied solely or combined with NHA (Table 5). In 2023, only NPKS I (low dose) exerted negative 
effect on BR. In 2024, NPKS II again solely or combined (SAP-NPKS II) showed significant decrease in BR, 

Treatment

DHA (µg TPF/g/h) BR (µg CO2/g/h)

2022 2023 2024 Average 2022 2023 2024 Average

Control 5.7ab ± 0.5 5.0d ± 0.3 8.2d ± 2.1 6.3e ± 1.8 0.34a ± 0.06 0.36a ± 0.07 0.57cd ± 0.12 0.43ab ± 0.14

NHA I 5.5ab ± 0.5 5.3d ± 0.9 9.1b ± 0.7 6.6cde ± 1.9 0.30ab ± 0.04 0.30a ± 0.03 0.57cde ± 0.11 0.39bcde ± 0.14

SAP I 5.8a ± 1.2 6.5c ± 0.4 8.3d ± 0.5 6.8c ± 1.3 0.28ab ± 0.02 0.30a ± 0.05 0.53def ± 0.16 0.37de ± 0.15

NHA-NPKS I 5.7ab ± 0.7 7.1 ab ± 0.8 9.0bc ± 1.0 7.2b ± 1.6 0.28ab ± 0.03 0.33a ± 0.05 0.54def ± 0.08 0.38cde ± 0.13

SAP-NPKS I 5.4ab ± 0.4 6.9abc ± 0.7 8.4d ± 1.3 6.9c ± 1.5 0.27abc ± 0.02 0.30a ± 0.05 0.61bcd ± 0.18 0.39bcde ± 0.19

NPKS I 5.6ab ± 0.8 6.7bc ± 0.5 8.4cb ± 0.8 6.9c ± 1.4 0.34a ± 0.08 0.22b ± 0.03 0.66ab ± 0.21 0.41abcd ± 0.23

NHA II 5.5ab ± 0.7 7.3a ± 0.7 10.0a ± 1.5 7.6a ± 2.1 0.32ab ± 0.10 0.33a ± 0.06 0.70a ± 0.31 0.45a ± 0.26

SAP II 5.3ab ± 0.6 6.9abc ± 0.9 7.3e ± 1.1 6.5de ± 1.2 0.35a ± 0.10 0.29ab ± 0.04 0.64abc ± 0.13 0.43abc ± 0.18

NHA-NPKS II 5.2ab ± 0.6 7.1ab ± 0.3 8.1d ± 0.7 6.8c ± 1.3 0.25bc ± 0.07 0.29ab ± 0.06 0.59bcd ± 0.19 0.38de ± 0.19

SAP-NPKS II 5.1b ± 0.5 7.1ab ± 0.6 8.3d ± 0.9 6.8c ± 1.5 0.33ab ± 0.05 0.36a ± 0.10 0.46f ± 0.11 0.38bcde ± 0.11

NPKS II 5.3ab ± 0.3 6.7bc ± 0.5 8.0d ± 0.8 6.7cd ± 1.2 0.20c ± 0.09 0.36a ± 0.08 0.50ef ± 0.12 0.35e ± 0.16

Table 5.  Effects of fertilization on dehydrogenase activity (DHA) of microbial biomass and basal soil 
respiration (BR).  Roman numerals I and II indicate hydrogels/fertilizer rates. The values are expressed as the 
arithmetic mean (n = 16) ± standard error. Different lower-case letters indicate significant differences among 
treatments (each year was evaluated separately). The values F, df, and P for main effects and interactions are 
given in Tables S3.

 

Treatment

AEN (kg) AEH (kg)

2022 2023 2024 Average 2022 2023 2024 Average

NHA I Nc Nc Nc Nc −1.2c ± 1.1 8.4b ± 3.5 7.8cd ± 2.5 5.0cde ± 1.9

SAP I Nc Nc Nc Nc 5.1a ± 0.4 16.1a ± 3.3 13.8b ± 0.8 11.7ab ± 1.8

NHA-NPKS I 2.4a ± 0.4 7.1b ± 0.8 8.4b ± 1.0 6.0b ± 0.9 3.9abc ± 0.6 11.4ab ± 1.3 13.4b ± 1.6 9.6b ± 1.4

SAP-NPKS I 1.8a ± 0.4 10.1a ± 1.5 14.6a ± 2.3 8.8a ± 1.8 2.9abc ± 0.6 16.1a ± 2.4 23.3a ± 3.7 14.1a ± 2.9

NPKS I 3.1a ± 1.2 6.9b ± 1.3 5.6bcd ± 0.9 5.2b ± 0.8 Nc Nc Nc Nc

NHA II Nc Nc Nc Nc 1.0abc ± 0.5 7.1b ± 1.3 6.0cd ± 2.7 4.7de ± 1.2

SAP II Nc Nc Nc Nc −0.3bc ± 0.7 8.6b ± 1.5 3.1d ± 2.8 3.8e ± 1.5

NHA-NPKS II 1.6a ± 0.3 6.1bc ± 1.3 7.1bc ± 0.7 4.9bc ± 0.9 2.5abc ± 0.4 9.8b ± 2.1 11.3bc ± 1.1 7.9bc ± 1.4

SAP-NPKS II 2.7a ± 0.3 5.3bc ± 1.0 5.5cd ± 0.3 4.5bc ± 0.5 4.4ab ± 0.4 8.6b ± 1.6 8.7bc ± 0.5 7.2bcd ± 0.8

NPKS II 2.6a ± 0.8 3.8c ± 1.0 4.1d ± 0.2 3.5c ± 0.4 Nc Nc Nc Nc

Table 4.  Effects of fertilization on agronomic efficiency of nitrogen (AEN), and agronomic efficiency of 
hydrogel (AEH). Roman numerals I and II indicate hydrogels/fertilizer rates. The values are expressed as the 
arithmetic mean (n = 4) ± standard error. Different lower-case letters indicate significant differences among 
treatments (each year was evaluated separately). Nc – no calculation. The values F, df, and P for main effects 
and interactions are given in Tables S2.
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while NPKS I and NHA II increased the values over Control. In 3-year average, mainly insignificantly different 
or negative effects of tested amendments on BR were found, the strongest BR reduction was derived by NPKS II, 
SAP I, NHA-NPKS I and II (both; Table 5).

Economic evaluation of poppy production
Table  6 describes the results of the economic evaluation of poppy production for the tested fertilization 
treatments under different price scenarios, considering the variable price of fertilizers and commodity (poppy 
seed). At lower fertilizer doses (I), the application of pure SAP (SAP I) and SAP enriched by fertilizer (SAP-
NPKS I) was the most profitable in each scenario. The net profit of the NHA I treatment was approximately 38% 
of the SAP I profit. In the case of fertilizer-enriched hydrogels, the difference between net profit of SAP and NHA 
was lower (Table 6).

Higher doses of hydrogels and their fertilizer-enriched forms increased the cost of poppy production and 
reduced profits. The use of higher doses of SAP (SAP II, SAP-NPKS II) was unprofitable (loss-making in all 
scenarios). The higher poppy yield obtained after applying natural hydrogels at a higher dose (II) increased the 
profit, in the case of using pure NHA in the range of 115–199 €/ha, when using NHA-NPKS depending on the 
type of scenario, as shown in Table 6 (highest profit in Sc. 2, conversely, loss in the case of Sc. 3).

Discussion
The effect of the tested types of hydrogels on poppy (Papaver somniferum L.) seed yield varied depending on 
the type and application rate. At a lower dose, the synthetic SAP increased seed yield more effectively compared 
to the natural hydrogel (NHA), whereas the opposite trend was observed at the higher dose. This pattern was 
consistent for both pure hydrogels and their fertilizer-enriched formulations.

Specifically, the lower application rate of pure SAP and SAP combined with fertilizer (SAP-NPKS I) 
significantly improved poppy seed yield. These results align with prior studies that demonstrated increased 
crop yields following SAP application due to their high water absorption and retention capacity43, as well as 
improvements in soil physical and chemical properties44,45. Additionally, SAPs have been shown to reduce 
nutrient losses46,47, and enhance fertilizer use efficiency45. In the present study, the agronomic efficiency of 
nitrogen (AEN) was significantly higher in the SAP-NPKS treatment compared to NPKS alone (Table 4).

Yield differences following hydrogel application are attributed to the feedstock’s composition, hydrogel 
formulation and method of application48. Synthetic SAP generally show stronger positive effects on yield than 
natural hydrogels9. Zheng et al.9 reported an average 12.8% in crop yield from SAP application (95% confidence 
intervals: 12.1–13.4%, p < 0.01). In our trial, pure SAP application increased poppy yield by 12.4% o average 
across both doses, whereas pure NHA increased yield by 9.4%. Zheng et al.9 also found a 15.2% increase in 
oilseed-yields, including poppy, after SAP application, although data specific to poppy remain scarce. One of 
the few relevant studies showed improved oilseed rape yield under drought and irrigation conditions with the 
application of anionic cellulose-based polyacrylate hydrogel at 40 kg/ha49.

However, high doses of synthetic SAPs may negatively affect plant growth. Situ et al.34 found that excessive 
use of synthetic SAP reduced biomass and roots and stems–leaves, likely due to ion imbalances (elevated K+ and 
Na+, reduced Ca2+ and Mg2+). This may explain observed reductions in germination rate, plant height and yield. 

Treatment

Fertilization cost 
(€/ha) *

Total revenue (€/ha) ** Revenue increase (€/ha) ***

Net profit (€/ha) ****

Fert. Hydr. Total Sc. 2024 Sc. 1 Sc. 2 Sc. 3

Control 0 0 0 2 754 - - - - -

NHA I 0 81 93 2 934 180 87 79 (−8) 105 (+ 18) 61 (−26)

SAP I 0 180 192 3 173 419 227 209 (−18) 269 (+ 42) 167(−60)

NHA-NPKS I 168 81 261 3 097 343 82 57 (−25) 117 (+ 35) 23 (−59)

SAP-NPKS I 168 180 360 3 261 507 147 112 (−35) 198 (+ 51) 61(−85)

NPKS I 168 0 180 3 051 297 117 100 (−17) 147 (+ 30) 71(−46)

NHA II 0 162 174 3 093 339 165 149 (−16) 199 (+ 34) 115 (−50)

SAP II 0 360 372 3 028 274 −98 −134 (−36) −70 (+ 28) −161 (−63)

NHA-NPKS II 336 162 510 3 321 567 57 8 (−50) 114 (+ 57) −49(−106)

SAP-NPKS II 336 360 708 3 273 519 −189 −259 (−70) −137 (+ 52) −310 (−121)

NPKS II 336 0 348 3 156 402 54 21 (−34) 95 (+ 41) −19 (−74)

Table 6.  Economic evaluation of poppy fertilization. *Fertilization cost (Total) = Price of fertilizer 
(Fert.) + Price of hydrogel (Hydr.) + Application cost (12 €/ha). **Total revenue (€/ha) = Average yield (t/ha) 
Purchase price (1 t of poppy seed). ***Revenue increase (€/ha) = Total revenue of fertilized treatments (€/ha) – 
Total revenue of Control treatment (€/ha). ****Net profit (€/ha) = Revenue increase (€/ha) - Fertilization cost 
(Total) (€/ha). Scenario: Sc. 2024: actual prices at the end of the year 2024; Sc. 1: increase cost of hydrogels/
fertilizer by 10% but fixed commodity price; Sc. 2: increase commodity price by 10% with fixed hydrogels/
fertilizer cost; Sc. 3: increase cost of hydrogels/fertilizer by 10% and decrease commodity price by 10%. The 
net profit for Scenarios 1–3 is expressed as an increase (+ €/ha) or decrease (- €/ha) in profit compared to the 
Scenario 2024.
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In our study the SAP II treatment led to a relative yield decline in two of the three trial years. On average, the 
SAP II treatment yielded 5.6% less than the NHA II treatment.

The effect of hydrogels on seed weight and poppy production also depended on weather conditions during 
vegetation periods. In particular, in relatively dry and cool years (2022 and 2023) seed weight was not significantly 
affected by fertilization (Table 3). On the contrary, 2024 growing period was characteristic of sufficient water 
supply and higher temperatures, which supported soil microbial activity (as reflected in DHA and BR, Table 5), 
in particular in the presence of bio-SAP-based fertilizers. The elevated microbial activity increases soil organic 
matter turnover and contribute to soil fertility50, with a direct impact on crop yields51,52, as observed in this work.

However, at higher SAP rates the reduced growth was observed, which may stem (apart from ion imbalance), 
from the presence of acrylic acid. Chen et al.53 reported damage to the organizational structure and cellular 
morphology of maize roots and the membrane system of root cells. Puoci et al.54 described acrylate hydrogel 
intermediates as cytotoxic. Additionally, excessive SAP can compete with plants for water under drought 
conditions, potentially exacerbating water stress in plants and thereby reducing yields55,56. This aligns with 
Zheng et al.9 who concluded that SAP rates > 90 kg/ha do not significantly improve yields and may even be 
detrimental, while the application rate 45–90 kg/ha exhibited positive results.

Although recent research focuses increasingly on natural polymers or organic-inorganic hybrid compounds, 
most studies still involve synthetic SAPs (acrylate and acrylamide-based)9. Nevertheless, several studies confirm 
yield benefits from bio-based hydrogels22,57–60, which offer key advances such as biocompatibility, non-toxicity, 
and biodegradability. However, “biodegradability” is a broad term and does not necessarily reflect degradation 
rates. The NHA used in this study, composed primarily of potato starch (86 wt%), is highly biodegradable. 
Therefore, NHA was superior in enhancing microbial activity as starch degradation products provide carbon 
source for microorganisms. Based on CO2 released during analysis, Guo et al.61 reported that 78.34% of starch 
degraded within 14 days. The starch decomposition rate reported in laboratory tests is difficult to achieve under 
field conditions. Starch and starch based polyurethane materials (starch-polyhydroxyurethanes) lost about 44.1 
and 66.4% of their weight, respectively, after 60 days burial in soil62. The biodegradability of NHA was also 
supported by elevated dehydrogenase activity and basal respiration measured in soil after harvest (Table 5). Soil 
microbial activity was more strongly stimulated by NHA and NHA-NPKS than by NPKS alone, likely due to 
excellent biodegradability of starch63 and glycerol64.

While SAP also stimulated soil microbiome which is reflected in elevated DHA65, the stimulation was weaker, 
likely due to slow biodegradation of polyacrylic gels that are primarily degraded fungi such as Phanerochaete 
chrysosporium66. Although NHA-NPKS enhanced DHA, it did not significantly increase basal respiration over 
the three-year average. This is likely due to the limited stimulator effect of NPKS amendment, in agreement with 
study of Kulachkova et al.67, who reported minimal BR after Nitroammofoska-1 application (NPKS 21-10-10-2, 
similar to the composition of YARA Mila Complex 12-11-18-8) to urban lawn soil.

On average, BR was higher following NHA application compared to SAP, by 4.6% at the lower dose, and 
5.0% at the higher dose. The poor biodegradability of synthetic SAPs raises environmental concerns68. Their 
degradation rate is typically 0.45 to 0.82% over 24 weeks depending on soil type but not on soil temperature. 
Detailed study showed that the polyacrylate superabsorbent main chain degraded in the soils at rates of 
0.12–0.24% per 6 months11. Aging via chemical, photolytic, and mechanical stress can lead to fragmentation 
and formation of microplastic particles, which may leach into deeper soil layers or into adjacent ecosystems, 
potentially impacting microbial communities and plant growth69,70.

Dehydrogenase activity is a well-established indicator of overall microbial activity71. Significantly higher 
DHA values were observed found in two of the three years and on average in the NHA II treatment (Table 4). 
Soil treated with NHA and NHA-NPKS exhibited the highest DHA (7.1 a ± 1.8) significantly greater than SAP 
treatments (6.8 b ± 1.3) and non-hydrogel controls (6.6 c ± 1.5) (p˂0.05). Excessive doses of SAP (based on 
polyacrylic acid) have been reported to supress microbial respiration in sandy soils72. Soil microbial biomass 
plays a crucial role in nutrient cycling and natural based hydrogel may further support microbial growth by 
providing degradable organic substances73, enhancing microbial diversity74, and ultimately improving soil 
vitality, plant growth and survival rates73.

In addition to agronomic and environmental performance, economic viability is crucial for hydrogels 
adoption. Although economic analysis of hydrogel use remain limited, they are essential to evaluate practical 
constrains and inform farmers. Commercial synthetic SAPs based on polyacrylic acid are costly despite their 
high swelling capacity68. Natural hydrogels represent a lower-cost, faster-degrading alternatives with promising 
market potential48.

In this work, a lower dose of potassium polyacrylate (SAP I) resulted in the highest net profit up to 269 €/ha 
(Sc. 2, Table 5) due to the increase in poppy seed yield. The fertilizer-enriched SAP (SAP-NPKS I) was profitable 
compared to fertilizer (NPKS I) (average of all calculated scenarios: +20.8 €/ha). The increase in yield and net 
profit at a lower dose of NHA (NHA I) was also economically beneficial (61–105 €/ha). The use of NHA enriched 
with fertilizer (NHA-NPKS I) did not exhibit an increased profit compared to SAP. In this context, however, it is 
also important to consider the environmental compatibility of natural-based hydrogels, even though they may 
be less economically attractive.

These results suggest that poppy is among the crops for which hydrogel application can be economically 
justified. Yet, profitability depends on crop type. For example, despite yield increases, SAP costs were not offset 
by revenues in grain crops (net loss of 11 €/ha)9. On the other hand, net profit gains have been documented in 
maize75, sugarcane76, potatoes44, Indian mustard77, and summer pearl millet78. In our study high-dose NHA 
(NHA II) indicate an net profit increased by 115 to 199 €/ha, while high-dose SAP (SAP II) appeared to be 
economically unviable.
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Conclusion
This study demonstrates that the application of hydrogels, particularly when enriched with fertilizers, can 
significantly enhance the yield and nutrient-use efficiency of culinary poppy cultivated under drought-prone 
conditions. While low-dose synthetic SAP treatments provided the highest net economic returns, high-
dose SAP applications proved less effective and potentially detrimental due to reduced biodegradability and 
possible phytotoxicity. In contrast, natural-based hydrogels (NHA), especially when combined with fertilizer, 
promoted soil microbial activity and showed consistent yield benefits at both application rates. Although the 
economic return from NHA was generally lower than from SAP, its environmental advantages, such as enhanced 
biodegradability and stimulation of beneficial soil microbiota, make it a compelling alternative for sustainable 
agriculture.

Overall, natural starch-based hydrogels enriched with fertilizer represent a viable, environmentally friendly 
strategy for improving soil water retention, nutrient efficiency, and crop performance in poppy cultivation. 
However, the composition of hydrogels (source of nutrients, e.g., potassium), site-specific conditions such as soil 
type, climate, and crop response variability must be considered when selecting the appropriate hydrogel type and 
dose for field application.

Data availability
The datasets generated and/or analysed during the current study are available from the corresponding author 
on reasonable request.

Received: 7 July 2025; Accepted: 10 November 2025

References
	 1.	 Furtak, K. & Wolińska, A. The impact of extreme weather events as a consequence of climate change on the soil moisture and on 

the quality of the soil environment and agriculture – A review. Catena (Amst). 231, 107378 (2023).
	 2.	 Pandey, R. K., Maranville, J. W. & Admou, A. Tropical wheat response to irrigation and nitrogen in a Sahelian environment. I. 

Grain yield, yield components and water use efficiency. Eur. J. Agron. 15, 93–105 (2001).
	 3.	 Kundrátová, K. et al. Transcriptomic and proteomic analysis of drought stress response in opium poppy plants during the first 

week of germination. Plants 10, 1878 (2021).
	 4.	 Behera, S. & Mahanwar, P. A. Superabsorbent polymers in agriculture and other applications: a review. Polymer-Plastics Technol. 

Mater. 59, 341–356 (2020).
	 5.	 Ghobashy, M. M. et al. Synthesis and application of a multifunctional Poly (vinyl pyrrolidone)-based superabsorbent hydrogel for 

controlled fertilizer release and enhanced water retention in drought-stressed Pisum sativum plants. Sci. Rep. 14, 27734 (2024).
	 6.	 Yu, J. et al. Superabsorbent polymer properties and concentration effects on water retention under drying conditions. Soil Sci. Soc. 

Am. J. 81, 889–901 (2017).
	 7.	 Sarmah, D. & Karak, N. Biodegradable superabsorbent hydrogel for water holding in soil and controlled-release fertilizer. J Appl. 

Polym. Sci 137, 48495 (2020).
	 8.	 Cao, Y., Wang, B., Guo, H., Xiao, H. & Wei, T. The effect of super absorbent polymers on soil and water conservation on the terraces 

of the loess plateau. Ecol. Eng. 102, 270–279 (2017).
	 9.	 Zheng, H. et al. Effects of super absorbent polymer on crop yield, water productivity and soil properties: A global meta-analysis. 

Agric. Water Manag. 282, 108290 (2023).
	10.	 Yang, Y. et al. Research advances in superabsorbent polymers. Polym. (Basel). 16, 501 (2024).
	11.	 Wilske, B. et al. Biodegradability of a polyacrylate superabsorbent in agricultural soil. Environ. Sci. Pollut. Res. 21, 9453–9460 

(2014).
	12.	 Liang, D. et al. Degradation of polyacrylate in the outdoor agricultural soil measured by FTIR-PAS and LIBS. Polym. (Basel). 10, 

1296 (2018).
	13.	 European Union Delegated Regulation (EU) 2024/2770 of the Commission of July 15 2024. Amending Regulation (EU) 2019/1009 

of the European Parliament and of the Council with Respect to the Biodegradability Criteria Applicable to Coating Agents and 
Water Retention Polymers; European Union: Brussels, Belgium, 2024. Preprint at (2024).

	14.	 ISO 17556 Plastics—determination of. the ultimate aerobic biodegradability of plastic materials in soil by measuring the oxygen 
demand in a respirometer or the amount of carbon dioxide evolved. ISO ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​i​s​​o​.​o​​r​g​/​c​​m​​s​/​r​e​n​​​d​e​r​/​l​​​i​v​​e​/​e​n​​/​s​​i​t​e​​s​/​i​​s​o​​o​r​g​/​c​o​​n​​
t​e​n​t​​​s​/​d​a​t​​a​/​s​t​​a​n​​d​a​r​​d​/​0​7​/​​4​9​/​7​4​9​9​3​.​h​t​m​l Preprint at (2019). 

	15.	 Dodangeh, F., Nabipour, H., Rohani, S. & Xu, C. Applications, challenges and prospects of superabsorbent polymers based on 
cellulose derived from lignocellulosic biomass. Bioresour Technol. 408, 131204 (2024).

	16.	 Firmanda, A. et al. Biopolymer-based slow/controlled-release fertilizer (SRF/CRF): nutrient release mechanism and agricultural 
sustainability. J. Environ. Chem. Eng. 12, 112177 (2024).

	17.	 Xiao, X. et al. One-step method to prepare starch-based superabsorbent polymer for slow release of fertilizer. Chem. Eng. J. 309, 
607–616 (2017).

	18.	 Ribeiro, A. B. et al. Bio-based superabsorbent hydrogels for nutrient release. J. Environ. Chem. Eng. 12, 112031 (2024).
	19.	 Wen, P. et al. Rapid synthesis of a corncob-based semi-interpenetrating polymer network slow-release nitrogen fertilizer by 

microwave irradiation to control water and nutrient losses. Arab. J. Chem. 10, 922–934 (2017).
	20.	 Chen, M. et al. Kaolin-Enhanced superabsorbent composites: Synthesis, characterization and swelling behaviors. Polym. (Basel). 

13, 1204 (2021).
	21.	 Noh, Y. D., Komarneni, S. & Park, M. Mineral-Based slow release fertilizers: A review. Korean J. Soil Sci. Fertil. 48, 1–7 (2015).
	22.	 Skarpa, P. et al. Effect of fertilizers enriched with bio-based carriers on selected growth parameters, grain yield and grain quality of 

maize (Zea Mays L). Eur. J. Agron. 143, 126714 (2023).
	23.	 Wang, Q., Li, S., Li, J. & Huang, D. The utilization and roles of nitrogen in plants. Forests 15, 1191 (2024).
	24.	 Mohammed, Y. A. et al. Nitrogen fertilizer management for improved grain quality and yield in winter wheat in Oklahoma. J. 

Plant. Nutr. 36, 749–761 (2013).
	25.	 Lovio-Fragoso, J. P. et al. Biochemical and molecular aspects of phosphorus limitation in diatoms and their relationship with 

biomolecule accumulation. Biology (Basel). 10, 565 (2021).
	26.	 Johnson, R. et al. Potassium in plants: growth regulation, signaling, and environmental stress tolerance. Plant Physiol. Biochem. 

172, 56–69 (2022).
	27.	 Antošovský, J., Škarpa, P., Ryant, P. & Brtnický, M. Waste sulfur from biogas desulphurization: a supplement of Brassica Napus L. 

nutrition. J. Plant. Nutr. 47, 296–313 (2024).

Scientific Reports |        (2025) 15:44694 10| https://doi.org/10.1038/s41598-025-28213-0

www.nature.com/scientificreports/

https://www.iso.org/cms/render/live/en/sites/isoorg/contents/data/standard/07/49/74993.html
https://www.iso.org/cms/render/live/en/sites/isoorg/contents/data/standard/07/49/74993.html
http://www.nature.com/scientificreports


	28.	 Narayan, O. P., Kumar, P., Yadav, B., Dua, M. & Johri, A. K. Sulfur nutrition and its role in plant growth and development. Plant. 
Signal. Behav. https://doi.org/10.1080/15592324.2022.2030082 (2022).

	29.	 Lehmann, J. & Schroth, G. Nutrient leaching. In Trees, Crops and Soil Fertility: Concepts and Research Methods 151–166 (CABI 
Publishing, 2002). https://doi.org/10.1079/9780851995939.0151.

	30.	 Yu, X., Keitel, C., Zhang, Y., Wangeci, A. N. & Dijkstra, F. A. Global meta-analysis of nitrogen fertilizer use efficiency in rice, wheat 
and maize. Agric. Ecosyst. Environ. 338, 108089 (2022).

	31.	 Islam, M. R. et al. Effects of water-saving superabsorbent polymer on antioxidant enzyme activities and lipid peroxidation in corn 
(Zea Mays L.) under drought stress. J. Sci. Food Agric. 91, 813–819 (2011).

	32.	 Liu, F. et al. Effects of super-absorbent polymer on dry matter accumulation and nutrient uptake of Pinus pinaster container 
seedlings. J. For. Res. 18, 220–227 (2013).

	33.	 Liao, R., Yang, P., Wu, W. & Ren, S. An inverse method to estimate the root water uptake Source-Sink term in soil water transport 
equation under the effect of superabsorbent polymer. PLoS One. 11, e0159936 (2016).

	34.	 Situ, Y. et al. Effects of several superabsorbent polymers on soil exchangeable cations and crop growth. Environ. Technol. Innov. 30, 
103126 (2023).

	35.	 Gee, G. W. & Bauder, J. W. Particle-size analysis. in 383–411 https://doi.org/10.2136/sssabookser5.1.2ed.c15 (2018).
	36.	 Zbíral, J., Malý, S. & Váňa, M. Soil Analysis 3rd Edn (Central Institute for Supervising and Testing in Agriculture, 2011).
	37.	 Antošovský, J., Škarpa, P. & Ryant, P. The effect of nitrification inhibitor on the yield and quality of triticum aestivum L. and 

brassica Napus L. – A long-term experiment. Field Crops Res. 328, 109906 (2025).
	38.	 Dick, R. P., Breakwell, D. P. & Turco, R. F. Soil enzyme activities and biodiversity measurements as integrative Microbiological 

indicators. in 247–271 (2015) https://doi.org/10.2136/sssaspecpub49.c15
	39.	 Campbell, C. D., Chapman, S. J., Cameron, C. M., Davidson, M. S. & Potts, J. M. A rapid microtiter plate method to measure carbon 

dioxide evolved from carbon substrate amendments so as to determine the physiological profiles of soil microbial communities by 
using whole soil. Appl. Environ. Microbiol. 69, 3593–3599 (2003).

	40.	 CIMMYT Economics Program. From Agronomic Data To Farmer Recommendations: an Economics Training Manual (CIMMYT 
Economics Program, 1988).

	41.	 Mohammed, Y. A., Gesch, R. W., Johnson, J. M. F. & Wagner, S. W. Agronomic and economic evaluations of N fertilization in maize 
under recent market dynamics. Nitrogen 3, 514–527 (2022).

	42.	 StatSoft, I. STATISTICA (Data Analysis Software System) Preprint at (2022).
	43.	 Feng, W. et al. Effects of Polyacrylamide-Based super absorbent polymer and corn straw Biochar on the arid and Semi-Arid 

salinized soil. Agriculture 10, 519 (2020).
	44.	 Hou, X. et al. Superabsorbent polymers influence soil physical properties and increase potato tuber yield in a dry-farming region. 

J. Soils Sediments. 18, 816–826 (2018).
	45.	 Egrinya Eneji, A., Islam, R., An, P. & Amalu, U. C. Nitrate retention and physiological adjustment of maize to soil amendment with 

superabsorbent polymers. J. Clean. Prod. 52, 474–480 (2013).
	46.	 Mikkelsen, R. L. Using hydrophilic polymers to control nutrient release. Fertilizer Res. 38, 53–59 (1994).
	47.	 Zheng, T., Liang, Y., Ye, S. & He, Z. Superabsorbent hydrogels as carriers for the controlled-release of urea: experiments and a 

mathematical model describing the release rate. Biosyst Eng. 102, 44–50 (2009).
	48.	 Grabowska-Polanowska, B., Garbowski, T., Bar-Michalczyk, D. & Kowalczyk, A. The benefits of synthetic or natural hydrogels 

application in agriculture: an overview Article. J. Water Land. Dev. 208–224 https://doi.org/10.24425/jwld.2021.139032 (2022).
	49.	 Badr, E. A. et al. Enhancing Canola yield and photosynthesis under water stress with hydrogel polymers. Phyton (B Aires). 93, 

1623–1645 (2024).
	50.	 Lin, J. et al. Effect of degradable microplastics, Biochar and their coexistence on soil organic matter decomposition: A critical 

review. TRAC Trends Anal. Chem. 183, 118082 (2025).
	51.	 Shu, X. et al. Organic amendments enhance soil microbial diversity, microbial functionality and crop yields: A meta-analysis. Sci. 

Total Environ. 829, 154627 (2022).
	52.	 Tautges, N. E., Sullivan, T. S., Reardon, C. L. & Burke, I. C. Soil microbial diversity and activity linked to crop yield and quality in 

a dryland organic wheat production system. Appl. Soil. Ecol. 108, 258–268 (2016).
	53.	 Chen, X., Huang, L., Mao, X., Liao, Z. & He, Z. A comparative study of the cellular microscopic characteristics and mechanisms of 

maize seedling damage from superabsorbent polymers. Pedosphere 27, 274–282 (2017).
	54.	 Puoci, F. et al. Polymer in agriculture: a review. Am. J. Agric. Biol. Sci. 3, 299–314 (2008).
	55.	 Shahram, S. & Felora, R. Investigation of superabsorbent polymer and water stress on physiological indexes of maize. J. Adv. Biol. 

4, 455–460 (2014).
	56.	 Li, H. Y., Zhang, R. & Wang, F. X. Effects of water-retaining agent on soil water movement and water use efficiency of maize sowed 

with absolved water-storing irrigation. Trans. Chin. Soc. Agricultural Eng. 27, 37–42 (2011).
	57.	 Iftime, M. M., Ailiesei, G. L., Ungureanu, E. & Marin, L. Designing Chitosan based eco-friendly multifunctional soil conditioner 

systems with Urea controlled release and water retention. Carbohydr. Polym. 223, 115040 (2019).
	58.	 Mohamady Ghobashy, M. The application of natural polymer-based hydrogels for agriculture. in Hydrogels Based on Natural 

Polymers 329–356 (Elsevier, doi:https://doi.org/10.1016/B978-0-12-816421-1.00013-6 (2020).
	59.	 López-Velázquez, J. C. et al. Gelatin–chitosan–PVA hydrogels and their application in agriculture. J. Chem. Technol. Biotechnol. 94, 

3495–3504 (2019).
	60.	 Supare, K. & Mahanwar, P. A. Starch-derived superabsorbent polymers in agriculture applications: an overview. Polym. Bull. 79, 

5795–5824 (2022).
	61.	 Guo, W. et al. Introduction of environmentally degradable parameters to evaluate the biodegradability of biodegradable polymers. 

PLoS One. 7, e38341 (2012).
	62.	 Ghasemlou, M. et al. Biodegradation of novel bioplastics made of starch, polyhydroxyurethanes and cellulose nanocrystals in soil 

environment. Sci. Total Environ. 815, 152684 (2022).
	63.	 Cui, C. et al. Recent advances in the preparation, characterization, and food application of starch-based hydrogels. Carbohydr. 

Polym. 291, 119624 (2022).
	64.	 Pathak, V. Effect of Starch-based Hydrogel on Early Growth of Corn (School of Agricultural & Biological Engineering, 2018).
	65.	 Khodadadi Dehkordi, D. Effects of hydrophilic polymers on soil Water, wheat plant and microorganisms. Appl. Ecol. Environ. Res. 

16, 1711–1724 (2018).
	66.	 Stahl, J. D., Cameron, M. D., Haselbach, J. & Aust, S. D. Biodegradation of superabsorbent polymers in soil. Environ. Sci. Pollut. Res. 

7, 83–88 (2000).
	67.	 Kulachkova, S. A., Derevenets, E. N., Korolev, P. S. & Pronina, V. V. The effect of mineral fertilizers on soil respiration in urban 

lawns. Mosc. Univ. Soil. Sci. Bull. 78, 281–291 (2023).
	68.	 Ha, J. et al. Direct measurement of crosslinked surface layer in superabsorbent poly(acrylic acid). Mater. Lett. 228, 33–36 (2018).
	69.	 Sojka, R. E., Bjorneberg, D. L., Entry, J. A., Lentz, R. D. & Orts, W. J. Polyacrylamide in agriculture and environmental land 

management. in 75–162 https://doi.org/10.1016/S0065-2113(04)92002-0 (2007).
	70.	 Ren, X., Wang, L., Tang, J., Sun, H. & Giesy, J. P. Combined effects of degradable film fragments and micro/nanoplastics on growth 

of wheat seedling and rhizosphere microbes. Environ. Pollut. 294, 118516 (2022).
	71.	 Wolinska, A. & Stepniewsk, Z. Dehydrogenase Activity in the Soil Environment. in DehydrogenasesInTech, ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​5​7​7​

2​/​4​8​2​9​4​​​​ (2012).

Scientific Reports |        (2025) 15:44694 11| https://doi.org/10.1038/s41598-025-28213-0

www.nature.com/scientificreports/

https://doi.org/10.1080/15592324.2022.2030082
https://doi.org/10.1079/9780851995939.0151
https://doi.org/10.2136/sssabookser5.1.2ed.c15
https://doi.org/10.2136/sssaspecpub49.c15
https://doi.org/10.24425/jwld.2021.139032
https://doi.org/10.1016/B978-0-12-816421-1.00013-6
https://doi.org/10.1016/S0065-2113(04)92002-0
https://doi.org/10.5772/48294
https://doi.org/10.5772/48294
http://www.nature.com/scientificreports


	72.	 Buchmann, C., Rudolph, S., Neff, J. & Steinmetz, Z. Impact of polyacrylic acid as soil amendment on soil microbial activity under 
different moisture regimes. Sci. Rep. 15, 19422 (2025).

	73.	 Bana, R. S. et al. Enhanced Pearl millet yield stability, water use efficiency and soil microbial activity using superabsorbent polymers 
and crop residue recycling across diverse ecologies. Eur. J. Agron. 148, 126876 (2023).

	74.	 Li, X., He, J. Z., Hughes, J. M., Liu, Y. R. & Zheng, Y. M. Effects of super-absorbent polymers on a soil–wheat (Triticum aestivum 
L.) system in the field. Appl. Soil. Ecol. 73, 58–63 (2014).

	75.	 Li, R., Hou, X., Li, P. & Wang, X. Multifunctional superabsorbent polymer under residue incorporation increased maize 
productivity through improving sandy soil properties. Adv. Polym. Technol. 2022, 1–12 (2022).

	76.	 Singh, I., Verma, R. R., Srivastava, T. K. & Growth Yield, irrigation water use Efficiency, juice quality and economics of sugarcane 
in Pusa hydrogel application under different irrigation scheduling. Sugar Tech. 20, 29–35 (2018).

	77.	 Jat, A. L., Rathore, B. S., Desai, A. G. & Shah, S. K. Production potential, water productivity and economic feasibility of Indian 
mustard (Brassica juncea) under deficit and adequate irrigation scheduling with hydrogel. Indian J. Agricultural Sci. 88, 212–215 
(2018).

	78.	 Saini, A. K., Patel, A. M., Chaudhary, P. P. & Saini, L. H. Impact assessment of Irrigation, fertility and hydrogel levels on growth 
Attributes, yield and economics of summer Pearl millet (Pennisetum glaucum L.) under North Gu-jarat conditions. J. Pharmacogn 
Phytochem. 7, 2914–2918 (2018).

Author contributions
TK was involved in conceptualization, investigation, data curation, software, writing—original draft. JA was in-
volved in investigation, writing—review and editing. MB was involved in investigation, data curation, validation, 
and writing—review and editing. JK was involved in writing—review and editing. JH was involved in writing—
review and editing. JJ was involved in methodology, and investigation. PS was involved in conceptualization, 
methodology, formal analysis, funding acquisition, supervision, software, writing—original draft. All authors 
read and approved the final manuscript.

Funding
The work was supported by the projects of Technology Agency of the Czech Republic SS06020468 „Develop-
ment of natural nutrient-releasing controlled-release hydroabsorbents for use in crop production”.

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate
The cultivation of Papaver somniferum for experimental purposes was conducted in accordance with 
Czech national regulations (Act No. 167/1998 Coll. on addictive substances). The field trial at the Žabčice 
experimental station was duly reported to the competent authority according to the regulations.

Consent for publication
All authors give permission to the publisher to publish this research work.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​2​8​2​1​3​-​0​​​​​.​​

Correspondence and requests for materials should be addressed to P.Š.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |        (2025) 15:44694 12| https://doi.org/10.1038/s41598-025-28213-0

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-28213-0
https://doi.org/10.1038/s41598-025-28213-0
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Comparative effects of synthetic and natural hydrogels enriched with fertilizer on poppy yield and soil health in drought-prone conditions
	﻿Materials and methods
	﻿Experimental locality and climate-soil conditions
	﻿Experimental design and treatments
	﻿Economic analysis
	﻿Statistical analysis

	﻿Results
	﻿Seed yield of poppy and agronomic efficiency
	﻿Soil microbial activity and biomass
	﻿Economic evaluation of poppy production

	﻿Discussion
	﻿Conclusion
	﻿References


