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Abstract

Climate change exacerbates soil moisture deficits, necessitating efficient water retention
strategies. Superabsorbent polymers (SAPs) offer a potential solution to enhance water
availability for crops during dry periods. Faba bean (Vicia faba L.) and pea (Pisum sativum L.)
were selected as model legumes due to their high nutritional value, agricultural importance
in temperate regions, and sensitivity to drought stress This study evaluated the effects
of different SAP application rates on the yield and physiological performance of two
legume species: faba bean (cv. Granit) and pea (cv. Batuta). The two-year (2017–2018)
field experiments employed a randomized block design with four replicates. Treatments
included three SAP doses: 0 (control, SAP0), 20 (SAP20) and 30 (SAP30) kg·ha−1. The study
was conducted over two years with contrasting weather: 2017 was wetter but had uneven
rainfall distribution, while 2018 was drier and characterized by moisture deficits during
critical growth stages. SAP application significantly increased seed yield in faba bean and
pea, with the most favorable effect observed at 20 kg ha (average yield increase of 23.6%
and 17.3%, respectively). SAP did not affect yield components in faba bean. However, in
peas, an increase in pod number and seed number per plant was observed with the SAP30
dose compared to the SAP20 dose. Application of superabsorbent at a dose of 20 kg ha−1

significantly increased photosynthesis rate in faba bean, the Fv/Fm index in the tested
species, and the PI in peas compared to the control. However, the superabsorbent did not
affect transpiration rate or the WUE coefficient in the tested legume species. Significantly
higher yields in faba bean and pea and all tested plant structure parameters in pea were
recorded in 2018 compared to 2017. The tested parameters of gas exchange and chlorophyll
fluorescence were higher in pea in 2018 (except for transpiration intensity) and in faba bean
in 2017. The findings suggest that SAPs can be a useful tool to mitigate water stress effects
in legumes, although their effectiveness depends on environmental conditions. Therefore,
SAP application may be a promising agronomic strategy in regions prone to irregular
rainfall or moderate drought.

Keywords: superabsorbent polymer; legumes; photosynthesis; transpiration; chlorophyll
fluorescence; leaf greenness index; SAP doses

1. Introduction
Plant production, as the first level of agricultural activity, provides raw materials

not only for direct consumption but also for the production of animal feed. In the face
of a growing population, changing climatic conditions and limited natural resources,
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ensuring stable sources of protein is becoming one of the most important challenges of
modern agriculture [1].

Legumes play an important role in food and agricultural systems. Their seeds are high
in protein, making them a valuable component of both human and animal diets. In addition,
these plants have the ability to fix atmospheric nitrogen through symbiosis with nodule
bacteria, which improves soil fertility and reduces the need for mineral nitrogen [2,3]. In
the context of feed protein deficits in European Union countries, including Poland, legumes
are a potential alternative to imported soybean meal, more than 90% of which comes from
genetically modified plants [4]. Increasing the productivity and stability of local protein
crops such as pea and faba bean is of strategic importance. Identifying agronomic practices,
such as the application of superabsorbent polymers, that enhance yield under water-
limited conditions supports the effort to reduce dependence on imports and improve feed
protein self-sufficiency.

Despite their high utility value, legumes exhibit high yield variability, which results
from their sensitivity to weather factors, especially water deficit which can significantly
reduce their productivity. As climate-related drought events become more frequent, water
availability has become a key constraint in legume production [5]. Soil water deficiency
causes disturbances in basic physiological processes, changes in metabolism and nutrient
distribution, and reduced biomass production [6]. The main mechanism of plant growth
is photosynthesis, which is inhibited and disrupted as a result of drought [7,8]. Proper
photosynthesis and the transport and distribution of assimilates determine plant growth
and agricultural yield, which is the end result of the processes occurring in the plant.
Under conditions of water deficit, plant cells do not elongate naturally and terminate their
growth prematurely. In the initial stage of drought, plants activate defense mechanisms
by closing their stomata, which reduces transpiration but also limits CO2 uptake, thereby
inhibiting photosynthesis. However, under conditions of prolonged stress, more serious
disturbances in cellular metabolism occur, although the response of individual plant species
to stress is not uniform. This depends on the degree of protoplast shrinkage during cell
dehydration and the ability to efficiently and reversibly rehydrate, which we observe in
drought-resistant plants [9].

The inhibition and disruption of photosynthesis causes plant dysfunction, which is
of great diagnostic value and can be one of the ways to assess a plant’s response to stress.
Since water deficit is a primary factor affecting photosynthetic efficiency, understanding
and managing water use becomes critical. Therefore, optimizing water use is a key factor
in achieving productivity goals within sustainable production systems [1].

During water stress, the photosystem may be damaged, especially photosystem II
(PSII), and cause changes in chlorophyll a fluorescence [9,10]. According to Kalaji et al. [11],
chlorophyll fluorescence is a measure of the state and condition of the photosynthetic
apparatus. Chlorophyll a fluorescence is emitted from healthy leaves and comes almost
exclusively from chlorophyll a molecules located mainly in photosystem II (PSII), and is
therefore an indicator of its function [12]. The measurement of chlorophyll a fluorescence
can therefore be a good indicator of the impact of stress factors on the functioning of
the photosynthetic apparatus and the health and vitality of the plant [13]. The use of
fluorometric methods allows recording very early changes occurring in PSII in response to
a stress factor, often even before other symptoms appear [14].

One promising solution for limiting the effects of drought in legume cultivation is the
use of superabsorbents (SAPs). These are polymers with a high-water retention capacity
which, when introduced into the soil, improve its water capacity, reduce moisture loss and
improve water availability for plants [1,6]. Studies show that SAPs can significantly im-
prove photosynthesis parameters, chlorophyll content and water use efficiency in legumes
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under water stress conditions [15,16]. For instance, in drought-stressed common bean
(Phaseolus vulgaris), SAP application in dose 75 kg ha−1 increased net photosynthetic rate
by 42%, stomatal conductance by 55%, and SPAD chlorophyll content by 17% [15]. These
findings demonstrate the physiological relevance of SAP under water-limited conditions
in legumes. Their use supports the functioning of PSII, stabilizes cellular metabolism
and increases plant resistance to drought, which translates into higher yields and better-
quality raw materials. However, results remain inconsistent and highly dependent on
environmental conditions, crop species, and application rates.

Despite numerous studies confirming the general benefits of SAPs under drought
conditions, there remains a limited understanding of how different doses of SAPs affect
yield and physiological responses in legumes under field conditions.

Due to their high protein content, favorable amino acid composition, and consider-
able feed value, faba bean and pea are important legume crops in temperate agriculture.
However, their susceptibility to drought often leads to yield instability under unfavorable
conditions, making them suitable model species for evaluating the effectiveness of superab-
sorbent under variable moisture regimes. Therefore, the aim of the study was to determine
the effects of various doses of superabsorbent on yield performance and physiological traits
of peas and faba bean under different environmental conditions.

2. Materials and Methods
2.1. Site Description and Soil Properties

The research was conducted on the basis of two field experiments carried out at
the Agricultural Experimental Station belonging to the Institute of Soil Science and Plant
Cultivation—State Research Institute in Puławy, located in Grabów nad Wisłą (Masovian
voivodeship). The experiments were conducted on loamy soil, formed on light clay—class
IIIb, IVa. The soil pHKCl ranged between 5.3 and 6.0. The content of available forms of
macronutrients ranged as follows (mg·100 g−1 soil): P—12.9–19.3; K—10.6–13.4; Mg—4.7–9.8.
The organic carbon content was 0.76–0.80%. The experiment was conducted over two
years in different locations but on a single experimental field. The plots were lo-
cated close to each other, eliminating the influence of different soil conditions on the
parameters studied.

2.2. Experimental Design and Treatments

The two-year experiments were set up in a randomized block design, with 4 replicates.
The experimental factor was the rate of hydrogel, also known as superabsorbent—0-control
treatment (SAP0), 20 kg·ha−1 (SAP20) and 30 kg·ha−1 (SAP30). In the first experiment, the
crop species was Vicia faba L. cultivar Granit, and in the second experiment, Pisum sativum
L. cultivar Batuta (narrow-leaved). The pea seeds came from DANKO-plant breeding and
the faba bean seeds from Strzelce-plant breeding. The area of the experimental units was
30 m2 (3 × 10 m).

2.3. Crop Management

The preceding crop for all species was spring barley. Pre-sowing phosphorus and
potassium fertilization was applied in the form of triple superphosphate (40% P2O5,
10% CaO) at a dose of 125 kg·ha−1 and potassium salt (60% K2O) at a dose of 150 kg·ha−1.
Nitrogen fertilization was not applied. Potassium-based cross-linked acrylic polymer ‘Terra
hydrogel Aqua’ (SAP) was used (with the parameters presented in Table 1), which was
mixed with the soil using a passive cultivation unit to a depth of 15 cm. SAP sowing was
carried out each year immediately before sowing the seeds. Before sowing, the seeds were
treated with a fungicide (Funaben T—200 g·100 kg−1 of seeds). Seeds were sown at a depth
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of 8–10 cm for faba bean and 5–8 cm for peas, with a spacing of 24 cm. Sowing of pea and
faba bean seeds in the first year was carried out on 5 April 2017, and in the second year on
20 April 2018.

Table 1. Characteristics of the superabsorbent Terra hydrogel Aqua.

Feature Value Range

Moisture (%) 6–10
Distilled water absorption slots 350–550 g·g−1 gel

Brine absorption recipe 40–70 g·g−1 gel
Absorption capabilities 0.5–2 h

Granulation 0.1–0.04 cm
Biodegradability 3–5 years

pH 6–8

2.4. Data Collection
2.4.1. Yield and Yield Components

Before harvesting (BBCH 89), 10 plants were randomly selected from each treatment to
determine the biometric characteristics of the plants, which included the following: number
of pods per plant, number of seeds per plant, seed weight per plant (g), thousand seed
weight TSW (g).

Seed yield (t·ha−1) was determined at full maturity, at 14% seed moisture con-
tent. Seed moisture content was determined using Seed Moisture Meters—SM 10 (FOSS,
Hilleroed, Denmark).

2.4.2. Plant Density and Weather Data

Weather conditions varied during the years (2017–2018) of the study (Figure 1). Com-
paring the thermal conditions during the years of the experiment, it was found that the
average monthly temperature during the growing season was higher in 2018 than in 2017.
The average monthly air temperature during this period in 2017 and 2018 was higher, com-
pared to the long-term averages (1871–2000). The total precipitation during the growing
season in 2017 was 380.6 mm, being the closest to the long-term average (376 mm). The
year 2018 was deficient in terms of precipitation (320.1 mm).

 
(a) (b) 

0
3
6
9
12
15
18
21
24

0

20

40

60

80

100

120

total precipitation
 total precipitation (multi-year average)
average daily temperature
 temperature (multi-year average)

℃
mm

0
3
6
9
12
15
18
21
24

0

20

40

60

80

100

120

total precipitation

 total precipitation (multi-year average)

average daily temperature

 temperature (multi-year average)

mm ℃

Figure 1. Weather conditions during the study years (a) 2017 and (b) 2018 (data origin: IUNG-PIB
experimental station in Grabów).
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The characteristics of thermal and precipitation conditions in the two analyzed grow-
ing seasons were described using Selianinov’s Hydrothermal Coefficient [17], also known
as the water security coefficient or conventional moisture balance (Table 2). The index (k)
defines the ratio of total precipitation to the sum of average daily air temperatures in a
given period.

k = (10·P)/(∑t)

where
P—monthly total precipitation (mm),
Σt—sum of average daily temperatures in a given month > 0 ◦C.

Table 2. Characteristics of three growing seasons based on Selianinov’s hydrothermal index (k).

Month
Years of Study

2017 k 2018 k

April extremely wet 3.11 very dry 0.63
May dry 0.8 moderately wet 1.85
June very dry 0.6 dry 0.81
July optimal 1.5 dry 0.99

August dry 0.91 very dry 0.64
September wet 2.45 fairly dry 1.09

k ≤ 0.4—extremely dry, 0.4 < k ≤ 0.7—very dry, 0.7 < k ≤ 1.0—dry, 1.0 < k ≤ 1.3—fairly dry, 1.3 < k ≤ 1.6—optimal,
1.6 < k ≤ 2.0—moderately wet, 2.0 < k ≤ 2.5—wet, k > 3.0—extremely wet.

After the plants emerged, the plant density (plants per m−1) was calculated for
each treatment, which averaged over the years for faba bean as follows: SAP0—35.5,
SAP20—45.7, SAP30—46.2. For peas, the values are as follows: SAP0—63.9, SAP20—68.8,
SAP30—57.7.

2.4.3. Physiological Measurements

During the growing season, observations of the developmental stages of individual
legume species were carried out according to Bleiholder et al. [18]. In selected develop-
mental stages (BBCH—Biologische Bundesanstalt, Bundessortenamt i Chemical Industry),
measurements were taken of the intensity of basic gas exchange processes (photosynthe-
sis, transpiration), chlorophyll fluorescence indices (Fv/Fm, PI) and leaf greenness index
(SPAD) were measured. In faba beans, measurements were carried out in BBCH stages:
60—first flowers open; 65—full flowering, flowers open on 5 inflorescence racemes;
70—first pods reach typical length; 75—50% of pods reach typical length; 82—20% of
ripe and dark pods. In peas, measurements were carried out in BBCH stages, 51—the
beginning of the first flower bud is visible outside the leaves, 67—final flowering stage,
most of the petals have fallen and dried, 75—50% of the pods have reached their typical
length, 82—20% of the pods are mature, seeds are of typical color, dry and hard. The
measurements were taken on the second fully developed leaf, in the middle part of the
leaf blade.

The photosynthetic efficiency of pea and faba bean leaves was assessed on the basis
of measurements of net photosynthesis (PN) [µmol CO2 m−2·s−1] and transpiration in-
tensity (E) [mmol H2O m−2·s−1], performed with a portable CIRAS-2 device (PP-Systems
Company, Amesbury, MA, USA). The measurements were performed in four replicates, at
constant PAR radiation intensity parameters—1200 µmol·m−2·s−1, CO2—390 ppm (µmol
CO2·mol−1) of air) and a temperature ranging from 20 to 27 ◦C. Based on the instantaneous
values of photosynthesis and transpiration, the photosynthetic water use efficiency (WUE)
was calculated according to the formula WUE = PN/E [19,20].
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Direct chlorophyll a fluorescence measurements were performed using a non-invasive
(in vivo) method with a PocketPEA fluorometer (Hansatech Instruments—WB, King’s
Lynn, Norfolk, UK). Two indicators were assessed: Fv/Fm (maximum quantum efficiency
of photosystem II) and PI (photosystem II performance index). Chlorophyll fluorescence
indices were used to determine the efficiency of the photosynthetic apparatus and to assess
the physiological state of plants. The measurements were carried out after 20 min of leaf
adaptation in the dark, in 9 repetitions.

Leaf greenness index (SPAD) measurements were performed using a chlorophyll meter.
The result is given in digital form, in so-called SPAD (soil and plant analysis development)
units, ranging from 0 to 800 (N-Tester units). The value of the reading is proportional to the
chlorophyll content in the tested leaf area (6 mm2). The measurements were performed in
4 repetitions (one repetition as the average of 30 measurements).

2.5. Statistical Analysis

The collected research results were statistically analyzed using analysis of variance
(ANOVA) in the Statgraphics Centurion XVI program (version 16.1.11). To compare the dif-
ferences between the means for the factors, a multiple confidence interval test (Tukey’s test)
was used at a significance level of α = 0.05. For the parameters of gas exchange, chlorophyll
fluorescence and SPAD index, the mean of all measurements in the developmental phases
in individual years was presented. Correlations between yield and gas exchange indices,
chlorophyll fluorescence and SPAD index were sought and presented in the form of simple
correlation coefficients (Pearson’s coefficient).

3. Results
3.1. Yield and Photosynthetic Efficiency in Peas

The results of the study showed that the SAP dose significantly affected the pea seed
yield (Table 3). A significantly higher number of pods and seeds per plant was recorded
on the SAP30 treatment compared to SAP20 but did not differ significantly compared to
the control. Taking into account the average values, the use of superabsorbent significantly
increased the pea yield by approximately 17% at the SAP20 treatment and by 20% at the
SAP30 treatment compared to the control. The examined yield and plant structure char-
acteristics varied significantly over the years of the study. All the examined parameters
of the yield and structure of peas were significantly higher in 2018. No interaction be-
tween the experimental factors and their effect on the examined yield and structure traits
was found.

Table 3. Pea yield and its structure depending on the SAP dose and year of study.

Factor Source of
Variation

Number of
Pods per Plant

Number of
Seeds per Plant

Weight of Seeds
per Plant (g)

Seed Yield
(t ha−1) TSW (g)

Dose of SAP
(D)

SAP0 5.16 ab 21.6 ab 4.59 a 2.02 a 207.6 a

SAP20 4.81 a 18.9 a 4.10 a 2.37 b 208.7 a

SAP30 5.69 b 23.8 b 5.09 a 2.42 b 209.2 a

p-value * * ns *** ns

Year (Y)
2017 4.04 a 17.0 a 3.09 a 1.91 a 181.1 a

2018 6.40 b 25.8 b 6.09 b 2.63 b 235.9 b

p-value *** *** *** *** ***

D × Y p-value ns ns ns ns ns

Note: Means followed by different letters (separately for the tested characteristic and the experience factor) differ
significantly. The level of significance: *** p ≤ 0.001, * p ≤ 0.05, ns—not significant at p ≤ 0.05 (Tukey test);
TSW—thousand seed weight.
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The SAP dose differentiated the rate of photosynthesis and the maximum photosystem
II efficiency index (Fv/Fm) in pea (Table 4). The rate of photosynthesis was significantly
lower at the SAP20 treatment compared to the other treatments, while the Fv/Fm in-
dex was significantly higher at the SAP20 treatment compared to the control and the
SAP30 treatment.

Table 4. Gas exchange indices in peas depending on the SAP dose and year of study.

Factor Source of
Variation E PN WUE Fv/Fm PI SPAD

Dose of
SAP (D)

SAP0 1.36 a 11.19 b 9.09 a 0.789 a 4.45 a 575.2 a

SAP20 1.20 a 10.03 a 9.08 a 0.801 b 4.45 a 570.1 a

SAP30 1.27 a 11.45 b 9.61 a 0.788 a 4.11 a 589.7 a

p-value ns ** ns ** ns ns

Year (Y)
2017 1.54 b 9.54 a 6.23 a 0.776 a 3.44 a 582.9 a

2018 1.01 a 12.23 b 12.29 b 0.810 b 5.24 b 573.8 a

p-value *** *** *** *** *** ns

D × Y p-value ns * ns *** *** *
Note: Means followed by different letters (separately for the tested characteristic and the experience factor) are
significantly different. The level of significance: *** p ≤ 0.001. ** p ≤ 0.01. * p ≤ 0.05. ns—not significant at
p ≤ 0.05 (Tukey test)); E—transpiration rate (mmol H2O m−2·s−1), PN—photosynthesis rate (µmol CO2 m−2·s−1),
WUE—water use efficiency ratio (µmol CO2·mmol H2O−1), Fv/Fm—maximum quantum efficiency of PSII,
PI—PSII performance index, SPAD—leaf greenness index.

The parameters studied varied between the years of the study (except for the SPAD
index). Transpiration rate was significantly higher in 2017 than in the following year (by
50%). Photosynthesis rate, WUE, Fv/Fm and PI indices were significantly higher in the
second year of the study (by 28, 97, 4 and 52%, respectively), compared to 2017.

Interactions between experimental factors and their impact on photosynthesis rate
and chlorophyll fluorescence indices were also demonstrated (Figure 2). The application
of hydrogel at the SAP30 treatment in 2018 significantly increased photosynthetic rate
compared to the SAP20 treatment. The PSII maximum efficiency index (Fv/Fm) was
significantly higher at the SAP20 treatment in 2017 compared to the control treatment and
the SAP30 treatment. In contrast, the photosystem II performance index (PI) in 2017 was
significantly higher on the SAP20 treatment compared to the SAP0 and SAP30 treatments.
In the following year, a significantly higher value of this parameter was recorded on the
control treatment compared to the treatments where superabsorbent was applied.

Highly significant positive correlations were found between yield and photosynthesis
rate, WUE coefficient, chlorophyll fluorescence indices (Fv/Fm and PI), and weak sig-
nificant correlations between yield and the number of pods per plant and seed weight
per plant in peas (Table 5). A strong, negative correlation was found between yield and
transpiration rate. Significant correlations were found between yield components and gas
exchange and chlorophyll fluorescence indices. The number of pods per plant and seed
weight per plant were weakly and significantly correlated with the WUE coefficient and the
Fv/Fm index, and the seed weight per plant also correlated with the PI. A weak significant
negative relationship was demonstrated between transpiration rate and the number of
pods and seed weight per plant. Significant relationships were demonstrated between TSW
and transpiration rate and the chlorophyll fluorescence indices Fv/Fm and PI.
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Figure 2. Interaction of experimental factors and its effect on photosynthesis intensity (µmol CO2

m−2·s−1) (a) and chlorophyll fluorescence indices (Fv/Fm—(b), PI—(c)) in peas (means followed by
different letters are significantly different).

Table 5. Pearson correlation coefficients (r) between the physiological characteristics of peas and
yield and its structure.

E WUE Fv/Fm PI SY NP NS WS TSW

PN −0.5904
**

0.8389
***

0.465
*

0.5588
**

0.5367
**

0.135
ns

−0.052
ns

0.3042
ns

0.282
ns

E −0.9125
***

−0.7509
***

−0.6626
***

−0.7833
***

−0.5084
*

0.0435
ns

−0.434
*

−0.4552
*

WUE 0.6709
***

0.649
***

0.7116
***

0.413
*

−0.0199
ns

0.4229
*

0.3958
ns

Fv/Fm 0.8743
***

0.7353
***

0.4346
*

−0.0158
ns

0.4379
*

0.4956
*

PI 0.5825
**

0.3198
ns

0.0257
ns

0.4988
*

0.5044
*

SY 0.4951
*

0.0436
ns

0.4505
*

0.3858
ns

NP 0.5612
**

0.8413
***

0.402
ns

Note: The level of significance: *** p ≤ 0.001. ** p ≤ 0.01. * p ≤ 0.05. ns—not significant at p ≤ 0.05 (Tukey test);
E—transpiration rate, WUE—water use efficiency ratio, PN—photosynthesis rate, Fv/Fm—maximum quantum
efficiency of PSII, PI—PSII performance index, SY—seed yield, NP—number of pods per plant, NS—number of
seeds per plant, WS—weight of seeds per plant, TSW—thousand seed weight.
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3.2. Yield and Photosynthetic Efficiency in Faba Bean

The results of the study showed that the SAP dose and the year of the study did not
significantly affect the studied yield structure parameters, i.e., the number of pods per
plant, the number of seeds per plant, the weight of seeds and thousand seed weight in
faba bean (Table 6). However, a significant increase in the yield of faba bean was observed
after the application of the superabsorbent. On the SAP20 and SAP30 treatments, the yield
increased by 24% and 30%, respectively, compared to the control treatment. The year of the
study also significantly modified the faba bean seed yield. Significantly higher yields (by
about 60%) were recorded in 2018. No interaction between the experimental factors and
their impact on the studied yield characteristics and structure was found.

Table 6. Faba bean yield and its structure depending on SAP dose and year of study.

Factor Source of
Variation

Number of
Pods per Plant

Number of
Seeds per Plant

Weight of Seeds
per Plant (g)

Seed Yield
(t ha−1) TSW (g)

Dose of SAP
(D)

SAP0 4.11 a 11.36 a 4.83 a 1.74 a 420.1 a

SAP20 3.66 a 9.26 a 3.95 a 2.15 b 428.5 a

SAP30 3.55 a 9.25 a 4.09 a 2.27 b 440.8 a

p-value ns ns ns *** ns

Year (Y)
2017 3.87 a 10.13 a 4.38 a 1.58 a 432.8 a

2018 3.68 a 9.78 a 4.20 a 2.53 b 426.8 a

p-value ns ns ns *** ns

D × Y p-value ns ns ns ns ns

Note: Means followed by different letters (separately for the tested characteristic and the experience factor)
are significantly different. The level of significance: *** p ≤ 0.001. ns—not significant at p ≤ 0.05 (Tukey test);
TSW—thousand seed weight.

The SAP dose significantly affected the parameters of photosynthesis and chlorophyll
fluorescence in faba bean (Table 7). When SAP was applied at a dose of 20 kg ha−1, the rate
of photosynthesis and the chlorophyll fluorescence indices Fv/Fm and PI were significantly
higher compared to the control and SAP30.

Table 7. Gas exchange indices in faba beans depending on the SAP dose and year of study.

Factor Source of
Variation E PN WUE Fv/Fm PI SPAD

Dose of
SAP (D)

SAP0 1.19 a 9.97 a 8.40 a 0.79 a 3.63 a 579.9 a

SAP20 1.26 a 11.77 b 9.48 a 0.80 b 4.16 b 580.4 a

SAP30 1.13 a 9.97 a 8.90 a 0.79 a 3.53 a 579.1 a

p-value ns *** ns * ** ns

Year (Y)
2017 1.29 b 10.99 b 8.61 a 0.81 b 4.60 b 569.7 a

2018 1.10 a 10.15 a 9.24 a 0.78 a 2.94 a 589.9 b

p-value ** ** ns *** *** **

D × Y p-value ns ns ns ns ns ns
Note: Means followed by different letters (separately for the tested characteristic and the experience factor) are
significantly different. The level of significance: *** p ≤ 0.001. ** p ≤ 0.01. * p ≤ 0.05. ns—not significant at
p ≤ 0.05 (Tukey test)); E—transpiration rate (mmol H2O m−2·s−1), PN—photosynthesis rate (µmol CO2 m−2·s−1),
WUE—water use efficiency ratio (µmol CO2·mmol H2O−1), Fv/Fm—maximum quantum efficiency of PSII,
PI—PSII performance index, SPAD—leaf greenness index.

The year of research significantly differentiated almost all parameters studied (except
for WUE). In 2017, photosynthesis and transpiration rate, as well as Fv/Fm and PI indices,
were significantly higher compared to 2018. In contrast, the opposite was found for the
SPAD index. Significantly higher SPAD values were recorded in 2018 compared to 2017.
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No interaction between the experimental factors and their effect on the studied parameters
of gas exchange and chlorophyll fluorescence was found.

The analysis of the interdependence between the studied characteristics of faba bean
is presented in Table 8. A significant positive correlation was found between yield and
the WUE coefficient and the SPAD index, and a negative correlation was found between
yield and transpiration rate and the chlorophyll fluorescence indices Fv/Fm and PI. The
correlations between yield components and gas exchange indices (photosynthesis and
transpiration rates), chlorophyll fluorescence indices (Fv/Fm and PI), and leaf greenness
index (SPAD) were statistically insignificant.

Table 8. Pearson correlation coefficients (r) between the physiological characteristics of faba bean
plants and yield and its structure.

E WUE Fv/Fm PI SPAD SY NS WS

PN 0.6051
**

0.3483
ns

0.2584
ns

0.3437
ns

−0.1972
ns

−0.247
ns

−0.1371
ns

−0.1794
ns

E −0.5285
**

0.5423
**

0.5745
**

−0.6838
***

−0.5724
**

0.0227
ns

−0.0174
ns

WUE −0.3567
ns

−0.311
ns

0.6014
**

0.433
*

−0.2214
ns

−0.2129
ns

Fv/Fm 0.8371
***

−0.6362
***

−0.7164
***

−0.037
ns

−0.1171
ns

PI −0.6134
**

−0.7451
***

0.0824
ns

0.0918
ns

SPAD 0.5436
**

−0.0246
ns

−0.0917
ns

SY −0.2752
ns

−0.1804
ns

NP 0.9022
***

0.7733
***

Note: The level of significance: *** p ≤ 0.001. ** p ≤ 0.01. * p ≤ 0.05. ns—not significant at p ≤ 0.05 (Tukey test));
E—transpiration rate, WUE—water use efficiency ratio, PN—photosynthesis rate, Fv/Fm—maximum quantum
efficiency of PSII, PI—PSII performance index, SPAD—leaf greenness index, SY—seed yield, NP—number of
pods per plant, NS—number of seeds per plant, WS—weight of seeds per plant.

4. Discussion
4.1. Yield Responses to SAP and Environmental Modulation

The weather conditions during the 2017–2018 growing seasons were varied and had a
significant impact on plant productivity. During the growing seasons in which the research
was conducted, rainfall was very irregular. Often, there was heavy rainfall (even up to
around 50.0 mm) lasting 2–3 days in a single decade, but the excess water did not seep into
the soil profile and instead ran off the fields. As a result, there was a water shortage, which
was more related to the uneven distribution of rainfall than to the total rainfall during
the growing season. According to the Selianinov index (Table 1), May 2017 was dry and
June was very dry, while April 2018 was very dry and June was dry. Thus, during the
months when legumes are at their most critical stage in terms of water demand, there was
a drought.

Significantly higher yields of faba bean and pea (by 60.1% and 37.7%, respectively)
and all tested plant structure parameters in pea were recorded in 2018 compared to 2017.
The tested parameters of gas exchange and chlorophyll fluorescence were higher in pea in
2018 (except for transpiration rate) and in faba bean in 2017.

The reduction in seed yield due to soil water deficiency depends on the intensity
and duration of stress, as well as the plant species and its growth stage [21]. The use of
superabsorbent improves soil moisture conditions by supplying stored water to plants
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during dry periods, thus reducing the risk of drought stress, which can affect crop yields.
However, for the hydrogel to be effective, regular rainfall is required to allow water to be
absorbed and then made available to plants. The results of our own research showed a
significant impact of the use of superabsorbent on the yield of the tested species. In faba
bean and pea, an increase in seed yield was observed after the application of hydrogel,
with the most beneficial being the use of SAP at a dose of 20 kg ha−1 (average yield
increase of 23.6% and 17.3%, respectively). The hydrogel rates used did not differentiate
the elements shaping the seed yield in faba beans. In pea, however, an increase in the
number of pods and seeds per plant was observed when using the SAP30 dose compared
to the SAP20 dose (by 18.3% and 25.9%, respectively). Significantly lower yields and yield
structure parameters in peas in 2017 may have been influenced by rainfall deficits in May
and June, which were lower than the long-term average, by 40% and 54%, respectively.
Adequate soil moisture during these months is crucial for legumes, and despite higher
rainfall during the 2017 growing season, yield levels were determined by the distribution
of rainfall during specific stages of development. The increase in yield on the treatments
where SAP was applied was probably related to the plant density, which was higher
on the SAP20 and SAP30 treatments (by 29% and 30%, respectively) compared to the
control. According to Mandić et al. [22], water deficit during the pod formation and seed
production stages causes a greater yield decline than water shortage during the flowering
stage. Furthermore, applying SAP to heavy soils increases and facilitates air access to roots.
It also improves nutrient utilization by reducing nutrient leaching. As a result, plants
experience more favorable growth conditions and are less susceptible to environmental
stress, which could have influenced the growth of the studied traits after SAP application.
Various authors report a positive effect of hydrogel on legume seed yield. Shankarappa
et al. [23] obtained an increase in lentil (Lens culinaris) seed yield of over 50% compared to
the control after applying hydrogel at a rate of 5 kg·ha−1. Pouresmaeil et al. [24] showed
that the application of a superabsorbent in an amount of 7.5% of soil weight increased
the yield of red beans (Phaseolus vulgaris L.) by 38.5% compared to the control, where no
hydrogel was used. In a pot experiment conducted by Księżak [25], the use of hydrogel
resulted in a significant increase in the weight of faba bean seeds (by 14.1% on average) and
the weight of thousand seeds compared to the control. In turn, field studies conducted in
India on the use of superabsorbent in soybean (Glycine max (L.) Merr.) cultivation showed a
significant increase in seed yield after the application of SAP at a dose of 7.5 and 10 kg·ha−1,
by 34.3 and 33.6%, respectively, compared to the control [26]. Yazdani et al. [27] obtained
31.7% higher soybean seed yields, but after applying superabsorbent in a very high dose
(225 kg·ha−1) compared to the control. However, these results are not confirmed by the
studies of Panasiewicz et al. [28]. These authors found that the application of hydrogel at a
rate of 30 and 60 kg·ha−1 had no significant effect on the yield of peas. No significant effect
of SAP on selected parameters of sowing value and vigor of pea seeds was demonstrated
either. In studies by Faligowska and Szukała [29,30], the use of polymer did not increase
soybean yields, despite a significant increase in the number of pods per plant compared to
the control where SAP was not used. They also found no significant effect of varying rates
of SAP on pea seed yields. In contrast, in the studies by Pouresmaeil et al. [24], the use of
superabsorbent in an amount of 0.7% of soil mass increased the weight of thousand red
bean seeds by 21.2% compared to the control, where no hydrogel was used. The varying
research results regarding the effect of SAP on plant yield growth and improved plant
structure can be difficult to clearly explain, as they depend on numerous environmental
and soil factors. The effectiveness of polymers depends on many factors, including the
amount and distribution of rainfall, soil type, its nutrient content, and the plant species. In
practice, SAP can improve water retention and nutrient availability, but other factors can
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mask this effect. Therefore, field study results are often varied and do not always allow for
a straightforward interpretation of SAP’s impact on yield.

4.2. Physiological Mechanisms: Divergent Pathways in Pea and Faba Bean

Basic physiological processes such as photosynthesis, transpiration and chlorophyll
fluorescence have a decisive influence on crop yields. Disturbances in the course of these
processes in individual species can help determine the extent to which a stress factor
has limited the functioning of the photosynthetic apparatus. Proper plant growth and
development is possible thanks to the availability of water and carbon dioxide, which are
substrates in the process of photosynthesis. Therefore, photosynthesis and transpiration
are important processes that have a direct impact on biomass growth and, consequently,
on the productivity of crops [31]. The Fv/Fm index determines the maximum quantum
efficiency of photosystem II and allows for the detection of PSII damage and possible
photoinhibition [32]. According to DeEll et al. [33], the Fv/Fm ratio should be in the range
of 0.75–0.85, and a decrease in this ratio may indicate damage and limitations in PSII
function. Another important chlorophyll fluorescence index that describes the amount of
effective energy converted by photosystem II is the PSII performance index (PI). This index
expresses the plant’s ability to defend itself against stress [11].

In our own studies, gas exchange and chlorophyll fluorescence parameters in faba
beans were significantly higher in 2017 compared to 2018, while in pea, photosynthesis rate,
water use efficiency (WUE) and Fv/Fm and PI indices were significantly higher in 2018,
which also correlated with higher seed yield in that year. Interpreting the impact of drought
on photosynthesis and transpiration rates is difficult because plant responses are complex
and dependent on numerous factors. Drought affects not only water availability but also
the opening and closing of stomata, the activity of photosynthetic enzymes, and leaf struc-
ture. Faba beans and peas respond differently to drought because of their distinct species
characteristics and physiology. Faba beans have deeper and more extensive root systems,
allowing them to better utilize water from deeper soil layers and maintain photosynthetic
activity for longer. Peas, on the other hand, have shallower roots, which means they experi-
ence water stress more quickly and reduce transpiration and photosynthesis more quickly.
Furthermore, the two species differ in leaf structure and stomatal regulation mechanisms,
which causes their responses to water stress to differ and leads to varying results in studies.
The application of hydrogel at a dose of 20 kg ha−1 increased the photosynthetic rate in
faba bean by 18.5% compared to the control object, while pea reacted in the opposite way
and, at the same rate, the photosynthetic rate was significantly lower compared to the other
treatments. However, the superabsorbent did not affect the transpiration rate and WUE
coefficient of the legume species studied. The application of superabsorbent at a dose of
20 kg ha−1 significantly increased the Fv/Fm index in the species studied and the PI in
pea compared to the control. Similar results were observed by Pereira et al. [34], who also
obtained varied results regarding the use of the polymer in field cultivation of soybeans. In
one year of research, the authors noted reductions in photosynthesis and transpiration rate
after the application of SAP, and in the following year, a positive effect of the polymer on
these parameters. According to the authors, the use of superabsorbent under conditions
of severe stress has no effect on the yield and efficiency of the photosynthetic apparatus
of soybeans, and its use is only justified under conditions of moderate stress and uniform
rainfall. In our own studies, rainfall distribution was irregular; therefore, the efficiency of
the photosynthetic apparatus and plant productivity were more dependent on climatic and
soil conditions than on the superabsorbent used. Taking into account the interactions of the
experimental factors and their impact on chlorophyll fluorescence indices and photosyn-
thesis rate, it was shown that chlorophyll fluorescence in peas in 2017 was highest at the
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SAP20 treatment, which indicates good PSII condition, while photosynthetic intensity at
this treatment was the lowest, which may indicate lower photosynthetic efficiency caused
by stomatal closure rather than damage to the photosynthetic apparatus, as also reported
by Rehman et al. [35].

4.3. Chlorophyll Content and Comparison with Previous Studies

Plants respond to drought stress by changing the content of photosynthetic pig-
ments [36]. Water deficit inhibits the synthesis of chlorophyll a and b and reduces the
content of proteins responsible for its binding [37]. Our own research did not show a
significant effect of superabsorbent on the leaf greenness index (SPAD) in faba bean and
pea. Significantly higher values of this parameter were recorded in faba beans only in 2018
compared to 2017. These results may have been caused by irregular rainfall distribution
and low hydrogel efficiency, as most results confirm that SAP effectively supports the
functioning of the photosynthetic apparatus by increasing leaf greenness index under water
stress conditions. Youssef et al. [16] showed a significant increase in the greenness index
of pea (Pisum sativum L.) leaves on treatments where hydrogel was applied at 0.7% of soil
weight compared to treatments without hydrogel, both on treatments with optimal mois-
ture and under water deficit conditions. Also, in studies conducted by Ahmed et al. [38],
the application of superabsorbent to sandy soil significantly increased the SPAD index in
green bean (Phaseolus vulgaris L.) leaves compared to the control where no hydrogel was
applied. The relative chlorophyll content in bean leaves increased with increasing SAP
doses (from 0.1 to 0.9% of soil weight). In studies by Alotaibi et al. [39], the application
of superabsorbent at a rate of 3 g/plant increased the chlorophyll content in green bean
(Phaseolus vulgaris L. cv Bronco) leaves.

The results demonstrate that legume responses were strongly shaped by environmen-
tal conditions, particularly the distribution of rainfall during critical growth stages. Higher
yields of both pea and faba bean in 2018 were associated with more favorable physiological
performance, reflected in increased photosynthetic activity and chlorophyll fluorescence
parameters, especially in pea. The application of SAP improved selected physiological indi-
cators, although its effects were species-specific and not consistent in years. In faba bean,
SAP-induced yield increases occurred without clear changes in yield structure, suggesting
that probably better rooting of the canopy played a greater role than changes in individual
yield components. In contrast, in peas, under the influence of SAP there were increases
in pod and seed number, indicating improved soil water availability in the reproductive
phase. These findings imply that SAP can support legume production under conditions of
irregular rainfall, but its practical effectiveness depends on species traits, environmental
conditions, and severity of water stress, highlighting the need for further research.

5. Conclusions
The study showed that the yield and physiological activity of pea and faba bean varied

significantly depending on the superabsorbent dose and weather conditions during the
study years. The most beneficial application of SAP at a dose of 20 kg ha−1 significantly
increased yield and the maximum quantum efficiency of photosystem II in pea and faba
bean, the photosynthetic rate in faba bean, and the PI in pea. The superabsorbent did
not affect transpiration rate, WUE, or SPAD in the studied legume species. Overall, the
findings indicate that SAP primarily supports yield formation by improving early crop
establishment and buffering plants against irregular water availability rather than by
directly enhancing physiological efficiency. Therefore, the effectiveness of SAP in legume
production should be considered context-dependent and closely related to environmental
conditions, species characteristics, and initial plant density.
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