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Abstract. In arid and semi-arid climates, water scarcity and nutrient availability are
major constraints for food production. Excess fertilization to make up for the limited
nutrient availability in dry soils leads to nitrogen runoff and groundwater contamina-
tion. Reducing nitrogen leaching into surface water while providing adequate nutri-
tion remains a major challenge. Superabsorbent polymers (SAPs) can reduce water
loss and improve nutrient retention and therefore minimize leaching and increase
crop yields. SAPs are made from petroleum or natural products, but plant-based
SAPs have been gaining popularity because they have fewer long-term effects on the
environment. However, there is little known about how SAPs made from cornstarch
effect plant growth and production in tomatoes. So, we evaluated total nitrogen and
water retention in SAP-treated soils and evaluated their effects on growth and devel-
opment of tomatoes (Solanum lycopersicum). Soils were amended with different rates
of cornstarch-based SAP (i.e., 0 kg SAP, 0 kg SAP+N, 0.5 kg SAP+N, 1 kg SAP+N,
1.5 kg SAP+N, and 2 kg SAP+N). Results indicate that the mean volume of water and
nitrates retained in the soils amended with cornstarch-based SAPs increased with
increasing rate of SAP. The treatment containing the highest dose (i.e., 2 kg SAP)
decreased the amount of leachate and nitrates from soil 79.34% and 93.11% at 3
days after fertilization (DAF) and 78.84% and 81.58% at 9 DAF in comparison with
the soil-only and fertilizer-only treatments, respectively. The results also indicate
cornstarch-based SAP significantly improved plant growth and yield parameters com-
pared with the treatments without SAP. Furthermore, the greatest number of leaves,
flowers, fruits, and dry matter production were found in the 1-kg SAP treatment.
Therefore, application of cornstarch-based SAPs can improve tomato production in
times of drought stress by retaining more water and nutrients in the active rooting
zone and can reduce environmental pollution by reducing nitrogen runoff.

Water and nutrient availability play a
major role in crop production. Water scarcity
is one of the chief environmental factors

affecting plant growth, development, and
yield. Globally, approximately two-thirds of
the population presently live in areas where
water resources are limited for at least a
month in a year and half a billion people face
serious water shortages all year round
(Mekonnen and Hoekstra, 2016). Over the
next 50 years, food production will not be
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possible without better management of water
and land resources (Molden, 2007). Environ-
mental constraints like climatic change, land
degradation and deterioration, and the need to
protect aquatic and terrestrial ecosystems are
further limiting the available water supply

and its productive capacity (Janmaat, 2004;
Murgai et al., 2001; Postel, 1999). To
improve food security while maintaining the
productivity of our land and water resources,
proper water development and management
strategies are necessary (Molden, 2007).
Exponential population growth, diminish-
ing arable land, and degraded soils have
increased the need for larger quantities of
nutrients, especially nitrogen (N), phosphorus
(P), and potassium (K), to maintain and
improve crop yields (Azeem et al., 2014;
Wen et al., 2016). The use of these fertilizers,
especially N fertilizers, has increased food
production in the world (Di and Cameron,
2002). Furthermore, the largest source of N
inputs in agricultural production is from N
fertilizers, exceeding classic contributions
from biological N fixation, atmospheric depo-
sition, and animal manures (Liu et al., 2010).
However, more than half of the fertilizer N
applied to grain crops such as maize (Zea
mays), rice (Oryza sativa), or wheat (Triticum
aestivum) is stored in the soil or lost to the
environment (Cassman et al., 2002). Fertil-
izer N recovery efficiency of plants (i.e., the
proportion of fertilizer N that is taken up by
the crop) usually decreases with increasing N
fertilizer application because the increased
yield per unit of added N diminishes as total
N supply approaches the yield-maximizing
level (i.e., Law of Diminishing Returns)
(Bhattacharya, 2019; de Wit, 1992). In addi-
tion to N uptake efficiency issues, leaching is
another common problem in many areas and
soils. Leaching is considered to be the pre-
vailing cause for the increase of nitrate con-
centrations in groundwater, and directly
responsible for ecosystem eutrophication, and
soil and water quality degradation (Rivett
et al., 2008; Robertson and Vitousek, 2009;
Zhou et al., 2012). Excess usage of N fertil-
izers results in substantial soil acidification,
with N leaching and emissions as direct causes
of water and air pollution (Guo et al., 2010;
Zhang et al., 2013; Zhao et al., 2012). This is
because of negatively charged nitrate ions that
are not able to readily sorb on soil particle sur-
faces due to lack of much affinity (Li, 2003).
These factors underscore the need for practi-
ces in agricultural systems that lead to improved
efficiency, economic viability, and increased sus-
tainability of diminishing resources (Spiertz,
2009). Scientists and consumers have been
researching for alternatives to minimize the
large-scale use of chemical inputs such as fertil-
izer N and pesticides and a variety of practices
and products have proven to be effective
(Kawalekar, 2013; Love and Nejadhashemi,
2011; Matson et al., 1997). Among these are
gel-forming or superabsorbent polymers (SAPs)
that act as soil conditioners and aid in plant
establishment in drought-prone soils (Wood-
house and Johnson, 1991). Successful SAPs
increase the availability of water to plants in
coarse soils that lose water quickly (Guilherme
et al,, 2015; Johnson, 1984). When paired with
fertilizer, this could translate to improved crop
yields with fewer adverse effects on the environ-
ment through more efficient water—fertilizer
coupling (Kong et al., 2019). SAPs have the
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potential to be an exceptional soil conditioner
that decrease N leaching and increase N use
efficiency by plants. SAPs benefit agricultural
production when added to the soil by creating a
water reserve in the vicinity of the rhizosphere
zone (Han et al, 2010; Zohuriaan-mehr and
Kabiri, 2008). In crops, this increased water
availability has translated to improved growth,
particularly in drought-sensitive species like
tomatoes (Narjary and Aggarwal, 2014; Pill and
Jacono, 1984).

Despite many useful benefits, applications
of hydrogels or SAPs are hindered because
most of the currently available products are
petroleum-based synthetic polymers that are
limited by high production costs and adverse
environmental effects (Kiatkamjornwong et al.,
2002). Among the adverse effects on the envi-
ronment, is environmental persistence. Petro-
leum polymer-based SAPs are semipermanent
in soil and water due to their poor degradabil-
ity, thereby affecting the living organisms
(Kenawy et al., 2021). After application and
usage, degradation of petroleum-based SAPs
was reported to be at rates of less than 10%
per year. Furthermore, toxic compounds
released during their slow degradation is also
of great concern (Cannazza et al., 2014).
Although the natural/biomass SAPs have been
around for a long time, their usage is limited
because of the complex extraction processes,
which make them more expensive than syn-
thetic SAPs (Chang et al., 2021). This illus-
trates the need for more sustainable and
biodegradable SAPs for use in crop production
practices that are cost-effective. Sustainable
SAPs should have easier extraction processes
and have physical and chemical properties that
allow for degradation by conditions present in
the soil or planting environment. Among these
different degradation processes is the biodegra-
dation aided by freely occurring microorgan-
isms, such as bacteria, fungi, and algae (Sivan,
2011; Swift, 1998). Microorganisms are pre-
sent in the soil and use N and carbon for their
biological processes. These compounds are
typically provided by organic matter from
decomposing plant biomass (Chen et al.,
2003); however, organic matter can be limited
in areas with high temperatures and arid condi-
tions (Yuste et al., 2011). Using bio-based
SAPs, such as rice waste (Zhou et al., 2018),
wheat straw (Rahman et al., 2020), and corn-
cob (Wen et al., 2017), can benefit soils and
microbial communities. Yet, bio-based,
degradable SAPs have been explored only to a
limited extent (Chang et al., 2021). Of these
bio-based SAPs, cornstarch-based SAPs have
been shown to hold promise in water-holding
capacity, degradability, and nutrient sorption
(Qiao et al., 2017). Comnstarch, apart from
being a human and animal food source, also
has many industrial applications. Approxi-
mately 60% of world’s total corn is grown in
China and the United States (Tabasum et al.,
2019). Therefore, by using one of the most
readily available plant biomasses (corn) instead
of synthetic polymers or biomass-based poly-
mers with complex extraction processes can
maintain or improve sustainability in crop
production.
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Replacing synthetic polymers, reducing cost
of extraction of polymers, maximizing water
and nutrient retention in soil, minimizing fertil-
izer loss, reducing application of fertilizers, and
lowering environmental pollution risk are the
main focuses of using biomass-based SAPs in
agricultural production. However, because of the
variability of polymer production processes,
crops, fertilizers, irrigation, and overall manage-
ment, many factors must be studied to determine
optimal rates for comstarch SAPs use. These
cornstarch-based SAPs have not been evaluated
thoroughly to determine water-holding capacity,
nutrient sorption, and how they may affect plant
growth. Therefore, to evaluate the efficacy of
cornstarch-based SAP, in an initial study, differ-
ent rates were incorporated in soil with and with-
out fertilizers. Leachate, nitrates, and plant
growth were then monitored throughout the
study. In an additional study, the effects of corn-
starch-based SAP on tomatoes subject to differ-
ent levels of water stress were examined. These
findings will aid in understanding the influence
of cornstarch-based SAP on soils, whether it has
the potential to be an effective SAP and provide
useful information for its use in tomato produc-
tion in drought-prone areas.

Materials and Methods

Experimental design and setup

To evaluate the effects of cornstarch-based
SAP on water retention, leachate, tomato growth,
and production were examined in two studies
over 11 weeks. These two studies were per-
formed at the Texas A&M University-Kings-
ville, Department of Agriculture, Agribusiness,
and Environmental Sciences greenhouse (Kings-
ville, TX, 27.530666, —97.887151). Early Girl
tomato (Solanum lycopersicum), because of its
great taste and maturity time (ie., 50 d) was
selected for use in both greenhouse experiments.
Tomato seeds were first grown in trays then
were transplanted into larger pots once they
reached the 2- to 4-leaf stage. Tomato plants
were grown in 1-gallon pots in the greenhouse
with daytime temperatures of 70 to 80 °F (21 to
27°C), and nighttime temperatures of 60 to 65
°F (16 to 18°C). Pots were filled with a sandy
clay loam field soil consisting of 60% sand,
29.5% clay, and 10.5% silt particles. The SAP
used for this research was a comstarch-based,
biodegradable, superabsorbent soil enhancer
made from a proprietary blend of starch-g-poly
(2-propenamide-co-2-propenoic acid) potassium
salt acquired from a private manufacturer.

Experimental setup. Study 1 was designed
to evaluate the optimal rates of cornstarch-
based SAP for reduction of water and nitrate
leaching, and plant growth. This experiment

Table 1. Treatments used in study 1.

consisted of six treatments, each with differ-
ent concentrations of cornstarch-based SAP
varying between 0 and 2 kg per 1000 kg of
soil (Table 1), which are less than the recom-
mended dose (i.e., 5 kg/1000 kg of soil) by
the manufacturer. When plants reached the 2-
to 4-leaf stage, they were transplanted into 1-
gallon pots containing 1.13 kg (2.5 1b) of
experimental sandy clay loam soil and corn-
starch-based SAP according to treatment. For
study 1, different rates of cornstarch-based
SAP were mixed with the soil, as shown in
Table 1. The cornstarch-based SAP was
mixed with soil based on weight, then added
to each pot for each treatment. This experi-
ment was set up in a randomized complete
block design and was replicated four times
with eight plants for each treatment for a total
of 32 plants per treatment. All treatments
(except for control) were fertilized once every
15 d with 100 mL of a fertilizer solution com-
posed of 3.75 g of water-soluble 30—-10-10
(N-P-K) fertilizer dissolved in 1 gallon of
water (Table 2). To determine water and
nitrate retention, at 3 and 9 d post fertiliza-
tion, the plants were irrigated with 400 mL
water, and leachate was collected and ana-
lyzed for volume and nitrates. The total vol-
ume of leachate and nitrates in the leachate
provided information regarding the amount
of water and nitrates retained in soil. Also,
measurements on plant height, chlorophyll
content, and number of leaves were noted.
No additional irrigation was applied.

Study 2 was designed to determine if irri-
gation could be reduced by using cornstarch-
based SAP and without affecting tomato
growth and production. In this experiment,
tomato plants were again transplanted at the
2- or 4-leaf stage into 6-inch pots with the
sandy loam soil and cornstarch-based SAP at
a rate of 2 kg of SAP/1000 kg of soil. All the
treatments were fertilized once every 30 d
with 100 mL of a soluble fertilizer at a con-
centration of 3.75 g of 30-10-10 (N-P-K)
fertilizer mixed in 1 gallon of water (Table 3).
Tomatoes were irrigated with one of four dif-
ferent levels of deficit irrigation [Total Irriga-
tion (TI)] at rates of 25%, 50%, 75%, and
100%, depending on treatment. TI was deter-
mined by gradually watering a pot with the
same amount of experimental soil (i.e., 2.5 1b)
until just before leaching, and the amount was
recorded. Plants were arranged in a random-
ized complete block design and treatments
were replicated two times with eight plants
per treatment for a total of 16 plants per
treatment.

Fertilizer application (mL)

Treatments SAP in kg/1000 kg soil
Soil-only control No SAP
Fertilizer-only control No SAP

SAP 0.5 0.5

SAP 1 1.0

SAP 1.5 1.5

SAP 2 2.0

No fertilizer
100
100
100
100
100

SAP = superabsorbent polymer.
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Table 2. Fertilization, irrigation, and measure-
ments schedule for study 1.

Fertilization Trrigation Measurements
(DAT) (DAF) (DAF)
15 3 3

9 9
30 3 3

9 9
45 3 3

9 9
60 3 3

9 9
75 3 3

9 9

DAT = days after transplanting; DAF = days
after fertilization.

Measurements

In study 1, growth and leachate measure-
ments began 3 d after first fertilization of the
plants and continued to be taken on the day of
irrigation after the plants were irrigated
throughout the studies (Table 2). Data on chlo-
rophyll content, number of leaves, plant height,
number of flowers, and number of fruits were
collected on the day of irrigation (i.e., 3 and 9
DAF) with the exception of flower and fruit
numbers, which began after the initial flower
was spotted (Table 2). The leachate volume
was recorded and then analyzed for nitrate con-
centration using a pocket colorimeter II (Hach,
Loveland, CO). A SPAD-502 plus chlorophyll
meter (Konica Minolta, Ramsey, NJ) was used
to measure absorbance of the leaf in two wave-
length regions (red and near infrared) in SPAD
units, which are correlated to chlorophyll con-
tent. For study 2, data were collected on chloro-
phyll content, number of leaves, plant height,
number of flowers, and number of fruits once
per week throughout the study.

After 12 weeks of each study, above-
ground and below-ground parts were har-
vested from each plant, placed in separate
bags and taken to the laboratory for further
analysis. These parts were then washed, oven
dried, and dry weight was recorded.

Data analysis

The effects of leachate volume and nitrates
on plant growth parameters were analyzed using
Statistical Analysis System (SAS) software ver-
sion 9.4 (SAS Inc., Cary, NC). An analysis of
variance was conducted using a general linear
model procedure. Significance was determined
at P = 0.05. Means were separated using Tukey
highly significant difference where means with
the same letter signified no significant differ-
ences between factors. Additional full factorial
analyses were also performed using JMP Pro
software to determine further effects of treat-
ments on plant growth parameters.

Results

Effect of different rates of SAP (study 1)
on moisture and nitrate retention in soil
and plant growth and yield parameters
of tomato

Moisture content retained in the soil. Dif-
ferent rates of cornstarch-based SAPs affected
leachate volume significantly (P < 0.0001).
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Table 3. Treatments in study 2.

SAP in kg/1000 kg Fertilizer application mL of water
Treatments of soil (mL) % of TI applied
25% of TI 2.0 100 25 100
50% of TI 2.0 100 50 200
75% of TI 2.0 100 75 300
100% of TI (control) 2.0 100 100 400

SAP = superabsorbent polymer; TI = total irrigation.

Soil-only control treatments had the highest
amount of leachate, whereas SAP 2 had the
lowest volume of leachate followed by SAP
1.5, SAP 1, SAP 0.5, and fertilizer-only control.
Even though there were differences in the vol-
ume of the leachate collected among the treat-
ments at different periods, the cornstarch-based
SAP treatments significantly lowered leachate
volume compared with soil-only and fertilizer-
only controls at both 3 d (Fig. 1A; P treatment
< 0.0001) and 9 d (Fig. 1B; P treatment <
0.0001) after fertilization throughout the study.
Furthermore, the treatments decreased the
amount of leachate from soil ~79.34% at 3

DAF and 78.84% at 9 DAF at increasing rates
of SAP in comparison with the soil-only treat-
ment (Table 4).

Nitrates retained in the soil. Similar to the
results found in soil moisture (Fig. 1), nitrate
concentrations in leachate were reduced with
increasing rates of cornstarch-based SAP (Fig.
2). There were differences in the amount of
nitrates leached from each treatment at different
periods (3 d vs. 9 d), but the treatments
remained significantly different (P treatment 3
d = <0.0001, P treatment 9 d = <0.0001).
The lowest concentration of nitrates were found
in the SAP 2 treatment followed by SAP 1.5,

A ———— Soil Only
--------- Fertilizer Only
300 ——— SAP 0S5
SAP 1
--—— SAP 15
250 = BRPS
= 200} P <0.0001
E
£ 150
E
= 100]
507
0 : :
Week 2 Week 4 Week 6 Week 8 Week 10
B ———— Soil Only
--+---- Fertilizer Only
300 ——— SAPOS
SAP 1
--=— SAP 1.5
250] T saer”
= 200| P <0.0001
é 5 o —— %. .............. s T 1
e N S S
- 100}
50/ e R i R v
0 r
Week 3 Week 5 Week 7 Week 9 Week 11

Fig. 1. The means of leachate volume (mL) at (A) 3 d after fertilization, and (B) at 9 d after fertilization
observed in different treatments with superabsorbent polymer (SAP). Bars show +1 sem. The means
of leachate volume (mL) of treatments at 3 and 9 d after fertilization are significantly less than the
control (P treatment < 0.0001 for both 3 and 9 d after fertilization).
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SAP 1, SAP 0.5, and fertilizer-only. The fertil-
izer-only treatment had the highest concentra-
tions of leachate of all treatments (Fig. 2).
Furthermore, presence of cornstarch-based
SAP at the highest rate (i.e., SAP 2) reduced
nitrate leaching by 93.11% at 3 DAF and
81.58% at 9 DAF in comparison with fertilizer-
only treatments (Table 4). In comparison with
fertilizer-only treatment, up to 91.79% total
nitrates (3 DAF + 9 DAF) were retained in
soil by the SAP 2 treatment, which is similar to
soil-only control that did not get treated with
any fertilizer throughout the study (Table 4).
This further illustrates that SAPs can be used to
retain nutrients and water in soils where they
are available for plant uptake.

Effect of cornstarch-based SAP on plant
and reproductive growth. Presence of corn-
starch-based SAP in the soil had a positive
effect on the vegetative growth of the tomato
plants. By end of the study there was a signifi-
cant difference between treatments containing
cornstarch-based SAP and the control in terms
of plant height, number of leaves per plant, and
chlorophyll (P treatments <0.0001). Treat-
ments containing cornstarch-based polymer
had plants with increased vegetative growth
when compared with control (without SAP)
and fertilizer-only treatments (Table 5). How-
ever, the relationship between growth factors
and SAP were not proportional. More leaves
were found in the SAP 1 treatment, highest
SPAD values were in the SAP 1.5 treatment,
and taller plants were recorded for the SAP 1.5
and SAP 2 treatments. Alternatively, the lowest
values for all measured parameters were found
in the soil-only (control) treatment (Table 5).

Tomato plants in treatments with corn-
starch-based polymer had greater numbers of
flowers and fruits compared with those in the
fertilizer and soil-only treatments (Table 5).
The greatest number of flowers were found in
SAP 1 followed by SAP 0.5, SAP 1.5 and 2,
fertilizer-only, and soil-only. Similarly, treat-
ments with cornstarch-based polymer had a
significantly increased number of fruits com-
pared with treatments without SAP (Table 3;
P < 0.001). However, there was no signifi-
cant difference among the treatments with
different rates of cornstarch-based SAP.

Effect of cornstarch-based SAP on dry
matter production. There was also a signifi-
cant difference in fresh and dry weight of
aboveground parts and roots in treatments
with and without cornstarch-based SAP
(Table 6; P < 0.001). Fresh weight of above-
ground tissues was greatest in SAP 1.5 and 2
treatments and lowest in soil-only and fertil-
izer-only treatments (P < 0.0001). Dry
weight showed different results, with the
greatest dry weight in the SAP 0.5 treatment
and lowest values in the soil-only treatment.
When % dry matter and moisture content
were calculated, differences were found
between treatments as well. Dry matter per-
centage was affected by treatment with the
SAP 1 and 2 plants containing higher amounts
of dry matter and only the control showing
higher moisture content of aboveground tis-
sues. Roots were also significantly affected by
treatment (Table 6). Root fresh weight, dry

weight, and % dry matter were lowest in the
soil- and fertilizer-only treatments. Although
root fresh weight was not significantly different
in treatments with different rates of cornstarch-
based SAP, dry weight and % dry matter var-
ied with SAP concentration. Dry weight and %
dry matter were greatest in the SAP 2 treat-
ment compared with others. Moisture content
of tissues was also higher in the soil-only and
fertilizer-only treatments compared with all
others.

Effect of different levels of irrigation
deficit (study 2) on plant growth and
yield parameters in the presence of
cornstarch-based SAP

Vegetative and reproductive growth. Iri-
gation deficit treatments significantly affected
number of leaves and height of tomato plants
(Table 7). More leaves were found in the con-
trol (full irrigation) treatment compared with all
other irrigation treatments. Plant height was
also greatest in the control treatment, but was
closely followed by the 50% TI treatment, then
25% and 75% TI treatments (P treatment
<0.0001; Table 7). SPAD values were not sig-
nificantly affected by irrigation treatments
(P treatment = 0.4188). There was a significant
difference in number of leaves, height, and
number of flowers between the treatments (P <
0.001). More flowers were observed in 50%
and 100% of TI, followed by 75% TI, and then
25% TI. Irrigation treatments showed no signif-
icant impact on the number of fruits produced
(P = 0.1690).

Dry matter production. Irrigation treat-
ments had significant effects on above-
ground tissues but not on root tissues
(Table 8). The fresh weight of the above-
ground tissues was highest in the control
treatment followed by the 75%, 50%, and
25% TI treatments. The dry weight fol-
lowed this same pattern as well.

Discussion

The main way to stabilize agriculture in
arid and semi-arid areas is by improving the
effectiveness of applied irrigation and opti-
mum use of water sources (Pirzad et al.,
2014). SAPs, because of their ability to
absorb and hold greater amounts of water
(Ye et al., 2016), can aid in reducing water
loss and improving crop yields (Khodadadi
Dehkordi, 2016). Many studies have shown
that different types of SAPs have varying
effects on soil, water retention, and fertilizer
retention; however, only a few have used
SAPs made from naturally available resour-
ces, more specifically starch, which is a com-
mon and available biomass (Mao et al.,
2000). In these studies, we used sandy clay
loam soil collected from a field location and
used an SAP derived from cornstarch that
was biodegradable. Although there has been
previous research that has assessed some
SAPs, the variability of SAP chemistry and
degradability, crops studied, fertilizers applied,
irrigation rates, and management factors fur-
ther illustrate the need of additional research
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Fig. 2. The means of nitrates in the leachate (mg/L NO3-N) (A) at 3 d after fertilization, and (B) at 9 d
after fertilization observed in different treatments with superabsorbent polymer (SAP). The means
of nitrates in leachate of treatments (mg/L NO3-N) (A) at 3 and 9 d after fertilization are signifi-

cantly different from the control (P < 0.0001)

to determine the extent to which SAP can suc-
ceed in improving water and nitrogen retention
and plant growth in a wide variety of condi-
tions and rates. These results can also be easily
translated to field applications.

As in other studies, our results support
findings demonstrating the effectiveness of
SAPs in reducing leachate and increasing
water availability to plants. These results
show that cornstarch-based SAPs increased
the water-holding capacity of the soil, retain-
ing more water that preserved more N in the
soil, thereby increasing water and nitrate

availability to tomato plants compared with
soil-only and soil with fertilizer-only treat-
ments. Furthermore, the water and nutrient
retention of between 35% and 91% depend-
ing on SAP rate is highly promising for water
and nutrient conservation. The increased
water availability is attributed to the
increased nutrient availability as well. These
findings were similar to those of Koupai et al.
(2008), who used a synthetic polymer
Superab A200 and found that SAPs
decreased water demand of cypress and
thereby reduced nitrate off-site pollution.

Cornstarch-based SAP retention of water and
fertilizers directly increased plant height,
chlorophyll, and number of leaves, indicating
better tomato performance in these treat-
ments. This was similar to findings by Pill
and Jacono (1984), who also found that the
addition of potassium-based SAP to peat-lite
at the rates of 4, 8, 12, and 16 kg/m3
improved growth in ‘Heinz 1350’ tomato.
However, these rates do not translate well to
current greenhouse and field applications.
Koupai et al. (2008) used a synthetic polymer
Superab A200 and found that SAPs
decreased water demand of cypress and
thereby reduced nitrate off-site pollution.
Plant yield is complex and is dependent
on various factors such as soil characteristics,
weather, and various metabolic and biochem-
ical interactions taking place during crop
growth (Schaffer and Andersen, 2018). In
addition to environmental factors, yield also
depends on the production and mobilization
of carbohydrates, and uptake of water and
nutrients from the soil (Rouphael et al., 2012;
Schonfeld et al., 1988). Tomato yield, in par-
ticular, can be maintained by sufficient N
availability (Kuscu et al., 2014). Therefore,
by making the N available to the plants, SAP
can improve the yield and production by opti-
mizing nutrient availability and moisture dur-
ing plant development. The yield determining
factors, such as number of flowers and num-
ber of fruits, increased with the presence of
cornstarch-based SAP in the soil, with rates
of 1 kg/1000 kg soil showing the greatest
number of flowers and fruits, although num-
ber of fruits was not significantly different
among cornstarch SAP treatments. However,
all rates of cornstarch SAP showed higher
numbers of fruits compared with treatments
without, indicating that even low rates of
cornstarch polymer incorporation can benefit
plant yields. These impacts on yields through
incorporation of SAPs have also been seen in
soybean with synthetic anionic acrylic copol-
ymer (ALCOSORB 400) (Sivapalan, 2001)
and tomato with liquasorb (Meena et al.,
2011). Tomato plant dry matter production
was found to be superior at cornstarch SAP
1-kg rates compared with all other rates.
Although this did not translate directly into
higher yields at this rate, there is a high corre-
lation between higher biomass and greater
plant yields in most horticultural crops
(Anderson et al., 2021; Marcelis et al., 1998).
Similar results were observed by Zangooei-
Nasab et al. (2012), who found that plant

Table 5. Number of leaves, height, SPAD values, number of flowers and fruits data of the treatments at the end of the study.

Treatments Avg number of leaves Avg SPAD values Avg ht (cm) Avg number of flowers Avg number of fruits”
Soil-only control 8.02 e 19.08 ¢ 30.03 d 0.11d 0.02 ¢
Fertilizer-only control 10.13 d 34.93 ab 34.88 ¢ 1.06 ¢ 045 b
SAP 0.5 10.51 ¢ 34.87 ab 3535b 1.69 ab 0.62 a
SAP 1 11.20 a 34.55b 35.53 b 1.77 a 0.66 a
SAP 1.5 10.67 b 3538 a 36.24 a 1.63 b 0.62 a
SAP 2 10.51 ¢ 35.19 ab 36.33 a 1.63 b 0.63 a
P treatment <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

“Not all plants produced fruit within the study period, therefore, average numbers of fruits were less than 1.
Values followed by the same letter are not significantly different at the P < 0.05 level.

SAP = superabsorbent polymer.
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Table 6. Fresh weight, dry weight, and percent dry matter of aboveground parts and roots of the treatments.

Aboveground parts Roots

Treatments Fresh weight (g) Dry weight (g) % Dry matter % Moisture content Fresh weight (g) Dry weight (g) % Dry matter % Moisture content

Soil-only control 11.79 d 136 ¢ 11.39 ¢ 88.61 a 8.62 b 045 ¢ 5.63 ¢ 94.37 a
Fertilizer-only control 9253 ¢ 16.33 b 18.08 b 81.92b 2223 a 1.36 be 6.54 ¢ 93.46 a
SAP 0.5 98.88 b 2721 a 21.75 a 7825 b 32.66 a 2.27 ab 9.31 be 90.69 ab
SAP 1 99.34 b 22.27 ab 2249 a 7751 b 2721 a 3.63a 13.14 a 85.86 b
SAP 1.5 112.04 a 22.68 ab 20.37 ab 79.63 b 22.68 a 317 a 12.99 ab 87.01 b
SAP 2 107.95 a 20.41 ab 19.23 ab 81.92 b 3130 a 2.27 ab 9.25 be 90.75 ab
P treatment <0.0001 <0.0001 <0.0001 <0.0001 <0.001 <0.001 <0.001 <0.0001

Values followed by the same letter are not significantly different at the P < 0.05 level.

SAP = superabsorbent polymer.

Table 7. Number of leaves, height, and chlorophyll data of the treatments at the end of the study.

Treatments Avg number of leaves Avg ht (cm) Avg SPAD values Avg number of flowers Avg number of fruits”
25% of TI 12.17 b 40.86 ¢ 36.47 1.847 ¢ 0.083

50% of TI 12.25b 4346 b 34.35 2.569 a 0.181

75% of TI 1229 b 40.82 ¢ 33.92 2.167 b 0.250

100% of TI (Control) 13.00 a 4576 a 34.59 2.569 a 0.208

P treatment <0.001 <0.0001 0.4188 <0.0001 0.1690

“Not all plants produced fruit within the study period, therefore, average numbers of fruits were less than one.
Values followed by the same letter are not significantly different at the P < 0.05 level. P values that are italicized indicate a significant difference.

TI = total irrigation.

height, dry weight of aerial organs, and root
dry weight of Saxaul seedlings was improved
by 0.1%, 0.2%, 0.3%, and 0.4% rates of
Stockosorb. This was also found in a study
using Superab-A200, with rates of 0.2%,
0.4%, 0.6%, 0.8%, and 1% w/w to improve
chrysanthemum production conducted by
Ghasemi and Khoushkhouy (2008). Our find-
ings further supported this research, as
increased rates of cornstarch polymer signifi-
cantly increased root parameters at harvest in
tomato as well. These improvements in plant
growth parameters are directly related to
water and N retention because they are avail-
able to plants for longer periods. Further-
more, when cornstarch-based SAP is added
to the soil, the moisture content in plants
(fresh weight) and plant growth parameters
increase. However, there is some evidence
that the benefits of SAPs are not exponential
with increasing rates (El-Hady and Wanas,
2006). Because SAPs swell and fill vacant
spaces in soil, overusing them can have detri-
mental effects on plants due to reduction in
soil aeration (Abedi Koupai and Mesforoush,
2009). For example, Sarvas et al. (2007)
observed that by using 7 g per planting hole
of SAP (Stockosorb) in soil with Pinussyl-
vestris L. seedlings caused overdosing, and
the plants were more likely to be exposed to
Fusarium diseases and perished. This could

explain some of the reductions in dry matter in
our study, which showed reductions at higher
rates of cornstarch SAP (>1 kg SAP/1000 kg
soil). However, tomato fruit production was
not significantly different between SAP rates,
so these higher rates were not detrimental to
yield. Therefore, optimal rates should be deter-
mined specifically for plant species and soil
types before recommendations are made
(Shooshtarian et al., 2012; Woodhouse and
Johnson, 1991). This will ensure that economic
as well as beneficial effects of cornstarch SAPs
are realized without overapplication. With this
in mind, a more conservative rate would likely
be the best approach in studies such as ours.
Hence, 1 kg cornstarch-based SAP is the mini-
mum rate recommended for addition to soil for
tomato plants grown in sandy clay loam soil as
an ecologically viable tool to increase yield and
decrease the amount of water and nutrients
applied while also decreasing the amount of
fertilizer leaching.

To further test the potential of comstarch
SAPs to improve water use efficiency by retain-
ing soil moisture, an irrigation deficit study was
also performed. In study 2, different deficit irri-
gation treatments were applied to tomato plants
with 2 kg SAP/1000 kg soil added. Among the
most promising results, was that there were no
significant differences between numbers of fruit
between the deficit irrigation treatments and the

control. We also found that while aboveground
dry matter was significantly reduced as water
decreased, the roots remained unaffected by
these deficits. These plants likely performed well
even with reduced availability of water due to
improved water use efficiency and dry matter
production in the presence of soil with added
SAP as described by Shooshtarian et al. (2012)
and Woodhouse and Johnson (1991). Further-
more, the presence of cornstarch-based SAP pro-
vided sufficient availability of water without any
loss in the form of leachate and indirect storage
and supply of nitrates by comstarch polymer to
the plants, which in turn improved translocation
of water, nutrients, and photo-assimilates,
thereby improving growth and yield parameters
(Meena et al., 2011). This is further supported
by research conducted by El-Hady and Wanas
(2006), who found that SAP (made of
“polyacrylamide K polyacrylate 30% anionicity”
and a “polyacrylamide allylamine hydrochloride
20% cationicity” hydrogel at the ratio of 2:3)
aided in reduced water consumption and
improved water and N use efficiency in cucumber
under water stress conditions.

In conclusion, the cornstarch-based superab-
sorbent polymer had shown promising results in
holding water and N in the soil and making it
available to the plants compared with other syn-
thetic polymers that are expensive and harmful
to the environment. Furthermore, the rates used

Table 8. Fresh weight, dry weight, and percent dry matter of aboveground parts and roots of the treatments.

Aboveground parts Roots
Treatments Fresh weight (g) Dry weight (g) %DM %MC Fresh weight (g) Dry weight (g) %DM %MC
25% of TI 2948 ¢ 317 ¢ 11.00 89.00 15.88 1.81 11.20 88.80
50% of TI 36.29 b 4.08 be 11.30 88.70 24.49 1.81 7.14 92.86
75% of TI 40.37 ab 454 b 11.30 88.70 19.50 1.81 10.80 89.20
100% of TI 4354 a 544 a 13.17 86.83 2223 1.81 8.91 91.09
P treatment <0.05 <0.0001 0.346 0.346 0.052 0.951 0.1169 0.1169
Values followed by the same letter are not significantly different at the P < 0.05 level. P values that are italicized indicate a significant difference.
%DM = percent dry matter; %MC = percent moisture content; TI = total irrigation.
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in this study are significantly less than those
used in other studies, therefore, helping to reduce
production costs and enabling usage of comn-
starch-based SAP on a larger scale.

Conclusion

Cornstarch-based superabsorbent poly-
mers improve the water and N retention in
field soils, which helps plant production in
times of drought stress by reducing water
demands, as well as the frequency of irriga-
tion and fertilizer application. By retaining N
in soil and preventing leaching, cornstarch-
based SAP has the potential to protect the
environment from ecosystem eutrophication,
and soil and water quality degradation. Corn-
starch-based SAP also aids in plant growth
and development by increasing the availabil-
ity of moisture and nutrients, especially in
times of drought stress.
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