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Abstract: Kentucky bluegrass (KBG) has poor seed establishment in the fall when used as a
perennial groundcover in corn production. This study was conducted to investigate the
effect of various seed treatments and soil amendments on the establishment of KBG under
drought and non-drought conditions, simulated in a growth chamber. The effect of seed
treatments, soil amendments, and irrigation frequency on KBG germination and shoot dry
weight were measured over 21 days in a controlled environment at 21 °C, 50% RH, and
exposure to a constant red light. The treatments were the Hydroloc seed treatment, a lime
soil amendment, the Pivot Bio seed treatment, an ammonium nitrate soil amendment, a
gibberellic acid seed treatment, osmotic seed priming, and an untreated control. The layout
was a randomized complete block design, with two irrigation frequencies (restricted and
full irrigation) and four replications (blocks). The irrigation treatments were applied to
whole plots and the seed treatments were applied to subplots. The entire experiment was
repeated four times. Irrigation affected the germination of all the seed treatments, but the
size of the effect depended on the seed treatment applied. The control and Hydroloc treat-
ments did not have significantly different dry shoot weights, while all the other treatments
had significantly different dry shoot weights when comparing the irrigation regimes. The
Hydroloc treatment significantly outperformed all the other treatments in regard to the
restricted and full irrigation regime. These results indicate that the Hydroloc seed treatment
improves KBG germination and shoot dry weight in drought and non-drought conditions,
promoting KBG establishment in a wide range of soil moisture conditions.

Keywords: perennial cover crops; kentucky bluegrass establishment; seed treatments; soil
amendments; drought tolerance; irrigation regime

1. Introduction

Over the past two centuries, the Midwest landscape in the USA has changed dramat-
ically from predominantly tallgrass prairie to highly productive corn (Zea mays L.) and
soybean (Glycine max L.) fields. This farming system has increased soil erosion and water
quality issues in regard to the landscape, due to chemical leachates and winter fallow
periods [1]. According to the 2017 National Resources Inventory Report, Iowa had the
highest soil erosion rate of any other state at 5.8 tons of soil per acre [2]. Over the years,
there have been attempts to mitigate these problems through the use of winter annual cover
crops; however, the uptake of this system by farmers has been sparse, due to cover crop
activities coinciding with cash crop (corn/soybean) sowing and harvesting [3].
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Perennial groundcover (PGC) may provide a potential solution to this problem,
wherein perennial grasses like kentucky bluegrass (KBG) (Poa pratensis L.) and peren-
nial ryegrass (PRG) (Lolium perenne L.) are grown alongside cash crops to reduce soil
erosion, avoid spring nitrogen loss, and protect the natural ecosystem [4,5]. PGC is planted
once and, when managed correctly, the PGC should last many years. Thus, the PGC system
has fewer labor requirements compared with an annual cover crop system. As a cool-season
grass, KBG has ideal characteristics for use as a PGC. Some of these beneficial characteristics
are a low growth habit, thizome development, summer dormancy, shade tolerance, and
good traffic tolerance [6]. When managed correctly, KBG can increase carbon sequestration
and help retain soil organic matter [7-9]. These characteristics are the reason why KBG is
commonly selected as the species of choice for sports turf, lawns, and recreational areas.
Cool-season grasses like KBG have active growth periods from March to early May and
late August to early November [10]. The periods of inactive growth (or dormancy) coincide
with when the cash crop grows most actively.

Despite these favorable characteristics, the management of KBG in a turfgrass system
differs significantly from its management in a PGC system due to the use of irrigation for
turfgrass establishment. Early observations of the PGC system have shown that a lack of
soil moisture in the fall, along with slow KBG germination rates, makes it challenging to
establish this species as a PGC [6,11,12]. Seed germination-enhancing treatments, such as
seed priming, seed coating, and the use of growth-regulating hormones, have been applied
for many years in the turf industry to break seed dormancy and enhance germination
rates [13-15]. Seed coatings create an ideal micro-environment for germination around the
seed and may include macro- and micronutrients, which improve germination in poor seed-
bed conditions [16]. Hydrophilic polymer coatings offer limited benefits for larger seeded
cool-season grasses, but studies have shown positive results for this coating when applied
to smaller seeds, such as KBG [17,18]. Seed treatments are reported to improve grass seed
establishment, but have not been tested under drought conditions. There is a need for
further identification of treatments that improve seed germination in drought conditions.
A growth chamber must be used to determine the efficacy of these seed treatments and
soil amendments under both water-restricted and unrestricted growing conditions. A
growth chamber enables controlled testing of these seed treatments in conditions where
soil moisture is the only variable factor.

The goal of this experiment is to identify a seed treatment or soil amendment capable
of expediting seed germination and promoting seedling vigor. To date, much of the research
into solutions for improving KBG establishment focuses on sports turf and intensively
managed lawns. The application of these solutions to a PGC system could overcome the
problem of poor KBG germination due to low soil moisture in the fall. Better established
PGC would enhance soil health, and reduce soil erosion and nutrient leaching into water-
ways, allowing farmers to contribute towards achieving the UN sustainable development
goals related to taking climate action, preserving life on land, and improving water qual-
ity [19]. Furthermore, this approach would remove the need to resow the PGC in year 2,
resulting in reduced annual labor input and increased profit for row-crop farmers [20]. The
objective of this study is to evaluate the effectiveness of different seed treatments and soil
amendments in regard to improving seed germination and establishment of KBG under
drought and non-drought conditions. The results of this research may provide insights that
could lead to the development of a more reliable PGC for corn farmers in the Midwest.

2. Materials and Methods

A growth chamber experiment was conducted at the Iowa State University Seed
Science Center to identify different seed treatments that would significantly improve the
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establishment of kentucky bluegrass seed. The KBG variety used was ‘Mercury’, purchased
from Pawnee Buttes Seed (Greeley, CO, USA). The experiment consisted of the sowing of
KBG seeds using six different treatments or soil amendments and an untreated control.
The seeds were planted in individual pots filled with Sungro soil (Agawam, MA, USA),
and the pots were treated with two different irrigation regimes. The restricted irrigation
regime simulated field establishment in a drought scenario where water was limited, while
the unrestricted irrigation regime did not have water as a limiting factor. The experiment
layout was a randomized complete block design in regard to the restricted and unrestricted
irrigation regimes. The irrigation regime was organized in 2 whole plots due to the
constraints on applying the irrigation in the growth chamber. There were seven different
seed treatments in each block. Each treatment was replicated four times within each of
the four blocks. The entire experiment was repeated over four periods, using the same
growth chamber. The treatments used in this experiment were: the Pivot Bio nitrogen-fixing
microbe seed treatment, a hydrophilic seed coating (Hydroloc), a gibberellic acid (GA3)
seed treatment, osmotic priming of the seed in water (H,0O), lime applied to the soil with an
untreated seed, ammonium nitrate applied to the soil with an untreated seed, and a control
involving an untreated seed. These treatments (T1-T7) and the layout of the experiment
can be seen below in Figure 1.
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Figure 1. Layout of the growth chamber, which was a randomized complete design in 2 whole plots
on either side of the growth chamber, comparing restricted (red box) and unrestricted (blue box)
irrigation regimes. The seven treatments (T), namely Hydroloc, control, ammonium, lime, GA3, Pivot,
and H,O are repeated in 4 blocks (B), within each irrigation regime.
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Each experiment replication lasted 21 days, and the growth chamber was maintained
at a constant temperature of 21 °C and a relative humidity of 50% (£5%). The humidity and
temperature were regulated using a Quest dual humidifier 110 (Madison, WI, USA). The
humidity was monitored constantly using a WatchDog A110 data logger from Spectrum
Technologies (Aurora, IL, USA). The light chosen for the experiment was red light (660 nm),
as it promotes the unfolding of leaves [21]. The light in the growth chamber was left on
constantly. Before the experiment, the seeds were counted using a vibratory counter from
IMD Corp (San Antonio, TX, USA). A preliminary seed count of 100 was conducted to check
the accuracy of the vibratory seed counter. It was set at a high sensitivity and a low speed to
ensure the seeds were accurately counted. Sungro potting soil was used, which consisted of
45-55% Canadian Sphagnum peat moss, composted bark, perlite, dolomite lime, and silicon
dioxide (S5iO,) from calcium silicate. The soil was packed into a 10 cm x 10 cm X 9 cm
sized pot. Before sowing, 150 g of soil was weighed into each pot, and the soil was
compressed. After testing the seeds, 50 seeds were placed into each pot. The seeds were
spread equally on the soil and pressed to ensure good seed—soil contact. A thin layer of
five grams of soil was scattered on the seeds in all the pots.

2.1. Restricted Irrigation Regime

A preliminary experiment was designed to estimate the volume of water and the
irrigation frequency required to maintain a soil moisture content of between 70% and
30% of the water-holding capacity. This was achieved by first calculating the moisture
content of the soil medium using the method described in the AOSA Seed Vigor Testing
Handbook [22]. The soil medium was weighed, and 150 g of soil was placed into a pot and
compacted. The compacted soil was then placed in an oven at 105 °C for 24 h to obtain
the dry weight of the soil. This was repeated a second time, and the average moisture
percentage of the soil was calculated. The dry weight of the soil was 66.5 g. This meant the
soil had a moisture content of 55.7%.

Moisture in medium = (moisture loss/dry weight of medium) x 100

The soil’s water-holding capacity was calculated by flooding the soil with water,
placing the pot above a mesh, and waiting until the water stopped draining from the pot.
The water-holding capacity was calculated as the moisture loss divided by the dry weight
of the medium, expressed as a percentage. This was repeated three times. At this point, all
the macropores in the medium have drained, and only the micropores retain water. This
can also be called the field capacity, wherein the soil’s maximum water-holding capacity
has been reached [23]. The water-holding capacity of different textures of soil can vary
considerably. The next step was to weigh the pot to determine the water-holding capacity
of 150 g of compacted soil, which was 258 mL. This number was multiplied by 70% and the
original moisture content of the soil was subtracted to calculate the amount of irrigation
necessary to achieve 70% of the water-holding capacity.

The water evaporation rate from the soil was determined by placing the soil in the
growth chamber and irrigating to 70% of the water-holding capacity, which was carried
out by adding 100 mL of water to the soil. The container was weighed daily to measure the
soil’s moisture evaporation rate. This was repeated in three pots. This value provided an
estimation of the number of days necessary for the soil to reach 30% of its water-holding
capacity. Under normal conditions, the soil typically took 4 days to reach a water-holding
capacity of 30% of field capacity, which equated to a weight of 163 g for the pot and the soil.

After these preliminary results were obtained, it was determined that the pots needed
to be weighed every 4 days throughout the experiment to accurately estimate the volume
and frequency of water required for the restricted irrigation regime. If the pots reached the
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desired weight of 163 g after 4 days, 100 mL of DI (de-ionized) water was added. A plastic
tray with perforated holes was used to slow the watering rate, so that the seeds were not
displaced in the soil. The soil was irrigated before sowing the seeds to prevent them from
sinking deeper into the soil, affecting the germination.

Maintaining the correct soil moisture was a challenge during the summer as the
relative humidity in the growth chamber increased. This resulted in abandoning one
repetition of the experiment due to the high moisture content in the growth chamber. This
problem was overcome by installing a second dehumidifier and a separate monitor to
control the relative humidity in the growth chamber. These solutions, along with weighing
the pots before irrigation, resulted in a more accurate estimation of the soil water content
throughout the experiment.

2.2. Unrestricted Irrigation Regime

The unrestricted irrigation regime consisted of each pot having a wick cord connecting
the soil to a DI water source below. The DI water was transported via a wick from a plastic
tray that held the water to the top of the soil and, thus, was imbibed by the seed. Each
pot had an individual tray to hold the DI water, and a wire rack separated the pot and the
water tray to ensure the soil did not become saturated, thus creating anaerobic conditions
and preventing seed germination. Preliminary tests were carried out to determine the rate
of water uptake by the wick that was connected to the soil and were repeated three times.
The full apparatus (pot, soil, and wick) was weighed each day and subtracted from the soil
dry weight, wick, and pot weight in order to calculate the weight of the water in the soil.
The percentage of the water-holding capacity was then calculated for each day (Figure 2).
We found by weighing the pots each day that the soil water content increased up to day six,
when it stabilized at 86-88% of the water-holding capacity. This allowed for a controlled
irrigation regime to be applied. The results of this pre-experiment test are presented below
(Figure 2).

Water uptake of unrestricted irrigation over time
88.6

87.6

1 2 3 4 5 6 7
Number of days with water source

Figure 2. Results of pre-experiment test in regard to the uptake of water by the soil via a wick
connected to a water source. The Y axis is the percentage of the water-holding capacity, while the X
axis is the number of days when the wick was connecting the soil to a water source. The test showed
that the full irrigation regime plateaued at a water-holding capacity of ~88% after 6 days.
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2.3. Seed Germination Testing

The seed label stated that the seed lot had a germination rate of 76% and a purity
of 98.31%, with 1.69% inert matter. The seeds were re-tested before commencing the
experiment. The germination and seed purity tests were carried out according to the AOSA
standards [22]. To determine the seed purity, a sample was taken randomly from the bag
of seeds, and the seed was separated from the inert matter using a HMC 67 seed blower
(Hoffman Manufacturing, Corvallis, OR, USA), calibrated according to the AOSA standards.
The percentage of pure seed and inert matter in the sample was 99.45% pure seed and 0.55%
inert matter. The seeds were planted on moist blotter paper, inside a transparent plexiglass
box (Hoffman Manufacturing, Corvallis, OR, USA). The blotter paper was moistened with
KNOj3, which is used to break KBG seed dormancy and promote germination. We counted
one hundred pure seeds and placed them equidistantly apart on top of the blotter paper
inside the transparent box, and this was repeated 4 times. All the boxes were placed in a
growth chamber, with an alternating temperature of 15 °C for 16 h to 25 °C for eight hours.
The growth chamber from Hoffman Manufacturing (Corvallis, OR, USA) was subject to a
constant cool white LED (light-emitting diode), with an illuminance of 807-1346 lux.

The KBG sample was counted after ten, seventeen, and twenty-four days. Only
‘normal’ (germinated) seedlings, according to the AOSA rules, were counted and removed
in the first count. In the final count, the seedlings were deemed ‘normal’, ‘abnormal’,
‘dormant’, ‘hard’, or ‘dead’, according to the AOSA rules [22]. A normal seedling is
described as having “no defects or only slight defects that will not impair the continued
development of the seedling or plant when grown in soil under favorable conditions”.
Seedlings are classified as abnormal if they have “defects that will prevent them from
developing into mature plants when grown in favorable soil conditions”. A dormant seed
is classified as a “viable seed, other than a hard seed that fails to germinate when provided
with the specified germination conditions”. Tests, such as the tetrazolium (TZ) test, can
be used to tell whether an ungerminated seed is viable or not. If the seed is dormant, it
must be reported in the test report, along with the percentage germination. A dead seed is
defined as having not produced any part of a seedling by the end of the test period and is
not a hard or dormant seed. After the test had ceased, the germination percentage for the
KBG seed lot of the variety ‘Mercury’ was 81.7%.

2.4. Seed Coatings/ITreatments

The hydrophilic coating was applied by Summit Seeds Coatings (Caldwell, ID, USA).
This treatment is called Hydroloc QS plus (Summit Seed Coatings). This coating was ap-
plied at a ratio of 1:1, seed/coating. The coating consists of finely ground limestone, which
helps to neutralize the pH around the seed [24]. It also has Fe, Zn, and Mg micronutrients
and a super hydrating polymer called Stock’O’Sorb, which can hold up to 10 times its
weight in water around the seed. The coated seed was sowed uniformly in the soil for both
irrigation regimes.

Lime treatment was applied as a comparison treatment to the Hydroloc coating. The
soil was dusted with lime, which contained 22% calcium (Ca) and 12% magnesium (Mg).
The lime was crushed and dusted at a rate of 3.83 g/pot on each pot. This is the equivalent
of a field application rate of 3833.3 g/ha. This rate was decided by calculating the amount
of lime applied to the Hydroloc seed surface. The untreated seed was placed above the
crushed lime and pressed into the soil.

The Pivot Bio (Ames, IA, USA) nitrogen-fixing microbe seed treatment, called Proven
40, was applied to the seed before the experiment. This treatment was applied with an
extender/microbe powder ratio of 32:3. The extender adheres the microbes to the surface
of the KBG seed. To make the Proven 40 solution, 0.86 g of microbe powder was measured
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using lab weighing scales. A volume of 9.65 mL of the extender liquid and microbe powder
were combined in a test tube and shaken vigorously for 1 min to ensure the powder was
dissolved in the solution. To treat the seed, 7 uL of the Proven 40 solution was pipetted
into test tubes and then vortexed for 3 min to thoroughly coat the seed. The test tube was
left uncapped for 5 h to allow the seed to dry. Prior to planting the seeds in the pots, a
steel spatula was used to separate any seeds that had stuck together during the treatment
process. The treated seeds were placed into the soil using tweezers and pressed to ensure
good seed-soil contact.

Ammonium nitrate (NH4NO3) is made up of ammonia (NH3) and nitric acid (HNO3).
It consists of 34% nitrogen, while the remaining chemical composition is made up of
hydrogen and oxygen. Ammonium nitrate is a commonly used nitrogen fertilizer source
in agriculture, because it is readily available to plants in the soil. In this experiment,
ammonium nitrate was used as a comparison treatment in regard to the Pivot Bio treatment.
Pivot Bio claims that their product can fix N at a 45 kg/ha rate. Hence, the equivalent
rate of ammonium N was applied to the soil’s surface in the pot. The ammonium nitrate
granules were weighed to a value of 0.132 g/pot and ground in a pestle and mortar. It was
then dusted onto the soil before the seeds were sown and pressed into the soil.

Another treatment involved priming the seed in a GAj3 solution before commencing
the experiment. The GA3 solution had a concentration of 400 mg L~! [25]. The GA;
solution consisted of 125 mL of DI water, with 0.05 g of GAj3. This solution was stirred for
3 min with a stir plate. Each seed sample of 50 seeds was placed in a test tube with 1 mL of
GAj solution and it was ensured that the seed was fully submerged. The caps were put on
the test tubes to ensure that none of the solution evaporated. The seed was soaked for 24 h
at room temperature (21 °C). The seeds in the GAj3 solution were removed from the test
tubes after 24 h and washed with DI water in a fine sieve to clean off any remaining GA3
from the seed surface. They were then placed, using tweezers, into the soil and pressed to
ensure good seed-soil contact.

A comparison to the GAj3 treatment was the treatment involving osmotically priming
seeds in DI water (H,O treatment). To osmotically prime the KBG seed, the untreated seed
was placed in a small tube with 1 mL of DI water, measured with a 1000 puL pipette. The
caps were put on the test tubes to ensure no water evaporated. The seed was soaked for
24 h in a chamber at 21 °C [13]. The seed was removed from the test tube and washed with
a fine sieve before being planted in the soil. The control treatment consisted of planting
untreated KBG seeds into the first inch of the soil and pressing well.

2.5. Measurements

The germination speed was measured by counting the number of germinated seedlings
on days 7 and 8 (first signs of germination) and every second day after that. The experiment
was terminated on day 21, following the AOSA standards for KBG seed germination tests.

The results measured at the end of the experiment were the seed germination rate and
shoot dry weight. The germination percentage was measured according to the number of
germinated seeds/number of seeds planted (total) x 100. The germination of a seed was
determined according to the AOSA guidelines [22]. A normal grass seedling must have
a shoot that extends more than halfway up into the coleoptile, that is not split, shredded,
or spindly. The primary roots of KBG must be 0.16 cm or more in length to be classified
as a normal seedling. The shoot dry weight of each pot was measured to compare the
treatment’s effect on seed vigor. The shoots were harvested by removing the seedling from
the pot with tweezers and cutting the seedling at the crown to remove the shoot. The shoots
for each pot were placed in an aluminum tray and labeled according to their pot number.
The aluminum trays were weighed before starting the experiment and placed in an oven at
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80 °C for 18 h and then weighed again. The weight of the tray + shoots after drying was
subtracted from the weight of the tray to get the dry weight of the shoots only.

2.6. Statistical Analysis

All the data were analyzed using SAS version 9.4 software [26]. All the variables were
fixed except the blocks, period, and their interactions with the fixed effects. The blocks
were nested within the periods. The GLM procedure was used to calculate the analysis of
variance (ANOVA), comparing the irrigation regime and treatment effect on the number of
germinated seeds, percentage germination, and dry weight of the germinated plants. A test
statement was included to assess the main effect of irrigation, using the block-by-irrigation
interaction as the error term. The assumptions of normality, homogeneity of variances, and
independence of residuals were verified prior to the statistical analysis to ensure the validity
of the applied tests. The least square means (LSMEANS) function was used to analyze the
effect of the treatment-by-irrigation interaction, which was further examined using the slice
function. The mixed procedure in SAS was used to further investigate each treatment’s
dry weight and percentage germination under each irrigation regime. The LESMEANS
function was performed with pairwise differences (PDIFF) for the treatment-by-irrigation
interaction. The mixed procedure was used to analyze the standard error for each treatment
under the two irrigation regimes. All tests of significance were made at o« = 0.05 unless
otherwise noted. The model used was as follows:

Yixim = #+ Py + B(P)jx + I + B(P) X Ly + T + B(P) X Tjkm + I X Tim + gjkim
p = Germination mean;
Pj = Effect of period on germination;
B(P)jx = Effect of block in period on germination;
I; = Effect of irrigation on germination;
Tm = Effect of treatment on germination;
gjkim = Error term.

The speed of germination was analyzed using the mixed procedure in SAS. All the
factors except the blocks and periods were fixed, and the blocks were nested within a
period. The model investigated the effect of the treatment, irrigation regime, and the
days since planting on the number of seeds germinated. The least square means function
was applied to compare the treatment and irrigation effects over time. Slicing options
were used to investigate the interaction effects at specific levels of treatment-by-day and
irrigation-by-day. This allowed for a detailed comparison of the interactions between these
factors across different time points. Repeated measures were tested using an unstructured
model. Errors were determined to be independent and random.

3. Results
3.1. Speed of Germination

The data used in the analysis, presented in Figures 3-5, were an average from four
repetitions of the growth chamber experiment (n = 4), carried out across 6 months.

Seed germination under full irrigation was better (p < 0.0001) than that under restricted
irrigation over 21 days. There were no significant seed germination differences between
the two irrigation factors for the initial 7 and 8 days (p > 0.05). Likewise, no significant seed
germination differences were observed among the seed treatments for the same period.
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Speed of germination comparing irrigation regime and treatments
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Figure 3. Speed of germination of KBG seeds with different seed treatments/soil amendments and
under two different irrigation regimes between 7-21 days. The X axis is the number of days since
planting, starting on day 7. Seed germination was recorded on day seven, eight, and every second day
after that up to day 21, when the experiment was terminated. The Y axis is the number of germinated
seeds. The seed treatments are compared using different colored lines.
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Figure 4. The percentage seed germination for each treatment under two irrigation regimes. The
percentage germination of the 50 seeds planted after 21 days (Y-axis) and the irrigation regime
(X-axis) are represented in the graph. The treatments applied are represented by different colored
bars. The treatments are Hydroloc, control, ammonium, lime, gibberellic acid (GA3), Pivot Bio (Pivot),
and water immersion (H,O). Different letters above each bar represent differences in terms of least
square means (LSMEANS; p < 0.05), indicating whether the means of the treatments are significantly
different within the irrigation regime. The capital letters are used to represent the full irrigation
regime, and the lower case letters are used to represent the restricted irrigation regime.
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Figure 5. The shoot dry weight of each treatment comparing irrigation regime. The shoot dry
weight in grams of the emerged seedlings after 21 days (Y-axis) and the irrigation regime (X-axis) are
presented. The treatments applied are represented by different colored bars. The letters above each
bar compare the LSMEANS for each treatment within an irrigation regime. Capital letters are used
for the full irrigation regime, and non-capitalized ones are used for the restricted irrigation regime.

After the first week, there was a significant difference in the seed germination between
the two irrigation regimes at days 10 to 21 (p < 0.05). The three-way interaction of the
irrigation, seed treatment, and days after planting was not significant, but the two-way
interaction between the irrigation regime and days after planting was significant. The
effect of the repeated measures was tested to ensure that the residuals from the repeated
measures did not affect the results. The results were not affected when tested using SAS.

Figure 3 shows each treatment’s germination rate over 21 days. Eight days after plant-
ing, the treatment with the most germinated seeds was the Hydroloc treatment, with an
average of two seedlings for the full irrigation and 2.38 seedlings for the restricted irrigation
regimes. The seeds treated with GAj3 that had been subject to the full irrigation regime
had an average germination rate of 1.93 seedlings, while the restricted irrigation regime
had an average of 0.37 emerged seedlings. Fourteen days after planting, the treatments
with a higher number of germinated seeds for the irrigated regime were the Hydroloc
(14.6 seedlings), ammonia (10.8 seedlings), and control (10.6 seedlings) treatments. Seed
germination under restricted irrigation showed similar trends to the full irrigation regime.
The Hydroloc treatment (13.9 seedlings) outperformed the control (6.3 seedlings) and lime
(4.7 seedlings) treatments. These results show that the hydrophilic polymer treatment,
Hydroloc, had the fastest seed germination and the highest germination percentage on each
day after planting, measured throughout the experiment. Hydroloc also had the lowest
seed germination differences recorded between the full and restricted irrigation regimes,
showing an average difference of 0.7 seedlings after 14 days. GA3 had the largest seed
germination differences between the irrigation regimes. After 14 days, the average seed
germination differences were 6.9 seedlings greater for the full irrigation regime for the GA3
treatment, followed by ammonia and Pivot Bio, both with a difference of 6.2 seedlings.
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3.2. Percentage Seed Germination

The analysis of the final percentage of seed germination (Table 1) after 21 days showed
that the period, irrigation regime, and seed treatment were all significant (p < 0.0001). The
block effect was not significant (p = 0.7215), and neither was the block-by-irrigation interac-
tion (p = 0.6883). The treatment-by-irrigation interaction was not significant (p = 0.1469).

Table 1. Analysis of variance (ANOVA) for percentage seed germination after 21 days of grow-

ing (DF = degrees of freedom). For Irrigation x Treatment, “x” represents the interaction of these
two factors.

Source DF Sum of Squares Mean Square F Value p Value

Period 3 3208.91 1069.64 11.52 <0.0001

Block (period) 12 812.79 67.73 0.73 0.7215
Irrigation 1 19,277.16 19,277.16 207.59 <0.0001

Block x Irrigation (period) 15 1099.70 73.31 0.79 0.6883
Treatment 6 15,160.50 2526.75 27.21 <0.0001
Irrigation x Treatment 6 896.71 149.45 1.61 0.1469
Residual error 43 40,455.77 940.83 10.13 <0.0001

Figure 4 is a graphic representation of the percentage germination under each irrigation
regime. Table S1 in the Supplementary Materials gives the corresponding numerical values
of the data in Figure 4. The different letters above the columns represent the means that
are different (LSMEANS). The Hydroloc treatment significantly outperformed all the other
treatments under full and restricted irrigation. The HyO treatment performed significantly
poorer than the control for full irrigation, while all the other treatments performed similar
to the control. Under restricted irrigation, all the treatments except the Hydroloc treatment
had a significantly lower percentage germination than the control.

The percentage seed germination for each treatment had a standard error of 3.35%. The
treatment with the highest germination percentage after 21 days for the irrigated regime was
the Hydroloc treatment (50.25%), followed by the ammonium (35.7%), lime (35.25%), control
(34%), GA3 (33%), and Pivot Bio (31.9%) treatments, while the lowest value was observed
for the HyO treatment (26.4%). The Hydroloc treatment also had the highest germination
percentage for the restricted irrigation regime (39.5%), outperforming the control (19.13%)
and ammonium (15%), lime (13%), GA3 (11.4%), Pivot (10.2%), and H,O (8.4%) treatments.
The Hydroloc treatment had the smallest difference in the percentage germination of 10.8%
when comparing the irrigation regimes, but this was still a significant difference (p = 0.0019).
The control had the second smallest difference between the irrigation regimes of 14.9%,
while all the other treatments had a difference of 18% or greater (p < 0.0001).

3.3. Shoot Dry Weight

The results for the shoot dry weight (Table 2) after 21 days showed that periods,
irrigation regime, and treatment were all significant (p < 0.0001). The treatment-by-irrigation
interaction was significant (p = 0.0023). The block effect was not significant (p = 0.3168).

Figure 5 is a graphic representation of the shoot dry weight of treatments under each
irrigation regime after 21 days of growing. Table S2 in the Supplementary Materials gives
the corresponding numerical values of the data in Figure 5. The Hydroloc treatment sig-
nificantly outperformed all the other treatments, with the highest dry weight for both the
irrigated and restricted regimes. The ammonium treatment had the second highest shoot
dry weight in regard to the full irrigation regime, followed by the control, lime, GA3, Pivot,
and HyO treatments. The control treatment had the second highest shoot dry weight in
regard to the restricted irrigation regime, followed by the ammonium, lime, GA3, Pivot,
and H,O treatments. The letters above the bars (Figure 5) representing the LSMEANS
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show how the irrigated regime, the Hydroloc, and the ammonium treatments performed
significantly better than the control, with the other treatments having similar dry weights
to the control. Regarding the restricted irrigation regime, only the Hydroloc treatment per-
formed significantly better than the control, with the Pivot and HyO treatments performing
significantly worse than the control and the remaining treatments having similar shoot dry
weights to the control.

Table 2. Analyses of variance (ANOVA) for shoot dry weight after 21 days of growing (DF = degrees
of freedom). For Irrigation x Treatment, “x” represents the interaction of these two factors.

Source DF Sum of Squares Mean Square F Value p Value

Period 3 0.00085 0.00028 9.68 <0.0001

Block (period) 12 0.00041 0.00003 1.16 0.3168
Irrigation 1 0.00087 0.00087 29.86 <0.0001

Block x Irrigation (period) 15 0.00218 0.00015 4.96 <0.0001
Treatment 6 0.00474 0.00079 26.97 <0.0001
Irrigation x Treatment 6 0.00063 0.00010 3.58 0.0023
Residual error 43 0.00967 0.00022 7.68 <0.0001

When comparing the restricted and full irrigation regimes, the shoot dry weight of the
Hydroloc treatment with restricted irrigation was similar to the Hydroloc treatment subject
to full irrigation (p = 0.1047). The control treatment also had similar shoot dry weights
under both irrigation regimes (p = 0.2476). The irrigation regime significantly differed in
regard to the ammonium, lime, GA3, Pivot, and HyO (p < 0.05) treatments, with the full
irrigation regime having higher dry weights in each of these treatments.

4. Discussion

All the treatments subject to the restricted irrigation regime had a significantly lower
germination percentage than the full irrigation regime. These results indicate that water
was a limiting factor for KBG germination in this experiment. However, many other factors
influence the speed of germination of KBG. Folck (2023) tested the seedling vigor of 21 KBG
cultivars in a growth chamber and reported large variances in germination among the
cultivars [27]. Their study also showed that there was no relationship between the thousand
seed weight (TSW) and germination time, which contradicts the claims by other authors
that a heavier seed reduces the germination time of cool-season perennials, including
KBG [28]. Thus, many difficult-to-control factors may be the reason for slow germination
of KBG, and this reinforces the need for solutions, such as seed treatments, to improve the
germination of KBG.

4.1. Hydroloc and Lime

This study found that a hydrophilic and lime seed coating (Hydroloc) increased
the speed of germination, percentage seed germination, and shoot dry weight of KBG
seeds after 21 days of growing in restricted and unrestricted soil moisture conditions.
This shows that the Hydroloc coating creates an ideal micro-environment around the
seed that improves seedling vigor and germination, especially in situations where the
seed-bed conditions would result in poor germination. Hydrophilic polymer applications
previously had limited benefits in regard to larger cool-season grass seeds, such as tall
fescue, compared to their application on smaller seeds, such as those of KBG [18]. In
agreement with the results from this study, the authors concluded that the benefits of
hydrophilic polymers are more pronounced when applied to small seeds planted in sandy
soils, where drought is more prevalent. Leinauer (2010) similarly found that applying a
hydrophilic polymer to KBG seeds could improve their establishment when the planting
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density or water is a limiting factor. The coating also protected the seed from winter kill and
desiccation stress, both important characteristics in a late fall-planted PGC scenario [17].
The current study observed a difference between the Hydroloc treatments under different
irrigation regimes, with the unrestricted irrigation regime having a significantly higher
germination percentage. Interestingly, this difference was not seen in the shoot dry weight
measurements, with the Hydroloc treatment having a similar shoot dry weight under each
irrigation regime. Increasing the shoot dry weight or biomass production of perennial
cover crops is important to the provision of natural ecosystem services [29]. The price of
applying the Hydroloc treatment to grass seed is USD 0.26 per kg of seed treated. This is a
cost-effective solution for increasing PGC establishment.

Another reason for the significantly better performance of the Hydroloc treatment may
be attributed to the lime and micronutrient constituents of the coating. Lime neutralizes
the pH around the seed, allowing for better uptake of nutrients [24]. Previous studies show
that lime soil amendment leads to greater seedling survival, as a result of increasing the soil
pH in the top soil [30]. An earlier study by Hathcock (1984) on the effects of seed adhesives,
fertilizers, and lime on KBG seed establishment found that the application of nutrients
and lime to the seeds was preferable to soil amendments [16]. This advantage is more
significant over large acres of land, wherein applying soil amendments consisting of lime
and fertilizers is time consuming and expensive compared to seed-applied treatments. In
the current study, the seed germination percentage and shoot dry weight of KBG seedlings
were greater when lime was applied in the form of the Hydroloc coating rather than as a
soil amendment. Lime was applied to the soil at a similar rate (3.8317 g/pot) to that of the
Hydroloc coating on the seed surface. The difference in germination and growth of the
Hydroloc-coated seed could be attributed to the hydrophilic polymer or the application
of lime and micronutrients directly on the seed surface. This study confirms the results
from previous studies suggesting that the hydrophilic polymer can significantly improve
germination when soil moisture is limited.

4.2. Nitrogen

The application of nitrogen to grass seeds is essential for synthesizing amino acids and
proteins, both vital for the germination of the seed embryo. Nitrogen has also been proven
to influence or break seed dormancy by interacting with hormones, such as gibberellins,
that promote germination [31]. Previous studies have shown that nitrogen soil amend-
ments increase root and shoot growth rates in perennial grasses, while also improving the
germination speed [32,33]. In this study, the ammonium nitrate soil amendment resulted in
a significantly higher shoot dry weight than the control under the full irrigation regime,
but this result was still significantly lower than that for the Hydroloc treatment. This result,
along with many other studies, has proven nitrogen to be an essential nutrient for the
germination of seeds. However, high nitrogen concentrations around the seed could lead
to toxic effects on seed germination, and this sensitivity is species dependent [34].

Nitrifying microbes are found naturally on the root nodules of leguminous crops, like
soybean and clover, fixing atmospheric N, and converting it into a plant-available form.
This mutualistic relationship reduces the need for synthetic nitrogen use on legume crops
and is the main benefit of their incorporation into a crop rotation system [35]. In recent
years, much research has been conducted to identify and isolate nitrifying microbes. This
research also involves successfully inoculating non-leguminous seeds with nitrogen-fixing
microbes, resulting in the successful colonization of the rhizosphere in plants like rice,
wheat, and maize [36]. The efficiency of nitrogen-fixing microbes on non-legume crops has
varying results depending on the soil pH and oxygen levels. Early studies on the use of
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the Pivot Bio nitrogen-fixing microbe on corn seeds showed some evidence of greater N
mineralization, but no significant increase in corn yield [37].

This study showed that inoculating KBG seeds with nitrifying microbes (Pivot Bio
Proven 40) did not improve germination. It is important to bear in mind that the duration
of this experiment may have limited the success of this treatment. It may take longer than
21 days for the microbe to colonize the rhizosphere and successfully fix plant-available
nitrogen. Another issue is the low survival rate of nitrogen-fixing microbes that are inoc-
ulated onto non-leguminous seeds [38]. The Pivot Bio seed treatment had a significantly
lower shoot dry weight under full irrigation than the ammonium soil amendment, showing
that the nitrogen-fixing microbes had limited effects on the germinated KBG seedlings. The
Pivot Bio nitrogen-fixing microbe was primarily designed for corn seed applications, and
there is a need for further research into the use of nitrogen-fixing microbes on cool-season
grass seeds.

4.3. Seed Priming

The least effective treatment in this experiment is osmotic priming or the HyO treat-
ment of the KBG seeds. Seed priming involves the controlled hydration (10-20% of full
imbibition) of the seed before planting. Seed osmotic priming enhances germination rates,
increases the speed of seedling emergence, breaks seed dormancy, and improves overall
plant performance [15,39]. H,O osmotic priming decreased the mean germination time in
KBG seeds in comparison to non-primed seeds [13]. However, similar to the results in this
study, the authors found that the final germination percentage of the osmotically primed
seeds was not higher than that of the control. These authors hypothesized that these seed
germination differences might be more substantial in adverse seed-bed conditions, such as
when there is low water availability and low temperature [13].

Priming can also involve growth-regulating hormones, like gibberellic acid (GA3),
which affects germination. GAj is a growth-regulating hormone naturally found in plants.
Exogenous GAj is often used as a seed treatment to improve seed germination, break seed
dormancy, and enhance shoot and root elongation [29]. GAj; is naturally released from the
embryo and stimulates the production of hydrolytic enzyme x-amylase in the aleurone
layer, which breaks down starch in the endosperm into soluble sugars to fuel the growth of
the germinating seed. GAj in the embryo is activated by the imbibition of water into the
seed [14]. Along with improving germination, GAj3 has been applied to many plant species,
resulting in increased fruit production [40]. Studies have shown that using exogenous GA3
on seeds can improve plant water use efficiency, which may allow for the growth of plants
in saline or low-moisture soils [41].

Studies have demonstrated that GAj is associated with the plant hormone Abscisic
acid (ABA). Both hormones antagonistically regulate seed germination [42]. ABA is synthe-
sized in the chloroplast and cytoplasm to maintain seed dormancy and restrict precocious
germination during seed maturation, allowing the seed to adapt to abiotic stressors [43].
The ABA content in seeds increases as a result of dehydration and a high temperature. For
example, a study conducted on aleurone cells from Barley showed that ABA blocked GA
synthesis, maintaining the seed in a dormant state [44]. Along with seed germination, ABA
controls stomata closure and root growth when plants are under drought stress. When
KBG seeds were exposed to drought stress, ABA may have inhibited the germination of
the KBG seeds subject to the restricted irrigation regime in our experiment [45]. Another
link between drought stress and poor germination is that water is essential for activating
GAj. Water facilitates GA3’s mobility in the aleurone layer, and the restricted irrigation
regime may have inhibited GAj from activating.
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A previous study looking into the use of GAj3 on grass seed found that KBG germina-
tion increased by 6% when the seed was soaked in a GAj3 solution with a concentration
of 400 mg L~! [25]. In our study, the GAj3 seed treatment with the same concentration
did not improve the germination percentage or shoot dry weight, performing similarly or
worse than the untreated control. GAj3 had the largest difference in the number of seeds
germinated between the irrigation regimes, indicating that it is an ineffective solution for
improving germination under low soil-moisture conditions. Although the values in this
study showed no increase in the germination rate, the increase in germination in a similar
study was very small for KBG when compared to other cool-season species, such as peren-
nial ryegrass [25]. A potential reason for low germination is that fluctuations from dry to
wet moisture conditions around the seed, paired with the room temperature conditions, can
lead to increased seed respiration, harmful microbes colonizing the seed, and the eventual
deterioration of the seed [46]. Seed deterioration due to moisture fluctuation results in
decreased seed enzyme activity. This may be a reason for the GA3 and H;O treatment
not increasing seed germination compared to the control treatment in this experiment [47].
Regardless, this experiment identified GA3 as an unsuitable seed treatment for stimulating
the germination of KBG under drought conditions.

5. Conclusions

Despite the favorable characteristics of KBG for use in a PGC system, previous studies
and observations have shown stand establishment to be a problem for its adoption. In this
study, we have shown soil moisture to be a limiting factor in the germination speed and
establishment of KBG. Seed treatments such as the Hydroloc treatment, consisting of a
hydrophilic polymer and lime, can hold moisture and nutrients around the seed that are
needed for germination when soil moisture is limited. Future research should investigate
the impact of other variables, such as temperature, on the germination of KBG seeds.

Improving KBG establishment in the fall would allow farmers to protect the soil from
erosion and nutrient leaching, while eliminating the financial burden of reseeding the
following year. Improving the efficiency of the PGC system may also persuade growers
to adopt this system due to the possibility of reducing the yearly labor input required by
annual cover crops during the busy seasons of harvesting and planting row crops. This
study shows that the Hydroloc treatment can improve the establishment of KBG in a growth
chamber, regardless of whether soil moisture is limited. Future research should include
field-based experiments for screening the effect of seed treatments and soil amendments on
KBG germination over a longer period of time.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/seeds4010016/s1, Table S1: Percentage germination com-
paring each treatment between full and restricted irrigation regimes; Table S2: Shoot dry weight in
grams (g) of each treatment comparing full irrigation and restricted irrigation regime.
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