
Citation: Nelson, S.V.; Hansen, N.C.;

Madsen, M.D.; Anderson, V.J.; Eggett,

D.L.; Hopkins, B.G. Superabsorbent

Polymer Use in Rangeland

Restoration: Glasshouse Trials. Land

2023, 12, 232. https://doi.org/

10.3390/land12010232

Academic Editors: Michael

Vrahnakis, Yannis (Ioannis) Kazoglou

and Manuel Pulido Fernádez

Received: 30 November 2022

Revised: 6 January 2023

Accepted: 9 January 2023

Published: 11 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Superabsorbent Polymer Use in Rangeland Restoration:
Glasshouse Trials
Shannon V. Nelson 1 , Neil C. Hansen 1 , Matthew D. Madsen 1, Val Jo Anderson 1, Dennis L. Eggett 2

and Bryan G. Hopkins 1,*

1 Department of Plant and Wildlife Sciences (PWS), Brigham Young University, Provo, UT 84602, USA
2 Department of Statistics (STAT), Brigham Young University, Provo, UT 84602, USA
* Correspondence: hopkins@byu.edu

Abstract: Post-disturbance rangeland restoration efforts are often thwarted due to soil moisture
deficits. Superabsorbent polymers (SAPs) absorb hundreds of times their weight in water, increas-
ing soil moisture when the SAP is mixed with soil. The objective of this study was to evaluate
banded SAPs under the soil surface to increase plant available water and thus seedling establish-
ment for perennial rangeland species during restoration efforts. Five glasshouse experiments with
two rangeland perennial grass species, bottlebrush squirreltail (Elymus elymoides) or Siberian wheat-
grass (Agropyron fragile), were conducted. Treatments varied, including SAP rates ranging from
11–3000 kg ha−1 with placement mostly banded at depths extending from the surface up to a 15 cm
depth. Generally, SAPs increased soil moisture at all rates and depths for up to 49 days. However,
rates ≥ 750 kg ha−1 caused the soil to swell and crack, potentially hastening soil drying later in the
season. Seedling longevity was increased up to 12 days, especially at the high SAP band rate of
3000 kg ha−1 when the band was 8 or 15 cm deep. Further work is needed to verify banded SAP rates
and placement depths in the field, ascertain conditions to reduce soil displacement, and evaluate
benefits across species.

Keywords: superabsorbent polymer; SAP; hydrogel; rangeland; bottlebrush squirreltail; Siberian
wheatgrass; banding; restoration; Elymus elymoides; Agropyron fragile

1. Introduction

Rangelands can be defined as “all lands, except for urban, agricultural, or densely
forested lands, that support predominantly native or naturalized vegetation capable of
sustaining native or domestic grazing and/or browsing ungulates, whether or not those
animals are present” [1]. They provide economic benefits such as hunting, fishing, grazing,
and mining as well as environmental and public service benefits such as recreation, habitat,
water quality, and education [2]. In arid regions, the establishment of perennial species after
a disturbance is key to restoration success and invasive species management [3–5]. Drought
conditions make direct seeding efforts in rangelands notoriously challenging [6,7]. Seasonal
and yearly variations in precipitation impact seedling emergence and establishment; exotic
species add further stress to the system [8]. Their introduction and spread adversely
affects landscapes [9,10] by changing the make-up of the local plant community [11–14].
This alters wildlife habitat and food supplies, increases erosion, and modifies wildfire
characteristics [3,11].

Deep-rooted perennial grasses, forbs, and shrubs can reduce annual weed invasion,
thereby minimizing erosion and fire danger while providing forage [9,15,16]. Utilizing
water, nutrients, sunlight, space, and other resources, they inhibit the establishment of
exotic species [17,18]. Fire, insects, disease, overgrazing, and other destructive forces that
diminish these perennials free the resources that enable the establishment of invasive
species [19–21]. Extensive root systems help surviving established plants to effectively
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compete for water and nutrients after a disturbance [16,22,23]. However, young perennial
seedlings generally struggle to compete for water in arid and semi-arid systems where
invasive plants use early season soil moisture [4,16,21,24–26].

Superabsorbent polymers (SAPs) may help tip the scales in favor of perennial species
when banded directly below seedlings. This soil additive absorbs hundreds of times its
weight in water and then releases it slowly for plant use [27]. The use of SAPs reduces
soil compaction and water lost to deep percolation while increasing pore volume, water
infiltration, and moisture retention [27–31].

In agriculture, SAPs have been shown to help increase the time between the need for
irrigation, increase plant biomass, and improve fertilizer retention in the soil [32–35]. In the
greenhouse industry, plant survival is increased when root plugs of plants grown for trans-
planting into areas with a water deficit are formed by mixing in SAPs [36]. When placed
in a band under the soil surface, SAPs can act as a reservoir of water for young seedlings,
which can help alleviate drought conditions with the onset of summer heat [34,35]. Though
it diminishes over time, SAPs have the capacity to reabsorb water during precipitation
events, increasing the duration of the soil water reservoir effect [37–40].

Although less commonly used than in crop production, SAPs have been used in native
ecosystems to increase seedling longevity and control run-off and erosion [4,23,41–43]. El-
Asmar et al. [35] showed increases in evapotranspiration, water use efficiency, and seedling
growth parameters and survival time in irrigated agricultural conditions. However, to the
best of our knowledge, the banding of SAPs under the soil surface has not been explored in
native ecosystems. When facing competition for water from established invasive species,
young seedlings of seeded species may not be able to persist until their root systems grow
large enough to access moisture deeper in the soil profile. If banded SAPs can widen the
window of persistence, seedlings may grow roots deep enough to access available water
and increase the probability of survival until additional precipitation is received [24].

We hypothesize that dry SAPs placed in bands at or near seedling rooting depth will
act as a localized soil water reservoir to increase soil moisture and seedling establishment.
Five glasshouse studies, with bottlebrush squirreltail (Elymus elymoides (Raf.) Swezey)
and/or Siberian wheatgrass (Agropyron fragile (Roth) Candargy), were conducted to serve
as proof of concept and to evaluate various management strategies to best increase soil
moisture and seedling establishment in preparation for field studies, with the following
study objectives/justifications:

1. SAP Rate and Depth: Evaluate the effect of SAP rates (0, 1500, or 3000 kg ha−1)
and placement depths (0, 3, 8, or 15 cm depth bands, or mixed) to explore optimum
management strategies.

2. Reduced Seeding Rate: Assess the effect of seeding rates (2, 4, 8, or 16 kg ha−1) with
SAP bands (0 or 3000 kg ha−1) at 8 cm depth to determine if excessive inter-species
competition for soil moisture occurs as a function of increased germination with SAP.

3. Low SAP Rate: Evaluate the efficacy of SAP rates (0, 11, 47, 190, 750, or 1500 kg ha−1)
at 8 cm depth to determine if relatively low rates of SAPs would sufficiently increase
soil moisture to positively impact seedling health while keeping the soil surface intact,
which was a problem observed at high rates in field conditions.

4. SAP Depth and Root Growth: Assess the effect of SAP rates (0 or 3000 kg ha−1) and
placement depths (0, 3, or 8 cm, or mixed) to measure seedling root growth response
to SAPs.

5. Fertilizer and SAP Interaction: Evaluate the impact of fertilizer (with and without)
used in conjunction with SAPs (0 or 3000 kg ha−1) placed at 8 cm depth in addition to
measuring SAPs’ ability to reabsorb water.

2. Materials and Methods
2.1. Treatments

Five glasshouse experiments were conducted at Brigham Young University (BYU), Provo,
UT, USA (40.2454, −111.6415, elevation 1391 m). Various rates of SAP (11–3000 kg ha−1)
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were compared to an untreated control in a full factorial design with all combinations
of various SAP placement depths, seeding rates, species, and/or fertilizer (Table 1) ar-
ranged in a randomized complete block design (RCBD). Generally, the SAP was applied in
a concentrated band at or below the soil surface at various depths (Table 1). In Studies 1
and 4, there was a non-banded SAP treatment which consisted of mixing the SAP uniformly
with the soil (“mixed”)to a depth of 15 cm (Study 1) or 8 cm (Study 4).

Table 1. Five glasshouse study treatments, parameters, and measurements. Gray squares in the
treatments section indicate a treatment parameter for that study.

Study 1 2 3 4 5

Treatments

SAP, kg ha−1 0, 1500, 3000 0, 3000 0, 11, 47, 190,
750, 1500 0, 3000 0, 3000

SAP Depth, cm 0, 3, 8, 15, mixed
(top 15) 8 8 3, 8,

mixed (top 8) 8

Fertilizer no no no no with/without
Species * BB BB and SW BB and SW BB and SW BB and SW
Seeding Rate, kg ha−1 24 2, 4, 8, 16 8 4 6

Study Parameters

Study length, d 107 76 78 70 76/133 **

Dates 14 February to
1 June 2017

7 September to
22 November 2018

8 February to
27 April 2019

19 July to
27 September 2019

16 December to
28 April 2018

Replicates 4 4 3 4 6

Dimensions, cm 10 (each side) 10 (each side) 30 × 21.5 10 (diameter) 10 (each side)

Depth, cm 23 23 15 25 10

Thinned,
number@DAP 3@14 & 1@29 no 1@19 1@13 no

Saturation time, d 2 15 16 18 16

Measurements

Soil Moisture 3x/wk 3x/wk 3x/wk until 36 DAP
then 57 & 78 DAP weekly @4 depths 3x/wk

Seedling emergence
and total alive ***

8, 25, 29, 70, 72, 76, 81,
84, 86, 105, and

107 DAP
3x/wk ~3x/wk weekly weekly

Seedling length and
Blade number 76 DAP weekly no weekly weekly

Root length/branching no no no weekly no

Root/shoot biomass no no no yes no

* BB = bottlebrush squirreltail; SW = Siberian wheatgrass. ** all seedlings were dead by 76 d in Study 5, with
the rewetting portion of the study beginning at that time and ending on 133 d. *** total seedlings alive was not
measured in Study 1.

The SAP product used in these studies was Stockosorb® 660 micro (Evonik Industries
AG; Essen, Germany). This polymer is made of crosslinked potassium (K+) polyacrylate,
which produces an absorptive capacity of 260 l water (H2O) kg−1 [44]. It eventually, after
1–3 years in the soil, degrades to carbon dioxide (CO2), H2O, and K+ [28].

A potential unwanted effect of the degradation of Stockosorb® 660 is the release of the
essential plant nutrient K into the soil solution. However, the soil used in this study has
high K concentration (Table 2). As the K was not limiting for plant growth and high soil K
is not generally a specific ion toxicity concern, the K was not balanced across treatments.

The Stockosorb® 660 manufacturer recommends blending the product into the top
10 cm of soil or placing it in a band below the soil surface at rates up to 11 kg ha−1 at the
time of seeding in irrigated agricultural systems [45,46]. Higher rates are suggested when
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the product is used under conditions of low rainfall and high temperatures [46]. Our study
treatments included SAP placed at depths extending from the surface to 15 cm deep at
rates up to 272 times higher than the recommended agricultural rate to ensure observable
treatment effects in a non-irrigated, xeric system [47].

Study 5 included a fertilization treatment in addition to SAP rates. The fertilizer was
applied at 4 N, 17 P2O5, 17 K2O, 0.6 S, 0.6 Fe, 0.1 Zn, 0.1 Mn, 0.1 Cu, and 0.1 B (kg ha−1).
The micronutrients were all applied as the chelated form with ethylene diamine tetracetic
acid (EDTA) at a 1:1 ratio.

2.2. Soil and SAP Placement

The soil used in these studies was collected from the site for the eventual field testing
of SAP at Murray’s Mesa on the Utah Test and Training Range (UTTR) located in the
desert west of Salt Lake City, UT (41.040976, −112.982474; elevation 1392 m). The UTTR
serves as a practice bombing and gunnery range for the United States Department of
Defense by Hill Air Force Base, located in Layton, Utah, USA, and is an active revegetation
research site. The soil in the area is generally classified as a Tooele Fine Sandy Loam
soil [coarse-loamy, mixed (calcareous), mesic Typic Torriorthents] [48]. Although the
specific soil collected for this study mostly fits this classification, its textural class is loam
(Table 2). Soil analysis was performed at BYU’s Environmental Analytical Laboratory (BYU-
EAL, https://pws.byu.edu/eal (accessed on 13 May 2022)) and Servi-Tech Laboratories
(www.servitechlabs.com (accessed on 13 May 2022)) (Table 2).

Table 2. Soil properties [49]. Analysis performed at BYU’s Environmental Analytical Laboratory
(BYU-EAL, https://pws.byu.edu/eal (accessed on 13 May 2022)) except where noted. Properties
marked with “*” were analyzed at Servi-Tech Laboratories (www.servitechlabs.com (accessed on 24
May 2022)).

Properties Nutrients, mg kg−1

pH *a 7.8 NO3-N d 20
Salinity (dS m−1) a 8.9 P e 12

Texture b Loam Ke 1068
% Sand 30 Zn f 0.2
% Silt 49 Fe f 3.1

% Clay 21 Mn f 2.1
% Organic Matter c 1.3 Cu f 0.5

SAR a 2.6 Ca *g 3903
Mg *g 345
Na *h 2230

a Saturated Paste Analysis; b Hydrometer Method; c Loss-On-Ignition (LOI); d KCl extraction, analysis with
RFA (rapid flow analysis), FIAlab Flow Injection Cadmium Reduction Nitrate (FIAlabs, Tacoma, WA); e Olsen
bicarbonate, analysis with AAS (Atomic Absorption Spectroscopy), AAnalyst 200 Atomic Absorption Spectrometer
(PerkinElmer, Seattle, WA); f DTPA (diethylenetriaminepentaacetic acid) with ICP-OES (Inductively Coupled
Plasma-Optical Emission Spectrometry), iCAP 7400 ICP-OES Radial Analyzer (Thermo Scientific, Waltham, MA,
USA); g Ammonium Acetate Analysis; h Mehlich 3 ICP.

Containers for growing plants (Table 1) consisted of tall square plastic pots (Studies 1
and 2), short square plastic pots (Study 5), rectangular wooden boxes (Study 3; Figure 1), or
round clear plastic canisters (Study 4; B076 80 oz Clear PET Canister 110–400, Industrial
Container and Supply, Salt Lake City, UT, USA). The boxes in Study 3 allowed for a relatively
large surface area for a simulation of the planting furrows used in field reclamation projects
(Figure 1). All containers had holes in the bottom to enable the free flow of water into and
out of the containers. The bottom of each was lined to prevent soil loss. A single layer
of commercial grade laboratory paper towel was used in Studies 1, 2, and 5. A single
layer of Vigoro Weed Control Fabric (Nex Matrix, Wilmington, DE, USA) was used in
Studies 3 and 4.

https://pws.byu.edu/eal
www.servitechlabs.com
https://pws.byu.edu/eal
www.servitechlabs.com
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Figure 1. Frontal cross section diagram (a) of a grow box unit (b) containing soil with a superabsorbent
polymer (SAP) band 8 cm below the soil surface of the furrow valley.

For Study 4, holes were drilled in the sides of each canister at 3, 5, 8, and 10 cm below
the soil surface for volumetric soil moisture content measurements during the trial. The
holes for the 3 and 8 cm depths and the 5 and 10 cm depths were directly above/below
each other. The two groupings were offset by 8 cm. These holes were covered on the
outside of the canister with Parafilm “M” Laboratory Film (Pechiney Plastic Packaging,
Chicago, IL, USA), except during soil moisture measurements, to prevent soil and moisture
loss. The canisters were slipped into opaque sleeves of Prodex AD5 Insulation (Prodex, El
Coyol de Alajuela, Costa Rica) to prevent light reaching the roots. The covered canisters
were maintained at an approximate 30◦ tilt from horizontal with the seeded edge down to
encourage root growth along the side of the canister for ease in monitoring root growth.

For banded treatments, the soil was added to the desired depth, the SAP added, and
then additional soil added to within 5–6 cm of the top of the pots/canisters (Studies 1–2,
4–5) or 1 cm from the top of the wood box (Study 3). In Studies 1, 2, and 5, the SAP was
placed in a band across the middle of the pot. In Study 3, the SAP band ran front to back in
the middle of the box under the furrow. In Study 4, the banded SAP treatments were added
within 1 cm of the edge around the circumference of the canisters. Two studies included
treatments with the SAP mixed thoroughly into the top 15 (Study 1) or 8 cm (Study 4) of
soil. Soil was added to the containers to the correct depth then filled with the soil/SAP
mixture. The control treatments were added to the same depths without any layering.

2.3. Irrigation

The soil, with or without SAP, was saturated with deionized (DI) water for several
days (Table 1) immediately after (Study 1) or before (Studies 2–5) planting. This was done
by partially submerging the pots/canisters for all but Study 3, which was not submerged
due to the large size of the connected wooden box containers holding the soil (Table 1;
Figure 1). Rather, paper towels were temporarily laid on the soil to reduce soil erosion
while 4 l of DI water was added, followed by 0.4 l added on each of the next two days, and
then 0.2 l were added three times per week for 14 d.

In all but Study 1, weed seedlings had sufficient time to germinate and be removed,
and the soil was covered with black plastic sheeting during this time to reduce evaporation
and surface salt accumulation. In all studies, gravitational water was allowed to drain
for 1 d to reach field capacity, followed by the initiation of Study 1 or planting for Studies
2–5. The plastic covered the soil until the desired seedlings began to emerge. For Studies
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1–3, the goal was to drought-stress the plants; thus, no additional water was added after
initial saturation. In Study 4, the soil was rewet at 28–29 days after planting (DAP), as the
objective was to see if healthy plant roots avoid the SAP band. In Study 5, the soil was
rewet at 77–90 DAP after all seedlings had died to measure the ability of the SAP bands to
reabsorb water after complete dry down.

2.4. Species

Bottlebrush squirreltail was used in all studies, and Siberian wheatgrass was used in
all but Study 1 as model species. In studies with both species, they were seeded in separate
pots/canisters or in separate rows in Study 3 where they were randomly assigned to two
of four evenly spaced rows in each box. The rows ran perpendicular to the valley from one
peak to the other along the 30 cm width to create three seed positions relative to the band
location (valley, slope, and peak) (Figure 1).

Seeds were planted in dry soil for Study 1 and in moist soil in Studies 2–5. Seeding
rates ranged 2–24 kg ha−1 (Table 1), including variable seeding rate treatments in Study 2.
Seedlings were thinned in Studies 1, 3, and 4 (Table 1) (note: the recommended seeding
rates for these species are 7 and 6 kg ha−1, respectively [50,51]). Bottlebrush squirreltail is a
native perennial rangeland grass in the Great Basin region. Siberian wheatgrass is an intro-
duced perennial rangeland grass. Both species have been shown to compete well against
cheatgrass (Bromus tectorum L.) and other invasive species in arid environments [48,49].
These were seeded at 1 cm depth immediately prior to saturation in Study 1 and 1 d after
the saturation period ended, with the soil approximately at field capacity, for Studies 2–5.

Seedlings were grown without artificial lighting. Temperatures fluctuated from
13–28 ◦C, which is similar to the naturally occurring diurnal cycles for the region these soils
were collected from.

2.5. Measurements

Soil moisture was measured gravimetrically (Studies 1, 2, and 5) or volumetrically
(Studies 3 and 4) (Table 1). Gravimetric soil moisture was measured by weighing each
container of soil to determine the added weight of water to soil. Volumetric water content
was measured by an ML3 ThetaProbe Soil Moisture Sensor with HH2 Moisture Meter
(Delta-T Devices; Cambridge, England). In Study 3, inserting the moisture probe into the
soil created four openings in the soil (0.3 cm diameter × 6 cm deep and 2.5 cm apart in a
triangular pattern with a fourth hole in the center of the pattern). The probe was inserted
into the same locations each time to avoid excessive soil disturbance. It is logical that the
soil would be slightly dryer near these holes due to aeration. This issue was reduced in
Study 4 because the measurements were taken via holes drilled through the side of the
canister. The holes were kept covered with Parafilm “M” Laboratory Film (Pechiney Plastic
Packaging, Chicago, IL, USA) when measurements were not being taken.

For Study 3, the volumetric soil moisture was measured at the peak, slope, and valley
for each row in each compartment. When seedlings were thinned, every attempt was
made to leave them in locations that were not being used to measure soil moisture so as to
minimize disturbance. At 78 DAP, after all seedlings had died, corresponding soil moisture
measurements in undisturbed locations in each row were made to quantify the difference
between disturbed and undisturbed locations.

Generally, seedling emergence, total seedlings alive (longevity), length, and blade
count were measured (Table 1). In Study 2, the percent of planted seeds that emerged
(persistence) was determined weekly. Root length and branching and root/shoot biomass
were measured for Study 4 (Table 1). Seedling emergence is the number of seedlings alive
on the day of measurement. Total seedlings alive is the cumulative seedlings that emerged
during the study. Time to emergence was the amount of time it took for the seedlings to
emerge. Longevity is the number of days a seedling lived (seedlings were considered dead
if they snapped when the blade was bent and pinched at the base). Seedlings were thinned
in studies 1, 3, and 4.
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2.6. Statistical Analysis

The data from each trial were initially analyzed using a mixed model analysis in
JMP (SAS Institute Inc., Cary, NC, USA). Across the studies, the fixed variables included
SAP rate, SAP placement depth, seeding rate, date, species, and fertilizer depth. Random
effects included block, pot or box, row, and seed number. Each effect was analyzed as
appropriate for the given study. Random effects were removed when variance estimates
were negative or not significant. As appropriate, post hoc mean separation by the Tukey–
Kramer or Student’s t-tests was performed on seedling and soil moisture variables and
their interactions. In some instances, we were only interested in treatments compared to
the control, not to each other. In those cases, mean separation by the Student’s t-test with a
pseudo-Bonferroni adjustment set at 0.005 was used to analyze the desired comparisons.

3. Results
3.1. SAP Rate and Depth
3.1.1. Soil Moisture

The three-way interaction of SAP Rate*Placement Depth*Time on soil moisture was not
significant, but all other comparisons were highly significant (Table 3). The SAP increased
soil moisture with an average of 7.9% compared to the untreated control at 6.9%. When
averaged over the course the study, all SAP treatments but one had higher moisture than
the control (Figure 2).
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surface or at 3, 8, or 15 cm deep directly below the seed. The soil was then saturated and allowed to
dry down. Bars marked with “**” were highly significant at p < 0.0001.
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Table 3. Statistical results of a glass house study evaluating the effect of SAP depth (D), rate (R), time
(T), and their interactions on soil moisture, seedling longevity, shoot length, and blade count. Bolded
numbers indicate p < 0.05.

Soil Moisture Longevity Shoot Length Blade Count
Effect DF F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F F Ratio Prob. F

D 4 33.6114 <0.0001 1.8968 0.137 2.3625 0.076 1.7452 0.172
R 1 146.3037 <0.0001 4.3468 0.046 4.848 0.036 6.9231 0.014
T 41 21.6824 <0.0001

D*R 4 28.3439 <0.0001 2.8533 0.041 3.5722 0.017 1.6961 0.182
D*T 164 2.9596 <0.0001
R*T 41 4.977 <0.0001

D*R*T 164 0.6947 0.998

3.1.2. Seedling Growth Parameters

The two-way interaction of SAP Placement Depth*Rate on seedling longevity was
significant (Table 2). The deepest placement depths, 8 and 15 cm, of 3000 kg ha−1 SAP
bands resulted in increased seedling longevity of 21 and 18 d, respectively (Figure 3). There
appears to be a trend toward increased seedling longevity for surface placement of both
the 1500 and 3000 kg ha−1 SAP bands. It is noteworthy that there was no negative impact
on seedling longevity at any depth or SAP rate.
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Figure 3. Seedling longevity, number of days alive, as a function of a superabsorbent polymer (SAP)
rate and placement relative to an untreated control averaged across 108 d of a glasshouse study with
bottlebrush squirreltail. The SAP (1500 or 3000 kg ha−1) was blended with the soil to a depth of
15 cm or placed in a band at the surface or at 3, 8, or 15 cm deep directly below the seed. The soil was
then saturated and allowed to dry down. Bars marked with “*” were significant at p = 0.05.

As with longevity, the interaction SAP Rate*Placement Depth had a significant impact
on seedling length (Table 2). Although differences were measured, there were no clear
trends for shoot length. The 3000 kg SAP ha−1 rate at 8 cm depth increased seedling length,
while 1500 kg SAP ha−1 decreased it (Table 4).
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Table 4. Bottlebrush squirreltail seedling length, relative to an untreated control, as a function
of superabsorbent polymer (SAP) rate and placement for a glasshouse study. The SAP (1500 or
3000 kg ha−1) was blended with the soil to a depth of 15 cm or placed in a band at the surface or at 3,
8, or 15 cm deep directly below the seed; the soil was saturated and allowed to dry down. Bolded
lengths are significant.

Superabsorbent Polymer Rate
1500 kg ha−1 3000 kg ha−1

SAP Placement Depth Seedling Length Relative to Control (cm) p-Value Seedling Length Relative to Control (cm) p-Value

surface −0.8 0.722 2.8 0.232
3 cm 4.7 0.052 −0.6 0.787
8 cm −3.3 0.155 8.0 0.002

15 cm −5.9 0.032 −0.2 0.931
blended −2.8 0.220 −2.1 0.362

In contrast to longevity and shoot length, the only significant effect on the number
of blades was SAP Rate (Table 2). Both SAP rates had positive impacts on the number of
blades per seedling. The control averaged 1.7 blades per plant. The 1500 kg SAP ha−1 rate
increased the blade count over the control by 0.5, and the 3000 kg ha−1 rate increased it by
1.1 more blades per seedling. These are increases of 131 and 166% for each rate, respectively.
This response, at least in part, could be due to the increased longevity associated with
SAP treatments.

3.2. Reduced Seeding Rate
Soil Moisture and Seedling Growth Parameters

The four-way interaction of Species*Seeding Rate*SAP Rate*Time as well as all but one
of the interactions involving SAP were significant for soil moisture (Table 5). The overall
pattern was similar for both species, with the greatest difference in gravimetric water
content (GWC) occuring over the first ~20 d and then dropping approximately linearly
(Table A1, Figure 4). However, the magnitude of the increase in soil moisture for most
treatments was slightly greater for bottlebrush squirreltail (Table A1).

Table 5. Statistical results of a glass house study evaluating the effect of species (S), seeding rate (R),
SAP rate (SAP), time (T), and their interactions on soil moisture and persistence (percent of plants
alive) each day. Bolded numbers indicate p < 0.05.

Soil Moisture (Mixed Model) Persistence (Anova)
Effect DF DF Den F Ratio Prob > F DF F Ratio Prob > F

S 1 48 0.0107 0.722 1 316.8774 <0.0001
R 3 48 5.5306 0.012 3 1.0705 0.361

SAP 1 48 211.2814 <0.0001 1 122.6885 <0.0001
T 22 1056 32,415.25 <0.0001 23 70.231 <0.0001

S*R 3 48 3.2271 0.022 3 12.3834 <0.0001
S*SAP 1 48 3.1131 0.139 1 60.0828 <0.0001

S*T 22 1056 0.4209 0.995 23 3.404 <0.0001
R*SAP 3 48 3.1285 0.031 3 5.3187 0.001

R*T 66 1056 1.4408 0.005 69 0.6621 0.985
SAP*T 22 1056 63.6763 <0.0001 23 2.7546 <0.0001

S*R*SAP 3 48 3.5213 0.041 3 8.2626 <0.0001
S*R*T 66 1056 2.5588 <0.0001 69 0.3022 1

S*SAP*T 22 1056 2.6144 <0.0001 23 1.0073 0.452
R*SAP*T 66 1056 2.21 <0.0001 69 0.2722 1

S*R*SAP*T 66 66 2.8337 <0.0001 69 0.4985 1
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In contrast to soil moisture, the four-way interaction and most of the three-way 
interactions were not significant for seedling persistence (Table 5). The only three-way 
interaction that was significant for seedling persistence was Species*Seeding Rate*SAP 
Rate (Table 5). All Siberian wheatgrass treatments had an increase in the percent of 
seedlings alive. An increase for bottlebrush squirreltail was only seen at the 8 kg ha−1 
seeding rate (Figure 5). Interestingly, the 8 kg ha−1 seeding rate for bottlebrush squirreltail 
was the only treatment that did not have an increase in soil moisture, although it trended 
similarly.  

Figure 4. Increase in gravimetric water content (GWC) and viable seedlings as a function of superab-
sorbent polymer (SAP) application and time in a glasshouse study for bottlebrush squirreltail and
Siberian wheatgrass. Data were averaged across all seeding rates of 2, 4, 8, and 16 kg ha−1. The SAP
rate of 3000 kg ha−1 was placed in a band at a depth of 8 cm directly below the seed. Following
SAP treatment, the soil was saturated once and then dried down naturally over the time of the study.
For the treated plots, with square markers, the solid (filled in) markers indicate highly significant
(p < 0.0001) differences compared to the control for that day, and open (not filled in) markers are not
significant.

In contrast to soil moisture, the four-way interaction and most of the three-way
interactions were not significant for seedling persistence (Table 5). The only three-way
interaction that was significant for seedling persistence was Species*Seeding Rate*SAP Rate
(Table 5). All Siberian wheatgrass treatments had an increase in the percent of seedlings
alive. An increase for bottlebrush squirreltail was only seen at the 8 kg ha−1 seeding rate
(Figure 5). Interestingly, the 8 kg ha−1 seeding rate for bottlebrush squirreltail was the only
treatment that did not have an increase in soil moisture, although it trended similarly.
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Figure 5. Percentage of live seedlings (p < 0.0001) and percent soil moisture (p = 0.0218) as a function
of seeding rate and superabsorbent polymer (SAP) application averaged across 56 d of a glasshouse
study for bottlebrush squirreltail (on the left) and Siberian wheatgrass (on the right). The SAP rate
of 3000 kg ha−1 was placed in a band at a depth of 8 cm directly below the seed. Following SAP
treatment, the soil was saturated once and then dried down naturally over the time of the study.
Bars within a species for each variable that share the same letter are not statistically different from
each other.

Though the three- and four-way interactions for soil moisture and the one three-
way interaction for seedling persistence previously mentioned are statistically significant,
the associated F-statistics are relatively low, indicating that they are significant but not
practically important relative to other effects. Both soil moisture and persistence have
multiple significant two-way interactions (Table 5). However, each has one with a relatively
large F-statistic, indicating that this interaction is more likely to have mean differences
representative of the population at large than the others or even than the three- or four-way
interactions. As such, it is instructive and informative to analyze the effect of both the
SAP*Date and the Species*SAP interactions.

For both soil moisture and persistence, the SAP*Time interaction is highly significant
(Table 5). However, the F ratio for the impact of that interaction on soil moisture is an
order of magnitude larger than all other interactions for that variable (Table 5). There was
a difference in soil moisture between SAP treatments until day 44, remaining constant at
about 3% greater for the first 19 d, then reducing steadily for the rest of the study (Figure 4).
On average, the gravimetric water content (GWC) of 14.3% for SAP treatments throughout
the study was higher than the control at 12.4% (Table A1). The GWC in SAP treatments
ranged from 44.2% on the day of planting to 2.6% on the day that there were no more living
seedlings. In contrast, the control ranged from 41.3% to 2.4% in the same period (Table A1).

The difference in the percent of viable seedlings (persistence) between SAP treatments
was not significant but rose steadily for the first 14 d. It then stayed relatively constant at
about 10%, until day 37 when it sharply increased (Figure 4). The 3000 kg ha−1 SAP band
kept up to 30% more plants alive than the control for at least the last 7 d of increased soil
moisture (day 37 to 44). By day 49, there was no longer a difference in soil moisture. By day
51, the difference in the relative percentage of viable seedlings disappeared. All seedlings
had died by day 56 (Figure 4).

The interaction of Species*SAP is highly significant for persistence, with an F ratio
an order of magnitude larger than all but one interaction (Table 5). This interaction was
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not significant for soil moisture. Treatment with SAP increased persistence of Siberian
wheatgrass from 39 to 60% (Table A2, Figure 6). A trend in the same direction was observed
for bottlebrush squirreltail, but the magnitude was much less, 29 to 32%, and it was not
statistically significant.
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S*R*SAP 3 0.4244 0.736 3 0.537 0.659 

3.3. Low SAP Rate 
3.3.1. Soil Moisture 

Soil moisture in SAP treatments was nearly always numerically greater than the 
control regardless of SAP Rate or Time, although only significant for some rates and dates 
(Table 7, Figure 7). Regularly testing the soil with a probe affected soil moisture. 
Comparison on day 99 of the soil moisture of the regularly tested areas of each row with 

Figure 6. Percentage of live seedlings (p < 0.0001) as a function of a superabsorbent polymer (SAP)
application averaged across 56 d of a glasshouse study and seeding rates of 2, 4, 8, or 16 kg ha−1

for bottlebrush squirreltail and Siberian wheatgrass. The SAP rate of 3000 kg ha−1 was placed in a
band at a depth of 8 cm directly below the seed. Following SAP treatment, the soil was saturated
once and then dried down naturally over the time of the study. Bars that share the same letter are not
statistically different from each other.

Seeding Rate and SAP did not impact seedling time to emergence or emergence
percentage (Table 6). However, there were differences across species for both (Table 6).
Days to emergence were 9 and 8 d for bottlebrush squirreltail and Siberian wheatgrass,
respectively. Percentage of seeds emerging were 50 and 80% for bottlebrush squirreltail
and Siberian wheatgrass, respectively.

Table 6. Statistical results of a glass house study evaluating the effect of species (S), seeding rate (R),
SAP rate (SAP), and their interactions on days to emergence and percent emergence. Bolded numbers
indicate p < 0.05.

Days to Emerge (Anova) % Emerged (Anova)
Effect DF F Ratio Prob > F DF F Ratio Prob > F

S 1 10.0268 0.002 1 24.2163 <0.0001
R 3 0.335 0.800 3 0.6647 0.578

SAP 1 0.0462 0.830 1 1.6028 0.212
S*R 3 0.3258 0.807 3 0.7814 0.510

S*SAP 1 1.7208 0.191 1 0.0098 0.922
R*SAP 3 0.2373 0.870 3 0.6838 0.566

S*R*SAP 3 0.4244 0.736 3 0.537 0.659

3.3. Low SAP Rate
3.3.1. Soil Moisture

Soil moisture in SAP treatments was nearly always numerically greater than the
control regardless of SAP Rate or Time, although only significant for some rates and
dates (Table 7, Figure 7). Regularly testing the soil with a probe affected soil moisture.
Comparison on day 99 of the soil moisture of the regularly tested areas of each row with
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the comparable untested areas of the same row revealed measurements that were nearly
double on the undisturbed side (p < 0.0001). The regularly tested areas had an average
volumetric soil moisture of 0.8% on day 99, in contrast to previously undisturbed soil at
1.5% (data not shown).

Table 7. Statistical results of a glass house study evaluating the effect of species (S), planting location
(L), SAP rate (R), time (T), and their interactions on soil moisture, as well as the effect of species and
location on seedling longevity. Bolded numbers indicate p < 0.05.

Soil Moisture Longevity
Effect DF F Ratio Prob > F F Ratio Prob > F

L 2 18.8207 <0.0001
S 1 0.2055 0.658 7.1565 0.008
R 5 0.9274 0.497 3.9492 0.002
T 16 7467.511 <0.0001

L*S 2 7.9641 0.0004
L*R 10 4.7621 <0.0001
L*T 32 3.7136 <0.0001
S*R 5 1.141 0.391 0.3532 0.880
R*T 80 4.7752 <0.0001
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3.3.2. Seedling Growth Parameters 
There were no differences in seedling emergence (p = 0.539). The effects of Species 
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Figure 7. Volumetric Water Content (VWC) different from the control as a function of a superabsorbent
polymer (SAP) rate and time relative to an untreated control in a glasshouse study with bottlebrush
squirreltail and Siberian wheatgrass seeded at NRCS recommended rates. Data are averaged across
both species. The SAP rates of 11, 47, 190, 750, or 1500 kg ha−1 were placed in a band at a depth of
8 cm perpendicular to the seed rows. Following the SAP treatment, the soil was saturated once and
then dried down naturally over the time of the study. Bars with “*” indicate statistical significance
relative to the control within that day (p = 0.05).

3.3.2. Seedling Growth Parameters

There were no differences in seedling emergence (p = 0.539). The effects of Species and
SAP rate on seedling longevity were highly significant (p = 0.008 and p = 0.002, respectively),
while their interaction was not (p = 0.880) (Table 7). The 1500 kg SAP ha−1 rate had greater
seedling longevity than the next two lower rates and trended towards having greater
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longevity than the control. However, seedling longevity was not statistically different than
the control for any treatment (data not shown).

3.4. SAP Depth and Root Growth
3.4.1. Soil Moisture

The interaction of SAP Placement Depth*Measurement Depth*Time on soil mois-
ture was highly significant (Table 8, Table A3), but only when the soil was saturated.
On 0 DAP at 10 cm measurement depth, the treatments with SAP bands at 3 and 8 cm
depths held less soil moisture than the control (p <0.001). This difference disappeared over
time. (Appendix Table A3). The two-way interactions of SAP Placement Depth*Time and
Moisture Measurement Depth*Time were also highly significant; however, there were no
differences between SAP treatments and the control. (Table 8, Table A3).

Table 8. Statistical results of a glass house study evaluating the effect of species (S), SAP placement
depth (P), moisture measurement depth (M), time (T), and their interactions on soil moisture. Bolded
numbers indicate p < 0.05.

Soil Moisture
Effect DF DF Den F Ratio Prob > F

S 1 27 0.0082 0.929
P 3 27 0.9046 0.452
M 3 84 347.4975 <0.0001
T 7 189 1741.724 <0.0001

S*T 7 189 0.6996 0.672
P*M 9 84 0.7963 0.621
P*T 21 189 2.5507 0.0004
M*T 21 588 26.6123 <0.0001

P*M*T 63 588 1.864 0.0001

3.4.2. Seedling Growth Parameters

The interaction of SAP Placement Depth*Species on the total number of seedlings
emerged was significant (Table 9). The same was true when evaluating the effect of the
presence or absence of SAP on the total number emerged (Table 9). However, the difference
was only between the controls (no SAP) of both species, where two bottlebrush squirreltail
seedlings emerged, compared to one Siberian wheatgrass seedling. Neither species had
SAP treatments that were different than their respective species control. Seedlings in most
pots began emerging by 20 DAP. The exception was one bottlebrush squirreltail control,
which did not have a seedling emerge until 34 DAP. Excluding that pot from the analysis,
the Species*SAP Placement Depth interaction was highly significant for days to emerge
(Table 9). Seedlings emerged in the bottlebrush squirreltail treatment with SAP placed at
a depth of 3 cm 2.3 d faster than the control. Bottlebrush squirreltail with SAP placed at
a depth of 8 cm trended in the same direction, but the difference was not significant. No
other bottlebrush squirreltail and none of the Siberian wheatgrass treatments were different
from their respective controls.

Table 9. Statistical results of a glass house study evaluating the effect of species (S), superabsorbent
polymer (SAP) placement depth (D), and their interaction on seedling emergence, shoot and root
biomass, shoot:root ratio, time for roots to reach the bottom of the canister (Time), and root length at
3 weeks. Mean comparisons were also made orthogonally evaluating species (S), SAP presence or
absence (P), and the interaction of the two. Bolded numbers indicate p < 0.05.

Metric DF F Ratio Prob > F

Total emergence 7 4.6899 <0.0001
S 1 4.9145 0.028
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Table 9. Cont.

Metric DF F Ratio Prob > F

D 3 5.4387 0.001
S*D 3 3.8661 0.010

Total emergence orthogonal 3 3.9670 0.009
S 1 10.2095 0.002
P 1 0.0604 0.806

S*P 1 7.3098 0.008
Days to emerge 7 6.4688 <0.0001

S 1 27.2552 <0.0001
D 3 3.4673 0.018

S*D 3 3.4673 0.018
Days to emerge orthogonal 3 8.9142 <0.0001

S 1 22.2726 <0.0001
P 1 1.9267 0.167

S*P 1 1.9267 0.167
Shoot biomass 7 1.3774 0.266
Shoot biomass orthogonal 3 1.8039 0.172
Root biomass 7 3.0537 0.022

S 1 7.5978 0.012
D 3 2.3923 0.097

S*D 3 1.8964 0.161
Root biomass orthogonal 3 2.5516 0.078
shoot:root ratio 7 0.3117 0.941
Shoot:Root ratio orthogonal 3 0.119 0.948
Time 7 1.7013 0.166
Root length 21 DAP 7 0.8454 0.563
Root length 21 DAP
orthogonal 3 1.4936 0.241

A visual assessment suggests that root growth was not negatively impacted by SAP
presence, as roots traveled into and through the SAP band with no signs of diversion in any
of the pots (Figure 8). There were no impacts of SAP on shoot or root biomass, shoot:root
ratio, time for roots to reach the bottom of the canister, or length of roots 21 DAP for either
species (Table 9).Land 2023, 12, x FOR PEER REVIEW 17 of 33 
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Figure 8. Seedling roots 5–12 cm below soil surface 51 d after planting: (a) bottlebrush squirreltail
control, (b) bottlebrush squirreltail with 3000 kg ha−1 SAP band placed at 8 cm depth, (c) Siberian
wheatgrass control, (d) Siberian wheatgrass with 3000 kg ha−1 SAP band placed at 8 cm depth.
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3.5. Fertilizer and SAP Interaction
3.5.1. Soil Moisture

Three of the four three-way interactions for soil moisture were significant (p < 0.0001):
Species*Fertilizer Depth*SAP, Species*SAP*Time, and Fertilizer Depth*SAP*Time (Table 10).
The SAP treatments with no fertilizer or fertilizer placed on the soil surface both held
a similar amount of gravimetric water throughout the study (Figure 9A). Both of these
treatments held more soil moisture than their control (the same fertilizer placement without
SAP), for the first 35 d for fertilizer placed on the soil surface and 40 d for no fertilizer.
The treatment of fertilizer placed directly into the SAP band 8 cm below the surface
held relatively more water than treatments with no fertilizer or fertilizer placed on the
soil surface throughout the study. That treatment also held more water than its control
(fertilizer placed at 8 cm depth with no SAP) for 49 d. The difference disappeared towards
the end of the study. The GWC was significantly higher for the fertilizer placed directly
into the SAP band at 8 cm depth than SAP treatment with no fertilizer 21, 24, and 26 DAP
(Figure 9A).

Table 10. Statistical results of a glass house study evaluating the effect of Species (S), Fertilizer
placement depth (F), SAP presence (SAP), Time (T), and their interactions on soil moisture each day.
Bolded numbers indicate p < 0.05.

Effect Nparm DF Den F Ratio Prob > F

S 1 59.79 0.0309 0.861
F 2 59.79 0.1003 0.905

SAP 1 59.79 84.938 <0.0001
T 29 1715 12,268.02 <0.0001

S*F 2 59.79 501,227 0.009
S*SAP 1 59.79 1.2507 0.268

S*T 29 1715 2.325 <0.0001
F*SAP 2 59.79 2.2206 0.117

F*T 58 1715 4.0967 <0.0001
SAP*T 29 1715 78.2095 <0.0001

S*F*SAP 2 59.79 0.9599 0.389
S*F*T 58 1715 3.5676 <0.0001

S*SAP*T 29 1715 4.0605 <0.0001
F*SAP*T 58 1715 2.2783 <0.0001

S*F*SAP*T 58 1715 1.2506 0.100

The two-way interaction of SAP*Time was also highly significant and had an F-value
an order of magnitude larger than any of the three-way or other two-way interactions
(Table 10). This indicates that that interaction held the bulk of the influence over the
changes in soil moisture compared to the influence of species in the interaction. Both
species behaved very similarly in that SAP treatments held more soil moisture for the first
~49 d of the study (Figure 9B).

3.5.2. Seedling Growth Parameters

The number of days to emergence was not impacted by fertilizer or SAP application,
species, nor any of their interactions (p = 0.460). However, the number of seedlings
emerged was significantly impacted by the Species*SAP interaction and Fertilizer Placement
Depth (p = 0.011 and p = 0.013, respectively). Bottlebrush squirreltail emergence was
not impacted by SAP, but Siberian wheatgrass increased 1.6 times that of the control
(Figure 10). Treatments with fertilizer did not increase the number of emerged seedlings,
and deeper fertilizer placement had a detrimental effect (Figure 11). The remaining two-
way interactions, Species*Fertilizer Depth and SAP*Fertilizer Depth, and the three-way
interaction did not have an impact (p = 0.720, p = 0.145, and p = 0.813, respectively).
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Figure 9. Gravimetric water content (GWC) for a superabsorbent polymer (SAP) fertilizer 
glasshouse study with bottlebrush squirreltail and Siberian wheatgrass (data averaged across Figure 9. Gravimetric water content (GWC) for a superabsorbent polymer (SAP) fertilizer

glasshouse study with bottlebrush squirreltail and Siberian wheatgrass (data averaged across species).
(A) Increase in GWC with SAP (compared to the control without SAP) for fertilizer applied at the:
Surface, 8 cm below the surface, or No Fertilizer. Filled markers indicate significance compared to
the control (no SAP) for each fertilizer treatment (p < 0.0001). The symbol “*” indicates days where
No Fertilizer was statistically less than with fertilizer applied at 8 cm depth (p = 0.05). (B) The GWC
with or without SAP. Data are averaged across fertilizer treatments. Filled markers on the SAP line
indicate significance compared to the control (p < 0.0001).
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Figure 10. Number of seedlings emerged as a function of superabsorbent polymer (SAP) application
averaged across applied fertilizer depths of 0 and 8 cm and 77 d of a glasshouse study with bottlebrush
squirreltail and Siberian wheatgrass. The SAP rate of 3000 kg ha−1 was placed in a band at a depth of
8 cm directly below the seed. Following SAP treatment, the soil was saturated once and then dried
down naturally over the time of the study. Bars with the same letters are not statistically different
from each other. p = 0.05.
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Figure 11. Number of seedlings emerged as a function of fertilizer placement depth compared to
an untreated control in a glasshouse study with bottlebrush squirreltail and Siberian wheatgrass.
Data were averaged over SAP presence at rates of 0 or 3000 kg ha−1 and across species. The soil was
saturated once and then dried down naturally over the time of the study. The fertilizer was placed at
a depth of 8 cm directly below the seed prior to saturation or at the soil surface at the time of planting.
Bars with the same letters are not statistically different from each other. p = 0.05.
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Seedling longevity was impacted by Species, SAP Application, and Fertilizer Place-
ment Depth (p = 0.008, p = 0.0002, and p = 0.058, respectively). No interactions were
significant. Seedlings in treatments with SAP at a rate of 3000 kg ha−1 lived 38 d, which
was 11 d longer than the control (Figure 12). The fertilizer used in this study did not
favorably impact seedling longevity and had a negative impact when placed at the surface
(Figure 13).
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application averaged across 77 d of a glasshouse study with bottlebrush squirreltail and Siberian
wheatgrass. Data were averaged across species and fertilizer placement depth (0 or 8 cm). The SAP
rate of 3000 kg ha−1 was placed in a band at a depth of 8 cm directly below the seed. Following SAP
treatment, the soil was saturated once and then dried down naturally over the time of the study. Bars
marked with “**” are highly significant at p = 0.0002.
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Figure 13. Seedling longevity, number of days alive, as a function of fertilizer placement depth in a
glasshouse study with bottlebrush squirreltail and Siberian wheatgrass. Data were averaged across
species and SAP rates of 0 and 3000 kg ha−1 applied in a band at a depth of 8 cm directly below the
seed. Following SAP treatment, the soil was saturated once and then dried down naturally over
the time of the study. The fertilizer was applied at a depth of 8 cm directly below the seed prior to
saturation or at the soil surface at the time of planting. Bars with different letters are statistically
different from each other p = 0.0584.
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3.5.3. Soil Rewet

SAP application increased soil moisture content when rehydrated but with reduced
effects after the initial saturation and dry down. An orthogonal comparison of gravimetric
water content on day 0 and day 40 after initial saturation compared to the same days
after rehydration as a result of SAP application was significant (p < 0.0001) (Figure 14).
Treatments containing SAP held 11.2% more soil moisture on day 0 after their initial
saturation in the fertilizer study compared to day 0 of their rehydration. At day 40 of the
fertilizer study, treatments with SAP after the initial saturation held 4.3% more moisture
compared to SAP treatments on day 40 after rehydration. Treatments with SAP held more
moisture than the control at both day 0 and day 40 after initial saturation in the fertilizer
study (p < 0.0001). That was also true for day 0 after rehydration. However, by day 40 after
rehydration, there was no difference in soil moisture content between SAP treatment and
the control (Figure 14).
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Figure 14. Comparison of gravimetric water content (GWC) as a function of superabsorbent polymer
(SAP) application between original saturation for the fertilizer study and rehydration after dry-down
period of 77 d. Data were averaged across species and fertilizer placement depth (0 or 8 cm). The SAP
rate of 3000 kg ha−1 was placed in a band at a depth of 8 cm directly below the seed. Following SAP
treatment, the soil was saturated once and then dried down naturally over the time of the fertilizer
study then rehydrated. Bars with different letters are statistically different from each other. p < 0.0001.

Six bottlebrush squirreltail and eleven Siberian wheatgrass seedlings emerged after
the soil was rehydrated. They were evenly spread across SAP and fertilizer treatments. As
the number emerged represented only 4% (17/432) of the total number of seeds planted
and only 7% (17/247) of the seeds that did not emerge after the initial saturation, no further
analysis was done.

4. Discussion
4.1. Soil Moisture

In our perennial grass studies, soil moisture in a loam soil was increased significantly
with Stockosorb 660 micro bands applied at a depth of 8 cm below the soil surface at rates
of 1500 and 3000 kg ha−1 (0.1 and 0.2%). Soil moisture was increased over the control for
up to seven weeks, with the largest differences occurring at the time of saturation and
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diminishing over time. The largest impact of soil moisture on seedling longevity occurred
during approximately the last 12 days, when there was a significant soil moisture difference,
despite the difference in soil moisture being near its lowest point.

Higher levels of soil moisture observed in this study as a function of the band-applied
SAP are similar to other container studies with a variety of soil types, plant species, and
SAP particle sizes, sources, and rates when mixed into the soil [35,40,42,52–56]. In general,
such studies found SAP to increase soil moisture in sandy-textured soils at application
rates between 0.04 to 1.0% (approximately 600–15,000 kg ha−1). The effect decreased in
finer-textured soils. In studies with both sandy and clayey soils, the sands had increased
soil moisture, but the clays did not [35,52,54,55].

Our results were similar to El-Asmar et al. [35]. In a soil moisture characteristic study
with clay (C) or sandy clay loam (SCL) soils, they found numerically increased water
content with increasing SAP application rates of 0.1, 0.2, 0.3, and 0.4% (approximately
1700–7100 kg SAP ha−1) when Stockosorb 660 was blended into the full container of soil.
However, water holding capacity was only increased significantly at the 0.4% rate at matric
potentials of 30 and 200 kPa and the 0.3% rate at a matric potential of 100 kPa in SCL. In
a further study growing maize (Zea mays L.) in the same soils with the same SAP rates,
they reported increases in evapotranspiration (ET), which is indicative of increased soil
moisture [57]. Banded SAP at rates of 0.2, 0.3, and 0.4% (approximately 3400–7100 kg ha−1)
resulted in increased ET in SCL. Mixing the SAP with the soil resulted in increased ET only
for the 0.3 and 0.4% SAP rates in SCL. There were no differences in water content or ET
in their C soil. In our studies, when the SAP was mixed with the soil, we saw an increase
in soil moisture at SAP rates of 1500 and 3000 kg SAP ha−1 (approximately the 0.1 and
0.2% rates used by El-Asmar et al. [35]). We did not test higher rates in our studies. This
difference could be explained by the soil texture differences. Our loam soil had only 21%
clay compared to 45% clay in the El-Asmar C soil and 37% clay in their SCL, giving us
a much larger percentage of the soil particles in the larger sand and silt proportions. As
discussed above, SAP effects on soil moisture decrease in finer-textured soils.

Additionally, our studies were conducted over a much wider range of matric potentials.
El-Asmar et al. [35] measured water content at matric potentials no lower than 200 kPa
with the lowest gravimetric water content (GWC) of 23%. A matric potential of 200 kPa is
well within the range of plant available water, which is typically assumed to be between
30 kPa (field capacity) and 1500 kPa (permanent wilting point). We did not monitor matric
potential in our studies. However, the soil in our studies was saturated and then allowed to
dry down for 76–107 d—until all seedlings had wilted and died and GWC was measured as
low as 2.2%. It may be that the SAP holds more water than the surrounding soil as the soil
matric potential decreases, relatively increasing water content as the rest of the soil dries.

A third factor that may have increased soil moisture in our studies in treatments with
the SAP mixed with the soil is the fact that the SAP was only blended into the top 8 or
15 cm of soil of 25 or 23 cm deep containers, respectively, not the full soil volume. When
El-Asmar et al. [35] included treatments of SAP mixed into the soil, the SAP was blended
into the full container of soil. They [35] suggest that banded SAP would allow water to
diffuse into the soil below when it was saturated, but then act as a barrier to soil capillary
rise as the soil dried. Concentrating the SAP into a portion of the container, even if not
banded, could have a similar, though reduced, impact—slowing water movement from the
soil below and increasing the overall moisture holding capacity.

Application of SAP increases plant available water not only by absorbing and holding
water within the polymer, but it has also been shown to decrease bulk density and increase
soil porosity [28,34,35,53,58,59]. Soil pores vary in size and shape and are categorized as
macropores (>0.08 mm) and micropores (<0.08 mm). Macropores readily allow movement
of air, water, and plant roots through the soil profile, while movement through micropores
is more limited. Thus, an increase in soil macropore size can be beneficial. If, however, they
are large enough to create large subsurface voids, moisture may be more easily lost due to
drainage or evaporation [23]. This may result in a reduction in seedling longevity. Sarvaš
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et al. [60] found reduced transplant seedling survival with Stockosorb micro with Scotch
pine (also known as “Scot’s pine”; Pinus sylvestris). This was attributed to the swelling
of the SAP that “pushed up” the seedlings, resulting in their demise, likely due to loss
of soil moisture from large subsurface voids. No information is given on the size of the
planting hole, but we speculate that their application rate (7 g tree−1) was higher than
ours. Depending on the transplant method, the planting holes could have ranged between
approximately 8 and 25 cm in diameter. The applied rate of 7 g SAP mixed into each
planting hole would be equivalent to approximately 1400 and 14,000 kg ha−1.

Similarly, we frequently observed raised or cracked soil in our studies with SAP bands
at ≥750 kg ha−1. In general, the SAP broke through the soil surface, creating cracks, as it
became saturated and swelled. Soil cracking did not occur with the deepest (15 cm) SAP
placement. However, the entire soil surface in those pots was raised ~1 cm compared to the
controls. Bakass et al. [61] found that SAPs dry out ahead of the surrounding soil. Since it
is the absorption of water that causes the SAP to swell, it shrinks as it dries. It is plausible
that as the banded SAP swelled, it also spread to form a layer. This could have resulted in a
void below the surface as it dried, and the displaced soil retained its shape.

We found that the soil in the pots was divided into separate layers at the level of the
dried SAP after complete dry-down. This was similar to El-Asmar et al. [35] who observed
the formation of large air pores as individual SAP granules dried when mixed in the soil, as
well as the formation of distinct soil layers after drying when SAP was applied as a band.
The formation of large cracks and subsurface voids was likely exacerbated by both the
placement in a concentrated band and the relatively high SAP rates in our studies. These
cracks exposed the SAP and deeper layers of soil to air, light, and heat and could potentially
lead to faster drying of the soil. However, this did not result in reduced soil moisture in
these studies. As mentioned above, El-Asmar et al. [35] suggest that banded SAP, wet or
dry, prevents evaporative loss of soil moisture from beneath it, even when exposed to the
elements, thus maintaining higher soil moisture levels.

Reducing the SAP rates to reduce the threat of soil cracking always resulted in a
reduced impact on soil moisture level and longevity, if any impact occurred at all. Similarly,
Bandak et al. [62] found that the application of Super AB A-200 (Rahab Resin Co., Tehran,
Iran or Iramont, Inc. Laval, Quebec, Canada) at rates of 1000 and 2000 kg ha−1 increased
soil moisture. However, no effect was measured at the low rate of 500 kg ha−1. Hüttermann
et al. [42] suggest that there may be a minimum SAP concentration required to see an
increase in soil moisture. Curiously, in our reduced rate study, the two lowest rates, 11 and
47 kg ha−1, increased soil moisture for up to 11 d, but the 180 and 750 kg ha−1 rates did
not, possibly due to drying due to greater soil swelling. The 1500 kg ha−1 rate also did not
increase moisture in that study but did so in other studies. Increased soil moisture at the
lowest rates could possibly be a result of the formation of relatively smaller air pockets
created within the soil that still allowed for increased percolation and reduced evaporative
loss without disturbing the soil surface.

The one exception to increased soil moisture with high-rate SAP bands was the SAP
and Root Depth Study that showed no significant difference in soil moisture. Interestingly,
unlike the other studies, there was no soil cracking, either. That study was conducted
in round canisters with SAP placed in a band around the circumference of the canister,
rather than square pots with the SAP band running across the middle. This may have been
equivalent to reducing the amount of SAP at any one spot, thus reducing the soil cracking
as the band swelled, but also reducing the positive impact on increased soil moisture.

Several other studies have also reported reduced SAP absorptive capacity when resat-
urated after complete dry-down of the soil [38–41,55,63–67]. Holliman et al. [39] reported
that the largest decrease was observed in the first 18 months of use. Bai et al. [38] reported
significant reductions of 73–99% in SAP water absorbency of four different SAPs after five
rewet cycles over 5 months. Banedjschafie and Durner [40] found that water retention of Su-
per AB A-200 at application rates of 0.3, 0.6, and 1.0% (approximately 3400–15,000 kg ha−1)
thoroughly mixed into sandy soil reduced significantly after the first wetting/drying cycle
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but was significantly increased over soil alone. They also found plant available water
decreased by about 50% compared to the initial saturation after six months of repeated
wetting and drying. Zhang et al. [37] found that the superabsorbent resin AG101 (Formosa
Plastic Corporation, Kaohsiung City, Taiwan) absorbed and reabsorbed water 30–50 times
before degrading. The reduction in absorbency has been attributed to degradation due to
weathering, microbial action, and exposure to salts [27,34,38,40,43,53,55,56,63–66].

The gradual replacement of the original structural SAP cations (usually sodium (Na+)
or K+) with calcium (Ca2+) and/or magnesium (Mg2+) is one possible source of the reduced
absorption efficiency of SAPs [38,40,55,56,67]. Banedjschafie and Durner [40] attributed the
reduction in SAP absorption to specific salts, especially Ca2+, in the soil solution, while
water-soluble phosphorus (P) and K had only a moderate effect on the reduction in water
uptake. Yu et al. [56] attribute the reduction to the exchange in adsorbed cations within the
SAP structure itself. They report that the strongest reduction is associated with bivalent
cations, especially Ca2+ and Mg2+, compared to monovalent cations, especially Na+ and
K+. We saw indications of this effect in our studies (Figure 9). The UTTR soil used in this
study was especially high in Ca2+ and Mg2+ (Table 2), but GWC was increased with the use
of a fertilizer high in K+ applied to the band. If the application of monovalent cations in or
near a subsurface SAP band would improve its absorptive capacity, lower SAP rates could
provide desired establishment or soil moisture results while reducing soil disturbance.

4.2. Seedling Growth Parameters

The use of banded SAP in these studies resulted in the same or better seedling longevity
and/or persistence without any apparent negative impact on rooting. Significant longevity
increases were measured at times, but only consistently at the highest rate of 3000 kg ha−1

and only at placement depths of 8 and 15 cm, where the highest soil moisture was also
measured. Despite soil cracking and subsurface voids, there was no negative impact on
longevity at either the 1500 or 3000 kg ha−1 rate at any placement depth. When it was
measured, we found no effect on seedling emergence, longevity, shoot or root biomass,
shoot:root ratio, or root growth.

There has been very little research done on the effects of placing SAP in a concentrated
band in the soil on plant growth, but it may have a positive impact. El Asmar et al. [35]
found similar longevity results which they attributed to the creation of soil water reservoirs
in banded SAP. They applied SAP in clay (C) and sandy clay loam (SCL) soils at rates of
0.1, 0.2, 0.3, and 0.4% (approximately 1700–7100 kg SAP ha−1), either mixed with the soil
or placed in bands 25 cm below the soil surface to pine (Pinus pinea) seedlings. They found
an increase in seedling survival time with SAP rates of 0.2 and 0.4% when placed in bands.
There was no difference relative to the control when the SAP was mixed in the soil. They
also found increased corn shoot fresh and dry weights when the same SAP rates were
banded and placed at a depth of 15 cm, but not when the SAP was mixed into the soil. We
found no clear influence of SAP band application on plant height but did see an increase in
the number of blades per plant. The extreme drought conditions of our studies prevented
the seedlings from developing into mature plants. However, the increased blade count
indicates the possibility that an increase in above-ground biomass may have resulted if
they had persisted.

Other works have demonstrated that SAPs, in general, do have a positive impact on
plant growth [25,42,43,68,69]. Lucero et al. [43] used both starch- and acrylic-based SAPs
and found a significant effect on leaf biomass and area in black grama grass (Bouteloua
eriopoda), another long-lived, warm-season rangeland grass species. Additionally, Hütter-
mann et al. [42] reported pronounced growth of Aleppo pine (Pinus halepensis) seedling
shoots and roots under drought conditions with Stockosorb K 400 mixed into the soil at a
concentration of 0.4% (w/w approximately 7000 kg ha−1). Rezashateri et al. [25] found simi-
lar results in a containerized study of wormwood (Artemisia sieberi), a variety of sagebrush,
with three different SAPs, including one from Stockosorb, at rates of 5 and 10 g kg−1 soil
(or approximately 1800–3700 kg SAP ha−1). Yang et al. [69] found that SAP rates between
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30–45 kg ha−1 increased biomass, grain number, and yield in corn grown in low-rainfall
conditions. Coello et al. [68] found that Aleppo pine growth generally increased with
increased SAP application but noted a saturating effect.

Reducing the banded SAP rates below 1500 kg ha−1 in these studies did not impact
seedling longevity compared to the control. This is in contrast to Johnston and Gar-
bowski [70], who documented benefits to perennial grass establishment in field studies
with in-season irrigation and application of two SAPs (Luquasorb 1280 RM and Tramfloc
1001) at rates of 310 and 450 kg ha−1 blended with the seed. This contrast could be due to
different SAPs, higher soil moisture, field conditions, and direct seed placement in their
study. The swelling of the dispersed SAP and any resulting soil cracking or subsurface
void formation would also have been diffused across the planting area.

Root growth affects seedling establishment [25,26,71]. This may be especially true for
seeded native species competing with invasive annuals in arid conditions [26]. We saw no
SAP influence on any seedling root parameters for the first 7 weeks (approximately 20 cm)
of growth of bottlebrush squirreltail and Siberian wheatgrass in the SAP Depth and Root
Growth study. In contrast, Garbowski [72] saw higher root mass fraction in a field study
using the same SAP as in our studies but at rates of 250 kg ha−1 and blended to a depth
of 10 cm. The increase in root mass was dependent on other treatments such as ambient
precipitation and increased cheatgrass presence. Rezashateri et al. [25] found increases in
sagebrush root dry weight and root/shoot ratio with all tested SAPs and irrigation levels
in sandy loam soil. Some treatments, including Stockosorb at 10 g kg−1 (4000 kg ha−1) at
75% average irrigation rate, resulted in increased root length, perimeter, area, and volume.
Bandak et al. [62] saw an increase in root length and weight of rain-fed wheat with the
application of the superabsorbent polymer A200 SAP. Zhou et al. [66] found shorter roots
with more surface area in an irrigated summer maize (Zea mays) using organic–inorganic
composite superabsorbent polymers, which are SAPs incorporating inorganic materials
such as clays. Hüttermann et al. [42] found that the growth of Aleppo pine root tips stopped
during water stress, but in the presence of SAP, the adventitious and side roots were able to
continue to grow.

Our contrasting results may be a function of the length and the severe drought condi-
tions of our studies. The impact of SAPs on seedling survival is diminished over multiple
growing seasons [4,36,72]. This could be a function of the degradation of the product [39]
or the plant roots growing beyond the placement location. Our trials were too short to
observe SAP degradation, but we did not find any difference in root growth to and through
SAP bands compared to the control in our study. However, the use of SAP has been shown
to increase soil moisture in this and other studies, which may positively impact seedling
survival in the short term [35,42,43,68,70].

Some differences were observed between species in these studies, with Siberian wheat-
grass responding more favorably to SAP than bottlebrush squirreltail. The number of days
to emergence was not affected by SAP treatment in any study where it was measured.
In most studies, the number of seedlings emerged was also not impacted. However, the
number of Siberian wheatgrass seedlings that emerged was increased 1.6 times with SAP
treatment in the Fertilizer study. Siberian wheatgrass persistence increased with SAP
application in the Reduced Seeding Rate study. Bottlebrush squirreltail trended in the same
direction, but this trend was not significant. This is similar to Minnick and Alward [4], who
found that Aquasorb (Ark Enterprises, Warsaw, MO, USA), a cross-linked Na-polyacrylate
SAP, increased survival of rubber rabbitbrush (Ericameria nauseosa) but not big sagebrush
(Artemisia tridentata) or four wing saltbush (Atriplex canescens). The effects may be varied
for different types of grasses as well. More research is needed to determine species that
may benefit from banded SAP use more than others.

Though SAPs are reported to hold fertilizers in place to increase plant access and
growth [27,73], we found the use of a low-N fertilizer, with or without SAP, had no positive
impact on seedling emergence or longevity. In fact, application of the fertilizer at a depth
of 8 cm negatively affected the number of seedlings that emerged, but not their longevity.
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This was despite an increase in soil moisture when SAP was also present at that depth.
Applying the fertilizer at the soil surface negatively impacted seedling longevity but did not
impact soil moisture. The use of fertilizers has been shown to negatively impact seedling
establishment in restoration efforts in arid regions [74,75]. It is possible that rangeland
species that have evolved in harsh conditions without additional nutrition inputs could be
negatively impacted if SAPs held not only water, but also increased nutrient concentrations
near their roots [40,56].

Drought severity may impact the effectiveness of SAP. In a containerized study using
Aleppo pine, Del Campo et al. [76] found that three SAPs (Aguaspon, Stockosorb, and
Terracottem) mixed into the soil at rates of 0.01 and 0.1% (180–1800 kg ha−1) were effective
in moderate drought conditions, with effects diminished at suction tensions higher than
30 kPa. This would indicate that the effects of SAPs diminish beginning at about field
capacity, much wetter than the dry soils in these studies or those found in the field during
the summer. Garbowski et al. [72] reported no establishment effects on first-year field-
grown rangeland seedlings under drought conditions, in contrast to positive effects in the
deficit-irrigated agriculture condition. They suggest there may be a soil moisture threshold
for positive effects on soil moisture content. Their SAP application rates were 1/6–1/12
those used in these studies, and higher rates could allow for higher moisture holding
capacity. Rezashateri et al. [25] found that higher rates of SAP, 10 g kg−1 compared to
5 g kg−1 (or approximately 1800–3700 kg SAP ha−1), had a greater impact on the growth of
wormwood at 75% of the normal precipitation rate than 100 or 150% applied every 30 d to
simulate natural precipitation patterns. In contrast, most of our studies were conducted
under what should be considered severe drought conditions. It is entirely possible, though
unlikely, that no further moisture inputs would occur during a growing season in the Great
Basin. If the SAP was present and could increase soil moisture enough to allow seedlings to
survive to the next precipitation event or allow the seedling roots to grow deep enough to
find moisture lower in the soil profile, it could greatly impact seedling establishment rates.
The benefits would need to be balanced against the need for higher SAP rates to capture
and retain enough soil moisture as well as possible soil cracking and seedling death due
soil displacement by swelling higher SAP rates.

Severe drought conditions may also explain why we did not see an impact on seedling
longevity or other growth parameters when the SAP was mixed in the soil. The effects of
mixing SAP into the soil were measured in only two of our studies. In the SAP Rate and
Depth study, we observed a significant increase in soil moisture over the duration of the
study but no increase in seedling longevity. This could be due to the trial conditions. SAPs
have been used in agriculture when mixed in the soil to reduce the number of irrigations
needed [32–34]. They have also been shown to increase seedling growth in rangeland
applications when mixed into the soil [36]. In each of these situations, there are at least
occasional additions of water through irrigation or precipitation. In our studies, the soil
and SAP were saturated once and then allowed to dry down. No additional water inputs
after initial saturation would have greatly increased the drought severity over the course of
the studies relative to field conditions.

The utility of SAP use for seedling establishment will likely vary depending on location
and project. Precipitation, temperature, terrain, and site size are just some of the factors that
determine restoration success generally and SAP feasibility specifically. Priced between
USD 5.00–6.18 kg−1 (USD 2.27–2.80 lb−1) (Ken Aguilar, Global Plastic Sheeting, San Diego,
CA, USA; personal communication (2017); Scott Mecom, Creasorb, Omaha, NE, USA;
personal communication (2017)), the cost per kg of Stockosorb 660 micro is low relative
to restoration seed mixes. Seed budgets for reseeding projects in the Great Basin run
between USD 185–865 ha−1 (USD 75–350 acre−1), with the average falling between USD
370–500 ha−1 (USD 150–200 acre−1) (Josh Buck, Granite Seed, Lehi, UT, USA; personal
communication (2018)). To increase the likelihood of seeing a response, SAP was used in
these initial studies at rates ranging from 11 to 3000 kg ha−1. At these rates and prices, the
cost for Stockosorb 660 micro would range from USD 55–18,500 ha−1.
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There are several mitigating financial factors to consider, however. It may be possible
to procure SAP at a lower price if purchased in very large quantities. The soil in these
studies only received one saturating irrigation at the time of planting. Having the ability
to reabsorb water during multiple precipitation events, lower amounts of SAP may be
required to increase establishment in the field. If used in a band, the SAP must be buried
in the ground, presumably with an attachment to a range drill. As such, it may only be
used with species and in areas with terrain and slope that permit that seeding method or
something similar, limiting the amount needed to be purchased. Improved establishment
rates could reduce the amount of seed, and thus the cost, needed each year. If establishment
rates are successfully improved, the need and cost to reseed the same area multiple times
may also be reduced or eliminated. Rather than being used on the entire reseeding area, SAP
could be used facilitate assisted succession. Bio-islands or green firebreaks of established
perennial grasses could provide a free seed source, invasive species control, fire protection,
and erosion reduction for the larger landscape, allowing other species to establish. Invasive
weed and fire suppression provided by perennial grasses could also help reduce the overall
restoration costs for the site by reducing the amount of money spent to manually, chemically
or mechanically do the same. Once SAP effectiveness is demonstrated in the field, future
studies should be done to evaluate the SAP effect on establishment in the field, determine
best SAP and seeding rates, and determine species best suited to SAP use to improve the
seedling establishment rate while lowering restoration costs.

5. Conclusions

We found that when mixed with the soil or placed in bands, moisture in the soil
was increased at SAP rates of 1500 and 3000 kg ha−1 for up to 7 weeks under glasshouse
conditions. We found seedling longevity improvements under the same conditions in
two rangeland species, bottlebrush squirreltail and Siberian wheatgrass, when SAP was
placed in bands at a rate of 3000 kg ha−1 at 8 and 15 cm depth. In some cases, we saw
inconsistent trends or impacts at lower SAP rates. Soil moisture increased with SAP bands
placed more shallowly, but seedling longevity was not impacted. However, at the high
SAP rates, we observed soil cracking and the creation of subsurface voids which could
impair soil moisture. Fertilizer placed in the SAP band increased soil moisture, but there
was no benefit to seedling longevity. Generally, the two species responded differently to
the presence of SAP, but there were some similarities. Further research should determine
which species would benefit most. Because these are preliminary data from a glasshouse
study, future work should evaluate banded SAP use under field conditions. The low cost of
the SAP relative to the cost of seed makes it an appealing option in rangeland restoration.
However, swelling SAP at high rates displaces soil, and lower rates do not seem to provide
enough increase in water holding capacity within the soil to affect seedling establishment.
Targeted applications where deeper band placement is possible could counteract the soil
cracking. As such, banded SAP is potentially a better option to establish bio-islands or
green firebreaks rather than as a general application.
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Appendix A

Table A1. Gravimetric water content (GWC) for bottlebrush squirreltail and Siberian wheatgrass
grown in treatments with and without superabsorbent polymer (SAP) at seeding rates of 2, 4, 8,
or 16 kg ha−1 (1/4, 1/2, 1, or 2 times the NRCS recommended seeding rate). All treatments were
watered only once to saturation and allowed to dry down.

Bottlebrush Squirreltail Siberian Wheatgrass
Seeding Rate, kg ha−1

—-2—- —-4—- —-8—- —-16—- —-2—- —-4—- —-8—- —-16—-
ctrl SAP ctrl SAP ctrl SAP ctrl SAP ctrl SAP ctrl SAP ctrl SAP ctrl SAP

Day
Gravimetric Water Content, %

0 41.0 44.6 42.0 44.9 41.3 44.2 41.2 44.0 42.2 44.5 41.2 43.0 39.6 45.3 42.1 42.9
2 36.4 40.5 37.7 40.9 36.2 39.9 37.0 40.2 38.0 40.0 36.3 38.8 35.5 41.0 36.6 39.3
5 31.2 34.8 32.9 35.5 30.6 34.5 31.8 34.3 32.8 34.6 30.9 33.4 29.3 35.3 31.5 33.8
7 28.7 32.5 30.6 33.3 28.4 32.1 29.3 31.9 30.4 32.1 28.4 31.0 26.9 32.8 29.2 31.6
9 26.4 30.3 28.4 31.0 26.1 29.7 26.8 29.7 28.2 29.9 26.1 28.6 24.8 30.2 26.7 29.2
14 18.4 22.1 19.4 22.4 17.3 21.5 17.5 21.3 20.2 20.4 17.7 20.3 16.2 22.3 18.6 20.6
16 15.6 19.2 16.2 19.5 14.5 18.3 14.5 18.3 17.2 17.2 14.8 17.5 13.5 19.4 15.5 17.6
19 13.1 16.8 14.0 17.0 12.5 15.8 12.5 16.0 14.6 15.1 12.7 15.1 11.7 16.8 13.3 15.2
21 9.7 13.2 10.6 13.2 9.6 11.9 9.4 12.6 10.7 12.0 9.6 11.6 9.0 12.7 9.8 11.7
23 8.3 11.1 8.9 10.8 7.8 10.0 7.9 10.6 9.0 10.0 8.1 9.6 7.5 10.6 8.2 9.8
26 7.2 9.6 7.7 9.3 6.6 8.8 7.0 9.2 7.7 8.7 7.1 8.3 6.5 9.1 7.1 8.5
28 6.8 9.0 7.2 8.5 6.0 8.2 6.5 8.5 7.1 8.1 6.6 7.7 6.1 8.5 6.5 7.9
30 6.5 8.5 6.9 8.2 6.2 7.8 6.3 8.2 6.8 7.7 6.4 7.4 5.9 7.9 6.3 7.5
33 5.8 7.7 6.3 7.4 5.6 7.2 5.7 7.4 6.1 7.0 5.7 6.7 5.4 7.0 5.6 6.8
35 4.9 6.5 5.3 6.2 4.8 5.9 4.8 6.2 5.1 5.9 4.9 5.7 4.6 5.9 4.8 5.6
37 4.7 6.2 5.1 5.9 4.5 5.7 4.7 5.9 4.9 5.6 4.6 5.5 4.3 5.6 4.5 5.4
40 4.0 5.4 4.3 5.1 3.9 4.5 4.0 5.1 4.2 4.9 4.2 4.7 3.7 4.9 3.9 4.6
42 3.7 4.9 3.9 4.7 3.5 4.0 3.6 4.7 3.8 4.4 3.6 4.3 3.4 4.4 3.6 4.2
44 3.4 4.6 3.7 4.4 3.3 3.7 3.4 4.4 3.5 4.2 3.4 4.0 3.2 4.1 3.4 4.0
49 2.8 3.6 2.9 3.4 2.6 2.7 2.7 3.4 2.8 3.2 2.7 3.2 2.6 3.2 2.8 3.1
51 2.7 3.4 2.8 3.2 2.5 2.6 2.7 3.2 2.7 3.1 2.6 3.0 2.5 3.1 2.6 3.0
54 2.5 3.0 2.5 2.9 2.3 2.3 2.5 2.9 2.4 2.7 2.4 2.7 2.3 2.8 2.4 2.7
56 2.4 2.9 2.5 2.8 2.3 2.2 2.4 2.8 2.4 2.7 2.4 2.6 2.2 2.7 2.4 2.6

Table A2. Persistence (percent of seedlings alive) for bottlebrush squirreltail and Siberian wheatgrass
grown in treatments with and without superabsorbent polymer (SAP) at seeding rates of 2, 4, 8,
or 16 kg ha−1 (1/4, 1/2, 1, or 2 times the NRCS recommended seeding rates). All treatments were
watered once to saturation and allowed to dry down.

Bottlebrush Squirreltail Siberian Wheatgrass
Seeding Rate, kg ha−1

—-2—- —-4—- —-8—- —-16—- —-2—- —-4—- —-8—- —-16—-
ctrl SAP ctrl SAP ctrl SAP ctrl SAP ctrl SAP ctrl SAP ctrl SAP ctrl SAP

Persistence, %
Day

4 0 0 0 0 0 0 0 0 0 0 6 0 3 0 0 0
5 0 0 0 0 0 0 2 0 13 25 25 31 28 19 16 25
7 13 0 19 13 22 28 34 25 50 75 56 75 50 69 50 66
9 50 38 25 38 31 38 36 31 63 75 56 75 50 69 53 69
12 50 38 38 44 31 53 41 36 63 75 69 81 63 72 53 70
14 50 38 38 50 47 59 45 52 63 75 69 94 69 75 56 81
16 50 38 38 56 50 63 48 50 63 75 75 94 69 78 61 81
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Table A2. Cont.

Bottlebrush Squirreltail Siberian Wheatgrass
Seeding Rate, kg ha−1

—-2—- —-4—- —-8—- —-16—- —-2—- —-4—- —-8—- —-16—-
ctrl SAP ctrl SAP ctrl SAP ctrl SAP ctrl SAP ctrl SAP ctrl SAP ctrl SAP

Persistence, %
Day
19 50 38 38 56 50 63 48 52 63 75 75 94 69 78 61 81
21 50 38 38 44 50 59 47 52 50 75 75 94 69 78 63 80
23 50 38 38 44 50 59 47 52 50 75 75 94 69 78 63 80
26 50 38 38 44 50 56 47 52 50 75 75 94 69 78 63 80
28 50 38 38 44 50 56 47 52 50 75 63 94 69 78 63 80
30 50 38 38 38 50 53 47 50 50 75 56 94 69 66 53 77
33 50 38 38 38 50 53 47 50 50 75 56 94 69 66 53 77
35 50 38 38 38 50 53 47 50 50 75 56 94 69 66 53 77
37 50 38 38 38 44 50 42 50 50 75 31 88 44 56 42 73
40 50 38 38 25 34 50 17 42 50 75 13 88 28 56 34 64
42 38 25 19 19 16 47 6 36 38 75 6 81 19 50 13 58
44 25 25 13 13 13 41 2 28 38 63 0 75 6 41 5 42
47 25 25 13 13 13 41 2 27 38 63 0 75 6 38 5 42
49 13 25 6 6 6 38 0 22 25 50 0 63 3 31 5 39
51 0 13 0 0 3 9 0 3 0 38 0 38 0 9 0 8
54 0 0 0 0 0 0 0 0 0 0 0 19 0 0 0 2
56 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Table A3. Soil moisture with associated p-values for individual dates × superabsorbent poly-
mer (SAP) placement depth × measurement depth. Values within a grouping that are significant
(p-value < 0.05) are in bold-face type and have means separated for statistical significance. Values
not sharing the same letter(s) are statistically different from one another.

Days after Planting 0 4 13 20 27 34 41 50

SAP depth
3 cm measurement depth

control 36.0 g 31.9 22 9.4 4.6 20.6 15.5 13.4
3 cm 35.9 g 30.4 18.9 10.2 6.3 23 18.2 13.3
8 cm 36.6 fg 31.7 21.4 12.4 4.2 19.8 14.8 13.5

mixed 34.8 g 29.7 19.1 10.5 4.8 19.4 16.8 13.8
5 cm measurement depth

control 38.3 ef 36.4 30.1 19.2 13.5 17.4 12.8 10.6
3 cm 38.3 ef 34.8 27.9 19.1 15.2 20.9 16.4 11.4
8 cm 38.4 def 35.3 28.9 19.1 11 20.8 15.6 10.5

mixed 39.2 cde 36.5 29.5 19 12.8 20.5 15.5 9.9
8 cm measurement depth

control 39.9 cde 37.7 31.54 23.4 16.8 18.3 14.1 11.7
3 cm 39.2 cde 37 32.6 23.7 18.7 22.6 18.3 12.5
8 cm 40.1 bcd 37.7 31.7 20.7 13.3 20.4 15.4 11.8

mixed 39.5 cde 37.5 30.2 22.6 16.7 21.9 17.4 12.5
10 cm measurement depth

control 42.6 a 39.6 33.8 25.7 19.1 19.1 15.1 10.2
3 cm 39.5 cde 37.5 34.6 25.9 21.1 21.9 14.5 10.5
8 cm 40.6 bc 38.6 33.4 24.5 19.9 21.8 15.3 10.9

mixed 41.7 ab 38.9 32.2 24.9 17.8 20.6 16.3 13

p-values <0.001 0.514 0.219 0.221 0.128 0.159 0.491 0.586
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