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EXTENDED ABSTRACT  

 

In the western United States, successful restoration of degraded habitat is often hindered by 

invasion of exotic species and unfavorable climatic conditions. Cheatgrass (Bromus tectorum L.) is an 

especially aggressive competitor on disturbed lands and poses threats to restoration, including 

outcompeting desirable species, altering soil nutrient cycles, reducing species diversity, and 

decreasing the quality of forage and wildlife habitat. In addition, uncertainties of future climate and 

precipitation changes make planning for and implementing restorations difficult. With their ability to 

absorb moisture when soils are wet and slowly release it over time, superabsorbent polymers (SAPs) 

may buffer seeded species against negative impacts of precipitation fluctuations.  In a prior CPW 

study (Johnston 2012), incorporating SAPs into the soil at the time of seeding was found to reduce 

cheatgrass cover by up to 50%, possibly by shifting the timing of soil moisture availability in a way 

that favors perennial plants.   

 

Because SAPs act on existing soil moisture, their effectiveness is likely to depend on 

precipitation factors, such as total annual precipitation, seasonal timing, and size of precipitation 

events.  In this study, we assess the repeatability of the prior study in two additional locations which 

have contrasting precipitation patterns: a Colorado front range site (Waverly Ranch, Larimer County), 

and a Colorado western slope site (Dry Creek Basin State Wildlife Area, San Miguel County).  We 

quantify how SAPs influence soil moisture through time at these locations, and how drought, 

cheatgrass presence, and SAPs interact to influence plant community development.  At the Dry Creek 

Basin site, we also contrast broadcast versus pelleted application methods.   

 

We implemented the experiment by preparing research areas, seeding a native seed mix, and 

applying drought, SAPs, and cheatgrass treatments in a factorial design (drought: exclusion of 66% of 

ambient rainfall or ambient rainfall; cheatgrass presence: 465 seeds m
-2 

or none; SAP: 26 g m
-2 

or 

none).  Drought was imposed via construction of rainfall diversion shelters, and treatments were 



completed in fall 2013 at Waverly and summer 2014 at Dry Creek. Seedling density was monitored in 

the first growing season at each site, while plant cover was the primary metric in subsequent years.  

Soil moisture (both sites) and first-year soil available nitrogen (NH3
-
, NH4

+; 
Dry Creek only) were 

also assessed. This report contains results and analysis of first-year data: 2014 at Waverly and 2015 at 

Dry Creek.  Plant cover data from 2015 and 2016 at Waverly and 2016 at Dry Creek will be analyzed 

for a future report. 

 

Drought had a large effect at both Waverly and Dry Creek.  By the end of the first growing 

season, seeded or native species seedling densities and soil moisture were lower in drought plots at 

both sites.  At Waverly, SAP addition increased density of seeded species, but only in plots with 

ambient precipitation (Figure 9).  Cheatgrass density was low at Waverly and no effects of cheatgrass 

addition were found.  In contrast, cheatgrass established well at Dry Creek and had a large impact on 

seeded plants and soil moisture, while SAP had no effect.  At Dry Creek, seeded annual densities 

were highest in mid-summer in ambient precipitation plots without cheatgrass. Cheatgrass and rainfall 

treatments interacted in an interesting manner to influence soil moisture at Dry Creek.  At 30 cm 

depth, soil moisture was by far lowest in plots with ambient precipitation and cheatgrass.  Apparently, 

a stand of cheatgrass can reduce deep soil moisture to a greater degree than a 66% reduction in 

rainfall.   

 

The effectiveness of SAP at Dry Creek was not improved by pelleted application.  Overall, 

seeded species establishment was lower when seeds were applied in pellets than when they were 

broadcast, regardless of whether or not SAP was included in the pellets.  Seeds within pellets 

germinated well in the greenhouse; therefore we suspect that germinating seedlings from pellets may 

have had difficulty transitioning from the pellet to the surrounding soil.   

 

Other reasons for the lack of SAP effect at Dry Creek include insufficient application rate and 

insufficient soil moisture.  The rate used in this study, 0.045% by weight (257 kg/ha) costs 

approximately $1,900 ha
-1

 ($800/ ac).  Higher application rates are often used in greenhouse settings, 

but are impractical for the large areas relevant to dryland plant community restoration.  SAP was most 

effective under ambient precipitation at Waverly, which likely had the highest spring soil moisture of 

any plots in this study.  Prior studies have found SAPs to be more effective under drier conditions, but 

these studies did not examine soils as dry as those in this study.  We may have found a lower limit of 

soil moisture for which SAP application is beneficial.  Testing localized SAP application, either in 

drill seeded rows or pellets, under higher soil moisture conditions, is warranted.   

 

Overall the effects of SAP on plant emergence, soil resources, and cheatgrass establishment were 

site and precipitation dependent.  Soil moisture, soil texture, or other site-specific factors are likely 

also responsible for differences between the results of this study and the prior CPW effort.  Finding 

conflicting results at different sites is not uncommon in restoration ecology.  Further monitoring, 

assessment at additional sites, modeling exercises, and synthesis can improve the quality of 

management recommendations.  Developing restoration treatments and techniques that ameliorate the 

negative impacts of drought and invasive species is fundamental to restoring resilient wildlife 

habitats. 
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INTRODUCTION 

   

In the western US, post-agricultural land frequently becomes dominated by exotic 

species, leading to non-native communities that may persist for decades (Kulmatiski 2006).  Such 

areas often have low species diversity and provide poor wildlife habitat (Knapp 1996b, Falk et al. 

2013), prompting managers to seek treatments that will restore native plants.  Even so, restored 

ecosystems often do not reach pre-disturbance conditions (Benayas et al. 2009). This is in part 

because of a need for better plant reestablishment techniques, especially in arid and semi-arid 

areas (Shackelford et al. 2013).  

 

Invasive plants that flourish following disturbances present a major challenge to 

successful restoration efforts. For example, cheatgrass is a superior competitor for soil water and 

nutrients compared to seedlings of perennial species (Aguirre and Johnson 1991), and traditional 

rangeland restoration practices are seldom successful where it is the dominant species (Knapp 

1996b, Chambers et al. 2007a, Reisner et al. 2013).  

 

Cheatgrass’ success stems from its life history, phenology, and seed production, which 

work together to interfere with native seedling recruitment (Young et al. 1987). This plant is a 

winter annual and will germinate in the fall if there is sufficient moisture. Its seed can germinate 

at lower temperatures and at lower water potential than native perennial grass species (Harris 

1967, Hardegree et al. 2013a). Cheatgrass characteristically demonstrates earlier season root and 

more rapid shoot growth compared to perennial grasses (Harris 1967, Aguirre and Johnson 1991). 

Its ability to acquire early season biomass enables cheatgrass to get a head start and utilize water 

and nutrients before seedlings of slower-growing native perennial species (Aguirre and Johnson 

1991). In a greenhouse study, as few as 40 cheatgrass seedlings m
-2

 outcompeted seedlings of a 

perennial grass, primarily through superior root and shoot production and moisture uptake by 

cheatgrass during the early growth stages (Evans 1961). Lastly, cheatgrass produces up to 20,000 

seeds m
-2 

(Hempy-Mayer and Pyke 2008), which perpetuates its competitive success into 

subsequent generations.  

 

The competitive advantages of cheatgrass may be amplified during droughts, as 

cheatgrass has been shown to compete more effectively when summer moisture is lower (Bradley 

2009) and when soil moisture is more variable from year to year (Chambers et al. 2007a).  When 

drought conditions and cheatgrass presence are combined, restoring native species becomes 

extremely difficult.  Investigating a tool that will potentially aid native plant restoration under 

these challenging conditions is the goal of this project.   

 

A prior CPW pilot study found that adding super absorbent polymers (SAPs) to soil when 

seeding native species reduced aerial cover of cheatgrass by 50% at one site (Johnston 2012).  

SAPs absorb moisture when soils are wet, then gradually release water over time, reducing 

drought stress for many types of plants (Huttermann et al. 2009, Agaba et al. 2010).  The 

mechanism by which SAPs may reduce the competitive advantage of cheatgrass is unknown, but 

it is possible that SAPs alter the timing of soil moisture availability so that a larger fraction of the 



resource is available later in the growing season, when perennial plants are active, but cheatgrass 

is not (Kulmatiski et al. 2006).  Altered soil nitrogen availability may also play a part in the action 

of SAPs, as nitrogen availability is often synchronized with water availability in arid ecosystems 

(Belnap et al. 2016). 

 

The prior CPW study examined the effectiveness of SAPs under ambient precipitation at 

two mountain big sagebrush (Artemisia tridentata ssp. vaseyana) locations in northwestern 

Colorado.  The goal of the current study is to determine if the prior results are repeatable in other 

areas, and to address additional topics with regard to the applicability of using SAPs in 

restoration: 1) How does drought influence the action of SAPs? 2) How effective are SAPs at 

sites with differing precipitation patterns?  3) How do cheatgrass presence, SAPs, and drought 

interact to influence soil moisture availability? 4) How do SAPs affect the timing and amount of 

plant-available soil nitrogen? 4) How effective are SAPs when broadcast versus applied in a seed 

pellet? 

 

METHODS 

 

 

Site selection. We sought two sites with similar land use histories and total precipitation amounts, 

but precipitation patterns that represent typical differences between eastern and western Colorado.  

The western slope of Colorado receives most of its precipitation from Subtropical Pacific 

moisture in the late summer and early fall in a pattern known as the North American Monsoon. 

The Front Range, on the other hand, receives the majority of its precipitation in the spring and 

early summer from the Gulf of Mexico and subtropical regions of the US.  Dry Creek State 

Wildlife Area, San Miguel County CO, and Waverly Ranch, Larimer Country CO suited our 

needs (Figure 1, Figure 2).  Both had been tilled and planted with pasture grasses, followed by 

several decades of grazing.  At Dry Creek, the project area was tilled and planted (likely with 

crested wheatgrass and possibly other pasture grasses) in the mid 1950’s, irrigated for several 

years, and then became fallow.  Sheep were then grazed in the area until the late 1970’s, followed 

by cattle until 2006.  It has not been grazed since 2006 except for light cattle grazing in the spring 

of 2011.  At Waverly, the project area was tilled in the 1950’s or 1960’s, and may have been used 

as cropland before being seeded with crested wheatgrass for pasture.  Sheep and cows were 

grazed in the area until about 2000.  In 2012, both sites were sprayed with glyphosate, harrowed 

twice, and then drill seeded with native plants. 

 

 At each site three blocks were designated to place experimental plots based on uniform 

vegetation and minimal slope (<15°). Both sites had abundant weedy species present, mostly non-

native bindweed (Convolvulus arvensis), and the native species rubber rabbitbrush (Ericameria 

nauseosa, Figure 2). Additional common species at Waverly included annual sunflower 

(Helianthus annus), Rocky Mountain bee plant (Cleome serrulata), purple threeawn (Aristida 

purpurea), crested wheatgrass (Agropyron cristatum) and western wheatgrass (Pascopyrum 

smithii). Common species at Dry Creek included scarlet globemallow (Sphaeralcea coccinea), 

wild alyssum (Alyssum parviflorum) and cheatgrass (Bromus tectorum).   

 

Experimental Design. At both sites, a 2 X 2 X 2 factorial experiment was implemented, crossing 

these factors: 

1) Precipitation (ambient or 66% reduced) 

2) SAPs (25 g/m
2
 or none) 

3) Cheatgrass (465 seeds/m
2
 applied or none) 

Each block contains one replicate of the above design as well as an unseeded plot, a plot which 

had a control rainfall exclusion shelter (without cheatgrass and with broadcast seed), and four 

 



additional plots duplicating factors 2) and 3) above (Figure 3).  The unseeded plot was included 

in order to assess the seed bank, the control rainfall exclusion shelter was included to assess 

shelter effects on wind and temperature, and the four additional plots will be used for clipping 

plants to develop regressions between plant biomass and non-destructive measurements.   

 

At Dry Creek only, a 4
th
 factor was also included: 

4) Seeding/SAPs application method (broadcast or pelleted). 

The seeding method treatment was crossed only with factors 2) and 3), under ambient rainfall.  

Seed was broadcast in plots that were not involved with factor 4).  This design permits two 

analyses at Dry Creek: one that crosses precipitation, SAPs, and cheatgrass (with broadcast seed), 

and one that crosses SAPs, cheatgrass, and application method (under ambient rainfall). 

 

Block and plot setup. Study treatments were randomly assigned to plot areas within the blocks in 

a checkerboard design with non-treated plot-sized areas separating every experimental plot 

(Figure 3). Plots are approximately 3.6m by 4.4m (12ft by 15ft). To prepare areas, the study 

blocks at both sites were mowed with a brush mower to remove tall vegetation and shrubs. The 

study areas were then sprayed with a solution of glyphosate and water at a rate of 4480 g ai/ha 

(1gal of 41% glyphosate/acre). Glyphosate was sprayed at Dry Creek four times in the summer 

and fall of 2013 and another two times in the spring of 2014.  Glyphosate was sprayed two times 

at Waverly in the fall of 2013 (Oct 26, Nov 13).  

 

Seed mixes and collection. Seed mixes were developed for each site independently to use 

appropriate restoration species at each site. Species of native grasses, forbs, and shrubs were 

selected based on their suitability to the climate, presence in surrounding areas, and availability. 

Between the two seed mixes, numbers of seeds/m
2 
was kept constant, number of species and 

seeds in each functional group (grasses, forbs, and shrubs) were kept consistent, and number of 

cheatgrass seeds per plot was kept constant. All of the seed for the Dry Creek study site was 

stored at the CPW seed warehouse throughout the winter and spring 2014 to prevent changes in 

viability. Seed mixes are summarized in Table 1.   

 Cheatgrass seeds that were used in the experiment at both sites were collected within 6 

kilometers (10 miles) of each study site. A volume sufficient enough to provide 465 seeds/m
2 
was 

prepared for each plot. Big sagebrush seeds were collected for the Dry Creek site in November 

and December of 2013 from within 3 km of the study area. A volume sufficient enough to 

provide 192 viable seeds/m
2  

was prepared for each plot.   

 Seed pellets containing the same native species as were broadcast at the Dry Creek site 

(Table 1) were created by Rose-Agri Seed Inc, Canby, OR. Seeds were divided by size into three 

groups (large seeds, small seeds, and big sagebrush) for pellet fabrication. Large and small seed 

pellets measured approximately 1cm on each side and sagebrush pellets measured approximately 

0.5cm on each side. Pellets consisted of cornmeal and coir in approximately equal amounts and 

contained 3-4 seeds each for large seed pellets and small seed pellets, and ~10 seeds each for 

sagebrush pellets.  SAP was added at 2.5 % (w/w) to pellets for use in plots receiving pelleted 

application with the SAP treatment.   

 

Soil treatment and seeding. At both sites, block areas were tilled with a rototiller to a depth 

between 5-10 cm (2-5 inches). Super-absorbent polymer (Stockosorb 660 Micro, 0.2-0.8 mm, 

Evonik Industries, Germany) was applied to appropriate plots by hand at a rate of 25 g/m
2
. The 

entire block area was then disked twice to incorporate polymer to a depth between 5-10 cm. The 

entire block area was then settled with a cultipacker to compact the soil. Plots were once again 

reflagged where needed. These tasks were completed at Waverly during the week of Dec 3, 2013 

and at Dry Creek during the week of June 4, 2014. Native restoration seeds and cheatgrass seeds 

were broadcast on appropriate plots and incorporated by raking. The soil surface was then firmed 



with a lawn roller. Seeding was completed at Waverly on Dec 18, 2013 and July 25, 2014 at Dry 

Creek. Seed pellets were applied at Dry Creek on October 16, 2014 at approximately 122 

pellets/m
2
, for a seeding rate of 310 seeds/m

2
 for large seed and small seed pellets, and 

approximately 50 seeds/m
2
 for sagebrush pellets.  Although this application rate may exceed that 

of pelleted seed applications in some field settings, the amount of seed applied was only ¼ that of 

the broadcast seeding treatment.  We chose this application rate because it was equal in cost to the 

broadcast treatment, and therefore seemed to be a fair comparison to make between the two 

treatment types.  

 

Rainfall diversion installation. To prevent above and below ground water movement between 

treatment areas and their surroundings, plastic flashing was installed around each plot to a depth 

of 45 cm and extending 10 cm above the soil surface. Rainfall diversion (i.e. ‘rainout’) shelters 

were constructed over appropriate plots to remove 66% of ambient precipitation from treatment 

plots. A total of four rainout shelters were constructed at each block (Figure 4) totaling 12 

shelters at each site, and 24 shelters total.  In addition to rainout shelters, one control shelter was 

constructed at each block. Control shelters were constructed in the same way as rainout shelters 

but rather then intercepting rain, the plastic troughs were installed upside down, allowing 100% 

of rain to fall through the shelter. A total of six control shelters were constructed between the two 

sites.  These will be monitored to better understand any effects shelter structures may have on 

plant establishment due to factors other than drought, such as shading or wind protection. Shelters 

were constructed at Waverly during the week of April 21, 2014 and at Dry Creek SWA the week 

of June 30, 2014. All shelters were oriented so that one of the sides nearer the ground was facing 

the direction of the prevailing winds to minimize rain being blown underneath the shelter. 

 

Climate/Soil Equipment Installation. At two of the blocks at each site, soil moisture and 

temperature probes (5TM model probes, Decagon Devices, Pullman WA) were installed in plots 

crossing SAPs, cheatgrass, and precipitation treatments (Figure 3) at two depths: 5 cm (2’’) and 

30 cm (18’’). Probe cables were strung through PVC piping to prevent weather and animal 

damage and connected to data loggers (CR1000 model loggers, Campbell Scientific, Logan UT). 

Sensors to monitor shelter effects and ambient climate variables were installed at or near one 

randomly selected shelter at one block at each site.  Precipitation (Campbell mo. #TE525) and 

wind speed and direction (Campbell mo. #03002-L10) sensors were installed outside the shelter.   

Air temperature, relative humidity (Campbell mo. #HC2S3-L50) and photosynthetically active 

radiation (Apogee mo. # SQ-110-L-15) sensors were installed both under shelters and adjacent to 

shelters. Cables from climate sensors were connected to data loggers. 20W solar panels 

(Campbell mo. #SP20-PW, Wel-Bilt, mo. #25266) and batteries were installed at each site to 

continuously power data loggers.  

 

Monitoring. Monitoring of soil and climate variables began at Waverly in May 2014 and in July 

2014 at Dry Creek. Soil temperature and moisture are being continuously measured and are 

logged every 30 minutes (as the average of the prior 30 minutes). Air temperature, solar radiation, 

wind speed and direction are being continuously monitored and hourly averages are being logged. 

Precipitation is being measured by a logging the times a tipping rain bucket collects 2mm of rain.  

 

Vegetation monitoring at Waverly began in May 2014. Seedling counts were conducted 

at Waverly three times during the summer of 2014 during the weeks of May 19, July 14 and Sep 

1. To complete seedling counts, four, 0.5m x 1m frames were placed in designated, systematically 

arrayed locations within experimental plots and all seedlings were counted, identified to species 

when possible, and recorded.  

 



Vegetation monitoring in 2015 consisted of plant cover data at Waverly and seedling 

counts as well as plant cover data at Dry Creek.  Cover data frames contained a grid with 96 

intersections.  Point intercept cover hits were recorded at each grid intersection using a strong 

laser with a bubble level. Species present in all canopy layers were recorded at each hit. Dry 

Creek seedling count data was collected on May 19, July 21, and September 30.  Plant cover data 

was collected June 12 and September 12 at Waverly, and July 1 at Dry Creek using two (1.5 m X 

1m) frames held over each plot.  In 2016 plant cover data was collected on June 13 and 

September 5 at Dry Creek and July 18 and September 12 at Waverly. Biomass was collected at 

Waverly between July 20 and Aug 5 2016.  

 

Plant water potential was measured on three species at each site in 2015 and four times in 

2016.  In 2015, predawn water potential was measured on every occasion, and midday water 

potentials were recorded beginning in June. In 2015, cheatgrass was measured May 22 and June 

17 at Dry Creek and June 3 and June 26 at Waverly, Bindweed (Concolculus arvensis) was 

measured May 22, June 17, and July 21 at Dry Creek and June 3, June 26, and July 17 at 

Waverly, Sunflower (Helianthus annuus) was measured July 21 and September 1 at Dry Creek, 

and Tanseyleaf tansyaster (Machaeranthera tanacetifolia) was measured July 17 and August 25 

at Waverly. 

 

Species selection was constrained by species prevalence in plots, as we sought to measure 

only species abundant enough that removal of plant tissues would have a negligible effect on the 

experiment.  Six plants of each species were measured from each plot on each occasion. Water 

potential was measured by sealing freshly cut shoots into a model 600 pressure chamber (PMS 

instruments).  

 

Seasonal Site Winterization. Shelters at both sites were winterized in Oct of 2014, 2015, and 

2016. Plastic troughs were removed and gutters reinforced were necessary. Plots received 

ambient snowfall throughout the winter months prior to reinstallation of shelters in April 2015 

and 2016.  

 

Nitrogen probe installation. At Dry Creek in 2015, we used plant root simulator probes 

(WesternAg Innovations, PRS ® Technology) to measure the effects of treatments on plant 

available nitrogen (NO3- and NH4
+
). Four cation and anion probes were placed in treatment plots 

from May – June, July –Aug, and Sep- Oct. WesternAg Innovations (Saskatoon, SK, Canada) 

analyzed inorganic nitrogen concentrations.  

 

Statistical analysis of exclusion, cheatgrass, and SAP treatment effects.  We used repeated 

measures linear mixed effects models to analyze effects of treatments on plant functional group 

densities for the following groups: all perennials, seeded perennials, all annuals (excluding 

cheatgrass), seeded annuals and cheatgrass. Repeated measures, linear mixed effects models were 

used to analyze treatment effects on total nitrogen, nitrate, and ammonium.  ANOVA models 

were used to analyze effects on volumetric water content (VWC) at 5cm and 30 cm depth at 

weekly intervals. Analyses were completed for both sites individually. In seedling density and 

nitrogen analyses, date and treatments were considered fixed effects, and block was considered 

random. In analysis of VWC, and treatments were considered fixed effects, and block was 

considered random.  

 

Statistical analysis of application method, cheatgrass, and SAP treatment effects at Dry Creek.  

We used linear mixed effects models to analyze effects on density of seeded species.  Date and 

treatments were considered fixed effects, and block was considered random.  In order to compare 

plant establishment in terms of plants established per numbers of seeds applied, we also 



normalized plant density data by seeding rate, and re-ran the model.  This was to account for the 

fact that seeding rate was lower for pelleted than broadcast application. 

 

For plant response analyses, functional group densities were either square root or log transformed 

before analysis to meet assumptions of normality and backwards selection was used to retain the 

simplest model in all cases. All analyses were completed in the statistical program R (R 

Development Core Team 2012).  This report includes analysis of the first growing season at each 

site (2014 data at Waverly, and 2015 data at Dry Creek). 

 

RESULTS 

 

Weather.  During the 2014 growing season, overall precipitation and temperature at Waverly 

were average with the site receiving 307 mm of precipitation March – September (30-year 

average: 327mm) and observing average daily temperatures between 5.7°C (42°F) and 22.3°C 

(71°F). Typical of this area, the spring (March – June) was the wettest part of the year, though 

less precipitation fell than usual; the site received 155 mm of precipitation compared to the 30-

year average of 209 mm. Slightly higher than average precipitation, 152 mm compared to the 30-

year average of 119 mm, fell from July through the end of September at Waverly (Figure 5c). 

Average temperatures (5.4°C - 22.2°C) and annual precipitation (280 mm compared to the 30-

year average of 270mm from March - September) were observed at Dry Creek during the first 

growing, but timing of precipitation was atypical for the area. The area usually receives around 

110 mm of precipitation in the spring (March – June) but in 2015 during this period, the site 

received 190 mm of precipitation, 82 mm of which fell in the first ten days of June. Generally, the 

late summer and early fall are the wettest parts of the year with, on average, 160 mm of 

precipitation falling July – September. But in 2015, only 70 mm of precipitation fell during this 

period (Figure 6c).  

 

Plant community. There were great differences in plant community responses between the two 

study sites. The plant community responses and densities reported below do not include 

cheatgrass, unless mentioned explicitly. Annuals dominated at both sites comprising 64% of the 

community (108 plants/m
2
) at Waverly and 78% of the community at Dry Creek (129 plants/m

2
). 

At Waverly the annual community was 86% native and dominated by two species, Rocky 

Mountain bee plant and annual sunflower (Helianthus annuus), which accounted for 62% and 9% 

of all annual forbs, respectively. The annual community at Dry Creek was dominated by non-

native species, primarily alyssum (Alyssum simplex), and Russian thistle (Salsola tragus), which 

comprised 64% and 16% of the annual community, respectively. Compared to annuals, perennial 

establishment was low at both sites. 34% of the community at Waverly (71 plants/ m
2
) and 22% 

of the community at Dry Creek (39 plants/ m
2
) was perennial. Seeded native perennials accounted 

for 14% (9 plants / m
2
) and 8% (3 plants / m

2
) of the perennial communities at the Waverly and 

Dry Creek sites, respectively. Bindweed (Convolvulus arvensis) was the most prevalent perennial 

species at both sites, accounting for 78% and 89% of the perennial community at Waverly and 

Dry Creek, respectively. Cheatgrass establishment was high, reaching a maximum in the late 

season of 289 plants/m
2
 at Dry Creek, accounting for 63% of the total plant community in plots 

where cheatgrass was seeded. In contrast, cheatgrass establishment at Waverly was low, reaching 

a maximum of only 2 plants/m
2
 and accounting for less than 2% of the total plant community.  

 

Seedling counts. Different experimental treatments had the greatest influence on the divergent 

plant communities at our two sites: SAP and exclusion drove patterns at Waverly and cheatgrass 

and exclusion drove patterns at Dry Creek. The densities reported for both sites do not include 

cheatgrass seedlings. In the first growing season (2014) at Waverly total seedling densities were 

60% higher (82.38 ± 29.41 plants/m
2
) with SAP treatment than without SAP (52.33± 29.41 



plants/m
2
) though this trend was not significant (p=0.10). This was primarily driven by over a 

three-fold increase in annual seedlings in May, from 14 plants/m
2 
in plots without SAP compared

 

to 49 plants/ m
2
 with SAP (Table 2, Figure 7).  Seasonal seeded annual densities were three times 

greater in SAP treatments with 13 plants/ m
2 
compared to 41 plants/ m

2
 without SAP, but this 

trend was not significant (p = 0.11, Table 2). In addition, densities of seeded species under 

ambient conditions increased steadily throughout the season (May: 37.9 plants/m
2
, July: 44.6 

plants/m
2
, September: 52.6 plants/m

2
) but increases under exclusion conditions were smaller 

overall and no significant increase was observed in the later part of the summer (May: 16.3 

plants/m
2
, July: 20.8 plants/m

2
, September: 22.3 plants/m

2
, Figure 8). Overall, SAP treatments 

improved establishment of all seeded species under ambient conditions (13 plants/m
2 
to 77 

plants/m
2
, p = 0.09) but not under exclusion conditions (Figure 9). Interactive effects of 

exclusion, SAP, and cheatgrass affected seeded perennial densities. Seeded perennial densities 

were lower in exclusion treatments in all cases except in treatments with cheatgrass and no SAP. 

Perennial seedling counts under this treatment combination (cheatgrass and no SAP) did not vary 

between ambient (4.5 plants/m
2
) and exclusion (5.1 plants/m

2
) conditions (Table 2, Figure 11). 

Cheatgrass seedling densities were lower in exclusion treatments though differences were only 

evident at the latest sampling date, September 2014, and total densities remained low reaching 

only three plants/m
2
 (Figure 10).  

 

At Dry Creek, total seedling densities were over two times greater in ambient 

precipitation treatments (82.51± 31.2 plants/m
2
) than in exclusion treatments (28.86 ± 30.42 

plants/m
2
). Annual species densities were three times greater in ambient treatments (67.62 ± 

29.10 plants/m
2
) than in exclusion treatments (14.69 ± 28.25 plants/m

2
) and drove this overall 

trend (Table 2). After reaching their highest densities in July (12.92 ± 2.43 plants/m
2
), native 

seedling densities in ambient plots remained higher at the end of the season (10.77 ± 2.43 

plants/m
2
) than at early establishment (May) but densities in exclusion plots returned to spring 

levels (5.43 ± 2.39, Figure 12). Cheatgrass treatments had varied effects on different plant 

functional groups. Total seedling densities were higher with seeded cheatgrass, 67.27 ± 30.03 

plants /m
2
 compared to 44.10 ± 31.75 plants /m

2
 without seeded cheatgrass, and once again this 

trend was primarily driven by increases in annual seedling densities (54.62 ± 27.85 plants/m
2 
with 

cheatgrass, 27.71 ± 29.69 plants/m
2 
without cheatgrass, Table 2). However, densities of all seeded 

species were lower with cheatgrass (Table 2). Densities of all seeded species with cheatgrass 

reached 2.79 ± 0.83 plants/m
2
 compared to 5.13 ± 0.85 plants/m

2
 without cheatgrass. Seeded 

annual densities were also greater without cheatgrass though differences varied by date and 

precipitation treatment. Seeded annual densities in plots with ambient conditions and without 

cheatgrass were greater than densities with exclusion and cheatgrass in July and September, as 

well as treatments under ambient precipitation with and without cheatgrass in September (Table 

2, Figure 13). The lower densities of cheatgrass seedlings under exclusion treatments was 

primarily driven by differences between treatments in the fall with 476.52 ± 157.7 seedlings/m
2
 

under ambient conditions compared to 0.52± 153.24 seedlings per m
2 
under exclusion (Table 2, 

Figure 14).  

 

At Dry Creek, we found about 5-fold lower densities of seeded species with pelleted 

application than with broadcast application across the three dates measured in 2015 (p < 0.0001; 

Figure 15).  We found no effect of SAP in this analysis and cheatgrass had a negative impact on 

seeded species regardless of seeding method. Similar results were found after analyzing 

normalized data, although the p-value associated with seedling method in relation to seeded 

species response was slightly higher (p = 0.004) than in the non-normalized analysis. 

 

 



Soil Volumetric Water Content. The effects of treatments on soil volumetric water content (VWC) 

varied by site, depth, and time. At the beginning of data collection at Waverly on June 3 of 2014, 

VWC at the 5 cm depth in plots with SAP was 20% lower (13.4 ± 1.1%) than in plots without 

SAP (16.4 ± 1.1%; p = 0.07) averaging over cheatgrass and exclusion treatments (Table 3, Figure 

5a). On July 27, 2014 VWC at 5 cm in exclusion plots was 25% lower (11.9 ± 1.6%) than 

ambient plots (15.4 ± 1.6%; p = 0.057, Table 3, Figure 5a). On July 27, 2014 the effect of SAP on 

VWC of soils at 30 cm varied with levels of cheatgrass and exclusion (Table 3). VWC in ambient 

plots without SAP and with cheatgrass was almost two times higher (21.91 ± 1.88%) than 

ambient plots with SAP and with cheatgrass (11.68 ± 1.88%; p = 0.08) and exclusion plots with 

SAP and without cheatgrass (9.56 ± 2.75%, Table 3, Figure 16).  

 

In 2015 at Dry Creek, plots with cheatgrass had approximately 20% lower volumetric 

water content at 5cm depth than plots without cheatgrass from April 30, 2015 to June 4, 2015 

(Table 4, Figure 6a). Exclusion plots were drier than ambient plots at 5cm periodically from May 

7, 2015 through August 13, 2015 (Table 4, Figure 6a). From April 9, 2015 through May 14, 2015 

the effect of cheatgrass on VWC at 30cm depth varied with the level of precipitation. Under 

ambient conditions, VWC of soils with cheatgrass was on average 20% lower than in plots 

without cheatgrass. VWC of soils with ambient precipitation and cheatgrass throughout this 

period ranged from 13.4% ± 1.6% to 15.5% ± 2.5% as compared to soils with ambient 

precipitation and no cheatgrass, which ranged from 17.3% ± 1.6% to 20.7% ±3.8%. On two dates, 

May 7 and May 14, VWC at 30cm in plots with cheatgrass under ambient conditions was 20% 

lower than in plots with exclusion treatments, regardless of level of cheatgrass within the 

exclusion treatment (Table 4, Figure 6b).  

 

Plant available nitrogen. At Dry Creek where nitrogen measurements were taken in 2015, 

concentrations of soil total nitrogen, most of which was nitrate, varied by date and precipitation 

treatments (Figure 17, Table 5).  In June 2015, total nitrate concentrations were twice as high 

(499.77± 46.52 mg/m
2
) in exclusion treatments than ambient treatments (144.72 ± 46.52 mg/m

2
). 

This pattern reversed by September 2015, when concentrations of nitrate were over three times 

greater in ambient treatments (221.83 ± 46.51 mg/m
2
) compared to exclusion treatments (69.33 ± 

46.51 mg/m
2
). Concentrations of soil ammonium varied based on precipitation and cheatgrass 

treatments (Figure 18). Without cheatgrass, concentrations of ammonium were greater in 

treatments under exclusion (4.97± 0.49 mg/m
2
) than ambient conditions (3.11 ± 0.49 mg/m

2
), but 

no differences were observed in the presence of cheatgrass. Ammonium concentrations decreased 

throughout the season overall, while nitrate concentrations decreased only in exclusion treatments 

(Figure 17).  

 

DISCUSSION 

 

Drought – Plant community (Both sites). Drought conditions (66% reduction of ambient rainfall) 

had significant effects on plant emergence and establishment at both of our study sites. At 

Waverly, seeded species densities increased early in the growing season under both ambient and 

exclusion conditions, but recruitment through the end of the season was only observed under 

ambient conditions (Figure 8; compare differences May-July vs. July-Sept). This suggests that 

drought later in the growing season may limit plant recruitment, possibly as a result of 

competition for resources by annuals that established earlier in the season (Tilman 1997, 

Zimmerman et al. 2008). At Dry Creek, total seedling densities, most of which were non-native 

annuals, under reduced precipitation were half that of ambient levels. After reaching their highest 

densities in July, native seedling densities in ambient plots remained higher at the end of the 

growing season than at early establishment (May), while densities in exclusion plots returned to 

spring levels (Figure 12). Post emergence seedling mortality is considered a key limitation to 



plant establishment in arid and semi-arid systems (Salihi and Norton 1987, Pyke 1990). Our 

results suggest that emerging native plants under drought conditions were particularly affected 

later in the growing season. At Waverly native seedlings were unable to either germinate or 

emerge, while at Dry Creek seedlings experienced a bottleneck in survival from emergence to 

establishment. Even though overall densities varied greatly, in the fall at both sites, exclusion 

limited densities of cheatgrass. Cheatgrass can germinate whenever temperatures and soil 

moisture are favorable, and usually germinates in the fall (Beckstead 1996).  Further monitoring 

of cheatgrass emergence timing at both sites will advance our understanding of how precipitation 

changes may influence cheatgrass growth strategies and seasonal impacts on plant communities 

and soil resources.  

 

Although drought had large effects at both sites, it interacted with the other treatments 

differently at the two sites. At Waverly, exclusion and SAP interacted to affect seedling densities, 

while at Dry Creek, exclusion interacted with cheatgrass to affect soil resources and seedling 

densities. The two sites also differed in spring precipitation, cheatgrass establishment, and 

dominant annual forb species, which may have influenced treatment effects and plant responses.  

At Waverly, two large rainfall events occurred in May. Although we did not have soil moisture 

sensors in place at that site until mid-June, given the size of the rainfall events and the fact that 

smaller precipitation events were followed by increases in soil moisture at both sites (compare 

panels of Figures 4 and 5), it is reasonable to conclude that May soil moisture was high at 

Waverly in the Spring of 2014.  

 

Cheatgrass established readily at Dry Creek, but only at very low densities at Waverly, 

which may have been related to the timing of seeding at the two sites. Waverly was seeded in 

December 2013, past the opportune fall germination window for cheatgrass (August-October) 

(Beckstead et al. 1996). As soil moisture in the spring was suspected to be high, cold 

temperatures (Chambers et al. 2007b, Blumenthal et al. 2016) or the early germination of Rocky 

Mountain bee plant may have suppressed cheatgrass establishment at Waverly. In contrast, 

seeding at Dry Creek (July 2014) was followed by high fall precipitation (162 mm from July 

through September 2014) and resulted in high cheatgrass establishment the following spring. 

Finally, dominant annual forb species differed at the two sites, with large-statured Rocky 

Mountain bee plant dominating Waverly, and small-statured Alyssum dominating Dry Creek. 

 

SAP + Drought x SAP – Plant community (Waverly). At Waverly, SAP treatments increased 

establishment of total seedlings, most of which were the native annuals Rocky Mountain bee 

plant and annual sunflower. The higher numbers of annuals that emerged in SAP plots suggests 

that SAP application may improve establishment of some species more than others. Shorter 

hydrothermal periods (Larson et al. 2015) or higher germination percentages (Wainwright and 

Cleland 2013) of annuals may explain why annuals but not perennials responded to SAP 

treatments. Interestingly, SAP treatments improved establishment of all seeded species (82% 

annual forbs) under ambient conditions but not under exclusion (Figure 9). Although significant 

interactions emerged between SAP, exclusion, and cheatgrass on seeded perennial densities, 

effects were largely driven by exclusion treatments and no significant differences of means were 

found for different levels of cheatgrass or SAP within each precipitation treatment (Figure 10).  

 

SAPs are primarily marketed as a way to improve plant establishment in water limited 

areas and have been found to improve germination and water use of plants in both agricultural 

and re-vegetation settings (Woodhouse and Johnson 1991, Eneji et al. 2013, Yang et al. 2014, 

Mazen et al. 2015). Still, information about their interactions with precipitation amount is limited. 

In a study investigating water use and growth of corn in soils treated with SAP, Islam (2011) 

found that water-use efficiency and leaf-water potential improved under deficit irrigation but no 



differences were found under moderate or adequate irrigation treatments (Islam et al. 2011). In 

Islam’s (2011) study, the greatest deficit water treatment had soil matric potentials set at 9 kPa 

pressure. 9 kPa of pressure in our loam/clay loam soils would translate to approximate volumetric 

water contents between 29% (loams) and 38% (clay loam soils). Even at their highest moisture 

content (~23% VWC), the soils in our study were far drier than the deficit irrigation conditions in 

Islam’s study.  

 

As SAPs low matric potentials (Hüttermann et al. 2009) may result in rapid loss of water 

when demand by plants, surrounding soils, or the atmosphere is high (Yang 2014), the 

effectiveness of SAP may depend on soil type and overall water availability. Agaba 2011 found 

that SAP application improved plant available water most in sandy soils and least in clay soils, 

and effects on tree seedling biomass growth were dependent on soil type. It appears that SAP 

effectiveness is highly dependent on environmental conditions including soil and plant matric 

potentials as well as evaporative demand, and a window of plant available water may exist below 

which SAP may not be beneficial, especially for germinating and emerging seedlings, which are 

highly susceptible to environmental perturbations (James et al. 2011). The observation that SAP 

improved native seedling establishment under ambient but not drought conditions at our Waverly 

site is consistent with this hypothesis. It is also possible that differences in dominant annuals or 

soil type drove the differences between sites. Regardless, it is clear that the effects of SAPs on 

germination and plant water uptake may be dependent on environmental conditions, antecedent 

water availability, soil type, and specific germination and growth requirements of different 

species.  

 

Cheatgrass + Drought x cheatgrass – Plant Community (Dry Creek). The negative impacts of 

cheatgrass on seeded species establishment at Dry Creek exemplify the importance of managing 

this species in restoration projects. The effects of cheatgrass on seeded annuals depended on date 

and precipitation treatment. Seeded annual densities in plots with ambient precipitation and 

without cheatgrass were greater than densities in plots with exclusion and cheatgrass in July, but 

differences were not apparent in May or September (Table 2, Figure 13). As cheatgrass is capable 

of rapid use of shallow soil water (Melgoza, Nowak & Tausch 1990) and has been shown to be an 

effective competitor when summer precipitation is low (Chambers et al. 2007), the effects of 

cheatgrass and drought may have compounded early in the season to hinder seeded annual 

establishment. Interestingly, in the fall we observed higher unseeded annual densities with 

cheatgrass possibly because the litter layer created by senesced cheatgrass altered microclimate 

conditions in a way that stimulated germination of the dominant species, wild alyssum. 

 

Soil Resources (Both sites). Drought independently and in combination with SAP and cheatgrass 

influenced volumetric water content (VWC) and plant available nitrogen at both sites. As 

nitrogen measurements were not taken and VWC measurements did not begin until mid-June at 

Waverly, the following discussion is largely based on observations from Dry Creek. At both sites, 

VWC in exclusion plots was lower at 5 cm depth than in ambient plots at different points 

throughout the season: on July 27, 2014 at Waverly and periodically from May through August 

2015 at Dry Creek. As in other studies (Ogle et al. 2003, Prevéy and Seastedt 2014), at Dry 

Creek, VWC at 5 cm depth in plots with cheatgrass was lower from April through early June 

2015, indicating that cheatgrass was able to utilize shallow, early season moisture (Melgoza et al. 

1990, Knapp 1996a). Early in the season at VWC was lower in plots with SAP than plots without 

SAP (p < 0.10) at both sites: at 5cm depth on June 3, 2014 at Waverly and at 30cm depth on 

March 5, 2015  at Dry Creek.  

 

In addition to lowering VWC, exclusion treatments influenced soil nitrogen throughout 

the season at Dry Creek. Soil nitrate was higher in exclusion treatments in June and July but 



lower in September suggesting that in the absence of moisture, plants were unable to acquire 

nitrate early in the season. In ambient plots, fall precipitation may have stimulated decomposition 

and microbial activity releasing nitrate and resulted in higher concentrations in these treatments. 

We found that in the absence of cheatgrass, ammonium levels in exclusion plots were higher than 

in ambient plots but no differences were detected in the presence of cheatgrass. This suggests that 

cheatgrass is able to utilize ammonium under low soil moisture conditions. This is surprising 

because ammonium moves towards roots largely by diffusion and thus should be more difficult to 

acquire than nitrate that moves mostly by mass flow (Belnap et al. 2016).  

 

Drought Interactions – Soil Resources (Both sites). At 30 cm depth, interactions between 

cheatgrass and SAP at Waverly and exclusion and cheatgrass at Dry Creek were observed. At 

Waverly on July 27, VWC at 30cm depth was influenced by interactions between all three 

experimental treatments. VWC in ambient plots with No SAP and cheatgrass was almost two 

times higher (21.91 ± 1.88%) than ambient plots with SAP and with cheatgrass (11.68 ± 1.88%; p 

= 0.08) and exclusion plots with SAP and no cheatgrass (9.56 ± 2.75%, Table 3, Figure 16). 

Surprisingly, in the spring at Dry Creek VWC of soils at 30 cm in plots with cheatgrass under 

ambient conditions was over 20% lower than in plots with 66% precipitation reduction, regardless 

of the level of cheatgrass within the exclusion treatment (Figure 5c). As the effect of cheatgrass 

on deep soil moisture was more evident under ambient than reduced rainfall, and we saw trends 

for higher cheatgrass densities in ambient vs. drought plots, we find a paradox by which higher 

precipitation leads to drier deep soil layers.  Adequate precipitation seems to allow increased 

establishment of cheatgrass, efficient sequestration of resources by cheatgrass in upper soil layers, 

and decreasing infiltration and moisture deeper in the soil profile. cheatgrass’s ability to reduce 

moisture in deep soil layers may be a mechanism by which cheatgrass alters environmental 

conditions to the detriment of perennial grasses (Dyer and Rice 1999) or shrubs (Inouye 2006) 

that depend on moisture from deep in the soil profile.  

 

Seeding Method. Changing the method of application from broadcast to pelleted did not 

detectably increase the effectiveness of SAP at Dry Creek.  Establishment of seeded species was 

very low in plots with pelleted application, which may have made detection of an SAP effect 

difficult.  The seeding rate was about four times lower in pelleted plots, as we held costs rather 

than seeding rates constant between pelleted and broadcast plots.  Even after correcting for this, 

establishment was lower with pelleted than with broadcast application.   Loss of seed viability 

through the pelleting process was probably not the problem, as we conducted an informal test of 

germination from pellets in CSU greenhouse. With sufficient watering, after 4 weeks we found 

that on average one to three seedlings per pellet emerged from pellets with large seeds and 

sagebrush seeds. (Pellets with small seeds were not germinated because all pellets were applied to 

field plots.)  Possibilities for poor establishment of species from pellets include: insufficient 

moisture in the field to imbibe pellets and seeds; radicles of seedlings had difficulty penetrating 

the soil beneath pellets; and stressful microsites surrounding pellets. Establishment success may 

have been even lower if pellets had been placed on unprepared soil (we disked our plots prior to 

distributing pellets).  Broadcasting pellets over a roughened soil surface may improve 

establishment.  Other types of targeted application, such as applying SAP within drill-seeded 

rows, or as a seed coating, may be more effective than a pelleted treatment.    

 

The highly site-specific findings from our study, especially in relation to cheatgrass 

establishment, support previous research that links soil temperature and moisture regimes to 

ecosystem resilience and resistance to disturbance and cheatgrass invasion (Chambers et al. 2014, 

Belnap et al. 2016, Maestas et al. 2016).  Located on the western edge of the Great Plains, our 

Waverly site has mesic soil temperature (8° C to 15° C) and aridic/ustic moisture regimes and is 

characterized by moderate susceptibility to invasion (Belnap et al. 2016). The low cheatgrass 



densities at Waverly were likely a result of seeding in December 2013, past the opportune fall 

germination window (Aug-Oct) for cheatgrass (Beckstead et al. 1996). As slightly below average 

precipitation fell in spring 2014, soil moisture, cold temperatures (Blumenthal et al. 2016) or the 

early germination of Rocky Mountain bee plant (observed emerging in late March) may have 

suppressed cheatgrass establishment at Waverly. Our Western Slope site is located on the eastern 

edge of the Colorado Plateau and is characteristic of the mesic soil temperature regime and ustic-

aridic moisture regime (Belnap et al. 2016, Brooks et al. 2016). These systems have low 

resilience and resistance and are highly susceptible to invasion (Belnap et al. 2016, Brooks et al. 

2016). At this site, high fall precipitation in 2014 (162 mm from July through September) resulted 

in high cheatgrass establishment in both exclusion and ambient treatments though 

uncharacteristically low rainfall in fall 2015 (70 mm) hindered cheatgrass establishment in 

exclusion plots. Even though exotic species have been shown to have lower germination 

requirements, specifically hydrothermal periods (Hardegree et al. 2013b) and an ability to 

capitalize on warm temperatures, even under drought conditions (Wainwright and Cleland 2013), 

our results suggest that cheatgrass is at least partially limited by moisture during this period.  

 

MANAGEMENT IMPLICATIONS 

 

The effectiveness of SAP in our study was limited to annual plant responses under 

ambient precipitation at one site. As discussed, this may be due to soil texture or inadequate soil 

moisture upon which SAP can act under the conditions of our study. It may also be due to the 

difficulty of applying SAP in sufficient quantities in field settings. Recommended application 

rates of SAP vary widely, from 22 kg/hectare for field applications (equals 0.0039% by weight 

assuming incorporation to 5 cm and soil bulk density of 1.13 g/cm
3
; John Wynne, Stockosorb 

product representative, pers. comm.), to 426 kg/hectare for turf grass (0.075% by weight; BASF 

Luquasorb® brochure) up to 0.4% by weight in a containerized experiment (would equal 2,260 

kg/hectare for incorporation to 5 cm with soil bulk density of 1.13 g/cm
3
; Agaba et al 2011). The 

rate used in this study, 0.045% by weight (257 kg/hectare) costs approximately $1900/ ha 

($800/ac), and is as high as would practically be used for dryland restoration. In addition, we 

found incorporation to 5 cm to be difficult; actual incorporation was closer to 10cm, which led to 

a lower per-volume rate. Higher application rates may be more effective, but are impractical for 

the large areas relevant to dryland plant community restoration. Localized application either in 

direct contact with target seeds in drill seeded rows or incorporated into pellets with seed may 

improve target plant establishment, although these methods need further evaluation. Furthermore, 

as with all restoration techniques, timing SAP application and seeding for optimal native but not 

exotic germination and establishment may improve the effectiveness of SAP and overall 

community development.  

 

Overall the effects of SAPs on plant emergence, soil resources, and cheatgrass 

establishment were site and precipitation dependent. Contrary to our hypothesis, SAP did not 

improve plant establishment under limited precipitation conditions or during the most water-

limited times of the growing season. Rather, at Waverly ambient precipitation throughout the 

growing season interacted with SAP to improve annual and seeded plant establishment. As 

cheatgrass did not establish well at Waverly, increased soil moisture from SAP may have been 

available for native plants to utilize in the early spring and summer. In contrast, SAP had no 

detectable effect on the plant community at Dry Creek and was unable to ameliorate the negative 

impacts of cheatgrass and reduced late-summer rainfall on soil resources. Furthermore, the effects 

of SAP on plant germination and establishment may be dependent on individual species 

germination and emergence requirements.  

 

Rainfall reduction and cheatgrass presence had significant impacts on developing plant 



communities at our sites. As exclusion had negative impacts on cheatgrass, and both cheatgrass 

and exclusion decreased native seedling densities, the overall impact of exclusion on plant 

community development could be influenced by both concomitant effects in later growing 

seasons. Further monitoring is essential to understand the long-term effects of these early 

treatment effects and plant responses. Developing restoration treatments and techniques that 

ameliorate the negative impacts of drought and invasive species is fundamental to establishing 

resilient and resistance plant communities. However, careful consideration of local weather 

patterns and plant germination and establishment requirements may help inform invasion 

potential, timing of restoration treatments, and appropriate species selection for restoring 

disturbed ecosystems throughout the west.  

  



 
 

Table 1 Seed mixed used at both the Waverly and Dry Creek study sites.  

Waverly Seed Mix  Dry Creek Seed Mix 

Genus Species Seeds/m
2
 Genus Species Seeds/m

2
 

Shrubs 

Amelanchier alnifolia 48 Artemesia  tridentata 192 

Artemisia  frigida 48 Artemesia  nova 48 

Artemisia ludoviciana 48 Atriplex canecsens 48 

Cercocarpus montanus 48 Atriplex confertifolia 48 

Atriplex canecsens 48 Chrysothamnus  viscidiflorus 48 

Krascheninnikovia lanata 48 Ephedra viridis 48 

Ericameria  nauseosa 48 Ericameria  nauseosa 48 

Yucca glauca 48 Krascheninnikovia lanata 48 

Grasses 

Aristida purpurea  24 Achnatherum hymenoides  24 

Bouteloua curtipendula  24 Bouteloua gracilis 24 

Bouteloua dactyloides  24 Ceratochloa carinata  24 

Nassella viridula  12 Elymus elymoides 24 

Panicum virgatum  24 Elymus trachycalus 12 

Schizachyrium scoparium  12 Hesperostipa commata 24 

Achnatherum hymenoides  24 Koeleria macrantha 24 

Pascopyrum smithii  12 Leymus cinereus 12 

Koeleria macrantha 24 Pascopyrum smithii  12 

Bouteloua gracilis  24 Pleuraphis jamesii 24 

Elymus elymoides 24 Poa fendleriana 12 

Elymus  trachycalus 12 Poa secunda 24 

Hesperostipa commata 24 Sporobolus cryptandrus 24 

Forbs 

Dalea  purpurea 36 Achillia millefolium 48 

Oenothera speciosa 24 Balsamorhiza  saggitata 36 

Penstemon  angustifolius 24 Cleome  serrulata 36 

Ratibida columnifera 48 Erigeron speciosus 36 

Cleome  serrulata 36 Eriogonum  umbellatum  48 

Heterotheca  villosa 48 Hedysarum boreal 48 

Linum lewisii 48 Helianthus annuus 36 

Hedysarum boreal 48 Heterotheca  villosa 48 

Eriogonum  umbellatum  48 Linum lewisii 48 

Helianthus annuus 36 Oenothera pallida 24 

Thelesperma  filifolium 24 Oenothera caespitosa 24 

Achillia  millefolium 48 Penstamon cyanocaulis 24 

Lupinus  argenteus 12 Penstamon comarrhenus 36 

Verbesina enceliodes 36 Penstamon palmerii 36 

Machranthera  bigelovii 36 Penstemon strictus 24 



Table 2: Analysis of variance results for main effects and interactions of cheatgrass, exclusion, and superabsorbent polymer (SAP) treatments for 

densities of different plant functional groups at the Waverly and Dry Creek sites. P values less than 0.1 are in bold. Degrees of freedom (df) are for 

the numerator and denominator (num,den), F and p values from selected models.  

WAVERLY SEEDLING DENSITIES                         

 
Seeded Perennialsa  Perennialsa 

 
Seeded Annualsb Annualsb 

 
cheatgrass  

 

 
df F p df F p df F p df F p df F p 

cheatgrass 1,58 0.06 0.815 1,14 1.48 0.244 1,17 0.10 0.754 1,17 0.02 0.892 1,18 51.03 <0.001 

Exclusion 1,58 31.69 <0.001 1,14 3.57 0.080 1,17 0.84 0.373 1,17 0.16 0.691 1,18 0.84 0.372 

SAP 1,58 0.19 0.663 1,14 0.65 0.433 1,17 2.77 0.115 1,17 5.48 0.032 1,18 0.47 0.501 

Date 2,58 63.77 <0.001 2,46 27.49 <0.001 2,46 17.02 <0.001 2,44 46.76 <0.001 2,44 5.02 0.011 

                cheatgrass: Exclusion 1,58 12.49 <0.001 1,14 0.47 0.504 - - - 1,17 2.22 0.155 - - - 

cheatgrass: SAP 1,58 0.00 0.948 1,14 0.02 0.884 - - - - - - - - - 

Exclusion : SAP 1,58 6.46 0.014 1,14 1.23 0.287 1,17 3.10 0.096 - - - - - - 

cheatgrass: Date - - - - - - - - - - - - - - - 

Exclusion : Date 2,58 18.58 <0.001 - - - - - - 2,42  3.13 0.054 2,44 4.38 0.018 

SAP : Date - - - - - - - - - 2,42 2.81 0.072 - - - 

cheatgrass: Exclusion : SAP 1,58 8.52 0.005 1,14 4.58 0.050 - - - - - - - - - 

DRY CREEK SEEDLING DENSITIES                         

 
Seeded Perennialsa  Perennialsa 

 
Seeded Annualsa Annualsa 

 
cheatgrassb 

 

 
df F p df F p df F p df F p df F p 

cheatgrass 1,17 1.19 0.290 1,17 1.33 0.265 1,16 11.52 0.004 
1, 

18 
3.30 0.086 1,16 41.54 <0.001 

Exclusion 1,17 0.45 0.731 1,17 0.14 0.712 1,16 0.57 0.459 1,18 16.17 <0.001 1,16 10.44 0.005 

SAP 1,17 0.12 0.512 1,17 0.15 0.705 1,16 0.26 0.617 1,18 0.16 0.696 1,16 0.61 0.445 

Date 2,47 28.16 <0.001 2,47 28.24 <0.001 2,42 9.73 <0.001 2,48 1.77 0.181 2,41 0.07 0.931 

                cheatgrass: Exclusion - - - - - - 1,16 0.21 0.651 - - - 1,16 1.33 0.267 

cheatgrass: SAP - - - - - - - - - - - - - - - 

Exclusion : SAP - - - - - - - - - - - - - - - 

cheatgrass: Date 
      

2,42 1.22 0.305 
   

2,41 2.25 0.119 

SAP : Date - - - - - - - - - - - - - - - 

Exclusion : Date - - - - - - 2,42 0.95 0.394 - - - 2,41 2.86 0.069 

cheatgrass: Exclusion : Date - - - - - - 2,42 3.83 0.030 - - - 2,41 4.21 0.0218 
 a Transformation: sqrt(density)    b Transformation: log(density+0.01)  - Interactions not included in model         

                           



 

Table 3: Analysis of variance results for dates at which main effects and/or interactions of 

cheatgrass, exclusion, and superabsorbent polymer (SAP) treatments on soil volumetric water 

content at 5 cm and 30 cm depth at Waverly were significant (p<0.1). Each model at each date 

had one degree of freedom. Significant F and p are indicated in bold.  

WAVERLY 5 CM VOLUMETRIC WATER CONTENT 

  F p  F p  F p  F p  F p  

Date (2014) 6/3   7/29               

cheatgrass 0.62 0.449 0.03 0.874 
      

Exclusion 0.05 0.826 4.51 0.057 
      

SAP 3.83 0.076 2.88 0.118 
      

Block 7.44 0.020 2.18 0.167 
      

WAVERLY 30 CM VOLUMETRIC WATER CONTENT 

Date (2014) 6/3   6/10   6/17   6/24   7/29   

cheatgrass 0.00 0.991 0.00 0.985 0.04 0.852 0.25 0.631 0.84 0.394 

Exclusion 0.21 0.655 0.66 0.437 0.41 0.539 0.01 0.931 3.54 0.109 

SAP 1.19 0.301 1.65 0.228 2.22 0.167 1.28 0.284 2.16 0.192 

Block 0.44 0.523 0.05 0.825 0.06 0.818 0.09 0.775 11.48 0.015 

cheatgrass by Exclusion - - - - - - - - 0.01 0.922 

cheatgrass by SAP 10.15 0.010 7.11 0.024 5.33 0.044 3.95 0.075 6.16 0.048 

Exclusion by SAP  - - - - - - - - 0.33 0.587 

cheatgrass by Exclusion 

by SAP - - - - - - - - 9.62 0.021 

 - Treatment or interaction not included in model            

 



 
Table 4: Analysis of variance results for dates at which main effects and/or interactions of cheatgrass, exclusion, and superabsorbent polymer 

(SAP) treatments on soil volumetric water content at 5 cm and 30 cm depth at Dry Creek were significant (p<0.1). Each model at each date had 

one degree of freedom. Significant F and p are indicated in bold. 

DRY CREEK 5 CM VOLUMETRIC WATER CONTENT 

  F p  F p  F p  F p  F p  F p  F p  F p  F p  F p 

Date (2015) 4/30   5/7   5/14   5/21   5/28   6/4   6/11   7/16   8/6   8/13   

cheatgrass 4.48 0.058 4.18 0.066 6.30 0.029 7.44 0.020 10.65 0.008 5.42 0.040 0.01 0.938 0.06 0.806 0.16 0.699 0.01 0.931 

Exclusion 0.44 0.520 7.51 0.019 1.99 0.186 15.78 0.002 6.05 0.032 0.91 0.362 4.47 0.061 4.93 0.053 4.18 0.071 7.66 0.022 

SAP 0.46 0.510 0.74 0.408 0.61 0.450 0.64 0.442 0.39 0.545 0.46 0.514 0.07 0.792 0.02 0.905 0.00 0.972 0.17 0.690 

Block 2.51 0.141 2.16 0.170 3.53 0.087 7.98 0.017 12.98 0.004 10.08 0.009 2.78 0.126 7.94 0.020 16.08 0.003 10.70 0.010 

DRY CREEK 30 CM VOLUMETRIC WATER CONTENT 

Date (2015) 3/5   4/9   4/16   4/23   4/30   5/7   5/14   5/21   5/28   6/11   

cheatgrass 1.92 0.196 5.02 0.049 7.51 0.021 5.61 0.042 6.68 0.030 11.33 0.008 10.43 0.010 7.84 0.019 5.99 0.034 1.21 0.303 

Exclusion 0.15 0.708 0.07 0.792 0.39 0.547 1.33 0.278 1.66 0.229 2.85 0.126 2.76 0.131 0.07 0.790 0.08 0.787 0.22 0.652 

SAP 3.50 0.091 1.85 0.204 1.23 0.293 0.44 0.523 0.56 0.474 1.16 0.310 1.37 0.272 0.23 0.643 0.07 0.799 1.95 0.200 

Block 0.19 0.673 0.01 0.934 0.05 0.832 0.58 0.467 0.68 0.430 1.21 0.300 1.20 0.301 3.18 0.105 2.51 0.144 0.13 0.725 

cheatgrass by Exclusion 1.57 0.238 4.26 0.066 6.07 0.034 4.83 0.056 5.04 0.051 6.80 0.028 5.90 0.038 1.05 0.330 1.23 0.294 5.75 0.043 

 - Treatment or interaction not included in model                                



 

 
 

Table 5: Analysis of variance results for main effects and interactions of cheatgrass, exclusion, and 

superabsorbent polymer (SAP) treatments for nitrate and ammonium soil concentrations. Degrees 

of freedom (df) are for the numerator and denominator (num,den), F and p values from selected 

models.  

DRY CREEK PLANT AVAILABLE NITROGEN 

  Total N   NO3
-     NH4

-     

 
df F p df F p df F p 

cheatgrass  1,18 1.339 0.262 1,18 1.334 0.263 1,17 0.294 0.595 

Exclusion 1,18 0.063 0.007 1,18 9.207 0.007 1,19 4.108 0.059 

SAP 1,18 9.290 0.805 1,18 0.057 0.814 1,17 1.082 0.313 

Date 2,44 15.048 <0.001 2,44 14.823 <0.001 2,46 8.001 0.001 

cheatgrass by Exclusion  - - -  -  -  - 1,17 5.583 0.030 

Exclusion by Date 2,44 29.864 <0.001 2,44 29.864 <0.001  -  -  - 

 - Interactions not included in model                 
 

 

 

  



 

FIGURES 

 

Figure 1. Thirty-year average temperature and precipitation for the Western Slope (Dry Creek State 

Wildlife Area, San Miguel County, CO) and Front Range (Waverly, CO) study sites. a) Western Slope. 

Water availability is suitable for plant growth in the early spring when soils are moist after snow melt, but 

the majority of precipitation falls in late summer and early fall as part of the North American Monsoon. 

Seedlings are especially vulnerable during the warmest and driest months of the growing season (April-

July) when rainfall events are small and intermittent and evaporative demand is high. SAPs may 

ameliorate the negative impacts of periodic drought by extending water availability during this resource 

limited period until late summer monsoonal precipitation commences. b) Front Range. Water is most 

often sufficient for plant growth during the spring. Seedlings are most vulnerable in the summer (mid-

June – mid-September), when rain events are small and intermittent and evaporative demand is high due 

to warm temperatures. SAPs may extend water and nutrient availability through these harsh months, 

promoting seedling survival.  

 

 

Figure 2. Pre-treatment vegetation photographs at a) Dry Creek Basin and b) Waverly. 

a b

a) b)



 
Figure 3. Layout of one of 3 replicate blocks at the Dry Creek Basin site. 

 

 
Figure 4. One of 3 blocks at the Dry Creek Basin site. 
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Figure 5. a) Soil volumetric water content (VWC) at 5cm depth and b) 30 cm depth at Waverly in 2014.  

Lines depict weekly averages under SAP and cheatgrass treatments, averaging over exclusion 

treatment. Symbols denote significant (p<0.1) differences in means of main effects, averaging over other 

treatments. a) * Exclusion main effect indicates a significant main effect of exclusion at 5cm on July 27, 

2014. b) *Interaction indicates a date at which a significant a 3-way interaction between SAP, B. 

tectorum, exclusion existed (Figure 12). c) Daily average precipitation in 2014 at Waverly. Data obtained 

from Colorado Agricultural Metrological Network station number FTC01. 



 
Figure 6. a) Soil volumetric water content (VWC) at 5cm depth and b) 30 cm depth at Dry Creek in 2015.  

Lines depict weekly averages under exclusion precipitation conditions and cheatgrass treatments, 

averaging over SAP treatment. a) Symbols denote significant (p<0.1) differences in means of main 

effects, averaging over other treatments. b) Letters denote significant (p<0.1) differences in means. c) 

Daily average precipitation in 2015 at Dry Creek. Data collected on site.  

  



 

  

Figure 7. Seasonal trends of 2014 annual species 

densities with and without SAP at Waverly. Data are 

averaged over exclusion and B. tectorum treatments. 

Bars are means of untransformed data ± standard 

error of the mean. Letters denote significant 

differences between means of transformed data (p < 

0.1)

Figure 8. Seasonal trends of 2014 annual species 

densities under ambient and exclusion 

precipitation conditions at Waverly. Data are 

averaged over SAP and B. tectorum treatments. 

Bars are means of untransformed data ± standard 

error of the mean. Letters denote significant 

differences between means of transformed data (p 

< 0.1)

Figure 9. 2014 seedling densities of seeded 

species at Waverly. Data are averaged over B. 

tectorum treatments. Bars are means of 

untransformed data  standard error of the mean. 

Letters denote significant differences between 

means of transformed data (p < 0.1).

Figure 10. B. tectorum seedling densities in 2014 

at Waverly. Data are averaged over SAP 

treatments. Bars are means of untransformed data 

 standard error of the mean. Letters denote 

significant differences between means of 

transformed data (p < 0.1).



 

 
  

Figure 11. 2014 seedling densities of seeded 

species at Waverly. Data are averaged over B. 

tectorum treatments. Bars are means of 

untransformed data  standard error of the 

mean. Letters denote significant differences 

between means of transformed data (p < 0.1).

Figure 12. Native seedling densities in 2015 at Dry 

Creek. Data are averaged over B. tectorum and SAP 

treatments. Bars are means of untransformed data  

standard error of the mean. Letters denote significant 

differences between means of transformed data (p < 

0.1).

Figure 13. Seasonal trends of Dry Creek seeded annual densities 

with and without B. tectorum, under ambient and exclusion 

precipitation conditions. Data are averaged over SAP treatments. 

Bars are means of untransformed data ± standard error of the 

mean. Letters denote significant differences between means of 

transformed data (p < 0.1).



 

 
 

 
 
  

Figure 14. B. tectorum seedling densities in 2015 at 

Dry Creek. Data are averaged over SAP treatments. 

Bars are means of untransformed data  standard error 

of the mean. Letters denote significant differences 

between means of transformed data (p < 0.1). Note log 

scale. 
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Figure 15. Density of seeded species in plots where 

seeds were applied in pellets versus broadcast-seeded.  

Data are averaged over SAP and Bromus tectorum

treatments. Bars are means of untransformed data  

standard error of the mean. 

Figure 16. Soil VWC at 30 cm depth on July 29, 2014 at 

Waverly. Error bars = standard error. Letters denote 

significantly (p < 0.1) different means.



 
  

Figure 17. Seasonal soil nitrate 

concentrations under ambient and 

exclusion precipitation conditions at Dry 

Creek. Data are averaged over B. tectorum

and SAP treatments. Letters denote 

significant (p<0.1) differences between 

means.

Figure 18. Ammonium concentrations under 

ambient and exclusion precipitation conditions 

with and without B. tectorum at Dry Creek.

Data are averaged over SAP treatments. Letters 

denote significant differences  (p< 0.1) between 

means.  
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