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ABSTRACT

RESTORING SEMI-ARID LANDS WITH SUPERABSORBENT POLYMERS UNDER REDUCED

PRECIPITATION AND THREAT OFBBROMUSTECTORUM INVASION

Restoration of arid ecosystems in the western United States (US) is often constrained by lovalaled var
moisture and invasion by exotic species. After disturbance, variahiligsources as well as inherent soll
moisture and temperature regimes may influence the susceptibility of an ecosystert Epexigs
invasion The invasive winter annual gragomus tectorum (B. tectorum), is particularly competitive in
disturbed semi-arid areas, has invaded tens of millions of hectares throughout the westedntslS, an
range is projected to expand under predicted climate scerladosasing soil moisture and resources in
restoration projects may decrease soil moisture variability and promote establishenesitive plant
community that is resilient to disturbance and resistant to invasBrtadtorum. With their ability to
absorb moisture when it is abundant and slowly release it over time, superabsorbent polymers (SAP) may
increase overall soil moisture and decrease soil moisture variability duringtiestoln this study, we
aimed to investigate the interactive effects of precipitation timing, droBgtegtorum, and SAPon soll

resources and developing restoration plant communities.

The study was established in 2014 at two climatically distinct sites: one site was located otetie Eas
Slope (Larimer County) and one on the Western Slope (San Miguel County) of Colorado. Both sites fall
under the mesic soil temperature regime and ustic-aridic soil moisture regime but vary in their
susceptibility to invasion largely due to differences in seasonal precipitation patteitesth&/iEastern

Slope receives most of its growing season moisture in the early spring and summer, the Western Slope
site receives most of its growing season moisture in the late summer and early faflvélwol three
treatments (drought: exclusion of 66% of ambient rainfall or ambient raiBfaéictorum presence: 465

seeds Mor none; SAP: 26 g #or none) were fully crossed in three blocks at each site resulting in a
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complete factorial experiment. After one year of monitoring soil moisture, plant aeailittigen (at the
Western Slope site), and plant community responses, we observed significant effects of exdbosion a
sites on soil resources and the developing plant communities. Independent and interactévefeffe
drought and SAP at the Eastern Slope site and drougli. aexorum at the Western Slope site

influenced plant communities and soil resources.

OverallB. tectorum establishment was low on the Eastern Slope and high on the Western Slope in the
first year of the study. At the Eastern Slope site, drought limited seeded species rectaitniernhe

season and the positive effects of SAP on seeded species were apparent only under ambienbprecipitati
conditions. Total and annual seedling densities were higher under SAP treatments at this site. At the
Western Slope site, total seedling densities were lower in drought treatments, and native seedling
densities were lower in drought treatments at the end of the growing season. The effetetsartim on
seeded annuait the Western Slope site depended on date and precipitation treatment. Seeded annuals
densities were highest in mid-summer in treatments witBotgctorum and ambient precipitation.
Interestingly, at the Western Slope sBetectorum under ambient precipitation had a stronger negative
impact on soil moisture at 30 cm depth than drought treatments regardless of E2ettof um or SAP.

B. tectorum also decreased soil moisture at 5cm depth early in the season at the Western Slope site while

exclusion treatments decreased soil moisture later in the growing season at both sites.

Our results demonstrate that drought negatively impacts soil resource availability aeglai

community development in restoration. Techniques that improved water and nutrient availability
especially under drought conditions are needed to promote native species establishment. While SAP di
not improve soil moisture, higher seedling densities were found in SAP treatments a¢,cspsitially

under ambient conditions. This suggests that incorporating SAP into the soil may improve plant

establishment, but effectiveness is likely affected by antecedent soil moisture apigbicatipatterns.
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In our studyB. tectorum negatively impacted soil moisture and native plant establishment at one site

demonstrating the need for management of this species in restoration of semi-arid lands.
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CHAPTER 1: RESTORATION OF SEMI-ARID LANDS UNDER THREATS OF DROUGHT AND

INVASION BY EXOTIC SPECIES

INTRODUCTION

Arid and semiarid lands that cover over 40% of Earth’s land surface and sustain over a third of the

world’s population are especially vulnerable to degradation due to high human population pressures and
high sensitivity to disturbance (Millennium Ecosystem Assessment 2014). As ecosystem dynanaics in ar
systems are largely driven by precipitation (Noy-Meir 1973) climate changes including matdevari
precipitation can increase ecosystem sensitivity to disturbance and decrease resistaas®no i

(Chambers et al. 2007). Reestablishing vegetation is vital for restoring struchaessgprand function to
degraded arid ecosystems. In the western United States (US), successful restoration of arideaitt semi-
ecosystems is often constrained by low and variable moisture (Hardegree et ahr@Diti®psion by

exotic species Developing restoration methods that mitigate the negative impacts of water and resource
fluctuations on plant establishment is imperative for directing these valuable ecosystems towards

sustained recovery and stable functioning.

In the western US, millions of acres of land have been disturbed or degraded by development, grazing,
natural resource extraction, fire, and/or climate change. Abrupt alterations to hahitatsroate

invasions (Vitousek and DAntonio 1992, Mack et al. 2000) by decreasing competition (Gross et al. 2005)
and increasing nutrients (Burke and Grime 1996a). Exotic annual grasses are particularlyicenmpetit
disturbed areas (Hobbs and Huenneke 1992) and have established across much of the arid and semiarid
Western US (Germino et al. 2016). While still an evolving area of resel¢dbiea that a species’ ability

to invadeis influenced by specific phenological and physiological attributes, the biotic and abiotic
environment in which the species is introduced, and interactions between the two is genera#igd accep

(Levine et al. 2003, Brown et al. 2008).



Spatial and temporal variability in resources (Davis et al. 2000) coupled with pargtafrresources

among species (Rice 200@n create ‘windows of invasion opportunity’ (or vacant niches) for exotic

species (Drake et al. 200@he distinct phenologies of many invasive species may allow them to exploit
temporally vacant niches and pre-empt limited resources when competition from native spacies is
(Cleland et al. 2011). In addition to phenologically-based differences in resource use, physiological
attributes including higher resource use efficiencies (Funk and Vitousek 2007, Cavaleri and Sack 2010),
high growth (Mason et al. 2008) and root elongation rates (Larson et al. 2015), and feziiiements

for germination (Wainwright and Cleland 2013) may further benefit invasive species snatistisrbed
systemslInvasive species’ abilities to rapidly utilize scarce resources may result in a ‘priority advantage’

that can lead to increased establishment and dominance of invasives in a plant co(ivialkatyich

and Cleland 2014).

The winter annual grasBromus tectorum L. (cheatgrass or downy brome, hereafBetectorum), is a
particularly troublesome exotic and has invaded tens of millions of hectares in thenwsSsi@radley

and Mustard 2006 Native to Europe and southwestern Asia, since its introduction in the late 1800’s, B.

tectorum has significantly transformed western US ecosystems by decreasing fire return intervals from
centuries to decades (Vitousek and D'Antonio 1992), reducing forage for livestock and babiilaflife
(Knapp 1996) and altering nutrient cycles (Evans and Belnap 1999) and soil properties (Belnap et al.
2005, 2016)B. tectorum’s success in the arid western US can be attributed to its life history and
phenology. Unlike most native perennial grass, forb, and shrub species that have historically dominated
these area®. tectorum usually germinates in the fall, overwinters as a seedling, and rapidly grows and
produces seed in the spring, completing its life cycle before native species are most active. ismompar
to native perennial grassds,tectorumcan germinate at lower temperatures and water potentials (Harris
1967, Hardegree et al. 2013), germinate more rapidly (Larson et al. 2015), and develop roots (Harris
1967) and shoots faster and earlier in the season (Aguirre and Johnson 1991). Because of thesg attribu

B. tectorumis able to utilize moisture and nutrients earlier in the season than seedlings of native perennial



plants (Aguirre and Johnson 199These competitive advantages may be amplified under projected
precipitation changes, &s tectorum has been shown to compete more effectively when summer moisture

is low (Bradley 2009) and when soil moisture is variable from year to year (Chambers et al. 200

B. tectorum’s range is likely to expand under current and projected climate scenarios (Bradley and
Mustard 2006; Bradley 2009). In additionBotectorum’s competitive traits, abiotic factors influence
where and wheB. tectorumis able to establish. Recently, soil temperature and moisture regimes have
been integrated into broader concepts of ecosystem resilience to disturbance and resigtasiert

(R&R). Resilience is defined as an ecosystem’s ability to reorganize and regain structure, function, and
processes after disturbances such as fire or drought (Germino et al. 2016) while resiftentean
ecosystem’s ability to maintain ecosystem structure, processes and function despite stress. Chambers

(2013) has ranked ecosystems throughout the western US on a spectrum of resilience and resistance: areas
with colder temperature regimes (frigid/cryic) and wetter soil moisture regimestbagid the highest
potential R&R, while areas with warm (mesic) and dry (aridic) soil regimes have the loffRst R
Ecosystem resistance to species invasions is influenced by both climate and interactions between the
invader and the resident plant commuiii€hambers et al. 2013). As disturbances often remove much of
the established vegetation, climate may be especially influential in determining where inpasige are
able to establish following disturbance. Understanding how climate influences invasions anchitgmm
developmenin disturbed ecosystems could greatly inform management and restoration of arid lands

throughout the western US.

In addition to extreme climatic events, interannual as well as annual and seasonal weatl¢nfia

result in seedbed microclimate that is highly variable (Flerchinger and Pierson 1997) andlfotenti
unfavorable to germinating and emerging native seedlings (Roundy et al. 2007, James et al. 2011) but
favorable forB. tectorum establishment (Roundy et al. 2007, Hardegree et al. 2013). Improving seedbed

microclimate and increasing the availability of soil resources at times when they aremitiws} for



native plants in arid-land restorations may improve native seedling establishment and deerease
window of opportunity for invasive species establishment. With their ability to abswsbune when

soils are wet and slowly release it over time (Agaba et al. 2010), superabsorbent polymersdsAP)
ameliorate the negative impacts of intermittent drought on native species establishrastaration. In
addition, SAP has been shown to retain nutrients in an agricultural setting (Islam et al. 2011)ldand cou

potentially bind nutrients early in the season reducing uptalg tegtorum.

SAP has been utilized asoil amendment for over 40 years primarily in agricultural settings to increase
soil water retention, improve soil physical properties, and increase plant survivaperniddic water

stress (Murphy et al. 2010, Islam et al. 2011, Yang et al. 2014, Wang et al. 2016). Still, there have been
relatively few studies of SAP treatments for vegetation, and effects on seedling establishment have been
highly variable (Rubio et al. 1992, Newhall et al. 2004, Mangold and Sheley 2007, Lucero et al. 2010). In
2012, Johnston used SAP as a soil amendment in research focused on reestablishing vegetation to
simulated oil well drilling pads. SAP was added at two sites in northwestern Coloratiesaif 6.7 g

and 30.8 g Min granulated form to drill-seeded rows of native wheatgraBsésctorumwas broadcast

at a rate of 300 seeds?min the first year-post treatment, perennial grass densities were higher at both
sites when SAP was added, although the effect at the site with the lower SAP addition rate was not
statistically significant. In following years, no differences in perennial grasgtidengere observed with

SAP, but densities d@. tectorum were significantly lower when it was present. Although a potentially
promising restoration tool, information regarding interactions of SAP with pre@mpitedriability,

invasive species, and restoration of arid lands is limited.

In 2014 at two sites in Colorado, we established a study to investigate the interactive effe@s of SA
precipitation timing and amount, aBdtectorum on developing seeded plant communitiéslorado’s
unique precipitation patterns together with the presence of the invasive annu8l ¢getssum provide

an ideal model system to study the effects of precipitation and resource availability on nathesive



species establishment in restoration. While receiving similar amounts of precipitatiathyariiming of
precipitation differs between the two sites. The Eastern Slope site receives the majrityaisture in

the spring and early summer and is characterized by spring and summer moisture (mesiclig¥tic-
(Figure 1) and moderate susceptibility to invasiorBbtectorum (Brooks et al. 2016). In contrast, the
Western Slope site receives most of its moisture in the late summer and early fall. Located derthe eas
edge of the Colorado Plateau, the Western Slope site is characteristic of the mesic sa@itussmeeime
and ustic-aridic moisture regime, and has high susceptibility to invasiBntégtorum (Brooks et al.

2016).
FELFELSIPLF S FELILSITFIeS

Invasion window
o 30 1 b) Western Slope o

8

30 4 a) Eastern Slope & Invasion window

40

30

10 4

~ — — Temperature
Precipitation

8

8

Temperature (°C)
(ww) uoneydidaid
Temperature (°C)
g8
(ww) uoyexdidaig

o
&

20

8

Native species

Adequate

Insufficient H,0
SAPs &N HO&N

an;mr-

Without
SAPs

Insufficient H,0 Without
&N

With SAPs With SAPs

Figure 1 Thirty-year average temperature and precipitation for the a) Eastern Slopg\&edtern Slope study sites.
Resources are most limited during the warmest and driest months odWiagyseason at both sites: April-Juate

the Western Slope site and July-Aug at the Eastern Slopéngitisturbed areas, these resource-limited periods may
provide ‘windows of opportunity’ for invasive species establishment. SAP will amplify and extended resource

availability during stressful periods, improving native seedling establidgrenersurvival and increasing

competition from natives.

OBJECTIVES
1) Evaluate the impacts of exclusion of 66% ambient rainfall on nativ8.gectorum
establishment and soil resources (volumetric water content and nitrogen).
2) Evaluate the establishment and impact8.déctorum on native plant community development
and soil resources.
3) Evaluate the effects of SAP amendments on native plarB.dectorum establishment and

soil resources.



4) Evaluate the interactions of precipitation amount and tinBngactorum, and SAP on plant

establishment and soil resources in restored communities.

EXPECTED OUTCOMES

As moisture is a key factor limiting plant establishment in semi-arid areas, we expesgedigrreased
native seedling recruitment in rainfall exclusion treatments. We also anticipatedrative seedling
densities in the presenceRiftectorumdue to its ability to quickly invade disturbed sites and outcompete
native species. We expected to see increased native seedling recruitment with SAP treatnwents due t
increased soil volumetric water content especially at resource limited times arntdraalailable plant
nitrogen from early to late in the season (Figure 1). We anticipated the effects of SAPs to be most
pronounced under exclusion because seedlings in these treatments would benefit most from improved soil
moisture and nutrient availability. Furthermore, we anticipated increased soil moistuighthuit the
growing season and lower plant available nitrogen during the early portions of the seasorPwith SA
treatment. As a result of these shifts in moisture and nitrogen availability, weeskipectased densities

of native species that in turn would lead to lower densitids tttorum.



CHAPTER 2: RESTORATION OF SEMI-ARID LANDS WITH SUPERABSORBENT POLYMERS

UNDER REDUCED PRECIPITATION AND THREAT OBROMUSTECTORUM INVASION

INTRODUCTION

Restoration of arid ecosystems in the western United States (US) is often constrained by lovalaled var
moisture (Hardegree et al. 2012) and invasion by exotic species (Chambers et al. 2007). As ecosystem
dynamics in arid systems are largely driven by precipitation (Noy-Meir 1973), climate chacheting

more variable precipitation, can increase ecosystem sensitivity to disturbance and desistaseer¢o
invasion (Chambers et al. 2007, Jiménez et al. 2011). Successful restoration hinges on reestablishing
diverse, native, plant communities that are both resilient to future perturbatioresetaint to invasion

by exotic species.

Disturbances that remove resident plants can foster invasions by decreasing competitioreasithg
resources (Burke and Grime 1996b, Gross et al. 200&ydition to phenologically-based differences in
resource use, physiological attributes including higher resource use efficiencies (Funloaedk/2007,
Cavaleri and Sack 2010), high growth (Mason et al. 2008) and root elongation rates (Larson et al. 2015),
and flexible requirements for germination (Wainwright and Cleland 2013) may further benefiténvasiv
species success in disturbed systems. Invasive spatilkities to rapidly utilize scarce resources may

result in a “priority advantage’ that can lead to increased establishment and dominance of invasives in a

plant communityWolkovich and Cleland 2014).

The winter annual grasB, tectorum, exemplifies many of these invasive characteristics and has been
highly successful in invading arid systems in the westerrBUtectorum has a phenology distinct from
native species, germinating in the fall, remaining dormant throughout the winter, rapidly giroiag
spring and completing its life cycle by the early summer (Rice et al. 1992) when native sgecies ar

beginning to grow most actilye Additionally, the competitive advantageftectorum may be



improved during resource-limited times,iahas been shown to compete more effectively when summer

moisture is low (Bradley 2009) or variable from year to year (Chambers et al. 2007).

Considering the influence of soil temperature and moisture regimes on ecosystem resilience and
resistance (R&R) may greatly improve restoration planning and methods (Maestas et al. 2016). For
example, as areas with warm (mesic) and dry (aridic) soil regimes have lower R&R compaeed to ar
with colder temperature regimes (frigid/cryic) and wetter soil moisture regimesk®et al. 2016), the
threats of invasion post disturbance in the prior may be substantial and restoration plariadbdeld
aggressive invasive species management. In addition to regional soil temperature and egistese r

local seedbed microclimates can be highly variable (Flerchinger and Pierson 1997) and infludinge seed
establishment. Improving seedbed microclimate and increasing the availability of saitessattimes

when they are most limiting may improve native seedling establishment and decréasedbe of

opportunity for invasive species establishment.

With their ability to absorb moisture when soils are wet and slowly release itreefAgaba et al.

2010), superabsorbent polymers (SAP) may ameliorate the negative impacts of interroitiginit ah
native species establishment in restoration. In addition, SAP has been shown to retain inugrents
agricultural setting (Islam et al. 2011), and could potentially bind nutrients early in @ seducing
uptake byB. tectorum. Johnston (2012) found SAP treatments improved perennial grass densities one
year after incorporation and decreaBetectorum cover in subsequent years in restoration of simulated
oil drilling well pads in northwestern Colorado. Although a potentially promising réistotaol,
information regarding the interactions of SAP with precipitation variability avakine speciem

restoration of arid lands is limited.

In 2014 we established a study to investigate the interactive effects of SAP, precipitatigratich

amount, and. tectorum on developing plant communities at two sites in Colorado. Colorado’s unique



precipitation patterns together with the presence of the invasive annuaBgtast®rum, provide an
ideal model system to study the effects of precipitation and resource availability on native and invasi
species establishment in restoration. While receiving similar amounts of precipitatiatiygriha
Eastern Slope of Colorado is receives the majority of its precipitation in the spring and eanr sund
characteristic of mesic/ustic-aridic soil temperature and moisture regimes anddeaate susceptibility
to invasion. The Western Slope of Colorado also falls under the mesic/ustic-aridic soil terappardt
moisture regimes but in contrast receives most of its moisture in the late summerafall ead is
characterized as having high susceptibility to invasion (Figure 1).
The primary objectives of this study were to:
1) Evaluate the impacts of exclusion of 66% ambient rainfall on native plaBt ssatiorum
establishment and soil resources (volumetric water content and nitrogen) in a restoitaimn set
2) Evaluate the establishment and impact8. déctorum on native plant community development
and soil resources in a restoration setting.
3) Evaluate the effects of SAP amendments on native plar.dectorum establishment and
soil resources in a restoration setting.
4) Evaluate the interactions of precipitation amount and tinBntgactorum, and SAP on plant

establishment and soil resources in a restoration setting.

METHODS

Sudy sites and climate characteristics

To investigate the effects and interactions of precipitation amount and timing, drought, and SAP on
restored plant community development, we chose two sites in Colorado with similar management
histories and total annual precipitation amounts but varied timing of precipitation. Theitysies are
located in Colorado: one in the northeastern part of the state (Eastern Slope site) at the Qaterado S
Waverly property, in Larimer County, CO (Latitude: 40.708464, Longitude: -105.106834), USA and one

on the Western Slope (Western Slope site) at Dry Creek Basin State Wildlife Area in San Migug| C



CO (Latitude: 38.060054, Longitudd:08.512885), USA. Since the 1950’s, both sites had been tilled and
seeded with pasture grasses and grazed by cattle or sheep, or both. Grazing ceased at the Eastern Slope
site in the 1980s and at the Western Slope site in the mid-2000s. Soils at both sites are loams or clay
loams with clay content ranging from 2383%. Prior to establishing the study in 2014, various native
and exotic species occupied the study areas. The weedZtnmlvulus arvensis L. (bindweed) and the
native shrubEricameria nauseosa (Pallas ex Pursh) G.L. Nesom & Baird (rubber rabbitbrush), were
common at both locations. Additional common species at the Eastern Slope site ikidiiaettius

annus L. (annual sunflower)Cleome serrulata Pursh(Rocky Mountain bee plantiristida purpurea

Nutt. (purple threeawnpgropyron cristatum L. (crested wheatgrass) aRescopyrum smithii (Rydb.) A.
Love (western wheatgras§jommon species at the Western Slope site incl@deakral cea coccinea

(Nutt.) Rydb. (scarlet globemallowNyssum simplex Rudolphi (alyssum) anBromus tectorum L.

(cheatgrass or downy brome).

Both sites are semi-arid receiving approximately 400 mm of precipitation each yeam@season

(March— October) precipitation at the sites is similar (Eastern Slope: 320 mm, Western Slope:)270 mm
but the seasonal timing varies between the two sites. The Western Slope of Coloradomerstiof#ts
growing season precipitation (270 mm at the site) from Subtropical Pacific moisture in the late summer
and early fall in a pattern known as the North American Monsoon (Cook and Seager 2013). The Eastern
Slope site, on the other hand, receives the majority of its growing season preciB2iiomg) in the

spring and early summer from the Gulf of Mexico and subtropical regions of the US (Grantz et al. 2007).

Ste preparation

To prepare sites for SAP incorporation and seeding, the study blocks at both sites were mowed with a
brush mower to remove tall vegetation and shrubs (June 2013 at the Western Slope site and August 2013
at the Eastern Slope site) and then sprayed with a solution of glyphosate at a rate of 4.480 (ggail ha

of 41% glyphosate act® Glyphosate was sprayed two times at the Eastern Slope site in the fall of 2013

10



(Oct 26, Nov 13). Glyphosate was sprayed at the Western Slope site twice (August, September 2013) and
another two times in the spring (April, May 2014). Prior to seeding, experimental areatleemwith a

rototiller to a depth between 5-10 cm. Trenches were constructed around the perimeter of eaah plot to
depth of 45 cm and surrounded by two layers of 5 mm thick plastic to isolate treatment effects to

appropriate plots and prevent root scavenging.

Experimental Design

Three blocks were placed at each site in areas that contained relatively uniform vegetation andexere
10° slope. Three treatments (exclusi@tectorum, SAP) were fully crossed in a 2 x 2 x 2 factorial

design that resulted in eight treatment combinations per block. Treatment combinations were randomly
assigned to 4.9 m x 3.7 m (18.133plots within each block in a checkerboard pattern to prevent

treatments from interacting with one another (Figure 2).

Destructive
sampling plot

EASTERN SLOPE BLOCK 3

wi Bromus tecoturm

e E wi SAP

= % Exclusion shelter
@

m-rmm Open shelter {contrel)

e
+4 Unseeded control

i
il

L3 Probe

3  Terminal strip

- Data logger

Figure 2 Schematic diagram of Block 3 at the Eastern Slope site illustrates treatmestsl amoisture monitoring
equipment.

Treatments

SAP addition: SAP (Stockosorb 660 Micro, 0.2-0.8 mm, Evonik Industries, Germany) was applied to
appropriate plots by hand at a rate of 26-gand then the entire block area was disked twice to

incorporate polymer to a depth between 5-10 cm. Plots without SAP addition underwent the same disking

treatment.
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B. tectorum addition: Approximately 469B. tectorum seeds M were broadcast on appropriate plots at the
same time as broadcasting of native seeds. All seeds were raked into the soil after brgachchsoil

was packed down with a hand pushed cultipacker.
Exclusion: To decrease growing-season precipitation

in drought treatments we constructed rainfall exclusion

shelters that deflected 66% of ambient precipitation
from plots. We madified shelters from a design by

Yahdjian and Sala (2002). In contrast to the shelters

developed by Yahdjian and Sala that were one sided,

- S

supported by a metal frame and covered an area of

Fiure ompleted exclusion shelter at the Western
Slope site in July 2014.
3.76 m?, our shelters were constructed as an “A-

frame” made of wood that covered the whole plot are of 18.£3@m®R5 cm by 243.84 cm UV

transparent plexiglass troughs (Plaskolite, Inc. OP®IXcrylic) were placed across shelters to cover

66% of the plot area. Each shelter had two sides that were approximately 1 m from the ground surface,
and rose to a height of approximately 1.7 m at the top of the A-frame roofline (Figure 3). Aitémth

one of the sides closer to the ground was oriented perpendicular to the direction of prevadsig wi

order to minimize rain from being blown in under the shelter. Shelter frames were instately April

2014 at the Eastern Slope and troughs were kept in place front\@atté September 2014. At the

Western Slope site, shelter frames were installed in early July 2014 and plastic troughs werpl&ept

from Julyto October 2014, and Aprib October 2015.

Seeding

Species and seeds in each functional group (grasses, forbs, and shrubs) were kept consistent, and number
of B. tectorum seeds per plot was kept constant (465 seefsArtemisia tridentata Nutt. was seeded

only at the Western Slope site at a rate of 192 se&¢$able 1).B. tectorumseeds were collected within

6 km of each site antrtemisia tridentate seeds were collected for the Western Slope site from within 3

12



km of the study area. Native restoration seedsBatattorum seeds were broadcast on appropriate plots
and incorporated by raking. After seeding, the soil surface was compacted with a lawn roller. Seeding was

completed at the Eastern Slope site on 18 December 2013 and 25 July 2014 at the Western Slope site.

Table 1 Seed mixes at the Eastern Slope and Western Slope study sites.

Eastern Slope | Western Slope
Shrubs
Species Seeds 1t | Species Seeds nt
Amelanchier alnifolia 48 Artemesia tridentata 192
Artemisiafrigida 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 Pleuraphisjamesii 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

Climate and Soil Moisture Monitoring 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 S\Rectorum, and exclusion treatments

(Figure 2) at two depths: 5cm and 30cm. Probe cables were strung through PVC piping to prevent

weather and animal damage and connected to data loggers (CR1000 model loggers, Campbell Scientific,
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Logan UT). Sensors to monitor shelter effects and ambient climate variables were installed abrog near
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. #
SQ110-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, model #

25266) and batteries were installed at each site to continuously power data loggers.

Measurements

Wind speed and direction sensors (Campbell mo. #03002-L10) and rain gauges (Campbell mo. #TE525)
were placed at both sites to measure wind and ambient precipitation. Temperature, and relative humidity
(Campbell mo. #HC2S3-L50) and photosynthetic active radiation (Apogee mo. SQ-110: Sun Calibration
Quantum Sensor), were measured outside and under one shelter at each site. Soil moisture at 5cm and 30
cm depth was measured every half hour throughout the growing season in treatment plots of twb blocks a
each site using Decagon 5TM probes. All climatic and soil moisture measurements were recorded
automatically to a Campbell Scientific data logger (CR1000 model loggers, Campbell Scientific, Logan
UT). At the Western Slope site in 2015, we used plant root simulator probes (WesternAg Innovations,
PRS® Technology) to measure the effects of treatments on plant available nitrogen. Four cation and
anion probes were placed in treatment ploty Mdune, July-August, and September- October.

Westeri\g Innovations (Saskatoon, SK, Canada) analyzed inorganic nitrogen concentrations.

To measure plant community responses individual species seedling densities were Wthitedach
plot, four 1 x 0.5 rhsampling quadrats (sampling frames) were placed one meter from each plot corner,
ensuring at least a 30 cm buffer from plot edges. Individuals of all species were counted in eath quad

and averaged to the 1°stale for density analysis. Seedling densities were counted three times in the first
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growing season at each site: 17 May, 14 July, 2 September 2014 on the Eastern Slope, and 15 May, 17

July, 10 September 2015 at the Western Slope site.

Satistical analyses

We used repeated measures linear mixed effects models to analyze the effects of eRctasiorym,

and SAP treatments on plant available nitrogen and plant densities for the following plaanh&inc
groups: all perennials, seeded perennials, all annuals (excBidiegjorum), seeded annuals aBd

tectorum. In seedling density and nitrogen analyses, date (the repeated measure or within subject factor)
and treatments were considered fixed effects, and block was considered random. Functional group
densities were either square root or log transformed before analysis to meet assumpticigyodblequ
variance and backwards selection was used to retain the simplest model in all cases. AbWRSA m

were used to analyze the effects of exclusBectorum, and SAP treatments on volumetric water
content (VWC) at 5 cm and 30 cm depth at weekly intervals. In analysis of VWC, and treatments were
considered fixed effects, and block was considered random. Analyses were completed for both sites

individually. All analyses were completed in the statistical program R (R B@weint Core Team 2012).

RESULTS

Weather

During the 2014 growing season, overall precipitation and temperature at the Eastern Slope site were
average with the site receiving 307 mm of precipitation Mar8eptember (30-year average: 327mm)

and observing temperatures betweeriG.@nd 22.3C. Typical of this area, the spring (MarelJune)

was the wettest part of the year, though less precipitation fell than usual; theesitedd&5 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 the
Eastern Slope site (Figure 4c). Average temperature¥J522.2C) and annual precipitation (280 mm

compared to the 30-year average of 270 mm from March - September) were observed at the Western
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Slope site during the first growing, but timing of precipitation was atypical for the area.eehesaally
receives around 110 mm of precipitation in the spring (Mardhne) 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 5c).

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 iriloeiorum, unless mentioned
explicitly. Annuals dominated at both sites comprising 64% of the community (108 pRBntrthe
Eastern Slope site and 78% of the community at the Western Slope site (129 p)a@s the Eastern
Slope the annual community was 86% native and dominated by two sitedese serrulata and
Helianthus annuus, which accounted for 62% and 9% of all annual forbs, respectively. The annual
community at the Western Slope site was dominated by non-native species, pAigasilsn simplex
andSalsolatragus L. (Russian thistle), which comprised 64% and 16% of the annual community,
respectively. Compared to annuals, perennial establishment was low at both sites accountingfor 34%
the community at the Eastern Slope site (71 plarfisamd 22% of the community at the Western Slope
site (39 plants M). Seeded native perennials accounted for 14% (9 plafjitamd 8% (3 plants 1) of

the perennial communities at the Eastern and Western slope sites, respé&iwaduul us arvensis was
the most prevalent perennial species at both sites, accounting for 78% and 89% of the perennial
community on the Eastern Slope and Western Slope, respecBvidgtorum establishment was high on
the Western Slope, reaching a maximum of 289 plaritsit® in the season and accounting for 63% of
the total plant community in plots weBetectorumwas seeded. In contraB, tectorum establishment on
the Eastern Slope was low, reaching a maximum of only 2 plahnohaccounting for less than 2% of
the total plant communityConvolvulus arvensis was prevalent at both sites, accounting for 78% of the

perennial community on the Eastern Slope and 89% of the perennial community of the Western Slope.
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Figure 4 a) Soil volumetric water content (VWC) at 5cm depth and b) 30emthdat the Eastern Slope site. Lines depict
weekly averages under SAP aBdectorum treatments, averaging over exclusion treatment. Symbols denote significat
(p<0.1) differences in means of main effects, averaging over othémgsts. a) * Indicates a significant main effect of
exclusion at 5cm on July 27, 2014. b) * Indicates a 3-way interabtitween SARB. tectorum, exclusion existed (Figure
12) on July 27, 2014. c) Daily average precipitation in 201therEastern Slope. Data from Colorado Agricultural
Metrological Network station FTCO1.
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Western Slope 5cm Volumetric Water Content
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Figure 5 a) Soil volumetric water content (VWC) at 5cm depth and b) 3@eapth at the Western Slope site in 2015. Line
depict weekly averages under exclusion precipitation conditionB.aectorum treatments, averaging over SAP treatmer
a) Symbols denote significant (p<0.1) differences in means of main effestagang over other treatments. b) Letters
denote significant (p<0.1) differences in means. c) Daily average préoipita 2015 at the Western Slope site. Data

collected on site.
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Seedling counts

Different experimental treatments had the greatest influence on the divergent plant d@smauaur

two sites: SAP and exclusion drove patterns on the Eastern&idBetectorumand exclusiorrove
patterns on the Western Slope. The densities reported for both sites do notBntdatteum seedlings.

In the first growing season (2014) at the Eastern Slope site, total seedling densitie/whighé0
(82.38 + 29.41 plants Ry with SAP treatment than without SAP (52.33+ 29.41 plantsthough 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%im plots without SAP compared 49 plants ™ with SAP (Table 2,
Figure 6). Seasonal seeded annual densities were three times greater in SAP treatments wishd33 plant
compared to 41 plantshwithout SAP, but this
trend was not significant (p = 0.11) (Table 2). In

addition, densities of seeded species under ambient

— =
or
e
—a
(2]

E; it T ‘:'::‘:;P conditions increased steadily throughout the season
E e (May: 37.9 plants My, July: 44.6 plants
September: 52.6 plants3nbut increases under
May July September exclusion conditions were smaller and no significant

Figure 6 Seasonal trends of 2014 annual species densi increase was observed in the later part of the
with and without SAP at the Eastern Slope site. Data a

averaged over exclusion aBdtectorum treatments. Bars )
are means of untransformed data + standard error of tr  Summer (May: 16.3 plants‘fnJuly: 20.8 plants rf
mean. Letters denote significant differences between

mears of transformed data (p < 0.1). September: 22.3 plants3n(Figure 7). Overall, SAP
treatments improved establishment of all seeded species under ambient conditions (13?ptari®s m
plants n¥, p = 0.09) but not under exclusion conditions (17 plantson23 plants m, p = 0.99) (Figure
8). Interactive effects of exclusion, SAP, @dectorum affected seeded perennial densities. Seeded
perennial densities were lower in exclusion treatments in all cases except iettsatmhB. tectorum
and no SAPB. tectorum seedling densities were low overall, reaching only three plafi@igure 9).

Perennial seedling counts under this treatment combindidec{orum and no SAP) did not vary
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Figure 7 Seasonal trends of 2014 annual species densitie
under ambient and exclusion precipitation conditions at tt
Eastern Slope site. Data are averaged over SAB.and
tectorum treatments. Bars are means of untransformed de
+ standard error of the mean. Letters denote significant
differences between means of transformed data (p < 0.1)

between ambient (4.5 plants?)rand exclusion

(5.1 plants n?) conditions (Table 2, Figure L0

At the Western Slope site total seedling densities
were over two times greater in ambient

precipitation treatments (82.5131.2 plants m)

than in exclusion treatments (28.86 + 30.42 plants

m?). Annual species densities were three times
greater in ambient treatments (67.62 £ 29.10

plants n?) than in exclusion treatments (14.69 +

28.25 plants M) and drove this overall trend (Tablg After reaching their highest densities in July

(12.92 + 2.43 plants 1), native seedling densities in ambient plots remained higher at the end of the

season (10.77 + 2.43 plant£nthan early establishment (May), but densities in exclusion plots returned

to spring leves (5.43 + 2.39 plants 1) (Figurel1). B. tectorumtreatments had varied effects on different

plant functional groups. Total seedling densities were higher with s8etistbrum, 67.27 + 30.03

(=

i
_— a5 Polymer
g ab W ve sar
° a SAP
&

w

Ambient Exclusion

Figure 8 2014 seedling densities of seeded species at 1
Eastern Slope site. Data are averaged Bveactorum
treatments. Bars are means of untransformedidata
standard error of the mean. Letters denote significant
differences between means of transformed data (p < 0.

E ol
- Precipitation
E’ a .Anlhien!
¥ ab Bl exciusion
)

M'ay Ju"ly Septémber

Figure 9 B. tectorum seedling densities in 2014 at the
Eastern Slope site. Data are averaged over SAP treatmel
Bars are means of untransformed data + standard error ¢
mean. Letters denote significant differences between mei
of transformed data (p < 0.1).
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plants n?compared to 44.10 + 31.75 plant¥ mithout seede®. tectorum, and once again this trend

was primarily driven by increases in annual seedling densities (54.62 + 27.85 pfavith 8. tectorum,

27.71 + 29.69 plants Awithout B. tectorum) (Table 2). However, densities of all seeded species were
lower with B. tectorum (Table 2). Densities of all seeded species Bittectorum reached 2.79 + 0.83

plants n? compared to 5.13 * 0.85 plants’mithoutB. tectorum. Seeded annual densities were also
greater withouB. tectorum though differences varied by date and precipitation treatment. Seeded annual

densities in plots with ambient conditions and witHButectorum were greater than densities with

AMBIENT EXCLUSION
a i
al E Precipitation
e ab i L4 I Ambient
R i Polymar T B Exciusion
g W asar .
T AP
1 E l
. ﬁ May duly September
Blrectorum  No B.teckorum Btectorum Mo B.tectorum

Figure 102014 seedling densities of seeded species attr  Figure 11 Native seedling densities in 2015 at the Wester

Eastern Slope site. Data are averaged Byesctorum Slope site. Data are averaged oBetectorumand SAP
treatments. Bars are means of untransformed data + star ~ treatments. Bars are means of untransformed data + star
error of the mean. Letters denote significant differences error of the mean. Letters denote significant differences
between means of transformed data (p < 0.1). between means of transformed data (p < 0.1).

exclusion and. tectorumin July and September, as well as treatments under ambient precipitation with
and withoutB. tectorumin September (Table 2, Figure 1Zhe lower densities @. tectorum seedlings
under exclusion treatments was primarily driven by differences between treatments irvitb #16.52
+ 157.7 seedlings Hunder ambient conditions compared to 0.52 + 153.24 seedlidgader exclusion

(Table 2, Figure 13
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Table 2: Analysis of variance results for main effects and interactiofs @ttorum, exclusion, and superabsorbent polymer (SAP) treatments for densities
of different plant functional groups at the Eastern and Western slopePsitaisies less than 0.1 are in bold. Degrees of freedom (df) are fourtherator
and denominator (num,den), F and p values from selected models.

EASTERN SLOPE SEEDLING DENSITIES

Seeded Perenniafs Perennials$ Seeded Annual% Annuals® B. tectorum

df F p df F p df F p df F p df F p
B. tectorum 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 <0.001 246 2749 <0.001 246 17.02 <0.001 2,44 46.76 <0.001 2,44 5.02 0.011
B. tectorum : Exclusion 1,58 1249 <0.001 1,14 0.47 0.504 - - - 1,17 2.22 0.155 - - -
B. tectorum : 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 - - - - - -
B. tectorum : Date - - - - - - - - - - - - - - -
Exclusion : Date 2,58 1858 <0.001 - - - - - - 2,42 3.13 0.054 2,44 4.38 0.018
SAP : Date - - - - - - - - - 2,42 2.81 0.072 - - -

B. tectorum : Exclusion : SAP 1,58 8.52 0.005 1,14 4.58 0.050 - - - - - - - - -
WESTERN SLOPE SEEDLING DENSITIES

Seeded Perenniafs Perennials$ Seeded Annuald Annuals? B. tectorum®

df F p df F p df F p df F p df F p
B. tectorum 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 4154 <0.001
Exclusion 1,17 0.45 0.731 1,17 0.14 0.712 1,16 0.57 0459 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 <0.001 247 28.24 <0.001 242 9.73 <0.001 2,48 1.77 0.181 241 0.07 0.931
B. tectorum : Exclusion - - - - - - 1,16 0.21 0.651 - - - 1,16 1.33 0.267
B. tectorum : SAP - - - - - - - - - - - - - - -
Exclusion : SAP - - - - - - - - - - - - - - -
B. tectorum : 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
B. tectorum : Exclusion : Date - - - - - - 2,42 3.83 0.030 - - - 2,41 421  0.0218
aTransformation: sqrt(density) b Transformation: log(density+0.01) - Interactions not included in model
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of transformed data (p < 0.1).

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 the Eastern Slopeositg June 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
B. tectorum and exclusion treatments (Table 3, Figure 4a). On 27 July 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 4a). On
27 July 2014 the effect of SAP on VWC of soils at 30 cm varied with levd@stedtorum and exclusion
(Table 3). VWC in ambient plots without SAP and withtectorum was almost two times higher (21.91

+ 1.88%) than ambient plots with SAP and wihectorum (11.68 + 1.88%; p = 0.08) and exclusion

plots with SAP and withouB. tectorum (9.56 + 2.75%) (Table 3, Figure 14). In 2015 at the Western

Slope sites, plots witB. tectorum had approximately 20% lower volumetric water content at 5 cm depth
than plots withouB. tectorum from 30 April 2015 to4 June 2015 (Table 4, Figure 5a). Exclusion plots
were drier than ambient plots at 5cm periodically from 7 May 2015 through 13 August 2015 (Table 4,

Figure 5a). From 9 April 2015 through 14 May 2015, the effe& tdéctorumon VWC at 30cm
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Table 3: Analysis of variance results for dates at which main effects and/or interaaftiBrigctorum, exclusion,
and superabsorbent polymer (SAP) treatmentsoil volumetric water content at 5 cm and 30 cm depth at the
Eastern Slope site were significant (p<OHjch model at each date had one degree of fnreesignificant F and
p values are indicated in bold.

EASTERN SLOPE 5 CM VOLUMETRIC WATER CONTENT

F p F p F p F p F p

Date (2014) 6/3 7129
B. tectorum 0.62 0.449 0.03 0.874
Exclusion 0.05 0.826 451 0.057
SAP 383 0.076 2.88 0.118
Block 7.44  0.020 218 0.167

EASTERN SLOPE 30 CM VOLUMETRIC WATER CONTENT

Date (2014) 6/3 6/10 6/17 6/24 7129
B. tectorum 0.00 0.991 000 0.98 004 0852 025 0631 084 0.39%4
Exclusion 021 0.655 0.66 0437 041 0539 001 0931 354 0.109
SAP 119 0301 1.65 0228 222 0167 128 0.284 216 0.192
Block 0.44 0523 0.05 0825 006 0818 009 0775 1148 0.015
B. tectorum by Exclusion - - - - - - - - 0.01 0.922
B. tectorum by SAP 10.15 0.010 7.11 0024 533 0044 395 0.075 6.16 0.048
Exclusion by SAP - - - - - - - - 0.33 0.587
B. tectorum by Exclusion
by SAP - - - - - - - - 9.62 0.021

- Treatment or interaction not included in model

depth varied with the level of precipitation. Under ambient conditions, VWC of soil8wi¢htorum

was on average 20% lower than in plots witHdutiectorum. VWC of soils with ambient precipitation

andB. tectorum throughout this period ranged from 13.4% + 1.6% to 15.5% * 2.5% as compared to soils
with ambient precipitation and ri# tectorum,

which ranged from 17.3% + 1.6% to 20.7%

o awmer EXCLUSION
. . ﬁEEE.LP +3.8%. On two dates, 7 and 14 May, VWC at 30
. 5 : T Ib ab b cm in plots withB. tectorum under ambient
: : | conditions was 20% lower than in plots with
exclusion treatments, regardless of levaBof
il awconm nosmeonm  tECtOrumwithin the exclusion treatment (Table 4

Figure 14 Soil VWC at 30 cm depth on 29 July 2014 at .

the Eastern Slope site. Bars are means of untransform:  Figure 5b).
data * standard error of the ame Letters denote

significantly (p < 0.1) different means.
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Table 4: Analysis of variance results for dates at which main effects and/or interaatiBrigctorum, exclusion, and superabsorbent polymer (SAP) treatnogrgsil
volumetric water content at 5 cm and 30 cm depth at the Westernstiepeere significant (p<0.1fach model at each date had one degree of freedom. Signifiaadtg=

values are indicated in bold.

WESTERN SLOPE 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 7116 8/6 8/13
B. tectorum 448 0058 418 0066 630 0029 7.44 0020 1065 0008 542 0040 001 0938 006 0.806 016 0699 001 0.931
Exclusion 044 0520 751 0019 199 0186 1578 0002 6.05 0032 091 0362 447 0061 493 0053 4.18 0071 7.66 0.022
SAP 046 0510 074 0.408 061 0450 0.64 0442 039 0545 046 0514 007 0792 002 0905 000 0972 0.17 0.690
Block 251 0141 216 0170 353 0087 7.98 0017 1298 0.004 10.08 0009 278 0.126 7.94 0020 16.08 0.003 10.70 0.010

WESTERN SLOPE 30 CM VOLUMETRIC WATER CONTENT

Date (2015) 3/5 4/9 4116 4/23 4/30 5/7 5/14 5/21 5/28 6/11
B. tectorum 192 0196 502 0049 7.51 0021 561 0042 668 0030 11.33 0008 1043 0010 7.84 0019 599 0034 1.21 0.303
Exclusion 015 0708 007 0792 039 0547 133 0278 1.66 0229 285 0126 276 0.131 007 0790 008 0.787 022 0.652
SAP 350 0091 1.85 0204 123 0293 044 0523 056 0474 116 0310 1.37 0272 023 0643 007 0799 195 0.200
Block 0.9 0673 001 0934 005 0832 058 0467 068 0430 121 0300 1.20 0301 3.18 0.105 251 0144 013 0.725
B.tectorumby Exclusion 1.57 0.238 4.26 0066 6.07 0034 483 0056 504 0051 6.80 0028 590 0038 105 0330 123 0294 575 0.043

- Treatment or interaction not included in model

25



Plant available nitrogen

At the Western Slope site where nitrogen measurements were taken in 2015, concentrations of soil total
inorganic nitrogen, most of which was nitrate, varied by date and precipitation treatmemts {5ig
Table 5. In June 2015, total nitrate concentrations were twice as high (499.77 + 46.52)rimg m
exclusion treatments as in ambient treatments (144.72 + 46.523nd s pattern reversed by
September 2015, when concentrations of nitrate were over three times greater in ambiemttsreatm
(221.83 + 46.51 mg 1) compared to exclusion treatments (69.33 + 46.51 mMg @oncentrations of soil
ammonium varied based on precipitation Bntectorum treatments (Figure 16). WithoBttectorum,
concentrations of ammonium were greater in treatments under exclusion (4.97 + 0.49 tmgm
ambient conditions (3.11 + 0.49 mg3nbut no differences were observed in the presenBeteftorum.
Ammonium concentrations decreased throughout the season overall, while nitrate concentrations

decreased only in exclusion treatments (Figure 15).

. Maln Effe w Main EM
E
B .Amblcr ? .la.n!;m
E . Exelusi W exciu:
June J'.;h.' El’.'pli‘;n'.lh‘er B fectorum o B fectonm
Figure 15 Seasonal soil nitrate concentrations Figure 16 Ammonium concentrations under ambiel
under ambient and exclusion precipitation and exclusion precipitation conditions with and

conditions Bars are means of untransformed dat without B. tectorum. Bars are means of
+ standard error of the mean. Data are averagec untransformed data + standard error of the mean

over B. tectorum and SAP treatments. Letters Data are averaged over SAP treatments. Letters
denote significant (p<0.1) differences between denote significant differences (p< 0.1) between
means. means.
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Table 5: Analysis of variance results for main effects and interactiois @ftorum, exclusion, and superabsorbent
polymer (SAP) treatments for total plant available nitrogen, nitrate and ammoang@ntrations in the soil. Degrees
of freedom (df) are for the numerator and denominator (nurj,Beand p values from selected models.

WESTERN SLOPE PLANT AVAILABLE NITROGEN

Total N NOs NH4

df F p df F p df F p
B. tectorum 1,18 1339 0.262 1,18 1334 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
B. tectorum 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

DISCUSSION
Drought — Plant community (Both sites)

Drought conditions (66% reduction of ambient rainfall) had significant effects on plargeroerand
establishment at both of our study sites. At the Eastern Slope site, seeded species densities amtyreased e
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 7; compare differences May-July vs.
July-Sept). This suggests that drought later in the growing season may limit plant recryitssibly as
a result of competition for resources by annuals that established earlier in the season (Tilman 1997,
Zimmerman et al. 2008). At the Western Slope site, 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 ofitige grow
season than at early establishment (May), while densities in exclusion plots retispedgdevels
(Figure 11) 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 ememging nativ
plants under drought conditions were particularly affected later in the growing season. At the Eastern
Slope site native seedlings were unable to either germinate or emerge, while at the Westerm Slope sit

seedlings experienced a bottleneck in survival from emergence to establishment. Even though overall
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densities varied greatly, in the fall at both sites, exclusion limited densitBegeoforum. As B. tectorum
generally germinates in the fall, rainfall reduction during this time may have a lgvgetion the
following year’s generation of B. tectorum (Beckstead et al. 1996) and subsequent effects on the plant

community (Prevéy and Seastedt 2015).

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

two sites. At the Eastern Slope site, exclusion and SAP interacted to affect seedling densities, while at the
Western Slope site, exclusion interacted V&thectorumto affect soil resources and seedling densities.

The two sites also differed in spring precipitatiBntectorum establishment, and dominant annual forb
species, which may have influenced treatment effects and plant responses. On the Eastern Slope, two
large rainfall events occurred in May. Although we did not have soil moisture sensors irt phatesite

until mid-June, given the size of the rainfall events and the fact that smaller precipitatits \egre

followed by increases in soil moisture at both sites (compare panels of Figures 4 and 5), it ibleeisona

conclude that May soil moisture was high on the Eastern Slope in the Spring of 2014.

B. tectorum established readily on the Western Slope, but only at very low densities on the Eastern Slope,
which may have been related to the timing of seeding at the two sites. The Eastern Slope site was seeded
in December 2013, past the opportune fall germination windo®. fiectorum (August-Octobéer

(Beckstead et al. 1996). As soil moisture in the spring was suspected to be high, cold teraperature
(Chambers et al. 2007, Blumenthal et al. 2016) or the early germinai®eoafe serrulata may have
suppresse. tectorum establishment at the Eastern Slope site. In contrast, seeding at the Western Slope
site (July 2014) was followed by high fall precipitation (162 mm from July through September 2014) and
resulted in highB. tectorum establishment the following spring. Finally, dominant annual forb species
differed at the two sites, with large-statu@éome dominating the Eastern Slope site, and small-statured

Alyssum dominating the Western Slope site.
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SAP + Drought x SAP — Plant community (Eastern Sope)

At the Eastern Slope site, SAP treatments increased establishment of total seedlings, most of which were
the native annualSleome serrulata andHelianthus annuus. 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 needed for germination (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 speci
(82% annual forbs) under ambient conditions but not under exclusion (Figure 8). Although significant
interactions emerged between SAP, exclusion Bamettorum on seeded perennial densitieBects were

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

levels ofB. tectorum or SAP with 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 (En2p¥3 a¥ang

et al. 2014, Mazen et al. 2015). Still, information about their interactions with preoipigaount is

limited. In a study investigating water use and growth of corn in soils treated with SAP(26thh)

found that water-use efficiency and leaf-water potential improved under deficit irrigatian bu

differences were found under moderate or adequate irrigation treatments. In Islam’s (2011) study, the

greatest deficit water treatment had soil matric potentials set at 9 kPa pressure. 9 &Bsuod jir 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 the low matric potentials of SAP (Huttermann et al. 1999) may result in rapid loss ovater
demands by plants, surrounding soils, or the atmosphere are high (Yang et al. 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
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growth depended 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 Eastern Slope site is consistent with this hypothesis. It is also possible that differeioveimant

annuals or soil type drove the differences between sites. Regardless, it is clear that thef &fgeton
germination and plant water uptake are likely dependent on environmental conditions, antecedent wat

availability, soil type, and specific germination and growth requirements of differen¢speci

B. tectorum + Drought x B. tectorum — Plant Community (Western Sope)

The negative impacts & tectorum on establishment of seeded speeaiethe Western Slope site
exemplify the importance of managing this species in restoration projects. The affi@dictorumon
seeded annuals depended on date and precipitation treatment. Seeded annual densities in plots with
ambient precipitation and withoBt tectorum were greater than densities in plots with exclusioneand
tectorumin July, but differences were not apparent in May or September (Table 2, Figure B2). As
tectorumis capable of rapid use of shallow soil water (Melgoza et al. 1990) and has been shown to be an
effective competitor when summer precipitation is low (Chambers et al. 2007), the effedictafrum

and drought may have compounded early in the season to hinder seeded annual establishment.
Interestingly, in the fall we observed higher unseeded annual densitieB. vattorum possibly because
the litter layer created by senes@&dectorum altered microclimate conditions in a way that enhanced

germination of the dominant speciééyssum simplex.

Soil Resources (Both sites)
Drought independently and in combination with SAP Bnekctorum influenced volumetric water

content (VWC) and plant available nitrogen at both sites. As nitrogen measurements were not taken and
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VWC measurements did not begin until mid-June on the Eastern Slope, the following discussion is
largely based on observations from the Western SlopeAsiteth sites, VWC in exclusion plots was

lower at 5 cm depth than in ambient plots at different points throughout the season: on 27 July 2014 on
the Eastern Slope and periodically from May through August 2015 on the Western Slope. As in other
studies (e.g., Ogle et al. 2003, Prevéy and Seastedt 2014), at the Western Slope site, VWC at 5 cm depth
in plots withB. tectorumwas lower from April through early June 2015, indicating Bhdaéectorum was

able to utilize shallow, early season moisture (Melgoza et al. 1990, Knapp 1996). Early istime sea

VWC was lower in plots with SAP than plots without SAP (p < 0.10) at both sites: at 5cm depth on 3

June 2014 on the Eastern Slope and at 30cm depth on 5 March 2015 on the Western Slope. At the Eastern
Slope site, higher densities of plants in SAP treatments likely drove down soil moisture early imthe sp
resulting in lower VWC. At the Western Slope site, SAP may have absorbed moisture from snowmelt in

the top layers of the soil profile and prevented infiltration to deeper depths.

In addition to lowering VWC, exclusion treatments influenced soil nitrogen throughout the seasen on t
Western Slope. Soil nitrate was higher in exclusion treatments in June and July but lowegrith8gpt
suggesting that in the absence of moisture, plants were unable to acquire nitrate early in thenseason. |
ambient plots, fall precipitation may have stimulated decomposition and microbial actieéging

nitrate and resulted in higher concentrations in these treatments. We found that ierice afis

tectorum, ammonium levels in exclusion plots were higher than in ambient plots, but no differences were
detected in the presenceBitectorum. This suggests th& tectorumis 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, which moves mostly by mass flow

(Belnap et al. 2016).

Drought Interactions— Soil Resources (Both sites)

At 30 cm depth, interactions betweBntectorumand SAP on the Eastern Slope &dectorumand
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exclusion on Western Slope site were observed. On the Eastern Slope on 27 July, VWC at 30 cm depth
was influenced by interactions betweentlatee experimental treatments. VWC in ambient plots with No
SAP andB. tectorum was almost two times higher (21.91 + 1.88%) than ambient plots with SAP and with
B. tectorum (11.68 + 1.88%; p = 0.08) and exclusion plots with SAP anB. tectorum (9.56 + 2.75%)

(Table 3, Figure 14 Surprisingly, in the spring at the Western Slope site, VWC of soils at 30 cm in plots
with B. tectorum under ambient conditions was over 20% lower than in plots with 66% precipitation
reduction, regardless of the levelBftectorum within the exclusion treatme(figure 5c) As the effect

of B. tectorum on deep soil moisture was more evident under ambient than reduced rainfall, and we saw
trends for higheB. tectorum densities in ambient vs. drought plots, we find an apparent paradox by
which higher precipitation leads to drier deep soil layers. Adequate precipitatioadteesiow

increased establishmentBftectorum, efficient sequestration of resourcesytectorumin upper soil

layers, and decreeginfiltration of precipitation to deeper levels in the soil profile. The abilit®.of
tectorumto reduce moisture in deep soil layers may be a mechanism by Behihorum alters
environmental conditions to the detrimenipefennial grasses (Dyer and Rice 1999) or shrubs (&nhouy

2006) that depend on moisture from deep in the soil profile.

The highly site-specific findings from our study, especially in relatidd tectorum establishment,

support previous research that links soil temperature and moisture regimes to ecosyaeceranil
resistance to disturbance aBdectorum invasion (Chambers et al. 2013, Maestas et al. 2016). Located

on the western edge of the Great Plains, our Eastern Slope site has mesic soil temperature (8)C to 15°
and aridic/ustic moisture regimes and is characterized by moderate susceptilmirgsion (Brooks et al.
2016). The lowB. tectorum densities on the Eastern Slope were likely a result of seeding in December
2013, past the opportune fall germination window (Aug-OctBfdaectorum. As slightly below average
precipitation fell in spring 2014, soil moisture, cold temperatures (Blumenthal et al. 2Qt6)early
germination ofCleome serrulata (observed emerging in late March) may have supprédsediorum

establishment at the Eastern Slope site. Our Western Slope site is located on the eastern edge of the
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Colorado Plateau and is characteristic of the mesic soil temperature regime aaddistinoisture

regime (Brooks et al. 2016). These systems have low resilience and resistance and are highlyesusceptibl
to invasion (Brooks et al. 2016). At this site, high fall precipitation in 2014 (162 mmJiugnthrough
September) resulted in hidh tectorum establishment in both exclusion and ambient treatments, though
uncharacteristically low rainfall in fall 2015 (70 mm) hindeBedectorum establishment in exclusion

plots. Even though exotic species have been shown to have lower germination requirements and an ability
to capitalize on warm temperatures, even under drought conditions (Wainwright and Cleland 2013), our

results suggest tha& tectorum s at least partially limited by moisture during this period.

INFERENCES REGARDING RESEARCH OBJECTIVES

Our first objective was to evaluate the effect of 66% ambient rainfall exclusion on sailaes and plant
establishment. We expected lower soil moisture and establishment of seeded species to b théuced i
exclusion treatment. During the first year of the study, exclusion of 66% of ambient ragmfdicantly
decreased soil moisture and seedling establishment at both sites, primarily in thet&tdrtpargrowing
season. Our results in regard to our second objective, which was to evaluate the inthdetsoofim on

soil resources and native plant community development, were limited to the Western Slope siB: where
tectorum established well. We expected gred&etectorum establishment would result in reduced success
of seeded native species. At this dgetectorum had negative impacts on soil moisture and native plant
community development, particularly early in the season when it was most active. Surpiisingly,
tectorum under ambient conditions had a stronger negative impact on soil moisture at 30 cm than drought
treatments. Our third objective was to evaluate the effects of SAP on soil resources and planttgommuni
development. We anticipated that SAP would increase soil moisture over time and impravspeties
establishment. Significant SAP effects were primarily observed at the Eastern Slope site vhere SA
incorporation improved total and annual seedling establishment. Our fourth objective was to évaluate t
interactions of precipitation amount and timiBgfectorum, and SAP on plant establishment and soil

resourcesWe anticipated the effects of SAP to be most pronounced under exclusion treatments because
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seedlings in these treatments would benefit most from improved soil moisture and nutrient ivailabil
With improved native establishment we expected lower densitigsteftorumin these treatments

Positive effects on seeded species were only evident under ambient precipitation conditions. tri@ontras
our prediction, it appears that SAP amplified resources at times when they were abundant rather than
when they were most limiting. No interactions between SAPBatattorum were observed. Adequate

early season precipitation at both sites interactedBvitectorum on the Western Slope and SAP on the
Eastern Slop#o drive seasonal soil and plant community responses. This suggests that what happens
early in the growing season may greatly influence the trajectory of the restaesd gysing the first

year of establishment. Improving establishment of desirable plants and managing invasives during this

period may improve overall restoration success.

MANAGEMENT IMPLICATIONS

The effectiveness of SAP in our study was limited to one site, largely driven by annual speciesggsponse
and effects on seeded species were only evident under ambient precipitation. 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 fielohgstt

Recommended application rates of SAP vary widely, from 22 Kddidield applications (equals

0.0039% by weight assuming incorporation to 5 cm and soil bulk density of &rir3 gohn Wynne,
Stockosorb product representatiper;s. comm.), to 426 kg ha for turf grass (0.075% by weight; BASF
Luquasorb® brochure) up to 0.4% by weight in a containerized experiment (would equal 2,260dw ha
incorporation to 5 cm with soil bulk density of 1.18m%; Agaba et al. 2011). The rate used in this study,
0.045% by weight (257 kg/ha) costs approximately $1,9004rad 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 10 cm, 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 coymastairation.

Localized application either in direct contact with target seeds in drill seeded rawsigoirated into
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pellets with seed may improve target plant establishment. Furthermore, as with all restortatiguésc
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 SAP on plant emergence, soil resource8, sgotiorum 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 growaspseRather, on

the Eastern Slope site ambient precipitation throughout the growing season interacted with SAP to
improve annual and seeded plant establishmesB. fectorum did not establish well at the Eastern Slope,
increased soil moisture from SAP may have been available for native plants to utilizeanytisprng

and summer. In contrast, SAP had no detectable effect on the plant community on the Western Slope and
was unable to ameliorate the negative impaci& t#ctorum 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 an®. tectorum presence had significant impacts on developing plant communities at
our sites. As exclusion had negative impact8aectorum, and bothB. tectorum and exclusion

decreased native seedling densities, concomitant effects of the two could influencedhénmpact of
exclusion on plant community development in later growing seasons. Further monitoring is dssential
understand the long-term effects of these early treatment effects and plant responses nDevelopi
restoration treatments and techniques that ameliorate the negative impacts of drought and pecassve s
is fundamental to establishing resilient and resistance plant communities. However, carefulatamrsider
of local weather patterns and plant germination and establishment requirements may help inf@m invas
potential, timing of restoration treatments, and appropriate species selection fongediitirbed

ecosystems throughout the west.
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