Natural Resources and Environmental Issues

Volume 17 Threats to Shrubland Ecosystem :
Integrity Article 1

2011

16th Wildland Shrub Symposium Threats to Shrubland Ecosystem
Integrity 2010 May 18-20 Logan, UT

Thomas A. Monaco

In Monaco, TA. et al. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity; 2070 May
18-20; Logan, UT. Natural Resources and Environmental Issues, Volume XVII. S.J. and Jessie E. Quinney
Natural Resources Research Library, Logan Utah, USA.

Eugene W. Schupp
Ecology Center, Department of Wildland Resources, Utah State University

Rosemary L. Pendleton
Albuquerque Forestry Sciences Laboratory

Stanley G. Kitchen
USDA Forest Service, Rocky Mountain Research Station, Shrub Sciences Laboratory

Patsy K. Palacios
SJ & Jessie E. Quinney Natural Resources Research Library

Follow this and additional works at: https://digitalcommons.usu.edu/nrei

Recommended Citation

Monaco, Thomas A.; Schupp, Eugene W.; Pendleton, Rosemary L.; Kitchen, Stanley G.; and Palacios, Patsy
K. (2011) "16th Wildland Shrub Symposium Threats to Shrubland Ecosystem Integrity 2010 May 18-20
Logan, UT," Natural Resources and Environmental Issues: Vol. 17 , Article 1.

Available at: https://digitalcommons.usu.edu/nrei/vol17/iss1/1

This Article is brought to you for free and open access by
the Journals at DigitalCommons@USU. It has been

accepted for inclusion in Natural Resources and /[x\

Environmental Issues by an authorized administrator of /\

DigitalCommons@USU. For more information, please (l .()A]_ UtahStateUniversity
contact digitalcommons@usu.edu. /'g;m MERRILL-CAZIER LIBRARY


https://digitalcommons.usu.edu/nrei
https://digitalcommons.usu.edu/nrei/vol17
https://digitalcommons.usu.edu/nrei/vol17
https://digitalcommons.usu.edu/nrei/vol17/iss1/1
https://digitalcommons.usu.edu/nrei?utm_source=digitalcommons.usu.edu%2Fnrei%2Fvol17%2Fiss1%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/nrei/vol17/iss1/1?utm_source=digitalcommons.usu.edu%2Fnrei%2Fvol17%2Fiss1%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/

16th Wildland Shrub Symposium Threats to Shrubland Ecosystem Integrity 2010
May 18-20 Logan, UT

Cover Page Footnote

Suggested Citation: Monaco, Thomas A.; Schupp, Eugene W.; Pendleton, Rosemary L.; Kitchen, Stanley G,;
Palacios, Patsy K. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity; 2010 May
18-20; Logan, UT. Natural Resources and Environmental Issues, Volume XVII. S.J. and Jessie E. Quinney
Natural Resources Research Library, Logan Utah, USA.

This article is available in Natural Resources and Environmental Issues: https://digitalcommons.usu.edu/nrei/vol17/
iss1/1


https://digitalcommons.usu.edu/nrei/vol17/iss1/1
https://digitalcommons.usu.edu/nrei/vol17/iss1/1

Monaco et al.: Threats to Shrubland Ecosystem Integrity

PROCEEDINGS OF THE 16TH WILDLAND SHRUB SYMPOSIUM

THREATS TO SHRUBLAND
ECOSYSTEM INTEGRITY

25-27 MAY 2010, UTAH STATE UNIVERSITY, LOGAN

Natural Resources and Environmental Issues
Volume XVII
2011

Published by DigitalCommons@USU, 2011



Natural Resources and Environmental Issues, Vol. 17 [2011], Art. 1

Suggested Citation:

Monaco, Thomas A.; Schupp, Eugene W.; Pendleton, Rosemary L.; Kitchen, Stanley G.;
Palacios, Patsy K. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity;
2010 May 18-20; Logan, UT. Natural Resources and Environmental Issues, Volume XVII.
S.J. and Jessie E. Quinney Natural Resources Research Library, Logan Utah, USA.

Abstract

Abstract: The 29 papers in this proceedings are divided into the main organized sessions of
the 16th Wildland Shrub Symposium, including the plenary session to introduce the theme of
threats to shrubland ecosystem integrity, impacts of energy development and reclamation on
ecosystem function, invasive plant ecology. wildlife habitats: impacts and restoration
opportunities, historical perspectives in shrublands, ecosystem threats due to fire in the
Mojave Desert, and modeling and monitoring of shrubland ecosystems. An overarching goal
of the symposium was to make linkages between research and management.
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Is Climate Change Mitigation the Best Use of Desert
Shrublands?

Susan E. Meyer USDA Forest Service Rocky Mountain Research Station, Shrub Sciences Laboratory, Provo, Utah

ABSTRACT

In a world where the metrics of the carbon economy have become a major issue, it may come as a
surprise that intact cold desert shrublands can sequester significant amounts of carbon, both as
biomass and in the form of SOC (soil organic carbon). Xerophytic shrubs invest heavily in belowground
biomass, placing fixed carbon in an environment where it turns over only very slowly. In order for
humans to gain this important ecosystem service, desert shrublands must be kept intact and prevented
from frequent burning. The biggest threat to shrubland integrity is the invasion of exotic annual grasses
that increase fire frequency to the point that most shrubs can no longer persist. Not only do annual
grasslands sequester very little carbon, they also increase the turnover rate of existing SOC. From the
point of view of carbon sequestration, restoring the many millions of hectares of annual grass dysclimax
in the Interior West to functioning shrubland ecosystems should have high priority. The elimination of
perennial understory vegetation and cryptobiotic crusts is a nearly inevitable consequence of livestock
grazing in deserts. This opens these systems to annual grass invasion, subsequent burning, and loss of
a major carbon sink, a heavy price to pay for the minimal economic gains derived from direct use of
these intrinsically unproductive lands for livestock production. On a more immediate scale, the
conversion of stable desert shrublands to annual grasslands that burn frequently has also created
major issues with windblown dust. Good evidence exists to show that deposition of this dust on
mountain snowpack can have the effect of reducing water yield by causing premature melting. Water is
clearly the most limiting resource for agriculture in our region, and protecting mountain watersheds from
dust deposition should become another important priority. As climate disruption in all its forms becomes
a major threat to production agriculture, it is imperative that serious steps be taken to minimize this
threat, including restoration of degraded shrubland ecosystems, and prevention of degradation of
shrublands that are still intact. Here the argument is made that the best use of cold desert shrublands is
mitigation of both short term and long term climate disruption.

In Monaco, T.A. et al. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity; 2010 May 18-20; Logan, UT.
Natural Resources and Environmental Issues, Volume XVII. S.J. and Jessie E. Quinney Natural Resources Research Library,
Logan Utah, USA.

INTRODUCTION

The question addressed here is whether such
restoration on a broad scale in the interior West could

Deserts and semideserts occupy approximately 22
percent of the earth's land surface (Janzen 2004), yet
because of their low productivity, they are generally
assumed to be relatively minor players in the global
carbon cycle. Schemes to mitigate global climate
change have rarely included the idea that improving
carbon sequestration in deserts could make a
significant contribution at a global scale. Many ideas
for increasing carbon sequestration, such as tree
plantations in marginally suitable environments,
involve tradeoffs with other resource values such as
water use and quality (Jackson and others 2005). In
contrast, improving carbon sequestration in deserts
by restoring degraded shrublands to a more functional
state would address a broad suite of resource values,
including improved air and water quality, wildland fire
abatement, enhanced wildlife habitat, biodiversity
conservation, and aesthetic and recreational values.
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also make a significant contribution to climate change
mitigation. The premise is that restoration of degraded
cold desert shrublands could result in sequestration of
significant amounts of carbon, and could also reduce
the negative climatic effects of excessive windblown
dust. The consumptive uses of these ecosystems,
which could potentially interfere with management for
carbon sequestration, could be said to be relatively
unimportant economically, at least in the Interior
West. If the carbon credit market that is currently
taking shape internationally becomes fully functional,
well-managed cold deserts may be able to provide
more revenue as carbon sinks than as grazing lands.
In addition, management for carbon sequestration can
also be viewed as management for maximum return
in terms of many other ecosystem services and
amenity resources.
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Carbon Storage In Deserts

Examination of carbon (C) storage patterns in major
biomes on a global scale reveals that deserts
(including semideserts) are responsible for the
storage of a substantial proportion of the terrestrial C
pool (table 1). Stored carbon may be present as
standing biomass or as soil organic carbon (SOC),
with SOC generally considered to be the more stable
and persistent form. It dominates the terrestrial
carbon pool at about 80 percent of total stored C
(Janzen 2004). The relative contribution of C as
standing biomass versus SOC in deserts is even
more strongly biased, with over 95 percent of the
stored C as SOC. Standing biomass C in deserts is
estimated to account for only 1.7 percent of global
total, whereas desert SOC is estimated to account for
9.5 percent. Overall, deserts account for about 8
percent of terrestrial C stocks (Janzen 2004). This
indicates that deserts are generally about a third as
effective as the average biome at storing C on a per
area basis. Given the intrinsically unproductive nature
of deserts, these figures at first seem surprising. It is
hard to see how systems that support such low
standing biomass can generate so much SOC. But
the same factor that generally limits biomass
production in deserts, namely lack of water during
much of the year, particularly when temperatures are
warm, also limits the rate of microbial respiration in
soil, leading to accumulation and persistence of SOC
(Jobbagy and Jackson 2000).
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The vertical distribution of C in deserts also helps
explain how they can be effective carbon sinks (figure
1). When compared with other temperate region
biomes, standing biomass, particularly in cold
deserts, is dominated by the belowground portion,
with root: shoot ratios averaging between four and
five (Jackson and others 1996; figure 2). The
maximum rooting depth is deeper for cold deserts
than for any other biome examined (Canadell and
others 1996), and less than 55 percent of root
biomass is found in the upper 30 cm of soil (Jackson
and others 1996).

This contrasts with perennial grasslands, which have
similar standing biomass and relatively high root:
shoot ratios, but with >80 percent of the root biomass
in the surface 30 cm. This pattern of deep and
extensive rooting in cold deserts is probably related to
the need to capture winter precipitation stored at
depth during the ensuing growing season, which is
usually quite dry. The pattern is not seen in warm
deserts, where summer monsoonal moisture patterns
dominate and root: shoot ratios average less than one
(Jackson and others 1996). In deserts, and in
shrublands in general, SOC and standing
belowground biomass follow similar distribution
patterns, that is, with more SOC in deeper soil layers
relative to the surface layer than is found in either
grassland or forest vegetation (Jobbagy and Jackson
2000). The estimated proportion of total SOC found
from 1-3 m in depth is higher for deserts (0.86) than
for any other temperate ecosystem.

Table 1. Estimated terrestrial global carbon stocks by biome (Janzen 2004) and estimated mean carbon stock

per unit area for each biome.

Biome Area Global Carbon Stocks (Pg) Carbon
(10%ha) stock/area
Plants Soil Total
Temperate Forests 1.04 59 100 159 152.9
Boreal Forests 1.37 88 471 559 111.6
Temperate Grasslands/Shrublands 1.25 9 295 304 89.3
Deserts and Semideserts’ 3.04 8 191 199 58.2
Tundra 0.95 6 121 127 17.9
Croplands 1.60 3 128 131 81.9
Tropical Forests 1.76 212 216 428 243.2
Tropical Savannahs/Grasslands 2.25 66 264 330 108.1
Wetlands 0.35 15 225 240 68.6
Total (not including ice cover) 13.61 466 2011 2477 182
% of total in deserts/semideserts 22.3% 1.7% 9.5% 8.0%

TArea and carbon stock per area estimates in Janzen (2004) for the desert/semidesert biome have been adjusted by

removal of areas of ice cover.
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In general, SOC has a deeper distribution in soil than
roots, and this is especially true in ecosystems with
lower precipitation. The most likely explanation for this
is that SOC turnover at depth is very slow.
Dominance of more slowly degrading forms of carbon,
lower nutrient concentrations, and more resistant root
tissues at depth contribute to SOC persistence
(Jobbagy and Jackson 2000).

Atmosphere

/

Plant respiration
Microbial / animal Photosynthesis
respiration / decompositon

J Mﬁgﬁ /
cryptobiotic crust W,
AR

. Plant litter
Pm AT M T & s

SHALLOW SOIL ORGANIC CARBON
from shallow roots, litter, crust
(faster turnover)

DEEP SOIL ORGANIC CARBON
from shrub roots
(slow turnover)

Figure 1. The carbon cycle in a cold desert
ecosystem, showing fluxes to the atmosphere (plant
respiration and animal/microbial respiration
/decomposition), uptake from the atmosphere by
plants (primarily shrubs and grasses; photosynthesis),
standing plant biomass, and shallow and deep soil
organic carbon (SOC). If C uptake exceeds C flux to
the atmosphere, C sequestration to a net carbon sink
takes place, whereas if flux to the atmosphere
exceeds uptake, the system functions as a net carbon
source. Deep SOC (soil organic carbon), the most
stable form of stored C, dominates C storage in
deserts and semideserts.

The ability of cold desert soils to retain SOC could be
reduced by the effects of ongoing climate change.
Aanderud and others (2010) showed in an 11-year
rain manipulation study that near-surface (0-30 cm)
SOC stocks in a sagebrush steppe (Artemisia
tridentata) community were significantly reduced
when precipitation was shifted from a winter pattern to
a spring-summer pattern. They credited this loss to
increased microbial activity in wet surface soil at
warm temperatures. Shifts from winter to spring-
summer rainfall patterns are predicted for many parts
of the Interior West as climate continues to warm
(Zhang and others 2007). Rainfall timing impacts on
deep SOC would be expected to be lower, however,
because deep SOC is more buffered from seasonal
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temperature changes. This would tend to mitigate the
effects of increased warm-season precipitation on soil
C storage.

Carbon cycling on US rangelands has been the
subject of several recent studies and reviews (e.g.,
Bird and others 2002, Hunt and others 2004,
Schuman and others 2002, Svejcar and others 2008,
Follett and Reed 2010, Brown and others 2010).
Synthesis of information on carbon storage on
rangelands is complicated by the fact that many
different vegetation types occurring under many
different climatic regimes fall under the rubric of
rangelands. Hunt and others (2004), working in
Wyoming, found that mixed grass prairie vegetation
was carbon-neutral, whereas sagebrush steppe
vegetation was acting as a carbon sink. Schuman and
others (2002) focused on the potential to increase
carbon sequestration in rangelands through improved
management, particularly grazing management. Their
emphasis was primarily on grassslands. Svejcar and
others (2008) report the results of a very interesting 6-
year study on net ecosystem C exchange at eight
rangeland sites across a range of habitats. They
found that both sagebrush steppe sites and three of
four perennial grassland sites generally acted as C
sinks during the course of the study, whereas the two
warm desert sites acted as C sources. Whether a site
acted as a source or a sink varied across years and
was closely tied to precipitation patterns. Drought
years limited productivity and tended to make even
the most productive sites temporary C sources.

Because cold deserts store much of their carbon
belowground, and because the carbon is stored in
deeper soil layers, these deserts are likely to store
more carbon per unit area than warm deserts with
monsoonal moisture regimes. In addition, the desert
shrublands of the interior West might be more
appropriately classified as semideserts, as they
generally have much higher standing biomass than
the true deserts, for example, the Sahara Desert of
North Africa, which is virtually plantless over large
areas except in drainageways (wadis). This
combination of high belowground allocation and
relatively high biomass production appears to make
cold deserts exceptionally good candidates for
management for carbon sequestration.
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Figure 2. Quantity and distribution of biomass
carbon in cold desert biomes contrasted with other
temperate zone biomes (grassland, chaparral,
deciduous forest, coniferous forest, and cropland): A)
total standing biomass, B) total root biomass, C)
root:shoot ratio, D) % root biomass in the top 30 cm,
and E) maximum rooting depth (adapted from from
Jackson and others 1996).

Shrubland Degradation and Carbon

Storage

Historically, intact desert ecosystems were most likely
in a steady state relationship with regard to carbon
budgets, acting in the long term neither as sources
nor sinks. But two sets of factors have been operating
to disturb this steady state, and these factors
generally operate in opposing directions. First, woody
'encroachment' of former desert and and other
temperate grasslands is often thought to have shifted

https://digitalcommons.usu.edu/nrei/vol17/iss1/1
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the carbon balance in these ecosystems to make
them net carbon sinks. Whether conversion from
perennial grassland to woody vegetation results in a
net increase in C sequestration is the subject of
considerable debate, however. Jackson and others
(2002) found that whether woody encroachment of
perennial grasslands resulted in an increase or
decrease in SOC depended on precipitation. There
was substantial loss of SOC with woody
encroachment in more mesic environments, a loss
sufficient to more than counterbalance the increase in
standing biomass C resulting from the conversion to
dominance by woody species. At the dry end of the
spectrum, on the other hand, conversion from
perennial desert grassland to shrubland resulted in
increases in both standing biomass C and SOC. Most
land managers regard woody encroachment as a
form of degradation, but its causes are complex and
in many cases not completely understood. Climate
change may itself be driving woody encroachment in
some ecosystems, for example, in the northern
Chihuahaun Desert, where creosote bush (Larrea
tridentata) and tarbush (Flourensia cernua) are
actively invading desert grasslands (Van Auken
2000). Changes in historic fire regimes, poor grazing
management, and other factors may contribute to
woody encroachment in other semiarid ecosystems,
for example, the invasion of juniper (Juniperus spp.)
species into sagebrush steppe in the Interior West.

The second process that has had a major impact on
carbon storage in the deserts of western North
America is the displacement of desert shrubs by
invasive annual grasses through increased frequency
of fire following destruction of the perennial
herbaceous understory through improper grazing
management. This phenomenon has not received the
attention of carbon brokers that has been given to
woody encroachment, but it potentially has more
impact on carbon budgets, as it is very likely in the
process of converting large portions of the Great
Basin and surrounding areas into carbon sources.
This possibility was apparently first noted by Bradley
and coworkers (Bradley and Mustard 2005, Bradley
and others 2006). Using sophisticated remote sensing
technologies, these authors conservatively estimated
that the area of former salt desert and shrub steppe
vegetation in the Great Basin alone that has been
converted through repeated burning to cheatgrass
monocultures as of 2006 was on the order of 20,000
km?. In addition, cheatgrass is not the only invasive
annual grass that is having major impacts in western
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North America. Medusahead wildrye (Taeniatherum
caput-medusae) and North Africa grass (Ventenata
dubia) are major invaders in the Interior Northwest,
while red brome (Bromus rubens) has become a
driver of frequent large-scale fires in the Mojave
Desert. Many of these fires are occurring in fire-
intolerant shrub communities, for example, blackbrush
(Coleogyne ramosissima) shrublands, that had very
low pre-invasion probabilities of burning (Brooks and
others 2004).
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Figure 3. Standing biomass carbon in intact cold
desert shrubland communities versus adjacent areas
that have been converted to cheatgrass (Bromus
tectorum) monocultures at Rye Patch NV (salt desert
shrubland), Button Point NV (sagebrush steppe), and
Jungo NV (sagebrush steppe). Aboveground
biomass data from Bradley and others (2006);
belowground and total biomass estimated from
independent root:shoot ratio data.

Bradley and others (2006) also carried out an on-the-
ground assessment of carbon stocks in cold desert
shrublands versus cheatgrass monocultures. They
measured above-ground carbon stocks and SOC in
the near-surface soil horizon in burned and unburned
salt desert shrubland (one site) and Wyoming big
sagebrush steppe (two sites). They demonstrated a
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three- to thirty-fold decrease in standing aboveground
carbon stocks as a consequence of type conversion
to cheatgrass (figures 3 & 4).
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Figure 4. Estimated loss of biomass carbon resulting
from conversion from cold desert shrubland to
cheatgrass (Bromus tectorum) monoculture at three
Nevada sites (adapted from Bradley and others 2006;
see text for details).

While the study of Bradley and others (2006) did not
include any assessment or estimate of root biomass
C, root:ishoot ratio information for the dominant
species obtained from other studies can provide at
least a rough estimate of root biomass C in these
communities. The estimate of two used here for the
root:shoot ratio for cheatgrass is undoubtedly high; in
greenhouse and field studies, root:shoot ratios greater
than one for this species are rarely encountered, but a
conservative estimate was chosen for purposes of
avoiding exaggeration of differences (Meyer
unpublished data). The estimate of six for the
root:shoot ratio of Atriplex shrubs is based on
estimates by Brewster (1968), while the estimate of
four for the root:shoot ratio of Artemisia is similar to
the estimates for cold desert shrublands in Jackson
and others (1996). By revising the carbon stock data
of Bradley and others (2006) to include these rough
estimates, it can be demonstrated that the loss of
belowground biomass carbon has the potential to
contribute greatly to the effect of burning on carbon
storage in these shrublands (figure 2). Using these
estimates, the biomass carbon stocks in the salt
desert shrubland were reduced eight-fold through
burning and conversion to annual grasslands, while
those of sagebrush steppe were reduced from at least
six-fold to over fifty-fold.

It is true that belowground carbon from shrub roots is
still present for some undetermined length of time
post-conversion, after the large pulse of CO, emission
from the combustion of the above-ground shrub
biomass. But ultimately this carbon will be released to
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the atmosphere, and without actively growing shrubs
to replenish this belowground stock, the effect will be
conversion of this formerly carbon-efficient system
into a long-term source of atmospheric C. Estimates
of biomass C loss from the study of Bradley and
others (2006) ranged from 1.1 to 6.5 metric tons per
hectare for aboveground biomass C, 8.6 to 26.4
metric tons per hectare for belowground biomass C,
and 9.8 to 32.8 metric tons per hectare for total
biomass C.

Bradley and others (2006) combined their estimates
of the areal extent of conversion to cheatgrass
monoculture in the Great Basin with their estimates of
reduction in above-ground biomass C stocks as a
consequence of this conversion to calculate total
biomass C released to the atmosphere (table 2). They
estimated that about 8 teragrams of C have been
released to the atmosphere through shrubland
conversion to annual grassland in the Great Basin as
of 2006, and the potential for continuing type
conversion and carbon release is immense. Adding
estimated long-term belowground biomass carbon
stock reduction resulted in an estimate of 29 to 60
teragrams of C that will ultimately be released to the
atmosphere as a consequence of type conversion
from shrubland to annual grassland that has already
occurred in the Great Basin.

Invasive annual grass monocultures are not only very
poor at carbon sequestration in terms of standing
biomass relative to shrublands, but also tend to
concentrate their SOC near the surface and to
facilitate very rapid turnover of both soil C and N
(Norton and others 2004). This is perhaps one reason
why it has been difficult to demonstrate direct losses
of SOC following annual grass invasion or conversion
to annual grass dysclimax (Gill and Burke 1999, Ogle
and others 2004, Bradley and others 2006). Most of
these studies have examined only the near-surface
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soil, where SOC under annual grasslands is
concentrated. The technology for the study of deep
SOC remains cumbersome, so that information on
this fraction of the carbon pool is not readily obtained.

Shrubland Degradation and Windblown
Dust

Another consequence of anthropogenic disturbance
on a landscape scale in arid and semiarid regions is a
large increase in the load of windblown dust. To
examine the magnitude of this effect, Neff and others
(2008) analyzed rates of sediment accumulation in
mountain lakes in southwestern Colorado over the
last 5000 years. They showed clearly that the rate of
sediment accumulation peaked very sharply in the
second half of the nineteenth century, a time frame
that corresponds with a massive increase in the
scope and intensity of livestock grazing in the arid
and semiarid regions to the west. These workers
further demonstrated using mineralogical analysis that
these sediments were not of local origin, but instead
represented deposits of windblown dust from the
valleys to the west of the watershed.

Livestock grazing and other human activities that
disturb the surface soils of deserts generate dust by
removal of herbaceous plant cover and, often more
importantly, through destruction of the cryptobiotic soil
crust that stabilizes the surface in many desert
regions (Neff and others 2005). These effects are
further exacerbated by annual grass invasion and
associated frequent fire. Annual grass cover provides
some protection against wind erosion relative to bare
ground, but it prevents cryptobiotic crust recovery,
resulting in increased dust generation, especially
when these areas burn. The Milford Flat fire of 2007
was the largest wildfire in the history of Utah (Miller
and others 2011). An enduring legacy of this fire has

Table 2. Estimated biomass carbon loss as a consequence of conversion from cold desert shrubland to
cheatgrass (Bromus tectorum) monocultures in the Great Basin as of 2006 (adapted from Bradley and others

2006).
Salt Desert Sagebrush Total
Shrubland Steppe
Aboveground biomass C loss (tons/ km®) 110 250-650 360-670
Estimated total biomass C loss (tons/km?) 1000 1500-3200 2500-4200
Estimated area burned (kmz) 2,000 18,000 20,000
Estimated aboveground biomass C loss (teragrams) 0.2 4.5-11.7 4.7-11.9
Estimated total biomass C loss (teragrams) 2 27-58 29-60
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been massive dust storms that have swept windborne
dust into the urban areas of northern Utah and onto
mountain watersheds. In addition to direct impacts on
air quality and human health, this windborne dust
exacerbates the effects of climate change through its
effect on snow melt rates.

Snow cover has the highest albedo (light reflecting
ability) of any natural land surface, and this ability to
reflect light also reduces heat loading and melting rate
(Flanner and others 2009). When particulate matter,
such as dust or carbonaceous pollutants, is deposited
along with snow, it lowers the albedo of the remaining
snow cover as the snow melts, because the dark
particles are concentrated near the surface of the
snow. While it is true that particulate matter in the air
lowers insolation and heat load on snow at the
surface, this 'dimming' effect is more than
compensated by the reduction in snow albedo from
these particles once they are deposited ('darkening
effect’). This effect is especially pronounced in spring,
when large areas are snow-covered and incident
solar radiation is high. Flanner and others (2009)
found that progressively earlier snow melt dates
observed in Europe over the last few decades are
almost as much due to this snow darkening effect of
pollutants from fossil fuel combustion as to longterm
increases in spring temperature caused by global
warming. Moreover, the positive feedback from earlier
snow melt caused by darkening created warmer
spring temperatures independently of the effects of
global warming, thus compounding the problem.

Though not as potent a darkening agent as
carbonaceous pollutants, windborne dust can also
significantly increase snow melt rates (Painter and
others 2007). Spring dust storms in the desert region
to the west of the mountain study area in
southwestern Colorado resulted in several dust-on-
show deposition events per year, with more events in
a drought year (2006, 8 events) than in an average
moisture year (2005, 4 events). These dust-on-snow
deposition events resulted in snow cover durations
that were decreased by 18 to 35 days. Shortened
snow cover duration has measurable ecological
impacts at the local scale in alpine and subalpine
areas (Steltzer and others 2009). More importantly, it
also has the potential to significantly reduce water
yields from mountain watersheds. Given that most of
the agricultural and culinary water supplies in the
Interior West are closely tied to mountain snowfall,
and that the thickness and duration of the snow pack
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and its rate of melting have a strong impact on the
ability to harvest this water supply, the fact that desert
dust storms can shorten the duration of snow cover in
mountainous areas downwind by a month or more
should be of grave management concern (Painter and
others 2007).

Managing Desert Shrublands for Climate
Change Mitigation

Climate change mitigation through desert shrubland
management has the goal of maintaining or restoring
adapted native shrubland vegetation that produces
maximum carbon storage in the long term by
exploiting all available niches and thereby maximizing
productivity. It is likely that the vegetation that evolved
in response to the selective forces in a particular
environment will be best able to exploit its resources.
This vegetation includes the woody shrub overstory,
the herbaceous understory, and also the cryptobiotic
crust community that occupies the interspaces. All
these components are essential for longterm stability,
including surface stability, and sustained carbon
storage capacity.

An intact shrubland community is much more likely to
be resilient in the face of continued climate change
and other disturbances than ‘'shrub plantations'
analagous to the tree plantations currently being
proposed and implemented for carbon sequestration.
Emphasizing shrubs to the exclusion of other
community components in a short-sighted effort to
maximize carbon storage would probably result in
vegetation that would require intensive management
to be sustained. Annual grass weed invasion of the
bare interspaces and consequent shrub loss through
fire would be a constant threat. A more realistic goal,
and one that is bound to be more effective in the long
term, is to manage for intact shrubland communities
that can rebound even from disturbances such as
prolonged drought and fire without high risk of
conversion to annual grass dysclimax. Both
prevention of further degradation and restoration of
degraded shrublands are part of this management
scenario.

Cold desert shrublands in the Interior West currently
exist in one of three states along a continuum of
ecological condition. Some sites still have relatively
high-condition shrubland, with native understory and
cryptobiotic crust still intact. Many more sites,
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perhaps most of the area still occupied by shrubs, are
in some intermediate condition, with native perennial
understory and/or cryptobiotic crust damaged or
absent and with annual weed invasion in the
understory. These sites are often at high risk of
conversion to the third state, which is loss of the
shrub overstory through fire and post-burn dominance
by annual grass weeds. Shrublands in these different
states present different challenges and opportunities
for management for carbon sequestration and
windblown dust abatement.

Obviously, the most important consideration for high-
condition shrublands is prevention of degradation.
This means keeping the cryptobiotic crust and the
herbaceous understory in the best possible condition.
This minimizes the probability of massive annual
grass expansion after fire and also maintains surface
stability to minimize dust generation. Direct protection
from invasion, for example, by controlling nearby
weed infestations that could be propagule sources, is
another way to maintain ecosystem integrity, as is
providing priority protection in the event of wildfire.
Even though occasional wildfire was a natural
occurrence before settlement, especially in sagebrush
steppe, protection from burning under current
conditions is a top priority because of the threat of
annual grass invasion.

Shrublands in intermediate condition often present
more problems than opportunities in terms of
improvement for climate change mitigation. Protecting
from further disturbance may result in little
improvement in these shrublands. Loss of the seed
bank of native understory species limits recruitment,
and the cryptobiotic crust often cannot recover
because of the heavy litter resulting from annual
grass invasion. In addition, a common occurrence,
especially in sagebrush steppe, is shrub stand
thickening or shrub canopy closure in response to
loss of understory vegetation. The site at Jungo
(Bradley and others, 2006) seems to represent such a
scenario. Sagebrush standing biomass was very high,
and the understory was completely dominated by
cheatgrass. Such a site could be described as
'walking dead' in terms of the risk of conversion to
annual grassland, as eventually a shrub-destroying
fire is nearly inevitable. Natural shrub recovery after
fire is often nil for dominant shrub species like
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sagebrush and shadscale (Atriplex confertifolia),
which cannot resprout after fire and rarely establish
from seed in areas of high annual grass competition.
Active management of shrublands with an understory
dominated by cheatgrass will necessitate the
development of effective tools to eliminate
cheatgrass, reduce shrub cover if necessary,
establish understory species, and encourage
cryptobiotic crust recovery, all with a minimum of
surface disturbance. At present such tools are largely
unavailable.

Shrublands that have been converted to annual grass
dysclimax communities have usually been given up
for lost because of the futility of seeding into dense
annual grass stands. But these annual grass
dysclimax communities present the most hopeful
scenario for increased carbon sequestration. If
restoration of these communities is successful,
substantial gains in carbon storage can be achieved.
There should therefore be a strong emphasis on
research aimed at increasing restoration success in
areas that no longer support perennial vegetation.
Many of the same tools needed for improving
degraded shrublands will be needed for restoration of
areas that no longer support shrubs, namely
innovative methods for annual grass weed control,
and new approaches to improving seeding success in
environments with low and variable precipitation. At
present most seedings in these environments fail,
which may seem discouraging. But this points the
way toward the development of new approaches that,
while they may be more expensive up front, could
result in greatly improved seeding success and
therefore a much better cost: benefit ratio for
shrubland restoration in the long run. It is our
challenge as researchers to develop these new
approaches. With climate change mitigation as the
goal, rather than management of these shrublands for
consumptive uses such as livestock grazing, the most
creative scientists among us will be inspired to 'think
outside the box' and devise the methodology needed
to make Interior Western shrublands a significant
carbon sink. Even better, along with our partners in
management, we will at the same time have the
opportunity to enhance the many other ecosystem
services and amenity resources provided by these
landscapes.
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Land-Use Legacies of Cultivation in Shrublands:
Ghosts in the Ecosystem
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ABSTRACT

Shrublands across the West are currently threatened by land uses such as urban sprawl, energy
development, and agricultural development which impact ecosystem function through altered fire
cycles, expansion of invasive species, modified hydrology, and intensified soil erosion. Historically,
shrubland ecosystems have already been impacted by many of these same disturbances. Unlike our
forested ecosystems, much of the land-use history in our shrublands has been forgotten or ignored. But
our human endeavor can leave lasting changes on the landscape, referred to as “land-use legacies”, for
decades to centuries. Looking for land-use legacies does not equate with looking for someone to
blame. People have always sought to use the resources from the land on which they live. By not
recognizing land-use legacies, however, we are not taking full advantage of the potential to learn about
how shrublands respond to and recover from a myriad of disturbances. This paper will highlight one of
the overlooked land uses within shrublands associated with homesteading - cultivation. Understanding
what has happened on the landscape in the past can offer a great deal of information regarding its
potential in the future.

In Monaco, T.A. et al. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity; 2010 May 18-20; Logan, UT.
Natural Resources and Environmental Issues, Volume XVII. S.J. and Jessie E. Quinney Natural Resources Research Library,

Logan Utah, USA.
INTRODUCTION

Historic land uses can leave lasting impacts on
ecosystems, known as “land-use legacies”, for
decades to centuries (Foster et al. 2003). However,
evidence of historic land use is not always visible on
the landscape. In addition, some historic land uses
are eclipsed by the attention that other uses receive,
such as livestock grazing. One of these “ghosts” in
the ecosystem that is not always easy to see and is
often overlooked is homesteading. Homesteading is
often forgotten because the material evidence of this
land use has been disappearing over time (figure 1).
Therefore, without records of what happened or
knowledge of what to look for, it would be easy to
miss the fact that people had, at one time,
homesteaded in an area. But just because the
material evidence is not visible does not mean the
land use associated with homesteading has not left a
legacy. This paper will highlight one of these often
overlooked land-use legacies - cultivation.

HOMESTEADING AND CULTIVATION

The Homestead Act of 1862 allowed for acquisition of
up to 160 acres of federal land. This legislation

Published by DigitalCommons@USU, 2011

required that the applicant be a head of household or
21 years of age and either be a citizen of the United
States or provide proof of declaration to become one.
To gain patent (or “prove up”) on the claim, applicants
were required to prove five years residence and
cultivation of the land. This process was designed to
show that the patentee intended to live on the claim
and would add value to it through investment in
infrastructure such as fencing, water developments,
permanent structures and cultivation (Gates 1968).

Cultivation, along with livestock grazing, was a
primary land use during homesteading. Although the
Homestead Act of 1862 required proof of cultivation, it
was not until the Enlarged Homestead Act of 1909
that legislation required a certain amount of land be
cultivated within a specified timeframe in order to gain
patent (Peffer 1972). The Enlarged Homestead Act
doubled the acreage of land available for patent to
320 acres. Under this new law, 20 acres had to be
under cultivation by the second year and 40 acres
continuously under cultivation from the third year to
the final year (Peffer 1972). This new -cultivation
requirement was a product of the popularity and
promotion of dry farming (agriculture without
irrigation) in the U.S. (Gates 1968; Peffer 1972).
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Figure 1. The material evidence of homesteads can fade over time, but the land-use legacies of cultivation

remain. The top photo shows structural remains of a homestead in southern Idaho in 1930 (Photo courtesy of
Utah State Historical Society). The bottom photo shows the same area in 2005 (Photo by Lesley Morris).

Dry farming methods at the time were straight forward
but very labor intensive. First, the land had to be
cleared of shrubs and other vegetation. This was
accomplished in a variety of ways including dragging
a rail or a railroad tie behind a team of horses or

https://digitalcommons.usu.edu/nrei/vol17/iss1/1

digging them out with an axe and hoe (Scofield 1907;
Schillinger and Papendick 2008). Once cleared, the
land was plowed as “deep as possible” to break up
the soil, usually around 7 to 10 inches in depth
(Buffum 1909). Finally, the field was “harrowed” with a

24



Monaco et al.: Threats to Shrubland Ecosystem Integrity

2010 Shrublands Proceedings 13

wide frame fixed with large spikes hanging toward the
ground (Schillinger and Papendick 2008). Harrowing
was used to pulverize the soil surface and break any
capillary action which might allow water to evaporate
(figure 2; Scofield 1907; Schillinger and Papendick
2008). Half of the field was kept in this harrowed state
for a season to accumulate and “store” water while
the other half was planted (Buffum 1909; Peffer
1972). The idea was that if no other plants were
allowed to use the soil moisture, all of it would be
available to the crop planted on the site. Thereby, dry
farming only used water stored in the soil from
precipitation without additional irrigation.

' % B
Figure 2. A dry-farm field ready for planting in Park

Valley, Utah in 1911 (Photo courtesy of Utah State
Historical Society).

Several factors drove the popularity of dry farming. It
was called the “new science of agriculture” because
of the research focus it gained at the agricultural
universities in the West (Morris et al. 2011a). It was
promoted by railroad companies because they could
advance the use of their tracks as transport to
markets as well as sell off their most arid land grants
from the federal government (Strom 2003; Orsi 2005).
Land companies purchased railroad land grants and
went into business promoting the development of arid
lands for agriculture (Bowen 2003; Morris et al.
2011a; Wrobel 2002). Dry farming, particularly that of
dry-land wheat, was also promoted by the federal
government through legislation that subsidized wheat
prices during World War | and through legislation like
the Enlarged Homestead Act. The combination of
promotion, legislation and economics made the
Enlarged Homestead Act the most popular of all the
federal provisions to dispose of the public lands in the
West. In the first year of its passage, applications for
patents were filed on over 18 million acres of land
(Gates 1968) and the following decade had the most
homesteads filed.
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Starting in the 1920s, several factors began to unravel
dryland farming in the West. First, the price of wheat,
which had been subsidized by the federal government
during World War |, declined rapidly (Hyde 1937).
Secondly, many blamed the droughts beginning in the
1920s and continuing through the 1930s for crop
failures (Bowen 2001; Gates 1968). However, the
drought years simply made a bad situation worse
because many of the locations where dry farming was
attempted were unsuitable from the start (Roet 1985).
In the rush created by land companies to gain land
and grow wheat, many settlers were lured to
submarginal lands where agriculture of any kind could
not thrive due to low precipitation, harsh climate, and
unsuitable soils (Bowen 2001; Bowen 2003; Wrobel
2002). Areas that were less suitable for agriculture
from the beginning have an even greater capacity for
cultivation legacies (Cramer et al. 2008). Though
many of these abandoned farms no longer have
structures on them to indicate this historic land use,
the legacies of dry farming remain on the landscape.
Often, abandoned old fields can be seen from aerial
photographs for decades to almost a century after
they were first cultivated (figure 3; EImore et al. 2006;
Morris and Monaco 2010; Stylinski and Allen 1999).

Figure 3. Aerial photo taken in 1999 showing two old
fields (in circled areas) that were first cultivated nearly
a century ago then abandoned (Photo courtesy of
USGS).

LAND-USE LEGACIES OF CULTIVATION

Cultivation leaves legacies on shrubland vegetation,
hydrology and soils. Native species recovery after
cultivated lands are abandoned may take decades
(Daubenmire 1975; Rickard and Sauer 1982;
Standish et al. 2007) to over half a century (ElImore et
al. 2006; Morris et al. 2011b; Simmons and Rickard
2002; Stylinski and Allen 1999). Old fields can have
lower total plant cover, lower species richness, and
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lower frequency and cover of perennial grasses
(Elmore et al. 2006). In addition, forb cover is
generally lower in old fields (Dormaar and Smoliak
1985; Morris et al. 2011b; Rickard and Sauer 1982;
Simmons and Rickard 2002;) while exotic forb cover
is higher (Morris et al. 2011b; Rickard and Sauer
1982; Stylinski and Allen 1999). Old fields also tend to
be dominated by invasive grasses, such as
cheatgrass (Bromus tectorum L.)(Daubenmire 1975;
Elmore et al. 2006; Rickard and Sauer 1982). Shrub
composition can be altered in old fields and recovery
of sagebrush cover after dry farming can take longer
than other disturbances, well over 90 years in some
places (Morris et al. 2011b). Seed banks of native
species tend to be impoverished by cultivation
(Cramer et al. 2008) while agricultural weeds form
persistent soil seed banks that are likely to also
dominate the soil seed bank after abandonment
(Ellery and Chapman 2000; Cramer and Hobbs
2007).

The land-use legacies of cultivation also impact
hydrology including soil moisture, soil water holding
capacity, run off and infiltration. Cultivation legacies
can have a greater effect on differences in soil water
movement between plowed and never plowed sites
than the differences in soil water movement between
two soil series (Schwartz et al. 2003). In fact, soil
hydraulic conductivity can remain affected for well
over 25 years after cultivation ceases and such
alterations may be very difficult to restore (Fuentes et
al. 2004). Water availability can also be reduced by
soil compaction in old fields (Standish et al. 2006).
Finally, plowing has been shown to reduce infiltration
rates (Gifford 1972) and the recovery potential of
infiltration rates on plowed land with grazing is much
lower than is predicted for grazing alone (Gifford
1982).

Cultivation legacies impact the physical and chemical
properties of soils (Standish et al. 2008). Physical
changes, such as soil compaction can create physical
boundaries to plant development (Buschbacher et al.
1988; Uhl et al. 1988; Unger and Kaspar 1994) or soil
loosening which can favor invasive species (Kyle et
al. 2007). The physical disturbance of soil through
cultivation increases the potential for erosion (Navas
et al. 1997; Schillinger and Papendick 2008). There
are also legacies that manifest as changes in soil
organic carbon and fertility (Mclauchlan 2006). Loss
of soil organic matter content in cultivated land was
reported at 20-25 percent in comparison to
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noncultivated adjacent land within the first 30 years of
dry farming (Bracken and Greaves 1941, Schillinger
and Papendick 2008). Total soil organic matter can be
lower in old fields up to 53 years after abandonment
even while rebuilding at smaller scales under plants
(Burke et al. 1995). However, even when systems
regained some soil organic matter, the rate of
recovery had not matched the rate of loss during
cultivation (lhori et al. 1995).

WHY DO THESE LAND-USE LEGACIES
MATTER?

Homesteading for the purpose of dry farming was
widespread across the West and, therefore, so was
the abandonment of this land use. It was estimated
that nearly 23 million acres of rangeland were
cultivated and abandoned by the late 1930s (Stewart
1938). In the Intermountain West, one fourth of the 12
million acres of degraded rangelands were reportedly
abandoned plowed lands (Pearse and Hull 1943).
There were 2 million acres of abandoned dry farmed
and irrigated land in southern Idaho alone by 1949
(Stewart and Hull 1949). Land-use legacies resulting
from cultivation now exist in all landownership types
including private property and public lands managed
by the Bureau of Land Management, National Park
Service, and the US Forest Service. Therefore, the
legacies in these old fields have the potential to
underlie all management objectives. Old fields from
homesteading may exist within rangeland seedings
on private property or within areas slated for
restoration to enhance recreation and wildlife use.
They can be part of areas where fuels management is
needed or revegation is desired following wildfires.
Better knowledge of the “ghosts” of land-use past in
shrublands, like cultivation, will provide more
understanding of the function of these systems and
reduce the likelihood of misunderstanding their future
potential (Foster et al. 2003).
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ABSTRACT

For the past several years, USGS has taken a multi-faceted approach to investigating the condition and
trends in sagebrush steppe ecosystems. This recent effort builds upon decades of work in semi-arid
ecosystems providing a specific, applied focus on the cumulative impacts of expanding human activities
across these landscapes. Here, we discuss several on-going projects contributing to these efforts: (1)
mapping and monitoring the distribution and condition of shrub steppe communities with local detail at a
regional scale, (2) assessing the relationships between specific, land-use features (for example, roads,
transmission lines, industrial pads) and invasive plants, including their potential (environmentally
defined) distribution across the region, and (3) monitoring the effects of habitat treatments on the
ecosystem, including wildlife use and invasive plant abundance. This research is focused on the
northern sagebrush steppe, primarily in Wyoming, but also extending into Montana, Colorado, Utah and
Idaho. The study area includes a range of sagebrush types (including, Artemisia tridentata ssp.
tridentata, Artemisia tridentata ssp. wyomingensis, Artemisia tridentata ssp. vaseyana, Artemisia nova)
and other semi-arid shrubland types (for example, Sarcobatus vermiculatus, Atriplex confertifolia,
Atriplex gardneri), impacted by extensive interface between steppe ecosystems and industrial energy
activities resulting in a revealing multiple-variable analysis. We use a combination of remote sensing
(AWIFS (' Any reference to platforms, data sources, equipment, software, patented or trade-marked
methods is for information purposes only. It does not represent endorsement of the U.S.D.1., U.S.G.S.
or the authors), Landsat and Quickbird platforms), Geographic Information System (GIS) design and
data management, and field-based, replicated sampling to generate multiple scales of data
representing the distribution of shrub communities for the habitat inventory. Invasive plant sampling
focused on the interaction between human infrastructure and weedy plant distributions in southwestern
Wyoming, while also capturing spatial variability associated with growing conditions and management
across the region. In a separate but linked study, we also sampled native and invasive composition of
recent and historic habitat treatments. Here, we summarize findings of this ongoing work, highlighting
patterns and relationships between vegetation (native and invasive), land cover, landform, and land-use
patterns in the sagebrush steppe.

In Monaco, T.A. et al. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity; 2010 May 18-20; Logan, UT.
Natural Resources and Environmental Issues, Volume XVII. S.J. and Jessie E. Quinney Natural Resources Research Library,
Logan Utah, USA.

INTRODUCTION U.S. Geological Survey, building on a foundation of

several overlapping but uncoordinated programs of
Beginning in 2005, a multi-partner, long-term, science ~ research and management across the region, is
and management cooperative, the Wyoming working to assess, monitor, and enhance ecological
Landscape Conservation Initiative, was created to understanding of aquatic and terrestrial habitats
coordinate efforts of public and private land managers ~ across southwestern Wyoming,. Here, we discuss the
across a vast and heterogeneous landscape. The results and implications of three projects aimed at
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vegetation distribution and conditions across the
region. This includes building an understanding of the
distribution and condition of sagebrush habitats
across this large and heterogeneous landscape,
including mapping of dominant vegetation and weed
distributions and assessment of the role of
management treatments in distribution of native
vegetation, weeds and wildlife.

A foundational component of this research has been
the development and implementation of multiple-scale
mapping of plant cover without using type
classifications. By wusing a combination of field
collections nested within three scales of remote
sensing data (QuickBird, 2.5 meter resolution,
Landsat, 30 meter resolution, and AWIFS, 56 meter
resolution), we developed the connections between
surface patterns and spectral responses to estimate
cover for a suite of eight soil and vegetation classes.
Initiated for the WLCI (Wyoming Landscape
Conservation Initiative), this effort began with a sub-
state region, expanded to include all of Wyoming and
it is now being applied across the sagebrush steppe.
This information forms the most comprehensive
remote sensing based assessment of sagebrush
communities to date. Following tests of accuracy,
change detection and repeatability, these methods,
used to determine the current status, may be adopted
as the core of monitoring the distribution and
condition of shrub steppe communities. Importantly,
for the current assessment, and for subsequent
monitoring, these methods provide locally relevant
detail (30 m resolution) at a regional scale (state-wide
and larger).

With a clarified picture of the distribution of sagebrush
communities across the study region, we remain
faced with questions about the condition and
productivity of these ecosystems. To begin to address
these questions, we estimated the distribution of two
landscape-scale drivers of change within natural and
managed areas: biotic invasions induced by land use
and management activities that intentionally altered
habitat conditions. We assessed the relationships
between specific, land-use features (for example,
roads, transmission lines, industrial pads) and
invasive plants, including their potential
(environmentally defined) distribution across the
region as an indicator of the extent of anthropogenic
influences beyond the footprint of roads, urban and
exurban domestic developments, agricultural fields,
and energy infrastructure (oil, gas, and coal-bed
methane). This required an accurate depiction of the
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distribution of these surface disturbances (land-use
conversions, industrial sites, treatment locations),
however these data were not consistently available,
therefore, a large part of this process has been
development of accurate representation of human
activities across the landscape. Beyond delineation,
our research focus is the biotic implication of these
features within and beyond their boundaries.

While major shifts in land use may be tracked though
mapping and monitoring the distribution of human
infrastructure (for example, roads, zoning, urban
areas), the widespread, long-term practice of
conducting habitat treatments by land management
agencies has been untracked, poorly documented,
and the impacts have not been well assessed. While
individual treatments may be small (in areal extent),
many are not, and the accumulation of treated areas
across the landscape since initiation (circa 1940s)
can be locally significant. Furthermore, understanding
potential benefits and risks associated with particular
treatment techniques is needed for adaptive
management. Based on this need, we were able to
use recently developed information (Wyoming Wildlife
Consultants, LLC, unpublished data) to identify and
locate historic treatments in southwest Wyoming,
which we began sampling in 2010 (vegetation cover
and composition). Wyoming Wildlife Consultants
conducted parallel studies of wildlife use of these
treated areas. The objective of this on-going work is
to determine the long-term, persistent effects of these
habitat treatments, especially the effects of habitat
treatments on the ecosystem, including wildlife use
and native and invasive plant abundance and
structure.

STUDY AREA

The focal region for our research included over 7.7
million hectares (19 million acres) with variable
environmental and land-use patterns including Green
River and Great Divide Basins and several adjacent,
smaller basins (figure 1). In addition, due to interest of
land mangers, the sagebrush mapping project was
extended beyond these initial boundaries across the
State of Wyoming. The research and management
interests discussed here focus on the northern
sagebrush steppe, primarily in Wyoming, but the
potential implications and applications of these results
may be extended into similar areas of Montana,
Colorado, Utah and Idaho. The study area included a
range of sagebrush types typical of northern, shrub-
steppe. A majority of the region was dominated by
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Wyoming sagebrush (Artemisia tridentata ssp.
wyomingensis) interspersed with salt-flats dominated
by greasewood (Sarcobatus vermiculatus) and
saltbush (Atriplex gardnerii) and varying abundances
of rabbitbrush (primarily Chrysothamnus viscidiflorus).
Throughout the region, native bunchgrasses such as
bluebunch wheatgrass (Pseudoroegnaria spicata)
and needlegrass (Achnatherum contractum, A.
hymenoides) mix with native and introduced
wheatgrasses, including crested wheatgrass
(Agropyron cristatum var. cristatum A. cristatum var.
desertorum),  bottlebrush  squirreltail ~ (Elymus
elymoides), and western wheatgrass (Pascopyrum
smithii). Importantly, there was also a wide-spread but
heterogeneous distribution of annual, biennial, and
perennial weedy plants including annual bromes
(Bromus tectorum, B. arvensis), desert alyssum
(Alyssum  desertorum), halogeton (Halogeton
glomeratus), Russian thistle (Salsola tragus), and
tumble mustard (Sisymbrium altissimum). Invasive
plants can alter the composition, productivity and
forage quality of the ecosystem, making the
distribution of these species, both across the range
and within specific treatments, important for
assessing and managing habitat conditions.

2t e 7 B
Figure 1. The Wyoming Landscape Conservation
Initiative Area and the State of Wyoming, U.S.A.
Shades of green and beige represent dominant
vegetation types. Bright green is sagebrush steppe
(dominates the scene); dark beige areas within the
sagebrush steppe are more arid, desert shrub and
saltbush flats. Light beige, within the central basin,
represents active sand-dunes. Foothills woodlands
are represented by olive, and are also recognizable
by topographic relief depicted in the underlying
topographic hillshade, with higher elevation forests
appearing in dark green above the band of foothills.
Red-lines represent major highways.
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The climate is dry continental, with mean annual
precipitation totals of 10 to 13 inches being typical
(Western Regional Climate Center, www.wrcc.dri.edu)
For much of the region mean maximum temperatures
in July range from 85° to 95°F, with mean minimum in
January typically between 5° and 10°F (ibid). Our
samples are distributed across heterogeneity in soils,
geology, topography, climate, hydrology, and
dominant vegetation in addition to differences in land-
use attributes that were targeted by design.

This region has historically supported (circa 1900)
agricultural and natural resource  extraction
economies. Despite concerns about the welfare of
wildlife and ecosystems, increasing energy demand
and expanding infrastructure results in continuing
impact by extensive, and often intensive, industrial
energy activities. Thus, modern disturbances and
landscape fragmentation are being superimposed on
a long-history of land-use impacts. Understanding the

current interactions of naturally determined and
anthropogenically influenced environmental
conditions is critical for successful conservation,

restoration and management of these semi-arid
landscapes.

Multi-Scale Sagebrush Mapping And
Resource Inventory

METHODS

We developed methods to combine three scales of
satellite imagery (2.4-m QuickBird, 30-m Landsat TM,
and 56-m AWIFS) using limited but rigorous and
directed ground sampling to produce continuous
predictions for eight sagebrush steppe vegetation
components across the state of Wyoming.

High resolution QuickBird (QB) images each covering
64 km® were segmented into patches to distribute
field sampling sites across polygons representing
spectral variations in the target area. Each image was
also classified into 30 unsupervised classes, and the
majority class in each segmented polygon was
determined. To correlate surface conditions with
remotely detected variability across the image, we
systematically sampled polygons in each spectral
class. Typically two polygons were sampled from
each majority class, for a minimum of 60 sampling
locations per QB footprint.
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The composition of vegetation, bare ground and litter
in each polygon were assessed using ocular
estimation of 1-m® quadrats. Fourteen (14) quadrats
were divided evenly (5m apart) along two 30-m
transects (7 per transect; figure 2); these values were
averaged to define the cover of the site. Transects
were aligned parallel, but offset (creating a
parallelogram footprint) with a maximum of 20 m
separation between transects. These sample units
were distributed across the 64 km? footprint, with
replicates, to develop field data to represent spectral
variability across the scene. Canopy cover of
vegetation was estimated in 5 percent increments
based on a conceptual “similar-to-satellite”
interpretation, such that only the top-most layer of
cover was recorded and the sum of all primary cover
components could not exceed 100 percent. Shrubs
and trees (if present) were identified to the species
level, with sagebrush (Artemisia spp.) further
distinguished to the subspecies level. Heights of
shrub and tree species were estimated based on
measurement of the tallest green vegetation
(excluding seed stalks) of each species within each
quadrat.

o Selected Polygon Center Point
- Random Direction

w30 m Transect

n 1-nd Quadrat

Sampled Area
/ Polygon Boundary

30m

Figure 2. Physical layout of replicated field plots used
to develop cover estimates for training Quickbird
spectral signatures. This array was replicated within
each unique spectral group (number per scene varies
due to heterogeneity) within each targeted Quickbird
scene (8km x 8km).

To apply the field data to the remotely sensed
imagery, we defined sampled areas as the polygon
created by connecting the start and end points of both
transects at each location. For each component we
calculated the mean value across the 14 quadrats,
and these mean values were assigned to all QB
pixels falling within a sampled area.

Using regression tree analysis to identify empirical
relations between the component values and the QB
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data (typically all four 2.4-m spectral bands and three
additional bands of ratio indices), we classified the
proportion of each of the components occurring within
each entire QB image on a per-pixel basis. These
per-pixel QB predictions were then resampled to 30-m
Landsat and 56-m AWiFs pixels to provide the
component training data for the model predictions at
these larger scales. A number of additional data
layers (image band ratios, ratio differences between
image dates, ancillary topographic data) were also
provided to the regression tree for model building.

RESULTS AND DISCUSSION

We produced continuous predictions for eight
sagebrush steppe vegetation components across the
state of Wyoming using three spatial scales of
remotely sensed imagery. The four primary
components were percent bare ground, percent
herbaceous (grass and forb), percent litter, and
percent shrub, which taken together represent 100
percent of all cover in a tree-less environment. The
four secondary components include three subsets of
percent shrub, including all sagebrush (Artemisia
spp.), all big sagebrush (A. tridentata) subspecies,
and only Wyoming sagebrush, as well as mean shrub
height. Predictions revealed that bare ground had the
most even distribution across the entire range; this is
not surprising on this semi-arid landscape.
Herbaceous vegetation and litter cover exhibited
similarly broad ranges and distributions, especially
when compared to shrub cover which is less uniform.
Wyoming sagebrush had the most limited range of the
variables we modeled.

Prediction accuracy varied by imagery type, image,
and component. We used, root mean square error
(RMSE, in the units of the component prediction) a
useful measure of model accuracy to compare
results. At the QB level, RMSE values ranged from
4.76 for sagebrush to 10.16 for bare ground, with 7.95
for shrub height. Accuracy at the Landsat and AWIFS
scales were generally more variable than at the QB
scale. Landsat RMSE values ranged from 5.46 for
sagebrush to 15.54 for bare ground, with 11.2 for
shrub height. AWiIFS RMSE values ranged from 6.11
for sagebrush to 16.14 for bare ground, with 10.18 for
shrub height.

We found that our component predictions
outperformed those generated by LANDFIRE (Rollins
and others 2006), the only comparable large-area
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product. For the shrub component the RMSE of our
model prediction was 6.04, as compared to 12.64 for
LANDFIRE, and for herbaceous the RMSE was
12.89, versus 14.63 for LANDFIRE.

We believe our Landsat and AWIFS predictions
provided enough detail for local application, span
areas broad enough for ecosystem analysis, and
provide a quantitative and repeatable framework for
future monitoring. Research applying our component
estimates to current and historical vegetation change,
climate variation, sage grouse habitat distribution, and
grazing trends are currently underway.

Land Use And Invasive Plants

METHODS

We developed data for species distributions using a
sample of 123 sites distributed across the landscape,
representing several ecological types and multiple
land-use features. An important value created by the
spatial modeling approach is leveraging the
information contained in expensive field samples by
projecting distribution estimates beyond sample sites.
Here, we minimized the negative effects of projecting
onto unsampled landscapes by including our sampled
area within the projected area, thereby reducing the
assumptions and errors associated with extrapolation
to unsampled climate and landscape associations
(Rodder and Lotters 2010). We developed a stratified-
random sample design using a spatially explicit
representation of anthropogenic features distributed
across the WLCI study area (7.7 million hectares),
which also captured important environmental
variability by crossing geologic and soil types,
precipitation and temperature gradients, and various
topographic patterns.

We sampled paired, 1000m-long by 1m-wide belt-
transects that were extended perpendicular to the
margin of a target feature (in all cases except “control”
sites); these were generally extended in divergent or
opposite directions to capture community and species
diversity across the site. Each 1m® was examined and
all identifiable invasive plants were recorded,
confirming the presence or absence of 30 species
identified in county, federal and state noxious weed
lists. We post-processed sites to add attributes
representing environmental characteristics in a GIS
(geographic information system, ESRI ArcMap 9.3) by
associating sample locations with existing information
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(for example, surface geology, dominant vegetation
and road density). This combination allowed
subsequent analyses including these variables as
covariates of weed abundance. Based on observed
distributions of species, we were forced to
immediately revise our initial hypothesis that all
species would show a linear or curvilinear decreasing
relationship with increasing distance, because simple
graphs demonstrated otherwise, for some species.
We tested linear and log-linear transformed distance
as predictors of species abundance using generalized
linear models (R Development Core Team 2010) and
discovered nearly ubiquitous, significant relationship
between plot distance [increasing distance from
anthropogenic features; p<0.05 in all cases except
log-linear for halogeton and linear for perennial
pepperweed (Lepidium perfoliatum) which were not
significant.] However, we also tested the contribution
of potential environmental predictors, and discovered
that the model fit was improved by adding an
environmental covariate in all cases; this was
generally the dominant surface geology or vegetation

type.

Douglas >
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‘ d
g

. Wheatland

% Sagebrush Cover Non Sage-Grouse Distribution (__) Counties

N
High: 61 I o Sagebrush Predictions A

Low: 0 0 25 50 100 150 200

Figure 3. Continuous prediction of sagebrush cover
(all species and subspecies combined) in Wyoming,
U.S.A.

RESULTS AND DISCUSSION

We found clear connections between the distribution
of several, prominent invasive plants and widespread
rural land-use features including all classes of roads
(highways, major and minor unpaved thoroughfares,
spurs and driveways and double-tracks), active and
reclaimed well-pads, pipelines and transmission lines.
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We found the greatest richness of invasive plants
associated with informal roads (double-track, two-
track; figure 3) which likely receive variable, seasonal
use, but little to no weed management. Active well-
pads (oil, natural gas, and/or coal-bed methane),
pipelines, and primary (county roads and similar,
thoroughfares) and tertiary (short gravel spurs,
driveways and dead-ends) roads contained a greater
richness than the ambient conditions estimated by
Control sites (figure 4). It is important to note that our
“Control” sites do not offer unbiased, undisturbed data
for comparisons. These sites were located more than
1000m, continually along their entire length, from any
neighboring anthropogenic features, but they were
embedded within utilized landscapes. Therefore, the
data from these sites offered a basis for relative
assessment of specific features as well as evidence
of the wide-distribution of invasive plants.

Figure 4. Observed richness (species count) of
invasive plants relative to anthropogenic features
within a rural, southwestern Wyoming landscape.
Control sites were located more than 1000 m from the
nearest anthropogenic feature; however these are
clearly not “weed free” controls. These sites were
surrounded by various intensities of land-use
(especially roads and well pads), so rather than a true
control, these sites document the “background” levels
of invasion across the “untrammeled” landscape.

Although many species were not found in sufficient
abundance, within our sampling design, to model
individual feature-distance relationships, analysis of
several abundant, recurring species reveals important
patterns and distinctions in their local distributions.
Generalized linear models revealed a significant,
inverse relationship between distance (and log-linear
transformed distance) from a given feature and
abundance of cheatgrass, halogeton, perennial
pepperweed, flixweed, desert alyssum and Russian
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thistle (Pr>F, 0.0000001, 0.0271, 0.0441, 0.000007,
0.0001, .0001, respectively). However, the abundance
of weeds, taken in sum, did not decline with
increasing distance (Pr>F, 0.3276) indicating the
widespread abundance of weeds across many parts
of this landscape. Weedy plants adjacent to major
roads (primary roads) displayed the anticipated
exponential decay curve (figure 5a) with the greatest
abundance of invaders falling within 200 meters of the
road and measurable abundance approaching zero
near 400 meters. The distribution of weeds
associated with secondary roads (large unpaved
routes), tertiary roads and informal roads precluded
fitting linear or curvilinear trends due to distance effect
(figure 5). Thus, while some species did appear to
decline in abundance between 400-600 meters away
from targeted features, the expanse of invasion
extended well beyond these distances, with little to no
sign of decline. Of particular concern for managers in
this region are annual bromes, especially cheatgrass
(Bromus tectorum; also known as downy brome).

Cheatgrass has come to dominate vast, formerly
sagebrush dominated, landscapes in neighboring
regions, such as the Great Basin (Knapp 1996;
Chambers and others 2007), making the species a
major management concern across the Intermountain
basins and northern steppe (Monsen and Shaw
2000). We found a wide distribution of cheatgrass in
southwestern Wyoming, but it is not clear that the
distribution of infrastructure is having an effect on
these distributions, because although it exhibited a
significant distance relationship, cheatgrass was
observed in large abundances beyond 500m from the
nearest feature. Our samples disclosed recognizable
abundance of occurrences near features, and
demonstrate decreasing abundance with increasing
distance, as anticipated, when considering
interactions with a single feature, such as informal,
two-track roads (figure 6). However, in many cases,
other road classes for example, weed occurrence is
sustained at a distance greater than 500m from the
nearest anthropogenic features (figure 6). This
suggests that another, widespread environmental
condition or activity is also responsible for driving the
patterns of cheatgrass distribution and dominance in
this region. Ongoing research is aimed at discerning
the important driving factors for predicting, and
restricting, the distribution of invasive plants relative to
a combination of environmental factors.
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Composition In Historic Habitat

Treatments
BACKGROUND AND METHODS

Federal and state agencies and nongovernmental
organizations have been funding habitat treatments
across southwestern Wyoming for many years. There
is a general recognition that monitoring of past and
current habitat treatments have lacked designs and
standardized approaches necessary for summarizing
the effectiveness of current and past habitat
treatments across spatial and temporal scales
(Hughes and others 2000; Connelly and others 2004).
Monitoring of restoration and habitat treatments is
essential to determine their performance in order to
make improvements and develop best management
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practices to help guide the design and development of
future habitat treatments and to improve the ability of
these treatments to meet landscape conservation
objectives locally, and across the landscape. To
accomplish this multi-scale goal, we included field
measurement of vegetation, soil and wildlife use (as
indicated by fecal deposits), with remote sensing
approaches for estimating plant productivity and
phenology. Within this region, interactions between
Greater Sage-Grouse (Centrocerus urophasianus;
hereafter referred to as sage-grouse) and habitat
conditions are critical for management planning,
therefore direct estimates of wildlife response to
treated habitats and developed and reclaimed
habitats will inform adaptive management of wildlife
habitats.
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Figure 5 (a-d). Simple distributions of invasive plants observed in proximity to four (4) different sized road
classes in southwestern Wyoming, U.S.A. The x-axis depicts the distance from a target feature based on
observation of each 1m?, aggregated into 25 m segments for each abundance estimate. Species abbreviations
represent genus and specific epitaph, namely ALYDES (Alyssum desertoides), BROINE (Bromus inermis),
BROTEC (Bromus tectorum), CARNUT (Carduus nutans), CERTES (Ceratocephala testiculata), CHEALB
(Chenopodium album), CHEGLA (Chenopodium glaucum), CIRARV (Cirsium arvense), DESSOP (Descurania
sophia), ELAANG (Elaeagnus angustifolia), EUPESU (Euphorbia esula), HALGLO (Halogeton glomeratus),
LEPPER (Lepidium perfoliatum), MELOFF (Melilotus officinale), POLAVI (Polygonum aviculare), SALTRA
(Salsola tragus), SISALT (Sysimbrium altimissium), TAROFF (Taraxacum officinale), THIINT (Thinopyrum
intermedium), THLARV (Thlaspi arvense), TRADUB (Tragopogon dubius).
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Our remote sensing approach was guided by the
need to identify cover and productivity associated with
historic treatments and the additional fact that these
sites were distributed across the landscape with high
variability in documentation as well as environmental
conditions. Greenness indices such as the normalized
difference vegetation index (NDVI) can be acquired
by satellite over large areas at relatively coarse
scales, however this approach may miss important
details, such as the period of rapid green-up following
snow-free days (which may only be detectable at finer
spatial and temporal scales). This period of early,
green-up can influence habitat use (for example, elk
movement, sage-grouse activity, etc.), so it could be
an important indicator of seasonal habitat condition on
treated and untreated areas.

To enhance our resolution of this phenomenon, we
are developing field-plot level, near-surface sensors
to closely monitor changes in vegetation. In addition
to detecting cheatgrass, this approach could provide
important details of seasonal forage availability, for
example, to determine when to stop elk feeding on
state feed-grounds, where earlier feeding end dates
are associated with reduced Brucellosis prevalence
(Cross and others 2007). In addition, near-surface
sensing platforms can target specific species (for
example, perennial grasses or shrubs) or features (for
example, bare soil, which is likely to show green-up
by annuals including weeds), which remote sensing
cannot, and specific species may be more or less
palatable and thus more or less likely to provide
forage/habitat for animal species of interest.
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Figure 6. The distribution of cheatgrass (Bromus
tectorum) relative to rural, land-use features in
southwestern, Wyoming. The curve (dashed-line)
demonstrates the negative, log-linear relationship
between distance and abundance of cheatgrass.
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Whereas, the straight line (dotted-line) clearly
demonstrates, with a positive trend, that cheatgrass
abundance did not decrease in abundance relative to
all features. Variabilty in these distributions
demonstrate the influence of other environmental
factors. Sampled features (with abbreviation) include
small, earthen dams (EarthDam), irrigation ditches
(IrrDitch), oil and gas pipelines (Pipeline), overhead
electrical lines (Powerline), Railroad, Highways,
primary, paved thoroughfares (Prim.Rd.), large gravel
roads (Sec.Rd.), small (short) gravel roads,
driveways, spurs and access roads (Tert.Rd.),
informal, unmaintained roads (Two-Track), active oil
and gas facilities (WellPad) and reclaimed, former oil
and gas facilities (RecPad).

As climate driven changes (for example, earlier snow
melt) interact with vegetation, we expect plant
phenology to shift in response to water availability
and suitable growing conditions. This may make
forage available earlier, for example, but it may also
result in earlier senescence, or shifts in dominance to
less-palatable, weedy species. To monitor these
interactions, we established 50 multi-scale vegetation
plots (Barnett and others 2007) in the vicinity of the
Fall Creek feed-ground near Pinedale, Wyoming.
These sites included burned and herbicide treated
areas. We collected reflectance data from native and
non-native vegetation using 14 mantis platforms (an
adjustable tripod structure mounted with a
multispectral camera to collect spectral reflectance
data like a satellite from surface environments) during
the 2010 growing season. We used “ground-truth” plot
and reflectance data to measure correlations with
remotely sensed data. We established an additional
30 plots in 5 historic treatment areas on and around
the Pinedale Anticline to measure differences in plant
species composition and cover as well as exposure of
bare mineral soil.

Our remote sensing efforts were complimented by
field research into composition and wildlife utilization.
Since 1990, numerous restoration and enhancement
projects have been implemented in the Little Mountain
Ecosystem area (south of Rock Springs, Wyoming).
Many of these projects involved prescribed burns to
reduce sagebrush cover, increase herbaceous cover,
increase other mountain shrub species (for example
serviceberry, antelope bitterbrush), and retard the
expansion of junipers into sagebrush. Wildfires and
prescribed burns have been linked with the expansion
of cheatgrass in similar systems in the Great Basin;
however, in some situations burning has been
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documented to support more stable plant
communities that resist cheatgrass and other invasive
plant species (Shinneman and Baker, 2009). We
worked with land management agencies to map burn
treatments in the Little Mountain area (approximately
25 miles south of Rock Springs, Wyoming) from 1990
through 2008. Using the design and sampling
methods described in the previous section (Land Use
and Invasive Plants), we sampled 22 vegetation
transects (June through August) that were randomly
distributed across burn treatments. We augmented
the methodology described in the previous section at
17 of the 22 sites to include soil sampling (for
determining soil texture and chemistry) and document
the presence of biological soil crusts. Biological soil
crusts, which can be disturbed through burning, are
thought to help resist invasive species (Ponzetti and
others 2007); therefore, a lack of crust may be
associated with increased invasion potential. Sage-
grouse pellet count surveys were conducted on two
treatments, mowing and Tebuthiuron (herbicide,
brand name “Spike”™), applied to sagebrush habitats
in southwest Wyoming to ascertain use patterns and
long-term trends associated with sage-grouse and
treatment characteristics and gradients of energy
development. Treatments were conducted on federal
lands within the Moxa Arch Natural Gas Development
near Granger, Wyoming. Treatment sites
(implemented during 1997 through 2002) represented
upland habitats dominated by Wyoming big
sagebrush within areas selected by sage-grouse for
nesting and early brood rearing. During 2009, forty-
four 100-m by 4-m belt transects were randomly
selected at mowed and Tebuthiuron applied treatment
sites to evaluate sage-grouse use and the role of
treated patch size, treated patch shape, and patch
distance to lek (an assembly area for communal
courtship display) or nesting habitat, and energy
infrastructure.

RESULTS AND DISCUSSION

Preliminary results from the near-surface reflectance
measurements indicated that we can track major
phenological events such as flowering in addition to
green-up and senescence using remote sensors.
Vegetation plot sampling data representing one
treated area (1960; figure 7) suggested that the
sagebrush reduction treatment effects persist.
Although not statistically significant the percent cover
of Wyoming big sagebrush was lower in the treated
(16 percent) than untreated area (27 percent), and
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total vegetation cover followed the same pattern (33
percent cover treated vs. 54 percent cover untreated)
and the difference was actually visible in remotely
sensed imagery (figure 7). The percent cover of bare
soil was significantly greater in the treated area (56
percent treated vs. 23 percent untreated; p < 0.01).

Preliminary results from assessments of burn
treatments indicated a mixed response to cheatgrass
invasion. Cheatgrass occurred in all transects but the
frequency within subplots varied. Sixteen transects
had a sandy loam texture while only one transect was
classified as having a sandy clay loam. Subplot
frequency of cheatgrass will be compared to duration
since treatment and with soil nutrients and
carbon/nitrogen ratios in future analyses

%

Figure 7. The normalized difference vegetation index
(NDVI) is an indicator of greenness and standing
vegetation. In this 2007 SPOT satellite image of an
area that was sprayed with herbicide in 1960 (large,
irregular black outlined area) the treated area is less
green (index displayed as red) than the surrounding,
untreated area. Note that roads and portions of well
pads are also red (little or no vegetation). Image
prepared by Mark Drummond, USGS.
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Sage-grouse use surveys indicated that they are
using mowed and Tebuthiuron treated areas and
areas adjacent to energy infrastructure, however use
appears to be connected to prior occupancy. Sage-
grouse use surveys also indicated that they are using
large open areas in the center of treatments less
frequently than the edge of treatments near the cover
provided by untreated sagebrush. Treated sites were
most frequently used by sage-grouse during nesting
and brood rearing with limited use during fall and
winter. Future analyses will include the expansion of
additional treatment areas (sampling conducted
during 2010) to evaluate if differences exist between
treatment types, season of use, proximity to leks and
prolonged effects of energy infrastructure.

CONCLUSIONS

While there is a lot of sagebrush on the map, much of
it is fragmented, manipulated and impacted by
biological invasions induced by perpetual and
widespread surface disturbances. The extent of the
“sagebrush sea” was greatly reduced in extent before
this research began (Connelly and others 2004),
making understanding and effective management of
these lands important for wildlife conservation. By
using a combination of field sampling and remote
sensor platforms, we developed detailed cover
estimations for shrub habitat components across
large regions (State of Wyoming) that accurately
depict the current distribution of sagebrush and
associated habitats. These data greatly improved the
resolution, accuracy and information content of
existing products, exhibiting detailed projections
within 10 percent of actual cover in most locations.
Continuous cover projections, as compared to type-
mapping, provide a comprehensive perspective of the
heterogeneous distribution of vegetation, litter and
bare ground within sagebrush communities,
identifying areas of both high and low cover. In the
future, it is hoped that these methods, and data, will
form a baseline for monitoring changes on this
landscape. The U.S. Geological Survey has initiated
research applying our component estimates to current
and historical vegetation change, climate variation,
sage grouse habitat distribution, and grazing trends.

The potential distribution of weeds, especially annual
grasses, across the sagebrush steppe is widespread
with intense local infestations. Our data showed
increased abundance of noxious, invasive plants
adjacent to anthropogenic features, especially roads
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and well pads. However, surveying a wide region and
variety of invaders brings recognition that there is not
a single profile for invasive plants, even across a
consolidated, semi-arid region. For the most
abundant, problematic species such as cheatgrass,
desert alyssum and halogeton, it was not clear that
the distribution of infrastructure remains an important
driver of distributions because these species were
often observed to be abundant hundreds of meters
away from the nearest feature. While the distance
effect was significant for most of these cases (linear
and log-linear), residual variability in these models
indicated that other, widespread environmental
conditions or activities were also responsible for
patterns of invasive plant distribution in this region.
Treated sites were most frequently used by sage-
grouse during nesting and brood rearing with limited
use during fall and winter, and surveys also indicated
that they used large open areas less frequently than
the edge of treatments. Results also indicated a
mixed response of treatments to cheatgrass invasion,
however weeds were observed on every treated site.
Clearly there are potentially important interactions
between habitat distributions, habitat treatments,
invasive plants and use of habitats by wildlife. These
studies begin to elucidate these patterns and their
interactions.
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ABSTRACT

In recent years, natural gas extraction activities have disturbed thousands of acres of arid and semiarid
regions in Wyoming’s sagebrush steppe ecosystem. Thin, nutrient poor topsoils, combined with
subsoils potentially high in salts, limit the resilience of these arid and semiarid soil systems. Stripping,
stockpiling, and respreading topsoil stimulates decomposition and loss of soil organic matter (SOM) by
breaking apart soil structure and eliminating inputs of plant residues,which can result in reduced SOM
content When the soil structure is disturbed organic matter can rapidly decompose, releasing mineral
nutrients that are mobile and can be lost to weeds, leaching, erosion, or volatilization.The purpose of
this study is to gain an understanding of how natural gas development and reclamation activities impact
soil properties, plant growth re-establishment, and the ability of disturbed sagebrush ecosystems to
recover over time. Soil samples were collected from stockpiles,respread topsoil and adjacent
undisturbed areas from three natural gas fields located in Western Wyoming. Results suggest that soil
organic matter needed for plant growth becomes mineralized or released when the soil is disturbed.
The data show a small increase in plant-available mineral nitrogen (N) concentrations after stripping
and stockpiling compared to undisturbed soils, and then a large increase in available N following
respreading for reclamation. This suggests that easily decomposable organic matter exposed by
destruction of soil structure during stripping is conserved in deep stockpiles but then rapidly
decomposed upon re-exposure to air and moisture with respreading. The spike in mineral N likely
originates from organic compounds that,in undisturbed conditions,hold and slowly release N and other
nutrients. It represents a significant potential loss of this important “time-release” nutrient pool. The
spike in mineral nutrients probably stimulates prolific weed production often observed on reclaimed
sites. Weeds that stay and decompose on site may conserve and recycle the nutrients, but the data
suggest a need for a better way to accomplish this.

In Monaco, T.A. et al. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity; 2010 May 18-20; Logan, UT.
Natural Resources and Environmental Issues, Volume XVII. S.J. and Jessie E. Quinney Natural Resources Research Library,
Logan Utah, USA.

INTRODUCTION

Much ecological disturbance in the western U. S. is
related to natural gas production, coal mining, or other
energy development and is located in arid and/or
semi-arid regions. These ecoregions that occupy
much of the western landscape are difficult to reclaim
once they are disturbed (Bunting and others 2003;
Whisenant 1999). Low soil fertility and organic matter
contents, slow-growing and difficult-to-establish
vegetation, saline or sodic conditions, and other
constraints related to low rainfall create fragile
conditions, with low resistance to and resilience after
disruption. In recent years, natural gas extraction
activities have disturbed thousands of acres of arid
and semiarid regions in Wyoming’s sagebrush steppe
ecosystem. The extraction of natural gas is a short
but drastic perturbation to soil processes and the
terrestrial ecosystem. In addition because of the
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infrastructure associated with wells (i.e. well pads,
roads, and pipelines) energy development potentially
influences ecoregions indirectly by exotic plant
establishment or directly by the loss of wintering and
breeding habitat for wildlife as well as migration
barriers for ungulates (Berger 2003, 2004; Lyon and
Anderson 2003). During natural gas well pad
development, topsoil, which provides the majority of
nutrients essential for plant growth, is typically
stripped, stockpiled, and respread for reclamation.
Vegetation and topsoil are removed using heavy
operating equipment and stockpiled on the well pad
until drilling is complete and then respread and
seeded for reclamation. We speculate that stripping,
stockpiling, and respreading of topsoil disrupts soil
structure that protects labile organic carbon (C) and
N. Labile organic C and N are protected from
degradation within soil aggregates, but become
mineralized when disturbed which may result in a shift
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in the C and N dynamics that exist in SOM pools. Soil
organic matter is an important nutrient pool that plays
a critical role in ecosystem stability, including nutrient
cycling, soil structure formation, soil water holding
capacity, energy for microorganisms, and essential
nutrients required for plant growth.

There has been much research conducted on energy
related disturbance impacts to soil, however, this
study investigates the immediate (<1 yr) effects that
occur on the redistribution of the SOM pools during
the different phases (stripping, stockpiling, and
respreading) of well pad development. Understanding
how disturbance alters SOM pools will contribute to
greater reclamation success and ecosystem recovery.
The objectives of this study are to 1) determine
effects of stockpiling depths on C and N dynamics
and 2) quantify effects of stripping, stockpiling, and
respreading on soil C and N dynamics.

MATERIALS AND METHODS
Site Information and Field Sampling

Study Area

Nine well pads were selected from three Wyoming
natural gas fields: Pinedale Anticline (Anticline),
Jonah, and Wamsutter. Each site location consisted
of three stockpiles (SP), three recently reclaimed well
pads (RC), and three adjacent undisturbed sites (UN).
Soil samples were collected from stockpiles, respread
topsoil and adjacent undisturbed sites in 2009 and
2010. For ecological site descriptions and climate
data for each site location refer to Driessen and
others (this volume).

Stockpile Sampling

Stockpiled topsoil soil samples were collected from <1
yr (Jonah and Wamsutter) and <5 yr (Anticline) old
stockpiles. On each stockpile, three randomly located
holes were augured to a depth of 250 cm. Samples
were bulked by depths of 0-5 cm, 5-20 cm, 20-100
cm, 100-200 cm, and 200-250 cm for each of the nine
stockpiles. An adjacent undisturbed site was also
randomly sampled with an auger to serve as a
reference soil. From the undisturbed site, a composite
soil sample was collected from 0-20 cm to represent
the topsoil stripping depth.
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Reclaimed Well Pad Sampling

After the stockpiled topsoil was respread and seeded
for reclamation in Fall 2009, soil samples were
collected on the recently respread topsoil and
adjacent undisturbed area along three transects set
up on a 0.1 ha plot. Soil samples were collected from
0-5 cm, 5-20 cm, and 20-30 cm at three points along
each of three 32 m transects. Soil samples were
bulked by depth for each transect, thus a total of 9
samples were collected from each plot.

Laboratory Analyses

Soil samples were kept at 4°C until they were brought
back to the lab for analysis. Ten grams of field moist
soil was measured for gravimetric moisture content
(Gardner 1986) and mineral N. Mineral N, an index of
plant-available N, was extracted from 10-g
subsamples with 50 mL of K,SO4 and run on a
microplate  spectrophotometer (Powerwave HT,
BioTek Instruments, Vinooski, Vermont) for NH4-N
(Weatherburn 1967) and NO3-N (Doan and Horwath,
2003). An additional 22 g of field moist soil was
measured for labile organic C and N determination
using aerobic incubation (Hart and others 1994;
Zibiliske 1994). Samples were brought to 23 percent
gravimetric moisture content prior to incubation.
Aerobic incubations yielded mineralizable N and C
after 14 d under optimal water and temperature
conditions. Samples were incubated in sealed jars
and jar lids were fitted with rubber septa for the
collection of gas samples. Headspace samples (30
ml) were collected in syringes fitted with gas-tight
valves after mixing the total volume by plunging the
syringe up and down. Samples were collected on day
1, 4, 7, and 14 to measure potentially mineralizable C
or labile organic C. All incubation jars were flushed
and refilled with ambient air following each sampling.
Four blank jars (no soil) were included in each
experiment to control for background CO,
concentration. Headspace samples were analyzed for
CO, concentration using an infrared gas analyzer and
calibrated with three standard gases (Model LI-820,
LICOR Inc., Lincoln, Nebraska). After the 14-d
incubation period, a 10-g subsample was taken from
the 22-g sample to determine gravimetric moisture
content after 14 d. The remaining soil was extracted
with 50 mL of K,SO, and analyzed for NH4-N and
NOs-N as described for mineral N above. This
represents the amount of organic N mineralized under
optimal conditions after a 14-d incubation period.
Potentially mineralizable N or labile organic N is
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achieved by subtracting the initial inorganic N content
from the N content after the 14-d incubation period.

Statistical Analysis

The data were analyzed statistically using one way
analysis of variance using SAS 9.1.3 SP4 (SAS
Institute 2008). All statistical tests were conducted at
P <0.05.

RESULTS AND DISCUSSION
Stockpile Depth Effects

The stockpile data presented reflects the average
midpoint of each depth interval compiled for all three
site locations. Although not significant, mineral N
increased slightly with increasing stockpile depth for
the Jonah and Wamsultter sites (figure 1a). Mineral N
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for the Anticline increased with increasing depth, but
declined beyond 150-cm depth. Abdul-Kareem and
McRae (1984) reported that NO3-N concentrations in
stockpiles were similar to those in adjacent
undisturbed soils, but NHs-N was greater with depth
in all stockpiles when compared to adjacent
undisturbed soils.

Labile organic C and N concentrations increased with
increasing stockpiling depth (figure 1b and 1c),
suggesting that the labile SOM pool is protected and
being conserved deep in stockpiles. Other research
(Abdul-Kareem and McRae 1984; Visser and others
1984; Williamson and Johnson 1990) has shown
greater soil respiration rates deeper in stockpiles than
at the surface of stockpiles. Management implications
often recommend shallow topsoil stockpiles, but our
data suggests that may not be necessary.
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Figure 1. Average mineral N(a), labile organic N (b) (mg N kg soil ") and labile organic C (c) concentrations
(cumulative mg CO»-C kg soil during 14-d incubation) from stockpile depths and adjacent undisturbed from

each natural gas field.
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Stripping, Stockpiling, and Respreading
Effects

For all three site locations mineral N was significantly
(Anticline p = 0.0052, Jonah p = 0.0106, Wamsutter p
= 0.0018) greater for the reclaimed treatment than in
the undisturbed and stockpile treatments. The data
shows a small increase in mineral N concentrations
after stripping and stockpiling compared to
undisturbed soils, and then a large increase in
available N following re-spreading for reclamation
(figure 2a). Soil organic matter is decomposed upon
re-exposure to air and moisture with respreading.
Williamson and Johnson (1990) reported that
decomposition occurred as a result of the labile
organic matter and mineral N release associated with
stockpile disturbance and restoration. In addition, the
NH4-N that accumulated within the stockpile was
converted to NOs-N as oxygen became available
during the restoration process (Williamson and
Johnson 1990).

Labile organic N concentrations were significantly (p =
0.0076) less for the stockpile and reclaimed
treatments than the undisturbed reference site at the
Anticline (figure 2b). Labile organic N concentrations
significantly increased in the stockpile treatment
compared to the reclaimed treatment for the
Wamsutter ( p = 0.0145) and Jonah (p = 0.0341) gas
fields. In two of the three sites (Jonah and Wamsutter)
labile organic N concentrations were greater in the
stockpiles than in the undisturbed reference sites.
Ingram and others (2005) found lower labile organic N
in stockpiles than in native sites. Furthermore,
Lindemann and others (1989) showed slightly lower
labile organic N concentrations in stockpiled topsoil
compared to fresh topsoil.

All three site locations had significantly (Jonah p =
0.0120, Anticline p = 0.0366, Wamsutter p = 0.0379)
lower labile organic C concentrations in the reclaimed
plots than in the undisturbed plots (figure 2c). Our
data show labile organic C concentrations were less
in the stockpiles than the undisturbed sites. Ingram
and others (2005) reported carbon mineralization
rates were greater in a 2-yr-old stockpile than native
sites after 21 days of incubation. Differences in labile
organic C and N concentrations between the native
and reclaimed sites may be due to differences in
microbial communities, break-up of microaggregrates,
or the addition of new non-humified plant residues
(Ingram and others 2005).Two of the three sites
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(Jonah and Wamsutter) showed that loss of labile
organic C and N was most pronounced upon re-
spreading stockpiled soil, whereas on the Anticline
this loss occurred upon stockpiling. This loss probably
reflects the fact that stockpiles on the Anticline were
older and had been moved several times causing
redisturbance and loss of labile organic C and N.
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concentrations (cumulative mg CO,-C kg soil" during
14-d incubation) from undisturbed, stockpile, and
reclaimed plots from each natural gas field. Letters
indicate significance differences (P< 0.05) between
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gas field. Error bars denote standard error.
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Overall Disturbance Effects

The labile pool of SOM is a reservoir of time-release
nutrients and is extremely important for ecosystem
resiliency. The data presented in Figure 3 represents
the mineral N and labile organic C and N
concentrations averaged and compiled for all 3 site
locations. The data show that mineral N increases or
becomes available with each phase of disturbance.
Mineral N is significantly greater (p = 0.0254) for the
reclaimed treatment than the undisturbed and
stockpile treatments. Although not significant, the data
show that labile organic C and N are reduced with
each phase of disturbance. The active pool consists
of readily available nutrients where as the slow pool is
less available for microbial degradation because it is
protected in the micro- and macro-aggregates. Thus
breaking soil aggregates releases a labile organic
material (Beare and others 1994; Kristensen and
others 2000), changing nutrient pools (Chapin and
others 2002).

CONCLUSION

The SOM that is needed for plant growth becomes
mineralized and released when the soil is disturbed.
The destruction of soil aggregates stimulates
mineralization and decomposition resulting in reduced
C and N (Chapin and others 2002; Ingram and others
2005; Wick and others 2009) and SOM (Abdul-
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Kareem and McRae 1984). Our data indicate that the
initial stripping of topsoil disrupts the soil structure
causing an increase in the labile organic C and N
when compared to the undisturbed reference site.
Once the topsoil is stockpiled the labile organic C and
N is protected from mineralization deep within the
stockpile. However, labile organic C and N
concentrations are reduced when stockpiled and re-
spread for reclamation, suggesting that the protected
pool is being mineralized and lost to the environment.
Losses in labile organic C and N are greatest just
beneath the surface where moisture, temperature,
and aeration are probably optimal for mineralization
during the time soil is stockpiled. Mineralization
increases with each disturbance activity, but is
greater when the topsoil is respread and tilled for
seeding. The spike in mineral N originates from
organic compounds that, in undisturbed conditions,
hold and slowly release N and other nutrients. The
spike in mineral nutrients probably stimulates prolific
weed production often observed on reclaimed sites.

The data suggest there is a loss of valuable SOM in
soils and an untimely release of nutrients. The data
indicates a need for alternative handling and/or
management methods that conserve labile SOM and
mineral nutrients, such as less destructive
stripping/spreading methods that conserve soil
structure, and cover crops or C additions that
immobilize mineral N and keep it on site. Stahl and
others (2002) stated that successful restoration of a
disturbed area is dependent on maintenance of soil
quality and minimizing the human footprint to soil
resources could prevent further site degradation and
facilitate site restoration.
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ABSTRACT

Wyoming shrublands have undergone extensive energy development in recent years. Much of this
development occurs on public land designated for multiple uses. Reclamation of these areas has
proven difficult due to the harsh climate and alteration of the thin, nutrient poor topsoil during
development activities. Energy development and reclamation activities often lead to topsoil dilution,
rapid mineralization of nutrients and soil organic matter (SOM), and loss of soil structure. These
changes have the potential to degrade the suitability of the soil as a medium to sustain a desirable plant
community. Reclamation of land disturbed for energy development in this area has largely been
executed by the extraction companies and evaluated by the governing agency (typically, the Bureau of
Land Management (BLM)). Other parties who rely on this land, such as ranchers with grazing permits,
are not typically involved in reclamation. In this study, we examine an unconventional reclamation
technique that aims to involve ranchers in the reclamation process: controlled livestock impact. The
theory behind this technique is that by confining livestock on a seeded and reclaimed site the animals
will improve the seedbed and seed to soil contact through fertilization and hoof action. Natural gas well
pads that were reclaimed in the fall of 2009 were selected from three Wyoming natural gas fields. Two
treatment plots were established on each well pad: traditionally reclaimed and reclaimed with the cattle
impact treatment. Cattle treatments were applied in fall 2009 immediately after reclamation and
seeding. Soil samples were taken from the reclaimed plots and before and after the cattle impact on
treated plots. Soil samples were then analyzed for SOM parameters including percent light fraction
organic matter (LF) and labile C and N. Post-cattle treatment plots had more mineralizable C and more
N variability than pre-cattle plots, which indicates an impact from the cattle treatment on SOM
characteristics.

In Monaco, T.A. et al. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity; 2010 May 18-20; Logan, UT.
Natural Resources and Environmental Issues, Volume XVII. S.J. and Jessie E. Quinney Natural Resources Research Library,
Logan Utah, USA.

INTRODUCTION disturbance has resulted in habitat loss or
fragmentation (Walston and others 2009), wildlife
Natural Gas Well Pad Reclamation in avoidance (Lyon and Anderson 2003; Sawyer and
Wyoming others 2009), changes in plant communities
(Bergquist and others 2007), and other indirect
Wyoming is one of the nations’ leaders in natural gas  consequences. Thus, techniques that accelerate the
production and proven reserves. The Energy successful reclamation of these sites are highly
Information Administration reports that Wyoming desirable.
ranks second in the United States for proven dry
natural gas reserves as of 2008 (USEIA 2009). Reclamation of Wyoming’s shrublands is often difficult
Natural gas development in Wyoming occurs on state, because of harsh climate, nutrient poor topsoail,
federal, and private land, which is often used for changes in soil properties during development and
livestock grazing, wildlife habitat, recreation, and reclamation activities, herbivory, and lack of viable
other activities in addition to resource extraction. Seed- Many mechanisms have been explored to
Natural gas extraction in Southwest Wyoming a.m.eliorate t.hese issues, but are often expensive or
. - I difficult to implement. Furthermore, other affected
requires a level area for drilling activities (well pad),

L parties, such as ranchers, are rarely incorporated into
pipelines for transport of resources, and access roads . L
] ) reclamation plans although their livelihoods may
for maintenance. The nature of this type of land

depend on successful reclamation.
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Controlled Livestock Impact

Controlled livestock impact has gained popularity with
land managers in recent years as a reclamation tool.
A large collection of testimonial evidence exists
proclaiming the success of using animals to prepare
the seedbed and maintain a desirable plant
community, but little science-based research has
assessed these claims. Controlled livestock impact is
different from grazing, as it is a treatment applied to a
site with little to no standing forage. Grazing or
browsing animals are confined at high density on a
reclaimed area and are fed, and often allowed to bed
down, on the location. The idea behind this is that the
combination of hoof action and addition of organic
materials will improve soil conditions for plant
establishment. Seeding may occur before or after the
livestock impact treatment, or mature native grass hay
may be used to both feed the livestock and provide
seed to the area.

This study aims to quantify the immediate effects of a
controlled livestock impact on basic soil organic
matter (SOM) characteristics. SOM is important for
plant establishment on reclaimed locations as it
provides nutrients, improves water holding capacity of
soils, and reduces erosion by promoting aggregation
of soil particles. Moreover, reclaimed soils in
Wyoming have been shown to have lower SOM than
comparable undisturbed soils (Anderson and others
2008; Ingram and others 2005; Mummey and Stahl
2004; Stahl and others 2002;, Wick and others 2009a;
Wick and others 2009b). This study was designed to
assess the immediate effects of controlled livestock
impact on SOM, thus we focused our efforts on
characterizing the labile organic matter pools. Labile
and light fraction (LF) organic matter pools reflect
changes in topsoil management and are good
indicators of topsoil quality (Sohi and others 2010).
We expect that both the labile organic C and N pools
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will be higher after the cattle treatment than before.
We believe that contributions of waste feed and
excrement will increase the amount of C and N in the
labile organic pool. Furthermore, we hypothesize that
there will be more LF after livestock treatment for
similar reasons.

METHODS
Study Area

Ten well pads were selected from three Wyoming
natural gas fields: Pinedale Anticline (Anticline),
Jonah, and Wamsutter. The pre-disturbance
ecological site descriptions for the Anticline well pads
are loamy or shallow loamy 10 to 14-inch Foothills
and Basins and clayey or gravelly 7 to 9-inch Green
River and Great Divide; and either clayey or loamy 7
to 9-inch Green River and Great Divide for the Jonah.
(NRCS 2009). The NRCS has not yet classified the
ecological sites for the Wamsutter area, but we found
the soil to have sandy loam texture and the dominant
vegetation is Wyoming big sagebrush (Artemisia
tridentata spp. wyomingensis) or Gardener’s saltbush
(Atriplex gardnerii). All of the fields are cool and dry
with the majority of the annual precipitation occurring
as snowfall (table 1).

Sampling Design

Each well pad was assigned two treatment plots on
the reclaimed area, one of which received the
controlled livestock impact treatment (cattle) and one
which did not (reclaimed). The cattle plots were
sampled before (pre-cattle) and after (post-cattle) the
livestock treatment was implemented. Plots were 0.10
ha (0.25 ac) in size with three, 34 m (112 ft)
permanent transects. Soil samples were taken at 0 to
5-cm (0 to 2.5-inch) depth at three locations along
transects and bulked by transect.

Table 1. Climate information for the three natural gas fields. Data obtained from Western Regional Climate
Center from nearest data loggers to each gas field based on averages from 1948 to 2005.

Average Max Temp

Average Min Temp

Mean Annual Precip

Site °C (°F) °C (°F) mm (in)
Anticline 10.9 (51.7) -6.72 (19.9) 277 (10.9)
Jonah 12.7 (54.8) -6.50 (20.3) 187 (7.35)
Wamsutter 12.9 (55.3) -2.61 (27.3) 174 (6.84)
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Controlled Livestock Impact Treatment

The well pads were reclaimed and seeded in the fall
of 2009. Topsoil handling and storage, seed mixes
and seeding rates, and mulching varied between
natural gas fields due to differences in company
policies and governing legislation. The cattle
treatment was superimposed on the traditional
reclamation and seeding for each field. Cattle plots
were temporarily fenced and certified weed-free hay
was scattered throughout the fenced area. On the
Jonah and Anticline production areas, 25 cows
occupied the 0.10 ha (0.25 ac) plots for 24 hrs; while
12 bulls occupied the Wamsutter area plots for 48 hrs.
This stocking rate was determined by estimating the
amount of organic matter lost through construction
and reclamation activities and then calculating how
much organic material; in the form of feces, urine, and
excess feed; a single cow contributes in a day.
According to the Natural Resources Conservation
Service (NRCS), a typical 453.6 kg (1000 Ib) beef cow
produces 4.85 kg (10.7 Ib) of manure per day (NRCS
2010), which yields 1.13 kg (2.5 Ibs) of dry organic
material per 453.6 kg animal per day (van Vliet and
others 2007). Also, cattle typically waste about 30
percent of total hay fed on the ground, or as much as
8.16 kg (18 Ibs) per animal per day for low-quality
forage. Data from reclaimed coalmines suggest that
35 to 69 percent of SOM is lost by the time the soil is
reclaimed (Anderson and others 2008; Ingram and
others 2005; Mummey and Stahl 2004; Wick and
others 2009a; Wick and others 2009b). Assuming a
bulk density of 1.3 g cm™ and an initial SOM content
of 1.5 percent, 183 to 362 cattle ha' d™' (74 to 147
cattle ac’ d') would be required to replace the
organic matter loss. We adjusted our final stocking
rate of 240 cattle ha™ d” (100 cattle ac” d™) after
discussing feasible rates with the cattle producers
who cooperated with this project.

Laboratory Analyses

Soil samples were immediately chilled at 4 °C upon
collection until they reached the laboratory. Soil was
then divided for field-moist analyses and dry
analyses. Field moist samples were used for
assessing labile organic pools. Dry samples were
dried at room temperature for 48 h, and then sieved to
6.35 mm (0.25 inch) for LF analysis.

Published by DigitalCommons@USU, 2011
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Labile Organic C and N

Approximately 10 g of field moist samples were
immediately extracted with 50 mL of K,SO, using Q5
filters, upon returning to the lab. This analysis allows
quantification of bio-available N that is immediately
available in the soil, which is also known as mineral
N. Another 10 g was used to determine gravimetric
moisture content (Gardner 1986) so samples could be
normalized for moisture content. Extracts were frozen
for storage and then run on a microplate
spectrophotometer (Powerwave HT, BioTek
Instruments, Vinooski, Vermont) for NH4-N and NOs-N
as described by Larios (2008). For NH4, 40 mL of
sample was mixed with 80 mL of sodium salicylate
solution and 80 mL of bleach-NaOH solution and
allowed to develop color for 1 hr before reading on the
spectrophotometer. NO; analysis used 10 mL of
sample to 190 mL of VCI3-HCI solution (Doane and
Horwath 2003) and was developed for 18 hr before
reading.

Twenty-two g of field moist soil was brought to
approximately 23-percent moisture content for labile
C and N. Soil underwent a 14-day aerobic incubation
as described in Zibilske (1994) and Hart and others
(1994). Carbon dioxide samples were drawn out using
30-ml syringes through the rubber septa in the
incubation jars on the first, fourth, seventh, eleventh,
and last days of the incubation period. These samples
were then analyzed on an infrared gas CO, analyzer
(LI-820, LI-COR Inc, Lincoln, Nebraska) on the days
they were withdrawn. A 10-g sub-sample of the 22 g
sample was analyzed for gravimetric moisture at the
end of the 14-day incubation period to correct for
actual moisture content. The cumulative C released
over the 14-day incubation period is the potentially
mineralizable C, or labile organic C content of the soil.

After the 14-day incubation period, the remaining soil
was extracted with 50 mL of K,SO,4. The sample was
analyzed for NH, and NOj3 as described for mineral N
above. This represents the amount of organic N
mineralized under optimal conditions after a 14-day
incubation period. Potentially mineralizable N or labile
organic N is achieved by subtracting the initial
inorganic N content from the N content after the 14-
day incubation period.
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LF

A 10-g sample from the dried and sieved soil was
used for organic fraction analysis. The density
fractionation method described by Sohi and others
(2001), using 1.8 g cm” Nal, was used to obtain LF.
Free LF (fLF) was collected from the surface of the
solution after gentle mixing, while occluded LF (oLF)
was collected after vigorous shaking and 110
seconds in a sonicator. Both forms of LF were
centrifuged at 2000 rpm until mineral components of
the sample settled to the bottom of the tube. Lids and
rims of tubes were rinsed with more Nal and LF was
collected using an aspirator. Samples were collected
on a nylon 20-mm filter and rinsed thoroughly with
deionized water. Samples were then dried in
aluminum tins at 60 °C (140 °F), and weighed to
0.0001 g. These two fractions determined by density
represent total LF (von Lutzow and others 2007).
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Figure 1. Labile organic carbon (cumulative mg CO,-
C kg soil during 14-d incubation) from pre-cattle and
post-cattle sampling for the three natural gas fields.
Error bars represent standard error. *significantly (p <
0.05) higher labile organic carbon between treatments
within a natural gas field.

RESULTS

Paired t-tests were used to determine differences
between the pre and post-cattle treatments. Statistical
tests were based on treatment means and an alpha of
0.05 was used to determine significance.

Labile Organic C and N

Labile organic C concentrations were significantly
higher after the cattle treatment for the Anticline (p =
0.027), Jonah (p = 0.006), and Wamsutter (p =
0.010). There were also noticeable differences in

https://digitalcommons.usu.edu/nrei/vol17/iss1/1

38 NREI XVII

labile organic C between the sites, with the highest on
the Anticline, followed by Wamsutter, and finally, the
Jonah (figure 1).

While differences between natural gas fields existed,
there was no difference in mineral N after the cattle
treatment within a location (figure 2a). Labile organic
N was greater before the cattle treatment for the
Jonah (p = 0.003) and no trends are observed
between natural gas fields. The data for both the
Anticline and Wamsutter do, however, suggest that
there is increased variability in labile organic N after
the cattle treatment (figure 2b).
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Figure 2. Mineral (a) and labile organic (b) N
concentration (mg N kg soil”) in the forms of NO5 and
NH," for three natural gas fields before and after
cattle treatment. Mineral N is the initial concentration
of available N while labile organic N is the initial
mineral N subtracted from mineral N after a 14 d
aerobic incubation period. Negative NH," values
suggest nitrification occurred during the incubation
period. Error bars denote standard error.
*significantly (p < 0.05) higher N concentration
between treatments within a natural gas field.
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LF

There was no difference in fLF after the cattle
treatment on any of the gas fields. Differences
between gas fields are similar to those seen in the
labile organic pool, with Wamsutter the highest, then
the Anticline, and Jonah the lowest (figure 3a).

There was significantly higher oLF after the cattle
treatment on the Jonah (p = 0.006), but not on the
other two fields. Differences between fields follow the
same trend seen in the other organic matter
characteristics (figure 3b).
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Figure 3. Free (a) and occluded (b) light fraction
organic matter percent by weight before and after
cattle treatment for three natural gas fields. Error
bars indicate standard error. * significantly (p < 0.05)
higher percent light fraction organic matter after
treatment within a natural gas field.

DISCUSSION
Labile Organic C and N

As hypothesized, labile organic C content was higher
post-cattle than pre-cattle. These results are similar to
those of agricultural plots in a shrub-steppe
ecosystem treated with composted dairy waste
(Cochran and others 2007). In this agricultural study,
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a 175-day incubation period revealed cultivated soils
treated with dairy compost mineralized more C than
untreated plots with native vegetation (Cochran and
others 2007). Another agricultural study found that
plots treated with additions of sewage sludge
compost, dairy manure compost, and corn silage
compost had higher total C and available C than
untreated or conventionally fertilized plots (Lynch and
others 2005).

Contrary to labile organic C pools, N pools did not
agree with the hypothesis that N would be higher after
the cattle treatment. This relationship yields a higher
C: N in the labile pool, which is more similar to what is
expected on native rangeland. One possible
explanation for this is that N could have been
immobilized or volatiized immediately after the
treatment was applied. Burgos and others (2006)
found this phenomenon to be true in sandy soils for
two organic amendments. They observed that
municipal sewage compost and agro-forest compost
both initially immobilized N and then continuously
released mineral N for the duration of the study
(Burgos and others 2006). Continued sampling may
reveal whether the cattle treatment amendment
behaves similarly to other soil organic amendments.
Labile organic N on the Anticline and Wamsutter
fields may lack differences between treatments due to
the high variability on the post-cattle plots. On the
other hand, this variability may imply that the cattle
treatment promotes heterogeneous soil conditions;
which could be important for reinstating the
patchiness of soil quality that naturally occurs on
Wyoming shrublands (Burke 1989; Eviner and
Hawkes 2008).

LF

No differences were observed between the pre and
post-cattle data for fLF or oLF. The one exception
was the occluded fraction on the Jonah where, as
hypothesized, the oLF fraction was higher after the
cattle treatment. Wick and others (2009a) found the
highest amount of microaggregates, 53 to 250 mm
(0.002 to 0.010 inch), during the first year of
reclamation. In spite of this fact, the first year after
reclamation had the lowest amount of interaggregate
LF C (Wick and others 2009a). The Jonah site could
have more oLF after the cattle treatment because the
organic additions may have been trapped during the
formation of these first-year aggregates. Furthermore,
the Jonah post-cattle treatment was the only location
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to have significantly less labile organic N than before
the cattle treatment. This may suggest that some of
the labile N was not only immobilized by microbes,
but also fixed in soil aggregates. Additional analyses
on C and N content of the fLF and oLF fractions
would provide more insight to the processes occurring
on the treated plots.

CONCLUSIONS

In conclusion, the controlled livestock impact explored
in this study had immediate effects on soil labile C
and N and on LF pools. Whether or not these effects
translate to achieving short-term reclamation goals
remains to be seen. Soil and vegetation parameters
will be continually monitored during the 2010 growing
season. Results from these and further analyses of
the 2009 samples may reveal more of the impacts
this cattle treatment has on SOM properties.
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Effects of Seismic Exploration on Pygmy Rabbits
Tammy L. Wilson Department of Wildland Resources and the Ecology Center, Utah State University, Logan, UT
ABSTRACT

Pygmy rabbit behavior and above ground burrow characteristics were monitored during seismic
exploration in northern Utah in the fall of 2008. Burrow entrance characteristics (height and width) were
evaluated at distances up to 250 m from the geophone line before and after the seismic survey. Burrow
heights after the seismic survey were significantly lower than pre-treatment measurements <25m from
the geophone line, but were unchanged at farther distances. Burrow height was reduced by minor
sloughing presumably caused by sonic vibrations emitted by vibroseis trucks. Burrow entrances were
collapsed if they received a direct hit by a vibroseis tire or shaker pad. Radio collared pygmy rabbits
living near the seismic activity were not displaced from their home ranges by the seismic exploration.
Vibroseis tracks typically extended an average of 16 m on either side of the geophone line, and most
burrow effects were experienced within ~10 m of this impact zone. A 50m buffer around known active
burrow sites is therefore sufficient to prevent damage to pygmy rabbit burrows by seismic exploration.
Further studies are needed to evaluate the effects of seismic exploration on rabbits living in the direct
path of seismic activity.

In Monaco, T.A. et al. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity; 2010 May 18-20; Logan, UT.
Natural Resources and Environmental Issues, Volume XVII. S.J. and Jessie E. Quinney Natural Resources Research Library,
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INTRODUCTION

Oil and gas exploration and development are rapidly
expanding worldwide. The process of locating and
assessing subterranean oil and gas (termed seismic
exploration) consists of mapping of the potential
resource field with controlled acoustic energy
recorded by a network of receivers (geophones) that
are placed along transects, hereafter called geophone
lines. Seismic energy transmitters are mounted on
large trucks (vibroseis), which generate a vibratory
force through a plate that is placed in contact with the
ground. Four vibroseis trucks travel abreast on both
sides of the geophone line, stopping at regular
intervals to transmit vibrations. Dynamite is used to
create acoustic energy in locations that are
inaccessible to vibroseis trucks. While the influence of
oil and gas development on terrestrial wildlife is well
studied (for example: Cameron et al. 1992; Lyon and
Anderson 2003; Sawyer et al. 2006), the effects of
terrestrial seismic exploration activities are little
understood.

Seismic exploration has the potential to affect wildlife
either by increasing noise and activity around them, or
through long-term habitat alteration. The footprint of
exploration activities can be quite large (Jorgenson et
al. 2010), though the exploration activity itself is
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relatively brief (weeks to months). To date, most
terrestrial seismic exploration studies have occurred
in the tundra, prairies, and forests of far northern
latitudes. In the far north, seismic exploration can alter
plant community structure, cause soil compaction,
and accelerate loss of permafrost (Felix and Raynolds
1989), and these effects can be long-term (Jorgenson
et al. 2010). The long-lasting linear remnants of
seismic exploration in the arctic have been shown to
affect bird distribution and nest success (Ashenhurst
and Hannon 2008). There is evidence to suggest
wildlife may react to seismic activity with elevated
metabolic rates (Bradshaw et al. 1998; Reynolds et al.
1986), and the cumulative effects of repeated
disturbance of individuals may affect population
reproductive rates if exploration is widespread
(Bradshaw et al. 1998).

In October 2008 a seismic exploration operation was
conducted in the Duck Creek grazing allotment in
northern Utah, USA. The route of the survey bisected
a site that was part of on-going investigations of
pygmy rabbit (Brachylagus idahoensis) behavior and
ecology. At the time of the exploration, pygmy rabbits
were petitioned to be listed under the Endangered
Species Act (U. S. Fish and Wildlife Service 2008). In
2010 pygmy rabbits were deemed not warranted for
protection under the ESA (U. S. Fish and Wildlife
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Service 2010). Pygmy rabbits are associated with
dense sagebrush (Artemisia tridentata ssp.), and self-
created burrow systems (Green and Flinders 1980).
While aboveground resources are certainly important
for pygmy rabbits, the effects of seismic energy on
burrow systems could affect pygmy rabbits by altering
burrow architecture, and if severe, trapping them
inside collapsed burrows. The objectives of this study
were three-fold: 1) to monitor the effects of vibroseis
activity burrow entrance architecture; 2) monitor the
behavior of radio-collared pygmy rabbits during
exploration activities; 3) evaluate the efficacy of a 50-
m mitigation buffer.

METHODS

The study was conducted in Rich County, Utah, USA.
The site ranged in elevation from 1800 m to 2300 m
and consisted of rolling hills with small drainages,
some with spring-fed perennial streams. The climate
was characteristic of shrub-steppe vegetation types
consisting of cold winters, warm summers, and most
precipitation falling as winter snow (West and Young
2000). Wyoming big sagebrush (Artemisia tridentata
ssp. wyomingensis) was dominant, with basin big
sagebrush (A.ttridentata ssp. tridentata) and low
sagebrush (A. arbuscula) present at much lower
frequencies. Snowberry (Symphoricarpos oreophilus)
was co-dominant with sagebrush on more mesic
aspects. The under-story contained a diverse mix of
small shrubs, grasses and forbs, both native and non-
native. Land was mixed ownership (Bureau of Land
Management and private).

The present study occurred on a 7.3 km (4.5 mi)
segment of the seismic route. At the time of the
seismic survey, pygmy rabbit investigations had been
conducted for several years prior, and were to
continue for another several months. As part the on-
going study, 16 adult pygmy rabbits (11 Females and
5 males) were captured at burrow sites in spring
2008, and monitored weekly prior to the seismic
exploration project (for detatils see: Wilson et al.
2011). The geophone line was centered within the
area of this existing study (figure 1).

The seismic survey was conducted by CGGVeritas
(CGGV, Cedex, France) on 23 and 24 October 2008.
Prior to the study, all Federal lands were surveyed for
pygmy rabbit burrow activity by a private contractor.
As per their agreement with the Bureau of Land
Management (BLM), CGGV applied 50-m mitigation
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buffers around all known pygmy rabbit burrows found
by the contractor. In addition, CGGV agreed to apply
a similar 50-m mitigation buffer around the minimum
convex hull home ranges of the 16 radio-collared
pygmy rabbits located within the study area. No
exploration activities were conducted within these
buffers. Burrow surveys were not conducted on
private land.

igure 1. Map of the study area in northern Utah,
USA.

Fifteen random vibroseis and five random dynamite
locations were selected for burrow measurements.
The direction (right or left) of perpendicular burrow
transects was randomized based on a coin toss in the
field. Burrows were sampled in eight distance
classes located along transects at roughly 0, 5, 10,
20, 50, 100, 150, 200, 250 m. In practice burrows
weren’t always found at every distance class, and all
burrows <25 m along the transect were measured. All
measured burrows were marked with a metal
numbered tag staked near the burrow entrance,
flagging tape, and paint so that they could be
relocated if collapsed or disturbed during the seismic
exploration. Burrows typically enter the ground at an
angle; meaning that width and height of the burrow
entrance were the most appropriate dimensions for
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measurement. Burrow width was measured at the
largest point in the horizontal dimension at the mouth
of the burrow, and burrow height was measured from
the floor to the roof of the burrow opening at the
tallest spot. The location of each burrow
measurement was marked with blue and orange
spray paint to ensure repeated measurements were
made from the same location. Burrow measurements
were made <1 week prior, and <4 weeks after seismic
activity. Paired f tests were used to compare the
change in burrow dimensions between the pre- and
post- seismic measurements. Pygmy rabbits were
located visually using homing telemetry immediately
prior to and immediately after seismic exploration of
the site. Four rabbits were monitored continuously
when seismic activity occurred near their home
ranges.

RESULTS

None of the rabbits left their home ranges despite the
fact that two of them were located within 100m of the
geophone line. Other rabbits were located near
vibroseis trails (termed snail trails) used by the
vibroseis trucks to move between access points on
the geophone line. A snail trail on an existing 2-track
road bisected the home range of one rabbit. Another
rabbit was located near (~120 m) a helicopter landing
pad and staging area that was used by CGGV crews
for about 2 weeks before and after the survey was
conducted on the study area.

Vibroseis vehicles travelled abreast on both sides of
the geophone line. The impact zone of the tracks was
between 20.7 and 54.8 m (mean = 32.3, standard
deviation = 10.5, n = 16) wide. Burrow entrances were
collapsed if they received a direct hit of a vibroseis
truck tire, or shaker plate (n = 7). Otherwise, they
experienced minor (figure 2), but statistically
significant up = -2.5 (¢ = -3.080, P = 0.004, DF = 45)
reductions in burrow height if they were located <25 m
of the geophone line. No change in burrow height was
observed for burrows >25m from the geophone line.
No changes were observed in burrow width.

DISCUSSION

Pygmy rabbits with minimum convex polygon home
ranges = 77 m of the geophone line were not
displaced by seismic activity. Before and after
measurement of burrows occurring <= 250m of the
geophone line indicated that burrows within the
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impact zone of the vibroseis trucks (<25 m from the
vibrophone line) experienced minor, but statistically
significant changes in burrow height. This was
presumably due to the vibrations emitted by the
vibroseis trucks. A 50-m buffer was an effective
mitigation measure for temporary displacement
disturbance and from burrow damage by the seismic
activity.

ow Height (cm)

Change in Burr
I G AN

Figure 2. Mean change in height of burrows between
the before seismic and after seismic measurements
at two distance classes: <25 m, and >25 m.

A mean reduction of 2.5 cm in burrow height is not
likely to significantly affect the ability of rabbits to use
burrows. However, it is not known how deeply the
burrows were disturbed. Additional studies are
needed to evaluate the impacts of seismic vibrations
on the underground portions of burrows. Also, burrow
entrances that received a direct hit from a vibroseis
truck tire or shaker pad appeared to be collapsed. It is
also not known if rabbits potentially trapped inside
these collapsed burrows would be able to escape
either by using other burrow entrances or digging
through the soil and splintered sagebrush blocking the
collapsed burrow entrance. The home ranges of all
radio-collared pygmy rabbits were excluded from
direct disturbance by vibroseis trucks by the 50m
mitigation buffer, so it is not known if rabbits living
directly in the path of seismic activity would have
retreated to a burrow (and thus potentially trapped in
a collapsed one), or left the area during activity.
These questions should be addressed prior to
changing the use of mitigation buffers for pygmy
rabbits.

The observed damage to the burrow entrance caused
by vibroseis trucks was similar to that caused by
sagebrush mechanical treatments. It is common
practice when conducting sagebrush treatments to
buffer active pygmy rabbit burrows by 50 m. The
present study suggests that this buffer distance is
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also adequate for seismic exploration. However, it
should be noted that there is a difference in the
application of mitigation buffers for mechanical
treatments and that of the seismic lines. No
disturbance is allowed within the mitigation buffer of a
treatment, whereas only the geophone line (center
line) is mitigated for seismic surveys. Seismic
exploration disturbances typically extend 16 m (up to
28 m) on either side of the geophone line. This means
that while the width of the actual vibroseis disturbance
is ensured to be less than the buffer (and burrows are
likely minimally impacted), it does not insure that any
vibroseis disturbance is =50 m from any active
burrow. If the intent of applying a mitigation buffer is
to insure that there will be at least 50 m between
active burrows and the nearest disturbance, then the
typical width of vibroseis activity beyond the
geophone line should be taken into account when
applying mitigation buffers.
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Broom Snakeweed Increase and Dominance in Big Sagebrush
Communities

Michael H. Ralphs USDA Agricultural Research Service, Poisonous Plant Lab, Logan Utah

ABSTRACT

Broom snakeweed (Gutierrezia sarothrae (Pursh) Britt. & Rusby) is a native sub-shrub that is widely
distributed on rangelands of western North America. It often increases to near monocultures following
disturbance from overgrazing, fire or drought. Propagation is usually pulse driven in wet years, allowing
large expanses of even-aged stands to establish and dominate plant communities. It can maintain
dominance following fire, or can co-dominate with cheatgrass (Bromus tectorum L.) on degraded
sagebrush rangelands. State-and-transition models show that competitive grasses in the respective
plant communities can prevent snakeweed dominance.
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INTRODUCTION

Broom snakeweed (Gutierrezia sarothrae (Pursh)
Britt. & Rusby) is widely distributed across western
North America, from Canada south through the plains
to west Texas and northern Mexico, and west through
the Intermountain region and into California (figure 1).
It ranges in elevation between 50 and 2900 m (160
and 9500 ft) and commonly inhabits dry, well-drained,
sandy, gravely or clayey loam soils (Lane 1985). The
closely related threadleaf snakeweed (G.
microcephala (DC) L. Benson) is similar in growth
form and appearance, but differs in that it has only 1
to 2 florets per flowering head, compared to 3 to 5 in
broom snakeweed. It occurs mostly in the southwest
deserts (figure 1).

Broom snakeweed is a native plant that can increase
in density when other more desirable plants are
reduced or removed by disturbance, such as
overgrazing, fire or drought. It can dominate many of
the plant communities on western rangelands
including:  salt-desert-shrub,  sagebrush, and
pinyon/juniper plant communities of the Intermountain
region; short- and mixed-grass prairies of the plains;
and mesquite, creosotebush and desert grassland
communities of the southwestern deserts (US Forest
Service 1937). In addition to its invasive nature, it
contains toxins that can cause abortions in livestock
(Dollahite and Anthony 1957). Platt (1959) and
DiTomaso (2000) ranked it among the most
undesirable plants on western rangelands.
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Figure 1. Distribution of broom and threadleaf

snakeweed.

ECOLOGY

Broom snakeweed is a suffrutescent sub-shrub,
having many unbranched woody stems growing
upwards from a basal crown, giving it a broom-
shaped appearance. These stems die back each
winter and new growth is initiated from the crown in
early spring. Once established, snakeweed typically
survives 4 to 7 years (Dittberner 1971). It is a prolific
seed producer with 2036 to 3928 seeds/plant (Wood
et al. 1997). Seeds held in dried flower heads are
gradually dispersed over winter. They have no
specialized structures such as wings to aid in long
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range dispersal, thus they usually drop close to the
parent plant. Seeds remain viable into spring, but
rapidly disintegrate after May if they remain exposed
on the soil surface (Wood et al. 1997).

Germination is light-stimulated (Mayeaux 1983),
therefore seeds must remain partially exposed on the
soil surface (Mayeux and Leotta 1981). Furthermore,
the soil surface must remain near saturation for at
least 4 days for the seeds to imbibe and successfully
germinate (Wood et al. 1997). Buried seeds remain
viable for several years and germinate when moved
to the soil surface by disturbance (Mayeux 1989).

Pulse Establishment

The fluctuating resource availability theory of
invasibility (Davis et al. 2000) suggests that plant
communities are more susceptible to weed invasion
whenever there are unused resources. This occurs
when there is either an increase in resource supply or
a decrease in resource use. Snakeweed populations
often establish in years with above average
precipitation following disturbance that reduces
competition from other vegetation (McDaniel et al.
2000).

Ralphs and Banks (2009) reported a new crop of
snakeweed plants (30/m) established in a wet spring
(precipitation 65 percent above average) in a crested
wheatgrass seeding (Agropyron cristatum (L.)
Gaertner). Intense grazing reduced the grass
standing crop (which reduced use of soil moisture by
crested wheatgrass) and trampling disturbed the soil
surface, thus providing ideal soil and environmental
conditions for snakeweed establishment.

In a companion defoliation study (Ralphs 2009),
density of snakeweed seedlings was higher in clipped
plots in both the crested wheatgrass seeding and in a
native bluebunch wheatgrass (Pseudoroegneria
spicata Pursh) stand. Clipping reduced competition
for soil moisture from grass and mature snakeweed
plants, allowing new snakeweed seedlings to
establish. This study showed that in wet years,
snakeweed can establish even in healthy stands of
native bluebunch wheatgrass or seeded crested
wheatgrass, when defoliation of the grasses reduces
competition for soil moisture.
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Population Cycles

Pulse establishment allows massive even-aged
stands of snakeweed to establish. There is little
intraspecific competition among snakeweed seedlings
(Thacker et al. 2009a), thus large expanses of even-
aged stands establish in wet years. As these stands
mature, they become susceptible to die-off, mainly
from insect damage or drought stress. Although
shakeweed is highly competitive for soil moisture, it is
not particularly drought tolerant (Pieper and McDaniel
1989; Wan et al. 1993b). Ralphs and Sanders (2002)
reported that snakeweed populations in a salt desert
shrub community on the Colorado Plateau died out in
1990, reestablished in 1994, declined in 1996,
completely died out in 2000, and have not established
during the current region-wide drought (figure 2).

Snakeweed Cover
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—CO— Precipitation - 35

~ 30
— 25
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% Cover

T T T T T T T
1986 1988 1990 1992 1994 1996 1998 2000 2002

Figure 2. Population cycle of broom snakeweed and
annual precipitation.

Competition

Once established, snakeweed is very competitive with
other vegetation. McDaniel et al. (1993) reported a
negative exponential relationship between snakeweed
overstory and grass understory that implies
snakeweed’s presence, even in minor amounts,
suppresses grass growth. Partial removal of
snakeweed allowed remaining plants to increase in
size and continue to dominate the plant community
(Ueckert 1979). Total removal allowed grass
production to increase >400 percent on blue grama
grasslands (McDaniel et al. 1982, McDaniel and
Duncan 1987). Control strategies should strive for
total snakeweed control.
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Snakeweed’s root structure and depth provide a
competitive advantage over associated grasses for
soil moisture (Torell et al. 2011). In the southwest, its
deeper roots enable it to extract soil water at greater
depths (30-60 cm), compared to the shallow rooted
sand dropseed (Sporobolus cryptandrus (Torr.) A.
Gray) (Wan et al. 1993c). In its northern range,
snakeweed is acclimated to a saturated soil profile
from snowmelt and spring rains to sustain rapid
growth (Wan et al. 1995). When soil water stress
increases seasonally or during drought, leaf stomata
do not close completely (Wan et al. 1993a, DePuit
and Caldwell 1975), allowing snakeweed to continue
transpiring. This depletes soil moisture to the
detriment of associated grasses. If drought persists,
leaf growth declines and leaves are eventually shed
to cope with water stress, but stems continue
photosynthesis to enable it to complete flowering and
seed production (DePuit and Caldwell 1975).
However, as drought stress increases, tissues
dehydrate and mortality occurs rapidly (< 10 days)
when soil water potential drops below -7.5 MPa and
leaf water content declines to 50 percent (Wan et al.
1993b).

State-and-Transition Model

Healthy sagebrush/bunchgrass communities can
suppress snakeweed. Thacker et al. (2008) described
a fence line contrast between a Wyoming big
sagebrush/bluebunch wheatgrass community and a
degraded sagebrush/Sandberg bluegrass (Poa
secunda J. Presl) community in northern Utah. A
2001 wildfire removed the sagebrush in both
communities. Snakeweed established on the
degraded side of the fence and increased to 30
percent cover and dominated the site by 2005.
Bunchgrasses on the other side of the fence
prevented establishment of snakeweed.

Thatcker et al. (2008) proposed a new broom
shakeweed phase to the Upland Gravelly Loam
(Wyoming big sagebrush) ecological site state-and-
transition model (figure 3) (NRCS 2007). Two
“triggers” were identified that lead to snakeweed
invasion. Heavy spring grazing over decades
eliminated most of the bunchgrass in the plant
community, putting the community “at risk” and
eventually transitioning from the Current Potential
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State (2.2) over a threshold (T2b) to a dense
Wyoming Sagebrush State (4). The lack of
competition from bunchgrasses allowed snakeweed
to establish in the understory. Fire then removed the
sagebrush and snakeweed was the first plant to
germinate, establish, and rapidly increase and
dominate the Snakeweed /Sandberg bluegrass phase
(4.2). Subsequent fires will remove snakeweed and
the site will likely transition over another threshold
(T4b) to a cheatgrass (Bromus tectorum L.)
community in the Invasive Plant State (5). Thacker et
al. (2008) suggests that if robust perennial
bunchgrasses can be maintained in the community,
they will provide “resilience” to resist snakeweed
invasion or expansion, recover from fire or drought,
and produce more forage for wildlife and livestock.

CONTROL

Snakeweed can be controlled by herbicides and
prescribed burning. McDaniel and Ross (2002)
recommended prescribed burning during the early
stages of a snakeweed infestation if there is sufficient
grass to carry a fire. Herbicide control is
recommended on dense snakeweed stands,
particularly where fine fuels are not sufficient to carry
a fire. Picloram at 0.28 kg ae/ha (0.25 Ib/ac) or
metsulfuron at 0.03 kg ai/ha (0.43 oz/ac) applied in
the fall provided consistent control in New Mexico
(McDaniel and Duncan 1987, McDaniel 1989).
Sosebee et al. (1982) suggested fall applications
were more effective than spring in the southwest
because carbohydrate translocation was going down
to the crown and roots, thus carrying the herbicide
down to the perennating structures. Whitson and
Freeburn (1989) recommended picloram at 0.56 kg
ae/ha (0.5 Ib/ac) and metsulfuron at 0.04 kg ai/ha (0.6
oz/ac) applied in the spring on shortgrass rangelands
in Wyoming. In big sagebrush sites in Utah, the new
herbicide aminopyralid at 0.12 kg ae/ac (0.11 Ib/ac)
was effective when applied during the flower stage in
fall, as was metsulfuron 0.042 kg ai /ha (1.67 oz/ac)
and picloram + 2,4-D at 1.42 kg ae/ha (1.25 Ib/ac)
(Keyes et al. 2011). Picloram by itself at 0.56 kg
ae/ha (0.5 Ib/ac) was most effective and eliminated
snakeweed when applied in either spring or fall.
Residual control was obtained with tebuthiuron (80
percent wettable powder) at 1.1 to 1.7 kg ai’ha (1 to
1.5 Ib/ac) on mixed grass prairies in west Texas
(Sosebee et al. 1979).
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After snakeweed control, a weed-resistant plant
community should be established to prevent
reinvasion of snakeweed, cheatgrass and other
invasive weeds. Thacker et al. (2009a) reported
competition from cool season grasses prevented
establishment of snakeweed seedlings in both potted-
plant and field studies. Snakeweed seedlings appear
to be sensitive to competition from all established
vegetation, including cheatgrass. Hycrest crested
wheatgrass (Agropyron cristatum (L.) Gaertner x A.
desertorum (Fisch. Ex Link) Schultes) was the most
reliable grass to establish on semi-arid rangelands,
thus was most effective in suppressing snakeweed
establishment and growth (Thacker et al. 2009b).
There appears to be a window of opportunity for
grasses to suppress snakeweed in its seedling stage,
if the grasses can be rapidly established. However,
once established, snakeweed is very competitive and
will likely remain and dominate the plant community.

SUMMARY

Broom snakeweed is an invasive native sub-shrub
that is widely distributed across rangelands of
western North America. In addition to its invasive
nature, it contains toxins that can cause death and
abortions in livestock. It establishes in years of above
average precipitation following disturbance by fire,
drought or overgrazing. This allows widespread even-
aged stands to develop that can dominate plant
communities. Although its populations cycle with
climatic patterns, it can be a major factor impeding
succession of plant communities. Snakeweed can be
controlled with prescribed burning and herbicides,
however a weed-resistant plant community should be

established and/or maintained to prevent its
reinvasion.
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ABSTRACT

Downy brome grass (Bromus tectorum L.) invasion has severely altered key ecological processes such
as disturbance regimes, soil nutrient cycling, community assembly, and successional pathways in semi-
arid Great Basin salt desert shrublands. Restoring the structure and function of these severely altered
ecosystems is extremely challenging; however new strategies are emerging that target and attempt to
repair ecological processes associated with vegetation change. In this paper, we review the essential
processes required to reduce downy brome abundance and assist with creating suitable conditions for

revegetation of Great Basin salt desert shrublands.

In Monaco, T.A. et al. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity; 2010 May 18-20; Logan, UT.
Natural Resources and Environmental Issues, Volume XVII. S.J. and Jessie E. Quinney Natural Resources Research Library,

Logan Utah, USA.
INTRODUCTION

Ecosystem processes of Great Basin shrublands
have been altered by the persistent effects of past
land-use and subsequent invasion of exotic annual
plant species (West 1983a, b; Blaisdell and Holmgren
1984; Anderson and Inouye 2001; West et al. 2005).
The invasive annual grass downy brome (Bromus
tectorum L.) is the most notable invasive species in
this region. Downy brome dominance is known to
alter disturbance regimes, soil nutrient cycling,
community assembly, and successional pathways
(Belnap et al. 2003; Rimer and Evans 2006; Adair et
al. 2008). As an ecosystem driver, downy brome
poses serious obstacles to ecosystem resilience and
the ability of land managers to repair ecosystem
structure and function (Belnap and Phillips 2001;
Booth et al. 2003; Chambers et al. 2007).

Restoring ecosystems to pre-disturbance conditions is
not always feasible because biotic and abiotic
thresholds may have been crossed (King and Hobbs
2006). A pragmatic alternative is to develop
management goals to restore key ecosystem
properties and processes, including ecosystem
resilience (Whisenant 1999; Walker and Langridge
2002). The science of restoration ecology, and the
application of ecological restoration to accelerate or
initiate ecosystem recovery have emerged in the last
few decades (Jordan et al. 1987), and the principles
and tools to influence recovery are emerging for
damaged Great Basin shrublands (Pickett et al. 1987;
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Sheley and Krueger-Mangold 2003; Krueger-Mangold
et al. 2006; Sheley et al. 2009b). Collectively, these
principles suggest that three critical elements are
needed: 1) assess the underlying above and
belowground processes responsible for invasive plant
dominance (Eviner and Chapin Ill 2003; Eppstein and
Molofsky 2007); 2) develop and apply effective
management strategies that affect the causes of
invasion and reduce invasive plant dominance
(Krueger-Mangold et al. 2006; Sheley et al. 2010);
and 3) re-establish native and introduced plant
species with appropriate traits to perform well in a
restoration setting (Call and Roundy 1991; Jones et
al. 2010). This process-based approach requires
more than just controlling invasive species, but also
actions that influence above and belowground
ecological processes (Ehrenfeld 2003, 2004), directly
remedy colonization dynamics (Adair et al. 2008),
mediate interactions between invasive and desirable
species (Eiswerth et al. 2009), and recognize the
existence of potential plant-soil feedbacks (Ehrenfeld
et al. 2005). A primary challenge facing rangeland
management today is to integrate these elements.

ASSESSING ECOLOGICAL PROCESSES

Site assessment seeks to identify a broad array of
potentially important ecosystem processes and
predict which are likely responsible for continued
dominance by invasive plants. These fall into three
primary categories: 1) processes that regulate
colonization referred to as site availability, 2)
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processes that regulate the relative abundance of
different species termed species availability, and 3)
the final category consisting of processes regulating
the interactions of plants with the above and
belowground environment that are referred to as
species performance (Pickett et al. 1987). Site
assessment is a necessary exercise because it
reveals how ecological processes are influenced by
historical events and the current ecological conditions,
and how they can be modified to attain desired
ecosystem trajectories and targets (Sheley and
Krueger-Mangold 2003; King and Hobbs 2006).
Below, we briefly review these three primary
categories in reference to salt desert shrublands in
the Great Basin.

Site Availability

Historical disturbances are widely recognized as
important drivers of invasive plant dominance in Great
Basin shrublands. Since colonization by European
immigrants in the 1840s, these ecosystems have
been used for dryland farming and managed grazing
systems, which broadly expanded in response to
homesteading acts of 1862-1916 (Gates 1936). The
dry farming boom was short-lived and unsustainable
in the Great Basin because of the combined effects of
low soil moisture and precipitation, changing climate
conditions, and soil erosion (Stewart and Hull 1949).
Consequently, this practice was largely abandoned;
except where climatic conditions and soils matched
the requirements of crop species, such as wheat and
barley (Young and Evans 1989). Managing these
shrublands as grazing systems was also
unsustainable, as native grasses and forbs had not
evolved with heavy grazing pressure by domesticated
ungulates (Mack and Thompson 1982). In addition,
native vegetation could not possibly recover from
stocking rates and grazing practices that were
developed within mesic regions where immigrants
had originated. Although grazing intensity has
substantially declined in the last 50 years (Piemeisel
1951), the legacy of overgrazing and abandoned
farming practices remain today (Jones 2000; Morris
and Monaco 2010).

Theoretically, ecosystems that experience novel
disturbances are believed to have crossed irreversible
thresholds, and will remain in an altered ecosystem
state, bounded by current climatic and edaphic
conditions (King and Hobbs 2006; Suding and Hobbs
2009). Understanding and characterizing how these
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disturbances have altered site conditions and key
ecosystem processes has been a major research
thrust in the last 20 years (Allen-Diaz and Bartolome
1998; Elmore et al. 2006; Chambers et al. 2007). This
research indicates that novel disturbances and altered
ecosystem processes within Great Basin shrublands
have reduced biological soil crusts, diminished the
abundance of native herbaceous species, accelerated
soil loss and erosion, and enabled broad scale
colonization, spread, and dominance by exotic annual
species, foremost among them, downy brome
(Bromus tectorum L.) (Brandt and Rickard 1994;
Young and Longland 1996; Young and Allen 1997;
Muscha and Hild 2006).

Exotic annual plant dominance primarily influences
site availability by maintaining a disturbance regime
that makes it nearly impossible for native species to
persist. When abundant, senesced biomass produced
by annual species creates a contiguous supply of fine
fuel that increases the extent and intensity of fire
(Young and Evans 1978; Young and Blank 1995;
Brooks et al. 2004). Fire can kill certain shrub species
with poorly protected meristems located above
ground, including big sagebrush (Artemisia tridentata
Nutt.) (Ziegenhagen and Miller 2009). In addition,
perennial native grasses and forbs can be injured and
experience reduced growth and seed production
when fire return intervals are decreased (Wright and
Klemmedson 1965; West 1994). On the contrary,
annual grasses, which complete their life cycle prior to
the hot and dry conditions when summer fires occur,
are not directly hindered by fire, but their seeds can
be diminished by fire, depending on fire dynamics
(Sweet et al. 2008; Diamond et al. 2009).
Consequently, the fires fueled by annual species
favor their further dominance and the subsequent
decline in desirable species abundance (D’Antonio
and Vitousek 1992; Brooks et al. 2004). Fire
frequency in Great Basin shrublands are believed to
have increased since European colonization, but this
trend has not been fully quantified, and is often
implied from historical patterns and indicators (Baker
et al. 2009; Mensing et al. 2006). However, in salt
desert ecosystems, fire has indeed emerged as a
novel disturbance to these low elevation shrublands in
the last 30 years (West 1994; Jessop and Anderson
2007; Haubensek et al. 2008).

Mechanistically, disturbance regimes alter site
availability through their influence on niches and safe
sites for plants and seed (Eckert et al. 1986; Lamont
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et al. 1993). For example, disturbance directly
modifies competitive interactions (Eliason and Allen
1997), micro environmental conditions (Melgoza et al.
1990; Bradford and Lauenroth 2006), litter dynamics
(Sheley et al. 2009b), seed movement (Chambers
2000), and resource supply rates (James and
Richards 2007). Characterizing how disturbance
influences these processes is an important aspect of
clarifying how site availability can be modified by
managers to yield a more desired plant community.

Species Availability

Species availability and subsequent colonization
depends on propagule dispersal and propagule
pressure (Marlette and Anderson 1986; Rodriguezi-
Gironés et al. 2003; Chytry et al. 2008). These
mechanisms of colonization are critical components of
succession because viable seeds must be present
through dispersal, from seed banks, or be introduced
artificially, as in a rangeland seeding (Call and
Roundy 1991; Cox and Anderson 2004). Recent
theoretical discussions suggest that colonization
dynamics follow certain assembly rules (Ackerly
2003), where both biotic and abiotic filters regulate
propagule dispersal and propagule pressure
(D’Antonio et al. 2001; Mazzola et al. 2008). In altered
shrublands of the Great Basin where disturbances are
frequent, colonization is dominated by exotic annual
species, which produce abundant seed that dominate
seed banks (Humphrey and Schupp 2001). For
example, individual plants of downy brome can
produce up to 6,000 seeds, most of which will
germinate the following fall and rapidly recolonize
after disturbance (Smith et al. 2008). In contrast,
native perennial grass and shrub species have much
slower growth rates and have lower seed output
(Young and Evans 1978). Thus, remnant native
species experience a highly competitive environment,
with reduced fecundity and productivity caused by
exotic annual species dominance, which allows it to
persist even after earnest control efforts (Borman et
al. 1991; Morris et al. 2009).

Assembly rules following disturbance also suggest
that priority effects may be responsible for exotic
annual species dominance (Tilman 1994; Corbin and
D’Antonio 2004; Ludlow 2006). Priority effects
describe how exotic annual species achieve greater
colonization following disturbance because they often
have earlier phenological development, and are more
represented in seed banks (Humphrey and Schupp

Published by DigitalCommons@USU, 2011

NREI XVII

2001; Rice and Dyer 2001). For example, species that
arrive and germinate first can gain dominance and
control subsequent community pathways, i.e.,
successional trajectories (Mack and D’Antonio 1998;
Corbin and D’Antonio 2004). Priority effects must be
diminished before the performance of desirable
perennial species can even be realized. These
colonization and species availability obstacles
suggest that management actions will need to
systematically reduce propagule pressures of invasive
species in unison with artificially seeding desirable
species and fostering their future dispersal (Corbin
and D’Antonio 2004). Furthermore, assessing site
conditions will provide critical information about
colonization dynamics and indicate potential ways to
manipulate species availability when developing a
management plan.

Species Performance

There is a robust scientific literature demonstrating
functional differences between invasive species and
the native species that are negatively impacted by
their presence (Vitousek et al. 1997; Ehrenfeld 2003).
However, because many factors and processes
regulate species performance within an ecosystem,
predicting why certain species become invasive, and
identifying which ecosystems will be invaded has
been challenging (Reichard and Hamilton 1997;
Moles et al. 2008). A few of the widely recognized
factors important to regulating species performance
include resource availability, and the ability of plants
to capture resources, ecophysiological traits, plant
response to stresses, and tradeoffs in life history traits
(James et al. 2010).

The influence of resource availability on plant
performance has long been recognized. However,
formal theories that seek to explain how resource
dynamics regulate relative species competitive ability,
species diversity, ecosystem functions, and exotic
species invasion are relatively recent (Huenneke et al
1990; Burke and Grime 1996; Goldberg and
Novoplansky 1997; Davis et al. 2000). In general,
temporal and spatial aspects of resource capture
have emerged as critical components explaining
these processes. Annual exotic species perform
better under elevated resources for many reasons,
including the coincidence of their phenology and
temporal resource availability in  shrubland
ecosystems (Blank 2008). Alternatively, native
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perennial species often initiate growth and resource
capture after exotic species have pre-empted limiting
resources (Melgoza et al. 1990; Chambers et al.
2007). Pre-emption is a consequence of exotic annual
species having lower temperature thresholds for root
growth (Bradford and Lauenroth 2006), higher nutrient
and water uptake rates (Melgoza et al. 1990; Evans et
al. 2001), and faster growth rates than native
perennial grasses (Arredondo et al. 1998). Thus,
without management intervention of ecological
processes, invaded sites favor exotic annual species
performing at their full biological potential, and their
continued dominance.

High exotic annual species performance and
dominance on Great Basin shrublands may also be
perpetuated by plant-soil feedbacks wherein soil
nutrient cycling processes have been altered in ways
that primarily benefit annual species (Ehrenfeld and
Scott 2001; Evans et al. 2001; Norton et al. 2004;
Blank 2008). For example, evidence suggests that
downy brome-dominated patches have higher
nitrogen mineralization rates, higher total nitrogen
availability, abundant low C: N ratio leaf litter, and
higher litter decomposition rates than adjacent
patches dominated by native species (Evans et al.
2001; Booth et al. 2003; Norton et al. 2004; Rimer
and Evans 2006). Not only do these alterations favor
downy brome, but they may promote soil organic
matter decomposition and further impoverish sites,
making them potentially more difficult to rehabilitate
with native species (Norton et al. 2004).

Reducing the performance of exotic annual species
requires carefully executed management efforts that
effectively manipulate the processes responsible for
their success while influencing processes that favor
desirable species. For example, if site and species
availability have been adequately remedied by
reducing disturbance frequency and priority effects
that favor annual species, the performance of
desirable species can be enhanced to trigger different
ecosystem assembly patterns where interference
from exotic annual species is minimized. Achieving
these conditions may be one of the most challenging
aspects of land management in salt desert
ecosystems dominated by downy brome.
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PROCESS-BASED MANAGEMENT

Managing processes has not been the primary
objective of land management in the past. For
example rangeland managers in grazed semiarid
shrubland systems historically adopted the notion that
plant communities change linearly toward a climax
endpoint dominated by certain late successional
species (Clements 1936), and that managers could
adjust livestock stocking rates to reverse
successional trends (Dyksterhuis 1949). However,
this interpretation could not predict non-linear
dynamics, or indicate underlying mechanisms
responsible for vegetation dynamics (Westoby et al.
1989). Thus, a successional model that incorporates
the mechanisms and pathways of succession into a
mechanistic framework for process-based
management was developed for predicting vegetation
change and developing desired changes (Connell and
Slatyer 1977; Pickett et al. 1987; Sheley et al. 1996).
This model has recently been shown to greatly
increase restoration success over traditionally applied
integrated weed management (Sheley et al. 2009a),
and is gaining credence within rangeland and
restoration ecology (Sheley and Denny 2006; Sheley
et al. 2007; Sheley and Bates 2008; Sheley et al.
2008). This process-based approach to managing
invasive plants advocates assessing site conditions,
identifying the ecological processes in need of repair,
applying appropriate tools, and re-assessing
management outcomes (figure 1; Sheley et al. 2010).

A primary challenge to process-based management is
developing the appropriate methods and tools to go
beyond treating symptoms of invasive plant problem
and begin influencing processes that yield desirable
change (Sheley and Krueger-Mangold 2003; Krueger-
Mangold et al. 2006). Although, many tools currently
exist to remedy invasive annual grass infestations,
there is a need for greater understanding of their
ability to affect site availability, species availability,
and species performance, and whether these tools
effectively direct succession to a more desirable
vegetative state. Assessing whether potential tools
influence the intended ecological processes and yield
the desired outcomes is thus necessary to develop
predictive, process-based management strategies.
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Figure 1. Ecologically based invasive plant management (EBIPM) model (Sheley et al. 2010).

SUMMARY

Process-based management is intended to manage
invasive species through targeting the causes of
community change. It is likely that no tool alone
simultaneously impacts all causes of community
change. Therefore, it may be more prudent to use
tools in combinations in order to realize the maximum
effects. For example, research that evaluates the
combined influence of fire, mowing, and pre-
emergence herbicides in the Great Basin is currently
limited, especially for salt desert shrublands.
Quantifying how these integrated tools impact the
ecological processes that effect plant community
change could help clarify ecological principles, and
define improved strategies for annual grass invaded
ecosystems in the Great Basin.
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Morphological and Physiological Traits Account for Similar
Nitrate Uptake by Crested Wheatgrass and Cheatgrass

A. Joshua Leffler and Thomas A. Monaco USDA Agricultural Research Service, Forage and Range

Research Laboratory, Logan, Utah; Jeremy J. James USDA Agricultural Research Service, Eastern Oregon
Agriculture Research Center, Burns, Oregon

ABSTRACT

Millions of hectares throughout the Intermountain West are either dominated or threatened by the
invasive annual grass Bromus tectorum (cheatgrass). This invasion is largely linked to disturbance and
few regions appear immune. Disturbance liberates resources in a community and cheatgrass appears
exceptionally able to capitalize on these resources. One species, however, is consistently competitive
with cheatgrass. Agropyron cristatum (crested wheatgrass), an improved plant material developed from
several populations in central Asia, is drought resistant, grazing tolerant, and largely excludes
cheatgrass in stands established within the Great Basin. While previous studies document high
resource uptake ability by crested wheatgrass, it remains unknown if high uptake in this species is due
to morphological or physiological adaptation. We examined N uptake and tissue morphology of four
grasses common in the Intermountain West, including cheatgrass and crested wheatgrass. We also
included two native grasses, Pseudoroegneria spicata (bluebunch wheatgrass) and Elymus elymoides
(bottlebrush squirreltail). We observed similar rates of N uptake by cheatgrass and crested wheatgrass
and their uptake was greater than the native perennial species. A multivariate analysis suggests that, of
the three perennial grasses examined here, crested wheatgrass is morphologically most similar to
cheatgrass, but that morphology only accounts for 57 percent of the variation in N uptake capacity
among species. Consequently, physiological traits such as induction of N uptake or N efflux likely play a
role in the ability of crested wheatgrass to achieve N uptake rates similar to cheatgrass.

In Monaco, T.A. et al. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity; 2010 May 18-20; Logan, UT.
Natural Resources and Environmental Issues, Volume XVII. S.J. and Jessie E. Quinney Natural Resources Research Library,
Logan Utah, USA.

of taking advantage of the resource pulse (Davis et al.
2000; Davis and Pelsor 2001; Leffler and Ryel 2012).
Consequently, any disturbance that alters resource
availability can trigger an invasion if an appropriate
species is present locally. Bromus tectorum initially
establishes in degraded range communities (Knapp
1996) where perennial grasses are not able to use

INTRODUCTION

The most substantial plant invasion in North America
is the replacement of perennial sagebrush
communities with invasive, exotic annual grasses
such as cheatgrass (D’Antonio and Vitousek 1992;

Chambers et al. 2007). Bromus tectorum L., a winter
annual native to central Asia, has come to occupy
millions of hectares in the Intermountain West over
the past century (Stewart and Hull 1949; Bradley and
Mustard 2006). This species germinates in the
autumn, produces copious seed, and maintains high
density stands that rapidly dry near-surface soil in the
spring (Knapp 1996; Leffler et al. 2005). Because B.
tectorum senesces in late spring and seeds can
cause livestock injury, the resource value is greatly
reduced compared to communities of native
perennials (Knapp 1996).

Mounting evidence suggests that plant invasion is
largely linked to resource availability and dynamics.
Specifically, disturbances cause abrupt increases in
resource availability and invasive species are capable

Published by DigitalCommons@USU, 2011

near-surface soil resources effectively (Leffler and
Ryel 2012). When B. tectorum reaches sufficient
density and fire occurs, remaining perennial
vegetation that is not fire-resistant can be eliminated
and the site is converted to an annual species plant
community (Knapp 1996). In the absence of perennial
vegetation, there is abundant soil NO3 during autumn
in B. tectorum stands (Booth et al. 2003; Hooker et al.
2008), which promotes establishment of the next
generation because B. tectorum is highly responsive
to soil N pulses (James 2008).

Since Elion (1958) ecological theory has held that
diverse communities of species are resistant to
invasion because they more fully occupy niche space,
leaving few resources available to be exploited (i.e.,
niche complementarity, Naeem et al. 2000; Fargione
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and Tilman 2005). Conversely, diverse communities
are more likely to include a hyper-competitive species
that inhibits further invasion (i.e., the sampling effect,
Naeem et al. 2000; Fargione and Tilman 2005). In the
Intermountain West, few communities seem capable
of resisting invasion by B. tectorum when they are
disturbed; rather one species seems most capable of
competing with B. tectorum. Crested wheatgrass
(Agropyron cristatum and closely related species) is
an exotic perennial grass planted throughout the
region because it is resistant to drought, cold, and
grazing (Rogler and Lorenz 1983). This species
appears competitive with invasive annual grasses
(Rummell 1946; D’Antonio and Vitousek 1992; Davies
2010) and previous studies indicate its ability to
acquire soil resources is greater than native grasses
(Caldwell et al. 1985; Eissenstat and Caldwell 1988).

The competitive ability of A. cristatum is somewhat
curious given its perennial life form. Tissue economics
theory (Wright et al. 2004) holds that short-lived
species will have rapid rates of resource acquisition
compared to long-lived species and largely attributes
this difference to tissue morphology. Bromus tectorum
is known to use water and acquire N rapidly when
actively growing (Leffler et al. 2005; James 2008), a
trait expected in an annual grass. Studies, however,
suggest that A. cristatum does not have a greater
growth rate than native perennial grasses that do not
effectively compete with B. tectorum (Eissenstat and
Caldwell 1987; Bilbrough and Caldwell 1997). Thus,
the morphological and physiological mechanisms
responsible for interference of B. tectorum by A.
cristatum remain elusive.

In this contribution we address differences in nitrogen
uptake capacity and tissue morphology among four
grass species grown in two experimental temperature
conditions. Grasses include the non-native species B.
tectorum and A. cristatum and the native
bunchgrasses Pseudoroegneria spicata (bluebunch
wheatgrass) and Elymus elymoides (bottlebrush
squirreltail). We wish to know if (1) nitrogen uptake
capacity and tissue morphology differ among species,
(2) whether tissue morphology can explain differences
in uptake capacity among species, and (3) if
differences among species are consistent between
growth environments. We conclude with a discussion
of the roles morphology and physiology play in
competitive ability in these species.
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METHODS
Study Species

We compared morphological and physiological
differences between the annual grass Bromus
tectorum L. and three perennial grasses common in
the Intermountain West. The perennial grass of most
interest was Hycrest |l crested wheatgrass
(Agropyron cristatum [L.] Gaertn.), a widely planted
non-native  cultivar developed from  several
populations in central Asia. Agropyron cristatum was
chosen for its vigorous growth and evidence that
rangeland plantings of A. cristatum are largely
resistent to invasion by annual grasses (Davies
2010). Two native perennial grasses were included in
the study for comparison with A. cristatum:
Rattlesnake bottlebrush  squirreltail germplasm
(Elymus elymoides [Raf.] Sweezey ssp. elymoides)
and Anatone bluebunch wheatgrass germplasm
(Pseudoroegneria spicata [Pursh] A. Ldve ssp.
spicata). Elymus elymoides was selected because it
is a short-lived perennial that can naturally establish
in annual-dominated ecosystems (Hironaka and
Tisdale 1963; Hironaka and Sindelar 1973) while P.
spicata is a long-lived perennial grass. Seeds of B.
tectorum were collected from populations in northern
Utah. Seeds of the others grasses were obtained from
local seed producers.

Growth Conditions, Experimental
Treatments, and Measurement

Individual plants were grown in pots (4 x 21 cm ‘cone-
tainers’, Ray Leach Inc., Canby, Oregon) for the
duration of the experiment. Pots were filled with a 1: 1
mixture of a coarse and fine growth medium (Turface
MVP and Greens Grade, Profile Products LLC,
Buffalo Grove, lllinois) holding ca. 0.5 g H)O g'1
medium. The medium was washed before use in the
experiment to insure no nutrients were adsorbed to
the particle surface. Three to five seeds of a single
species were added to a pot and kept moist with
periodic watering. Ten days following germination and
emergence, pots were transferred to growth
chambers programmed for constant experimental
temperature and a 14/10 h day/night cycle.
Photosynthetic flux density inside the chambers was
ca. 900 pymol m? s above the uppermost leaves.
After several days of growth, seedlings were thinned
to two individuals per pot.
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Plants were kept in two growth chambers that each
contained twenty pots of each species. One chamber
was set to 10 °C, the other to 25 °C. Temperature was
monitored (model Watchdog B101, Spectrum
Technologies, Plainfield, lllinois), and each week,
plants and temperature conditions were rotated
among chambers to minimize chamber effects. While
target temperatures were achieved at night, daytime
temperatures were 3-4 ‘C warmer than intended
(13.1/9.9 and 28.6/24.8 °C day/night, respectively).
Moisture in pots was maintained near saturation daily
with an NH,*-free nutrient solution containing 0.20
g I" KNO3, 0.21 g I'' Ca(NO3),, 0.06 g I" NaH,PO,,
0.12 g I" MgSO4 and 0.3 g I'" of a complete
micronutrient fertilizer (J.R. Peters Inc., Allentown,
Pennsylvania).

Nitrogen acquisition was measured via uptake of
NOj", the most available inorganic form of N in semi-
arid regions of the Intermountain West (West 1991).
Nitrate acquisition was determined with incubations in
a ®N solution (BassariRad et al. 1993). Assays began
with the 25 °C individuals ca. 5 weeks following
germination. Individuals in the 10°C treatments were
measured approximately two weeks later to account
for slower development of individuals in the colder
temperature treatments. Ten pots of each species
were randomly selected for measurement. Individual
plants were removed from pots and washed free of
growth medium. Eight individual plants were placed in
eight flasks each containing 250 mL of 60 atom
percent K'®NO;, the remaining two plants were
treated as controls and placed in flasks of K'*NOs.

After a two-hour incubation at growth temperatures,
plants were removed from assay flasks and immersed
in a chilled 50 mM KCI solution to stop NO3;™ uptake.
Plants were then washed five times in distilled water.
Root and shoot tissue was dried at 75 °C for at least
48 hours, weighed, and ground to a fine powder using
a shaker mill (model 2000, SPEX CertiPrep,
Metuchen, New Jersey). Tissue samples were
analyzed for ['°N] at the University of California,
Davis. Standard deviation among repeated
measurements of a standard was less than 0.0003
atom percent. Nitrate acquisition was calculated by
determining the difference in tissue '°N between
labeled plants and control plants. Excess N in root
and shoot tissue were combined and acqusition is
expressed as mass-specific absorption rate (SARy,

pgN g’ h').
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We quantified root and leaf morphological traits
before tissue was dried. Surface area of leaf tissue
was measured with a leaf area meter (model 3100, Li-
Cor Inc., Lincoln, Nebraska) and root images were
obtained with a flatbed scanner and analyzed for
length and surface area using the software package
WinRhizo (Regent Instruments, Quebec, QC). Mass
of tissue was determined after drying.

Statistical Analysis

We used ANOVA to test for statistically significant
differences among species in each temperature
regime. Response variables included SARy, leaf
area, leaf mass, root area, root mass, and root length
in a fixed-effect, one-way ANOVA. Means were
separated using a Tukey multiple comparison.
Differences were considered significant at P < 0.05
and ANOVA was conducted with PROC GLM in SAS
(version 9.2, SAS Institute Inc., Cary, North Carolina).

The five morphological variables were combined in a
Principle Component Analysis (PCA) to produce new,
uncorrelated variables, which could be used in further
analyses. We performed PCA using the PRINCOMP
function in the statistical computing language R (R
Core Development Team 2005). Mass-specific
absorption rate was regressed onto the first two
principle component axes to determine how much of
its variation was explained by tissue morphology.

RESULTS

We observed significant differences among species in
SARy and all morphological variables in 10 and 25 °C
conditions (table 1). The two exotic species (B.
tectorum and A. cristatum) had statistically similar
SARy as did the two native perennial grasses P.
spicata and E. elymoides (figure 1). Mass-specific
absorption rate was 213 percent and 53 percent
higher in the exotic species compared to the natives
at 10 and 25 °C, respectively.

We found the highest leaf mass in A. cristatum and
the highest leaf area in B. tectorum (figure 2). The two
native species were similar in leaf mass and area in
both temperature conditions. While differences
between B. tectorum and A. cristatum in leaf mass
were significant but small, B. tectorum produced ca.
double the leaf area of A. cristatum at 25 °C.
Consequently, B. tectorum had a higher specific leaf
area (grand means: B. tectorum = 210, A. cristatum =
91). Higher temperatures resulted in greater leaf
mass and leaf surface area for all species.
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Table 1. ANOVA examining differences among species in the two temperature conditions. Numerator degrees

of freedom = 3 for all variables.

10 °C 25°C
— - - P... - - P
SAR 32 14.94 < 0.001 31 8.70 <0.001
Leaf Mass 40 34.12 < 0.001 37 29.22 <0.001
Leaf Area 40 99.25 < 0.001 40 256.8 <0.001
Root Length 39 243.3 < 0.001 39 47.01 <0.001
Root Area 40 162.1 <0.001 39 33.20 <0.001
Root Mass 40 32.02 < 0.001 40 8.97 <0.001

Table 2. PCA loadings and proportion of variation explained by each principle component. The first two

principle components explain 94% of the variation in the leaf and root morphology data set. The first principle
component, a nearly equal weighting of all variables, represents the tissue economics spectrum (Wright 2004).

PC1 PC2 PC3 PC4 PC5
Leaf Mass —-0.405 0.600 —-0.346 0.568 0.182
Leaf Area -0.472 -0.152 0.774 0.352 -0.178
Root Length -0.426 -0.577 —-0.206 0 0.665
Root Area —-0.483 -0.270 —-0.454 -0.115 —-0.689
Root Mass —-0.445 0.460 0.184 -0.734 0.134
% explained 0.760 0.179 0.041 0.019 0.002

Root mass was similar in B. tectorum and A.
cristatum but B. tectorum produced longer roots and
roots with more surface area (figure 3). Consequently,
specific root length was highest in B. tectorum (grand
means: B. tectorum = 12.0, A. cristatum = 6.8). Root
mass, length, and surface area were generally lower
in the native perennials. High temperature resulted in
greater root mass for all species. High temperature
resulted in greater root length and root surface area
for the perennial species, but not for B. tectorum.

The principle component analysis produced two
uncorrelated variables that explained 94 percent of
the variation in the morphology data set (table 2). The
first principle component (PC1) was a nearly equal
weighting of all morphological variables which were
correlated with one another. The second principle
component (PC2) was more heavily weighted toward
leaf mass, root mass, and root length but indicated a

https://digitalcommons.usu.edu/nrei/vol17/iss1/1

negative relationship between leaf mass and root
length. All species and the two temperature conditions
separated along PC1 (figure 4). Mean PC1 scores
were most similar for the two non-native species and
these scores were distinct from those for the native
species, which were also similar. Bromus tectorum
separated from other species along PC2. A
regression of SARy onto PC1 and PC2 indicated that
PC1 explained ca. 57 percent of the variation in SARy
while PC2 was not a significant predictor (figure 5).

DISCUSSION

Bromus tectorum and A. cristatum had similar SARy,
which was greater than SARy of native
bunchgrasses. A  previous study suggested
differences in root length-specific absorption rate
among the same species was dependent on N
availability; at low N, uptake by native perennials
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exceeded that of A. cristatum and B. tectorum (James
2008). In separate studies, Agropyron desertorum, a
species closely related to A. cristatum, had a greater
ability to acquire soil phosphorus (Caldwell et al.
1985) and fix carbon (Caldwell et al. 1981) than native
bunchgrasses. Nitrogen uptake by A. cristatum can
exceed uptake by B. tectorum (James 2008) but B.
tectorum has a higher tissue N concentration
(Monaco et al. 2003) and reduces soil N to a greater
extent than native grasses (Blank et al. 2010).

T T T T T T T T T
B. tectorum A. cristatum P. spicata E. elymoides

SARy (ugN g™ h™)

10 25 10 25 10 25 10 25
Figure 1. Mean mass-specific absorption rate (SARy)
under two growth temperatures for each species.

Error bars indicate 95% confidence intervals. Bars
with the same capital letters above are statistically not
different in the 10°C growth condition; bars with the
same lowercase letters above are statistically not
different in the 25°C growth condition.
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Figure 2. Mean leaf mass and area under two growth
temperatures for each species. Error bars indicate
95% confidence intervals. Bars with the same capital
letters above are statistically not different in the 10°C
growth condition; bars with the same lowercase
letters above are statistically not different in the 25°C
growth condition.

Tissue morphology differences between an annual
grass such as B. tectorum and perennial grasses
were expected based on tissue economics (Wright et
al. 2004). Consequently, B. tectorum had high specific
leaf area and specific root length, a result previously
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reported (James 2008). Most morphological
differences, however, were subtle. For variables such
as leaf and root mass, B. tectorum and A. cristatum
were not statistically different. For other variables, A.
cristatum values were intermediate to those for B.
tectorum and the native grasses. Subtle and context-
dependent differences in morphology among these
species are common. James (2008) reported greater
root mass, root length, and total biomass in A.
cristatum compared to native perennials, but much
greater values for the same variables in B. tectorum.
Caldwell et al. (1981) attributed higher photosynthetic
rates in A. desertorum compared to P. spicata to
higher leaf surface area.

root mass (g)

root length (cm)

root surface area (cmz)

25 10

temperature (°C)

Figure 3. Mean root mass, length, and surface area
under two growth temperatures for each species.
Error bars indicate 95% confidence intervals. Bars
with the same capital letters above are statistically not
different in the 10°C growth condition; bars with the
same lowercase letters above are statistically not
different in the 25°C growth condition.

The first principle component, which accounts for 76
percent of the variation in the data set, describes the
tissue economics spectrum for these species. The
similar loadings of each morphological variable with
the same sign indicate these variables tend to change
with each other in a positive manner (i.e., species
with high leaf mass also tend to have high root
length). Consequently, separation of species along
PC1 indicates differences among species based on
tissue economics. Bromus tectorum and A. cristatum
were close to each other on the ‘acquisitive’ end of
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the spectrum while P. spicata and E. elymoides were
close to each other on the ‘conservative’ end of the
spectrum. The leaf economics spectrum explained ca.
57 percent of the variation among species in N uptake
capacity.

PC1

Figure 4. The first two principle components which
explain 94% of the variation in the morphology data
set. PC1 is a nearly equal weighting of the
morphology variables and represents the tissue
economics spectrum. Closed symbols represent
plants in the 10°C condition while open symbols
represent plants in the 25°C condition. Shapes are as
follows: square, B. tectorum; circle, A. cristatum;
diamond, P. spicata; triangle, E. elymoides. Symbols
are mean values for a species in a growth condition;
error bars represent one standard deviation. Dots
indicate scores on PC1 and PC2 for individual plants.
Species close to one another on PC1 are similar in
morphology.

Growth temperature had little influence on the
relationship among species in either N uptake or
morphology. Higher temperature clearly shifted
species toward the ‘acquisitive’ end of the tissue
economics spectrum, but their position relative to
each other on the spectrum did not change. Other
growth conditions would likely have a different result,
because differences among these species were not
consistent when grown in various N environments
(James 2008) and B. tectorum tends to be very
plastic in dry mass production (Rice and Mack 1991).

Our results are specific to the experimental conditions
in an N environment that exceed common field values
(Booth et al. 2003; Hooker et al. 2008); our goal was
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to examine SARy when N was not limiting production.
Because only 57 percent of the variation in N uptake
capacity could be explained by variation in
morphology, the remaining variation can be attributed
to physiology and measurement error. Agropyron
cristatum could achieve similar N uptake to B.
tectorum for several hypothetical physiological
reasons: (1) NO5 efflux from A. cristatum roots could
be very low. Our measurements of N uptake quantify
a net rate, or a balance between influx and efflux,
which is dependent on root [NO3] (Aslam et al. 1996;
Glass et al. 2001). Root [NO3] may be related to
NO;s™ reduction in leaves or different rates of turnover
between influx and efflux systems (Aslam et al. 1996,
Glass et al. 2001), which may vary among species;
(2) The relative importance of constitutive and
inducible NO3;™ uptake systems may differ between A.
cristatum and B. tectorum (Crawford and Glass
1998); and (3) Bromus tectorum and A. cristatum may
have different optimum temperatures for growth which
were not measured here. Consequently, at higher or
lower temperatures, uptake by B. tectorum may
exceed that of A. cristatum because N uptake and
relative growth rate are highly correlated (Glass et al.
2001; Tian et al. 2006). We cannot speculate on how
much of the remaining variation is due to physiology;
additional studies are necessary to investigate these
hypotheses.

400 T T T T T T

[ ]
300 T g °o .
s O O
200 1 n D8 o i

SARy (ugN g h'™)

100

PC1 PC2
Figure 5. Linear relationship between mass-specific
absorption rate (SARy) and PC1 or PC2. Symbols as
in figure 4. The relationship is significant for PC1 (n =
63, ¥ = 0.57, P <0.001), but not for PC2.

High N uptake capacity in A. cristatum may contribute
to the ability of stands of this species to resist
invasion by B. tectorum and other annual grasses.
One difference between annual and perennial
communities is the pronounced pulse of N availability
in the autumn following senescence of annual
grasses (Booth et al. 2003; Hooker et al. 2008). This
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pulse of N may be important to establishment of
annuals and A. cristatum may deny annuals this
resource more efficiently than native perennials.
Morphological similarity between B. tectorum and A.
cristatum plays an important role, but likely not the
only role, in the ability of A. cristatum to match N
uptake by B. tectorum. Future efforts to develop
materials for restoration of rangeland degraded by B.
tectorum should examine temporal N uptake capacity
as a desirable trait.
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Evidence that Invasion by Cheatgrass Alters Soil Nitrogen
Availability

Robert R. Blank and Tye Morgan USDA Agricultural Research Service, Reno, Nevada

ABSTRACT

We hypothesized that cheatgrass (Bromus tectorum), an exotic invasive annual, may alter soil nitrogen
availability. In the Honey Lake Valley of northeastern, California, we have monitored soil and vegetation
along a chronosequence of cheatgrass invasion. In 2007, we measured total C, total N, and d"°N in
tissue of cheatgrass, winterfat (Krascheninnikovia lanata), freckled milkvetch (Astragalus lentiginosus),
and Indian ricegrass (Achnatherum hymenoides) in areas invaded for 1, 4, and >10 years. As time
since invasion increased, tissue N increased and C/N decreased significantly for cheatgrass and
winterfat. Time since invasion significantly affected d"°N, which declined significantly for winterfat and
increased significantly for Indian ricegrass and freckled milkvetch. These data suggest that cheatgrass
invasion has altered soil nitrogen availability and that other plants respond to this altered availability.

In Monaco, T.A. et al. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity; 2010 May 18-20; Logan, UT.
Natural Resources and Environmental Issues, Volume XVII. S.J. and Jessie E. Quinney Natural Resources Research Library,

Logan Utah, USA.
INTRODUCTION

Plants that can engineer the soil or create positive
plant-soil feedbacks to enhance nutrient availability
can elevate their competitive stature (Ehrenfeld 2003;
Kulmatiski and others 2008). Such tipping of
competitive stature may be responsible for turning an
exotic species into an invasive one (Crooks 2002).
The invasive success of Bromus tectorum
(cheatgrass) is predicated on myriad factors, but soll
nutrient availability, particularly of nitrogen (N), is an
important determinant (Adair and others 2007;
Vasquez and others 2008). The literature is conflicting
regarding the effects of cheatgrass invasion on soil N
resources. Rimer and Evans (2006) reported that
after 2 years invasion by cheatgrass in Canyonlands
National Park, Utah, the labile N pool decreased 50
percent. Over a 2-year period, few consistent
differences in N mineralization, extractable soil N, or
total soil C or N were found between native and
cheatgrass invaded sites in Oregon (Svejcar and
Sheley 2001). On the other hand, in northern Utah,
soil beneath cheatgrass was shown to increase N
availability relative to native species (Booth and
others 2003).

We have monitored the invasion of a winterfat
community in the Honey Lake Valley of northeastern
California, beginning in 1998. A systematic
measurement of surface soil properties was begun in
2000 utilizing a transect of 13 points, 50 m apart, that
extended from the points first invaded by cheatgrass
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(1-4) to points not yet invaded (5-13). By 2007, all
plots had become invaded by cheatgrass, albeit the
most recently invaded only had small sparsely-
spaced plants. The chronological resolution of this
monitoring program allows detailed information on
how cheatgrass has affected soil N dynamics and its
relationship to plant N uptake. We hypothesize that
cheatgrass invasion alters the availability of soil
nitrogen.

MATERIALS AND METHODS

The study was undertaken in the Honey Lake Valley
of northeastern California (40° 08’ N; 120° 04’ W).
Since 1998 we have monitored the invasion of a
winterfat  (Krascheninnikovia lanata (Pursh) A.
Meeuse & Smit) community by cheatgrass (Bromus
tectorum). We define invasion to be when small
isolated plants of cheatgrass in winterfat canopies
expand to fill shrub interspace positions. Soils are
uniform throughout the winterfat vegetation zone and
are classified as coarse-loamy, Xeric Haplocalcids
(Blank 2008). Annual precipitation averages 230 mm.
In March of 2000, a transect of 13 sites, 50 m apart,
was laid out beginning at the initial focus of
cheatgrass invasion (first 4 sites) to areas yet non-
invaded. Several times a year, surface soil (0-30 cm)
was collected randomly, in interspace microsites,
within 5 m of each study plot. In May 8, 2007,
following a winter and early spring of below normal
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precipitation, we collected total above-ground
biomass for the four most common plant species:
cheatgrass, winterfat, freckled milkvetch (Astragalus
lentiginosus Douglas ex Hook.), and Indian ricegrass
(Achnatherum  hymenoides Roem. &  Schult.
Barkworth). Collected sites were replicated four times
in areas separated by at least 50 meters in three
invasion zones: invaded by cheatgrass for 1, 4, and
>10 years. Plant material was dried for 48 hrs at
60°C, milled, and sent to the Colorado Plateau Stable
Isotope Laboratory at University of Northern Arizona
for analysis of tissue N and C concentrations and of
tissue 3'°N.

All data were normalized as necessary and analyzed
by ANOVA with categorical variables invasion class
and plant species, using Tukey’s Honest Significance
Test at the p<0.05 level to separate means.

RESULTS AND DISCUSSION

A significant interaction between cheatgrass invasion
status and plant species affected plant tissue N
concentrations, plant tissue C/N ratios, and values of
9'°N (figure 1). Tissue N concentrations significantly
increased and C/N ratios significantly declined for
cheatgrass and winterfat and remained statistically
similar for Indian ricegrass and freckled milkvetch with
increasing time since cheatgrass invasion. As time
since invasion increased, tissue 9N declined
significantly for winterfat and increased significantly
for Indian ricegrass and freckled milkvetch.

The natural abundance of 8'°N data lent support to
the hypothesis that cheatgrass invasion has altered
soil nitrogen availability. If cheatgrass is accessing a
more recalcitrant N pool from soil organic matter,
which is less available to natives before invasion,
then the newly available pool may have a unique 9'"°N
signature that will be reflected in plant tissue N of all
species (Hogberg 1997). Indeed, the three native
species tested differed significantly in 8'°N among
invasion classes. Winterfat has an extensive fibrous
root system and a deep penetrating taproot. Its 9'°N
tissue signature, when growing without much
competition from cheatgrass, was greater than that of
cheatgrass which suggests it is partially accessing a
different soil N pool, perhaps deeper in the soil profile.
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Figure 1. Percent concentration of N, C/N ratios, and
9"°N in above-ground tissue of cheatgrass, winterfat,
Indian ricegrass, and freckled milkvetch as affected
by time since cheatgrass invasion. ANOVA results
presented in panels. For all panels, bars with different
letters are significantly different (p<0.05). Data were
collected in 2007.
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After >10 years of invasion by cheatgrass, 9'"°N of
winterfat tissue declined significantly and was
statistically similar to that of cheatgrass, which
suggests the plant is uptaking a greater proportion of
that pool of N associated with cheatgrass invasion.
The 9'°N signature of Indian ricegrass was
significantly lower than that of cheatgrass, in plots
only recently invaded. Indian ricegrass can fix N, in its
rhizosheath (Wullstein 1980; Wullstein 1991), which
can explain its lower 3"°N. In plots invaded for >10
years, Indian ricegrass tissue 9'°N significantly
increased to an average value similar to that of
cheatgrass, again suggesting it may be partially
obtaining N resources associated with invasion. The
effect of cheatgrass invasion on the 3'°N signature of
the symbiotic nitrogen fixing species, freckled
milkvetch, is apparent. Tissue 9'°N in newly invaded
soils averaged near 0 suggesting most N is obtained
via fixation of atmospheric N,, and increased 9'°N
values in soils invaded for >10 years suggests the
plant is using more N from mineralized soil sources
after invasion.
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ABSTRACT

Invasive species have become an increasingly large concern, particularly in already degraded
ecosystems, such as sagebrush (Artemisia tridentata)-steppe of the Intermountain West. Much of this
ecosystem is already infested with large cheatgrass (Bromus tectorum) stands and is potentially at risk
for future invasions depending on biotic and abiotic conditions. In these ecosystems, the existing
vegetation, whether native or non-native, may not effectively utilize the soil moisture resources in the
upper portion of the soil, termed the growth pool. If the existing vegetation does not effectively utilize
moisture in the growth pool, an open resource is left for the establishment of other plants, including
invasives. Through a combination of soil moisture modeling and observational studies, we identified
three potential invasion pathways, particularly by annual plants, into a cheatgrass-dominated system,
all consistent with the fluctuating resource hypothesis, and all resulting from an available water
resource in the growth pool. Results suggest these arid and semi-arid systems are likely to be protected
from novel invasive species by complete utilization of growth pool soil water resources by any existing
vegetation, whether native or non-native. Our results also suggest the same features which make the
site more prone to novel annual invaders may also be useful in guiding establishment of desired
vegetation during restoration efforts.

In Monaco, T.A. et al. comps. 2011. Proceedings — Threats to Shrubland Ecosystem Integrity; 2010 May 18-20; Logan, UT.
Natural Resources and Environmental Issues, Volume XVII. S.J. and Jessie E. Quinney Natural Resources Research Library,
Logan Utah, USA.

INTRODUCTION species are able to access open resource pools
(Mitchell and others 2006). The fluctuating resource
hypothesis states invasion is probable when a
community either is experiencing a time of unusually
high resources, where existing vegetation cannot
completely utilize them, or damaged existing
vegetation is unable to effectively use normal to high
resource levels (Davis and others 2000), provided

propagule pressure exists (Davis and others 2000;

The ecohydrology of arid and semi-arid regions can
often be characterized by water resources supplied in
two forms: a growth pool containing nutrients utilized
earlier in the season, typically located in the upper
portion (e.g., 0-30 cm depth) of the soil profile, and a
maintenance pool to support the transpiration
demands of plants growing through the later, and

typically hotter, period of the growing season (Ryel
and others 2008; Leffler and Ryel 2012). In water-
limited ecosystems, effective depletion of sail
moisture by established native or non-native
vegetation may be the controlling factor in protecting
against invasion (Prevéy and others 2010). Failure to
utilize the soil moisture resources leaves the system
vulnerable to establishment by other plants, either
native or exotic.

Several hypotheses to explain plant invasion have
been proposed, and some are consistent with the
resource pool framework. The empty niche
hypothesis considers invasions to be more likely if
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Chambers and others 2007). The resource-release
hypothesis combines the assumptions of resource
opportunities in the new environment with release
from pathogens or herbivores associated with native
habitats (Mitchell and others 2006). The invasion
windows may be species-specific or more general
(Johnstone 1986). The windows that are species-
specific arise through alterations to the biotic or
abiotic conditions at a site, as do more general
windows (Johnstone 1986). Species-specific windows
may also be created through entrance to a community
as a seed and establishing once the existing
vegetation senesces or is removed through some
form of disturbance (Johnstone 1986). In both
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frameworks, there is the possibility for invasion failure
if invasive propagules are unable to germinate at the
time corresponding to open resource pools.

Biotic impoverishment due to land-use practices and
invasive plants, particularly annuals, have altered
ecosystems in arid and semi-arid areas (Billings,
1990). In the Intermountain West of the US the
widespread  Artemisia sp.  (sagebrush)-steppe
community has been affected by reduction in the
perennial herbaceous community, and dense stands
of woody vegetation and novel herbaceous invaders
are now present on the landscape (West 1988; Young
and Allen 1997). Of particular interest is the invasive
annual grass, Bromus tectorum L. (cheatgrass) that
has altered the soil moisture dynamics of the
sagebrush-steppe where it has come to dominate
(Kremer and Running 1996; Ryel and others 2010).
Cheatgrass is a winter annual, a vegetation type not
previously found in the Great Basin (Bradford and
Lauenroth 2006). These vegetation changes are
linked to altered resource value and ecosystem
function.

The stability of these systems prior to anthropogenic
alterations may be linked to reduced inter-annual
variation in soil water use in the growth pool than is
currently found for graminoid and herbaceous
rangeland communities in the sagebrush-steppe zone
(Ryel and others 2008; Prevey and others 2010). The
benefits of system stability as a result of increased
species or plant functional type diversity and
increased probability of completely utilizing soil
moisture resources, arise from biotic interactions
among plants (Davis and others 2000; Shea and
Chesson 2002) and perhaps the coevolution of
species (Thompson 2009) within the original woody-
herbaceous communities.

Dense stands of sagebrush effectively deplete both
the growth and maintenance pools in most water
years (Ryel and others 2010). Given this, sagebrush
co-occurring with a cheatgrass understory should
provide some degree of protection against novel
invaders, even in years when cheatgrass fails to
become established. However, cheatgrass
monocultures subject to periodic establishment
failures may be at high invasion risk, since they
essentially revert to bare ground in these years.

We conducted an observational and modeling study
to assess whether more complete utilization of the
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upper soil moisture contained in the growth pool in a
degraded sagebrush-steppe acted to reduce the
potential for novel annual invaders. A goal of the
study was to identify possible pathways for
establishment of an exotic species, all consistent with
the availability of sufficient resource pools. An
invasion was considered likely if there was an
unusually large open resource pool present in the
system, with or without damage to the existing
vegetation. Since both warm and cool season plants
occurred near the study site, we were able to assess
the importance of the timing of the open resource
pool.

METHODS
Site Description

The field site was located in Rush Valley in west-
central Utah (112°28'W, 40°17’'N, and elevation
1,600 m). Vegetation types include large patches of
near monocultures of cheatgrass (Bromus tectorum),
big sagebrush (Artemisia tridentata) and crested
wheatgrass (Agropyron desertorum); some big
sagebrush stands are growing in association with or
bordering cheatgrass, crested wheatgrass or other
native perennial tussock grasses. The study area is
grazed by cattle each spring.

Soils at the site are silt-loam to over 3.0 m depth. The
climate is temperate with cold winters and hot
summers. Mean annual precipitation at nearby
Vernon, Utah is 240 mm and mean annual
temperature is 8.3° C (Ryel and others 2002). The
period of temperatures sufficient for plant growth
ranges from late March through late October. Soil
moisture is recharged mainly by accumulating
snowmelt in early spring (Ryel and others 2010); the
few summer rains are typically not sufficient to
recharge moisture via infiltration to depths greater
than 0.1 m (Ryel and others 2003, 2004).

Field Measurements

Measurements were conducted within three patches
of vegetation. These included two patches of
cheatgrass (~0.5-1.8 ha) and a field of crested
wheatgrass (~80 ha). Cheatgrass established at the
site following fire in 1992 (Hooker and Stark 2008).
The cheatgrass plots are bordered in places by
largely monotypic stands of big sagebrush (~5-60 ha).
Crested wheatgrass was planted in 1992 and has
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remained largely a monoculture since. The portion of
the field used in this study has not been grazed since
1999. In spring 2002, an herbicide (Roundup, Scotts
Company LLC, Marysville, Ohio) was applied to kill all
vegetation within two 10x10m plots. These plots were
compared with the undisturbed crested wheatgrass
within 30 m of the plot edges.

Soil moisture was measured using two methods.
Individually calibrated screen—cage thermocouple
psychrometers (J.R.D. Merrill Specialty Equipment,
Logan, Utah and Wescor, Logan, Utah) were installed
at nine depths through the profile from 30 cm to 300
cm in March, 1999 in cheatgrass, sagebrush and
crested wheatgrass monocultures; measurements
were collected nearly continuously from spring 1999
to 2003 and converted to volumetric soil water content
as in Ryel and others (2002). For 2007-2009, soil
moisture data in cheatgrass monocultures were
collected with a capacitance probe (model Diviner
2000, Sentek Technologies, Stepney SA, Australia)
with soil cores taken periodically for comparison;
cores were used to determine volumetric water
content from measured gravimetric water content as
described in Ivans and others (2003).

Community composition data were collected using 50-
m line transects through relatively homogeneous
stands or vegetation patches. Species were identified
every 0.5 m along four transects and species cover
was estimated as the portion of points that contained
each species.

In spring 2008, an area dominated annually by
cheatgrass with scattered sagebrush experienced a
failure in the cheatgrass crop. That spring, sagebrush
seedlings established in the bare spaces between
mature sagebrush, which had in prior years been
dominated by cheatgrass. Sagebrush seedlings were
counted and tagged in a 10 m x 15 m plot after this
event and monitored for survival in fall 2009 and
summer 2010.

Simulation Modeling

Soil moisture, root growth and uptake, and soil
hydraulic conductivity were simulated for spring
through fall 2000-2002 and 2007-2009 using
HYDRUS 1-D (Simlinek and others 2008). Inputs to
the model include soil hydraulic properties (table 1)
determined for our study area (Ryel and others,
2002), root distribution, and root water uptake rates.
Temperature, precipitation, and potential
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evapotranspiration data were obtained from the
Cooperative Observer Program (COOP) monitoring
station in Tooele, Utah. Based on depth of water
extraction (Ryel and others 2010; Ryel, unpublished
data), roots of cheatgrass and halogeton were
assumed to be limited to the top 45 cm of the soil,
while Russian thistle and pepperweed roots were
assumed to tap moisture stored deeper in the profile,
at 90-120 cm. Root growth and uptake for each
vegetation type were initiated at the start of the
appropriate growing season for each species. Root
growth was specified as daily values to allow for rapid
cheatgrass root growth to 45 cm once the upper
portions of the growth pool are depleted. The root
water uptake parameters (table 2) were estimated
from psychrometer mesaurements for cheatgrass and
pepperweed (Ryel and others 2010; Ryel
unpublished) and Diviner 2000 and soil core data for
Russian thistle and halogeton.

Table 1. Soil hydraulic parameters used in Hydrus 1-
D to simulate soil water dynamics and root water
uptake. The hydraulic parameters are from the soil
catalog (Carsel and Parrish 1988) loaded in Hydrus 1-
D for silt-loam.

Soil depth 300 cm
6: 0.067
0s 0.45
a 0.02
1.41 cm’
Ks 10.8 cm/day

The model was run for March 15-November 10 and
was initiated with the soil at 25 percent volumetric
water content (field capacity). In 2001 and 2008 the
site experienced extensive establishments of novel
exotic annuals and minimal cheatgrass cover. In 2009
an eruption of halogeton occurred, following a normal
cheatgrass life cycle. All other years in the period
2000-2010 experienced normal cheatgrass
establishment and are treated as near monocultures.

The model was also run for 2008 for what would have
been a mixed sagebrush and cheatgrass stand had
cheatgrass not experienced germination failure.
Sagebrush roots were limited to the top 160 cm of the
soil (Ryel and others, 2002). Root water uptake
between March 15 and November 10 was modeled
for only the shrub component. Sagebrush
establishment was represented in the model by
adding to the root distribution in the upper soil layers.
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Table 2. Root water uptake parameters for use in Hydrus-1D estimated for the vegetation types at our site in
pressure head (cm). Root water uptake occurs between PO and P3, with a maximum at POpt, where it is
assumed that root water uptake ceases at soil pressure heads below P3. P2H and P2L are the pressure heads
where the roots begin to be limited in their water uptake assuming a transpiration rate of r2H and r2L (cm/day).

Model Parameter Cheatgrass Pepperweed Russian thistle Halogeton
PO -15cm -15cm -15cm -15cm
POpt -546 cm -546 cm -546 cm -546 cm
P2H -920 cm -1500 cm -1500 cm -1500 cm
P2L -3783 cm -1800 cm -4500 cm -4500 cm
P3 -9102 cm -9102 cm -9102 cm -9102 cm
r2H 0.7 cm/day 0.5 cm/day 0.7 cm/day 0.7 cm/day
r2L 0.1 cm/day 0.1 cm/day 0.1 cm/day 0.1 cm/day
RESULTS important (table 3). The early germination and failure

Crested Wheatgrass

The two crested wheatgrass plots subject to herbicide
application in early spring 2002 were invaded by
halogeton (Halogeton glomeratus) during the 2002
growing season. In September 2002, 53 halogeton
individuals had established in one plot and 17 in the
other (figure 1). No halogeton plants were found
outside the two removal plots in the surrounding
undisturbed crested wheatgrass stand (> 10 ha),
indicating the invasions were limited by existing,
undisturbed crested wheatgrass plants. As a summer
annual, the halogeton in the plots became established
after the crested wheatgrass had been removed and
were still green and succulent in September (figure 1).

Sagebrush Establishment

Following the cheatgrass crop failure in fall 2001, 214
sagebrush seedlings established in spring 2008 within
a 10 m x 15 m plot where none had established in the
previous 10 years. When the plot was re-surveyed in
fall 2009 only one of the seedlings had died.
Vegetation in the plot in summer 2010 was mature big
sagebrush, the new, establishing big sagebrush, and
cheatgrass in the spaces between the mature and
newly established sagebrush plants.

Vegetation Composition
Although the species composition, especially of the

minor members, has changed over the course of our
study period, the cheatgrass dynamics are the most

https://digitalcommons.usu.edu/nrei/vol17/iss1/1

of cheatgrass predisposed the system to novel
annual, spring-germinating invasive plants in 2001
and 2008 (table 3). Cheatgrass re-established as a
near-monoculture in spring 2002 and 2009.

Figure 1. The extent of the invasion in two crested
wheatgrass plots treated with herbicide in early spring
2002. The pictures were taken on September 26,
2002. The plots had 17 (upper) and 53 (lower)

halogeton plants.
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Figure 2. Modeled volumetric soil moisture (theta)
trends over the simulated period March 1 (day 1)-
November 6 (day 250). Soil moisture in the 3 cm
(black), 15 cm (blue), 30 cm (green), and 45 cm (light
blue) layers are shown. a. 2007, a normal cheatgrass
year. b. 2001, a year of pepperweed eruption in the
spring. ¢. 2008, a year with a July Russian thistle
eruption; the large spike on the graph at day 100

corresponds to the start of Russian thistle
establishment. d. 2009, a year with halogeton
establishment in June following cheatgrass

senescence in late May.

Community Invasion Pathways

Soil moisture dynamics in the growth pool were
modeled in the cheatgrass community for four years
of interest. The model was run for the period March to
early November (figure 2). In a typical growing season
when cheatgrass was dominant (figure 2a), volumetric
water content was 11 percent at the time of
senescence at day 90. Although the growth pool was
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recharged to 30 cm depth in early August, no further
vegetation established at the site during the summer.

A different dynamic was seen in 2001 and 2008
following the fall failure of cheatgrass establishment.
In 2001, an eruption of a cool-season novel invader,
pepperweed (Lepidium perfoliatum) occurred. The
pattern of recharge of the growth pool from snowmelt
and spring rains and subsequent soil moisture
depletion in the growth pool by the pepperweed plants
was similar to the water dynamics seen for a typical
year dominated by cheatgrass (figure 2a, 2b). No
further community changes were found at the site in
that year despite a sizable recharge event in mid-July
(figure 2b). Some recharge of soil moisture occurred
from this event after the cool-season plants senesced
as the only water losses from the soil was through
evaporation, in the uppermost portion of the soil
column.

The growth pool water dynamics in 2008 over the
growing season of March-November were much
different when the site experienced an eruption of the
invasive exotic forb Russian thistle (Salsola kali)
(figure 2c). As in 2001, the site was nearly bare
ground in spring with very minimal cheatgrass cover
in early spring, but this continued until mid-summer.
The uppermost portion of the soil experienced
evaporative losses, but the rest of the profile below 5
cm remained close to field capacity (25 percent water
content) until Russian thistle was observed at the site
in July following two summer storms. The already
large growth pool was added to after the recharge
events (figure 2c¢).

An anomalous June soil moisture recharge event
occurred in 2009 (figure 2d), precipitating a
substantial halogeton invasion during the rest of the
summer. However, by the following spring 2010, the
site reverted to a cheatgrass-dominated community.
Unlike the situation in 2008, which had water
remaining from overwinter recharge (figure 2c),
limited water was available below 15 cm and the
infiltration from the large event was only sufficient to
recharge the uppermost layers of the growth pool
(figure 2d).

As an example of the invasibility of bare ground at the
site, a simulation was run for bare ground subject to
2007 environmental conditions (figure 3). This year
was chosen because it was one of the driest years
during our study period. While the top layer of the
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growth pool was subject to evaporative losses and
recharge, the moisture content in all layers of the
growth pool remained higher in the absence any
plants drawing down the water content (figure 3). This
higher moisture content over the growing season
demonstrates the increase in invasion potential.

0.45 1
0.40 +

0 50 100 150 200 250
Time [days]

Figure 3. Modeled volumetric water content over the
simulation period March 1 (day 1)-November 6 (day
250) for 2007 for bare ground. Soil moisture in the 3
cm (black), 15 cm (blue), 30 cm (green), and 45 cm
(light blue) layers are shown.

DISCUSSION

Our results show the importance of the utilization of
the growth pool to reduce invisibility, and are
consistent with findings in Chambers and others
(2007) where cheatgrass invisibility in sagebrush-
steppe systems was found to occur when soil
moisture was available. In 2008, an unusually large
open resource led to invasion by Russian thistle in
mid to late July (figure 2c). Community composition
surveys in 2001 suggest pepperweed erupted in the
system in late spring, during a period of naturally high
resource availability. June 2009 was an unusually wet
month and this created a resource for establishment
of a novel invader during the warm season, a time
when this system would be expected to have a
reduced risk of invasion. Vegetation dynamics in the
cheatgrass stands have experienced rapid community
assembly and disassembly during our study period
(table 3).

We have identified four pathways into these systems
for a novel invader, all consistent with the fluctuating
resource hypothesis of Davis and others (2000). Of
the other possible hypotheses for invasions, we find
limited support for only the empty niche hypothesis
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and the invasion windows hypothesis (Mitchell and
others, 2006; Johnstone, 1986), but neither of these
frameworks can explain all invasion types we
observed. The first invasion in the cheatgrass
community during our study period in 2001 (figure 2b)
was an example of the natural vulnerability of these
arid and semi-arid sites where soil moisture recharge
to depth is driven by large precipitation events
constrained to a single season. Spring, following
snowmelt, is a time of higher risk of invasion, given
adequate propagule pressure. In the spring water in
the growth pool, the most limiting resource, is
available, even if the species involved have
overlapping root water uptake strategies (Funk and
others, 2008). The pepperweed eruption occurred in
the spring, after snowmelt, a time of naturally high
resources in this ecosystem (figure 2b). The second
type of invasion tended to follow soil moisture
availability enhanced by cheatgrass crop failure and a
sizable early summer precipitation event (figure 2c).
This type of invasion combines the two parts of the
fluctuating resource hypothesis: disturbance to the
existing vegetation and resource addition to the
system. The difference between 2001 and 2008 may
have been the dryer upper layers in spring and early
summer in 2008 that did not favor germination of cool
season species such as pepperweed.

The third type of invasion (figure 2d) emerged in
2009, where a normal cheatgrass lifecycle occurred,
full germination with senescence in May; halogeton
erupted following the recharge event to the shallow
portions of the growth pool. In both 2008 and 2009,
germination occurred subsequent to precipitation
events that resulted in soil moisture that exceeded
field capacity near the surface. The crested
wheatgrass roundup plots also demonstrate this
pathway (figure 1) with unused resources exploited by
a summer annual. With disturbance to the existing
vegetation, the soil resource created by the winter
recharge only experienced evaporative losses, mostly
from the uppermost portions of the growth pool. This
is the part of the growth pool most likely to be
recharged by sizable summer rains at our site. In all
of these cases, an open soil moisture resource in the
growth pool corresponded to the establishment of
novel invaders. Regardless of the community
composition, in all years except 2008, the existing
vegetation has the ability to draw down the water in
the upper layers of the growth pool to nearly the same
level, around 11 percent volumetric water content
(figure 2a-d).
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Table 3. Annual plant community assembly and disassembly has been rapid as seen through yearly changes
in species presence. When known, species names are given; otherwise community members are referred to by
functional group or family. Plants are listed if one individual has been seen at the site. The community dominant
is noted as (d) indicating >90 % of the vegetation cover. Other species had <10% of the vegetation cover.

(Taraxacum spp.) | (Taraxacum spp.)

2000 2001 2002 2007 2008 2009
Cheatgrass Pff:igyuerid Cheatgrass Cheatgrass Russian thistle Cheatgrass
(Bromus tectorum) perfglia tum) (Bromus tectorum) | (Bromus tectorum) (Salsola kali) (Bromus tectorum)
(d) (d) (d) (d) (d) (d)

Pepperweed Bur buttercup Scarlet globemallow
Forbs Cheatgrass (Lepidium (Ceratocephala Cheatgrass (Sphaeralcea
(Bromus tectorum) . . (Bromus tectorum) .
perfoliatum) testiculata) coccinea)
Annual wheatgrass
Cryptobiotic crust Grass Grass (Eremopyrum
triticeumn)
Dandelion Dandelion Dyer’s woad

(Isatis tinctoria)

Pink geranium
(Geranium spp.)

Pink geranium
(Geranium spp.)

Halogeton (Halogeton
glomeratus)
(d, after cheatgrass
senescence)

Bur buttercup
(Ceratocephala
testiculata)

Bur buttercup
(Ceratocephala
testiculata)

Bur buttercup
(Ceratocephala
testiculata)

‘Ecological filtering’ by existing vegetation can be
done on many different environmental factors. George
and Bazzaz (1999) found the fern understory to alter
the light climate and soil litter depth across various
sites in mesic hardwood forests, thus affecting
seedling recruitment of some light-sensitive tree
species. They found the tree species most likely to
establish were those tolerant to reduced light
conditions early in their seedling phases. Cheatgrass
may act as an ‘ecological filter, both in the
cheatgrass monocultures and in areas where it occurs
as the understory in association with sagebrush. In
the monocultures, our results show the effect of
removal of cheatgrass, coupled with open resources,
on rapid community assembly and disassembly from
year to year (table 3; figure 2). In areas where it
grows in association with sagebrush, the filtering
effect acts to prevent any of the yearly sagebrush
seed rain from establishing until disturbance to the
cheatgrass eliminates the filtering effect. Cheatgrass,
like other plants, modifies its environment, in part
through altering the soil moisture dynamics, drawing
down the growth pool early in the growing season to
levels where nutrient diffusion becomes limited (Ryel
and others 2010). This may severely limit
germination, growth and establishment of other
species that germinate in