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Abstract—Eighteen different treatments were applied to an area
seeded with the native grasses Stipa comata and S. (Oryzopsis)
hymenoides.  Plots received supplemental water up to annual rain-
fall levels.  Treatments included 30% cover of native grass mulch
(Hilaria jamesii); nitrogen and phosphorus fertilizer; cyanobacte-
rial inoculant from an adjacent, undisturbed area; sugar (to stimu-
late microbial activity); no water; and various combinations of
these treatments.  Plots were evaluated one year later for number
of grass seedlings established, number of grass seedlings eaten,
and cover and biomass of the exotics Salsola kali and S. iberica.
Different treatments resulted in strikingly different establishment
rates of the seeded grasses, with any treatment using mulch hav-
ing only 15 to 25% as many seedlings as the most successful treat-
ment.  Fertilized plots tended to have fewer seedlings as well.
Sugar, by limiting nitrogen availability, was effective at reducing
Salsola biomass and cover, as well as in encouraging perennial
seedling establishment.  Salsola cover had a small negative effect
on total Stipa plants present.  However, herbivory was significantly
reduced for Stipa plants growing in Salsola canopies.  Consequently,
biomass was enhanced in plots with Salsola.  In spite of precipita-
tion during the growing season being below the 50-year average,
plots without supplemental water did as well as those with sup-
plemental water.  As measured by overall native plant establish-
ment, the most successful treatments were seed only (with and
without supplemental water), the combination of sugar and spring-
spread cyanobacteria, and native grass straw mixed in with fall-
spread cyanobacterial inoculant.

Perennial bunch-grass communities have been heavily
impacted in the western United States.  Once widespread
and free from annual exotics, these communities have been
decimated by anthropogenic activities over the past two
hundred years, especially livestock grazing (Gleason &
Cronquist 1964; Sampson 1918; Smith 1899).  In addition,
most bunch-grass communities have been invaded by exotic
annuals such as Bromus tectorum (cheatgrass) and Salsola
sp. (tumbleweed).  Resultant displacement of native species,
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whether through competition or fire, now threatens remain-
ing native communities (Billings 1990; McArthur et al.
1990).

Successful revegetation of these grasslands in semi-arid
lands has been limited and, in spite of a great deal of money
and effort (S. Monsen, personal communication), no suc-
cessful restoration has been documented.  Most of these
failures are ascribed to competition from exotic annuals
(Kay et al. 1981).

Nitrogen availability influences species composition in
a number of disturbed ecosystems (Heil & Bruggink 1987;
Parrish & Bazzaz 1982; McLendon & Redente 1992).  Pe-
rennial species, generally having lower potential growth
rates (Bazazz 1979), are competitively favored in nitrogen-
limited situations (Heil & Bruggink 1987; McGraw &
Chapin 1989).  Consequently, limitation of nitrogen availa-
bility in a system should favor later seral, perennial plants,
while increased nitrogen availability should favor early
seral annual species.  Greater nitrogen immobilization can
be achieved through increasing soil microbial biomass,
since these decomposers compete with plants for nitrogen
(Hunt et al. 1988; Lamb 1980).  Stimulation of microbial
biomass is done by the addition of a readily usable source
of energy such as sucrose (sugar) (McLendon & Redente
1992) to the soils.

This study examines the efficacy of 18 different treat-
ments (sugar, fertilizer, mulch and cyanobacterial inocu-
lant, and no water) on 1) the establishment and survival
of two seeded perennial bunch-grasses; 2) the cover and
biomass of two exotic annual species, Salsola iberica and
S. kali (Welsh 1994); and 3) the influence of the exotic an-
nuals on the survival of the seeded native perennials.

Methods
The Needles district of Canyonlands National Park is

located in southeastern Utah in the Colorado Plateau bio-
geographic province.  Precipitation averages 23 cm yearly.
Precipitation is spread fairly evenly throughout the year,
although June is an extremely dry month, and October is
very wet.  Late summer and fall monsoons (August-October)
provide 31% of yearly rainfall.  This area is a cold desert,
with an elevation of 1,370 m; annual high temperatures
average 28 °C; annual low temperatures average –2 °C.
The growing season is generally March to October.  Undis-
turbed soils in this district are Begay fine sandy loams,
with clay contents averaging 8 to 10% and silt 11 to 14%.
Average NO3-N content of soils in this area was 2.3 ppm;
phosphorus was 5.9 ppm; pH ranged from 7.9 to 8.1.
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Construction activities in summer and fall of 1991 re-
sulted in a denuded 4.8-km long, 10-m wide strip through
a Stipa (Oryzopsis) hymenoides-S. comata (Welsh 1994) pe-
rennial bunchgrass community.  The strip was driven on
repeatedly.  The presence of buried water and electrical
lines precluded ripping; instead, a tractor-pulled disc was
used to break up the surface to a depth of 30 cm.  The top-
soil from the disturbed area was windrowed for 18 months
before replacement.  However, during replacement, the top-
soil was mixed with subsoil.  Resultant surface soils in the
revegetated area still had a texture, pH and bulk density
similar to adjacent undisturbed soils, but less soil structure,
and therefore probably less water infiltration, than the ad-
jacent area.  Seed was collected on-site in summer, 1991 and
spread in October, 1991.  S. hymenoides seed was drilled to
40 mm (9 pounds/acre), while S. comata seed, with awns in-
tact, was hand broadcast (9 pounds/acre).

A sprinkler system was installed along the corridor.  Sprin-
kler heads were carefully placed to insure even water cover-
age over plots receiving supplemental water.  Natural rain-
fall was monitored biweekly, and if less than the 50-year
monthly average of rain was received, supplemental water-
ing was done to reach that average.  Rainfall was 22% be-
low average over the March to November growing season.
March through June had average or slightly above average
rainfall, while July was down 31%, August was down 38%,
September was down 46%, and October was down 43%.
The sprinkler system was used 5 times for water supple-
ments during these times.

The corridor was assessed for slope, soil depth, soil tex-
ture and adjacent vegetative communities.  A homogenous
portion was then designated for experimental treatments.
A randomized block/plot design was used, with 18 treat-
ments replicated in 7 blocks.  Plots were 5 m by 10 m.
Only the interior 3 m x 6 m area was used for sampling
to avoid edge effects of neighboring treatments.  Fertilizer
treatments, applied in spring and fall, included nitrogen
at 100 pounds/acre/yr and phosphorus at 50 pounds/acre/yr
to increase fertility of the plots.  Native grass straw was
mixed into the soil before seeding to provide a slowly decom-
posing substrate for microbial populations (0.5 bale/plot).
Sugar was applied to provide a readily available carbon
source for microbial populations to stimulate their growth,
thus reducing nitrogen availability to plants (636 pounds/
acre/yr, applied every 2 months except December-January).
Mulch, applied in the spring, consisted of a 50% cover of
native grass straw to help conserve moisture in the plots.
Cyanobacterial-lichen soil crusts were salvaged from a
nearby area (by scalping the top 20 cm of soil) and spread
50 mm deep on the plots in order to inoculate the plots with
nitrogen-fixing microorganisms.  All treatments were ap-
plied in the fall, with the exception of mulch and spring
crusts, which were applied in the early spring.  Treatments
are listed in Table 1.

Plots were sampled in fall, 1992.  Five 1 m2 quadrats
were assessed in each plot.  Data collected included num-
bers of established Stipa, evidence of herbivory on Stipa,
and cover and biomass estimates of the exotic annuals
Salsola kali and S. iberica.  Soil bulk density in the plots
was compared with an adjacent, undisturbed area.  Data
collected as percentages were arc-sine transformed before

analysis.  Results were analyzed using ANOVA, Duncan’s
multiple range test and one-way regression analysis.

Results and Discussion
Average numbers of total Stipa plants observed in each

treatment are shown in Figure 1.  These numbers include
all Stipa that survived the first growing season, regard-
less of their condition.  Treatments fell into three groups.
The four most successful treatments included seed only
without water; native grass straw mixed in with fall-
spread cyanobacterial inoculant; sugar plus spring-spread

Table 1—Treatments applied to experimental plots.

1. FC: Fall-applied cyanobacteria
2. FC/S: Fall cyanobacteria, sugar
3. FC/F: Fall cyanobacteria, fertilizer
4. FC/M: Fall cyanobacteria, mulch
5. FC/F/M: Fall cyanobacteria, fertilizer, mulch
6. FC/S/M: Fall cyanobacteria, sugar, mulch
7. FC/H: Straw mixed in with fall cyanobacteria
8. S/M: Sugar, mulch
9. F/M: Fertilizer, mulch

10. M: Mulch
11. SC: Spring-applied cyanobacteria
12. SC/S: Spring cyanobacteria, sugar
13. SC/F: Spring cyanobacteria, fertilizer
14. SC/M: Spring cyanobacteria, mulch
15. F: Fertilizer
16. SD: Seed
17. SD/NW: Seed, no water
18. SC/S/NW: Spring cyanobacteria, sugar, no water

Figure 1—Total number of Stipa sp. present in
each treatment, regardless of condition.  FC =
Fall applied cyanobacteria; SC = Spring applied
cyanobacteria; F = Fertilizer; M = Mulch; S =
Sugar; SD = Seed only; NW = No water; and H
= Straw mixed in.  Group 1 (a) was statistically
different from Group 3 (b; p < 0.01); Group 2
was not different from 1 or 3.
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cyanobacterial inoculant, and seed only with water.  This
first group had significantly higher numbers of Stipa than
the third group, which consisted of all treatments with
mulch.  Fertilized treatments were found in the lower half
of the treatments, with some averages statistically lower
than the first group.  Three noteworthy results can be seen
from these data.  First, mulch clearly had a detrimental ef-
fect on seedling survival for the first year in this experi-
ment.  Plots with mulch had fewer seedlings present when
compared to the most successful plots, regardless of whether
the mulch was applied alone or mixed with other treatments.
Secondly, two of the four most successful treatments, meas-
ured by plant survival, were those plots that were seeded
only, with no additional treatment.  And thirdly, lack of
additional watering did not adversely affect seedling sur-
vival during a growing season with below-average rainfall.

Common treatments were combined into four categories:
seed-only, sugar, fertilizer, and mulch (cyanobacterial in-
oculant was excluded, as it crossed most treatments).  When
averages for these categories were compared, the seed-only
treatment had a statistically greater number of seedlings
present than the rest of the treatments (Fig. 2).  The other
three categories (sugar, fertilizer and mulch) were not sta-
tistically different from each other.  These categories did
show the same trends as in the uncombined data: seed-only
had the greatest establishment, followed by sugar, fertilizer
and then mulch.

Herbivory by rabbits and mice was intense during the
first year of this experiment.  Plants counted as “eaten”
were those that had been chewed to less than 5 cm in
height.  Plants that were completely removed were not
counted.  “Uneaten” were plants that showed either no
herbivory, or herbivory was slight.  Figure 3 presents the
number of plants eaten as a percentage of total plants in
the plots.  Due to high variability, there was no statistical
difference among treatments, although herbivory ranged
from 27% to 69% of the plants present.  Average numbers
of total uneaten Stipa plants are presented in Figure 4.

Figure 2—Total number of Stipa present, regard-
less of condition, lumped by common treatments.
Statistical differences are denoted by different
letters.  Seed-only treatments had the fewest
plants eaten when compared to the other treat-
ments (p < 0.01).  Other treatments were not
statistically different among themselves.

Figure 3—The ratio of eaten to total Stipa sp. in
each treatment.  FC = Fall applied cyanobacteria;
SC = Spring applied cyanobacteria; F = Fertilizer;
M = Mulch; S = Sugar; SD = Seed-only; NW = No
water; and H = Straw mixed in.  Due to high varia-
bility, no differences were statistically significant.

This figure is similar to the one showing total Stipa den-
sity.  Indeed, there is a significant correlation between the
total number of plants in the plot, and the number of plants
eaten (r = 0.85; p < 0.01).  Consequently, those plots with
the greatest number of established plants were also those
with the greatest amount of herbivory.  Fertilized plots,
with higher levels of available nitrogen and phosphorus,
might have been expected to have more palatable plants,
and consequently suffer higher herbivory rates.  Concomi-
tantly, sugared plots, with less available nitrogen, might
be expected to show the reverse.  However, this was not
the case, as there was no difference between combined fer-
tilized, sugared or mulched treatments (Fig. 5).  Fertilized

Figure 4—Total Stipa sp. uneaten in each treatment.
FC = Fall applied cyanobacteria; SC = Spring applied
cyanobacteria; F = Fertilizer; M = Mulch; S = Sugar;
SD = Seed-only; NW = No water; and H = Straw mixed
in.  Group 1 (a) was statistically different from Group 3
(b; p < 0.01); Group 2 was not different from 1 or 3.
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Figure 5—Total Stipa uneaten, with common treat-
ments lumped.  Seed-only treatments had the few-
est plants eaten when compared to the other treat-
ments (p < 0.01).  Other treatments were not
statistically different among themselves.

treatments showed an herbivory average of 50%, while
sugared plots averaged 57%.  Seed-only had significantly
less herbivory than the other treatments.

Herbivory on Stipa was most often explained by the place-
ment of the grass relative to Salsola canopies.  Numbers of
grasses growing outside the canopy of a Salsola were highly
correlated with numbers of plants eaten (r = 0.82; p < 0.01);
plants under Salsola were eaten 47% less often than those
in the open.  Numbers of grasses inside the canopy of the
tumbleweed showed no correlation with herbivory events
(r = 0.22; p > 0.05).  However, there was also a high and
significant correlation between total number of Stipa pres-
ent and the number growing in the open (r = 0.91; p < 0.01).

This may indicate seeded grasses were better able to estab-
lish outside Salsola canopies.

The two species of Salsola, S. iberica and S. kali, were
combined for biomass and cover estimates.  Average Salsola
biomass ranged from 15 to 90 grams per plot in the differ-
ent treatments, with 5 of the 6 lowest biomasses found in
the sugared treatments (Fig. 6).  However, the tremendous
amount of variability among plots resulted in no statistical
differences between treatments.  When common treatments
were lumped for Salsola biomass (Fig. 7), sugared plots had
significantly less biomass than other treatment categories.
Fertilized plots had 3 times the tumbleweed biomass of sug-
ared plots, while the watered plots had 5 times the biomass
of sugared plots.  Fertilized, seed-only and mulch treatments
were not different from each other.

Cover estimates for Salsola are presented in Figure 8.
Although average cover values ranged from 23 to 42%, no
statistical differences were seen.  This may have been due
to the high variability found.  Some trends were apparent,
however.  Fertilized treatments were all at the high end
of the cover estimates, while seed-only and sugared plots
showed a tendency towards reduced Salsola cover.  Combin-
ing treatment categories (Fig. 9) showed fertilized treat-
ments with significantly greater cover than sugar or seed-
only treatments.  Mulched treatments were not statistically
different from any other treatments.

Regression analysis was used to determine whether
Salsola biomass or cover affected either total numbers of
Stipa present in a plot, or the percentage of Stipa eaten in
a plot.  Salsola biomass showed no significant effect on the
total Stipa in a plot (r = –0.18), although removal of one
data point resulted in r = –0.33, which was statistically sig-
nificant.  There was no effect of Salsola biomass on the per-
centage Stipa eaten (r = –0.23).  Salsola cover did not have
a significant effect on the percentage eaten (r = –0.24), but
did have some effect on the total Stipa present in the plot
(r = –0.37; p < 0.05), though the “r” value was small.

Figure 6—Total Salsola biomass in each treatment.
FC = Fall applied cyanobacteria; SC = Spring applied
cyanobacteria; F = Fertilizer; M = Mulch; S = Sugar;
SD = Seed-only; NW = No water; and H = Straw
mixed in.  No differences were statistically significant,
probably due to the high variability.

Figure 7—Salsola biomass, lumped by common
treatments.  Statistical differences are denoted by
different letters.  Sugar treatments had signifi-
cantly less Salsola biomass when compared to the
other treatments (p < 0.01).  Other treatments
were not statistically distinguishable.
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Figure 8—Salsola cover in each treatment.  FC =
Fall applied cyanobacteria; SC = Spring applied cy-
anobacteria; F = Fertilizer; M = Mulch; S = Sugar;
SD = Seed-only; NW = No water; and H = Straw
mixed in.  No differences were statistically signifi-
cant, probably because of high variability in the
samples.

Figure 9—Salsola cover, lumped by common
treatments.  Statistical differences are denoted
by different letters.  Fertilized treatments showed
greater cover than sugar or seed-only treatments
(p < 0.03).  Mulched treatments were not statisti-
cally different from any other treatment.

Conclusions
This seeding experiment calls into question several as-

sumptions often made by restoration ecologists.  First,
mulch is generally assumed to be beneficial, especially in
arid and semi-arid regions.  In this study, straw mulch ap-
plications reduced the survival of seedlings compared to
non-mulched treatments.  Similar results have been re-
ported from a project near Grand Junction, CO (J. Lance,
personal communication).  This may be a result of using
dry straw.  Both species of Stipa generally grow in loose,
sandy soils.  Since water percolates easily through these
soils, long-lasting soil moisture in the upper horizons

would not naturally occur unless the entire soil profile was
charged with water.  Straw, on the other hand, may hold
water in the upper soil layer regardless of water levels in
lower soil profiles.  This may “fool” seeds into germinating
at an inappropriate time and/or concentrating their roots
in surface soils, instead of deploying these roots in deep
soils.

In addition, rainfall patterns in this area may make
straw mulch a liability for seedlings.  Storms in the spring
often produce small, short bursts of rainfall, and straw
mulch may absorb the entire rainfall event, preventing
much moisture from reaching the soil.  Since temperatures
are high, this surface moisture could evaporate before ever
becoming available to plant roots.

A second commonly held belief is that establishment of
native plants takes place in semi-arid lands only during
years when rainfall is well above average.  This study dem-
onstrates that this is not always true.  Plant establishment
in the non-watered plots was as successful as in any other
treatment during a growing season of below-average rain-
fall.  The fact that spring had average or slightly above-
average rainfall may have been more important than an
overall below-average growing season.  Other factors may
be equally important as rainfall to the success of seedling
survival, including soil conditions, herbivory, and mecha-
nisms that increase water availability such as reduced air
temperatures or plant microclimates.

The presence of exotic annuals in a perennial-dominated
community is generally assumed to be a liability, especially
where water resources are limiting (Hunter 1990; Mack
1981).  The ability of annual seedlings to outcompete peren-
nial seedlings has been demonstrated repeatedly (Bartolome
& Gemmill 1981; Hull and Miller 1977; Kay et al. 1981;
Young et al. 1972).  Annual plants are generally at a com-
petitive advantage in relatively high water and high nutri-
ent situations (Romney et al. 1978).  These factors are often
not taken into account in revegetation efforts, as evidenced
by the many projects that use fertilizers and water.  The
effects of water and nutrients on annual plants can be seen
clearly in this study.  Increasing levels of water, even only
to imitate average annual rainfall, favored the establish-
ment and growth of the exotic annual Salsola.  Comparing
the seed-only, no water treatments with the seed-only with
water treatments, we can see that the biomass of this plant
increased by over 70%.  Low nutrient availability, induced
by sugar applications that stimulated microbial biomass
production, significantly reduced Salsola biomass and cover.
Consequently, limiting water and nutrient availability
should be considered in areas where annual exotics are
a problem.

Exotic annuals may not always be a problem, and may
actually aid in revegetation efforts.  As demonstrated by
this study, Salsola biomass and cover had no, or little, ef-
fect on Stipa survival or percentage eaten, though more
Stipa plants were found outside than within Salsola cano-
pies.  However, growth under a Salsola canopy clearly pro-
tected the native grasses from herbivory.  During data col-
lection for this study, non-quantified observations were made
that Stipa plants growing in the canopy of Salsola plants
were much larger than plants growing in the open, often
having 5 to 6 blades and being 20 to 30 cm tall, compared
to plants with 1 to 5 blades that were 5 to 20 cm tall in the
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open.  It is not known whether such severe herbivory will
significantly affect long-term survival of these plants, though
it seems likely.  When biomass, not just number of estab-
lished plants of desired species is considered, the protection
offered by a Salsola canopy may outweigh the negative ef-
fect that increasing Salsola cover has on the desired peren-
nial species in years of average rainfall.  It is not known
whether the negative impacts of these annual species would
be greater in years of more limited water.  Salsola popula-
tions did quite well in a recent 5-year drought in this area,
and may compete effectively with perennial grass species
when water is scarce.

Though much was learned about ways to hasten reveg-
etation of disturbed semi-arid grasslands in this study,
levels of herbivory and other environmental stressors pre-
vented any of the treatments from being judged successful
in terms of overall plant establishment.  This may be true
even when factors controlling plant germination and estab-
lishment are better understood.  Consequently, we should
be careful not to overestimate our ability to revegetate these
areas in a short time frame (10 years), and certainly should
refrain from claiming that true restoration of these areas
is possible until more supporting data are available.
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