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Expansion of juniper on U.S. rangelands is a significant environmental concern. Prescribed fire is often rec-
ommended to control juniper. To that end, a prescribedburnwas conducted in aGreat Basin juniperwood-
land. Conditions were suboptimal; fire did not encroach into mid- or late-seral stages and was patchy in
the early-seral stage. This study evaluated the effects of the burn on biological soil crusts of early-seral ju-
niper. Fire reducedmoss cover under sagebrush and in shrub interspaces. Mosseswere rare under juniper;
their cover was unaffected there. Lichens were uncommon under juniper and sagebrush and therefore not
significantly impacted there. Their cover was greater in shrub interspaces, but because the fire was spotty
and of low intensity, the effects of burning were minimal. Compared with unburned plots, the biomass of
cyanobacteria was diminished under juniper and sagebrush; it was reduced in the interspaces in both
burned and unburned plots, presumably in response to generally harsher conditions in the postburn envi-
ronment. Nitrogen fixation rates declined over time in juniper plots and interspaces but not in sagebrush
plots. Although fire negatively affected somebiological soil crust organisms in someparts of the early-seral
juniper woodland, the overall impact on the crusts was minimal. If the intent of burning is to reduce juni-
per, burning of early-seral juniper woodland is appropriate, as most affected trees were killed. Control of
sagebrush can likewise be accomplished by low-intensity, cool season fires without eliminating the
crust component. Intense fire should be avoided due to the potential for greater encroachment into the
shrub interspaces, which contain the majority of biological soil crust organisms. Burning early-seral juni-
per may be preferred for controlling juniper encroachment on rangeland.

Published by Elsevier Inc. On behalf of Society for Range Management.

Introduction

Since the mid-1800s, woodlands dominated or codominated by
juniper have expanded dramatically in the western United States
(Miller et al., 2008) and now occupy some 19 million ha (Buckman
and Wolters, 1987). The expansion has often been attributed to the
suppression of natural wildfires and the introduction of domestic

livestock (Miller and Rose, 1999). The reintroduction of frequent,
low-severity fire is a commonly recommended management tool
for controlling juniper encroachment and expansion (Baker and
Shinneman, 2004; Board et al., 2011).

Biological soil crusts are a key component of many arid and semiarid
ecosystems (Rosentreter and Belnap, 2001), including pinyon-juniper
woodlands (Ladyman and Muldavin, 1996). Composed primarily of
cyanobacteria, algae, lichens, and bryophytes (mosses) living on or near
the soil surface (Belnap et al., 2001a), the crusts influence soil stability
(Belnap, 2001;Warren, 2001a), hydrology (Warren, 2001b), and cycling
of macronutrients and micronutrients (Belnap et al., 2001b; Evans and
Lange, 2001). They also affect the dispersal and germination of vascular
plant seeds and the survival and growth of plant seedlings (Belnap
et al., 2001b).

Literature related to the response of biological soil crusts to fire,
the secondary impacts to ecosystem functions they perform, and
the dynamics of postfire recovery is limited. Scant published
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information from western shrubland and grassland communities
suggests that biological soil crusts are highly susceptible to wildfire
and slow to recover (Johansen, 2001). Recovery of their ability to per-
form ecological functions can also be expected to be slow, although
this assumption remains largely untested. Information regarding
the effects of fire on biological soil crust communities in pinyon-
juniper woodlands is absent.

The objectives of the present study included 1) determine the na-
ture and extent of the effects of fire on the biological soil crust com-
munity of a juniper woodland by documenting changes in the
cover, biomass, species composition, and ecosystem functioning of
the crust immediately after a prescribed burn and 2) document re-
covery dynamics over 2 subsequent years. On the basis of our under-
standing of the ecology of biological soil crusts, we hypothesized that
prescribed burning would significantly diminish all organisms com-
prising the crusts in the juniper-dominated ecosystem and that re-
covery would be slow.

Methods

Study Area

The study areawas located at approximately 1700-melevation on
the eastern foothills of the Onaqui Mountains, approximately 40 km
south of Tooele, Utah (lat 40°13'48"N, long 112° 27'55"W). Long-
term average annual precipitation near Tooele is 45 cm (Table 1).
Vegetation at the study site ranged from early- to late-successional
juniper woodland. The early-successional stage was dominated by
Wyoming big sagebrush (Artemisia tridentata Nutt. subsp.
wyomingensis Beetle & Young) with scattered Utah juniper
(Juniperus osteosperma [Torr.] Little) of various ages. Bluebunch
wheatgrass (Pseudoroegneria spicata [Pursh] Á. Löve) and Indian
ricegrass (Achnatherum hymenoides [Roem. & Schult.] Barkworth)
were common grasses; various forbs, including bur buttercup
(Ceratocephala testiculata [Crantz] Roth), were also common.Moving
across the successional continuum to the late-successional juniper
woodland, juniper increasingly dominated to the exclusion of most
other plants in both the understory and overstory. The soil was
Borvant gravelly loam derived from limestone alluvium; slopes
were generally b 15% (USDA and NRCS, 2011).

A prescribed burn was scheduled to be implemented at the study
area during the summer of 2006. However, the summer was charac-
terized by multiple wildfires in the western United States and fire-
fighting crews required to manage the prescribed burn were fully oc-
cupied until later than expected. The prescribed burn eventually oc-
curred on 5 October 2006. Due to the lateness of the season,
characterized by cool temperatures, elevated humidity, and low
winds, in addition to above-normal precipitation during September
and October 2006, the burn was only minimally effective. Less than
30% of the targeted area burned, and even those areas were spotty.
The fire did not carry intomid- or late-successional juniper woodland.
Hence, only the early-successional stage of juniper encroachment was
included in the postburn evaluation.

Experimental Design

Before the burn, we established 10 sets of three adjacent plots in
each of three vegetation patch types present in the early-successional
juniper woodland (10 reps × 3 adjacent plots × 3 vegetation types=
90plots in the area to be burned). These included juniper understory,
sagebrush understory, and the interspaces between the scattered
shrubs and trees. Plots measured 0.5 × 0.5 m. In the case of juniper,
10 sets of three abutting plots were established under 10 different
trees. For sagebrush, the three plots per set were established under
three closely associated shrubs. In the interspaces, the three plots
per set were established immediately adjacent to each other, but
the sets were dispersed throughout the study site.

In order to measure the intensity of the fire, we placed an alumi-
num tag in the center of each plot. The tags measured 2 × 8 cm and
were painted with successive lines of Tempilaq temperature-
sensitive paints. The lines of paint were subject to melting at 79°C,
121°C, 177°C, 232°C, 288°C, 343°C, 399°C, 454°C, and 510°C. The in-
tensity of the fire at each plot was estimated by calculating the mid-
point between the temperature rating of the last melted paint line
and the subsequent unmelted line. Where none of the lines were
melted, the temperature was estimated as 56°C (the midpoint be-
tween the average maximum ambient air temperature of 32°C and
the lowest rated paint or 79°C). Where all of the lines were melted,
the temperature was estimated as 540°C.

Because we could not predict the behavior of the fire in advance,
subsequent to theprescribedburn, for purposes of comparing burned
versus unburned conditions, a duplicate set of 90 plots was
established in areas that escaped burning. Because the firewas spotty
and discontinuous, unburned patches were plentiful and often locat-
ed within a few meters from where the patchy fuel load carried the
fire.

All plotswere permanently delineated by driving 0.3-m lengths of
1-cm diameter metal rebar into the ground at each corner, with ap-
proximately 5 cm extending above the soil surface. Metal tags with
the plot identification were attached to one of the rods at each plot.
The locations of the plots were recorded with a global positioning
system in order to assist in relocating them on subsequent visits.

One plot from each set of three was used for ocular estimation of
the cover of biological soil crust organisms and vascular plants
(“cover” plots). One plot was used for biotic analyses, including
algal biomass and species identification (“biotic” plots). The remain-
ing plot was used for destructive sampling to determine nitrogen fix-
ation rates (“soil” plots).

Field Methodology

Data were collected in burned and unburned plots soon after the
burn (mid-October 2006) and again in September 2007 and June
2008. For ocular estimates and sample collection, a 0.5 m × 0.5 m
plot frame was constructed of 1.9-cm diameter PVC pipe. The num-
bers 1–9 were inscribed at 5-cm intervals on one side of the plot
frame, and the letters A–I were inscribed in a similar fashion on a per-
pendicular side. This design created a grid of 100 squareswith 81 grid

Table 1
Mean monthly and annual precipitation (cm) at nearby Tooele, Utah during the course of the study. Also included are long-term (1896-2007) precipitation measures (Desert
Research Institute, 2011).

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

2006 7.1 2.8 8.3 7.5 1.8 2.2 4.1 1.0 5.3 5.8 1.6 3.4 50.8
2007 4.3 4.5 6.5 1.0 2.3 1.8 5.6 1.4 4.2 2.8 1.2 8.3 43.7
2008 4.3 6.4 3.4 1.9 8.9 6.5 0.2 3.5 1.0 1.9 1.0 - 38.0
1896-2007 3.4 3.9 5.4 5.4 5.0 2.6 2.1 2.2 2.7 4.0 4.1 3.5 45.4
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intersections. On each sampling date, the plot frame was lowered
over each “cover” plot, using the corner markers as guides for correct
placement. Wemade ocular estimates of the percent cover of lichens
and mosses. Lichens were recorded by species and as a total.

The plot frame was also placed over each of the “biotic” plots.
Small cylindrical core samples (1-cm diameter and 1-cm deep)
were taken at 10 predetermined random grid intersections on each
sample date. The 10 samples per plot were combined into a single
composite sample for use in determining algal biomass and algal spe-
cies identification. Randomization was done without replacement
such that no point was resampled over the course of the study.

Finally, the plot framewas placed over each of the “soil” plots.We
collected two larger cores (10-cm diameter × 6-cm deep) per plot
from randomly determined grid intersections on each sample date.
These cores were collected intact and transported to the soil labora-
tory at Brigham Young University for determination of nitrogen fixa-
tion rates. As in the case of the “biotic” plots, the sample locations
were determined randomly and without replacement for each plot.

Biotic Analyses

Algal Biomass
Chlorophyll a is often used as an index formeasuring the productiv-

ity or biomass of cyanobacteria in the soil. To measure chlorophyll a
content, we used themethods of Bell and Sommerfield (1987) asmod-
ified by Kasper (1994). Soil sampleswere passed through a 2-mmsieve
to remove rocks and large organic particles. We took three 1.5-g sub-
samples from the composite sample from each “biotic” plot and placed
them in centrifuge tubes. Five mL of dimethyl sulfoxide (DMSO) were
added to each tube, and the tubeswere shaken thoroughly. The samples
were heated to 65°C in dim light conditions to prevent degradation of
the chlorophyll. After 30minutes, the sampleswere again shakenvigor-
ously and returned to the oven for an additional 30 minutes. The sam-
ples were then removed from the oven and allowed to cool. After
cooling, the samples were centrifuged, and the supernatant was
decanted into test tubes. The supernatant was filtered through a glass
fiber filter to remove residual clays and particles that could interfere
with quantification. We deviated from the method of Kasper (1994)
by determining chlorophyll fluorometrically. The fluorometer (Turner
model 450)was restandardized for each sample datewith known chlo-
rophyll standards from Sigma Scientific Supply to ensure comparable
results between sampling periods.

Algal Identification
In order to isolate and identify algal taxa present in the plots, dilu-

tion platemethodswere employed (Johansen et al., 1993) utilizing Z-
8 medium (Carmichael, 1986). We determined that 103 dilution
plates represented an ideal dilution rate for our sites, and all samples
were plated in triplicate. The cultures were maintained at 200 μE

illuminance on a 12:12-hour light-to-dark cycle.More than 200 strains
were isolated, but far fewer species were recovered, as many species
had numerous representative strains. Taxa were identified on the
basis of morphology and life history as observed under a light micro-
scope. Two photomicroscopes were utilized (Olympus B-Max, Zeiss
Axioskop), both equipped with high-resolution Nomarski DIC and
epifluorescence optics.

Nitrogen Fixation
Nitrogen fixation rates were estimated using acetylene reduction

techniques (Terry and Jolley, 1994). Soil samples were collected from
the field using a PVC coring device to remove undisturbed soil profiles
10-cm diameter and 6-cm deep from the “soil” plots. Core containers
were sealed with plexiglass covers with predrilled holes designed to
accommodate rubber stoppers equipped with glass tubes containing
rubber septa. The cores were moistened with water, and a volume of
acetylene gas was added to provide a 10% acetylene concentration in
the air. Samples were incubated for 24 hours in a growth chamber. A
0.25-mL air sample was then taken from the incubation container
and analyzed for ethylene using an HP 5890 series II gas chromato-
graph equipped with a flame ionization detector. The rate of nitrogen
fixation from the samples was computed with the following equation:

mmol N2 �m‐2 � hr‐1 ¼ ð½ ethylene peakð Þ nL headspaceð Þ 1=27:8 nLð Þf g
= 24 hð Þ surface areað Þf g�=3Þ 10;000ð Þ

Statistical Analyses

Dependent variables analyzed included the covers of bryophytes
and lichens, chlorophyll a, and nitrogen fixation by cyanobacteria in
the soil. These were modeled as generalized linear mixed models
(GLMM) with random intercepts by plot and included factors for burn
status (two levels), date (three levels), vegetation type (three levels),
and all two-way and three-way interactions. Covers of bryophytes and
lichensweremodeled using a beta distributionwith a logit link function
and a zero-one adjustment (Smithson and Verkuilen, 2006), nitrogen
fixation was modeled using a log-normal distribution with an adjust-
ment for zeros (Stahel, 2002), and chlorophyll a was modeled with a
normal distribution. Significance of treatments was assessed using
Tukey pairwise comparisons of the groups defined by the three-way in-
teraction within each vegetation type at a family-wise type I error rate
(FWER) of 0.05. Results of these tests are included in the plots of
group least squaresmeans and 95% confidence intervals as compact let-
ter displays where groups that share a letter were not significantly dif-
ferent at the 0.05 FWER. These analyses were conducted using SAS
PROC GLIMMIX in Version 9.4 of the SAS System for Windows. Copy-
right © 2014 SAS Institute Inc. SAS and all other SAS Institute Inc.

Fig. 1. Percent cover of bryophytes (mosses) in unburned and burned juniper, sagebrush and interspace plots following a prescribed burn south of Tooele, Utah on 5 October 2006.
Groups with the same letter within the same vegetation patch type are not significantly different at α = 0.05.
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product or service names are registered trademarks or trademarks of
SAS Institute Inc., Cary, NC, USA. Plots were generated using R version
3.1.2 (R development Core Team, 2014) and the Hmisc package
(Harrell, 2015).

Results

Burn Characteristics

Surface temperatures in the shrub interspaces during the burn
were consistently below the minimum threshold for measurement
(79°C). The mean temperature of the fire at ground level under sage-
brush was 377°C. The mean temperature under juniper was signifi-
cantly higher at 441°C. The temperature of the fire was not
significantly correlated with any of the measured variables in the im-
mediate postfire condition.

Organic Cover

Mean cover of live juniper on juniper plots was 98% before the
burn. Although dead juniper remained standing, cover of live juniper
was eliminated by burning, indicating complete kill of all trees sam-
pled. No seed germinationwas detected during the first 20months fol-
lowing the fire.

Mean cover of live sagebrush was 97% on sagebrush plots before
the prescribed burn. Where the fire burned through the sagebrush
plots, it typically consumed all organic matter above the soil surface.
Live sagebrush cover on those plots was eliminated by the fire, sug-
gesting complete kill of sagebrush that was burned. No germination
of seeds was noted in the 20 months following the burn.

Mosses were rare beneath juniper and, as such, their cover was
not immediately changed by burning or over time (Fig. 1). Moss
cover was more prevalent under sagebrush and in the interspaces.
It declined immediately as a result of the fire in both vegetation

types. Cover of mosses remained significantly depressed on burned
and unburned sagebrush plots over the course of the study but recov-
ered to preburn levels on unburned plots by the second year. Fire,
likewise, significantly reduced moss cover on interspace plots that
burned, and it did not recover over the 2 years of the study. Moss
cover declined on unburned plots after 1 year, although less than
burned plots. Moss cover continued to decline on unburned plots
until it did not differ significantly from burned plots by the second
year post burn.

Lichens were scarce beneath juniper and sagebrush before the
burn. Hence, the fire had little impact on their abundance there
(Fig. 2). Although thereweremore lichens in the interspaces, the effect
of the burn therewasminimal. By the second year post burn, the cover
of lichens was less in the burned condition; no other differences were
significant. A number of lichen species were present. These included
Aspicilia fruticulosa (Eversm.) Flagey, A. hispida Mereschk., Buellia
elegans Poelt, Caloplaca tominii Savicz, Collema tenax (Sw.) Ach.,
Fulgensia bracteata (Hoffm.) Räsänen, Psora cerebriformisW.A. Weber,
P. decipiens (Hedwig) Hoffman., P. tuckermanii R. Anderson ex Timdal,
Placidium squamulosum (Ach. Bruess), and Toninia sedifolia (Scop.)
Timdal. The species that occurred most frequently were A. hispida,
C. tominii, and C. tenax.

Biotic Analyses

Algal Biomass
As ameasure of algal biomass, the chlorophyll a content in the soil

of all plots was measured and is presented in Figure 3. Chlorophyll a
content of the soil beneath juniper declined as a result of the burn
and remained at a reduced level over the next 2 years, although the
content after 1 year did not differ significantly from the unburned
plots. Chlorophyll a content in the soil beneath sagebrush tended to
decline in burned plots but increase in unburned plots. Chlorophyll
a content in the interspaces was not reduced immediately by the

Fig. 3.Chlorophyll a content of the soil of unburned andburned juniper, sagebrush, and interspace plots following a prescribed burn south of Tooele, Utah on5October 2006. Groups
with the same letter within a vegetation patch type are not significantly different at α = 0.05.

Fig. 2. Percent cover of lichens in unburned and burned juniper, sagebrush, and interspace plots following a prescribed burn south of Tooele, Utah on 5 October 2006. Groups with
the same letter within the same vegetation patch type are not significantly different at α = 0.05.
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burn but declined in the months following the fire on both burned
and unburned plots, which did not differ from each other.

Algal diversity
Aneffortwasmade to isolate all algal species present in burned and

unburned plots soon after the burn to ascertain the effect of the fire on
algal species diversity. A total of 52 distinct algal morphotypes were
observed, including 21 cyanobacteria, 26 chlorophytes, and 5
tribophytes (Table 2). The shrub interspace areas had highest algal di-
versity, with little difference in preburn and postburn species richness
(29 and 27 taxa, respectively). The preburn sagebrush understory area
had comparable diversity, with 24 taxa. However, the fire appeared to
damage the algal community in sagebrush understory, as diversity
dropped to 11 taxa after the fire. Juniper understory supported notably
fewer algal species, with only 11 taxa before the fire and 7 taxa after
the fire. It is also notable that under juniper there were relatively few
algae present, asmost taxa collected in these communitieswere repre-
sented by a single isolate.

Nitrogen Fixation

Nitrogen fixation of soil-dwelling organisms did not appear to be
reduced as an immediate consequence of burning in any of the veg-
etation types (Fig. 4). Nitrogen fixation declined with time in both
burned and unburned plots of juniper understory and interspaces;
the variation was minimal in sagebrush understory.

Discussion

That the prescribed fire in this studywas spotty and limited to the
early-successional juniper woodland was not entirely unexpected
given the suboptimal burn conditions. In addition, fine fuel loads typi-
cally decline as juniper stands mature (Barney and Frischknecht,
1974). Consequently, later-successional juniper stands are often diffi-
cult to burn (Martin, 1978; Bunting, 1987), as was noted at our study
site.

Within the early-successional juniper, the fire carriedmore readily,
affecting juniper, sagebrush, and, to a more limited extent, the inter-
spaces. Utah juniper is susceptible to fire (Barney and Frischknecht,
1974). Mortality is highest among mature trees when 60% or more of
the canopy is scorched (Springfield, 1976). Where the fine fuel load
was adequate, many older trees growing in the early successional
area of the present studywere scorched anddied. Except for individual
trees that escape burning, recovery is by seed. It typically requires 10
years or more for juniper to reappear (Barney and Frischknecht,
1974). Predictably, no recruitmentwas noted in the 20months follow-
ing the burn in this study.

Wyoming big sagebrush typically ignites readily and produces a
hot fire (Neuenschwander, 1980). As confirmed in this study, most
individuals are killed if affected by fire (Wambolt and Payne, 1986).
Reproduction is by seed, and seedlings may appear within 3 years
(Barney and Frischknecht, 1974). Seedlings had not yet appeared at
our study site after 20 months.

In this study, the prescribed burn caused a significant and long-
term reduction in moss cover in the sagebrush and interspace vege-
tation types where it was most abundant. A significant decline in
moss cover following fire has been noted in other published studies
related to rangelands of the western United States (Antos et al.,
1983; Johansen et al., 1984, 1998). Bowker et al. (2004) detected a
large but statistically insignificant decline in moss cover following a
fire in the Palouse region of the Pacific Northwest. Schulten (1985)
also reported a reduction in moss cover following burning of sand
prairie in southeastern Iowa, but the difference was not statistically
significant. What seemed less intuitive was the decline of moss
cover in unburned plots. However, as mosses tend to occur in
protected environments, it should not be unexpected that they
would decline when subjected to warmer, windier conditions

Table 2
Algal species present in vascular plant communities before and after the fire.

UI US UJ BI BS BJ

CYANOBACTERIA
Synechococcineae

Leptolyngbya crispata I I I
Leptolyngbya foveolarum C I C P
Leptolyngbya tenuis I P
Leptolyngbya sp. C C C
Protolyngbya sp. I
Trichocoleus sp. I

Oscillatoriineae
Aphanothece sp. P
Borzia periklei I
Cyanosarcina sp. I
Microcoleus steenstrupii P
Microcoleus vaginatus A I P I

Nostocineae
Hassallia bouteillei P
Hassallia sp. P
Nostoc desertorum I P
Nostoc indistinguendum I I C
Nostoc sphaericum P
Nostoc sp. A I C
Tolypothrix distorta P
Tolypothrix tenuis f terrestris P
Tolypothrix sp. I C
Trichormus sp. C P

CHLOROPHYTA (green algae)
Bracteacoccus sp. P I I P I P
Chlamydomonas sp. P
Chlorella minutissima I C I I I C
Chlorella sp. P P I
Chlorococcum sp.
Chlorosarcina sp. I
Coccomyxa sp. P P P P
Cystomonas sp. P
Dictyochloris sp. P
Diplosphaera chodatii P P
Diplosphaera sp. I
Elliptochloris sp. P
Fasciculochloris sp. P
Follicularia sp. P
Macrochloris sp. I P P
Myremecia sp. I P I I P
Neochloris sp.
Pseudotetracystis sp. I I P P P
Radiosphaera sp. P I
Scenedesmus sp. P I P P
Spongiochloris sp. P
Stichococcus bacillaris P
Tetracystis sp. P P
Trebouxia showmanii P
Trebouxia sp. P I
Trochisciopsis tetraspora P P I

TRIBOPHYTA (yellow-green algae)
Botrydiopsis sp. P
Heterococcus capitatus P
Heterococcus sp. P C P P
Xanthonema montanum P
Xanthonema sp. C C I C I

Cyanobacterial species richness 14 6 1 15 3 0
Eukaryotic species richness 15 18 10 12 8 7
Total algal species richness 29 24 11 27 11 7

UI = unburned interspace between shrubs, US = unburned sagebush understory, UJ =
unburned juniper understory, BI = postburn interspace between shrubs, BS = postburn
sagebrush understory, BJ = postburn juniper understory. Abundance codes are based on
the number of isolates obtained for each species and are: P=present (only 1 isolate), I=
infrequent (2-4 isolates), C = common (5-10 isolates), A = abundant (11-25 isolates).
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associated with the general loss of surrounding vegetation that
would otherwise protect them from warmer temperatures and des-
iccating wind.

Other studies have suggested that fire significantly diminishes li-
chen cover in rangeland communities (Antos et al., 1983; Johansen
et al., 1984; Schulten, 1985; Hilty et al., 2004; Ponzetti et al., 2007).
Of the studies suggesting a decline in lichens, only Antos et al.
(1983) were able to provide sufficient information on the timing
and aftermath of the burn to suggest that it was intense. Neverthe-
less, it stands to reason that intense fires are likely detrimental to li-
chen survival. Bowker et al. (2004) found that a low-intensity fire in
the Palouse prairie had minimal impact on lichen cover. This corrob-
orates the results of the present studywhere the low-intensity, spot-
ty fire produced no significant difference in lichen cover between
burned and unburned plots in any vegetation type.

The reduction in chlorophyll a content under both juniper and
sagebrush following the fire suggests immediate mortality among
chlorophyll-bearing organisms. Similar mortality following fire was
detected in a sagebrush community in Idaho (Rychert, 2002), a
greasewood community in Utah (Kasper, 1994), and the Palouse
prairie of Oregon (Bowker et al., 2004). Ford and Johnson (2006) re-
ported a decline in chlorophyll a following a dormant season burn in
the shortgrass steppe of New Mexico, but not following a growing
season burn. The continued decline in chlorophyll a content of the in-
terspaces over the 20months following the burnmay be indicative of
greater insolation and exposure to desiccating winds following the
removal of nearby shrubs. The lack of a significant difference be-
tween burned and unburned plots in the interspace patches confirms
the minimal direct impact of the burn there.

The higher diversity of cyanobacterial species compared with the
green algal flora noted in this study is similar to that previously re-
ported from this region (Johansen et al., 1984; Johansen and
Rushforth, 1985; Johansen and St. Clair, 1986). Some notable shifts
occurred in the cyanobacterial communities following the burn,
even in the less affected shrub interspaces. In dilution plates before
the burn, Microcoleus vaginatus was a clear dominant and more
than 20 isolates were made from these plates. This easily identified
species decreased in abundance after the fire. We suspect the in-
crease in Oscillatoriineae in interspace plots after the fire may be an
artifact due to the absence of M. vaginatus from many of the plates.
This taxon overgrows the plates when present and likely prevents
the emergence of the slower growing taxa, Aphanothece sp., Borzia
periklei, andMicrocoleus steenstrupii. We also noted a shift in the dis-
tribution of Nostoc species in these communities (Table 2). The het-
erocystous taxa, which have the potential to fix atmospheric
nitrogen, were clearly more abundant in the shrub interspaces.
Their presence was depressed in the sagebrush understory, and
they were absent altogether from the juniper understory. The eu-
karyotic algae (chlorophytes and tribophytes) demonstrated more

even species richness across vegetation patch types than was seen
in the cyanobacterial community. Depression in richnesswas evident
in the juniper understory and occurred in response to fire. Species di-
versity for eukaryotic species was highest in the sagebrush understo-
ry, although after the fire diversity had dropped by over half. The
dominant genera were Chlorella and Xanthonema.

Although few other studies have examined the effects of fire on
nitrogen fixation by biological soil crusts in western ecosystems,
they tend to confirm the absence or diminutive nature of short-
term effects. Burns (1983) found no difference in nitrogen fixation
between unburned and recently burned sagebrush grasslands about
50 km east of our study site. Ford and Johnson (2006) detected a sig-
nificant reduction in nitrogen fixation soon after a dormant season
burn in a desert grassland in New Mexico, but not after a growing
season burn. Within a year, the differences had disappeared. Four
years following a summer burn in a desert shrubland in Utah,
Johansen et al. (1998) found reduced nitrogen fixation in burned
plots compared with unburned plots, but the difference was not sig-
nificant. There were, likewise, no differences in nitrogen fixation be-
tween burned and unburned plots 2 years following a burn in a
creosote bush (Larrea divaricata) grassland north of El Paso, Texas
(Johansen et al., 1998). The absence of significant and/or sustained
reductions in nitrogen fixation in the present study, as well as in
others, may be related to the presence of heterotrophic bacteria,
which can also fix nitrogen (Klubek and Skujiņš, 1980; Jeffries et al.,
1992). Heterotrophic bacteria are not dependent on sunlight like
the photoautotrophic cyanobacteria; they can live below the surface
and are less likely to be damaged by intense surface heat. The longer-
term depression of nitrogen fixation in juniper understory and inter-
spaces may, like bryophyte and lichen cover, and chlorophyll a, be at-
tributable to the general harsher environments within and adjacent
to the burned areas.

Implications

Although this study was limited to a single burn at a single site, it
suggests that, while prescribed burning can negatively affect some
biological soil crust components in some parts of the early succes-
sional stage of a juniper woodland, the overall impact of low-
intensity fire on biological soil crusts in juniper woodlands may be
of minimal concern. If the intent of prescribed burning is a reduction
in juniper, burning of early successional juniper woodland is appro-
priate because most affected trees were killed. Control of sagebrush
can likewise be accomplished by low-intensity, cool-season fires
without serious damage to the biological soil crust. Due to the spotty
nature of the fire in the shrub interspaces, intact biological soil crusts
may provide cyanobacterial inoculants to recolonize the soil in the
juniper and sagebrush vegetation patch types, which were more af-
fected by the fire. Intense fires should be avoided due to the potential

Fig. 4.Nitrogen fixation rates (mmol N2m-2 hr-1) inmineral soil in unburned and burned juniper, sagebrush, and interspace plots following a prescribed burn south of Tooele, Utah
on 5 October 2006. Bars with the same letter within a vegetation patch type are not significantly different at α = 0.05.
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for greater encroachment into the shrub interspaces, which contain
the best developed biological soil crusts. This information, plus the
fact that late successional juniper woodlands are difficult to burn,
suggests that burning of early succession juniper may be a preferred
method to control juniper encroachment on western rangelands.

Acknowledgements

The authors gratefully acknowledge Rieta St. Clair and Steve Leav-
itt for their assistance with field work, Bruce Webb and Matthew
Vickery for timely soil analyses, and Melissa Vaccarino, Klára
Řeháková, Skirmante Rimkute, and Nicole Lesniak for assistance in
the laboratorywith identification and quantification of cyanobacteria
and green algae.

References

Antos, J.A., McCune, B., Bara, C., 1983. The effect of fire on an ungrazed western Mon-
tana grassland. American Midland Naturalist 110, 354–364.

Baker, W.L., Shinneman, D.J., 2004. Fire and restoration of piñon-juniper woodlands in
the western United States: a review. Forest Ecology and Management 189, 1–21.

Barney, M.A., Frischknecht, N.C., 1974. Vegetation changes following fire in the
pinyon-juniper type of west-central Utah. Journal of Range Management 27,
91–96.

Bell, R.A., Sommerfield, M.R., 1987. Algal biomass and primary production within a
temperate zone sandstone. American Journal of Botany 74, 294–297.

Belnap, J., 2001. Biological soil crusts and wind erosion. In: Belnap, J., Lange, O.L. (Eds.),
Biological soil crusts: structure, function, and management. Springer-Verlag, Hei-
delberg, Germany, pp. 339–347.

Belnap, J., Büdel, B., Lange, O.L., 2001. Biological soil crusts: characteristics and distri-
bution. In: Belnap, J., Lange, O.L. (Eds.), Biological soil crusts: structure, function,
and management. Springer-Verlag, Heidelberg, Germany, pp. 3–30.

Belnap, J., Prasse, R., Harper, K.T., 2001. Influence of biological soil crusts on soil envi-
ronments and vascular plants. In: Belnap, J., Lange, O.L. (Eds.), Biological soil
crusts: structure, function, and management. Springer-Verlag, Heidelberg,
Germany, pp. 281–300.

Board, D.J., Chambers, J.C., Wright, J.G., 2011. Effects of spring prescribed fire in
expanding pinyon-juniper woodlands on seedling establishment of sagebrush
species. Natural Resources and Environmental Issues 16 [article 20].

Bowker, M.A., Belnap, J., Rosentreter, R., Graham, B., 2004. Wildfire- resistant biologi-
cal soil crusts and fire-induced loss of soil stability in Palouse prairies, USA. Ap-
plied Soil Ecology 26, 41–52.

Buckman, R.E., Wolters, G.L., 1987. Multi-resource management of pinyon-juniper
woodlands. In: Everett, R.L. (compiler), Proceedings—pinyon-juniper conference.
U.S. Department of Agriculture, Forest Service, RMRS GTR-INT-215, Ogden, UT,
USA, pp. 1–4.

Bunting, S.C., 1987. Use of prescribed burning in juniper and pinyon-juniper woodlands.
In: Everett, R.L. (compiler), Proceedings—pinyon-juniper conference. U.S.
Department of Agriculture, Forest Service, RMRS GTR-INT-215, Ogden, UT, USA,
pp. 141–144.

Burns, S.J., 1983. Nitrogen fixation and transformation in cryptogamic soil crusts as af-
fected by disturbance. [thesis], Brigham Young University, Provo, UT, USA [64 pp.].

Carmichael, W.W., 1986. Isolation, culture, and toxicity testing of toxic freshwater
cyanobacteria (blue-green algae). In: Shilov, V. (Ed.), Fundamental research in ho-
mogenous catalysis vol. 3. Gordon & Breach, New York, NY, USA, pp. 1249–1262.

Desert Research Institute, 2011.Western Regional Climate Center. Available at: http://
www.wrcc.dri.edu [Accessed 10 August 2011].

Evans, R.D., Lange, O.L., 2001. Biological soil crusts and ecosystem nitrogen and carbon
dynamics. In: Belnap, J., Lange, O.L. (Eds.), Biological soil crusts: structure, function
and management. Springer-Verlag, Heidelberg, Germany, pp. 265–282.

Ford, P.L., Johnson, G.V., 2006. Effects of dormant vs. growing-season fire in shortgrass
steppe: biological soil crust and perennial grass responses. Journal of Arid Envi-
ronments 67, 1–14.

Harrell Jr., F.E., 2015. Hmisc: Harrell miscellaneous. R package version 3.15-0. Avail-
able at: http://CRAN.R-project.org/package=Hmisc [Accessed 25 February 2015].

Hilty, J.H., Eldridge, D.J., Rosentreter, R., Wicklow-Howard, M.S., Pellant, M., 2004. Re-
covery of biological soil crusts following wildfire in Idaho. Journal of Range Man-
agement 57, 89–96.

Jeffries, D.L., Klopatek, J.M., Link, S.O., Bolton Jr., H., 1992. Acetylene reduction by cryp-
togamic crusts from a blackbrush community as related to resaturation and dehy-
dration. Soil Biology and Biochemistry 24, 1101–1105.

Johansen, J.R., 2001. Impacts of fire on biological soil crusts. In: Belnap, J., Lange, O.L.
(Eds.), Biological soil crusts: structure, function, and management. Springer-
Verlag, Heidelberg, Germany, pp. 385–397.

Johansen, J.R., Rushforth, S.R., 1985. Cryptogamic soil crusts: seasonal variation in algal
populations in the Tintic Mountains, Juab County, Utah. Great Basin Naturalist 45,
14–21.

Johansen, J.R., St. Clair, L.L., 1986. Cryptogamic soil crusts: recovery from grazing near
Camp Floyd State Park, Utah, USA. Great Basin Naturalist 46, 632–640.

Johansen, J.R., St. Clair, L.L., Webb, B.L., Nebeker, G.T., 1984. Recovery patterns of cryp-
togamic soil crusts in desert rangelands following fire disturbance. Bryologist 87,
238–243.

Johansen, J.R., Ashley, J., Rayburn, W.R., 1993. Effects of rangefire on soil algal crusts in
semiarid shrub-steppe of the lower Columbia Basin and their subsequent recov-
ery. Great Basin Naturalist 53, 73–88.

Johansen, J.R., St. Clair, L.L., Evans, R.D., Flechtner, V.R., Balczon, J., Webb, B.L., 1998. Re-
silience of biological soil species to military training pressures: natural and stim-
ulated recovery following disturbance. Final report for contract DACA88-95-C-
0015. Construction Engineering Research Laboratory, Champaign, IL, USA.

Kasper, K.A., 1994. The effects of rangefire and trampling upon algal soil crusts of a
greasewood community in the west desert of Utah. [thesis], John Carroll Univer-
sity, University Heights, OH, USA [54 pp.].

Klubek, B., Skujiņš, J., 1980. Heterotrophic N2-fixation in arid soil crusts. Soil Biology
and Biochemistry 12, 229–236.

Ladyman, J.A.R., Muldavin, E., 1996. Terrestrial cryptogams of pinyon-juniper wood-
lands in the southwestern United States: a review. RM-GTR-280. U.S. Department
of Agriculture, Forest Service, Fort Collins, CO, USA [33 pp.].

Martin, R.E., 1978. Fire manipulation and effects in western juniper (Juniperus
occidentalis Hook). In: Martin, R.E., Dealy, J.E., Caraher, D.L. (Eds.),
Proceedings—western juniper ecology and management workshop. GTR-PNW-
74. U.S. Department of Agriculture, Forest Service, Portland, OR, USA, pp. 121–136.

Miller, R.E., Rose, J.A., 1999. Fire history and western juniper encroachment in sage-
brush steppe. Journal of Range Management 52, 559-559.

Miller, R.F., Tausch, R.J., McArthur, E.D., Johnson, D.D., Sanderson, S.C., 2008. Age struc-
ture and expansion of piñon-juniper woodlands: a regional perspective in the In-
termountain West. RMRS-RP-69. U.S. Department of Agriculture, Forest Service,
Fort Collins, CO, USA [15 pp.].

Neuenschwander, L.F., 1980. Broadcast burning of sagebrush in the winter. Journal of
Range Management 333, 233–236.

Ponzetti, J.M., McCune, B., Pyke, D.A., 2007. Biotic soil crusts in relation to
topography, cheatgrass and fire in the Columbia Basin, Washington. The Bryolo-
gist 110, 706–722.

R Development Core Team, 2014. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria 3-900051-07-0
[URL http://www.R-project.org].

Rosentreter, R., Belnap, J., 2001. Biological soil crusts of North America. In: Belnap, J.,
Lange, O.L. (Eds.), Biological soil crusts: structure, function, and management.
Springer-Verlag, Heidelberg, Germany, pp. 31–50.

Rychert, R.C., 2002. Assessment of cryptobiotic crust recovery. Western North
American Naturalist 62, 223–227.

Schulten, J.A., 1985. The effects of burning on the soil lichen community of a sand prai-
rie. The Bryologist 88, 110–114.

Smithson,M., Verkuilen, J., 2006. A better lemon squeezer?Maximum-likelihood regres-
sion with beta-distributed dependent variables. Psychological Methods 11, 54–71.

Springfield, H.W., 1976. Characteristics and management of Southwestern pinyon-
juniper ranges: the status of our knowledge. RM-160. U.S. Department of Agricul-
ture, Forest Service, Fort Collins, CO, USA [33 pp.].

Stahel, W.A., 2002. Statistische Datenanalyse. Eine Einführung für
Naturwissenschaftler. Vieweg, Braunschweig.

Terry, R.E., Jolley, V.D., 1994. Nitrogenase activity is required for the activation of iron-
stress response in iron-inefficient T203 soybean. Journal of Plant Nutrition 17,
1417–1428.

USDA, NRCS, 2011. Web soil survey. Available at: http://websoilsurvey.nrcs.usda.gov/
app [Accessed 10 August 2011].

Wambolt, C.L., Payne, G.F., 1986. An 18-year comparison of control methods for Wyo-
ming big sagebrush in southwestern Montana. Journal of Range Management 39,
314–319.

Warren, S.D., 2001. Synopsis: influence of biological soil crusts on arid land hydrology
and soil stability. In: Belnap, J., Lange, O.L. (Eds.), Biological soil crusts: structure,
function, and management. Springer-Verlag, Heidelberg, Germany, pp. 351–362.

Warren, S.D., 2001. Biological soil crusts and hydrology in North American deserts. In:
Belnap, J., Lange, O.L. (Eds.), Biological soil crusts: structure, function, and man-
agement. Springer-Verlag, Heidelberg, Germany, pp. 327–337.

247S.D. Warren et al. / Rangeland Ecology & Management 68 (2015) 241–247


