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Biological soil crusts are an important component of desert ecosystems, as
they influence soil stability and fertility. This study examined and compared
the short-term vehicular impacts on lichen cover and nitrogenase activity
(NA) of biological soil crusts. Experimental disturbance was applied to
different types of soil in regions throughout the western U.S. (Great Basin,
Colorado Plateau, Sonoran, Chihuahuan, and Mojave deserts). Results show
that pre-disturbance cover of soil lichens is significantly correlated with the
silt content of soils, and negatively correlated with sand and clay. While
disturbance appeared to reduce NA at all sites, differences were statistically
significant at only 12 of the 26 sites. Cool desert sites showed a greater
decline than hot desert sites, which may indicate non-heterocystic
cyanobacterial species are more susceptible to disturbance than non-
heterocystic species. Sandy soils showed greater reduction of NA as sand
content increased, while fine-textured soils showed a greater decline as sand
content increased. At all sites, higher NA before the disturbance resulted in
less impact to NA post-disturbance. These results may be useful in predicting
the impacts of off-road vehicles in different regions and different soils.
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Introduction

Thirty per cent of the United States consists of semi-arid or arid landscapes (UNEP,
1992). Human use has increased exponentially in most arid and semi-arid lands of the
United States since the late 1800s. Historically, most of this use has been livestock
grazing in areas where water was accessible; more recently, substantial increases in off-
road vehicle and hiking activity have greatly expanded direct human use both spatially
and temporally. Although these uses do not directly remove surface material, they still
can have profound impacts on soil resources and nutrient cycles. As recovery times in
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these ecosystems can be extremely slow, effective management of this vast resource
generally means preserving, to the greatest extent feasible, existing ecosystem
structure and function.

Recent ecological discussion has addressed the hypothesis that natural disturbance
is a major factor in the structuring of communities, or in the words of Reich (1994),
‘the normal state of communities and ecosystems is to be recovering from the
last disturbance.’ Ecosystems are likely to vary in both their resistance and resilience to
disturbance. Deserts are generally considered to have both low resistance
and resilience to disturbance (Mack & Thompson, 1982). However, it is expected
that resistance and resilience to disturbance will vary among deserts as among
ecosystems in general. There are many variables that may control an ecosystem’s
response to disturbance, among them being the soils, flora and fauna, climate, and the
type and levels of disturbance that have been present in these systems over
evolutionary time. Comparing the response of different desert systems may provide
us with the ability to predict what areas will be less able to withstand anthropogenic
activity.

Biological soil crusts play an integral part in the functioning of desert ecosystems
(see Belnap & Lange, 2001, for review). They are often the dominant source of
nitrogen (N) for these ecosystems, therefore we chose to look at the response of
nitrogen fixation in crusts as an indicator of resistance to disturbance. Nitrogen in
deserts is of concern because N, after water, is generally considered the element most
limiting primary productivity in semi-arid and arid ecosystems (Romney et al., 1978).
Input rates of N from atmospheric and parent material sources are extremely low in
arid regions, and these systems can be dependent on N fixed by biological soil crusts
(Evans & Ehleringer, 1993). Previous studies show that soil surface disturbance can
greatly reduce or eliminate N fixation in biological soil crusts (Belnap et al., 1994;
Belnap, 1995, 1996; Evans & Belnap, 1999). This lack of input from the biological
soil crusts is reflected in plant tissue N levels (Harper & Pendleton, 1993; Belnap &
Harper, 1995). Since N loss is a continuous process, understanding factors that
decrease N availability is of critical importance to maintaining the sustainability of arid
systems (Peterjohn & Schlesinger, 1990).

Biological soil crusts in different U.S. deserts generally have similar cyanobacterial
and cyanolichen species, but these species occur in different proportions in different
regions. This is likely to influence the resistance of a given biological soil crust to
disturbance. Crusts in cool deserts (e.g. Colorado Plateau, northern Great Basin)
receive most precipitation during winter; cyanobacteria in these crusts are dominated
by Microcoleus vaginatus (Vauch.) Gom., a cyanobacterial species with only limited N-
fixing capability, and contain lesser amounts of Scytonema myochrous (Dillwyn) Agardh
ex Bornet et Flahault em. Jaag, and Nostoc sp., both of which are active N fixers. In
these cool desert ecosystems, most of the N input comes from the very active N fixing
soil lichen Collema tenax (Sw.) Ach. Hot U.S. deserts with mostly summer rainfall (e.g.
Chihuahuan, Sonoran, and parts of the Mojave) generally have a much more mixed
cyanobacterial flora and are dominated by active N fixers such as Scytonema sp.,
several Nostoc species, Calothrix parietina (Naeg.) Thur., and Schizothrix calcicola (Ag.)
Gom. In contrast to the cooler deserts, these deserts have only small amounts of
Microcoleus and much less Collema tenax cover (Rosentreter & Belnap, 2001).

Management of off-road vehicles is a major challenge for most land managers in
deserts, yet only a handful of studies have addressed their impacts. The few studies
done show that off-road vehicles compact soils, crush vegetation and crusts, and
increase soil erosion (reviewed in Webb & Wilshire, 1983). As off-road use is
increasing throughout the world, it is a relevant agent to use for disturbance
treatments. Thus, this project was intended to establish if, and how, off-road vehicle
activity affects N inputs in deserts with different climates, crust floras, and disturbance
regimes over evolutionary time. Accordingly, experimental off-road disturbance was
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applied to biological soil crusts in five U.S. desert regions (Chihuahuan, Sonoran,
Mojave, Great Basin, and Colorado Plateau) and the short-term impact of this
disturbance to nitrogenase activity (as an indicator of nitrogen fixation) in the crusts
was measured.

Methods

Plots were established in spring 1993 on the southern Colorado Plateau 15 miles
south of Moab, UT (cool desert, summer rains), during spring 1995 in the Sonoran
Desert (Organ Pipe National Monument near Ajo, AZ; hot desert, summer rains), the
Mojave Desert (Joshua Tree National Monument near Joshua Tree, CA; hot desert,
winter rains), the Chihuahuan Desert ( Jornada Experimental Range near Las Cruces,
NM; hot desert, summer rain), the northern Colorado Plateau (Dinosaur National
Monument near Vernal, UT; cool desert, summer rains) and the Great Basin Desert
(Dugway Proving Grounds, Dugway, UT; cool desert, winter rains). Additional plots
were established in the Mojave Desert (Nevada Test Site near Mercury, NV) in spring
1996.

Biological soil crust cover and composition was determined over a 0?5 ha area
before the disturbance was applied using a 25 cm2 quadrat frame, with a minimum of
20 plots per site. Two composite soil samples consisting of 30 subsamples each were
collected for textural and nutrient analyses. These were sifted through a 2 mm sieve
and then sent to the Brigham Young University Soil and Plant Analysis Lab in Provo,
UT for analysis of cation exchange capacity, organic matter, K, Na, Ca, Mg, Cu, Fe,
Mn, Zn, and N.

Disturbance consisted of driving a GM Suburban four-wheel drive vehicle with fully
inflated tires over a dry soil surface four times (driving back and forth two times).
Variability in the treatment effect was reduced by driving slowly so that the soil surface
was crushed but not churned. This was considered a conservative disturbance, as
most off-road vehicles accelerate while driving over the soil surface and soil is both
crushed and turned over, burying biological soil crust organisms. At least two parallel
tracks were established at each site.

Nitrogenase activity (NA: used to estimate nitrogen fixation rates) was measured
immediately after the disturbance. Ten samples were collected from within each track,
and ten samples from outside each of the two tracks, resulting in a minimum of 20
samples in and 20 samples outside tracks for each site; sites with multiple tracks had
higher numbers of samples. Samples were placed in clear, gas-tight tubes, the entire
crustal surface wetted equally with distilled water, and then injected with enough
acetylene to create a 10% acetylene atmosphere (Belnap, 1996). After injection,
samples were incubated for 4 h at 261C in a chamber lighted with Chromo50 (5000 K)
and cool white fluorescent bulbs. Subsamples (0?25 ml) of the head space within the
tubes were then analysed for acetylene and ethylene content on a Schimadzu FID gas
chromatograph equipped with an 8-foot, 8% NaCl on alumina column, using helium
as the carrier gas (30 ml min�1).

All statistical analysis was done using a SPSS statistical package (SPSS, 1999). Data
at individual sites were analysed for normality. The disturbed tracked area and
undisturbed untracked area were compared using a t-test when data had a normal
distribution or the Kolmogorov–Smirnov Z test (using log-transformed data) when
data did not have a normal distribution. Pearson’s correlation coefficients were also
calculated for the following combinations of sites: all sites, non-gypsum sites (gypsum
crusts are much more resistant to crushing than the other substrates tested), cool
deserts, hot deserts, hot deserts without gypsum soils, sandy soils (460% sand), and
fine-textured (440% clay and silt) soils. Results are reported as significant when
po0?05 unless otherwise noted.
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Results and discussion

Crust cover

Table 1 summarizes the crust cover, soil texture, and the percent decline of NA of the
sampled sites. This experiment covered a wide range of crust and soils types: total
lichen cover ranged from 0% to 66%, the N-fixing lichen Collema cover ranged from
0% to 48%, and cyanobacterial cover ranged from 29% to 100%. Soils ranged from
coarse to fine-textured.

In this study, cover of Collema and other lichens was highly correlated with soil
texture in most of the site groupings (Table 2). Both Collema and other lichen cover
decreased with increasing sand. Collema cover increased with increases in silt, while
other lichens increased with increases in clay. Both Collema and other lichen cover was
positively correlated with soil Ca content, while cyanobacterial cover was negatively
correlated with soil Ca.

Gypsum soils consistently had the highest Collema and total lichen cover of all soil
types. This is a pattern that has been observed globally (Belnap et al., 2001). It is not
known why gypsiferous soils provide such a favorable environment for lichens, but it
has been speculated that gypsum provides high levels of stability, P, Ca, and/or high
water availability.

While overall lichen cover, in general, is lower in desert regions with summer rainfall
around the world (Eldridge, 2001; Rosentreter & Belnap, 2001), only a few published
studies have addressed the environmental controls on specific species. A study of 70
sites in the Mojave Desert showed a similar result for Collema cover as this study, with
cover positively correlated with silt (r = 0?78). Higher silt likely corresponds with
greater water-holding capacity of soils. Because biological soil crust organisms are only
active when wet, and water is limited in deserts, greater soil moisture retention times
mean longer periods of metabolic activity for Collema. While results from this study
showed no correlation between Collema cover and soil P, data from the Mojave Desert
showed soil P was also very important in predicting Collema cover.

Nitrogenase activity

Twelve of the 26 tested sites showed significantly lower NA in disturbed areas relative
to controls immediately following application of the disturbance treatment (Table 1).
Two additional sites were significantly different at po0?10. Decline in NA at these 14
sites ranged from 27% to 100%, and included both hot and cool desert sites. Of the 13
sites that did not show significant decline, 11 did have lower values in the disturbed
area relative to the control, indicating most sites tend to be impacted by off-road
vehicle activity. This result is similar to previous studies on the Colorado Plateau and
the Great Basin which found that soil surface disturbance greatly reduces or eliminates
nitrogenase activity in biological soil crusts (Belnap et al., 1994; Belnap, 1995, 1996).
Three study sites in Joshua Tree (sand 2), Organ Pipe (sand 1), and Jornada
Experimental Range (sand 2) had a high rock cover. After disturbance was applied,
the tracks could not be visually identified, and no decline in nitrogenase activity was
detected. This indicates that sufficient rock cover can prevent vehicular traffic from
reducing NA in biological soil crusts.

Cool desert sites showed significantly greater decline in NA after disturbance than
hot desert sites (po0?05). Cool desert sites were most susceptible to disturbance
when pre-disturbance NA was low and soils were coarse-textured. While coarse-
textured soils in hot deserts were also more susceptible to disturbance, this effect was
less pronounced than at cool desert sites. These results are best explained by
considering the different features of the dominant cyanobacteria in these two types of



Table 1. Study site characteristics, including desert type, year study site established, pre-disturbance crust cover, soil texture, and percent decline
in nitrogenase activity following disturbance

%Cover Soil% % decline
nitrogenase

activity
Desert Desert

type
Site Year

established
Track ID Collema

sp.
Cyanobacterial

Crust
Other

Lichens
Sand Clay Silt

Mojave Hot Nevada Test Site 1996 Sand 13 29 0 70 12 18 70***
Joshua Tree NP 1995 Sand 1 nd nd nd 80 9 12 100***

Sand 2 nd nd nd 77 7 16 �1

Sonoran Hot Organ Pipe NM 1995 Silt 1 7 88 0 60 11 29 14
Silt 2 13 80 0 65 9 25 42***
Silt 3 24 64 7 49 15 37 32**
Silt 4 nd nd nd 55 12 32 27**

Chihuahuan Hot Jornada Experimental 1995 Sand 1 nd nd nd 80 7 12 3
Range Sand 1 6 81 13 61 20 19 18

Sand 2 3 94 3 61 21 18 �73
Sand 3 4 77 19 61 21 18 13

Silt 1 3 90 7 55 27 18 50**
Silt 2 3 70 27 45 35 21 42**
Silt 3 8 75 18 50 31 19 57

Holloman AFB 1995 Gypsum 1 28 61 7 42 g g 27
Gypsum 2 29 58 11 38 g g 27
Gypsum 3 48 33 18 43 g g 36

Whitesands NM 1995 Gypsum 1 29 57 10 54 g g 16
Gypsum 2 32 39 21 47 g g 44
Gypsum 3 22 63 7 50 g g 44*

Colorado Cool Arches NPa 1992 Sand 1 5 95 0 78 11 11 51**
Plateau Sand 2 0 100 0 87**

Dinosaur NM 1996 Silt 10 61 10 nd nd nd 86***

Great Basin Cool Dugway Proving Grounds 1995 Sand 1 2 nd nd 83 9 8 65***
Sand 2 1 nd nd 74 13 13 37**
Silt 1 1 nd nd 44 28 28 25*
Silt 2 0 nd nd 66 14 20 31

*Arches sites were directly adjacent so soil characterization was done once for the entire site.
Note: nd = no data; g = gypsum soils; * = po0?10, **= po0?05, *** = po0?01
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Table 2. Correlations of Collema cover, other lichen cover, and cyanobacterial biomass with soil characteristics for different combinations of sites

% Stand % Silt % Clay Ca, ppm

r Site grouping r Site grouping r Site grouping r Site grouping

Collema sp. cover �0?65** All +0?77** All �0?60* Hot, NG +0?84** All
�0?60** Hot +0?77** NG �0?56* Hot +0?92* Sand

+0?85** Silt
+0?76** Hot, NG
+0?75** Hot

Other lichen cover �0?63** All +0?86** All +0?63* NG
�0?67** NG +0?84** NG +0?80* Silt
�0?84** Silt +0?90** Silt
�0?75* Sand +0?78* Sand
�0?63* Hot, NG +0?81** Hot, NG

Cyanobacteria biomass +0?52** All �0?60** All
+0?96** Sand

All = all data pooled; NG = no gypsum soils included; Fine = sites with fine-textured soils (o60% sand); Sand = sandy sites (460% sand); Cool = cool desert sites;
Hot = hot desert sites. Only values with significant correlations were listed, with *= po0?05, ** = po0?01
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desert. The cyanobacterial flora of cool deserts is dominated by the large, highly
mobile, non-heterocystic Microcoleus vaginatus that fixes very low amounts of N
(Belnap & Gardner, 1993; Steppe et al., 1996). Lack of heterocysts means this species
must employ other means of excluding oxygen such as creating micro-anaerobic
zones in the soil through packing together of multiple organisms or within the
extra-cellular polysaccharide sheath surrounding the cyanobacteria (Belnap, 1996;
Steppe et al., 1996). Such micro-anaerobic zones could be easily disrupted with soil
surface disturbance. In addition, the low N-fixing capability of Microcoleus means N
inputs from N-fixing lichens such as Collema are very important for cool desert
ecosystems.

In contrast, the cyanobacterial flora of hot deserts is dominated by small, relatively
non-mobile, heterocystic species such as Schizothrix, Calothrix, and Nostoc that fix high
amounts of N (Cameron, 1969), while cover by Collema is limited and patchy. Because
these cyanobacteria have heterocysts, they do not rely on external conditions for
oxygen exclusion. Consequently, disruption of NA with disturbance appears less likely
when communities are dominated by heterocystic cyanobacteria rather than the non-
heterocystic Microcoleus.

These data also show that in hot deserts, NA declines were lower at sites with higher
cyanobacterial and lower Collema cover. This result was opposite that found in a
previous study at cool desert sites, where cyanobacteria-only sites were more sensitive
to off-road vehicle impacts than sites with high Collema cover (Belnap, 1996). In
Collema, the nitrogen-fixing cyanobacterial partner is embedded in fungal tissue and
thus is likely to be well-protected from exposure to oxygen even when lichen pieces are
broken off. However, if the pieces are buried, they will die. Thus, susceptibility of
Collema in different deserts is probably dependent on soil characteristics (e.g. soils that
are easily churned will probably result in higher mortality). In contrast, the increased
sensitivity of cyanobacteria in cool deserts over hot deserts may be explained by the
hypothesis that heterocystic species are less susceptible to disturbance than non-
heterocystic species (as discussed above), especially if oxygen exclusion is attained by
clumping of the organisms. If this is true, understanding the factors that control the
composition of cyanobacterial communities may be important in predicting the effects
of soil surface disturbance in different regions.

Most of the data in this study show NA rates in both disturbed and undisturbed
sites decline as sand content increases, while increasing with an increase in clay
content (Table 3). Sandy soils, having lower aggregate stability than finer-textured
soils, are less stable and more likely to be disrupted with the same type and intensity of
disturbance than finer-textured soils. Stability is needed both for the formation of
micro-anaerobic zones as well as for colonization of N-fixing lichens. Thus, it is
expected that sandy soils would have lower NA before and after disturbance than fine-
textured soils, and that this pattern would be most pronounced where NA requires
more stability: that is, in cool deserts dominated by Microcoleus. Other studies from
cool deserts show similar results when disturbed by vehicles: NA in sandy soils
declined 76–89% while NA in finer-textured soils declined 25–40% (Belnap et al.,
1994; Belnap, 1995, 1996).

Some of the sites chosen for this study were dominated by gypsiferous soils. The
surface of the gypsum soils was much more difficult to disrupt with the vehicle than
any of the other soil types tested (except where high gravel soils prevented formation
of any identifiable tracks). For this reason, we tested correlations of the different
variables and NA with and without the gypsiferous sites. Exclusion of the gypsum sites
did not alter whether or not there was a significant correlation with any variable, but
exclusion of the gypsum sites did result in higher correlation coefficients. The small
number of gypsum sites precluded analysis of those sites alone.

Sandy soils (460% sand) were also analysed separately from finer-textured (o60%
sand) soils. NA on finer-textured soils in both disturbed and undisturbed sites was



Table 3. Correlation coefficients for different combinations of sites

Nitrogenase activity,
undisturbed

Soil
texture

Cyano-
bacteria
cover

Other
lichen
cover

% Sand % Silt % Clay

r Site
grouping

r Site
grouping

r Site
grouping

r Site
grouping

r Site
grouping

r Site
grouping

% Decline in �0?67* Cool �0?54* Fine �0?73** Cool +0?65** Fine �0?61** Hot, NG
nitrogenase +0?57** Sand �0?58** Sand �0?49** Hot
activity +0?72** Cool �0?68* Cool

Nitrogenase +0?90*** All �0?38** All +0?78** Cool, NG +0?59*** All +0?59*** All
activity, +0?91*** NG �0?55*** NG +0?67*** NG +0?67*** NG
disturbed +0?95*** Fine �0?87** Cool +0?71*** Sand +0?82*** Fine

+0?74*** Sand �0?48** Hot, NG +0?93*** Cool +0?72*** Hot, NG
+0?96*** Cool �0?35* Hot +0?63*** Hot, NG +0?59*** Hot
+0?90*** Hot, NG +0?56*** Hot
+0?90*** Hot

Nitrogenase �0?34** All +0?63*** All +0?71*** All
activity, �0?47** NG +0?65*** NG +0?74*** NG
undisturbed �0?59*** Fine +0?68*** Fine +0?92*** Fine

�0?70* Cool +0?81*** Cool +0?79*** Hot, NG
�0?58*** Hot, NG +0?71*** Hot, NG +0?73*** Hot
�0?48*** Hot +0?71*** Hot

Note: All = all data pooled; NG = no gypsum soils included; Fine = sites with fine textured soils (o60% sand); Sand = sandy sites (460% sand), Cool = cool desert sites;
Hot = hot desert sites. Only values with significant correlations were listed, with * = po0?10, ** = po0?05, *** = po0?01.
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more often significantly correlated with soil variables than NA on sandy soils,
indicating that NA on finer-textured soils may be more predictable than on sandy
soils. The relationship between soil texture and response to disturbance NA was also
of interest. When the sandy sites were analysed alone, both increasing sand content
and a decline in clay resulted in greater NA decline after disturbance. Within the finer-
textured sites, the response was the opposite: more sand and less clay resulted in less
damage. This may indicate a threshold response: while some clay or sand confers
resistance to disturbance, too much of either may increase susceptibility to
disturbance.

All data showed a very high correlation between NA in disturbed and undisturbed
soils, indicating that the susceptibility to disturbance can be predicted from pre-
disturbance conditions. Interestingly, at most sites other than cool deserts, the total
cover of all lichens other than Collema was highly correlated with both pre- and post-
disturbance NA levels, while the cover of Collema was not correlated with either NA
level. This may be explained by the presence of N-fixing Heppia and Peltula at hot
desert sites, which were not distinguished by species.

Earlier studies showed that short-term declines in NA are often followed by even
greater declines in NA over time (Belnap, 2001). This is presumably due to
subsequent death of buried material, as the dominant N fixers are all photosynthetic
organisms. Similarly, a further decline at these study sites is expected over time.
Decreased N inputs from crusts can have long-term impacts on soil and plant N.
Jeffries (1989) found 50% less N in grazed soils compared to adjacent ungrazed soils
where Collema cover had declined as well. Evans & Belnap (1999) found that grazed
soils had a 42% decrease in soil N and a 34% decrease in plant tissue N when
compared to nearby ungrazed soil. Plants growing in crusted soils have higher tissue
concentrations of N than those growing in uncrusted soils (Harper & Pendleton,
1993; Belnap & Harper, 1995; Harper & Belnap, 2001). Other studies have
documented that N fixed by crusts is utilized by nearby plants and other surrounding
organisms including fungi, actinomycetes, and bacteria (Stewart, 1967; Jones &
Stewart, 1969a, b; Rogers & Burns, 1994). Disturbance of biological soil crusts also
decreases soil stability and albedo, both of which can influence N inputs and N cycles
(Williams et al., 1995a, b; Belnap, 1995, 1996; Belnap & Gillette, 1997, 1998). Thus,
reductions in N inputs from crusts can have large implications for N cycles in places
dominated by biological soil crusts, and should be considered in land management
decisions.

Many thanks to Gary Gurtler, Danielle Barr, Cindy Furman, Lynda Sperry, Sue Rutman, Jane
Rogers, and Jeff Herrick for field assistance. Special thanks to Sue Phillips for editorial and
graphics assistance. Funding from the National Park Service is gratefully acknowledged.
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