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Abstract—Eolian dust (windblown silt and clay) and biological soil
crusts are both important to ecosystem functioning of arid lands.
Dust furnishes essential nutrients, influences hydrology, contrib-
utes to soil formation, and renders surfaces vulnerable to erosion.
Biological soil crusts contribute directly to soil fertility by fixing
carbon and nitrogen, and indirectly by trapping newly-deposited
dust and stabilizing already-present soil. Results from crust-stabi-
lized, unconsolidated sandy sediments on prominent rock exposures
and grasslands show dust inputs have significantly increased all
bio-essential nutrients in soils of SE Utah, including P, K, Mg, Na,
and Ca. As plants can be P and K-limited in these soils, dust may be
essential for plant growth. Evidence for eolian dust comes from
magnetic, chemical, and mineralogic properties of the soils that
contrast greatly with those of local bedrock. For example, magne-
tite, which formed originally in igneous rocks, is common in soils but
absent in the local sedimentary bedrock. In view of the regional
geology, particle-size distribution of soils, and patterns of proper-
ties, the magnetite represents long-distance transport of eolian
dust. Dust in the biological soil crusts, when compared to underlying
sediment, shows higher magnetite, Zr, and Zr/Ti, suggesting that
dust sources have changed over the past few decades. It is suggested
that recent human disturbance in areas surrounding the Colorado
Plateau may be responsible for this change in dust source. Because
most of the fertility in these soils is due to dust input, it is of concern
to land managers when soil loss via wind and water erosion exceeds
this input. Ever-increasing use of these desert landscapes by recre-
ation, military and agricultural activities generally destroys the
biological soil crusts that are critical for nitrogen, carbon, and soil
stability. Thus, increased erosion, and reduced dust retention, may
be a result of these activities.

Introduction

The source of desert soil fertility has long been a question
for many scientists. Weathering of soils from parent mate-
rial in this region is generally very slow, taking 5,000—
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10,000 years (Dregne 1983). Rainfall is low, and thus nutri-
ent input via wet deposition is limited. Few nitrogen-fixing
plants are found in these regions (Wullstein 1989), and
sparse vascular vegetation limits carbon inputs. Eolian dust
hasrecently been demonstrated to be an important source of
nutrients for a wide range of ecosystems (Chadwick and
others 1999). Eolian dust has been identified, primarily on
the basis of chemical, mineralogic, and textural properties,
in several types of surficial deposits in arid environments
(McFadden and McAuliffe 1997; Reheis and others 1995).
However, because such dust is wind-transported, it also
renders the soils and sediment in which it resides vulnerable
to subsequent wind erosion.

Biological soil crusts can contribute to soil fertility in
deserts in many ways. They have high C fixation rates, and
significant amounts of C can be fixed during seasons when
soils remain wet for extended periods (Beymer and Klopatek
1991; Belnap and Lange 2001). Much of the C fixed by crust
organisms is used for extracellular polysaccharide produc-
tion or leaked into surrounding soils. Because desert micro-
bial populations are generally C-limited (Follett 2001), soil
crusts may be critical in sustaining decomposition in these
soils. Biological soil crusts influence soil temperature, mois-
ture levels, aeration and porosity (Harper and Marble 1988;
Belnap 1995; George and others, unpublished data). Soil
crusts influence vascular plant productivity by being a
dominant source of N (Evans and Ehleringer 1993), mostly
due to N fixation by the soil lichen Collema (Belnap 1996).
Cyanobacteria secrete powerful metal chelators and other
substances that maintain nutrients in plant-available forms
despite the high pH of desert soils (Belnap and Lange 2001).
Crusts are also critical for soil stability and aggregate
formation (Belnap and Gardner 1993; Williams and others
1995a; Belnap and Gillette 1997, 1998).

Most lands in the Western United States, once isolated
and seldom visited, have undergone escalating use since the
late 1800s. Historically, most of the land use was limited to
livestock grazing in areas where free surface water was
available; more recently, substantial increases in recre-
ation, military activities, and agriculture have expanded
human use (both spatially and temporally) of arid and
semiarid regions. The current combination of land use is
leading to unprecedented levels of surface disturbance on
many of these lands. Generally, soil surface disturbance
and/or the invasion of annual grasses results in the loss of
lichens and mosses, leaving cyanobacterial-dominated crusts
(Belnap 1995; Harper and Marble 1988), which is expected
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to alter many aspects of nutrient cycling and soil stabiliza-
tion (Belnap and Gillette 1998).

This study documents the presence of eolian siltin surficial
sediment on part of the Colorado Plateau. We show how the
biological soil crusts in this region enhance and maintain
soil fertility through C and N fixation, dust trapping, and soil
stabilization. We then discuss how soil surface disturbance
alters this situation.

Sampling and Methods

Dust Inputs

Sediment was collected from potholes on slickrock, mesa
tops, and grassland settings. Bedrock consisted of either red
sandstone, brown to gray sandstone, or limestone. We ana-
lyzed sediment both within the biological soil crust and
below to depths of 5 cm. We used a combination of reflected-
light petrographic and magnetic techniques to determine
the amounts, types, and origins of magnetic minerals. Mag-
netic property measurementsincluded: (1) magnetic suscep-
tibility (MS), a measure of the amount of all magnetic
material but mainly ferromagnetic minerals (such as mag-
netite) when present; (2) frequency-dependent MS (FDMS;
from measurements at 600 Hz and 6000 Hz), a measure of
the amount of ultrafine grained magnetite, or magnetite-
like maghemite, commonly attributed to pedogenic origins;
(3) “hard” isothermal remanent magnetization (HIRM), a
measure of the amount of hematite; and (4) the S parameter
[the ratio of backfield isothermal remanent magnetization
(IRM) at 0.3 Tesla (T) and IRM at 1.2 T, in this setting an
indication of relative amounts of magnetite and hematite.

Trace and minor-element chemistry was determined us-
ing energy-dispersive X-ray fluorescence (XRF). Changes in
Fe (commonly mobilized via primary mineral alteration), Ti
(chemically immobile and associated with certain magnetic
Fe oxide minerals), and Zr (also chemically immobile) are
especially useful in evaluating potential post-depositional
alteration of magnetite and possible shifts in sediment sources.

Biological Crust Inputs and Soil Retention

The site of this study was the Needles District of
Canyonlands National Park, located 125 km south of Moab,
UT. Annual rainfall averages 215 mm, with approximately
35 percent falling as summer monsoons. To estimate N
inputs, we used data from a datalogger that has continu-
ously recorded amount and time of rainfall, and air and soil
temperatures, since April 1998. Using this data, we grouped
precipitation events into six temperature categories (—4 to
4°C,5-8°C,9-17°C, 18-23 °C, 24-27 °C, and 28-35 °C). We
used a combination of manual dry-down curves and TDR
results (that measured soil moisture in the top 1 cm of soil)
to determine how long 1 mm of precipitation at different
seasons and different air temperatures lasted in study soils
for each temperature category. We then multiplied the
precipitation received at a given temperature by the time
soils took to dry at that temperature to estimate the number
of hours soils are wet. We used a combination of laboratory
and field-obtained N fixation values for each of the tempera-
tures and multiplied this by the number of hours soils were
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wet at each temperature (Belnap 2001a). Because crusts are
able to fix 4-6 hours during the dark, 50 percent of the
nighttime hours were considered available for N fixation.

Studies of N fixation utilized the acetylene reduction
technique, which requires conversion to absolute N values
using 15N, calibration. This was done for soil Nostoc from the
Moab, UT area by Phillips and Belnap (unpublished data);
a conversion ratio of 0.31 was obtained, and is used for
estimates of N inputs. A similar value for the same organism
was measured by Liengen (1999) from arctic soils. It should
be noted that this low conversion ratio gives much higher
values for N inputs than is commonly reported in the
literature. Most of these studies did not do the necessary
experiments to find the appropriate conversion ratio, and so
relied on the theoretical ratio of 3CsH,:1N. However Liengen
showed that this value is only accurate for cultured
cyanobacteria and that for field-collected organisms, a much
lower conversion ratio should be used.

Data from studies previous published (Belnap and Gillette
1997, 1998) and unpublished (Belnap and others) were used
to estimate accelerated soil losses due to conversion of lichen
crusts to cyanobacterial crusts. This data was also used to
estimate losses from wind and water immediately following
surface disturbance on sandy soils.

Results and Discussion

Dust Inputs

The MS of the host sedimentary rock was very low at all
sites tested (11 sites, 2.4 x 107 to 1.1 x 10 m%kg). In
contrast, MS values of the surficial sediment were between
one and three orders of magnitude greater than the corre-
sponding site bedrock (site averages, 3.5 x 10 to 1.5 x 10~
m3/kg), with MS at most sites highest in the biological soil
crust (fig. 1a). The S parameter values indicate that there is
amuch greater concentration of magnetite relative to hema-
tite in the soil crusts than below the surface (fig. 1b). While
such patterns in MS and S parameters suggest the presence
of eolian dust, they are not sufficient proof, as enhanced MS
in upland soils and sediments (away from alluvial input)
may result from other factors such as pedogenic production
of ultrafine grained iron oxide minerals, concentration of
residual minerals, and bacterially mediated reactions
(Dearing and others 1996). Moreover, diagenetic or pe-
dogenic alteration of magnetite at depth may produce a
pattern of highest MS and S values at the surface.

However, the eolian origin of the observed MS enhance-
mentis supported by other magnetic properties and geochemi-
cal results seen in these soils. Hematite content was much
greaterin surficial sediment than in the underlying bedrock,
even including hematite-bearing redbeds (fig. 1c), as would
be expected for eolian addition of hematite with magnetite.
Moreover, FDMS values were small, implying pedogenic
iron oxide contributed only a small amount (fig. 1d). Large
differences in elemental content were seen between the
surficial sediment and bedrock (fig. 2). For example, surficial
sediment had higher average contents of Fe (=1 wt. percent),
Ti (=0.15 wt. percent), and Zr (=200 ppm) than local bedrock
(Fe, 0.7 wt. percent; Ti, 0.08 wt. percent; Zr<100 ppm).
Nearly constant Fe/Ti values (fig. 2), along with textural
evidence, indicate a lack of magnetite destruction below the
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Figure 1—Plots of depth versus magnetic properties, as
averages from sandstone sites. (A) magnetic suscepti-
bility; (B) S parameter; (C) “hard” isothermal remanent
magnetization; (D) frequency-dependent magnetic sus-
ceptibility. Uppermost sample represent biologic soil
crust values. Solid pattern represents bedrock values.

biological soil crust. The overall thinness of layers, magnetic
mineralogy, and resistant underlying bedrock preclude
magnetic and elemental enrichment of the surficial layers
by chemical weathering and residual accumulation.

The definitive test for the origin of magnetite and hema-
tite in this setting is petrographic comparison of grains
extracted from the sediment and bedrock. In these sedi-
ments, magnetic minerals include mainly silt-sized (5—60 mm)
magnetite and associated oxides, such as ilmenite, hema-
tite, and varieties of other Fe-Ti oxides that result from high-
temperature oxidation of magnetite and ilmenite. These
associated minerals, and the internal textures of magnetite
with ilmenite lamellae, indicate that the magnetic Fe-Ti
oxide minerals originated in igneous rocks. Such magnetite
and associated minerals are absent in sandstone at the
sampling sites, although limestone may contain only very
rare magnetite or maghemite formed via oxidation of pyrite.

Combined, this evidence suggests that a major component
of the surficial deposits must be eolian to account for their
high content of strongly magnetic minerals, which are ab-
sent or sparse in the underlying bedrock. Moreover, fly-ash
magnetite, produced via coal combustion in power plants, is
observed in the biological soil crust, but has not been found
in the underlying surficial sediment. Silt plus clay content
typically ranges between 20 and 50 percent, implying a
similar range in eolian dust content.
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Figure 2—Plots of depth versus zirconium. (A) Titan-
ium; (B) Zr/Ti; (C) Fe/Ti; (D) Patterns as in figure 1.
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The biological soil crust, which stabilizes the surficial
material, is a natural dust trap and appears to have docu-
mented a changein dust source over the past several decades.
Relative to underlying sediment, this crust layer has higher
magnetite (both absolute and relative to hematite), higher
Zr/Ti, and nearly constant Fe/Ti (fig. 2). These shifts in
magnetic and chemical properties are consistent with in-
creased eolian input from desert regions (much underlain by
granitic and rhyolitic rocks) west and southwest of the
Colorado Plateau. The shifts may also represent more input
from the mildly alkaline intrusive rocks that form the
Henry, Abajo, and La Sal Mountains of the central Colorado
Plateau. Either way, the magnetic and chemical shifts
recorded in the biological soil crusts may reflect recent,
intensive human disturbance of arid lands.

In light of the above evidence, the contribution of dust to
soil fertility in this region is striking. As can be seen in figure
2, the deposition of dust has enhanced most plant-essential
nutrients in these soils. Enriched nutrients include phos-
phorus (2x), potassium (1.2x), magnesium (4.4x), sodium
(3.8x), calcium (10.5x, except in calcite-cemented sandstone
sites), iron (1.6x), copper (1.4x), manganese (2.1x) and molyb-
denum (13x). Amounts and distribution patterns of enrich-
ment are similar between sites, and magnesium, sodium,
calcium, copper and zinc are consistently higher in the
biological soil crust relative to underlying sediment.
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Biological Soil Crust Inputs and Soil
Retention

Biological soil crusts have long been known to fix carbon
and nitrogen, and estimates of their annual contributions
have been made by multiple authors (Jeffries and others
1993; Belnap 2001a; Evans and Lange 2001). Beymer and
Klopatek (1991) estimated potential annual C contribution
of lichen soil crusts to be 12-37 gC m> yearﬁl. Lange and
others (1994) estimated lichen crusts in Namibia to contrib-
ute 32 gC m™> year"1 lower range. Lower rates have been
reported for cyanobacteria-dominated crusts (0.4-2.3 gC
m 2 year ; Garcia-Pichel and Belnap 1996). Because short
wet-dry cycles in summer lead to C deficits due to drying of
soils before net photosynthesis can be reached (Jeffries and
others 1993), most C inputs occur during the cooler seasons.

Less is known about N fixation in this region. Our record-
ing datalogger showed that rainfall events were surpris-
ingly common in SE Utah during the measurement period.
Between June 15, 1998, and September 15, 2000, 129 soil-
wetting events were recorded (intermittent rains during
consecutive days were considered one event if the soils did
not dry between rain showers), an average of 4.8 events each
month. The number of rain events in any given season, and
the amount of rainfall, was highly variable, and within the
2-year measurement period, showed no obvious pattern
among seasons (table 1). The number of rain events at night
relative to those occurring during the day was also highly
variable. Combining these results with average N fixation
rates at a given temperature, we were able to estimate
seasonal and annual N inputs for 2 measured years: 41 kgN/
ha/yr for lichen crusts, and up to 13 kgN/ha/yr for cyano-
bacterial crusts (depending on biomass of a given crust).
Thisrepresents amajor input of N to soils of these ecosystems.

All crust components secrete extracellular C within min-
utes to a few days of C acquisition, and the presence of soil-
crust organisms can increase soil polysaccharides and total
carbon by up to 300 percent (Rao and Burns 1990; Rogers
and Burns 1994), benefitting surrounding heterotrophic
microbes which are often carbon limited. In addition, this
input of carbon can lower soil C:N ratios, thus increasing
decomposition rates (Kleiner and Harper 1972).

Table 1—Amount of precipitation (mm) by time of day and
season for 1998—2000. Spring = March 16—June 15;
Summer = June 16-September 15; Fall = September
16—-December 15; Winter = December 16—March 15.

Day Night Total
Spring 1999 129 318 447
Spring 2000 162 19 181
Summer 1998 40 49 89
Summer 1999 121 61 183
Summer 2000 8 10 18
Fall 1998 308 271 579
Fall 1999 128 70 199
Winter 1998 183 56 239
Winter 1999 206 146 352
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Up to 70 percent of the nitrogen fixed by cyanobacteria and
cyanolichens is released immediately into the surrounding
soil environment, and is available to associated organisms
including vascular plants, mosses, fungi, and other microbes
(Belnap 2001a). Multiple studies have reported that the
presence of soil crusts increases surrounding soil N by up to
200 percent (Shields and Durrell 1964; Rogers and Burns
1994; DeFalco 1995; Harper and Belnap 2001), and stable
isotopes show soil crusts can be the dominant source of N for
desert soils and plants (Evans and Ehleringer 1993; Evans
and Belnap 1999).

Crusts affect soil nutrients in many other ways as well.
Microbial exopolymers both add carbon to soils as well as
create a mosaic of polyfunctional metal binding sites that
bind both cations and anions (Greene and Darnall 1990),
thus preventing them from leaching from sandy soils. Most
of these polymers also concentrate plant-essential nutrients
such as Na, K, Mg, Ca, Mn, Fe, Ni, Cu, and Zn (Lange 1976;
Geesey and Jang 1990). As they are adsorbed to the extracel-
lular sheath, and are not absorbed by the cells, they remain
available to plants (Geesey and Jang 1990). Cyanobacteria,
green algae, fungi, lichens, and bacteria also secrete power-
ful metal chelators such as siderochromes (Lange 1974;
McLean and Beveridge 1990; Schelske 1962) that can main-
tain metals in bio-available forms, and can concentrate
essential trace metals found at exceedingly low ambient
concentrations (Paerl 1988). Cyanobacteria secrete peptide
nitrogen and riboflavin which, together with siderochromes,
keep P, Cu, Zn, Ni, and Fe plant-available. These secreted
chelators are water soluble, and capable of being translo-
cated in soil and water. Consequently, chelated compounds
are made available to associated plants or microbes (Bose
and others 1971; Lange 1974; Geesey and Jang 1990; Gadd
1990a). Cyanobacteria also secrete glycollate, which stimu-
lates the uptake of P in cyanobacteria (Fogg 1966), as well as
various vitamins such as By, auxin-like substances, and
other substances that promote growth and cell division in
plant and animal tissue (Fogg 1966; Venkataraman and
Neelakantan 1967). Biological crusts are also important in
trapping dust and stabilizing soils. Studies have shown that
the top few mm of soil contain a much higher percentage of
soil fine particles than underlying soils, indicating that
crusts trap and entrain falling dust particles (Danin and
Ganor 1991; Verrecchia and others 1995). Because dust can
be a critical component of soil fertility, as discussed above,
this capture and retention is an essential part of soil building
in deserts.

Over 30 studies worldwide have shown that biological soil
crusts reduce soil loss by wind and water (Belnap 2001b;
Warren 2001a,b). Cyanobacterial and microfungal polysac-
charides entrap and bind soil particles together, creating
soil aggregates, which are then further linked together into
larger aggregates (Belnap and Gardner 1993). These larger,
linked aggregates require greater wind and water velocity to
move than single soil particles (Gillette and others 1980;
Marticorena and others 1997). Resistance to erosion in-
creases with biological crust development (Belnap and
Gillette 1998), with cyanobacterial crusts showing the least,
and lichen crusts showing the greatest, resistance to erosive
forces. In most cases, lichen crusts can withstand winds well
above those recorded at field sites, and so offer complete
protection from wind erosion, even in coarse soils (Leys
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1990; Williams and others 1995a; Belnap and Gillette 1997,
1998; Leys and Eldridge 1998). Exhaustive field and lab
studies show that increasing crust cover and/or develop-
ment also significantly reduces sediment loss via water
erosion (Booth 1941; Loope and Gifford 1972; Rushforth and
Brotherson 1982; Brotherson and Rushforth 1983; Harper
and St. Clair 1985; Williams and others 1995b).

Effects of Soil Surface Disturbance
on Soil Fertility

Overall, disturbance generally results in loss of species
diversity, biomass, and surface cover of cyanobacteria, li-
chens, and mosses. The more severe the disturbance, the
greater the loss. Thus, after severe disturbance, the result-
ing crust community is greatly simplified from a community
with multiple species of cyanobacteria, lichens, and mosses
to a community often dominated by one or a few species of
cyanobacteria. A shift from a lichen to a cyanobacterial-
dominated crust will reduce C inputs, as cyanobacteria fix
less C than lichens and mosses per unit soil surface area
(Phillips and Belnap 1998). As discussed above, much of this
C is released into the surrounding soils (Lewin 1956); thus,
reduced C fixation is expected to reduce soil C available for
microbial populations, decomposition rates and soil nutrient
levels (Paul and Clark 1996).

Soil surface disturbance and/or a shift from a lichen to a
cyanobacterial-dominated crust also decreases N inputs.
Our annual input estimates are four times higher for lichen
crusts than cyanobacterial crusts. Laboratory and field
studies have consistently shown that lichen crusts have
higher N fixation rates than cyanobacterial crusts (Jeffries
and others 1993 a,b; Belnap and others 1994; Belnap 1995,
1996; Belnap 2001a). Multiple studies have shown less N
input from crusts following disturbance. Vehicles, human
foot traffic, mountain bikes, and raking reduced N input
from crusts 25-89 percent, with a drop of 80-100 percent over
time due to subsequent death of buried material (Belnap and
others 1994; Belnap 1995, 1996). Grazing reduces N inputs
by 50-95 percent (Brotherson and others 1983; Johansen
and St. Clair 1986; Jeffries and others 1992; Terry and
Burns 1987). Burning can reduce N inputs by 64 percent and
tilling by 99 percent (Terry and Burns 1987). Evans and
Belnap (1999) showed N fixation was still 2.5 times less than
an adjacent, never-grazed area 30 years after grazing had
ceased. Decreased N inputs from crusts can have long-term
impacts on soil N levels. On the Colorado Plateau, Jeffries
(1989) found 50 percent less N in non-crusted soils compared
to adjacent crusted soils. Evans and Belnap (1999) found a
42 percent decrease in soil N and a 34 percent decrease in
plant tissue N when comparing a cyanobacterial-moss domi-
nated crust (previously grazed) to an adjacent lichen-domi-
nated (ungrazed) area. In the same area, stable N isotopes
showed that both soil and plants in the lichen-dominated
area contained less newly fixed N than the cyanobacteria-
moss dominated area. This has large implications for ecosys-
tems that are dependent on soil crusts for N inputs, such as
found on the Colorado Plateau (Evans and Ehleringer 1993).

As noted above, disturbance also results in increased soil
loss (and thus reduced fertility) via wind and water erosion,
as compressional disturbance breaks apart soil aggregates
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formed by the polysaccharide connections. Recent studies
have shown that disturbance of crusted soils increases
sediment loss by up to 300 percent (Belnap and Gillette
1997, 1998; Belnap, unpublished data). After disturbance
and once a soil is stabilized by cyanobacteria, less erosion is
expected compared to the bare soils; however, cyanobacteria
are less able to protect soils from erosion than lichens or
mosses, and thus accelerated losses are expected until the
moss and lichen components recolonize the site. In addition,
burial of nearby biological soil crusts from wind-blown
sediments generally means death for the photosynthetic
components of the soil crusts, further reducing fertility and
stability of these soils. Most of the soil photosynthetic pro-
ductivity and nitrogen fixation in desert soils is concen-
trated within 3 mm of the surface (Garcia-Pichel and Belnap
1996).

Conclusion

Accelerated soil loss is of great concern to land managers
worldwide. Based on this study, soil fertility on the Colorado
Plateau is dependent on the retention of atmospherically
deposited dust and N inputs from lichen-dominated biologi-
cal soil crusts. Well-developed biological soil crusts reduce
erosional losses. In addition, the crusts contribute substan-
tial amounts of C and N. Current dust deposition ratesin the
Colorado Plateau region are low, and when soils are dis-
turbed, loss rates may exceed deposition (Gillette and others
1980; Offer and others 1992; Belnap and Gillette 1997, 1998;
Reynolds and others 1998). Biological soil crusts are easily
disturbed by soil surface disturbances, and recovery is very
slow in this region (Belnap 1993). Thus, it is recommended
that soil surface disturbance be kept to a minimum to
maintain long-term soil fertility and productivity.
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