
Chapter 14

Patterns and Controls on Nitrogen Cycling

of Biological Soil Crusts

Nichole N. Barger, Bettina Weber, Ferran Garcia-Pichel, Eli Zaady,

and Jayne Belnap

14.1 Introduction to Nitrogen Cycling in Biocrusts

Biocrusts play a significant role in the nitrogen (N) cycle within arid and semiarid

ecosystems, as they contribute major N inputs via biological fixation and dust

capture, harbor intense internal N transformation processes, and direct N losses

via dissolved, gaseous, and erosional loss processes (Fig. 14.1). Because soil N

availability in arid and semiarid ecosystems is generally low and may limit net

primary production (NPP; Hooper and Johnson 1999), especially during periods

when adequate water is available, understanding the mechanisms and controls of N

input and loss pathways in biocrusts is critically important not only to our broader

understanding of N cycling in dryland environments but also of overall dryland

fertility. In particular, N cycling by biocrusts likely regulates short-term soil N
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availability to support vascular plant growth, as well as long-term N accumulation

and maintenance of soil fertility.

In this chapter, we review the influence of biocrust nitrogen inputs, internal

cycling, and loss pathways across a range of biomes. We examine linkages between

N-fixation capabilities of biocrust organisms and spatiotemporal patterns of soil N

availability that may influence the longer-term productivity of dryland ecosystems.

Lastly, biocrust influence on N loss pathways such as N gas emissions, leakage of N

compounds from biocrusts, and transfer in wind and water erosion are important to

understand the maintenance of dryland soil fertility over longer time scales.

Although great strides have been made in understanding the influence of biocrusts

on ecosystem N cycling, there remain important knowledge gaps in our under-

standing of the influence of biocrusts on ecosystem N cycling that should be the

focus of future studies. Because work on the interaction of N cycling and biocrusts

up to 2001 was reviewed in Belnap and Lange (2003), this chapter will provide a

brief summary of our current knowledge at the beginning of each section and then

go on to focus primarily on research findings that have emerged over the last

14 years (2001–2015).

Fig. 14.1 Nitrogen (N) cycling in dryland areas. Nitrogen inputs into biocrusts are by means of N

fixation and deposition. Within the biocrusts, N can be internally transferred by wind and water,

and it can be metabolically transformed to then be present as ammonium (NH4
+), nitrate (NO3

�),
organic N, and elemental N2. Nitrogen is lost by biocrusts by means of wind and water, leaching

into deeper strata, and gaseous losses (e.g., NH3, NO, N2O, HONO)
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14.2 Biocrust Nitrogen Fixation

Biological fixation of atmospheric N2 (diazotrophy) is an ubiquitous biogeochem-

ical transformation in biocrusts, and it likely constitutes a dominant source of N in

dryland environments (Evans and Ehleringer 1993; Evans and Lange 2003). Mul-

tiple studies over years have addressed the environmental controls on N fixation

rates and suggest that many factors can be at play [for a summary of the literature up

to 2001, see Belnap (2003)]. Studies prior to 2001 showed that the environmental

controls on N fixation are generally hierarchical: As biocrust organisms are phys-

iologically active only when wet, moisture is a prerequisite and the first-order

control on N fixation. Given sufficient hydration, energy and reduction equivalents

are the main metabolic requirements for N fixation. Photochemical processes

carried out by nitrogen-fixing cyanobacteria, which are the dominant N fixers in

biocrusts, are the ultimate source of this energy required for N fixation. Hence, light

intensity can be a prime driver of diazotrophy. Temperature is an important

determinant of chemical and biochemical reaction rates, and this applies to N

fixation as well. Seasonality, as a compound succession of varying factors such as

temperature, light, and moisture, thus drives the major dynamics of N fixation in

biocrusts (Bowker et al. 2002; Belnap 2003). Beyond these parameters, antecedent

conditions also influence N-fixation rates, as they can determine legacy amounts of

reductants, nitrogenase enzyme, and N present in the biocrusts and surrounding

soils.

For this chapter, we examined studies post-2001 to explore whether new insights

have been gained since the Belnap (2003) review. Because many studies did not

report all potentially relevant variables, we restricted our analysis to those studies

reporting temperature, season of collection, biome, and biocrust type. In addition,

studies using 15N2, unless
15N and acetylene incubations were done simultaneously,

are not comparable to those using the acetylene reduction assay (ARA) (see

discussion below), and thus we separated our analysis for these two methods.

Natural 15N abundance cannot be used to quantify N inputs in most unmanaged

ecosystems but can be used to indicate whether or not N fixation may be occurring

and is discussed separately as well.

14.2.1 Studies Measuring Nitrogen Fixation Using the ARA
Method

We found 21 publications using ARA under both laboratory and field conditions.

Almost all studies in the set used the narrow temperature range of 24–26 �C, so we

cannot expect to find useful information on the temperature effects on N fixation.

Biocrust type, however, was a significant factor (Fig. 14.2). Light cyanobacterial

biocrusts (dominated by low biomass Microcoleus spp., which are typically less

mature) showed the lowest areal rates (~0.6 nmols C2H4 cm
�2 h�1). Recent
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evidence suggests that N fixation in these light cyanobacterial biocrusts is associ-

ated with heterotrophic diazotrophic bacteria in the Clostridiaceae and

Proteobacteria groups (Pepe-Ranney et al. 2015). Moss biocrusts and dark

cyanobacterial biocrusts, dominated by a mix of Nostoc spp., Tolypothrix spp.,

Scytonema spp., as well as Microcoleus spp., showed an average of ~3–4 times

higher rates than light biocrusts, whereas the cyanolichen Collema spp. and surface-
dwelling sheets of Nostoc commune had the highest values of all (Fig. 14.2; ~10–-

11 nmols�1 C2H4 cm
�2 h�1, respectively). These patterns are consistent with those

reported by Belnap (2003) for studies prior to 2001.

ARA rates across different biomes (i.e., cold, cool, and hot desert) and season of

collection (i.e., spring, summer, winter, fall) were highly variable and suggest that

seasonality within a biome may have complex and interactive effects on N fixation.

For example, Housman et al. (2006) showed that ARA rates peak during cooler,

wetter time periods, which varied by biome type (Fig. 14.3). Spring ARA rates were

highest in a North American cool desert site, whereas in a North American hot

desert site, ARA rates peaked in the fall and winter (Fig. 14.3).
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Fig. 14.2 Nitrogen fixation as measured by acetylene reduction assays (ARA) for different

biocrust types. Values are means� 1 SE. Different lowercase letters above each bar indicate

statistical significance at the level of P< 0.05. ARA values were obtained from these publications:

Aranibar et al. (2003), Barger (2003), Barger et al. (2013), Belnap (2002a, b), Billings et al. (2003),

Caputa et al. (2013), Dickson (2000), Housman et al. (2006), Issa et al. (2001), Liu et al. (2009,

2012), Stewart et al. (2011a, b, c, 2012), Strauss et al. (2012), Su et al. (2011 b), Wu et al. (2009),

Zhao et al. (2010), and Zielke et al. (2002)
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The high variability in ARA rates reported in the literature may at least partly

reflect methodological limitations of the assay. ARA is based on the fact that the

enzyme nitrogenase, which is normally responsible for catalyzing the reduction of

N2 to NH3, can also reduce acetylene to ethylene, the latter reaction being an

indirect measure of nitrogenase activity. Optimally, ethylene formation rates are

then converted into actual rates of N fixation. The theoretical conversion ratio of

ethylene to N2 fixed is between 3 and 4, depending on whether the H2 by-product

produced during N fixation is driven by a unidirectional (uptake) hydrogenase

A. Cool Desert – Colorado Plateau, Canyonlands, Utah, USA
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B. Hot Desert – Chihuahuan Desert, Jornada, New Mexico, USA
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Fig. 14.3 Nitrogen-fixation estimates from acetylene reduction assays in a cool (Colorado

Plateau) and hot desert (Chihuahuan Desert) in North America. The figure was modified from

Housman et al. (2006)
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[as discussed in Liengen (1999a) and Staal et al. (2001)]. All N-fixing

cyanobacteria known contain uptake hydrogenases (Kothari et al. 2012). In a series

of early experiments, Hardy et al. (1968) confirmed that this theoretical ratio ranged

between 3 and 4 for bacterial cultures and legumes under laboratory and field

conditions. Since this time, however, actual results from field and laboratory studies

of biocrusts report that conversion ratios can range from 0.022 to 3.49 (Liengen

1999a; Stewart et al. 2011a; Caputa et al. 2013). Deviation (usually downwards)

from the 3–4:1 ratio can result from several factors and may include the following:

(1) suppressed reduction of H+ to H2 in the presence of acetylene leading to higher

conversion ratios of acetylene to N2 (Jensen and Cox 1983); (2) acetylene is more

soluble in water than N2 thus making acetylene more available to nitrogenase than

N2 (Rice and Paul 1971; Nohrstedt 1983); (3) vanadium-based nitrogenase has

lower ratios than molybdenum-based nitrogenase and some organisms can have

either (Smith et al. 1987); (4) C2H2 can be toxic to microbes (David and Fay 1977);

(5) acetylene can be adsorbed onto soil colloids (Rennie et al. 1978); and (6) dif-

ferential diffusion barriers exist for acetylene. Because N2 or
15N2 only needs to

diffuse into the soil, whereas ARA measures require gases to move both in and out

of the soil before detection, the effect of these barriers to diffusion is more

pronounced with ARA. Therefore, if the intent of a study is to establish absolute

rates of fixed N by biocrusts, either ARA determined rates require calibration with 15

N2 during the ARAmeasurements or 15N2 should be used instead. We note here that

any underestimations of rates due to the effect of diffusion limitation will still exist

for externally supplied 15N2.

15N2 Method We could only find three studies since 2001 (Holst et al. 2009;

Stewart et al. 2011a; Caputa et al. 2013) and two studies prior to that time (Mayland

and McIntosh 1966; Liengen 1999b) that used 15N2 to measure N fixation in

biocrusts. These studies were not focused on how environmental factors influenced

N-fixation rates, as analysis was done under standard temperatures, moisture, and

light and with materials collected in the same season. This is unfortunate, as the use

of 15N2 is required for accurate comparisons among environmental variables and

biocrust types. However, these studies do provide data on the appropriate conver-

sion ratio for ARA under those experimental conditions, as all but Mayland and

McIntosh (1966) analyzed samples both with ARA and 15N2. The most important

finding is that ARA can underestimate N-fixation rates in biocrusts, as most studies

found conversion ratios to be well below 3–4.

14.2.2 Natural 15N Abundance

Natural 15N abundance can be used to determine the overall balance of N inputs and

losses or mass balance in those soils, with δ15N values (i.e., ratio of stable isotopes

15N:14N) close to zero indicating that fixed atmospheric N is likely a dominant

source of N available for soils and organisms (Shearer and Kohl 1988). Several
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studies have used this method to assess if biocrusts are fixing atmospheric N

(Aranibar et al. 2003; Billings et al. 2003; Russow et al. 2005; Marsh et al. 2006;

Stewart et al. 2011a). In general, these studies show that soils overlain with

biocrusts have lower 15N values than those without biocrusts, consistent with the

notion that biocrusts do contribute fixed N to underlying soils and in agreement

with global studies prior to 2001 (Evans and Lange 2003). Interestingly, Russow

et al. (2005) compared biocrusts dominated by a non-N-fixing lichen to those

dominated by Collema, showing that Collema was responsible for 88 % of the N

in biocrusts.

14.2.3 Estimates of Annual Biocrust N Fixation

Similar to the wide range of ARA rates reported above, estimates of annual N inputs

from biocrust N fixation are highly variable, ranging from 0.7 to 100 kg N ha�1 a�1

[reviewed by Evans and Lange (2003), Belnap (2002a, b), Russow et al. (2005),

Stewart et al. (2011a, b, c), and Caputa et al. (2013)]. Quantification of N fixation by

desert biocrusts globally reported an average N-fixation rate of 6 kg N ha�1 a�1

(Elbert et al. 2012).

The potential sources of error in scaling estimates of short-term N-fixation

studies to an annual input are (1) inaccurate estimates of the duration of N-fixing

activity in biocrusts, either daily or seasonally, (2) the lack of representativeness of

the samples analyzed at the landscape level, and (3) the use of inaccurate ARA

conversion ratios. As biocrusts are only active when wet, using continuously logged

soil moisture data, the potential number of N-fixation activity days may be calcu-

lated. Metabolic activity, and thus the ability to fix N, is limited to ~10–12 % of the

year in the Namib Desert, Germany temperate steppe, Colorado Plateau Desert, and

South African Succulent Karoo (Lange et al. 1991; Lange and Green 2003;

Darrouzet-Nardi et al. in press; Weber, unpublished). Thus, constraining the daily

periods that biocrusts are physiologically active is critically important to estimating

N inputs on an annual time scale. Newly developed biocrust moisture probes, to

assess both the activity and the water content of biocrusts, may be a good resource

for this (Weber et al. 2015a).

In addition to N fixation, N inputs from the atmosphere through both wet and dry

deposition (~2 kg N ha�1 a�1 in relatively pristine air sheds up to 15 kg N ha�1 a�1

in impacted air sheds) may contribute to N inputs and N cycling dynamics within

biocrusts. In fact, in air sheds highly impacted by N deposition, this additional

source of N may relieve biological N limitation altogether. In a recent study,

biocrusts collected from the pristine lower Sonoran desert and then transferred to

the high-N atmosphere of the city of Tempe, Arizona, resulted in a complete loss of

N-fixation capacity within weeks (Vaugh and Garcia-Pichel, unpublished).

The choice of ARA to N-fixation conversion ratios in estimates of N fixed is also

an issue, as this may result in estimates of annual N inputs differing by an order of

magnitude (Liengen 1999b; Caputa et al. 2013). Notably, however, upper estimates
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of annual N fixation are of similar magnitude as those of annual N fertilization

inputs to agricultural systems [reviewed in Evans and Lange (2003) and Caputa

et al. 2013). Clearly then, in the absence of significant N uptake by surrounding

vascular plants, there should be evidence of significant system losses in N to offset

estimates of high N inputs in order to explain the lack of longer-term soil N

accumulation. This is discussed in the following sections.

14.3 Nitrogen Release to the Surrounding Substrate

Extracellular release of nitrogenous compounds, including inorganic forms such as

nitrate [NO3
�] and ammonium [NH4

+], and small amounts of amide, peptides, and

free amino acids, occurs in both cyanobacteria and lichens (Stewart 1970; Millbank

1982). Nitrogen release is especially pronounced in the presence of N-fixing

organisms, which can release 5–70 % of N fixed (Magee and Burris 1954; Silvester

et al. 1996). Kershaw (1985) reported that 19–28 % of labeled N applied to lichens

was later found in surrounding soils. Earlier studies showed more N release when

pH, temperature, light, CO2, or ionic conditions were suboptimal or during wetting

after desiccation (Henriksson 1957; Jones and Stewart 1969a; Millbank 1982;

Jeanfils and Rack 1992). Nitrogen release may occur very quickly once biocrust

organisms become physiologically active. In Collema spp., NO3
� was released

within 30 min of wetting (Garcia-Pichel and Belnap 2003). A recent study showed

that a broad range of nitrogen-containing metabolites are continuously released and

reabsorbed by biocrust-forming cyanobacteria such as Microcoleus vaginatus, a
novel process not found across a broad range of other cyanobacteria (Baran

et al. 2015). Rainfall patterns seem to affect this release: More NO3
� was released

from dry biocrusts that received a saturating rain event, whereas more NH4
+ was

released from wet biocrusts that received a saturating rain event (Barr 1999).

Williams and Eldridge (2011) observed that sand deposition had a strong effect

on the release and thus bioavailability of nitrogen (N) after a severe drought. They

observed that cyanobacteria-dominated biocrusts covered by sand had up to three

times more mineral N (ammonium and nitrate) and twice the mineralizable N than

sand-free biocrust samples, likely resulting from autolysis and the subsequent

breakdown of cyanobacterial cells rich in N. The compounds released can be

readily taken up by surrounding organisms, including reuptake by the organisms

or associated vascular plants, fungi, actinomycetes, and/or bacteria (Stewart 1967;

Jones and Stewart 1969a, b; Rogers and Burns 1994). This in fact contributes

largely to a nice differentiation among allopatric bacteria in biocrust systems

(Baran et al. 2015). In the case of NH4
+, release from nitrogen-fixing organisms

supports very intense rates of nitrification in all biocrusts analyzed (Johnson

et al. 2005; Strauss et al. 2012) and significant standing stocks of ammonia-

oxidizing archaea and bacteria (Marusenko et al. 2013).
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14.4 Biocrust Influence on Soil Inorganic Nitrogen

Nitrogen fixed by diazotrophic organisms not only contributes to the fertility of

soils with inherently low nutrient availability but may be an important nutrient

source for diverse groups of organisms such as neighboring vascular plants (see

Chap. 19 by Zhang et al.), fungi and bacteria (see Chap. 5 by Maier et al.), and

mosses (see Chap. 6 by Seppelt et al.). Although N release from biocrust organisms

has been well documented across a range of biomes and biocrust types (see

Sect. 14.3), results are mixed as to whether this release appreciably enhances

inorganic (NO3
� and NH4

+) bulk soil N.
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Fig. 14.4 Vertical chemical profiles measured in the soil solution of wetted, active soil crusts

using microsensors and obtained 3–6 h after initial wetting. Total ammonium (NH4
+ +NH3)

profiles demonstrate accumulation close to the surface. Nitrate profiles also indicate a zone of

production 2–3 mm deep, coincident with the maximal activity of ammonia-oxidizing bacteria.

Modified from Johnson et al. (2005)
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The positive influence of biocrusts on inorganic N has been clearly demonstrated

within biocrusts at the soil surface (0–2 mm; Fig. 14.4, Johnson et al. 2007). In both

light cyanobacterial- and moss-/lichen-dominated biocrusts, inorganic N in pore

water was six- to tenfold higher at 1 mm below the soil surface compared to 10-mm

depth (Fig. 14.4). The peak inorganic N values were coupled with high O2 satura-

tion, suggesting that this peak occurred in the zone of high photosynthetic activity.

Biocrust N-fixation rates may also influence soil inorganic N levels. Higher

amounts of inorganic N were collected on ion exchange resins from biocrust

types with higher N-fixation rates (Collema tenax vs. Microcoleus biocrusts;

Belnap, unpublished).

The influence of biocrusts on inorganic N within the bulk soil (>10 mm depth) is

mixed with studies showing higher (Guo et al. 2008; Delgado-Baquerizo

et al. 2013), lower (Castillo-Monroy et al. 2010), or no difference (Castillo-Monroy

et al. 2010) in biocrust inorganic N relative to bare soil. Sampling depth may

partially explain these mixed results. The steep gradient in decreasing inorganic

N from 0 to 10 mm [as shown in Johnson et al. (2007)] may suggest that the

influence of biocrusts on inorganic N may be limited to the top few mm of soil and

sampling at deeper soil depths would likely eliminate differences in inorganic N

across biocrust types. For example, no differences in inorganic N were reported in

the top 5 cm of soil underlying either light or dark cyanobacterial biocrusts on the

Colorado Plateau (Barger et al. 2005). However, in a later study of biocrusts from

the same sites, NH4
+ was 40 % and NO3

� was 100 % higher in dark compared to

light cyanobacterial biocrusts when sampling the top 2 cm of soil (Barger

et al. 2013).

Although few studies have examined the transport of inorganic N from biocrusts

at the surface to underlying soils, subsurface inorganic N (5–50 mm depth) was

shown to be strongly and positively correlated with biocrust inorganic N at the soil

surface (top 5 mm) (Guo et al. 2008). In the few studies on inorganic N transport

from surface biocrusts to underlying soils, biocrust type does appear to be an

important factor, but not in a predictable manner (Thiet et al. 2005; Veluci

et al. 2006; Johnson et al. 2007). In a hot desert environment, no differences were

observed in the downward transport of NH4
+ in light vs. dark cyanobacterial

biocrusts, whereas downward transport of NO3
� in light biocrusts was nearly

three times higher than in dark biocrusts (Johnson et al. 2007). Veluci

et al. (2006) showed the opposite pattern in which NH4
+ leaching was higher, and

NO3
� leaching lower, in lichen-covered as compared to moss-covered or bare soil

in a more mesic environment. Although the patterns in inorganic N transport to

underlying soil are not consistent and probably also depend on pH and soil

characteristics, the magnitude of N transport may be significant. In temperate

sand dune soils, inorganic N transport associated with biocrusts ranged from 0.02

to 0.8 g m�2 year�1, rates which are similar to N-fixation rates (Thiet et al. 2005).
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14.5 Nitrogen Gas Losses from Biocrusts and Biocrusted

Soils

Gaseous N loss constitutes a major pathway in which N fixed by biocrusts may

subsequently be lost from the ecosystem, either directly from the biocrust itself or

from export reservoirs. Thus, the magnitude of gaseous N emissions relative to N

inputs via fixation will strongly govern N retained within the ecosystem and longer-

term soil fertility. Enhanced NH4
+ and NO3

� availability, within biocrusts

(as described in Sect. 14.4), may promote N gas emissions through the biotically

driven processes of nitrification (oxidation of NH4
+ to NO3

�), denitrification (NO3
�

reduction to nitrogen oxides with N2 as an endpoint), and abiotic losses via

ammonia volatilization (NH4
+ conversion to NH3 gas) as all of these processes

have gaseous end products or intermediaries (Fig. 14.5). Over the past decade,

significant advances have been made in measuring N gas emissions from biocrusted

soils across a range of biocrust types and biomes (Table 14.1). More recent

explorations of anaerobic ammonium oxidation (anammox) rates suggests that

while this process does occur, it most likely plays a negligible role in N transfor-

mation in biocrusts and is unlikely to contribute significantly to overall N gas

emissions (Strauss et al. 2012; Abed et al. 2013). Less explored pathways of N

gas loss associated with codenitrification (N gas production during which one N

atom of nitrite or nitric oxide combines with one N atom of another N species, as,

e.g., amino compound), nitrifier denitrification (NH3 oxidation to NO2
�and subse-

quent reduction of NO2
�to NO, N2O, or N2), and dissimilatory nitrate reduction to

ammonium (DNRA) have gained increasing attention in soil ecology and may play

a yet unexplored role in biocrust emissions (Wrage et al. 2001; Rütting et al. 2011;

Spott and Stange 2011). Although N gas emissions from biocrusts have focused on

biogenic processes, abiotic reactive N gas loss, as has been determined to exist in

both biocrusted and bulk soils (McCalley and Sparks 2008), may also be a signif-

icant loss pathway.

Desert soils provide optimal conditions for ammonia (NH3) volatilization: Rates

are often positively correlated with the generally high soil pH and total salt content

found in desert soils, but negatively correlated with the often low organic matter

Fig. 14.5 Pathway of nitrogen fixation, nitrification, and denitrification in biocrusts. During and

after N fixation, NH3 could be released into the atmosphere; during both nitrification and

denitrification N2O, NO, and HONO may theoretically be formed and emitted
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content, cation exchange capacity (CEC), and clay content (Duan and Hongland

2000). Recent studies suggest that NH3 volatilization may be a major loss pathway

for N relative to other reactive N gases in bulk desert soils (McCalley and Sparks

2008). Reported rates of NH3 volatilization from biocrusts vary widely, ranging

from 1.4 to 336 μg Nm�2 h�1 (Table 14.1). In Mojave Desert soils, biocrusts had no

influence onNH3 emissions (McCalley and Sparks 2008). In contrast, in a laboratory

incubation of sandy soil from the Colorado Plateau, NH3 emissions were threefold

higher on biocrusted soils compared to soils where biocrusts were removed (Evans

and Johansen 1999). Although data on NH3 emissions by biocrust type are limited,

laboratory incubations of Colorado Plateau light and dark biocrusts emission rates

were similar (Barger 2003). Similar to NO gas loss, NH3 loss was consistently

observed in dry biocrust soils (McCalley and Sparks 2008, 2009). Estimates of

annual NH3 from biocrusts in Mojave Desert soils were 1.4 kg N ha�1 a�1

(McCalley and Sparks 2008).

A suite of nitrogen oxides are produced biogenically as by-products of nitrifi-

cation and denitrification processes (Fig. 14.4) and abiotically through chemical

formation driven by high temperatures (McCalley and Sparks 2009). Nitric oxide

(NO) and nitrous oxide (N2O) are the dominant by-products in nitrification and

denitrification processes with soil water content as a primary control on emissions.

Under low soil water conditions, intensive rates of nitrification favor production of

NO (Weber et al. 2015b). In contrast, saturated soils and subsequent low O2

conditions favor denitrification processes and high N2O emissions (Firestone and

Davidson 1989; Hartley and Schlesinger 2000; Pilegaard 2013).

Until recently, denitrification had been a relatively unexplored N loss pathway

from biocrusted soils because conditions conducive to the process (e.g., anoxic soils

and high levels of soil organic carbon (SOC) and soil NO3
�) were thought to be

limited in dryland environments (Tucker and Westerman 1989). Denitrification is

primarily a biological process, whereby denitrifiers (primarily heterotrophic bacte-

ria) use NO3
� for respiration of organics in the absence of O2 resulting in the

production of NO, N2O, and N2 (Fig. 14.4). The high rates of soil respiration

prevalent immediately following a precipitation event, however, do deplete

biocrust O2 concentrations, providing the anaerobic conditions required for deni-

trification. Thus, conditions conducive to denitrification do occur inside of biocrusts

at the microscale, with anoxia brought about by respiration, NO3
� supplied locally

by nitrification, and organic carbon in the pore water supplied by export from

primary producers (see Johnson et al. 2007). Yet, denitrification rates are typically

much lower than those of nitrification or N fixation for any given site and condition

or assay (Johnson et al. 2007; Strauss et al. 2012).

Denitrification rates in biocrusts and underlying soils are temporally and spa-

tially variable with estimates varying by five orders of magnitude (Table 14.1,

0.03–8181 μg N m�2 h�1). One must note, however, that much of this variability in

Table 14.1 is driven by exceedingly high rates obtained from a single study

conducted with a different technique (Abed et al. 2013). Although soil denitrifica-

tion rates are consistently shown to be highly variable across a broad range of

biomes and soil types, the wide range of analytical methods, environmental

14 Patterns and Controls on Nitrogen Cycling of Biological Soil Crusts 271



conditions in which soils were incubated, and differences in soil sampling depths

across the studies may partially contribute to the variability in reported rates

(Table 14.1).

Soil organic carbon (SOC) formed by biocrusts may increase denitrification rates

(Barger et al. 2013; Brankatschk et al. 2013). In one study on a Central European

duneland, denitrification on uncrusted sand was undetectable, whereas rates from

three biocrust types ranged from 5 to 48 μg N m�2 h�1 (Brankatschk et al. 2013).

An increase in SOC with biocrust development was hypothesized to be driving the

higher rates. Additional studies have shown that biocrust development leads to

higher denitrification rates (Strauss et al. 2012; Barger et al. 2013; Brankatschk

et al. 2013), while other studies have shown the opposite (Abed et al. 2013; Zaady

et al. 2013) or no effect (Johnson et al. 2007; Strauss et al. 2012; Zaady et al. 2013),

perhaps not an unexpected result given the multiplicity of factors that can influence

denitrification.

Simultaneous measurements of denitrification and N fixation reveal that biocrust

N fixation generally exceeds denitrification. In both hot and cold desert biocrusts,

denitrification rates ranged from 0.1 to 25 % of the N-fixation rates (Johnson

et al. 2005; Strauss et al. 2012; Barger et al. 2013; Zaady et al. 2013). The exception

to this pattern was a study conducted on an inland dune in Germany, whereby

denitrification rates from biocrusts were five- to tenfold higher than N-fixation rates

(Brankatschk et al. 2013). Biocrusts from this study experienced historically high

levels of N deposition (12–15 kg ha�1 a�1), which may have contributed to the high

denitrification rates (Brankatschk et al. 2013). In addition, N-fixation rates in all of

these studies were likely underestimated due to the use of high ARA to N-fixed

conversion ratios.

Few studies have attempted to estimate annual denitrification rates, but recent

estimates from the Negev desert suggest that denitrification from biocrusted soils

ranged from 7.2 to 10.8 kg ha�1 a�1. Biocrust N fixation at these same sites was

estimated at 43.2 kg ha�1 a�1, which suggests that a quarter of the N fixed each year

may be lost in denitrification (Zaady et al. 2013). It is important to note that many

denitrification estimates are potential rates based on optimal conditions, where

conditions of organic carbon supply, anoxia, and long incubation times are all

experimentally imposed in the assays relative to the field environment. Thus,

potential denitrification rates are likely overestimates and may represent an upper

end to N loss.

Nitric oxide (NO) may be produced biogenically both during nitrification and

denitrification processes and abiotically through chemical formation driven by solar

radiation and moisture (McCalley and Sparks 2009). NO production occurs in both

nitrification and denitrification processes with emission rates from 1.1 to 751 μg m
�2 h�1 from biocrusts and biocrusted soils (Table 14.1). NO loss in dryland soils is

positively correlated to nitrification rates (Hartley and Schlesinger 2000; Martin

et al. 2003), suggesting that NO is primarily produced during nitrification. Similar

to N fixation, soil moisture is a first-order control on NO emissions (Barger

et al. 2005; McCalley and Sparks 2008, 2009). In contrast to previous reports of

non-detectable levels of NO loss in dry biocrust soils (Barger et al. 2005), results
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from McCalley and Sparks (2008, 2009) revealed that low NO emissions occur in

dry biocrusts. Biocrust NO emissions also increase with increasing temperature

(Barger et al. 2005; McCalley and Sparks 2008, 2009). NO emissions from

biocrusts in SE Utah were nearly fivefold higher in the hot summer months relative

to the cooler spring and fall time periods (Barger et al. 2005). In summer months,

when soil temperatures exceed 50 �C, higher NO fluxes may also be driven by

abiotic processes (McCalley and Sparks 2009). Similar to what was the case with

denitrification rates, the influence of biocrust type had mixed effects on NO

emissions. In SE Utah, NO fluxes from dark cyanobacterial biocrusts were nearly

double those of light cyanobacterial crusts, but only during the warmer summer

months. In the Mojave Desert, NO fluxes were similar in light cyanobacterial

biocrusted and uncrusted soils (McCalley and Sparks 2008). Emissions of biocrusts

in the Succulent Karoo showed large variation depending on the type of biocrust

with dark cyanobacteria-dominated biocrusts reaching mean maximum emission

values of 751 μg m�2 h�1 of NO-N, whereas bare soil emitted a mean value of

33 μg m�2 h�1 (n¼ 4; Table 14.1; Weber et al. 2015b). Emission values obtained

by biocrusts of typical composition during one wetting and drying cycle

(0.74� 0.08 μg m�2 h�1 of NO-N) were combined with climate and biocrust

composition data to obtain an annual global estimate of 1.1 Tg a�1 of NO-N

emissions. Former estimates of annual NO gas loss from biocrusts were by far

lower ranging from 0.10 to 0.16 kg N ha�1 a�1 (Barger et al. 2005; McCalley and

Sparks 2008).

During both nitrification and denitrification nitrite (NO2
�) are formed, which,

under suitable conditions, can be released to the atmosphere as HONO (nitrous

acid). Only recently HONO emissions have been reported from bulk soil

(Su et al. 2011a) and soil bacteria (Oswald et al. 2013) and by biocrusts (Weber

et al. 2015b). The presence of biocrusts results in higher HONO emissions, whereby

all biocrust types released significant amounts of HONO in contrast to the very low

emissions reported for bare uncrusted desert soils. As observed for NO, HONO

emissions were strongly related to the soil water content. Based on long-term

climate and biocrust composition data, global release of HONO-N was estimated

at 0.6 Tg a�1. Summarizing the analyzed NO and HONO emissions, 1.7 Tg a�1 of

reactive nitrogen were found to be emitted, corresponding to ~20 % of the global

nitrogen oxide emissions of soils under natural vegetation (Ciais et al. 2013).

14.6 Regulation of Biocrust Nitrogen Transfer in Wind

and Water

In dryland ecosystems, water runoff and wind- and waterborne sediment export

from plant interspaces are long recognized pathways of N transfer (Ludwig

et al. 1997; Ravi et al. 2011). Several studies show that biocrusts influence water

and associated nutrient transfers from biocrusted interspace soils to downslope
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plants (Eldridge et al. 2000, 2002; Maestre et al. 2002). Whereas many studies have

found elevated areal N under shrubs relative to interspace soils (e.g., Thompson

et al. 2006), many others show no such differences where well-developed biocrusts

cover interspace soils (e.g., Allington and Valone 2014). In none of these studies,

however, was the role of biocrusts explicitly tested, and inferring transfer rates from

standing stocks alone does not adequately describe the specific N transfer

mechanisms.

Biocrust type can affect N transfer in overland flow. In a series of 30-min rainfall

simulation experiments on sandy soils in SE Utah, sediment N loss was an order of

magnitude higher in light cyanobacterial biocrusts (0.6 g m�2) than in the more

stable, dark cyanobacterial biocrusts (0.06 g m�2), with over 98 % of the N flux

coming from the sediment (Barger et al. 2006). Sediment and thus N loss was a

negative function of biocrust biomass, as indicated by chlorophyll a content (R2

¼ 0.82) (Fig. 14.6). In this one high-intensity rainfall simulation event, nearly 3% of

the estimated surface organic N was removed from light biocrusted soils compared

to<1% in dark cyanobacterial crusts. In a similar study on sandy soils in the Tengger

Desert, total N flux in runoff and sediment transport from dark cyanobacteria-lichen-

moss biocrusts was 0.42 g N m�2 (Li et al. 2008), similar to those reported above.

Most of the N fluxwas transported from biocrust patches downslope, and 74% of the

sediment N and 45–73 % of the dissolved N were subsequently trapped by down-

slope vegetation (Li et al. 2008). Using silt fences to capture sediment released in

natural runoff events from 40 m2 watersheds over a 4-month period, sites on sandy

soils produced an average of 0.05 gNm�2 from dark cyanobacterial biocrusted soils,

compared to an average of 56 g N m�2 from adjacent, recently disturbed uncrusted

soils (J. Belnap, unpublished). On clay soils, the dark cyanobacterial biocrusted soils

produced an average of 0.05 g Nm�2 and the disturbed uncrusted soils an average of

0.66 gNm�2 over the same 4-month time period. In contrast to these patterns, higher

runoff from biocrusted soils relative to bare soils in some settings can result in loss of

water and nutrients at the watershed level (Yair et al. 2011).
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Fig. 14.6 Sediment N flux as a function of soil chlorophyll a content in the top 0-2 cm of the soil

surface. Modified from Barger et al. (2006) and Barger (2003)
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Wind redistributes sediments in drylands, at the local (e.g., to nearby shrubs;

Ravi et al. 2010) to regional (e.g., to nearby mountains; Neff et al. 2008) scale, and

often moves more sediment than water does (Field et al. 2011). Biocrusts reduce

sediment loss via wind erosion by up to 66 times compared to uncrusted surfaces

(see Chap. 16 by Belnap and Büdel; Field et al. 2011). Because sediments

contain N, biocrusts will therefore reduce N transfer by wind. However, we could

find only one study quantifying this process (J. Belnap, unpublished). In SE Utah,

sediment was collected by dust samplers (units expressed as the collection area of

the sampler) from perennial and annual grasslands with varying crust types. Nitro-

gen lost from the grassland dominated by perennial native plants and dark

cyanobacterial biocrusts was very low in all years (~0.1 mg N cm�2 a�1 to

~2 mg N cm�2 a�1 in a wet and dry year, respectively). In contrast, a nearby area

on the same soil type but dominated by annual plants and light cyanobacterial

biocrusts lost a similar amount of N in wet years (0.2–0.4 mg N cm�2 a�1) but much

higher amounts in a drier year (~70 mg N cm�2 a�1). Areas with only annual plants

and no biocrusts had very high N losses in both wet and dry years, losing up to

10 mg N cm�2 a�1 and ~160 mg N cm�2 a�1 in a wet and dry year, respectively.

While this difference may not have been entirely due to the difference in biocrusts,

as the plant type and/or cover also varied, wind erosion models show that dark

cyanobacterial biocrusts completely stabilize soils, even when no plant cover is

present (Munson et al. 2011). Wind and water also interact to move N in drylands

(Belnap et al. 2011), but unfortunately the role of biocrusts in such coupled trans-

fers of N has not been studied.

Nitrogen has also been reported to be moved from biocrusts to nearby plants,

with the proposed agent being biocrust fungi (Green et al. 2008). Three studies

showed that labeled N added to interspace biocrusts could be found within hours in

plant tissue 1 m away. An expanded discussion on this topic is found in Chap. 19 by

Zhang et al.

Nitrogen movement by wind and water erosion may result in both N loss from

the system but also N transfer within the system. For example, estimates of N

fixation by biological soil crusts on the Colorado Plateau ranged from 1.3 kg N ha�1

a�1 in light cyanobacterial biocrusts up to 9 kg N ha�1 a�1 in dark cyanolichen

biocrusts (Belnap 2002a, b). In a high-intensity rainfall simulation event, N flux

from light cyanobacterial biocrusts was 6.3 kg N ha�1 (sixfold higher than annual N

inputs) as compared to only 0.6 kg N ha�1 lost from dark cyanobacterial biocrusts.

Early successional light cyanobacterial biocrusts have low N-fixation potential, and

N losses of this magnitude would require a significant number of years for recovery.

Thus, a single high-intensity rainfall event may dramatically alter N balance within

biocrusts.
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14.7 Ecosystem Nitrogen Budgets

The very fact that nitrogen fixation is such a prominent and ubiquitous trait of

biocrusts speaks clearly for a permanent state of N limitation and requires that much

of the N fixed is exported away from the crust in some form or another. The fate of

N fixed by biocrusts and whether this N is retained in the system or lost via the

broad range of pathways (described in earlier sections) determines ecosystem N

balance over longer time scales. Given that N-fixation estimates may be quite high

but soil N accretion rates are generally low (10 % of N fixed, Peterjohn and

Schlesinger 1990) suggests that either major errors in estimates or scaling of

biocrust N fixation plague our current approaches as described in the previous

section or annual N losses are several orders of magnitude higher than what would

be anticipated in these relatively low-nutrient environments. Additionally impor-

tant pools or processes may yet to be adequately considered and measured (e.g., N

transfer to plants; see Chap. 19 by Zhang et al.). Although numerous studies of N

losses and transfers from biocrusts have contributed to our understanding of the fate

of N fixed by biocrusts over the past decade, significant uncertainties related to

biocrust N balance still remain. Specifically, the challenges in measuring all

pathways of N inputs, losses, and retention simultaneously under environmentally

relevant field conditions have limited our ability to “close” the N cycle.

Over longer time scales, the balance between N inputs and losses is reflected in

accumulation of soil organic N. A recent survey in North America showed that

biocrusts accumulate very significant levels of total N (severalfold) above the
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stabilized at their contact zones by filamentous cyanobacteria and green algae; Phase
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background levels found in uncrusted, neighboring soils (Beraldi-Campesi

et al. 2009). An example taken from a Central European duneland shows that soil

organic N was similar across the top 35 mm of the soil surface in undeveloped,

mobile sands (Fig. 14.7, Brankatschk et al. 2013). As cyanobacteria colonized soil

surfaces, organic N increased in the zone of biocrust activity (0–5 mm). In later

successional stages (algal-cyanobacteria-moss biocrust), soil organic N in these

duneland ecosystems was more than ninefold higher than that of the mobile sands

(Fig. 14.7). Soil N in subsurface soils was similar across all development stages and

suggests that any N transfer from surface soils does not result in significant N

accretion in subsurface soils.

A similar pattern of soil organic N accumulation in surface soils was observed

across a range of biomes. In a review of seven studies, the presence of biocrusts

consistently increased soil surface N relative to subsurface soils (Fig. 14.8). In cold

and cool desert environments, the pattern of higher N in surface soils was much

greater in dark biocrusts (cyanobacterial and cyanolichen) relative to light

cyanobacterial biocrusts. Interestingly, this pattern was not consistent in hot desert

environments. Soil N accretion in surface soils in a study in the Negev and the
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Sonoran Desert studies was lower in dark biocrusts relative to light biocrusts

relative to subsurface soils (Fig. 14.8).

14.8 Summary of Biocrust N Cycling

In low-nutrient environments with few vascular plant symbiotic N fixers, biocrusts

play an important role in ecosystem N cycling. A large number of studies across a

wide range of biomes clearly confirm that not only the presence of biocrusts but

biocrust community composition strongly influences N-fixation activity, with N

fixation increasing with level of development (cyanobacterial-lichen

biocrusts> dark cyanobacterial biocrust (e.g., Nostoc spp. and Collema spp.)>
light Microcoleus-dominated biocrust). Nitrogen fixation by biocrusts results in N

release to the soil in a variety of N forms (inorganic and organic N), thus elevating

soil inorganic N pools in the top few millimeters of soil. The influence of N release

on the bulk soil at greater soil depths is less clear, with biocrusts either elevating or

having no influence on bulk soil inorganic N pools. The fate of N fixed and released

by biocrusts, and whether this N is retained in the ecosystem in either soils or plants,

determines ecosystem N balance over longer time scales, and results on the

influence of biocrusts are mixed. Whereas we have multiple studies that examine

a single compartment of N budgets, we lack studies that simultaneously address N

inputs, losses, and soil and plant pools, thus precluding the construction of defin-

itive N balances. One of the most consistent impact biocrusts have on ecosystem N

is reducing N loss via wind and water erosion, with such losses consistently

decreasing with increasing biocrust development.

14.9 Research Challenges

1. Biocrust N fixation—On a global scale, N fixation by biocrusts was estimated to

account for ~ 26 Tg a�1 or half of the global N fixation as estimated in the latest

IPCC report (Elbert et al. 2012; Ciais et al. 2013). Thus, well-constrained

estimates of biocrust N fixation at larger spatial scales are important for our

broader understanding of global N cycles. To better estimate biocrust N fixation

across biocrust types and biomes, future biocrust N-fixation studies should

(1) report antecedent conditions such as the amount of time biocrusts were

metabolically active before measurements, (2) measure temperature within the

biocrust rather than air, (3) use 15N2 or calibrate ARA with 15N2, and (4) increase

incubation times to avoid diffusion limitation (Johnson et al. 2005).

2. Spatiotemporal scaling of biocrust N cycling—Many of the studies described in

this chapter examine biocrust N input and loss pathways on short time scales

(i.e., minutes, hours) and small spatial scales (i.e., centimeters to meters).

Although these detailed studies of biocrust N cycling have been critical to

278 N.N. Barger et al.



increasing our understanding of the important environmental controls on N

transformations in biocrusts, temporally scaling short-term N loss rates to annual

losses still remains a challenge due to the high spatial and temporal variability in

rates.

3. Soil moisture and temperature monitoring—Since biocrust organisms are phys-

iologically active only when adequate water is available, continuous monitoring

of moisture in soil lichens, mosses, and surface soils (0–0.5 cm or less) is

important for constraining N budgets.

4. Use of common methodologies and units—Future studies are encouraged to use

common methodologies and units during reporting in order to compare across all

aspects of biocrust N cycling, especially for N fixation. To facilitate future meta-

analyses and reviews, N cycling rates should be reported on both a mass and area

basis in the supplementary material for comparison across studies. Ancillary soil

data such as soil texture, moisture, temperature, SOM, total N, and inorganic N

pools are the most important measures for biocrust N cycling studies in addition

to adequately characterizing the biocrust community with measures of chloro-

phyll a and biocrust species composition.

5. Biocrust N release and uptake—Understand the environmental conditions that

result in N release and subsequent uptake by soil microorganisms and surround-

ing plant communities and how these dynamics may change with anthropogenic

atmospheric N deposition.

6. Simultaneous measures of N inputs, losses, and all pools (soil and plant)—
Examine covariation of integrated cycling (many processes) with fundamental

environmental drivers (i.e., temperature, moisture). Studies focused solely on

one type of transformation are by now of very limited value, in view of the large

variability of each process in space and time.

7. Understand the limits of denitrification in biocrusts—As reported in previous

sections, conditions within active biocrusts are prime for denitrification (i.e.,

anoxic conditions, organic matter supplied by photosynthetic release, and nitrate

supplied by strong nitrification), and yet rates are generally low (in many but not

all studies) compared to the potentials.
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