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Reactive nitrogen species have a strong influence on atmospheric
chemistry and climate, tightly coupling the Earth’s nitrogen cycle
with microbial activity in the biosphere. Their sources, however,
are not well constrained, especially in dryland regions account-
ing for a major fraction of the global land surface. Here, we show
that biological soil crusts (biocrusts) are emitters of nitric oxide (NO)
and nitrous acid (HONO). Largest fluxes are obtained by dark cya-
nobacteria-dominated biocrusts, being ∼20 times higher than those
of neighboring uncrusted soils. Based on laboratory, field, and
satellite measurement data, we obtain a best estimate of ∼1.7 Tg per
year for the global emission of reactive nitrogen from biocrusts
(1.1 Tg a−1 of NO-N and 0.6 Tg a−1 of HONO-N), corresponding
to ∼20% of global nitrogen oxide emissions from soils under natural
vegetation. On continental scales, emissions are highest in Africa
and South America and lowest in Europe. Our results suggest that
dryland emissions of reactive nitrogen are largely driven by
biocrusts rather than the underlying soil. They help to explain
enigmatic discrepancies between measurement and modeling
approaches of global reactive nitrogen emissions. As the emissions
of biocrusts strongly depend on precipitation events, climate
change affecting the distribution and frequency of precipitation
may have a strong impact on terrestrial emissions of reactive
nitrogen and related climate feedback effects. Because biocrusts
also account for a large fraction of global terrestrial biological
nitrogen fixation, their impacts should be further quantified and
included in regional and global models of air chemistry,
biogeochemistry, and climate.
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Nitrogen oxides and nitrous acid are key species in the global
cycling of nitrogen and in the production of ozone and hy-

droxyl radicals, regulating the oxidizing power and self-cleaning
capacity of the atmosphere (1–3). Nitric oxide (NO) emissions
from soil have long been known (4–6), and recent studies found
that also nitrous acid (HONO) can be released from biogenic
soil sources (7, 8). Reactive nitrogen emissions from soil bacteria
are usually stimulated by nitrogen input from chemical and
manure fertilizer or atmospheric deposition (7–9). In dryland
regions, where nitrogen fertilization and deposition tend to be
low (10), enhanced concentrations of NO have been observed
after rain and attributed to ground sources (9, 11), but mea-
sured soil emissions were too small to explain the atmospheric
observations (8, 12).
Biological soil crusts (biocrusts) occurring on ground surfaces in

drylands throughout the world consist of cyanobacteria, lichens,
mosses, and algae plus heterotrophic bacteria, fungi, and archaea
in varying proportions. Depending on the dominating photoau-
totrophic component, they are classified into the major groups of
cyanobacteria-, lichen-, and moss-dominated biocrusts (13). Fossil

records suggest that biological crusts similar to today’s cyano-
bacterial biocrusts formed the earliest terrestrial ecosystems in
Earth’s history over 3 billion years ago (14, 15). Today, they are
still pioneers in the colonization and succession of bare grounds
such as burnt areas, loose sand, and volcanic deposits (16, 17). In a
recent study, Elbert et al. (18) found that biocrusts, i.e., crypto-
gamic ground covers in desert and steppe ecosystems, are fixing
large amounts of atmospheric nitrogen, with a best estimate
of ∼26 Tg a−1, corresponding to ∼40% of the most recent In-
tergovernmental Panel on Climate Change (IPCC) estimate for
global terrestrial biological nitrogen fixation (19). But what are the
consequences of nitrogen fixation by biocrusts? Incubation studies
have shown that biocrusts can release nitrogen oxides (20–22),
while field and model studies suggested large emissions of nitro-
gen oxides from drylands, raising questions about their origin (9,
11, 23, 24).
In this study, we investigate the emission of reactive nitrogen

from biocrusts in drylands on continental and global scales. For
this purpose, we measured NO and HONO fluxes from the main
types of biocrusts using a controlled dynamic chamber method.
Earlier studies have shown that emissions obtained by this tech-
nique are consistent with field measurements (25, 26). Samples of
bare soil without biocrust cover collected at the same locations
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were analyzed for comparison. Emissions during full wetting–
drying cycles were combined with biocrust composition and
global distribution data as well as satellite-retrieved precipitation
information to obtain best estimates of global annual NO and
HONO release.

Results and Discussion
All types of biocrusts showed characteristic patterns of NO and
HONO emission fluxes as a function of soil water content (SWC)
(Fig. 1). Cyanobacteria-dominated crusts exhibited a sharp peak
around 20–25% water-holding capacity (WHC) (i.e., the maxi-
mum amount of water absorbed by a soil), indicating that NO
and HONO are formed during nitrification by bacteria or archaea
under aerobic conditions (6, 8, 27). In contrast, the emissions of
chlorolichen- and moss-dominated crusts extended over a wider
range of SWC (∼20–80% WHC), suggesting that both nitrification
and denitrification under aerobic and anaerobic conditions may be
involved (28).
In Fig. 2A, the average maximum emission fluxes at optimum

soil moisture conditions are shown for all sample types in-
vestigated. The highest average values were recorded for dark
cyanobacteria-dominated biocrusts: 208 ± 15 ng·m−2·s−1 of ni-
trogen in NO (NO-N) and 173 ± 18 ng·m−2·s−1 of nitrogen in
HONO (HONO-N) (best estimate ± SE) (SI Appendix, Table S1).
In contrast, the average maximum emission fluxes of bare soil
samples were lower by more than a factor of 20 (9 ± 3 ng·m−2·s−1

for NO-N and 5 ± 2 ng·m−2·s−1 for HONO-N). For soil samples
collected from a wide range of ecosystems around the world,
Oswald et al. (8) had determined emission fluxes from <1 to
∼50 ng·m−2·s−1 for NO-N and ∼30 ng·m−2·s−1 for HONO-N, whereas
only two strongly fertilized soils exhibited emission fluxes around
∼200 ng·m−2·s−1. In former biocrust studies, NO emissions were
determined to be minor by means of chamber experiments (29),

whereas in continuous flux measurements, McCalley and Sparks
(24) determined emissions of up to 60 ng·m−2·s−1 of NO-N on
Mojave Desert soils with ∼20% biocrust coverage. Due to the high
soil temperatures, the latter assumed these emissions to be abi-
otic, whereas our experiments revealed that, after sterilization,
almost no NO and HONO emissions were measured on previ-
ously emitting samples (Fig. 3).
The total emissions of NO-N and HONO-N integrated over a

full wetting and drying cycle are shown in Fig. 2B. Again, the
highest values were obtained for dark cyanobacteria-domi-
nated biocrusts (2.4 ± 0.3 mg·m−2 NO-N and 1.7 ± 0.2 mg·m−2

of HONO-N), whereas the integrated emissions of bare soil
were more than an order of magnitude lower (SI Appendix,
Table S2).
Combining our chamber measurements with related field and

literature data on biocrust composition, we investigated the at-
mospheric relevance of reactive nitrogen emissions from bio-
crusts in steppe and desert ecosystems on continental and global
scales. Following the approach of Elbert et al. (18), we calculated
best estimates and uncertainty ranges for the emissions of reactive
nitrogen from biocrusts in the course of a precipitation event (wet-
ting and drying cycle), for which we obtained ∼0.7 ± 0.1 mg·m−2 of
NO-N and ∼0.4 ± 0.1 mg·m−2 of HONO-N as detailed in SI Ap-
pendix (SI Appendix, Tables S2–S4).
By multiplication with satellite-retrieved annual precipita-

tion data, we obtained an estimate for the global distribution
of reactive nitrogen emissions from biocrusts in drylands, i.e.,
hot deserts and steppe, as shown in Fig. 4. On continental
scales, the sum of reactive nitrogen emissions is highest in
Africa (∼0.7 ± 0.1 Tg a−1), South America (∼0.4 ± 0.1 Tg a−1),
and Asia (∼0.2 ± 0.03 Tg a−1 of NO-N and HONO-N) and
lowest in Europe (SI Appendix, Fig. S2 and Table S5). Glob-
ally integrated, the emissions amount to ∼1.1 ± 0.1 Tg a−1 of

Fig. 1. Characteristic emission patterns of NO-N and HONO-N from different
types of biocrusts and bare soil at varying soil water contents. (A) NO-N emis-
sions. (B) HONO-N emissions. For better visibility of the symbols, only every 2nd
(light cyanobacteria-dominated), 5th (dark cyanobacteria-dominated), or 10th
(chlorolichen-dominated, moss-dominated biocrusts, bare soil) value is shown.

Fig. 2. Emissions of NO-N and HONO-N from different types of biocrusts
and bare soil. (A) Average maximum emission fluxes with SE of means under
optimum water conditions. (B) Average emissions during a full wetting and
drying cycle with SE of means. Emission fluxes were measured at 25 °C and in
the dark to avoid photolytic reactions. All biocrust types and bare soil were
measured in replicates (n = 4).
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NO-N and ∼0.6 ± 0.1 Tg a−1 of HONO-N, summing up to ∼1.7 ±
0.3 Tg a−1 of reactive nitrogen emissions.
Process-based bottom-up models, as the widely used algo-

rithms of Yienger and Levy (30) and GEOS-CHEM (31), pre-
dicted global NO-N emissions of 5.5 and 5.3 Tg a−1 from soils,
respectively, whereas data-based top-down approaches identified
substantially larger fluxes [8.9 Tg a−1 (23); 8.4 Tg a−1 (9)] with
major sources being located in dryland regions (9, 11, 23). Our
results indicate that these dryland emissions are largely driven by
biocrusts rather than the underlying soil, and may explain a
major fraction of the discrepancy between bottom-up and top-
down modeling approaches.
Fig. 5 illustrates the relevance and approximate magnitude of

biocrust nitrogen fluxes as part of the overall biological terres-
trial nitrogen fluxes. Their uptake of molecular nitrogen corre-
sponds to as much as ∼40% of current estimates of terrestrial
biological nitrogen fixation. The biocrust emissions of reactive
nitrogen (HONO-N plus NO-N) correspond to ∼20% of current
estimates of reactive nitrogen emissions from soils under natural
vegetation [7.3 Tg a−1 (19)] or, for reference, approximately one-
half the amount of reactive nitrogen annually released by agri-
culture [3.7 Tg a−1 (19)]. Thus, despite the fact that biocrusts
only grow within the uppermost few millimeters of dryland soils,
they largely influence biological N fixation and reactive trace gas
emissions on a global scale. The fraction of fixed N released by
soil ranges between 5% and 16%, and that by biocrusts between
3% and 14%, thus covering an almost identical range, which may
indicate similar processes in both cycles.
Recent investigations of cyanobacteria, lichens, and mosses

suggest that biocrusts can also emit substantial amounts of N2O
(32). Further investigations comprising multiple nitrogen com-
pounds and isotopes should unravel the interplay of different

chemical and biological species and processes in the cycling of
nitrogen by biocrusts (33–36).
In the course of global change, the relevance of nitrogen

cycling by biocrusts may increase with an expansion of dryland
ecosystems currently covering around ∼40% of the global land
surface (37). On the other hand, biocrusts are threatened by
land use change, and changing precipitation patterns (38) may
affect their composition, distribution, and physiological activity.
The interactions and effects of biocrusts constitute a complex
and potentially strong feedback loop in the history and evolu-
tion of the Earth system. Thus, the influence of biocrusts on the
nitrogen cycle should be further quantified and included in
regional and global models of air chemistry, biogeochemistry,
and climate.

Methods
Biocrust Sampling. Biocrust samples were collected in the vicinity of BIOTA
observatory 22 (Soebatsfontein; 30.1865°S, 17.5433°E) about 60 km south
of Springbok in the Succulent Karoo, South Africa. Samples from this
region turned out to be characteristic for warm deserts around the globe
(18, 39, 40). In October 2013 and 2014, spatially independent replicate
samples were collected of each of the four biocrust types: (i ) initial cya-
nobacteria-dominated biocrusts (light biocrust), (ii ) dark cyanobacteria-
dominated biocrusts with cyanolichens (dark biocrust), (iii ) chlorolichen-
dominated biocrusts with Psora decipiens as dominating lichen species
(chlorolichen biocrust), and (iv) moss-dominated biocrusts with Ceratodon
purpureus as dominating moss species (moss biocrust), and of bare uncrusted
soil. For an in-depth description of the different types of biocrusts, see Dojani
et al. (13, 16). The samples were collected by means of stainless-steel cylin-
ders (5.0-cm diameter, 2.6 cm high), were then air-dried in the camp to
minimize metabolic activity, and transported to the Max Planck Institute for
Chemistry in Mainz for analyses. There they were stored in the refrigerator
at 5 °C until measurements.

Measurement of Samples. Samples were watered and then placed into a
Teflon chamber to analyze trace gas fluxes during the drying process. The
chamber was purged with purified dry air, and thorough mixing of the
chamber headspace was achieved by a fan. Release and mixing ratios of
HONO, NO, NO2, and H2O in the chamber were measured at the chamber
outlet. The chamber was kept at 25 °C, and measurements were conducted
in the dark to avoid photolytic reactions. NO and NO2 were measured with a
gas chemiluminescence detector and HONO with a long path absorption
photometer. The loss in soil water content during the experiment was de-
termined by initial weighing and measurement of temperature and relative
humidity at the chamber outlet. After complete drying, the sample was
removed from the chamber and placed in a drying oven to determine the
exact dry weight of the sample.

Maximum emission rates, duration of emission events, and correlations
between NO and HONO emission patterns for different types of biocrusts
and bare soil are shown in SI Appendix, Table S1. Characteristic emission
patterns of NO and HONO at varying soil water contents are shown in
Fig. 1; NO2 emissions were negligible (mostly <5 ng·m−2·s−1). To evaluate
whether NO and HONO emissions are initiated biotically or not, dark
cyanobacteria-dominated biocrusts were measured as described above,
then autoclaved, and after cooling, NO and HONO fluxes were analyzed
again (Fig. 3).

Nutrient, Chlorophyll, and pH Analyses. Nitrate, nitrite, and ammonium
contents of the soil were determined according to DIN ISO/TS 14256-1 by
Envilytix (41). Chlorophyll contents were determined by extracting the
biocrust samples twice with DMSO at 60 °C for 90 min each according to
the method described by Ronen and Galun (42). Nitrate, nitrite, ammo-
nium content, and biomass of photosynthetically active organisms de-
termined as chlorophyll a and a+b of the samples are shown in the SI
Appendix, Fig. S3 and Table S6. pH values of each type of biocrust and bare
soil (n = 4; SI Appendix, Table S7) were determined electrometrically as
described by Steubing and Fangmeier (43).

Comparison of Laboratory and Field Conditions During Wetting and Drying
Cycle. Laboratory conditions were compared with those occurring in the
field to check whether wetting–drying cycles happen in a comparable way.
Activity patterns in the field were assessed at 10-min increments using three
microclimate stations, which had been installed within the study region for

Fig. 3. NO and HONO emissions of dark cyanobacteria-dominated biocrust
before and after sterilization. (A) NO-N emissions. (B) HONO-N emissions. For
better visibility of the symbols, only every 3rd (unsterilized sample) and 10th
(sterilized sample) value is shown.
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1 y (SI Appendix, Table S4). It turned out that the duration of activity after
precipitation events in the field was about two times as long as the
duration of emissions in the laboratory, thus equaling the ∼8 K lower field
temperatures, as 10 K lower temperatures are expected to approximately
halve the emissions.

Quantification of Habitat Emission per Precipitation Event. NO and HONO
emission data integrated over a full wetting and drying cycle were cal-
culated for the different types of biocrusts and bare soil (SI Appendix, Table
S2). The average composition of biocrusts in dryland areas was assessed
compiling field measurements and available literature data (SI Appendix,

Fig. 4. Annual emissions from biocrusts in desert and steppe ecosystems on a global scale. (A) NO-N emissions. (B) HONO-N emissions. The flux units are
milligrams per square meter per year.

Fig. 5. Relevance of biocrust N fluxes discussed in this paper as part of the global terrestrial biological nitrogen fluxes. Inner arrows represent the global
annual fixation of molecular nitrogen by biocrusts, as estimated in a previous study (18), and emission of reactive nitrogen (NO-N plus HONO-N) by biocrusts
on the ground surface of drylands, as obtained in this study. Outer arrows indicate the global annual biological fixation of molecular nitrogen and emission of
reactive nitrogen (NOx) by soil under natural vegetation covers as reported in the latest report of the IPCC (19).
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Table S3). The field data were collected at the four climate station sites in
the Succulent Karoo using the point intercept method as described in ref.
16 at 200 randomly chosen locations per site. The community emis-
sions (Ecommun,NO; Ecommun,HONO) per wetting and drying cycle event
(in milligrams of N per square meter) were calculated according to the
following:

Ecommun =
X�

EN,int,LB *CLB
�
+
�
EN,int,DB *CDB

�
+
�
EN,int,CB *CCB

�

+
�
EN,int,MB *CMB

�
, [1]

where EN,int,type is the biocrust emission per wetting and drying cycle (in
milligrams of N per square meter) and Ctype is the relative cover of biocrust
types (in square meters per square meter). Cover types comprise light cya-
nobacteria-dominated (LB), dark cyanobacteria-dominated (DB), chlorolichen-
dominated (CB), and moss-dominated biocrusts (MB).

For calculation of bare soil emissions, when there are no biocrusts present
(BS), soil coverage was set to two-thirds and nonemitting surface cover to
one-third of total surface cover, as some areas are sealed by buildings and
rocks where no emissions are expected. Soil emissions (Esoil,NO; Esoil,HONO) per
wetting and drying cycle event (in milligrams of N per square meter) were
calculated according to the following:

Esoil = EN,int,BS * 0.6666. [2]

Upscaling of Emissions to a Global Scale. As biocrusts mainly occur in arid
regions, upscaling was performed for the fractional steppe and desert eco-
systems coverage as determined by Elbert et al. (18).

Global emissions of NO and HONO (Eglob,NO; Eglob,HONO; in teragrams per
year) were calculated according to the following:

Eglob,NO =
Xn

i=1

Ecommun,cell,NO * Pcell [3]

and

Eglob,HONO =
Xn

i=1

Ecommun,cell,HONO *Pcell [4]

where i is the grid cell, Ecommun,cell,NO and Ecommun,cell,HONO are the commu-
nity emissions of NO and HONO, respectively, in a grid cell during one
precipitation event (in teragrams per year), and Pcell is the number of pre-
cipitation events of each grid cell.

The annual average number of precipitation events was calculated from
3-hourly spatially downscaled (0.5°) precipitation data for the decade 1999–2008
(44). Each time step with precipitation >0 was counted as one event for each grid
cell. For the study region in the Succulent Karoo, the number of precipitation
events determined by local climate measurements between October 2008 and
2009 was more than two times higher than the remote sensing data used by us
(34 versus 12.3 events per year), again underlining our conservative approach.

Statistics. As uncertainty estimate, generally the SE of means is given. Cor-
relations between NO and HONO emission patterns, maximum NO/HONO
fluxes at optimum water content and soil pH, nutrient, and biomass data
were analyzed using the Spearman rank test, as no normal distribution of
data were achieved. Different soil cover types (i.e., biocrust types and bare
soil) were analyzed for differences in maximum NO and HONO fluxes, as well
as soil nutrient and biomass data, using a Kruskal–Wallis ANOVA. All sta-
tistical tests were performed using Origin Pro-9.
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