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Global cycling and climate effects of aeolian dust
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Biological soil crusts (biocrusts) cover ~12% of the global land surface. They are formed by an intimate association between
soil particles, photoautotrophic and heterotrophic organisms, and they effectively stabilize the soil surface of drylands.
Quantitative information on the impact of biocrusts on the global cycling and climate effects of aeolian dust, however, is not
available. Here, we combine the currently limited experimental data with a global climate model to investigate the effects of
biocrusts on regional and global dust cycling under current and future conditions. We estimate that biocrusts reduce the global
atmospheric dust emissions by ~60%, preventing the release of ~0.7 Pg dust per year. Until 2070, biocrust coverage is expected
to be severely reduced by climate change and land-use intensification. The biocrust loss will cause an increased dust burden,
leading to a reduction of the global radiation budget of around 0.12 to 0.22 W m~2, corresponding to about 50% of the total
direct forcing of anthropogenic aerosols. This biocrust control on dust cycling and its climate impacts have important implica-
tions for human health, biogeochemical cycling and the functioning of the ecosystems, and thus should be considered in the

modelling, mitigation and management of global change.

12% of the global land surface, are currently covered by bio-

logical soil crusts (biocrusts)'. Although these communities
represent a small fraction of the soil profile, they contribute to the
biogeochemical cycling of nutrients, serving as nitrogen and carbon
sources and improving the soil water balance and plant growth'-.
They also emit nitric oxide (NO) and nitrous acid (HONO)”*, which
influence the ozone production and OH reactivity of the atmo-
sphere”'’. Biocrust organisms grow on top or within the uppermost
millimetres of the soil, shielding the soil surface and entangling soil
particles with their rhizines and hyphae. Many biocrust-forming
organisms secrete extracellular polymeric substances, consisting
of amino acids, polysaccharides and other carbohydrates, which
agglutinate the soil particles'. All these stabilizing effects cause bio-
crusts to form a strongly armoured cohesive layer, which increases
soil resistance against erosion, thus preventing soil particle and
nutrient mobilization'.

Atmospheric dust represents a key component of aerosols, which
are relevant in climate processes, with the exact effects still to be
determined”. Most dust is generated by aeolian erosion in dry-
lands at rates that depend on surface conditions and meteorology
and may shift in a changing climate'’. Upon emission, dust may
be transported over long distances before deposition'®. During
transport, dust particles influence the optical properties of the
atmosphere as they scatter incoming solar radiation and absorb
long-wave emissions'®. They also serve as ice and cloud conden-
sation nuclei’” and are chemically altered by processes within the
atmosphere'®”. Dust contains nutrients and organic matter from
source areas, which, upon deposition, can potentially increase

Q bout 25% of the dryland soil surfaces, corresponding to

productivity of nutrient-depleted ocean and land ecosystems, modi-
fying regional and global biogeochemical cycles**>. When depos-
ited on snow and glacier surfaces, dust enhances the absorption of
solar radiation and melting rates of snow, with negative impacts on
freshwater supplies and the phenology of alpine vegetation®. Dust
particles may also negatively influence human health by carrying
pathogens (for example, viruses, bacteria and fungi), triggering
respiratory and cardiovascular diseases and causing highway acci-
dents”. In controlled wind simulation experiments, biocrusts have
been shown to effectively decrease dust emissions, but these were
focused on small-scale process studies**. The impact of biocrusts
on the global dust cycle has yet to be determined.

In this study, we used the currently limited existing experimental
data of biocrust effects on threshold friction velocities (TFVs), the
minimum wind velocity at which soil particles start being dislodged
from the matrix (Supplementary Table 1). On the basis of these
data, we used exponential relationships (as previously described
by ref. *°) to describe the mean, minimum and maximum effects
of varying biocrust coverage on TFVs. According to these results,
a biocrust coverage of 100% causes a mean increase of TFV val-
ues by 480% (SE=176%), ranging between 110 and 2,350% as
minimum and maximum values (Extended Data Fig. 1). We com-
bined these results with global biocrust cover data' (Extended Data
Fig. 2) to obtain global spatially resolved information on how bio-
crusts affect TFVs. Our results suggest a mean global increase of
TFV by ~30%, being highest on continents known to host large
dust source areas, such as Australia (60%) and Africa (49%), and
lowest in Europe (16%) and South America (13%; Extended
Data Fig. 3).
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Fig. 1| Current dust emissions obtained with the ECHAM6-HAM2-BIOCRUST model. a, Global dust emissions, considering the mean effect of biocrusts
on TFV. b, Bar chart showing regional dust emissions obtained with the ECHAM6-HAM2-BIOCRUST model, considering the mean effect of biocrusts

on TFV for the period 1990-2020. Biocrust (BSC), as compared with dust emissions obtained by the standard ECHAM®6-HAM?2.1 model (ECH) and the
median of AeroCom (Acom) models for the different regions (indicated by different colours). Error bars in the BSC model indicate uncertainty range in
our estimation (minimum and maximum effects of biocrusts on TFV) whereas error bars in Acom represent the range of values obtained by the different

models considered in the AeroCom project.

These data were added to the global climate aerosol model
ECHAMG6-HAM2*® with modifications of ref. ¥ (ECHAMG6-
HAM2.1) to explicitly analyse the spatially variable effect of bio-
crusts on the global dust cycle. This resulted in the new model
version ECHAMG6-HAM2-BIOCRUST (Methods). Using this
approach, we obtained an estimate of global dust emissions
amounting to ~1,200Tgyr™" (Fig. 1 and Supplementary Table 2)
when a mean or maximum effect of biocrusts on TFV was con-
sidered (Fig. 1). Considering a minimum biocrust effect on TFV
resulted in a higher emission rate of ~1,550 Tgyr~" (Supplementary
Table 2). Dust deposition, as composed of sedimentation and dry
and wet deposition, summed to nearly identical values. The total
emission and deposition values using the mean or maximum bio-
crust effects were comparable to the results of the previous model
version ECHAM6-HAM2.1 (931 and 945Tgyr™', respectively;
Fig. 1 and Supplementary Table 3)”. In this approach, biocrust
effects had not been explicitly considered but were included indi-
rectly by fitting model outputs to the observed data (see Methods
for further details). Observed minor differences between our model
and the previous study are based mainly on regional variations
caused by biocrust presence in some potential dust source regions,
such as southern Africa and the main deserts in Asia. The results
are also well within the range of dust emission estimates obtained
by the global dust model intercomparison project AeroCom
(514-4,313 Tgyr™) (ref. *), presenting the state of the art in model-
ling of global aerosols.

Biocrust effects on current dust cycle
We then estimated the global biocrust effect on dust cycling by
analysing the differences between ECHAM6-HAM2-BIOCRUST

and an additional simulation after a complete removal of biocrusts
(ECHAM6-HAM2-NO BIOCRUST). According to these modelling
results, removal of biocrusts would cause an additional mean emis-
sion of ~700 Tgyr~' (minimum biocrust effect on TFV: ~350 Tgyr~;
maximum effect of biocrusts on TFV: ~700 Tgyr~) of dust, corre-
sponding to a significant increase of ~60% (~30 to ~60%) as com-
pared to the current value (Fig. 2a; Supplementary Table 4). This
biocrust effect is particularly relevant from the west coast of North
Africa, over the Middle East, Central and South Asia, to China
(along the so-called dust belt) and in the main deserts of Australia,
the western United States, South America and Asia. The increase of
dust emissions upon biocrust removal entails a significant increase
of global dust deposition that occurs mostly near dust source
regions and along the main dust transport paths from these source
regions (Fig. 2b). Continental dust deposition would increase by
~450Tg yr~' (~200 to ~450 Tgyr™'), corresponding to an increase
of ~40% (~20 to ~40%) compared to when biocrusts are present
(Supplementary Table 4). Biocrust effects on continental deposition
are most prominent in the biocrust-dominated areas of Africa, Asia
and Australia (Supplementary Table 4), but their influence extends
to remote regions in Europe, the United States and South America
(Fig. 2b). Over the oceans and water bodies, biocrust removal
would cause dust deposition to increase by ~250Tgyr™' (~150 to
~250 Tgyr™'; Supplementary Table 5), corresponding to ~55% (~20
to ~55%) of the current values. This increased marine dust depo-
sition would occur mainly in the form of sedimentation and wet
deposition and be particularly relevant in the Indian, Pacific and
Atlantic oceans (Extended Data Fig. 4 and Supplementary Table 5).

As dust also carries nutrients, source regions are depleted and
deposition areas enriched”**"*. Some terrestrial ecosystems within
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Fig. 2 | Impact of biocrusts on current global dust cycling and aerosol radiative effect. a-d, Hypothetical change of total annual dust emission (a),

total annual dust deposition (b), mean annual atmospheric dust burden (¢) and mean aerosol net radiative effect at the top of the atmosphere (d) upon
complete removal of biocrusts. All calculations refer to mean annual values for the period 1990-2020 and are based on the mean effects of biocrusts on
TFV. Individual maps showing biocrust effects on dust deposition by sedimentation, wet deposition and dry deposition are presented in Extended

Data Fig. 4, and individual maps showing biocrust effects on short-wave and long-wave radiative forcing at the top of the atmosphere are shown in

Extended Data Fig. 6.

the affected regions, such as the semiarid desert margins in Africa
and Australia, old-growth forests within the southeastern United
States, and the Amazon and Congo basins are strongly influenced by
dust-borne nutrient additions™. It has been demonstrated that the
reservoirs of soil phosphorus (P) in the Amazonian rainforest are
continually depleted through plant growth and then replenished by
dust-borne P input from northern Africa'>*. Assuming a mean P con-
centration of 720ppm in dust”, the P input in the Amazonian rain-
forest would be ~7 gha~'yr~" higher without biocrusts, corresponding
to ~100% of the estimated annual dust-borne P influx over the
Amazonian basin®. Thus, biocrusts may indirectly affect the long-term
productivity and equilibrium of the Amazonian rainforest, described
as a tipping element in the Earth system™. However, the uncertainty
inherent in these values® needs to be considered. Contrastingly, oligo-
trophic oceans and high-elevation lakes are negatively affected by dust
and the accompanying nutrient input, which can damage coral reefs’'
and increase harmful algal and bacterial blooms™.

Biocrust effects on atmospheric dust load and radiation

Because biocrust covers reduce dust emissions, they also signifi-
cantly lower the mean global atmospheric dust burden by ~8.5Tg
(~5.0 to ~8.5Tg), corresponding to a decrease by ~55% (Fig. 2c and
Supplementary Table 6). This also significantly affects the over-
all aerosol optical depth (AOD), causing a decrease of ~20% (~5
to ~20%; Extended Data Fig. 5). Without biocrusts, both the dust
burden and AOD will strongly increase near dust source areas cur-
rently densely covered by biocrusts (Extended Data Fig. 2), such as
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the main deserts of northern Africa, the Arabian Peninsula, India
and Australia and along their downwind atmospheric pathways
(Fig. 2c and Extended Data Fig. 5). Several studies have also
described a potential effect of dust on human health, potentially
aggravating cardiovascular and respiratory diseases®.

As dust particles interfere with both incoming short-wave and
outgoing long-wave radiation, biocrusts significantly modify the
global radiation budget by preventing dust emissions. Overall net
aerosol radiative effects at the top of the atmosphere, which are esti-
mated at —3.5Wm™2, would decrease by up to 0.48 Wm™ (0.02 to
0.48 Wm™% Fig. 2d and Supplementary Table 6) upon the removal
of biocrusts. These effects are based mainly on short-wave contribu-
tions causing a decrease of 0.58 W m~= (0.04 to 0.58 W m~2), whereas
long-wave contributions cause an increase of 0.10 W m™ (0.02 to
0.10Wm™ Fig. 2d, Extended Data Fig. 6 and Supplementary
Table 6). The biocrust influence on the overall radiative effect of
dust is similar to the total direct forcing of anthropogenic aerosols
(—0.35+0.5Wm™) (ref. **) and three times larger than the effect
attributed to dust emissions produced by past land-use change.
Thus, we consider biocrusts to be relevant in regulating the effect
of dust on regional climate processes, both close to the source areas
and in the global solar radiation budget'®. However, these results
should be considered with caution, as recent studies suggest that the
dust found in the atmosphere is substantially coarser than assumed
in current global climate models, thus having a smaller cooling or
potentially even a warming effect over bright land surfaces, con-
trasting the assumptions of previous models'®.
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Fig. 3 | Effect of global change and the induced biocrust cover loss estimated by 2070 on future dust cycling. a-d, Change in future total annual dust
emission (@), total annual dust deposition (b), mean annual atmospheric dust burden (¢) and mean annual aerosol net radiative effect at the top of the
atmosphere (d). Data calculated according to RCP 2.6. Individual maps showing biocrust effects on dust cycling according to RCP 4.5 and RCP 8.5 are

shown in Extended Data Figs. 7 and 8, respectively.

The effects of future biocrust loss

Biocrusts have been shown to be sensitive to changes in environ-
mental parameters and land-use intensification®. On the basis of the
climate and land-use projections presented by the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC)",
predicting increased temperatures, modified precipitation regimes
and intensified land use in drylands for the upcoming decades,
we analysed the response of biocrust covers to these changes in a
former study'. According to an analysis of the different scenarios
(representative concentration pathways; RCPs), the biocrust cover
will be reduced by ~25 to 40% by the year 2070'. Under these future
conditions, global dust emission and deposition would increase by
~5 to 15%, depending on the scenario used (Fig. 3, Extended Data
Figs. 7 and 8 and Supplementary Tables 7 and 8). Strong increases
in dust emissions are to be expected in some regions of northern
Africa and the Middle East, whereas dust emissions may decrease
in other parts of the Sahel, Asia and Australia due to interactions
between increased vegetation coverage and a modified wind regime
(Fig. 3a). Higher dust emissions may cause a strong increase in dust
deposition along the dust belt, which will extend to major parts
of the Northern Hemisphere, whereas it will be locally reduced
around dust source regions in the Sahel and Australia (Fig. 3b).
These results are in contrast to the generally expected decrease in
global dust production due to the Sahel greening by CO, fertiliza-
tion®. Our model reveals that this intensification of the future dust
cycle is driven mainly by the anthropogenically induced biocrust
loss (Extended Data Fig. 9). In addition, indirect effects of ampli-
fied warming over northern Africa, causing shorter atmospheric
residence times and modified dust transport routes, were suggested

to reduce the dust burden and AOD by the end of the century”.
However, according to our model, the loss of biocrusts will counter-
act this effect (Extended Data Fig. 9), causing an increase of the dust
burden by up to 16% (Fig. 3¢) with a reduction of the global radia-
tion budget by around 0.12 to 0.22 W m™2, depending on the model
parameterization and RCP used (Fig. 3d and Extended Data Figs. 7
and 8). Moreover, according to ref. *, increased dust over the Sahel
will probably trigger changes in atmospheric circulation, which may
affect cyclone activity in the tropical Atlantic* and could result in
multiple regional climate alterations. As the current analyses are
based on data of varying spatial resolution and some small-scale
parameters influencing dust emissions (as, for example, small-scale
atmospheric and geographical features) are lacking, global dust sim-
ulations generally still comprise significant uncertainties'®””. These
need to be tackled, once more-detailed high-quality baseline data
are available.

Figure 4 summarizes the importance of biocrusts in the cur-
rent and future dust cycle, which up to now has been overlooked
in Earth system models. Stabilizing the soil surface, biocrusts cur-
rently prevent the emission and redistribution of ~700Tg of dust
per year, reducing the total atmospheric dust load by ~55% and
affecting the radiative balance. This protective effect of biocrusts
will be reduced in the future because of an expected biocrust cover
loss, which could override the generally expected decrease in global
dust production due to the Sahel greening by CO, fertilization. The
increased dust cycling will play an important role in land and ocean
productivity and atmospheric radiative forcing, with direct implica-
tions on the future climate near major source regions. As the trans-
ported dust carries microorganisms and potentially introduces new
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Fig. 4 | Effect of biocrusts on current global dust cycling and future changes with expected biocrust cover loss. a, Current effect of biocrusts on mean
annual global dust emission, dust deposition, atmospheric dust burden and net radiative effect at the top of the atmosphere (period 1990-2020).

b, Expected effects of anthropogenically induced biocrust cover loss by 2070 on future mean annual global dust emission, dust deposition, atmospheric
dust burden and net radiative effect at the top of the atmosphere (calculated according to RCP 2.6 and RCP 8.5). Increases (decreases) of values are

shown in red (black) letters.

pathogens, it also poses a potential risk for the local microbiome
and human health®. Besides this overall reduction in biocrust cov-
erage, climate manipulation experiments showed that disturbance,
warming and changes in precipitation patterns may have dramatic
effects on biocrust community composition, with likely alterations
towards early successional cyanobacteria-dominated biocrusts®.
As cyanobacteria-dominated biocrusts have a lower soil-stabilizing
effect’’ and tend to have a darker surface colouration, this may fur-
ther reinforce the dust production and affect the radiative balance®.

Overall, our results suggest that studies analysing dust cycling
and its effects on Earth system functioning and human health
need to incorporate all the interrelated effects of biocrusts, which
up to now have been overlooked. Increased data availability on the
soil-stabilizing role of biocrusts will help to confine biocrust effects
and reduce uncertainties in current and future estimates. Biocrusts
probably played a substantial role in soil and dust formation already
during Precambrian times, when they formed the only existing ter-
restrial ecosystem®, and our results suggest that they are also rel-
evant in dust cycling under current and future conditions. We think
our study could help to reduce the current uncertainty regarding
some of the most important knowledge gaps identified in the IPCC
Special Report on Climate Change and Land, such as the climate
change impacts on dust- and sandstorm activity and the future
interactions between climate and desertification*.
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Methods

Parameterization of biocrust effects on dust emissions. Biocrust effects on

TFV. Biocrust effects on TFV were assessed by compiling available literature

data that include information on the TFV of soils covered by biocrusts, the TFV
of the underlying bare soil, the biocrust type and cover, the treatment (potential
disturbance), soil texture, precipitation and the study area. Only data comprising
information on both the biocrust and the bare soil TFV could be used to calculate
a biocrust TFV increase ratio, which reflects the effect of biocrusts on TFV, that is,
a percentual increase of biocrust TFV compared with the TFV of the underlying
reference soil (Supplementary Table 1a,b). As shown in Supplementary Table 1c,
there are by far more data available where biocrust TFV but not the underlying soil
TFV has been measured. Here, it becomes clear that the biocrust TFV data used in
the study are rather conservative. In fact, the mean TFV of the data that were used
in the study is considerably lower (298 cms™) than that of the biocrust data that
could not be used (due to the missing TFV data of the underlying soil; 729 cms™;
see Extended Data Fig. 1a).

We first used the experimental data provided by ref. **, where the effect of
different biocrust cover values on the TFV was investigated to determine the
overall function ruling the relationship between the factors®. This analysis
demonstrated that with increasing biocrust cover values, the biocrust effect on
TFV increased in an exponential manner, according to equation (1) (Extended
Data Fig. 1b).

. . X bi sts
TFV increase ratio = e >0t cover (1)

where TFV increase ratio (in %) is the rate of TFV alteration with biocrust cover
changes compared with the TFV of the underlying reference soil, e is Euler's
number and a is a constant describing the rate of TFV alteration with increasing
biocrust coverage. The function was also corroborated by an additional

study that analysed restored biocrusts and non-natural communities
(Extended Data Fig. 1b).

As most experimental datasets corresponded to plots with 100% coverage
(Supplementary Table 1), in a second step, we applied this exponential function to
all the available data showing the effect of biocrusts of 100% coverage on TFV to
parameterize a minimum, mean and maximum model (Extended Data Fig. 1b).
To do this, a values were calculated separately for the three different models by
solving equation (1) to fit the average (TFV increase at 100% coverage =479% and
a=0.0157), maximum (TFV increase at 100% coverage=2,350% and a=0.0316)
and minimum (TFV increase at 100% coverage =114% and a=0.0013) values of
increase in TFV on soils with 100% biocrust coverage, as shown in Supplementary
Table 1 and Extended Data Fig. 1. With this combined approach, we could estimate
the biocrust effect on TFV over the complete range of biocrust cover values and
account for the uncertainty included in the modelling approach. The mean model
has been calculated on the basis of the geometric mean, which is less affected by
extreme values and more conservative than the arithmetic mean.

Global biocrust coverage. Global biocrust spatial distribution and cover data were
adopted from a previous study, where the maximum entropy method was applied
to define a set of 18 parameters and environmental variables describing the
spatial distribution of biocrusts on a global scale'. This layer was resampled to the
spherical harmonics T63 resolution according to the horizontal spatial resolution
of ECHAM-HAM2.1 (approximately 210km X 210 km at the Equator; Extended
Data Fig. 2) to be used in the dust modelling approach.

Modelling of biocrust effects in the model ECHAM6-HAM2.1. Dust emission
model. Dust emissions were modelled using the global climate aerosol model
ECHAM6-HAM2* and the dust source scheme of ref. *°, including improvements
of ref. 7, which benefit from the online coupling between the atmospheric

and the land component (JSBACH) in the ECHAMS6 global climate model
(ECHAM6-HAM2.1). The model simulates dust emissions, taking into account
the vegetation type, cover and seasonality, agricultural conservation practices, soil
particle size distribution, snow cover, soil moisture and surface wind speed. Each
grid cell is divided into a bare and a vegetated fraction. The vegetated fraction is
further divided into 11 plant functional types. Emissions occur only from bare
surface areas and the gaps between low-stature plant functional types (natural
shrubs, grass, tundra, swamp, crop and pasture) when wind velocity rises above the
TFV of the soil surface and if other criteria are satisfied (for example, soil dryness,
absence of snow cover). In each grid cell where dust emission could occur, the
emission flux is calculated separately for 192 dust size classes (0.2-1,300 um]. To
do so, an individual TFV value as well as a ratio between vertical and horizontal
dust flux is prescribed for each of the dust size classes following the process
described by ref. ¥’. Finally, the vertical emission fluxes are integrated over the 192
dust size classes and attributed to two aerosols modes: the insoluble accumulation
(mass mean radius=0.37 um) and the coarse mode (mass mean radius=1.75um;
standard deviation (sigma) = 1.59; see ref. * for more details). The super-coarse
mode is neglected because of its short lifetime***. The particle size distribution of
each grid cell is obtained from the soil textural classes defined in the soil map of
the world by the Food and Agriculture Organization/United Nations Educational,
Scientific, and Cultural Organization™ as described in ref. *.
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Development of ECHAM6-HAM2-BIOCRUST. The ECHAM6-HAM2.1 model was
modified to explicitly account for the effect of biocrusts on wind erosion and dust
emissions (ECHAM6-HAM2-BIOCRUST). To do that, we applied the exponential
models, which describe the mean, maximum and minimum rate of TFV alteration,
related to biocrust cover changes (section Biocrust effect on TFV), to the
resampled biocrust cover map (Extended Data Fig. 2). Doing this, we obtained
spatially distributed values of the mean, maximum, and minimum rate of TFV
increase, resulting from biocrust presence data (Extended Data Fig. 3).

Simulation set-up. We performed five simulations for the period 1990-2020

at a resolution of 63 horizontal (T63; ~210km at the Equator) and 31 vertical
(L31) levels. The set-up was as follows: (1) a simulation with the standard

version of ECHAM6-HAM2.1, which implicitly considers biocrust effects

on dust emissions; (2) three different simulations with mean, minimum and
maximum TFV values determined for biocrusts (see section Biocrust effect

on TFV; ECHAM6-HAM2-BIOCRUST); (3) an additional simulation using
ECHAM6-HAM2-BIOCRUST not accounting for the effect of biocrusts on TFV
(ECHAMG6-HAM2-NO BIOCRUST). The standard version of ECHAM6-HAM?2.1
applies a global correction factor of 0.9 to the TFV to fit the obtained dust
emissions to the observed data. By setting the correction factor to a value that best
represents the observed data, the model indirectly considers the biocrust effect
(although the scientists were not aware of the existence and relevance of biocrusts).
For simulations described under (2) and (3), the global correction factor was set
to 0.80 after preliminary sensitivity simulations with different values (0.9; 0.85;
0.80). By doing this, the resulting values better represent the overall dust emission
rates obtained by ref. %/, which have been comprehensively evaluated against
observations. Doing this, we were able to analyse explicitly the spatially variable
effect of biocrusts on the global dust cycle.

Biocrust effects on dust emission, dust deposition, dust load and radiative
balance. In a first step, we compared regional averages of mean annual dust
emission values obtained by ECHAM6-HAM2-BIOCRUST with these obtained

by ECHAM6-HAM2.1 and with the data reported by the AeroCom initiative*”**

to evaluate the ability of the new model to characterize the effect of biocrusts

on global dust sources and distribution. Then, we estimated the mean biocrust
effect as well as uncertainty ranges (minimum and maximum biocrust effect) on
dust emissions, dust sedimentation, dust wet and dry deposition, dust burden,
AOD and net aerosol radiative effects at the top of the atmosphere. We did this

by calculating the difference between the mean annual values of the 30-year
simulations of ECHAM6-HAM2-BIOCRUST and ECHAM6-HAM2-NO
BIOCRUST. Significant differences between global annual values obtained

from the different parameterizations of ECHAM6-HAM2-BIOCRUST (mean,
maximum and minimum biocrust effect on TFV) and ECHAM6-HAM2-NO
BIOCRUST were identified by applying a one-way ANOVA and a Tukey 's post hoc
test. Before the ANOVA, all data were tested for normality assumptions. Finally,
we applied an additional one-way ANOVA to identify whether differences between
ECHAM6-HAM2-BIOCRUST and ECHAM6-HAM2-NO BIOCRUST simulations
were significant in each pixel. Only significant changes are shown in the maps.

Biocrust effects on future dust emissions. Recent studies demonstrated that the
global biocrust coverage will decrease by 25-40% by 2070 due to anthropogenically
caused climate change and land-use intensification'. The effect of the predicted
biocrust cover loss on future dust emissions was calculated according to three
different RCPs defined in the Fifth Assessment Report of the IPCC (RCPs 2.6, 4.5
and 8.5), reflecting an increase of 2.6, 4.5, and 8.5 W m™ by the year 2100 relative
to pre-industrial values, as determined by the Coupled Model Intercomparison
Project 5'. For this, we first applied the exponential models, which describe the
average, maximum and minimum rate of TFV increase with increasing biocrust
cover (Extended Data Fig. 1), to the future biocrust map by ref. ', predicting the
biocrust cover by 2070. Before this, the map had been resampled to the spatial
resolution of the model (section Global biocrust coverage). Using the resulting
maps and ECHAM6-HAM2-BIOCRUST, we simulated dust emissions for

the period 2055-2085 for each RCP, as described in section Development of
ECHAM6-HAM2-BIOCRUST. Moreover, we simulated dust deposition, dust
sedimentation, total dust load and radiative balance at the top of the atmosphere
for the three different RCPs using future climate, future vegetation and current
biocrust distribution. Then we estimated the effect of biocrust cover loss on future
dust cycling as the difference between simulations (future simulation considering
predicted biocrust coverage by 2070 and future simulation considering current
biocrust distribution). By doing this, we were able to distinguish between the effects
of future climate conditions and vegetation cover change as opposed to biocrust
cover loss on the future dust cycling. Significant differences between the future
simulations considering the biocrust coverage predicted for 2070 and the current
biocrust distribution were identified by applying a one-way ANOVA and a Tukey s
post hoc test. Before the ANOVA, all data were tested for normality assumptions.

Data availability
Raster layers describing the biocrust effect on TFV for current and future
conditions are publicly available at https://doi.org/10.17617/3.F6ZSUP.
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Code availability

The ECHAM6-HAM?2 BIOCRUSTS code is an extension to the ECHAM6-
HAMMOZ code, which is maintained and made available to the scientific
community at https://redmine.hammoz.ethz.ch/ (HAMMOZ consortium, 2017).
The availability is regulated under the HAMMOZ Software Licence Agreement
that can be downloaded from https://redmine.hammoz.ethz.ch/attachments/
download/291/License_ECHAM-HAMMOZ_June2012.pdf.
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Extended Data Fig. 8 | Effect of global change and the induced biocrust cover loss estimated by 2070 on future dust cycling. Change of future (a) total
annual dust emission, (b) total annual dust deposition, (c) mean annual atmospheric dust burden, and (d) mean annual aerosol net radiative effect at the
top of the atmosphere. Data calculated according to the representative concentration pathway RCP8.5.
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Extended Data Fig. 9 | Effect of future climate and anthropogenically induced biocrust cover loss estimated by 2070 on future dust cycling. Difference
between current and future annual (a) dust emission, and (b) dust deposition, accounting for expected future changes in climate and biocrust cover
(striped bars) compared to future simulations not including changes in biocrust cover (solid bars). Red, green and blue bars represent RCP2.6, RCP4.5 and
RCP8.5, respectively. Statistically significant differences are indicated by an Asterisk (significance level: p<0.01).
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