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Abstract: In arid and semiarid ecosystems, plant interspaces are frequently covered by communities of cyanobacteria,
algae, lichens and mosses, known as biocrusts. These crusts often act as runoff sources and are involved in soil
stabilization and fertility, as they prevent erosion by water and wind, fix atmospheric C and N and contribute large
amounts of C to soil. Their contribution to the C balance as photosynthetically active surfaces in arid and semiarid
regions is receiving growing attention. However, very few studies have explicitly evaluated their contribution to organic
carbon (OC) lost from runoff and erosion, which is necessary to ascertain the role of biocrusts in the ecosystem C
balance. Furthermore, biocrusts are not resilient to physical disturbances, which generally cause the loss of the biocrust
and thus, an increase in runoff and erosion, dust emissions, and sediment and nutrient losses. The aim of this study was
to find out the influence of biocrusts and their removal on dissolved and sediment organic carbon losses. One-hour
extreme rainfall simulations (50 mm h™") were performed on small plots set up on physical soil crusts and three types of
biocrusts, representing a development gradient, and also on plots where these crusts were removed from. Runoff and
erosion rates, dissolved organic carbon (DOC) and organic carbon bonded to sediments (SqOC) were measured during
the simulated rain. Our results showed different S;OC and DOC for the different biocrusts and also that the presence of
biocrusts substantially decreased total organic carbon (TOC) (average 1.80+1.86 g m >) compared to physical soil crusts
(7.83£3.27 g m’2). Within biocrusts, TOC losses decreased as biocrusts developed, and erosion rates were lower. Thus,
erosion drove TOC losses while no significant direct relationships were found between TOC losses and runoff. In both
physical crusts and biocrusts, DOC and S;OC concentrations were higher during the first minutes after runoff began and
decreased over time as nutrient-enriched fine particles were washed away by runoff water. Crust removal caused a strong
increase in water erosion and TOC losses. The strongest impacts on TOC losses after crust removal occurred on the
lichen plots, due to the increased erosion when they were removed. DOC concentration was higher in biocrust-removed
soils than in intact biocrusts, probably because OC is more strongly retained by BSC structures, but easily blown away in
soils devoid of them. However, SqOC concentration was higher in intact than removed biocrusts associated with greater
OC content in the top crust than in the soil once the crust is scraped off. Consequently, the loss of biocrusts leads to OC
impoverishment of nutrient-limited interplant spaces in arid and semiarid areas and the reduction of soil OC
heterogeneity, essential for vegetation productivity and functioning of this type of ecosystems.
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INTRODUCTION

The widespread concern for global warming due to the
greenhouse effect in recent decades has caused growing interest
in accurate knowledge of the carbon cycle in different
ecosystems, and has become one of the main current scientific
challenges. However, there are scarce data on the C cycle and
its controlling drivers in arid and semiarid ecosystems, despite
their important worldwide representation (more than 35% of the
Earth’s surface) which suggests that such ecosystems could play
a very important role in the global carbon cycle. This is
probably due to the perception that a scarce, scattered plant
cover, along with apparently bare surfaces, has a low positive,
null or negative annual CO, balance. However, these lands are
often not barren at all, but colonized by a complex community
of cyanobacteria, bacteria, green algae, microfungi, lichens and
mosses, which together are known as biological soil crusts or
biocrusts. In some ecosystems, they represent the main cover,
and all of them are able to fix CO,, even in extreme conditions
for plants. Thus the contribution of photosynthetically active
biocrust surfaces to the C balance in arid and semiarid regions
can be very significant, and consequently, several recent studies
have evaluated their influence on the soil-atmosphere CO,
exchange (vertical fluxes). However, even though biocrusts are

usually recognized as important sources of runoff for adjacent
vegetation, very few studies have explicitly evaluated their
contribution to C exported by runoff and erosion (horizontal
fluxes), which is necessary to ascertain the real role of biocrusts
in the ecosystem C balance. It is well known that in arid and
semiarid ecosystems, as consequence of the scarce plant cover,
the wide extension of crusted soils and torrential rainfall, runoff
plays a crucial role in nutrient loss and redistribution (Ludwig et
al., 1997). Although poorly quantified, some authors have
estimated carbon losses, indirectly (Forrester et al., 2006; Litton
et al., 2004) or directly (Almagro et al., 2010) through erosion
and leaching, in different ecosystems and found that the effect
within the annual C balance was insignificant at the ecosystem
level. However, in semiarid ecosystems with degraded soils and
low soil organic carbon, even with moderate erosion rates and
soils poor in OC, the contribution of OC losses from runoff and
erosion can be considerable (Martinez-Mena et al., 2008;
Quinton and Pomeroy., 2006). Ecosystems with a high biocrust
cover are within this group of ecosystems. Considering that
these crusts may often represent up to 70% of ground cover
(Belnap et al., 2005; Chamizo et al., 2012a; Miralles—Mellado et
al., 2011) and over 60% of rainfall falling on a biologically
crusted surface becomes runoff (Canton el al., 2001; Chamizo et
al., 2012a; Rodriguez—Caballero et al., 2013), which is able to
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export OC from biocrust constituents, suspended and dissolved
by runoff and mobilized sediments, the mobilization of OC
from biocrusts may be quite significant. Exported OC is often
trapped by vegetated patches located downstream of crusted
areas, providing an important nutrient supply essential to
maintain primary productivity and biological activity in systems
that are strongly limited by water and soil nutrient availability
(Kidron, 2014; Whitford, 2002). Li et al. (2008) reported that
over 75% of sediments, 63% of soil carbon, 74% of nitrogen
and 45~73% of dissolved nutrients from crust patches released
by runoff were delivered to shrub patches. However, biocrusts
may sometimes be directly connected to stream networks, and
others the magnitude of the runoff event overwhelms the
capacity of vegetated patches for trapping OC in runoff and
sediments (Rodriguez—Caballero et al., 2014), leading to
important loss of OC.

Biocrust composition and cover affect OC content in
underlying soils (Chamizo et al., 2012b), and are also factors
that have been demonstrated to affect runoff and water erosion
and are therefore expected to strongly influence OC
mobilization. Chamizo et al. (2012a) found higher infiltration in
biocrusts than in physical crusts, and as a general trend, an
increase in infiltration with biocrust development, that is, as
cyanobacteria biomass increased and later successional species,
such as lichens and mosses, colonized the soil. However,
exceptions to this pattern are described by the same authors,
specifically in fine textured sites, where crustose and
squamulose lichen crusts, although more developed and rougher
than the other biocrust types, generated higher runoff rates as a
consequence of their greater hydrophobicity and pore clogging
(Kidron, 2014; Kidron et al., 1999; Rodriguez-Caballero et al.,
2013). Thus, biocrusts can considerably influence
hydrophysical parameters and water flow in soils, mainly due to
soil water repellency (Lichner et al., 2012).

An important biocrust feature that should be highlighted is
their low resilience to physical disturbance and increasing
human activity, such as livestock grazing, off-road vehicles, and
trampling in arid and semiarid ecosystems (Warren, 2003).
Disturbance can cause the loss of biocrust biomass and cover
and species diversity, and the replacement of well-developed
biocrusts composed of a rich community of a diversity of
species of cyanobacteria, lichens and mosses by a simple
community composed of a few cyanobacteria species (Belnap
and Eldridge, 2003). Biocrust disturbances bring on lower
infiltration, OC fixation and soil OC concentrations, less soil
stability and higher dust emissions, and loss of nutrients. From
the scant published information, it can be deduced that the
strongest impact of biocrust disturbance on water processes and
sediment and nutrient losses take place during the first rains
after disturbance. An initial increase in infiltration immediately
after biocrust removal has been described by some authors
(Chamizo et al., 2012a; Eldridge et al., 2000) followed by a fast
decrease over time attributed to the appearance of a physical
soil crust (Chamizo et al., 2012a). Erosion rates increase over
70—fold under very intense rainfall immediately following
removal of developed biocrusts (Chamizo et al., 2012a), and C
and N losses in sediments can be over 4 times higher from
disturbed than intact plots (Barger et al., 2006). Moreover, Li et
al. (2008) showed how disturbance of biocrust patches led to
uniform distribution of water over the whole slope and reduction
in flow of vital resources from crust patches to shrub patches,
which is crucial for the maintenance of plant productivity and
vegetation cover.

For all the above reasons, evaluation of the mobilization of
OC from biocrusts and its subsequent redistribution, especially

during high-magnitude runoff events, is necessary to elucidate
the biocrust contribution to ecosystem C cycle processes
affecting C uptake and release. In this paper we aim to ascertain
the influence of biocrusts and their disturbance on loss of
dissolved and sediment OC. Our specific goals were: 1) to find
out the influence of different crust types, including physical
crusts and biocrusts following a development gradient, on OC
mobilization, distinguishing dissolved OC and OC transported
in sediments, 2) evaluate how disturbance of the crust (crust
removal) affects OC mobilization, and 3) characterize the
dynamics of OC mobilization during the course of intense
rainfall.

MATERIAL AND METHODS
Study site

Organic carbon content in runoff water and sediments from
soils covered by different crust types were measured in the El
Cautivo experimental site, located in the Tabernas Desert
(Almeria, SE Spain) (Fig. 1). The area is a semiarid badlands
catchment surrounded by the Gador, Nevada, Filabres and
Alhamilla Mountain Ranges. The basin is mainly filled by
gypsiferous mudstone and calcareous sandstone. Climate is
semiarid warm Mediterranean with very dry summers and rain
mostly in autumn and winter. The average annual temperature is
18°C and the average annual rainfall is 235 mm, with high
interannual variability (coefficient of variation 39%) (Canton et
al., 2002). Annual potential evapotranspiration is 1500 mm, so
there is a high annual water deficit. Silt is the dominant particle
size, and soils are classified as Epileptic, Endoleptic or Calcaric
Regosols and Eutric Gypsisols (Cantéon et al., 2003). The
landscape is characterized by asymmetric hillslopes, so ground
cover is strongly controlled by topographic attributes (Cantén et
al., 2004). NE-facing slopes, with gradients ranging from 10° to
30°, are heavily covered by biocrusts, frequently consisting of
crustose and squamulose lichens, interspersed with vegetated
patches which become denser on the pediments. SW-facing
slopes, ranging from 30° to 70°, are mainly covered by physical
crusts, which usually form over the bare marl regolith (Canton
et al., 2002). Thus, most soil in the interplant spaces is covered
by either physical crusts (30%), mainly structural crusts formed
by raindrop impact, or biocrusts (50%) composed of rich
communities with a high diversity of species. Previous studies
have identified four main soil crust types, from less to higher
crust development, in this area (Chamizo et al., 2012a; Lazaro
et al., 2008) (Fig. 1): 1) a physical soil crust, 2) an incipient or
little-developed cyanobacteria crust, 3) a dark well-developed
cyanobacteria crust, which also contains numerous pioneer
lichens, including Placynthium nigrum, Collema spp.,
Endocarpon pusillum, Catapyrenium rufescens and Fulgensia
spp., and 4) a light—colored lichen crust mainly composed of the
Diploschistes diacapasis and Squamarina lentigera species of
lichens. Biocrust cover, surface roughness and OC content in
the top crust and the 1-cm soil layer underneath the four crust
types are summarized in Table 1. Surface roughness was
measured using the chain method, using a 50-cm long chain
with 0.3-cm long links. Three roughness transects were made in
the direction of the maximum slope and another three transects,
perpendicular to the previous one. Data from both transects
were averaged. Four samples of each crust type and its
underlying soil were collected, and organic carbon content in
top crust and the 1-cm soil layer underneath the four crust types
were determined by the Walkley and Black method modified by
Mingorance et al. (2007).
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Fig. 1. El Cautivo experimental area location (Figure 1a); detailed of the study area (Figure 1b); runoff plots over the different crust types
(from left to right): physical soil crust, incipient cyanobacteria crust, well-developed cyanobacteria crust and lichen crust (Figure 1c).

Table 1. Mean value of cyanobacteria fractional cover, lichen fractional cover, roughness, crust organic carbon and organic carbon in the
layer just below the crust, for the four different plots representing each different crust type (physical soil crust, incipient cyanobacteria
crust, well-developed cyanobacteria crust and lichen crust).

Cyanobacteria cover Lichen cover Roughness index Crust organic carbon 1 e¢m soil-layer organic
(%) (%) content carbon content
(%) (%)
Physical crust 0 0 1.10 £ 0.05 0.54 +0.10 0.60 +0.09
Incipient cyanobac- 275 £17.7 3.7+0.6 1.04 £ 0.05 0.62+£0.11 0.64 +0.17
teria crust

Well-developed 84.5 £4.3 59+5.1 1.10 £ 0.06 1.27 £0.55 1.13+0.34
cyanobacteria crust

Lichen crust 15.5+10.2 77.8+£10.8 1.20£0.01 2.73+£1.54 0.88£0.10

*Roughness index: Ratio between chain length (50 cm) and horizontal length when placed on the crust

Rainfall simulation experiments using the rainfall simulator designed by Calvo-Cases et al.
(1988). It consists of a sprinkler mounted on a 2.10-m-high

Runoff and erosion yield were measured under simulated — structure that generates rain over a 0.25 m” area at a constant
rainfall on soils covered by the crust types described above. intensity of 50 mmh™'. Rainfall simulations performed lasted
Four pairs of 1 m x 1 m plots of each crust type were selected. 1 hour. Runoff volume was measured with a test tube at set
All runoff plots were located on N-W facing hillslopes. In each  intervals throughout the simulation. During the first half of the
pair, one plot was left undisturbed and the crust was scraped off  rainfall simulation, when higher variability in OC mobilization
(around 0.5 cm corresponding to crust thickness) the other. In  was expected, four runoff samples were collected (1-13 min,
the center of the plots, a 0.25-m” circular steel ring with a hole  13-20 min, 20-26 min, 26-30 min), and one combined sample
at its lowest point on the slope to drain runoff was inserted of water from 35-37, 41, 47 and 56 minutes was collected
(Fig. 1). One rainfall simulation was carried out on each plot  during the last half hour of the rainfall simulation. Sediment
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content and water and sediment OC were determined in these
samples.

Organic carbon determination

In the laboratory, runoff samples were filtered through a
0.75 um millipore filter to separate sediments from the water.
Sediments were dried in an oven at 70°C and weighed. After
sample homogenization, a small quantity of 0.1 g was taken and
used for analysis of OC in sediments. For analysis of OC in
water, an aliquot of 10 ml was dried in an oven at 60°C and OC
was then measured in the residue remaining in the vial. Dis-
solved organic carbon (DOC) and sediment organic carbon
(S4OC) were determined using the Walkley and Black method
modified by Mingorance et al. (2007), consisting of organic
matter oxidation by sulphuric acid and potassium dichromate
and later measurement of the absorbance in a spectrophotometer
at 590 nm.

Data analysis

From DOC concentrations (mg L") and runoff rates (L m ),
DOC mobilization (g m %) was estimated. From S,0C (mg g ')
concentrations and sediment yield (g m>), S4OC mobilization
(g m’2) was obtained on each plot. Total organic carbon (TOC)
was calculated as the sum of DOC and S OC. General linear
models were used to analyze the effect of crust type and remov-
al on DOC, S40C and TOC mobilization. Interaction of factors
was also considered in the analysis. Significant differences
among crust types and between the control and removal treat-
ment for each crust type were analyzed using the Fisher’s LSD
post hoc test. The significance level was set at p<0.05. The
influence of runoff and erosion on TOC loss was assessed by
linear regression analysis, in which TOC was the dependent
variable and runoff rate and erosion rate were the independent
variables. Statistical analyses were done using STATISTICA
8.0 (StatSoft, Inc., Tulsa, Oklahoma, USA).

RESULTS

The analysis of the effects of biocrust type and removal on
OC mobilization (DOC, S;OC and TOC) showed that the type
of biocrust had a significant influence on DOC, S;OC, and TOC
(Table 2). Removal significantly influenced S4OC and TOC, but
had no significant effect on DOC. There was also a significant
interaction between the biocrust type and removal for both
S4OC and TOC, meaning that biocrust removal had varying
effects depending on the biocrust type.

Influence of biocrust type on OC mobilization

Table 3 shows mean DOC, S;OC and TOC in undisturbed
and removed biocrusts. It can be observed in the OC exported
from undisturbed crusts that the highest DOC was recorded in
the physical soil crust plots. This was significantly different
from the incipient cyanobacteria biocrusts, which showed the
lowest DOC losses. DOC was intermediate on developed cya-
nobacteria and lichen biocrusts. Mobilization of OC bonded to
sediments (S4OC) was highest on physical soil crusts, which
significantly differed from exported S;OC on biocrusts. S;OC
decreased with biocrust development (incipent cyanobacteria >
developed cyanobateria >lichen).

S4OC losses represented 94% to 64% of TOC losses, and
were considerably greater than DOC losses in all crusts. This
means that TOC mobilization was driven by S;OC, and this
relationship was stronger on physical soil crusts and incipient
cyanobacteria biocrusts, in which S;OC represented 91% and
94% of TOC, respectively. This result explains why, according
to the general linear model, the same influencing factors were
found for S4OC and TOC, (Table 2). It is interesting to note that
DOC losses from the undisturbed developed biocrust plots,
(cyanobacteria and lichen) contributed much more (17% and
36% respectively) to TOC losses than physical and incipient
crusts (5% and 9% respectively).

Table 2. Effects of the crust type (physical soil crust, incipient cyanobacteria, developed cyanobacteria and lichen crust) and treatment
(unaltered crust and removed crust) on: dissolved organic carbon (DOC), sediment organic carbon (S4OC) and total organic carbon (TOC).

Significant differences were established at p<0.05.

DOC S40C TOC
F F P F P
Type of crust 7.256 0.002 8.154 0.00 7.280 0.002
Treatment 3.113 0.093 19.15 0.00 14.47 0.001
Type of crust*treatment 0.909 0.455 18.6 0.00 8.903 0.001

Table 3. Mean value of dissolved organic carbon (DOC), sediment organic carbon (S4OC) and total organic carbon (TOC), for the four
different plots representing each different crust type (physical soil crust, incipient cyanobacteria crust, well-developed cyanobacteria crust

and lichen crust) and treatments (unaltered and removed).

Crust type DOC (gm?) SOC (gm?) TOC (gm?) DOC/TOC
Unaltered Removed Unaltered Removed Unaltered Removed Unaltered Removed
Physical crust 0.47£0.39" 1.50+ 1.30° 7.36+ 2.89" 4.60 £1.60° 7.83+£327° 6.10+£3.18" 522+2.70 24.5+19.2
{)r;(;itrz:ir?;ltcrcu}sno_ 0.18+0.15° 1.16+2.24° 325+2.05" 4.41+241" 343+2.16° 557+445° 5241041 208+156
Cyanobacteria crust  0.21£0.12" 028 +0.20° 1.00+1.04" 3.69+1.96" 1.21+1.15" 3.97+2.01" 174+11.0 7.05+4.18
Lichen crust 026 +0.08° 1.13+2.01° 047+0.17° 10.7+22° 0.73+0.40" 11.8+5.36° 36.0+100 9.6+14.2

*Letters indicate significant differences within each column (among crust types). Numbers in bold indicate significant differences between treatments for

each crust type.
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Fig. 2. Relationship between total organic carbon (TOC) and runoff rate (Figure 2a); relationship between total organic carbon (TOC) and

erosion rate (Figure 2b).

Fig. 2 shows the relationship between total runoff (L) leaving
each plot and TOC (g) during the simulated rainfall. Analysis of
the relationship between total runoff and TOC for all undis-
turbed crusts (Fig. 2a) shows that TOC loss was not directly
driven by runoff (p = 0.81). Extending the analysis to consider
the relationships between runoff and TOC in each type of crust
and also distinguishing undisturbed and removed crusts, the
relationships remained insignificant on almost all plots. On the
contrary, a positive significant relationship between eroded
sediment and TOC (r* = 0.96, p < 0.05) was found across all
plots (Fig. 2b).

Regarding DOC and S;OC concentrations, event average
DOC concentrations were similar on biocrusts (7.6 £ 2.7 mg L™,
6.1 £ 1.6mgL" and 6.96 = 5.92mg L in lichen, cyanobacte-
ria and incipient cyanobacteria, respectively), but higher for
physical soil crusts (16.5 + 12.5mgL"). On the other hand,
S4OC concentrations were considerably higher in developed
biocrusts (38.3 = 9.3 mg g ' in cyanobacteria and 47.8 + 3 mg
g in lichen) than in incipient cyanobacteria biocrusts (19.7 +
16.2 mg g "), and much higher than in physical crusts (11.3 =
0.6mgg ).

However, the significantly higher total erosion in incipient
cyanobacteria and physical crusts (Fig. 3) is responsible for
greater S;OC and, consequently, TOC losses, in these crusts
than in more developed cyanobacteria and lichen biocrusts.

Influence of biocrust removal on OC mobilization

The removal of the crust had different effects on DOC and
S4OC depending on the crust type. The removal of the physical
crust significantly increased DOC (DOC losses were tripled
after crust removal), but had an opposite effect on S;OC, which
significantly decreased after crust removal (Table 3). Biocrust
removal increased DOC losses, however, they were not signifi-
cantly different from the intact biocrusts. Removal of the bi-
ocrusts caused a significant increase in S4OC losses in all bi-
ocrusts, except in the incipient cyanobacteria crust, and the
impact was especially strong on lichens where S;OC losses
increased more than one order of magnitude. In fact, the highest
TOC after biocrust removal was recorded on lichen plots.

Dynamics of OC losses during rainfall
Fig. 3 shows DOC and S4OC (together = TOC) losses at the

five runoff sampling points during simulated rainfall in one
representative plot of each crust type.

The high runoff and erosion rates recorded on physical soil
crusts (Fig. 3a) led to the highest TOC losses, despite their low
OC content (Table 1) and low OC concentrations in both, runoff
(Fig. 4a) and sediments (Fig. 4b). It is worth mentioning the
high DOC concentration at the beginning of the runoff event
(38 mg L' from the beginning of rainfall to minute 13) on the
intact physical soil crust, which fell drastically to 2 mgL " in
the second sampling (from minute 13 to 20 of rainfall). After
crust removal, OC dynamics in the four physical soil crust plots
showed increased infiltration, and therefore, less erosion during
the first half of the rainfall experiment. As a consequence of
lowered runoff, DOC concentration was an order of magnitude
higher than in intact physical crusts at the beginning of the
rainfall event (Fig. 4a), thus enhancing DOC losses (Fig. 3a),
while S;OC concentrations did not undergo any substantial
change, and therefore, S4OC and TOC went down, because
there was less erosion (Table 3). Although scraping the crust
enhanced infiltration in the beginning, after several minutes of
intense rainfall, the scraped soils were sealed again by raindrop
impact, lowering infiltration rates on these surfaces during the
second half of rainfall simulation (Fig. 3b). Erosion rates were
slightly lower and also S;OC and TOC (Fig. 3b).

As described above, unaltered incipient cyanobacteria crust
responded to rainfall with low DOC concentrations but high
S4OC concentrations. As a result of the high S;OC concentra-
tions and high erosion rates recorded on these plots (Fig. 3c),
these biocrusts accounted for the highest S;OC and TOC losses
of the unaltered biocrusts studied. Although DOC and S,0C
concentrations did not significantly increase during the simulat-
ed rainfall after crust removal (between 8.67 and 11.23 mg L™
for DOC and 22.09 and 12.49 mg L' for S40C) (Fig. 3d), S4O0C
losses increased as a consequence of the increase in sediment
yield.

In a typical undisturbed developed biocrust (cyanobacteria
and lichen) DOC concentration during the first 13 minutes of
rainfall (16 and 15 mg L") was higher than DOC concentration
after 20 minutes of rainfall (6 and 10mgL™"). DOC
concentration in these plots gradually decreased with rainfall
because of dilution by the increase in runoff (Fig. 4a).
Sediments were also more highly enriched in OC in the first few
minutes of rainfall (50 and 52g kg' for lichen and
cyanobacteria, respectively) than they were afterwards (32 and
29 mg g ' for lichen and cyanobacteria, respectively) (Fig. 4b).
Although S4OC concentrations throughout rainfall were higher
in both developed biocrusts than in physical soil crusts, S;OC
and TOC losses were significantly lower due to lower sediment
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Fig. 3. Total organic carbon (TOC), dissolved organic carbon (DOC) sediment organic carbon (S40C), runoff rate and erosion rate during
1h rainfall simulation (50 mm h™") in: unaltered physical soil crust plot (Figure 3a); removed physical soil crust plot (Figure 3b); unaltered
incipient cyanobacteria crust plot (Figure 3c); removed incipient cyanobacteria crust plot (Figure 3d); unaltered cyanobacteria crust plot
(Figure 3e); removed cyanobacteria crust plot (Figure 3f); unaltered lichen crust plot (Figure 3g); removed lichen crust plot (Figure 3h).
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loss (Fig. 3). Biocrust removal triggered considerable S;OC and
TOC losses, even though S4OC concentrations during rainfall
were lower than the undisturbed biocrusts. The impact of
biocrust removal was especially significant in lichen plots (Fig.
3h) in which DOC and S4OC losses increased about 30-fold
over unaltered lichen plots at the start of rainfall, and then the
difference in S4OC decreased to about 20-fold higher and DOC
about 8-fold higher where BSCs had been removed than in
intact plots at the end of the rainfall.
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Fig. 4. Evolution of dissolved organic carbon (DOC) (Figure 4a)
and sediment organic carbon (S4OC) (Figure 4b) on four different
plots (unaltered physical soil crust, removed physical soil crust,
unaltered lichen crust, and removed lichen crust) during 1-h rainfall
simulation (50 mm h™").

DISCUSSION
Dynamics of OC losses in biocrusts

There is a long history of reports on the impact of erosion on
water quality and nonpoint source pollution, while the research
on dynamics of OC loss in relation to soil erosion is scarce.
Even though erosion of soil OC is recognized as one of the
main mechanisms of land degradation (Bationo et al., 2007; Lal,
2003), little is known about its impact on the soil C cycle
(Maiga-Yaleu et al., 2013), and the lack of awareness is almost
complete when soils are covered by biocrusts. Our results indi-
cate that the presence of biocrusts decreased TOC loss substan-
tially respecting to the physical soil crusts (Table 3), contrib-
uting to reducing land degradation, which is considered one of
the main drivers of global change in arid and semiarid ecosys-
tems (MEA, 2005). Average TOC losses from physical soil
crusts were 7.83 + 3.27 g m °, while from biologically crusted

soils during an intense event, the total yield of OC from bi-
ocrusts was an average 1.80£1.86 gm > (ranging from 3.43%
2.16 g m > for less developed biocrusts, i.e., incipient cyanobac-
teria, to 0.70:0.40 g m™ for more developed biocrusts, i.e.,
lichens) (Table 3). This TOC represents a loss of only 0.24% of
the surface OC (upper 1 cm) on lichen plots, from 5% to 0.8%
in cyanobacteria plots (incipient and developed respectively)
and 13% on physical soil crusts. These measured OC mobiliza-
tion rates are lower than those estimated by Kidron (2001) in
Negev but in agreement with those found by Barger et al.
(2006), who under simulated extreme rainfall, measured TOC
losses of 0.9 to 7.9 g m ™ for intact late—successional dark cy-
anolichen crust and early—successional light cyanobacteria
crust, respectively. Their results also coincide with ours with
respect to biocrust development reducing TOC losses as a con-
sequence of the widely demonstrated biocrust effects of reduc-
ing water erosion (Bowker et al., 2008; Chamizo et al., 2012a;
Lézaro et al., 2008) and strongly contributing to nutrient reten-
tion (Delgado-Baquerizo et al., 2010; Chamizo et al., 2012b;
Kidron et al., 2010). Cyanobacteria filaments and extracellular
secretions act as gluing agents, binding soil particles and in-
creasing the formation of soil aggregates, and thus increasing
soil stability (Chamizo et al., 2010, 2012b; Chaudhary et al.,
2009; Kidron et al., 2009; Zhao et al., 2014). Lichens, on one
hand, have anchoring structures forming a cohesive mulch on
the soil surface that strongly contributes to soil stability
(Belnap, 2006; Belnap and Gardner, 1993), and on the other
hand, grow above the soil surface, and thus provide soils with
better protection from raindrop impact and detachment of parti-
cles during overland flow events than cyanobacteria (Belnap,
2006). Moreover, our results show that OC was lost primarily
through sediment, especially from physical soil crusts and early
successional stage biocrusts (such as incipient cyanobacteria) in
which S;OC represented over 95% of TOC. In more developed
biocrusts, primarily in lichens, OC export by leaching (DOC)
plays a significant role in TOC (36%). However, although DOC
represented a higher percentage of TOC losses in more than less
developed crusts, DOC concentrations were higher in physical
crusts than in biocrusts, probably because OC is more strongly
retained by BSC structures, but more easily diluted in the soils
devoid of them. On the contrary, S;OC concentrations followed
an opposite trend with increasing values from lichens to devel-
oped and incipient cyanobacteria and to physical crusts.

The high OC concentrations in runoff and sediments from
unaltered biocrust plots during the first minutes of runoff can be
explained by several factors. On the one hand, finer soil
fractions, which are generally rich in OC contents (Lii et al,,
2007), are mobilized first (Nadeu et al., 2010; Palis et al., 1997).
On the other hand, developed biocrust surfaces are
characteristically very rough (Rodriguez-Caballero et al., 2012),
favoring atmospheric nutrient—enriched dust accumulation in
the numerous microdepressions forming the biocrust surface
(Reynolds et al., 2001; Verrecchia et al., 1995), which may be
easily washed off by overland flow. Finally, raindrop impacts
and runoff are able to disperse microorganisms, especially
lichens and cyanobacteria living on the soil surface and the
detached fragments are transported in runoff water. It has been
reported that raindrop impacts are more efficient in transferring
nutrient solutes than surface runoff (Fierer and Gabet, 2002),
and peeling by raindrops is the prevailing mechanism for
producing fine particles rich in OC at the beginning of rainfall,
leading to high DOC concentrations. Once the depth of
overland flow increases, the stripping effect of raindrops
diminishes, and water runoff drives OC loss (Lii et al., 2007).
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The unusually high concentrations of DOC and S;0C on
physical soil crusts recorded in all plots at the beginning of
rainfall (Fig.4) can be attributed to fossil organic carbon
released by weathering of outcropping sedimentary marls (Graz
et al., 2012), given that the physical soil crust in this badland
area covers a marl regolith and not a well-developed soil.

In summary, our data show that OC losses are driven by ero-
sion (Fig. 2), and thus as overland flow and erosion from each
plot increase, so does OC loss. Contrary to Barger et al. (2006),
who found DOC losses were positively correlated with runoff,
our data were related only indirectly with runoff, as high runoff
rates on biocrusts are not always linked to high erosion rates
(Canton et al., 2011; Chamizo et al., 2012a). Thus lichen bi-
ocrusts yield the highest runoff rates (even higher than physical
soil crusts in some cases) due to their hydrophobic properties
(Souza-Egipsy et al., 2002; Tighe et al., 2012) and pore clog-
ging (Kidron, 2014, Kidron et al., 1999; Rodriguez-Caballero et
al., 2013), but in turn, strongly protect soils from water erosion,
thereby reducing OC losses.

The results presented here may reflect the amount of OC dis-
solved in runoff and bonded to sediments that is likely to be
displaced during an extreme storm from different types of soil
crusts covering spaces among plants. Dissolved and sediment-
bound OC removed by runoff from the crust patches is deliv-
ered to shrub patches, making this a critical process in maintain-
ing plant productivity (Ludwig et al., 1997; Puigdefabregas,
2005). As pointed out by Brazier et al. (2014), “bare” intershrub
areas act as suppliers of OC to shrub patches through runoff
generation and erosion, and play vital roles in soil OC redistri-
bution around the landscape and in increasing soil OC hetero-
geneity and ecosystem functioning (Ludwig et al., 2005). Hence
OC losses presented here on a microplot scale would probably
decrease significantly at large hillslope or catchment scales, as a
consequence of OC redistribution. However, in areas where the
small diameter of the plant patches does not provide an efficient
barrier, runoff from biocrusts can bypass the shrubs (Kidron,
2011). Furthermore, the effectiveness of vegetation in trapping
water and sediments is limited (Rodriguez-Caballero et al.,
2014). Thus, at the beginning of any rainfall event, vegetated
patches always act as runoff and sediment sinks, but their ca-
pacity for trapping these fluxes decreases over time, as the soil
in those areas becomes saturated. Once the capacity to retain
water and sediments is exceeded, water and sediment fluxes
enriched in OC are transferred out of the system, reducing its
productivity and its capacity for retaining water, sediments and
nutrients in future rainfall events.

Organic carbon dynamics after crust removal

The strong increase in TOC losses after crust removal ob-
served in this study is in agreement with those measured by
other authors. Barger et al. (2006) reported TOC loss rates of
about 2 g m* on dark cyanobacteria scraped plots, which are
very similar to what we measured after removal of developed
cyanobacteria biocrusts (3.97 g m ). Li et al. (2008) measured
TOC losses of about 3.2 g m” in plots where biocrusts and
shrubs were altered. The rates we measured represent 7.5% of
TOC loss in physical soil crust and from 3.17% to 13.59% in
biocrusts (developed cyanobacteria and lichens, respectively).
The highest impacts on DOC and TOC losses after crust removal
occurred in the lichen plots. The lichen crusts generated the
lowest erosion rates when unaltered, but the highest after their
removal, thus resulting in the highest TOC losses. The way
biocrusts modify soil surface and subsurface properties greatly
depends on the type of biocrust. Thus, soil organic carbon con-

tent in the first centimeters below the biocrust is higher under
lichen than the other crusts (Chamizo et al., 2012b). Conse-
quently, after lichen crust removal more organic carbon is
available to be mobilized.

After crust removal, we found much higher TOC in all plots
previously covered by biocrusts during the first half of the rain-
fall event (Fig. 3), later decreasing to a quasi-stable OC loss
rate. TOC is probably limited by both detached material and
transport (Frauenfeld and Truman, 2004). Sediment becomes
less enriched in OC as time passes during an event, since the
more carbon-rich fine aggregates are depleted early in the event
(Jin et al., 2009; Palis et al., 1997; Polyakov and Lal, 2004;
Wan and El-Swaify, 1998).

Biocrust loss increases water and wind erosion (Bowker et
al., 2008; Chamizo et al., 2010, 2012a; Eldridge and Greene,
1994; Lazaro et al., 2008; McKenna-Neuman et al., 1996),
triggering OC losses and reducing the capacity of soils to trap
nutrient-enriched dust (Reynolds et al., 2001). Human disturb-
ances in semiarid areas leading to biocrust disturbance alter the
balanced transfer of OC to vegetated patches. During the first
rainfall after disturbance, a higher input of OC to vegetated
patches may be expected. But this “initial improvement” de-
creases over time as OC is washed away and a new structural
physical soil crust is formed by raindrop impact on the dis-
turbed plots, thus decreasing soil OC content. With further
rainfall, higher runoff rates will be generated than over undis-
turbed biologically crusted surfaces. Moreover, destruction of
biocrusts strongly accelerates erosion and nutrient exhaustion in
the disturbed patches resulting in sediments impoverished in
OC, reducing the possible initial benefit. The consequent in-
crease in runoff after disturbance once the soil seals and the
biocrust is replaced by a physical soil crust, may cause part of
the runoff water, sediments and nutrients, which in undisturbed
conditions would have been trapped and stored in shrub patch-
es, to run out of the system, increasing system connectivity and
impairing its functioning, leading to a degraded system (Belnap
et al., 2005).

CONCLUSIONS

The results of this study are twofold, on one hand, OC losses
from water erosion of physical crusts and biocrusts during an
extreme rainfall event were quantified, and on the other, the
effects of biocrust disturbance (removal) on OC losses were
found. Given that physical and biological crusts are globally
widespread in semiarid and arid zones and comprise large areas
of non-vegetated soil, the implications of both issues are rele-
vant to storage, losses and spatial variability of soil OC in these
ecosystems.

In view of our results, we can conclude that biocrusts reduce
soil OC losses compared to bare or physically encrusted soils.
Moreover, TOC mobilization depends on the type of biocrust,
the more developed biocrusts being the most efficient in reduc-
ing TOC losses.

Most soil OC losses, as much from biocrusts as physical soil
crusts, are bonded to sediments (S;OC) and consequently ero-
sion controls TOC, while no significant direct effect of runoff
on OC losses was found. Only on undisturbed developed bi-
ocrusts, characterized by low erosion rates and S;OC, did DOC
represent an important percentage of TOC. The highest DOC
and S4OC concentrations were recorded during the first minutes
of rainfall and decreased with time due to washing of fine parti-
cles by runoff and depletion of associated OC. This suggests
that short intense rainstorms are the main drivers of soil OC
mobilization.
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Coinciding with previous studies, we found that TOC losses
dramatically increased after crust removal. The highest impacts
on DOC and S4OC losses after crust removal occurred in lichen
biocrusts, where their removal caused the highest increase in
erosion. Above all, our findings highlight the importance of
areas covered by biocrusts as key contributors to soil OC heter-
ogeneity in arid and semiarid areas and their major role as water
and OC suppliers through runoff to adjacent vegetation. Loss of
biocrusts due to disturbances results in accelerated loss of wa-
ter, sediments and associated OC, which can exceed the capaci-
ty of vegetation to retain these vital sources, especially during
rain events of high intensity or high magnitude. Under this
disturbed scenario, the predicted fate would be the flow of such
sources out of the ecosystem, reducing their functioning and
productivity.
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