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Abstract

Numerous studies have been carried out on the community structure and diversity of
biological soil crusts (BSCs) as well as their important functions on ecosystem pro-
cesses. However, the amount of BSC-derived organic carbon (OC) input into soils and
its chemical composition under natural conditions has rarely been investigated. In this
study, different development stages of algae- and moss-dominated BSCs were inves-
tigated on a natural (< 17yr old BSCs) and experimental sand dune (< 4yr old BSCs)
in northeastern Germany. We determined the OC accumulation in BSC-layers and the
BSC-derived OC input into the underlying substrates for bulk materials and fractions
< 63um. The chemical composition of OC was characterized by applying solid-state
8¢ NMR spectroscopy and analysis of the carbohydrate-C signature. C contents
were used to assess the origin and dynamic of OC in BSCs and underlying substrates.
Our results indicated a rapid BSC establishment and development from algae- to moss-
dominated BSCs within only 4 yr under this temperate climate. The distribution of BSC
types was presumably controlled by the surface stability according to the position in
the slope. We found no evidence that soil properties influenced the BSC distribution
on both sand dunes. "*C contents clearly indicated the existence of two OC pools in
BSCs and substrates, recent BSC-derived OC and lignite-derived “old” OC (biologi-
cally refractory). The input of recent BSC-derived OC strongly decreased the mean
residence time of total OC. The downward translocation of OC into the underlying sub-
strates was only found for moss-dominated BSCs at the natural sand dune which may
accelerate soil formation at these spots. BSC-derived OC mainly comprised O-alkyl C
(carbohydrate-C) and to a lesser extent also alkyl C and N-alkyl C in varying compo-
sitions. Accumulation of alkyl C was only detected in BSCs at the experimental dune
which may induce a lower water solubility of BSC-derived extracellular polymeric sub-
stances when compared to BSCs at the natural sand dune indicating that hydrological
effects of BSCs on soils depend on the chemical composition of the extracellular poly-
meric substances.
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1 Introduction

Biological soil crusts (BSCs) are an association of soil particles and microorgan-
isms (cyanobacteria, algae, bryophytes, fungi, lichens) in varying composition which
cover the uppermost and vegetation-free soil surface in many ecosystems (Belnap and
Lange, 2001). As first colonizers BSCs are important producers in many initial ecosys-
tems as well mature ecosystems with a sparse vegetation cover from the deserts to
polar regions (Langhans et al., 2009; Schaaf et al., 2011). It is assumed that cyanobac-
terial and green algae BSCs are the earliest successional stage of BSCs which are
replaced by lichen- and moss-dominated BSCs during later stages of BSC develop-
ment (Lange et al., 1997; Belnap, 2006). The period until BSCs are established on
previously bare substrate is controversialy discussed and is influenced by the spatial
scale of disturbance, the substrate and the climatic boundary conditions. From deserts
the reported recovery time after disturbance ranges from decades to centuries (Bel-
nap and Eldridge, 2003; Maestre et al., 2011), while small-scale disturbance can be
closed by cyanobacteria and green algae in 1-2yr (Veste et al., 2001a; Dojani et al.,
2011). Under temperate climate, Fischer et al. (2010a) observed the development of
BSC already after three years on an artificial watershed.

Several studies revealed the important effect of BSCs on water availability and hy-
drological processes (e.g. Maestre et al., 2002; Belnap, 2006; Fischer et al., 2010b;
Yair et al., 2011), plant establishment (e.g. Prasse and Bornkamm, 2000; Beyschlag
et al., 2008), soil stability (e.g. Belnap and Gardner, 1993; Mazor et al., 1996; Lazaro
et al., 2008), C and N fixation (Beymer and Klopatek, 1991; Belnap, 2002; Brankatschk
et al., 2012) as well as soil fertility (e.g. Lange et al., 1992; Reynolds et al., 2001), and
thus the significant influences of BSCs on ecosystem functioning, development and
health (Veste et al., 2011; Castillo-Monroy et al., 2011; Maestre et al., 2011). As photo-
autotroph organisms these microorganisms play a key-role for the net carbon fluxes in
microphytes-dominated ecosystems (Beymer and Klopatek, 1991; Wilske et al., 2008;
Elbert et al., 2012).
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So far, the amount of BSC-derived OC input into soils and its chemical composi-
tion was rarely investigated, especially under in situ conditions. Similarly, the effect
of BSC colonization of the uppermost millimeters of the soil surface on soils beneath
the BSC is still unclear. Bacteria and algae produce extracellular polymeric substances
(EPS) comprising a large range of different biopolymers which mediate the adhesion of
EPS to mineral surfaces (Flemming and Wingender, 2010). OC accumulation increases
mineral weathering (Amit and Harrison, 1995; Drever and Stillings, 1997; Chen et al.,
2009). Therefore, it can be expected that the effects of EPS on initial soil formation
are more intense if EPS compounds are water soluble and thus, moveable into greater
soil depth. There is only one study (Beymer and Klopatek, 1991) which demonstrated
a downward translocation of OC from the BSC into the underlying soil by using a 1“COQ
chamber experiment. This labile and leachable OC is considered to be an important
source of nutrition to the large mass of heterotrophic soil microorganisms (Beymer and
Klopatek, 1991).

In this study, we investigated different development stages of BSCs (algae- and
moss-dominated) on a natural (< 17yr old) and experimental sand dune (< 4yr old)
in northeast Germany. Our objectives were to (l) determine the amount of OC fixa-
tion in BSC-layers and the BSC-derived OC input into the underlying substrates; (ll)
characterize the chemical composition of OC in BSCs and substrates (bulk materials
and fractions < 63 um) by applying solid-state 8C NMR spectroscopy and analyses of
the carboydrate signature (hydrolysis with trifluoroacetic acid); and (lll) to assess the
OC dynamic and timescales of BSC establishment by using radiocarbon analysis in
combination with the known ages of the sand dunes.
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2 Material and methods
2.1 Study sites, sampling and description of biological soil crusts

We investigated one natural (ND) and one experimental (ED) sand dune in Branden-
burg (northeast Germany) under a temperate climate with a sub-continental character
(mean annual rainfall: 560 mm, mean annual temperature: 9°C). At each sand dune
five different development stages of BSCs were defined along a catena which gen-
erally differ in the location on the slope, vegetation cover (mainly the grass species
Corynephorus canescens) and composition of BSC organisms (Fig. 1). The early suc-
cessional stages of the BSCs include cyanobacteria and above all green algae (mainly
Zygogonium ericetorum Kutzing). The moss cover consisted of Polytrichum piliferum
Hedw. A detail list of species occurring on European sand dunes is given by Fischer
et al. (2012). For simplification, BSC-types will be denominated as algae- and moss-
dominated BSCs in the following. The natural sand dune with maximum age of 17 yr
represents a mobile dune (Pleistocene sand) which is located in an area where for-
mer military activities (until about 1992) caused extensive disturbances of the land
surface. Here, the BSC-sequence starts with a mobile phase (bare substrate) on top
of the dune where disturbances by wind impedes the development of BSC. We found
different BSC-types with increasing distance from the top of the dune along the lee
slope and further to the characteristic dry acidic grassland dominated by Corynepho-
rus canescens (Jentsch and Beyschlag, 2003). The experimental sand dune is located
in a distance of about 60 km from the natural sand dune in the recultivated landscape
of the Lusatian open-cast lignite mining district near Cottbus. It was constructed in
2001 by dumping Quaternary sandy substrate, and is about 50 m long, 1.5 m high, and
7 m wide. At the experimental sand dune no BSC-layers were found until the year 2006.
When compared to the natural sand dune, the major difference is that a mobile phase is
missing and the catena starts with incipient BSCs. Generally, the thicknesses of BSCs
increased from the mobile sand (at ND) or incipient BSC (at ED) to algae-dominated
BSC and further to moss-dominated BSC.
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At both sand dunes, the five spots with BSCs (at the ND one spot with mobile sand
and four spots with BSCs) were sampled in two depth intervals in 2009: BSCs (0—
maximal 15 mm depth) and the substrate below the BSC up to 3cm depth. BSCs and
substrates at all spots were sampled in triplicate with exception of the substrate at the
natural sand dune which was analyzed as pooled sample out of three replicates.

2.2 Fractionation

Density fractionation with a Na polytungstate solution (1 .7gcm_3) was used to seper-
ate the light fractions from the mineral soil components with a density > 1.7gcm'3
in the BSCs. This was done for pooled samples out of aliquots from all three repli-
cates of a BSC type. The light fractions were washed with deionized water on a 20 um
mesh sieve. Afterwards, BSCs and substrate bulk materials (< 2 mm) were fractionated
according to particle-size without sonification as the soil materials showed no aggrega-
tion. In consideration of the dominance of coarse particles, we only separated the sand
fraction (63—2000 um) from the finer particles (< 63 um, silt and clay) by wet sieving.
The fine particles were evaporated with a rotary film evaporator and recovered from
the suspensions by freeze drying.

2.3 General characterization of BSCs and substrates

Undisturbed samples (0—3 cm depth) were collected for each replicate for bulk density
measurement. Total carbon and nitrogen contents were determined by combustion (ElI-
ementar Vario EL). As all samples were carbonate-free, the measured C is completely
organic. Bulk materials were treated with NH,-oxalate (Al,, Fe,, Si,) and dithionite—
citrate—biocarbonate (DCB: Aly, Feq, Siy) using the method of Schwertmann (1964)
and Mehra and Jackson (1960), respectively. The Al, Fe and Si concentrations were
measured with an ICP-OES (Varian Vario-Pro). For the artifical sand dune results from
texture analyzes (pipette method) were determined by a former study at the same sam-
pling plots (Sprote et al., 2010).
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2.4 Solid-state '3C NMR spectroscopy

Mineral fractions < 63 um from BSCs and substrates, light fractions and bulk materials
from BSCs with sufficiently high OC concentration were analyzed by solid-state 8¢
NMR spectroscopy (Bruker DSX 200 NMR spectrometer) using the cross-polarization
magic angle spinning (CPMAS) technique (Schaefer and Stejskal, 1976) with a spin-
ning speed of 6.8 kHz and a contact time of 1ms. A ramped 1H-pulse starting at 100 %
power and decreasing until 50 % was used during contact time to avoid Hartmann-
Hahn mismatches (Peersen et al., 1993). The pulse delays were 400 ms (bulk mate-
rials and mineral fractions < 63 um) and 2000 ms (light fractions). In dependence of
the signal-to-noise ratio, a line broadening between 50 and 100 Hz was used prior to
Fourier transformation. The chemical shifts of '>C were referred to external tetramethyl-
silane (= 0 ppm). For quantification, the spectrum was divided into four major chem-
ical shift regions according to Knicker and Liudemann (1995) (0 to 45 ppm: alkyl-C,
45-60 ppm: N-alkyl C, 60 to 110ppm: O-alkyl-C, 110 to 160 ppm: aromatic C, 160
to 220 ppm: carboxyl-C) over which was integrated. The occurrence of spinning side
bands due to insufficient averaging of the chemical shift anisotropy at the used spinning
speed was considered by adding their intensities to that of the parent signal (Knicker
and Lidemann, 1995).

2.5 Determination of neutral sugars

Sugar monomers were analyzed for BSCs (bulk material and fraction < 63um), sub-
strate (fraction < 63 um) and light fractions according to Eder et al. (2010), which is
modified from the methods of Amelung et al. (1996) as well as Rumpel and Dignac
(2006). Briefly, the samples were hydrolyzed with 4 M trifluoroacetic acid (TFA) at
105°C for 4 h. After the samples had cooled down, an internal standard (methylglu-
cose) was added for calculating the recovery. Thereafter, the hydrolyzed samples were
purified by filtration over glass fibore membrane and dried using a rotary evaporator
(40°C). Instead of ammonia, ethylenediaminetetraacetic acid (EDTA) was added to
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keep iron ions in stable, soluble complexes and to avoid possible co-precipitation of dis-
solved organic carbon. Derivatisation of the sample was carried out in screw top test
tubes. Aldoses were reduced to their corresponding alditols after addition of NaBH,
dissolved in dimethyl sulfoxide (DMSQO). Simultaneously, myoinositol was added for
calculating the GC response factor. Acetylation was carried out by adding acetic anhy-
dride and glacial acetic acid, and methylimidazole was used as catalyst. After 10 min,
the reaction was stopped by adding ice cold deionised water. The derivatized sugar
monomers were extracted by liquid-liquid extraction with dichloromethane. GC analysis
was performed on a GC Agilent 6890 (Agilent Technologies, Germany) equipped with
a FID. The sugar monomers were separated with a 60 m fused silica capillary column
(BPX 70, SGE GmbH, Germany). The temperature program started at 180 °C (isother-
mal for 3min) and increased to 230°C at 5°C min~', 23 min isothermal at 230°C. The
concentration of individual sugar monomers (arabinose, fucose, galactose, glucose,
mannose, rhamnose, ribose, xylose) was calculated based upon the internal standard
myoinositol. The recovery of the standard methylglucose varied between 67 and 96 %.

2.6 '“C analyses

For measurements of the '“C contents, selected BSCs and substrates (fractions
< 63 um) were graphitized and analyzed at the accelerator mass spectrometry (AMS)
facility of the ETH-PSI, Zlrich. The radiocarbon contents are reported as percent mod-
ern carbon (pMC), i.e. relative to the 'C content of the internationals standard (1950
AD) after background correction and 5"3C normalization (Trumbore, 2009). Conven-
tional radiocarbon ages were calculated following the convention of Stuiver and Pollach
(1977) and calibrated using the OxCal program (Bronk Ramsey, 2001). The precision
of "*C measurements was +0.32 percent modern carbon (30-35yr BP).

The amount of lignite (L) in fractions < 63 um as percentage of total organic carbon
was calculated by using a mass balance equation according to Klouda et al. (1996)
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and Rumpel et al. (2003):

L(%)= [1 - (14Cactivitymeasured /#Cactivity of recent BSC material)] x 100

As living organisms like BSCs and plants maintain a 14C/1ZC ratio which is identical
to those of the atmospheric CO, (Trumbore, 2009), the 4C content of recent BSC
material equates with the “c activity of atmospheric CO,. With reference to the year
of sampling in 2009, BSCs at the natural sand dune had a maximum age of 17 yr and at
the experimental sand dune BSCs had been existing for 4 yr. Therefore, we calculated
the mean lignite content by using average 14002 activities for the above mentioned
periods (1992—-2009 and 2006—2009). Atmospheric 14COQ values were obtained from
Levin and Kromer (2004) for the period 1992—-2003 (pMC values range between 113.1
and 106.6) and from I. Levin (2012, personal communication) for the period 2004—-2009
(pMC values range between 106.0 and 104.2).

3 Results
3.1 General characteristics of BSCs and substrates

The natural (ND, < 17 yr old) and experimental (ED, < 4yr old) sand dune had par-
ent substrates below BSCs with similar physical properties (Table 1). Bulk densities
(0—3cm) varied between 1.4-1 .690m'3 and 1.5-1 .7gcm'3 at the natural and exper-
imental sand dune, respectively. As expected, both sand dunes showed low portions
of the particle-size fraction < 63 pm with a maximum of 2.7 mass-% (Table 1). In most
BSCs, the portion of the fraction < 63 um was higher when compared to the corre-
sponding substrates. The experimental sand dune showed slightly higher portions of
the fraction < 63 um than the natural sand dune. The texture analyses of samples from
the experimental sand dune revealed slightly higher silt and clay contents of BSCs
when compared to the substrates which is in line with portions of the fraction < 63 um.
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At both sand dunes, we found no difference of oxalate and DCB-extractable Al, Fe and
Si between the different development stages of BSCs. The experimental sand dune
showed slightly higher Fe, and Fe4 concentrations of BSCs and substrates when com-
pared to those of the natural sand dune. pH values (H,O) of BSCs were also similar
between the natural (5.0+0.1) and experimental (5.1 +0.2) sand dune, and no marked
changes were detected between the different types of BSCs.

3.2 14C contents

Due to the very low OC contents of bulk materials, 4C contents were determined for
fractions < 63 um which are presented in Table 2. The experimental sand dune showed
markedly lower pMC (percent modern carbon, 100 pMC = 1950) values or higher ra-
diocarbon ages for substrates (50-60 pMC) and BSCs (64—82 pMC) when compared
to those from the natural sand dune (substrates: 92—-99 pMC, BSCs: 93—100 pMC). For
both sand dunes, pMC values were higher in BSCs than in the corresponding sub-
strates with exception of the mobile sand at the natural sand dune.

For BSCs at the natural sand dune (ND), we found continuously increasing pMC
values from the mobile sand to algae-dominated BSCs (ND2,3) and further to moss-
dominated BSCs (ND4,5). In the latter, we observed the incorporation of bomb-spike
C and thus, of rapidly cycling constituents with pMC values of above 100 (Trum-
bore et al., 1995). The corresponding substrates underlying the mobile sand (ND1)
and algae-dominated BSCs (ND2,3) showed comparable pMC values (ca. 93 pMC,
525-585yr BP) which were also similar to those from the uppermost millimeters of
the mobile sand. In contrast, pMC values of substrates below moss-dominated BSCs
(ND4,5) were clearly higher (97—-99 pMC, 55-205 yr BP).

On the crest of the experimental sand dune (ED), pMC values of BSCs decreased
from algae-dominated BSCs to moss-dominated BSCs. A trend of increasing pMC val-
ues were detected among moss-dominated BSCs along the slope: crest < backslope
< footslope. The substrates of the experimental sand dune showed two different levels
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of pMC values (ED1, 3: 60 pMC; ED2, 4, 5: 50-52 pMC) which were independent from
the overlying BSC type.

Finally, the low 14¢C contents (orold “c ages) of BSCs and substrates from both sand
dunes point to the contribution of old and refractory OC to the total organic carbon pool.

3.3 Total organic carbon and nitrogen content

As shown in Table 1, two different levels of total OC content were found for the sub-
strates of the natural sand dune (ND). The substrates below the mobile sand (ND1)
and algae-dominated BSC (ND2, 3) had lower values (0.8 mg g'1) when compared to
those below BSC with mosses (ND4, 5; 2.0 mgg‘1). In BSCs, total OC contents were
larger than in the substrate and continuously increased from ND1 (0.7 mgg'1; mobile
sand) to ND5 (9.6 mg g‘1). Compared to the bulk material, the corresponding fractions
< 63 um showed considerably higher total OC contents for BSCs (69-147 mg g'1) and
substrates (43—-120 mg g'1) (Table 1).

At the experimental sand dune (ED), the substrates (bulk materials) similarly showed
low total OC contents (1.1+£0.2mg g‘1) below the different development stages of BSCs
(Table 1). The total OC contents of BSCs were larger than in the substrate for bulk ma-
terials and fractions < 63 um (Table 1). They increased from algae-dominated BSC to
BSC with mosses on the crest (ED3; 8.5mg g‘1 ), whereas lower values were detected
for BSCs with mosses on the slope (ED4, 5). Fractions < 63 um (BSCs and substrates)
showed lower total OC contents when compared to those from the natural sand dune.

The above presented OC contents comprised not only recent OC from BSCs, but
also old and refractory OC (see Sect. 3.2). Therefore, we calculated the amount of
this refractory pool of OC (see Sect. 2.6) by using 'C contents, and hence the BSC-
derived OC input. In the following only lignite-corrected values will be presented and
discussed. In consideration of the small distance between the sampling spots of the
three replicates (ca. 1 m2) it can be expected that the three replicates had similar lig-
nite contents. Under this assumption we also calculated the BSC-derived OC inputs
as mean value of three replicates (Table 3). In addition, we transferred the lignite-C
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contents to bulk materials as information from other studies about BSC-derived OC
accumulation is rare and only related to bulk materials (Table 3).

For bulk materials, the range of BSC-derived OC input (OCggc—OCg pstrate) Was sim-
ilar between the natural (0.8-7.2 mg g'1) and experimental (1.7-4.6 mg g'1) sand dune
(Table 3), but differed strongly in dependence of the BSC development stage (Fig. 2) as
algae-dominated BSC showed lower inputs of OC than BSCs with mosses. When com-
pared to bulk materials, fractions < 63 um showed much larger OC inputs from BSCs
(Table 3). We also calculated the BSC-derived OC inputs inclusive of the refractory OC
pool. These were only slightly lower indicating similar amounts of old and refractory OC
in BSCs and substrates (Table 3). Nitrogen contents were low at both sand dunes, and
near or below the detection limit in substrates. Generally, larger N contents were found
for BSCs when compared to substrates as well as at the experimental when compared
to natural sand dune.

3.4 Overall chemical composition as revealed by solid-state '°C NMR
spectroscopy

Besides fractions < 63 pm from BSCs und substrates (Table 2), SC NMR spectra were
obtained from selected BSC bulk materials (three samples from ND4, 5; four sam-
ples from ED2, 5) with sufficiently high OC content. The mean relative proportions of
functional groups revealed that BSC bulk materials from the experimental sand dune
(181 % alkyl-C, 37 £4 % O-alkyl-C, 23 + 3 % aromatic C, 17+ 3 % carboxyl-C, 7+ 1%
N-alkyl C) showed higher proportions of aromatic C, carboxyl C and alkyl C, but lower
O-alkyl C proportions when compared to those from the natural sand dune (16 +2 %
alkyl-C, 53 £ 4 % O-alkyl-C, 13 £ 3 % aromatic C, 11 £ 4 % carboxyl-C, 7 + 1 % N-alkyl
C). Similar differences in the chemical composition of BSCs between both sand dunes
were also identified for fine fractions from BSCs and substrates. Generally, BSC bulk
materials from both sand dunes showed higher proportions of O-alkyl C (2—13 %) and
aromatic C (1-7 %), and lower ones of alkyl C (4-16 %) in comparison with the cor-
responding BSC fine fractions. The major difference between the BSC types was the
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proportion of O-alkyl C which was highest at BSCs with mosses (AD4, 5 and ND4, 5).
We calculated the qualitative changes in the chemical composition of the upper mil-
limeters of the soil surface due to the colonization of BSCs ('°C NMR spectraBSC—13C
NMR spectrag psirate) fOr both sand dunes (Fig. 3). This revealed that BSC colonization
mainly results in the accumulation of O-alkyl C, alkyl C and N-alkyl C. Further, BSCs
at the natural sand dune accumulate more O-alkyl C, but not alkyl C as compared to
those of the experimental sand dune.

3.5 Carbohydrate signature of OC

The carbohydrate-C contents of BSCs (bulk materials and fractions < 63 um) and
substrates (fractions < 63 um) for both sand dunes are shown in Fig. 4 and Table
4. A wide range of carbohydrate-C contents for the different development stages of
BSCs (bulk material) were found at the natural (46—721 mgg‘1 OC) as well as ex-
perimental (323-597 mg g'1 OC) sand dune comprising monosaccharides from plant-
derived hemicelluloses and microbial products, as trifluoroacetic acid does not release
crystalline cellulose. The change from initial substrate conditions to algae-dominated
BSCs, and to BSCs with the contribution of mosses was combined with strongly in-
creasing carbohydrate-C contents at the natural dune (Fig. 4). At the experimental
sand dune, the increase of carbohydrate-C was lower from algae-dominated BSCs to
BSCs with mosses. Figure 5 illustrates the difference in the accumulation of OC and
carbohydrate-C in BSCs between both sand dunes. BSCs at the natural sand dune
accumulated more carbohydrate-C per gram OC than BSCs at the experimental sand
dune. Almost all BSCs had high ratios of galactose plus mannose over arabinose plus
xylose (GM/AX) of > 2. The highest GM/AX ratios (or lacking contributions of arabi-
nose and xylose at the natural dune) were found for initial substrate conditions and
algae-dominated BSCs (Table 4) without other vegetation in the vicinity of BSCs. At the
experimental sand dune, bulk materials of BSCs showed higher carbohydrate-C con-
tents per gram OC as well as higher GM/AX ratios than fractions < 63 um from BSCs
and substrates (Fig. 4, Table 4). This is similar at the natural sand dune apart from the
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mobile sand (ND1) and algae-dominated BSCs (ND2, 3) where fractions < 63 um from
BSCs showed the highest carbohydrate-C contents. With exception of the mobile sand
at the natural sand dune, the subjacent substrate (fraction < 63 um) showed the lowest
carbohydrate-C contents at both sand dunes.

4 Discussion

4.1 OC sources in BSC-layers and substrates: evidence from radiocarbon
analysis

The high e ages measured in BSC of up to 3500 yr clearly indicate that BSC com-
prised not only of rapidly cycling, recently assimilated carbon by microbial communi-
ties in the crust but also of substantially older inherited carbon. As both investigated
sand dunes are located within an open-cast lignite mining area, the contribution of
lignite-derived ash or dust to the total SOC pool can be expected due to atmospheric
depositions (Rumpel et al., 1998). In addition, the Quaternary sandy substrate which
was used to dump the experimental sand dune may have been contaminated with
lignite-derived carbonaceous particles. Indications for this assumption arise from lig-
nite contamination of the same Quaternary sandy material which was also utilized to
construct a nearby artificial catchment.

Lignite consists of only dead carbon (free of ¢ activity) due to its Tertiary age
and on this timescale the comparatively small half-life of 5730yr. Therefore, and as
“c activity measurements allow to study soil organic matter dynamics or to separate
OC pools of different age (Trumbore, 2009) we used radiocarbon to clarify if lignite is
present in BSCs and substrates (see calculations in Sect. 2.6). Plants and also BSCs
maintain a 14C/1QC ratio which is identical to those of the atmospheric CO, due to
the rapid cycling of carbon between the atmosphere and living organisms (Trumbore,
1996). In soil organic matter, radiocarbon determination yields the mean residence time
of a mixture of different carbon pools with varying degrees of stability and turnover rates
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(Trumbore et al., 1989; Scharpenseel and Becker-Heidmann, 1992; von Lutzow et al.,
2007). In addition, several studies demonstrated that even small amounts of very old
OC can greatly influence the “c age of soil organic matter (Becker-Heidmann et al.,
1988; Paul et al., 1997; Rumpel et al., 1998).

As BSCs receive new C inputs via photosynthesis and loose carbon through respi-
ration (Evans and Lange, 2001) the 4G content of the SOC pool of BSCs reflects the
balance between C inputs from net primary productivity of BSC organisms, decompo-
sition rates and radioactive decay (Trumbore, 2000) which makes it difficult to estimate
the temporal dimension of BSC dynamics.

We would expect that BSCs have high values of pMC > 100 (100 pMC = 1950 AD)
reflecting the incorporation of carbon (“bomb 14C”) fixed from the atmosphere since
atomic weapons testing in the early 1960s (Trumbore et al., 1995). Or in other words,
high proportions of recent photosynthesis products in BSCs would be indicated by
G contents which are close to the atmospheric 14002 level in the year of sampling
(105pMC in 2009; I. Levin, 2012, personal communication). However, the extremely
low pMC values at the experimental sand dune (50 to 82 pMC, Table 2) showed that
OC in BSCs and above all in substrates has resided long enough for radioactive decay
of "C. In consideration of the short-lived metabolism of BSCs and the low soil depth of
the substrate material, these very low '4C contents (or old e ages of substrates with
about 4000-5500 yr BP) are abnormal, and correspond to “c ages of soil organic mat-
ter from various soil types at 100 cm soil depth (Scharpenseel and Becker-Heidmann,
1997), whereas surface soils usually have a modern “c signature (Froberg et al.,
2011). At the natural sand dune (< 17yr old), the ¢ contents were clearly higher in
BSCs and substrates than at the younger experimental sand dune (Table 2) indicat-
ing a lower lignite contribution in fine fractions. This is also reflected by the calculated
lignite contents of fine fractions (Table 2).

Thus, "C contents from fine fractions clearly gave evidence for the contribution of
lignite as a SOC source in both sand dunes indicating that OC in BSCs and substrates
consists of two pools: recent and rapidly cycling BSC-derived OC and lignite-derived
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“old” OC (biologically refractory) which is inherited from the parent material at the ex-
perimental sand dune and presumably incorporated from atmospheric depositions at
both sand dunes.

4.2 OC fixation in BSC-layers

Our "*C based estimates of the contribution of lignite and BSC allowed us to assess the
BSC-derived OC input as the difference in the (lignite-corrected) OC content between
BSC and substrate (OCggc—OCg pstrate)- The BSC-derived OC inputs for all fine frac-
tions varied between 13 and 57 mg g‘1 (Table 3) and resulted in increasing pMC values
with increasing BSC development indicating a “rejuvenation” of the total OC pool which
was more pronounced at the younger experimental dune (Fig. 6). For fine fractions at
the natural dune (< 17 yr old), the strong correlations between OC,,; and pMC values
(/?2 =0.91, p < 0.01) as well as recent OC and pMC values (R2 =0.92, p < 0.01) sug-
gest that the total OC pool is controlled by inputs of recent BSC-derived OC. At the
experimental dune, no relationships were found between OC,; or recent OC and pMC
values (R2 < 0.2), but pMC values were negatively correlated with lignite-C contents
(/?2 =0.82, p < 0.05). Thus, lignite-C still dominated the total OC pool which was in
line with the calculated lignite-C contents. Generally, OC inputs which were calculated
without subtraction of lignite were similar to the lignite-corrected values indicating that
BSCs and the corresponding substrates showed similar lignite contents.

Our estimation of BSC-derived input of OC showed an increasing input with an
increasing BSC development and was particularly pronounced for moss-dominated
BSCs (Fig. 2) and increased with growing thickness of BSCs. This is in line with findings
from other studies (Kidron et al., 2010; Chamizo et al., 2012). Fischer et al. (2010a)
found early stages of crust development comprising cyanobacteria and green algae
three years after construction of an artificial catchment with BSC-derived OC inputs of
about 3.2mg g‘1 . At the experimental sand dune which is close to this catchment differ-
ent BSC-types developed within only four years. Here, algae-dominated BSCs showed
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comparable OC inputs of 1.7-2.7 mg g‘1, whereas slightly lower values were obtained
for algae-dominated BSCs at the natural sand dune (0.8-2.0mg g'1).

Generally, it has to be considered that the net contribution of BSCs to the SOM
pool is difficult to assess as net photosynthesis takes place for only short periods
after sufficient surface wetting due to rain or dewfall events, whereas carbon losses
through respiration can be large during other periods (Lange et al., 1970; Evans and
Johansen, 1999; Veste et al., 2001b). So far, determinations of OC inputs by BSCs
were predominantly based on laboratory experiments or on the extrapolation of shorter
measurement periods from field studies. These studies estimated annual OC inputs
in the BSC layer to be 0.4—2.Sng_2 a™! for cyanobacterially dominated crusts and
12—37ng'2 a~" for lichen- or moss-dominated crusts (Beymer and Klopatek, 1991;
Klopatek, 1992; Jeffries et al., 1993; Evans and Lange, 2001). Elbert et al. (2009)
give a range from 0.8 to 74.9ng'2 a~" for biological soil crusts from arid zones. In
our study, we calculated total OC inputs of green algae- (3.1—9.39m‘2) and moss-
dominated BSCs (28.9—87.ng'2) after four (experimental sand dune) or seventeen
(natural sand dune) years, respectively. In consideration of the assumed maximum age
of BSC establishment the annual OC inputs into the soil surface were in the range of
the above mentioned values from the literature with 0.2—2.ng'2 a™! for algae- and
2.7-21 .ng‘2 a~" for moss-dominated BSCs.

4.3 OC composition of BSCs

The comparison of °C NMR spectra from fractions < 63 um between BSC-layers and
the corresponding substrates revealed that BSC colonization on both sand dunes
mainly resulted in accumulation of O-alkyl C, alkyl C and N-alkyl C (Fig. 3). Thus, BSC-
derived input of OC into soil comprised polysaccharides, aliphatic biopolymers and
proteinaceous compounds (Wilson et al., 1983; Duncan, 1987; Kogel-Knabner, 1997).
This is in line with the general composition of microbial materials and BSC-produced
extracellular polymeric substances (Baldock et al., 1990; Kogel-Knabner et al., 1992;
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Nierop et al., 2001; Flemming and Wingender, 2010). Increasing carbohydrate and
protein contents were also found by other studies investigating successional stages of
BSC development (Mazor et al., 1996; Kidron et al., 2010; Zaady et al., 2010). Con-
sistent differences in the chemical composition between algae-dominated BSCs and
BSCs with mosses were not detected at both sand dunes.

As shown in Fig. 3, BSC-derived OC diminished the relative proportions of aromatic
carbon species which can be related to lignite. As Lusatian lignite represents one of
the earliest stages of coalification with low aromaticity (Stach et al., 1982; Rumpel
et al., 1998), the BSC and substrate samples show relatively low proportions of aro-
matic C, very likely reflecting contamination with brown coal. Besides of aromatic car-
bon, aliphatic carbon species are characteristic structures for coalification processes
(Hatcher et al., 1989). As absolute lignite contents were similar between BSCs and
substrates and lignite-C in % of OC,,; was markedly higher in substrates, only small
proportions of alk}ll C may also originate from lignite contribution.

Findings from 3C NMR spectra were confirmed by analysis of sugar monomers
from bulk materials where we observed increasing contents of carbohydrate-C with
increasing thickness of BSCs as well as from algae-dominated BSCs to BSCs with
mosses (Fig. 4). Almost 70 % of total OC was carbohydrate-C in moss-dominated BSCs
at the natural sand dune. Similarly high carbohydrate-C contents (up to 75 % of the total
SOC) were reported from cyanobacterial soil crusts in the Kalahari (Mager, 2010). The
growing proportion of carbohydrate-C on OC,, with increasing OC content in form
of a saturation curve is shown in Fig. 5 indicating the predominant accumulation of
carbohydrates during BSC development from algae- to moss-dominated BSCs.

The frequently applied ratio of galactose plus mannose over arabinose plus xylose
(GM/AX) from Oades (1984) which is indicative for plant-derived carbohydrates (< 0.5)
or microbial carbohydrates (> 2.0) show that carbohydrates from all measured mate-
rials (BSC bulk materials and fractions < 63 um from BSCs and substrates) from both
sand dunes mainly derived from microbial synthesis. However, mosses which do not
excrete exopolysaccharides (Harper and Marble, 1988) show also high GM/AX ratios
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larger than 2.0 (Nierop et al., 2001; Prietzel et al., 2012) due to high proportions of
galactose, mannose and rhamnose in the hemicellulose of the primary cell wall (Pop-
per and Fry, 2003). This makes it impossible to differentiate between algae- and moss-
derived carbohydrates. The lowest GM/AX ratio (1.7) was found for algae-dominated
BSCs (ND3) in the vicinity of the grass Corynephorus canescens (GM/AX of 0.1 for
leaves and 0.3 for roots; Nierop et al., 2001) at the natural sand dune. At the exper-
imental sand dune the lowest GM/AX ratio (2.9) was found for BSCs with the lowest
thickness of mosses between dense grass cover (ED3). This may point to some input
of grass-derived OC.

4.4 OC accumulation in substrates beneath the BSC-layer: Is there depth
translocation of BSC-derived OC?

At the experimental sand dune (< 4yr old), the OC contents of the substrates were
similar between the different BSC types (bulk materials and fine fractions), but OC
content of BSCs increased from algae-dominated to moss-dominated BSCs (Table 1).
This suggests that no translocation of OC occurred into greater soil depth. Similarly,
OC contents gave no indications for OC depth translocation of algae-dominated BSCs
at the natural sand dune. For moss-dominated BSCs at the natural sand dune with
a maximum age of 17 yr (ND4, 5), considerably larger OC contents (bulk materials and
fine fractions) of both, crust materials and the corresponding substrates point to the
presence of BSC-derived OC up to three cm soil depth.

At the moss-dominated BSCs from the natural sand dune (ND4, 5), a downward
translocation of OC from the crust into the substrate below the crust was also demon-
strated by 4C contents (Table 2). In contrast to the experimental sand dune as well as
the mobile sand and algae-dominated BSCS at the ND, increased 4G contents were
not only found for moss-dominated BSCs, but also for the substrates beneath these
crusts indicating the leaching or incorporation of OC into greater soil depth which is in
line with the interpretation of OC contents.
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So far, only one study investigated the potential contribution of BSCs to OC accu-
mulation in soils beneath the BSCs by using a 14002 chamber experiment (Beymer
and Klopatek, 1991). In this study, a downward translocation of photosynthate was in-
dicated by an increase in 14C content in the soils beneath the crusts which was acribed
to leaching of BSC-derived carbohydrates. There is no indication that crust organisms
tend to migrate into greater soil depth (Brock, 1975). Increased infiltrability which pro-
motes the downward leaching of OC is maybe a result of the channeling effect of the
moss stems and rhizoids (Kidron et al., 2010).

Depth translocation of OC by leaching presupposes water soluble organic sub-
stances. Fine fractions < 63 um were obtained by wet sieving and thus, comprising
clay- and silt-associated OC and water-soluble OC of the sand fraction. Despite of
very low clay and silt contents (Table 1), fine fractions represented 10—48 and 33—48 %
OC (mass-% of total OC) of bulk materials from BSCs and substrates, respectively.
In addition, higher OC contents (mass-% of total OC) were found for substrates when
compared to BSCs and for the natural when compared to the experimental sand dune
(data not shown). Figure 7 compares the OC contents between bulk materials and frac-
tions < 63 um which shows a clear difference between both sand dunes. At the natural
sand dune there was a concurrent OC increase of both, bulk materials and fractions
< 63 um. In contrast, differences in the OC content between BSC types at the exper-
imental sand dune were almost only detectable for bulk materials. This indicated that
OC in BSC bulk materials from the experimental sand dune is less water-soluble than
that of the natural sand dune. As shown in Fig. 4, similar differences between both sand
dunes with respect to water solubility were found for carbohydrates. The comparison of
carbohydrate contents between BSC bulk materials and BSC fractions < 63 pm demon-
strated that carbohydrates from the natural sand dune were more water-soluble than
those of the experimental sand dune. There, the carbohydrate-C content of fractions
< 63 um from BSCs were much lower than those of BSC bulk materials and similarly
high as those from the substrates (fractions < 63 um) indicating a low water solubility
of carbohydrates.
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BSCs at the experimental sand dune accumulated less O-alkyl C, but also alkyl C
when compared to the natural sand dune (Fig. 3). Bacteria and algae excrete extracel-
lular polymeric substances (Bertocchi et al., 1990; Terauchi and Kondo, 2008; Flem-
ming and Wingender, 2010), and the different nature of microbial exudates may point to
differences between both sand dunes in terms of the composition of the BSC commu-
nities, temperature, availablity of nutrients or the experienced shear forces (Flemming
and Wingender, 2010). The accumulation of alkyl C which mainly comprises aliphatic
biopolymers in microbial exudates of BSCs may is responsible for the lower water sol-
ubility of extracellular polymeric substances at the experimental sand dune. Generally,
the effect of BSC-derived extracellular polymeric substances on hydrological proper-
ties of the soil surface like water infiltration or run-off is still controversial (Eldridge,
2003; Rossi et al., 2012) which may result from different chemical compositions of the
BSC-derived OC input.

Finally, OC accumulation in the substrate beneath moss-dominated BSCs at the
natural sand dune may result in accelerated soil formation due to increased mineral
weathering (Amit and Harrison, 1995; Drever and Stillings, 1997; Chen et al., 2009).

4.5 Implications for the temporal establishment and development of BSCs

Information about the temporal establishment of BSCs are generally reported as re-
covery times of BSCs after disturbance and range from decades to centuries depend-
ing on crust and soil type, extent of disturbance, the presence of vascular plants,
and climate conditions as summarized by Evans and Johansen (1999), Belnap and
Eldridge (2003) and Maestre et al. (2011). In this regard, cyanobacteria re-establish
faster than lichens and bryophytes (Anderson et al., 1982; Belnap and Gillette, 1997).
Much faster successions of BSCs after experimental disturbance were found in a semi-
desert in South Africa where cyanobacteria-dominated BSCs recolonized small-scale
disturbances of the soil surface already after 8 month and bryophytes were observed
after 20 month (Dojani et al., 2011) as similar to sand dunes in the Negev desert (Veste
et al., 2001a). At the experimental sand dune, algae- and moss-dominated BSC-types
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has been established within only 4 yr indicating rapid BSC development and succes-
sion from algae- to moss-dominated BSCs in a temperate climate. Similar BSC types
were found at the natural sand dune with a maximum age of 17 yr.

Because of the presence of lignite, it can be hypothesized that the younger the e
age (the higher the pMC) of OC in BSCs, the higher is the BSC-derived OC accumu-
lation due to longer existence of the BSC on the substrate and/or higher net C uptake
rates of the BSC. Following this assumption, then moss-dominated BSCs are the oldest
and most stable BSCs at the natural sand dune (Table 2). In consideration that moss-
dominated BSCs were established at the experimental sand dune already after 4 yr,
the further development of algae- to moss-dominated BSCs cannot be expected at the
natural sand dune (< 17yr old) under the present environmental conditions. Here, the
distribution of BSC types is presumably rather controlled by surface stability as shear
stress by wind which is highest on the top of the sand dune and decreases along the
lee slope (Kroy et al., 2002). According to this spatial sequence we found the change
from mobile sand to algae-dominated BSCs and to moss-dominated BSCs. This BSC
distribution at the natural sand dune may represent a steady-state under the present
environmental conditions. A high correlation between BSC cover, micro-topography,
wind power and surface wetness was also reported for arid sand dunes (Veste and
Littmann, 2006; Kidron et al., 2009; Veste et al., 2011).

The evaluation of the temporal BSC establishment at the experimental sand dune
is more intricate due to the higher variability of lignite contamination, and thus also
4C contents (Table 2). However, moss-dominated BSCs showed the same trend of
increasing 14C contents in dependence of the position in the slope: footslope > backs-
lope > crest. Thus, this sequence may also reflect the duration of BSC colonization of
the soil surface. As similar to the natural sand dune, the backslope and above all the
footslope are more stable against wind-induced redistribution of sand particles at the
soil surface which may promote BSC development when compared to the position on
the crest. In addition, at the base of the slope more moisture is available which may
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result in higher productivity of BSCs at the footslope (Belnap et al., 2004; Veste and
Littmann, 2006), and thus in higher accumulation rate of OC and higher 14C contents.

Another factor which may influence the formation of BSCs at both sand dunes is
the occurrence of grasses as moss-dominated BSCs were only found in the proximate
vicinity of grasses. However, ambiguous results are reported for the role of vascular
plants on BSC development and vice versa (Eldridge and Greene, 1994). On the one
hand, vascular plants may displace BSCs as they are more effective in the competition
on light, nutrients and water (Lobel et al., 2006). Otherwise, BSC development can be
promoted in the vicinity of vascular plants due to increased soil organic matter, nutri-
ents and fertility (Ingerpuu et al., 2005; Zhao et al., 2010) or increased surface stability
due to root penetration. Our results give no evidence that soil properties influenced
BSC distribution on both sand dunes. However, BSCs showed slightly higher Fe con-
centrations and portions of fine fractions < 63 um compared to the substrate. This may
result from deposition due to the trapping of sediment by BSC organisms (Reynolds
et al., 2001) as weathering of silicates cannot be expected in view of the young age of
both sand dunes (Fischer et al., 2010a).

5 Conclusions

Our results show a rapid BSC establishment and development from algae- to moss-
dominated BSCs in this temperate climate with different BSC-types (algae- and moss-
dominated BSCs) developing within only 4 yr. The main factor influencing the distribu-
tion of BSC types was presumably the surface stability according to the position in the
slope. We found no evidence that soil properties affected the BSC distribution on both
sand dunes.

4G contents indicated that total OC in BSCs and substrates consisted of two pools:
recent BSC-derived OC and lignite-derived “old” OC (biologically refractory) which
is inherited from the parent material and/or incorporated from atmospheric deposi-
tions. Mean 'C residence time of total SOC in BSC-layers and substrates decreased
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significantly with BSC development and increasing input rates of recent BSC-derived
OC. Our results suggest that moss-dominated BSCs have the potential to accelerate
soil formation as their underlying substrate at the natural dune had increased contents
of OC and carbohydrate-C as well as higher 4C contents due to downward transloca-
tion of OC.

BSC-derived OC mainly comprised O-alkyl C (carbohydrate-C) and to a lesser ex-
tent also alkyl C and N-alkyl C in varying compositions. The accumulation of alkyl C
in BSCs at the experimental dune may have induced the lower water solubility of OC
and carbohydrate-C when compared to BSCS at the natural sand dune without alkyl
C accumulation. This was shown by the comparison between bulk materials and frac-
tions < 63 um indicating that hydrological effects of BSCs on soils like water repellency
and infiltration depend on the chemical composition of the extracellular polymeric sub-
stances.
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Table 1. Characteristics of biological soil crusts (BSCs) and corresponding substrates from

both sand dunes (mean values). 9 A. Diimig et al.
o
Site  Samples® Bulk material Fraction < 63 um %
OG,; Lignite-C  Recent OC N C/N AL Fe, Siyj A, Fe, Si, Fe,/ BD Texture® Portionin ~ OC N, C/N (723
mg g" % of OCy; mg g’1 mg g" ratio  mg g" Fey gcm’3 Sand Silt Clay mass-% mg g’1 mg g" ratio g
BSC-ED1a 3.0 26 22 0.3 10 0.6 11 03 05 04 01 04 97 1 2 1.4 66.1 4.7 14
g BSC-ED2 a 45 29 32 0.4 11 06 10 03 05 04 00 04 97 1 2 1.3 92.8 75 14 )
© 5 BSC-ED3m 8.5 39 5.2 0.7 13 05 09 03 04 04 00 04 96 1 2 12 7 4.9 15 Q
2 8 BSC-ED4 m 5.1 30 3.6 0.5 1 0.6 09 03 04 04 00 04 97 1 2 16 67.7 4.8 14 ©
3 5'; BSC-ED5 m 5.4 21 4.3 0.4 15 0.7 11 04 05 04 00 04 96 1 3 1.9 61.7 35 18 (0]
w2 -
= O
§ 5 Substrate-ED1 0.9 42 0.5 0.1 9 0.5 09 03 05 03 01 04 16 98 0 2 0.7 457 22 21
E ‘\'/ Substrate-ED2 1.2 52 0.6 0.1 12 0.5 09 03 05 04 01 04 17 99 1 12 41.6 27 16 B
& <= Substrate-ED3 1.2 43 0.7 0.1 12 0.5 09 03 05 03 01 04 16 98 1 2 13 38.1 24 16
] Substrate-ED4 11 52 05 0.1 1 0.6 09 03 04 03 01 03 16 98 2 0.8 40.6 22 19
Substrate-ED5 1.2 50 0.6 0.1 12 0.5 09 03 05 03 01 04 16 98 1 1 13 34.4 20 19 D
BSC-ND1 mobile 0.7 15 0.6 0.0 nd 0.6 07 04 05 03 01 04 nd nd nd 0.3 69.1 6.3 1 ==
BSC-ND2 a 1.6 10 1.4 0.1 12 0.5 08 04 06 03 01 03 nd nd nd 0.8 100.2 10.7 9 g
2 g BSC-ND3 a 29 9 27 0.2 14 0.5 07 03 05 03 01 04 nd nd nd 0.8 147.2 141 10 (=
3@ BSC-ND4m 8.7 8 8.0 0.4 23 0.5 07 03 05 02 01 04 nd nd nd 0.9 1115 9.2 12 n
2 g BSC-ND5 m 9.6 8 8.9 0.4 26 0.5 09 04 04 02 01 03 nd nd nd 1.0 134.9 10.0 14 wn
© 3 —
» o
© E Substrate-ND1 0.9 14 0.7 0.0 nd 0.6 09 05 06 03 01 03 16 nd nd nd 0.7 66.3 5.4 12 g
% —  Substrate-ND2 0.7 15 0.6 0.0 nd 0.5 06 04 05 02 01 03 15 nd nd nd 0.6 43.0 3.1 14
z Y Substrate-ND3 0.7 14 0.6 0.0 nd 0.5 06 04 04 02 01 03 15 nd nd nd 05 731 5.6 13 ﬂ
Substrate-ND4 20 9 19 0.1 17 0.6 07 04 05 02 01 03 15 nd nd nd 0.6 119.6 9.7 12 Q
Substrate-ND5 1.9 1 17 0.1 21 0.7 08 05 05 03 01 03 1.4 nd nd nd 1.0 98.5 6.8 14 ho]
[0
a . . . . -
mobile = mobile sand, a = algae-dominated BSC, m = moss-dominated BSC
ditihionite-citrate-bicarbonate and oxalate extraction —
Sand: 2000-63 pm; Silt: 63—2 um; Clay: < 2um; obtained by pipette method from Spréte et al. (2010).
O
7
(9]
c
»
@,
o
>
R
Q
3 ®
@ ()
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Table 2. '*C contents and functional groups according to solid-state 8C NMR spectroscopy for

fractions < 63 pm.

Functional group (ppm) according to solid-state C NMR spectroscopy

Site  Fraction® OC, C/N Lignite-Cin Recent OC "“Ccontent 'Cage CarboxylC AromaticC O-alkylC N-alkylC AlkylC  Alkyl C/
< 63um mg g" ratio % of OCyy, mg g'1 (pMC)b yr BP 245-160 160-110 110-60 60-45 45-0  O-alkylC
BSC-ED1a 52.7 16 26 38.8 772 2025 15 22 25 7 32 13

2 BSC-ED2 a 7 15 29 51.1 74.7 2280 15 19 26 8 32 1.2

3 % BSC-ED3m 729 14 39 44.8 64.4 3475 19 19 24 6 32 1.3

2 8 BSC-ED4 m 73.4 13 30 51.6 73.6 2400 12 18 28 8 34 1.2

3 g BSC-ED5 m 73.8 17 21 58.0 82.3 1505 16 18 29 7 30 1.0

£5

§ S Substrate-ED1 45.4 17 42 26.2 60.4 3990 20 24 17 6 32 1.9

E ¥ Substrate-ED2 46.9 15 52 22.3 49.9 5525 19 21 24 7 30 1.3

g Y Substrate-ED3 40.0 19 43 229 59.9 4055 20 25 22 6 27 1.2

o Substrate-ED4 42.8 18 52 20.6 50.3 5455 17 20 25 6 32 13
Substrate-EDS 43.7 15 50 217 52.2 5170 21 18 28 6 27 1.0
BSC-ND1 mobile ~ 53.4 1 15 45.6 925 570 14 16 32 9 29 0.9
BSC-ND2 a 89.8 10 10 80.7 97.3 165 15 10 38 9 29 0.8

2 g BSC-ND3 a 1319 11 9 119.8 98.3 80 15 10 38 8 28 0.7

3 @ BSC-ND4m 1447 12 8 132.8 99.3 -5 16 9 44 7 24 0.5

% g BSC-ND5 m 146.1 13 8 1347 99.8 —-40 15 1" 47 7 21 0.5

8o

B 5. Substrate-ND1 66.3 12 14 57.0 93.0 525 23 16 25 7 30 1.2

% T Substrate-ND2 43.0 14 15 36.6 92.3 585 18 17 29 7 29 1.0

z Y Substrate-ND3 731 13 14 62.7 929 535 22 15 26 7 31 1.2
Substrate-ND4 119.6 12 9 109.0 98.6 55 13 1 35 9 32 0.9
Substrate-ND5 98.5 14 1" 88.1 96.8 205 15 1 39 8 27 0.7

& mobile = mobile sand, a = algae-dominated BSC, m = moss-dominated BSC
b percent modern carbon (100 pMC = 1950 AD).
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Table 3. BSC-derived OC input (OCggc — OC pstrate) fOr bulk materials and fractions < 63 pm.

BSC-derived OC input (OCggc — OCqpstrate) iN Mg g
recent
Fraction < 63 pm Bulk material OC input

Samples® with lignite  without lignite  with lignite  without lignite ing m=Za”’

Experimental sand dune (< 4 yr old BSCs)

ED1 a 7.3 12.6 21 1.7 2.0
ED2 a 24.9 28.8 3.4 2.7 2.2
ED3 m 32.9 21.9 7.3 4.6 7.2
ED4 m 30.6 31.0 4.0 3.1 12.3
ED5 m 30.1 36.2 4.2 3.6 21.9
Natural sand dune (< 17 yr old BSCs)

ND1 mobile -13.0 0.0 0.0 0.0 0.0
ND2 a 46.8 44.0 0.9 0.8 0.2
ND3 a 58.8 57.1 2.2 2.0 0.5
ND4 m 25.0 23.8 6.7 6.2 2.7
ND5 m 47.6 46.6 7.7 7.2 3.0

@ mobile = mobile sand, a = algae-dominated BSC, m = moss-dominated BSC
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Table 4. Contents of carbohydrates and relative proportions of monosaccharide-C of BSCs and

corresponding substrates (mean values, standard deviation in brackets).

Site  Samples®

Carbohydrate-C  Relative proportions of monosaccharide-C (%)

mg g" oC Rhamnose Fucose  Ribose Arabinose  Xylose Mannose Galactose Glucose  GM/AX®
BSC — bulk material
BSC-ED1 a 342.4 (17.4) 2.1(0.3) 0.4(0.6) 0.0(0.0) 5.7(0.6) 25(1.1) 295(0.3) 320(1.4) 279(0.9) 78(17)
g BSC-ED2 a 430.2 (38.9) 6.7(1.3) 32(0.7) 0.0(0.00 7.3(05) 6.1(09 26.3(03) 265(0.2) 239(0.9 4.0(0.4)
o % BSC-ED3m 542.5 (28.4) 6.7 (0.4) 3.8(0.8) 0.0(0.00 85(0.5) 7.8(1.6) 21.1(0.6) 258(1.3) 26.3(1.4) 29(0.5)
B2 8 BSC-ED4 m 502.2 (20.2) 7.4(0.2) 3.0(0.0) 0.0(0.0) 6.8(0.5) 52(0.7) 26.5(0.6) 27.7(0.7) 23.4(0.3) 4.6(0.6)
3 g BSC-ED5 m 557.2 (39.0) 6.2 (0.8) 15(0.4) 0.0(0.0) 6.1(0.4) 6.3(0.8) 242(1.1) 30.1(25) 255(0.3) 4.4(0.3)
£3
§ 5 Substrate — fraction < 63 pm
£ Y Substrate-ED1 100.4 (13.0) 62(22) 3.8(1.4) 0.1(0.1) 100(1.9) 89(20) 17.8(29) 185(1.8) 34.6(3.0) 2.0(0.6)
Q@ <~ Substrate-ED2 184.8(29.6)  10.4(1.3) 45(1.1) 1.1(1.0) 10.1(1.8) 10.2(2.6) 18.8(3.2) 19.7(0.6) 253 (4.3) 2.0(0.6)
i} Substrate-ED3 204.1 (37.6) 95(0.3) 3.7(04) 07(08) 11.1(0.3) 121(1.2) 159(0.9) 21.3(1.5) 256(2.3) 1.6(0.0)
Substrate-ED4 168.1 (27.1) 9.3(1.0) 3.4(0.7) 00(0.0) 87(0.8) 7.8(0.9) =21.5(1.4) 21.0(1.0) 282(3.0) 26(0.3)
Substrate-ED5 185.4 (44.8) 88(1.2) 28(1.0) 1.0(1.0) 83(27) 92(35) 19.0(40) 21.8(1.7) 29.1(6.9) 2.6(1.3)
BSC — bulk material
BSC-ND1 mobile 91.0 (71.1) 0.(0.0) 0.0(0.0) 0.0(0.0) 00(0.0) 00(0.0) 88(46) 24.6(12.8) 66.6(17.5) nd
BSC-ND2 a 364.4 (24.1) 20(3.2) 0.0(0.0) 00(0.0) 1.6(1.4) 3.1(0.8) 19.9(1.4) 245(17) 489(2.0) 6.5(1.8)
2 @ BSC-ND3a 517.9 (4.5) 8.3(0.4) 7.8(0.4) 0.0(0.0) 10.3(0.3) 11.9(0.5) 17.4(0.2) 20.1(0.9) 24.0(0.3) 1.7(0.0)
3 @ BSC-ND4m 697.8 (31.1) 65(0.3) 13(1.1) 00(0.0) 11.3(07) 9.1(0.4) 19.8(1.1) 28.3(0.6) 24.4(0.6) 2.4(0.2)
g g BSC-ND5 m 674.3 (38.4) 6.6(04) 0.3(0.5) 0.0(0.00 97(0.8 79(0.3) 228(1.9) 29.0(04) 243(0.2) 3.0(0.3)
» ©
® > Substrate - fraction < 63 pm
% = Substrate-ND1 189.6 10.4 3.4 0.2 6.5 71 20.9 22.0 29.5 3.1
z Y Substrate-ND2 212.3 8.5 1.8 0.0 6.0 7.0 221 215 33.2 3.4
Substrate-ND3 140.1 9.8 3.1 0.0 74 8.2 21.2 20.6 30.0 2.7
Substrate-ND4 260.6 11.0 4.6 0.1 10.2 9.8 19.7 24.8 195 22
Substrate-ND5 292.9 121 2.9 0.0 1.4 9.0 17.3 29.1 18.3 2.3

2 mobile = mobile sand, a = algae-dominated BSC, m = moss-dominated BSC

® ratio of galactose plus mannose over arabinose plus xylose.
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Natural sand dune
(< 17 yrs old)
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g A. DUmig et al.
@)
=
BSC types and thickness: n
ND1) mobile sand due to shear stress by wind — no BSC g
ND2) green algae and cyanobacteria (2 — 3 mm) = _
ND3) green algae and cyanobacteria (2 — 4 mm) between Corynephorus canescens o
ND4) green algae, cyanobacteria and mosses (4 — 6 mm) between C. canescens Q)
ND5) green algae, cyanobacteria and mosses (4 — 6 mm) between C. canescens 8 ! !
i
(8 years old, :
BSCs were observed- - & - -
N -~ pr> - O
4 yrs before sampling)®" c
o
=y
> I
Q
©
¢ I SN
]
BSC types and thickness: _
ED1) green algae and cyanobacteria (2 — 3 mm), no vegetation, crest 9
EDZ2) green algae and cyanobacteria (2 — 3 mm) between sparse cover of Corynephorus canescens, crest %
ED3) green algae, cyanobacteria and mosses (3 —4 mm) between dense cover of C. canescens, crest = _
ED4) green algae, cyanobacteria and mosses (9 — 10 mm) between dense cover of C. canescens, slope &
ED5) green algae, cyanobacteria and mosses (13 — 15 mm) between dense cover of C. canescens, footslope o _
o}
, , - Ny
Fig. 1. The natural (< 17yr old BSCs) and experimental sand dune (< 4yr old BSCs) with = @ @
sampling sites and description of BSC types. = By
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(a = algae-domianted BSC, m = BSC with mosses)

Fig. 2. BSC-derived input of OC (OCggc—OC peirate) at the experimental (a, < 4yr old BSCs)

and natural sand dune (e, < 17 yr old BSCs).
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-6 ] | |
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Types of BSC

(a = algae-dominated BSC, m = BSC with mosses)

Fig. 3. Chemical composition of BSC-derived OC as shown from 8C NMR spectra (o = O-alkyl
C, + = N-alkyl C, ¢ = alkyl C, B = aromatic C, a = carboxyl C).
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Fig. 4. Carbohydrate-C contents of BSCs (bulk materials and fractions < 63 um) and substrates
(fractions < 63 um).
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Fig. 5. Relationship between OC content and carbohydrate-C of BSCs (bulk materials) at the

experimental (a) and natural sand dune (e).
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Fig. 7. OC content (without lignite-C) of bulk materials and fractions < 63 um from BSCs (filled
symbols) and substrates (not filled symbols) at the experimental (a/A, < 4yr old BSCs) and
natural (e/o, < 17 yr old BSCs) sand dunes.
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