
Initial pedogenesis in a topsoil crust 3 years after
construction of an artificial catchment in Brandenburg,
NE Germany

Thomas Fischer • Maik Veste • Wolfgang Schaaf •
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Abstract Cyanobacteria and green algae present in

biological soil crusts are able to colonize mineral

substrates even under extreme environmental condi-

tions. As pioneer organisms, they play a key role

during the first phases of habitat colonization. A

characteristic crust was sampled 3 years after instal-

lation of the artificial water catchment ‘‘Chicken

creek’’, thus representing an early successional stage

of ecosystem development. Mean annual rainfall and

temperature were 559 mm and 9.3�C, respectively.

We combined scanning electron microscopy (SEM/

EDX) and infrared (FTIR) microscopy to study the

contact zone of algal and cyanobacterial mucilage

with soil minerals in an undisturbed biological soil

crust and in the subjacent sandy substrate. The crust

was characterized by an approximately 50 lm thick

surface layer, where microorganisms resided and

where mineral deposition was trapped, and by an

approximately 2.5 mm thick lower crust where

mineral particles were stabilized by organo-mineral

structures. SEM/EDX microscopy was used to deter-

mine the spatial distribution of elements, organic

compounds and minerals were identified using FTIR

microscopy and X-ray diffraction (XRD). The con-

centration of organic carbon in the crust was about

twice as much as in the parent material. Depletion of

Fe, Al and Mn in the lower crust and in the subjacent

5 mm compared to the geological substrate was

observed. This could be interpreted as the initial

phase of podzolization. Existence of bridging struc-

tures between mineral particles of the lower crust,

containing phyllosilicates, Fe compounds and organic

matter (OM), may indicate the formation of organo-

mineral associations. pH decreased from 8.1 in the

original substrate to 5.1 on the crust surface 3 years

after construction, pointing to rapid weathering of

carbonates. Weathering of silicates could not be

detected.
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Introduction

First colonizers of new land surfaces are cryptogames

which often form biological soil crusts (BSC) cov-

ering the first millimeter of the top soil in various

ecosystems from polar to desert environments. Under

Central European conditions they often precede

higher vegetation and disappear under conditions of

limited light when vegetation or organic soil horizons

cover the surface. Hence, they can be considered as

an early successional stage in ecosystem develop-

ment. These BSC are assemblages of cyanobacteria,

green algae, mosses, liverworts, fungi and/or lichens

(Belnap and Lange 2001). As pioneer organisms, they

play a key role during the first phase of habitat

colonization, which is characterized by intense inter-

action of recently produced organic matter with the

geological substrate (Banfield et al. 1999). There is

little information on biological soil crusts from the

pedogenetic point of view. BSC built up by cyano-

bacteria and green algae tend to reduce infiltration

and generate runoff (Verrecchia et al. 1995; Yair

2001). Factors of soil formation, such as time,

climate, vegetation, parent material, relief and human

influence predefine soil forming processes. In pedo-

genesis, time is the factor which determines the

degree of accumulation and translocation of weath-

ering and synthesis products in the solum, and it is

not likely to expect well developed and distinguished

horizons when microbial colonization of parent

material starts and prior to the settlement of higher

plants.

The aim of this study was to identify initial

pedogenesis in situ on a micro-scale level under

conditions of incipient interaction with organic

matter. A particular crust type, which is common

on sandy substrates of the region, served as a model

system for pedogenesis under field conditions. To

achieve this aim, we combined small-scale bulk

chemical analyses with micro-imaging techniques,

like SEM-EDX and FTIR microscopy.

Materials and methods

The artificial catchment ‘‘Chicken Creek’’ was

constructed in an opencast mine close to Cottbus

(about 150 km south east of Berlin, Germany;

N 51�360408, E 14�160988) to study patterns and

processes of initial ecosystem development. The

catchment with an area of 6.5 ha is composed of

Pleistocene sediments during the Saale-glacial

period as a terminal moraine with sandy to loamy-

sandy texture overlaying a clay layer. Further details

on the technical construction works and initial site

conditions are given by Kendzia et al. (2008) and

Gerwin et al. (2009). The region is characterized by

a temperate climate with a sub-continental character

(mean annual rainfall: 559 mm year-1and mean

annual temperature 9.3�C).

During the first years of development (2005–2008)

increasing areas of soil crust formation were observed

within the catchment as an initial process of soil

surface stabilization against wind and water erosion.

To analyze the structure and composition of these

crusts, we selected samples which were characteristic

for biological soil crusts dominated by cyanobacteria

and green algae on sandy substrates of the region

(Fischer et al. 2010).

Three undisturbed field-wet samples were taken in

May 2008, 3 years after installation of the artificial

catchment from sector ‘‘A’’ (Figs. 1, 2, 3) using petri

dishes. In the laboratory, these samples were subdi-

vided into crust and subjacent bulk material, the latter

not adhering to the crust and having a thickness of

about 5 mm.

Total carbon (Ct) content and mineralogical com-

position of the substrate were determined during

installation of the catchment using dry combustion

and X-ray diffraction (XRD), respectively. Carbon

determination was repeated in the crust and in the

subjacent bulk material, pH was determined using a

1:2.5 water extract.

Samples of the original substrate were taken

throughout the catchment in a 20 9 20 m grid right

after construction works were completed in September

2005 (Gerwin et al. 2009). Samples from 0–30 cm

from the four closest grid points were used in this study

to characterize the original substrate before crust

formation.

Subsamples of the undisturbed crust were dehy-

drated and embedded in low viscosity epoxy resin.
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The specimen were cut in transversal direction and

polished. Optical micrographs and infrared spectra of

the crust surface and the lower part of the crust were

recorded in this transversal cuts using FTIR micros-

copy with polished resin outside the crust serving as

control, the background was recorded against gold.

Subsequently, the specimen was coated with gold and

SEM-EDX micrographs and spectra were recorded

accordingly.

Further analysis was based on the results of the

micro-imaging and was conducted on the crust

surface, the lower part of the crust and on the subjacent

material taken to 5 mm depth beneath the crust.

Element concentrations of the crust surface, the

lower part of the crust and the subjacent material

were determined using X-ray fluorescence spectros-

copy (EDXRF, Oxford Instruments X-Supreme). For

microscopic FTIR and SEM investigation of the crust

surface, the samples of the undisturbed crust were

dried in a desiccator at -60 MPa at 20�C. Top view

micrographs were taken and reflectance infrared as

well as X-ray fluorescence spectra were recorded

using an optical microscope (Thermo Nicolet Cen-

taurus) equipped with an infrared spectrometer

(FTIR, Thermo Nicolet 380), as well as a scanning

electron microscope (SEM, Zeiss DSM 962)

equipped with a back scattered electron detector

(BSE) and with an energy dispersive X-ray fluores-

cence spectrometer after coating with gold (EDX,

Oxford Instruments ISIS), respectively. To eliminate

the influence of the dominating quartz and to account

for the penetration of mid-IR into the sample, quartz

was used as background and Kubelka–Munk correc-

tion was performed for the FTIR measurements.

Spectral correlations were estimated using the Mattson

Win1st FTIR software.

Results

The parent materials used for construction are

Pleistocene sediments taken from the forefield of

Fig. 1 Location map of the artificial water catchment

‘‘Chicken Creek’’, backslope with sectors A–D (1), footslope

(2) and lake basin (3), sampling point

Fig. 2 General photograph of the study site

Fig. 3 Photograph of the crust during sampling
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the mine where it was deposited during the Saale-

glacial period as a terminal moraine (Table 1). The

silt and clay contents of the siliceous sandy substrate

were 4.3 and 3.0%, respectively. The average content

of organic carbon in the crust was 0.53% compared to

0.21% in the bulk material of the subjacent layer. The

parent substrate contained 0.28% Corg during instal-

lation. Organic carbon accumulated predominantly in

the crust, where photoautotrophic organisms reside.

Though the original substrate contained 0.63% car-

bonates, it was not detected in the crust, nor in the

subjacent material. pHH2O values amounted to 5.1 in

the crust and to 5.6 in the subjacent material

compared to 8.1 in the parent substrate. SEM-EDX

revealed that Ca found in the crust and in the

subjacent material was present in feldspars only.

A top view of the crust under the optical micro-

scope and SEM is shown in Fig. 4. The surface of the

crust is characterized by dense growth of filamentous

green algae and of filamentous cyanobacteria, envel-

oped in sheaths (‘‘F’’ in Fig. 4) and sticking to the

surface of sand grains.

In order to characterize solely the organic matter

on the surface of the crust (i.e. ‘‘PS’’ in Fig. 4), FTIR

spectra of a spot sized 50 lm 9 50 lm and focused

on organic material were recorded in situ using FTIR

microscopy. Comparison of the fingerprint region of

the sample spectra with reference samples revealed

highest correlation of crust organic matter with

dextran from Leuconostoc (r = 0.75) and with

Table 1 Element concentrations (mean values, m and standard

deviations, s) of the crust surface, the lower part of the crust

(n = 3), the subjacent material and the original substrate used

for construction (n = 4), determined with EDXRF, Corg

concentrations, determined by dry combustion, and (1:2.5)

(n = 3)

Crust surface (0–0.05 mm) Lower crust (0.05–2.5 mm) Subjacent (2.5–7.5 mm) Original substrate (0–30 cm)

m s m s m s m s

% Si 41.39 0.04 43.69 0.18 43.54 1.35 38.58 1.31

% Al 1.69 0.08 1.19 0.04 1.31 0.07 5.01 0.26

% K 1.13 0.04 0.91 0.12 0.87 0.40 0.92 0.47

% Fe 0.72 0.02 0.29 0.01 0.28 0.05 1.69 0.31

% Ti 0.38 0.01 0.11 0.03 0.11 0.02 0.38 0.10

% Ca 0.16 0.01 0.12 0.01 0.12 0.07 1.60 0.88

% Corg
a 0.53 0.11 0.21 0.04 0.28 0.20

mg Mn kg-1 133 10 70 2 69 12 380 81

mg Sr kg-1 164 7 127 28 98 21 91 20

pHa 5.1 0.2 5.6 0.1 8.1 0.1

a Corg and pH were determined for the entire crust (0–2.5 mm)

Fig. 4 Top view of the BSC under optical microscope (a) and

under SEM (b), F microbial filament, PS polymeric substance

sticking to the surface of a sand particle, M mineral debris

trapped on the surface of the crust
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cellulose (r = 0.65), but little correlation with

Aldrich humic acid Na salt (r = 0.07, Fig. 5).

For characterization of organo-mineral structures

on the surface of the crust, a FTIR spectrum was

recorded on a 600 lm 9 400 lm spot, which cov-

ered an area where both crust organic matter and

minerals were present. This spectrum was character-

ized by organic and siliceous bands (Fig. 6). A

typical triplet of signals at 3696, 3652 and 3621 cm-1

indicated the presence of kaolinite, which may be

formed by weathering of K- and Na-feldspars or mica

(van der Marel and Beutelspacher 1976; Wilson

2004). This finding was confirmed by XRD measure-

ments of the parent material, where mineral analysis

of the clay fraction revealed kaolinite and vermicu-

lite concentrations of 9–16 and 3–4%, respectively

(Gerwin et al. 2009). Obviously, the kaolinite found

on the crust surface was formed in the substrate prior

to construction of the catchment or trapped by the

crust from atmospheric deposition. The kaolinite

bands at 3621 and 3652 cm-1 may interfere with

muscovite, which was identified in the sample by

SEM-EDX, or with other phyllosilicates, predomi-

nantly illite (41–60%) and mixed layer illite/smectite

(12–38%; \50% illite), which were identified in the

parent material using XRD (Gerwin et al. 2009). Due

to the background quartz the signals for Si–O

vibrations at approx. 1110 and 1030 cm-1, which

are characteristic for all silicates, seem somewhat

suppressed compared to the inner surface Al–OH

vibrations of phyllosilicates.

In both surface FTIR spectra, crust organic matter

is characterized by –CH bands at 2800–3000 cm-1

and by C–O bands at 1050–1300 cm-1, although the

latter may interfere with the Si–O bands of silicates.

A broad signal at 1500–1800 cm-1 may originate

from organic –OH, –C=O and –C=C– vibrations,

which may not be assigned unambiguously, or from

atmospheric moisture captured during handling of the

sample. It is not likely that amides contribute

significantly to the spectrum, because their typical

signal at 3250–3350 cm-1 is missing. Aromatic

signals or aliphatic C=C double bindings in the band

from 3000 cm-1 to approximately 3100 cm-1 (=CH)

Fig. 5 Fingerprint region

of the FTIR spectra of crust

organic matter recorded on

a 50 9 50 lm2 spot,

dextran from Leuconostoc

(Aldrich), microcristalline

cellulose (Spex CertiPrep),

humic acid Na salt

(Aldrich) and quartz. Crust

organic matter was recorded

using quartz as background,

Kubelka–Munk correction

was applied. Structural

differences appear more

pronounced in the

fingerprint region, because

[1800 cm-1 all organic

substances were

characterized by similar –

CH and –OH vibrations.

Background quartz is

displayed for reference
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could not be detected in the crust. Therefore, the

organic signals of the spectrum point to typical bonds

of polysaccharides. There is no clear indication of the

presence of humic substances here.

SEM-EDX measurements were conducted at three

spots of the transversal cut through the sample, one of

them located on the surface of the crust (‘‘S’’ in

Fig. 7), and the other two located approximately

1 mm beneath the surface (‘‘L’’ in Fig. 7).

At the crust surface, which was covered with

microbial extracellular polymers (cf. Fig. 5), an

approximately 50 lm thick layer of small sized

particles was observed (‘‘S’’ in Fig. 7). In this layer

Si was depleted compared to the lower part of the

Fig. 6 FTIR spectrum of a

larger spot of the crust

surface (600 9 400 lm2)

both organic matter and

minerals were present,

including band assignments

(bold solid lines). Crust

surface was recorded using

quartz as background,

Kubelka–Munk correction

was applied

Fig. 7 Transversal cut of the BSC, embedded in low viscosity

epoxy resin. Overview SEM micrograph (left) and Si, Al and K

mapping of the surface (right). Feldspars appear brighter than

quartz due to higher K and Ca contents. ‘‘S’’ is the *50 lm

thick surface layer where small sized mineral particles

accumulated, ‘‘L’’ is the lower crust
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crust and to the subjacent parent material, whereas

Al, K, Fe, Ti, Ca, Mn and Sr were accumulated here

(Table 1).

In the lower part of the crust, these dense

formations containing a small sized particle fraction

found on the surface could not be observed. In

contrast, this layer was more Si rich compared to the

crust surface and to the subjacent material. In

addition, numerous bridge-like structures were dis-

covered in the contact zone of the parent sand grains,

containing Si, Al and small amounts of Fe (Fig. 8).

Comparison of FTIR spectra of the bridge-like

structure with epoxy resin revealed bands which are

typical for both organic matter and phyllosilicates

(Fig. 8b). The embedding resin is characterized by

the presence of –CH, Ester-C=O and –OH. Hence,

these bands should be disregarded for the interpreta-

tion of the sample spectrum. The bridge-like structure

contains a characteristic band at 1620–1680 cm-1

which cannot be assigned to OH or amide unambig-

uously. Unlike the surface, the lower part of the crust

is characterized by a FTIR band at 1500–1600 cm-1

which, in conjunction with the bands at 3000–

3100 cm-1 (=CH) and at 3250–3350 cm-1 (NH),

points to C=C double bindings or amides. Matrix

interferences caused by the embedding polymer and

by silicates are too strong to reasonably correlate this

spectrum with humic reference material. In addition,

Fig. 8 Transversal cut of

the BSC, embedded in low

viscosity epoxy resin.

a Overview SEM

micrograph (left) and Si, Al

and Fe mapping of an

organo-mineral bridge

between quartz particles

(right). b FTIR spectra of

the embedding epoxy resin,

taken outside of the crust (I)
and the organo-mineral

bridge-like structure (II)
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weak signals which are characteristic for inner

surface Al–OH vibrations of phyllosilicates at 3620

and at 3696 cm-1 were detected here.

Fe traces observed in the bridge-like structures in

the lower part of the crust most likely originate from

poorly crystalline (0.05% Feo) and crystalline (0.27%

Fed–Feo) iron oxides in the parent material, where the

total amount of Fe was 0.86 ± 0.30% (Gerwin et al.

2009). EDX analysis of a single mica flake revealed

an Al:Si:K ratio of approximately 3:3:1, pointing to

muscovite with small amounts of Fe (Fig. 9), which

also may contribute due to the release of Fe by

weathering.

Discussion

Accumulation of organic matter in BSC occurs due to

photoautotrophic organisms like green algae and

cyanobacteria (Belnap and Lange 2001). There is no

indication that crust organisms tended to migrate into

depth (Brock 1975). For biological soil crusts on

Dutch inland dunes, Pluis (1994) reported organic

matter concentrations ranging from 0.28% OM in

young algal crust to 0.43% OM in mature algal

crusts, with a background of 0.10% OM in bare

drifting sand. After subtraction of the background of

OM, the concentration of organic carbon in the crust

of this study (0.32%) is comparable to those of the

mature algal crusts as described by Pluis (1994).

However, it represents an early stage of crust

development 3 years after installation of the artificial

catchment. This is also reflected by organic carbon

concentrations ranging from 0.19 to 0.74% Corg

(background of 0.06% Corg) in BSCs on inland dunes

located close to the study site (Fischer et al. 2010).

The ability of microorganisms to standardize min-

eral surfaces to their needs by ‘‘active support

Fig. 9 Transversal cut (a)

and EDX spectrum (b) of

mica from the BSC studied.

The spectrum was recorded

at spot 1. The Si:Al:K

intensity ratio is

approximately 3:3:1, which

points to muscovite

(KAl2(AlSi310)(F,OH)2).

The oxygen signal is

suppressed due to low

detector sensitivity at

\1 keV
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preconditioning’’ (Bos et al. 1999; Dufrene et al. 1996)

seems to promote mineral-organic associations

through the deposition of extracellular polysaccha-

rides and proteins as adhesives. The formation of these

‘‘conditioning films’’ moderates eventual differences

in the surface chemistry of the underlying substrate

and can thus be seen as an adaptation mechanism that

allows microorganisms to colonize highly variable

types of mineral surfaces (Kögel-Knabner et al. 2008).

It has been demonstrated that extracellular polymeric

substances (EPS) play a key role in aggregation and for

the hydrological properties of soil crusts (Kidron et al.

1999; Fischer et al. 2010). Subsequent microbial

utilization of primary organic matter produced by

microorganisms may result in microbial neosynthesis

of humic substances and in mineralization. Three types

of functional surface sites on minerals can be distin-

guished, which offer different bonding possibilities

and strengths to the organic matter (OM): (1) surfaces

inhabited by single coordinated hydroxyl groups are

common to Fe and Al oxides, allophane, and imogolite

and the edges of layer silicates; (2) siloxane surfaces

with permanent layer charge due to isomorphic

substitution appear at some 1:2-layer-type phyllosili-

cates, such as vermiculite, illite, and smectite;

(3) siloxane surfaces without layer charge occur in

both 1:2–layer-type (talc, pyrophyllite) and in 1:1-type

minerals (kaolinite group). Generally, strong protec-

tion of OM is correlated with the presence of

hydroxylated mineral phases in acidic soil (Kögel-

Knabner et al. 2008). To a minor degree, all three

above mentioned types of surface sites were present in

the BSC due to the composition of the geological

substrate (clay fraction with Fe oxides, kaolinite and

1:2-layer-type phyllosilicates) and as a result of

deposition (accumulation of fine particles). This may

offer the formation of organo-mineral interactions

with OM produced by microorganisms, and thus the

stabilization of BSC derived polysaccharides—which

were clearly indicated by FTIR spectra—against

decomposition. Lignin as a structural component of

higher plants is not produced by crust microorganisms

(Sarkanen and Ludwig 1971). Due to the absence of

precursors for polycondensed compounds, the small

amounts of organic matter containing C=C double

bindings in the lower part of the crust most likely

presents organic carbon inherited from the parent

material (Corg concentration of 0.28%) which was used

for construction of the catchment.

The accumulation of Al, K Fe Ti, Mn and Sr in the

surface 50 lm—layer of the crust (cf. Table 1;

Fig. 7) might be explained by colluvial processes,

by particulate atmospheric deposition of fine grained

material (depositional crust), or by crust formation

through raindrop impact (structural crust). For a loess

soil, Chen et al. (1980) described three stages during

structural crust formation: (1) the initial stage, at

which the soil exhibited uniform distribution of the

particles; (2) a middle term stage, at which coarse

particles, stripped off the fine ones, constituted the

surface layer of the soil; and (3) a final stage at which

the coarse particles were washed away and a seal

skin, about 100 lm thick, is formed at the soil

surface. A depositional crust was also characterized

by a thin skin about 100 lm thick. The crust

investigated in this study did not have a pronounced

skin of fine particles, but was characterized by

accumulation of fine particles and organic matter in

the pores of a sandy matrix (‘‘M’’ and ‘‘PS’’ in

Fig. 4), which formed a 50 lm thick surface layer

(‘‘S’’ in Fig. 7). Possibly, the amounts of silt and clay

in the substrate and deposition of fine particles were too

small to undergo the process described by Chen et al.

(1980), where silt and clay contents amounted to 7.5

and 15.0%, respectively. It is therefore not possible to

assign the crust investigated in this study to one of the

stages described by Chen et al. (1980). The accumu-

lation of elements on the crust surface could be caused

by atmospheric deposition (Verrecchia et al. 1995;

Kidron et al. 2009), because neighboring open-cast

lignite mining produces large amounts of dust. How-

ever, particles containing high amounts of carbon were

not detected. Another possible reason for relative

accumulation of Al, K, Fe and other elements in the

surface layer of the crust is enhanced dissolution of

quartz, which is more susceptible to weathering than

muscovite or clay minerals under soil conditions

(Jackson et al. 1948).

Weathering of silicates may result in formation of

silicic acid from quartz, in formation of aluminium

hydroxide, halloysite and kaolinite from K-feldspar

and of multi-component weathering products from

mica (Wilson, 2004). Interaction of feldspars with

organic acids from roots, fungal hyphae or lichens was

reported to enhance weathering rates and may result in

formation of crystalline Ca oxalate, siliceous relics,

aluminous silicate gel-like material and poorly ordered

Fe oxide minerals (Jones et al. 1980; Jones et al. 1981).
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In contrast, Barker and Banfield (1996) investigated

the weathering of amphibole syenite by the crust

lichens Rhizocarpon grande and Porpidea albocae-

rulescens and could find no evidence of ‘‘pervasive

leaching’’ of feldspars or other minerals, all of which

remained perfectly intact in the lichen thallus, or of the

existence of siliceous relics such as were identified

by Wilson et al. (1981). They attributed biologically

mediated weathering to extracellular organic poly-

mers, most likely acidic mucopolysaccharides, and

argued against the role of lichen and oxalic acid as

important weathering agents. In fact, not all lichen

organisms are able to excrete metal-complexing

organic acids and sometimes lichens may actually

reduce weathering rates (Wilson 2004). In the case

of mica, the vermiculitization reaction involves

exchange of the interlayer K of the mica with ions of

the external solution, but may be bypassed under more

intensive weathering conditions and conversion of

biotite directly to kaolinite may occur (De Kimpe and

Tardy 1968). Biological weathering of mica may occur

as a result of uptake by plants of interlayer K and of

organic acids excreted by plants or microorganisms

(Wilson 2004).

However, the contribution of mineral weathering to

the observed element accumulation within three years

is expected to be rather small due to low reaction

rates. Most likely, small sized particles found at the

surface of the crust may be trapped and protected

against erosion by the bodies and by exopolysaccha-

rides of crust organisms (Belnap et al. 2000; Belnap

and Gillette 1998). Furthermore, the secretion of

exopolysaccharides is stimulated by Mg, K, and Ca,

which influence the metal-ion concentration and

binding capacity within the crust (Greene and Darnal

1999; Belnap et al. 2001).

Weathering of carbonates resulted in a pH decrease

from 8.1 in the original substrate to 5.1 in the crust and

to 5.6 in the subjacent layer. It has been reported that

pH may increase or decrease substantially in the first

millimeters of BSCs due to CO2 uptake or production

in sandy soils when the buffering capacity is low

(Garcia-Pichel and Belnap 2001). On the other hand,

possible exudation of organic acids by fungal hyphae

and other microorganisms (Jones et al. 1980; Jones

et al. 1981) may contribute to acidification. Many

BSCs have been investigated in arid regions where

carbonates are widespread and pH of soils is regulated

by the carbonate buffering system, which is active at

pH values[6.2. The carbonates, which were initially

present in the geological substrate, were leached

completely from the crust and silicates dominate

regulation of soil pH in the range between 5.0 and

6.2 (Ulrich 1983; Hüttl and Fischer 2001). Hence,

carbonate leaching, composition of the microbial

community, consisting of photoautotrophic proton

consumers and heterotrophic proton producers, as well

as a soil buffering system that resists pH changes in the

range between 5.0 and 6.2 may explain the significant

drop of pH in the crust investigated in this study.

Spröte et al. (2009) reported pH values in cyanobac-

terial crusts on an inland dune in NE Germany ranging

from 4.9 to 5.2. We assume that the pH of crusts is

regulated by the crust microbial community, where it

is typically adjusted to values between 4.9 and 5.2

in the cyanobacterial crusts commonly found on

quaternary sands in NE Germany.

Podzolization involves translocation of organic

substances as well as Fe and Al compounds into depth

under conditions of low pH. In various studies from

the North-American cold deserts it could be observed

that biological soil crusts enhance the content of

macro- and micro-nutrients (including N, K, Ca, Fe,

Mn, Cl, S, P), that they change the pH-values and

element concentrations in the upper first millimeters

and that they influence the nutrient uptake by higher

plants (Harper and Pendleton 1993; Harper and

Belnap 2001). The accumulation of fine-grained

material plays an important role in the binding of

positively charged elements. Nitrogen is accumulated

in the soil crusts due to the biological nitrogen fixation

(e.g. Rogers and Burns 1994; Russow et al. 2004). In

particular Fe, Al and Mn, were depleted in the lower

crust and in the subjacent layer compared to original

substrate, which points to leaching of these elements

and a relative accumulation of silicates (Table 1).

However, an illuvial horizon, where organic matter,

Fe, Al and Mn precipitate, could not be detected.

Beside the low available OM content, this could also

be due to lateral transport by surface runoff and

erosion that frequently occurred in this early poorly

vegetated phase of development.

Conclusions

Crust-born accumulation of organic matter was

observed only 3 years after construction of an
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artificial mineral solum under conditions of temperate

climate. Carbonates, present in the original substrate,

were completely leached and pH values decreased

from 8.1 to 5.1 in the crust within 3 years. Weath-

ering of silicates could not be detected. These

changes in the top mm of the soil surface indicate

rapid pedogenic processes induced by the formation

of biological soil crusts and possibly by lateral

transport with surface runoff that is also promoted by

crust formation. The observed changes in topsoil

properties could be interpreted as a formation of an

initial E horizon at small scale. More investigations

are needed to understand the role of biological soil

crusts on initial pedogenesis as well as on their

temporal and spatial distribution.
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de Groupe français des Argiles 19:81–85

Dufrene YF, Boonaert CJP, Rouxhet PG (1996) Adhesion of

Azospirillum brasilense: role of proteins at the cell-sup-

port interface. Coll Surf B 7:113–128

Fischer T, Veste M, Wiehe W, Lange P (2010) Water repel-

lency and pore clogging at early successional stages of

microbiotic crusts on inland dunes, Brandenburg, NE

Germany. Catena 80:47–52

Garcia-Pichel F, Belnap J (2001) Small-scale environments

and distribution of biological soil crusts. In: Belnap J,

Lange OL (eds) Biological soil crusts: structure, function

and management. Springer, Heidelberg, pp 193–202

Gerwin W, Schaaf W, Biemelt D, Fischer A, Winter S, Hüttl
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