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ROLE OF SOIL ALGAE ON THE INITIAL STAGES
OF SOIL FORMATION IN SANDY POLLUTED AREAS

ROLA GLONOW GLEBOWYCH W INICJALNYCH ETAPACH ROZWOJU
GLEBY NA ZANIECZYSZCZONYCH OBSZARACH PIASZCZYSTYCH

Abstract: Research to evaluate the role of the soil algathe initiation of pedogenesis in sandy areas tand
establish the mineral, chemical and organic contiposof soil-algal crusts was done. The investigradi area is
located in southern Poland in a landscape of daftd (Bledowska Desert) formed as a result of madie
deforestation related to Ag, Pb and Fe mining &@i: Fifteen species of alga€yanophyta, Chlorophyta and
Heterokontophyta) were identified. In the soil-algal crustse{contents ranged from 0.35-2.23%.de from
9-34 mg- kgt and Nwas variable. In investigated area the ground oichwsoil algae developed was acidic (pH
4.4-5.7 in KCI). Among mineral components in theustrphases rich in Fe and K dominated
(776.5(x2.3) - 2803(+x31) mgkg™® and 230.5(+3.7) - 696(x22) mdg™?, respectively) and elevated
concentrations of Zn, Mn and Pb occurred. Soil{couganic matter includes aliphatic and aromatimpounds,
carbohydrate derivatives, phenols, furan and pystngctures. N compounds have significant contiduin
composition of soil-algal crusts - the algae arénmsource of organic matter in this stage of soiirfation.

It could accelerate the regeneration of disturtzedogical systems.

Keywords: heavy metals, organic compounds, soil algae,agdt crust, soil development

Introduction

Soil algae play an important role in all stagesaif development. At different stages,
ecologically diverse group of algae participatethis processes [1, 2]. Algae influence is
seen most clearly at the initial stage of soil fation, ie during the colonization of an
abiotic ground and the formation of a primary lageriched in organic carbon on this
mineral substrate. Almost to the present, this hale been ascribed to lichens. Autotrophic
algae have an ability to produce and accumulataricgmatter and, by doing so, stimulate
the development of heterotrophic organisms. In #sw#l environment, they initiate
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biochemical processes that release nitrogen andspploous. Potassium, calcium,
magnesium and other microelements are releasedmiioaral substances [3, 4].

Algae are very significant to soil formation in éirand semiarid regions [4] and in
moderate climate zones, both in natural and antgepic ecosystems [5-7]. Their
participation in primitive soil formation, partiadly in desert areas, was thoroughly
explained in different works [7, 8]. As algae, keis and lower plants form the basic
biological set in arid areas, their importance aolé in soil formation is better known in
those environments than it is for soils in mode@dimate zones, where higher plants are
much more important [5, 6].

The term ‘soil algae’ includes the whole set oflegally diverse groups such as (a)
algae growing over the entire surface of soil amihfng a crust, (b) algae living on moist
soil surfaces and (c) algae occurring within thi¢ [€o 10]. Underground soil algae in arid
habitats rarely occur as solitary organisms but mx@e commonly, associated with fungi,
lichens, club mosses and bryophytes forming coatiswbiological soil crusts [3, 9, 11]. In
this work, an soil-algal crust is defined as swfadgae living on grains of sand. Such
surfaces have variable degrees of ground stabi#ystructural, physical, resistance against
wind and water erosion. Though algae play an ingmbrtole during initial pedogenesis
processes.

The taxonomy and occurrence of the soil algae bas described in only a few papers
in Poland [6, 12-14]. In unstable sandy areas,rasgas with higher edaphic requirements
cannot survive. The first, most important stagesaif formation is the stabilization of the
sandy surface by microorganisms. Algae are thediganisms to colonize areas exposed to
wind erosion and metal-pollution [14-16]. The fotioa of soil crusts increases resistance
to deflation [7, 11].

The special location of the investigated area gy@sd possibility for the recognition
of the roles of algae in the soil formation undenditions of environmental pollution
especially with heavy metals. Soil crusts are dgvedl on the anthropogenic area of the
sand desert (Bledowska Desert) formed on fluvidglasands in moderate climate of
Europe. The area is located 3 kilometers from siof mining and smelting heavy metals
pollutions. In addition it overlies the directiofwinds transporting the pollution from the
nearby Upper Silesian Industrial District.

The aim of the work reported here was to evaluagertle of soil algaen the initial
stages of soil formation in sandy regions and terdeine the chemical, mineralogical and
organic composition of soil-algal crusts.

Materials and methods
Study area

The research was carried out in the area of theldBiska Desert located close to
Olkusz and Krakow (Fig. 1). The investigated areaiiuated near the Pomorzany Zn-Pb
Mine and the Boleslaw Smelter as main sources néral aggregates rich in heavy metals.
In the subsoil basement, there are Triassic catbomgks containing Zn-Pb deposits of
Mississippi Valley Type, overlaid by Pleistocenavibglacial sands 60-70 m thick [16].

Since the sub-boreal period (5100 BP), the aredéeas covered by mixed forest with
Pinus sylvestris as the dominating species [16]. Since the earlgiMel (11" Century),
intensive mining and smelting of silver, lead anoniores has been carried out in the
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Silesia-Krakow Region. A few centuries of sawirgft the area deforested. This resulted in
the degradation mainly by wind of poorly developeavers of podzol soils and the
formation of a sandy area (5 x 12 km) showing teatdres of a desert landscape
(Bledowska Desert). Several years afaljx acitifolia was artificially introduced into the
sandy area which, aided by a spontaneous successBrarenaria and Pinus sylvestris,

led to the partial overgrowth of the desert. Ladgéation areas and parts of the desert not
colonized by higher vegetation provide good sitasifivestigating changes related to soil
formation processes in which soil algae play sigaiit roles [6].

19°30°E

Chechlo

7 £
f \[ Pomorzany Zn-Pb Mine

~

Zn-Pb Flotation Industry 19°30°E
and Boleslaw Zn Smelter

Fig. 1. The location of investigated area: 1 - saackas, 2 - forest cover, 3 - riverside areaswéter
courses, 5 - roads and 6 - sampling sites

Sampling

Sampling of soil algae was done in April and MayL@0Othe months with the highest
humidity. The samples from 15 sampling sites (TdblEig. 1) were taken to the laboratory
in Petri dishes. The identification of algae an@reybacteria species was carried out on
a living material. A detailed taxonomic charactatian of the species of cyanobacteria and
algae recorded is presented in the other workrj€l]ia the base dflgae Base [17].

Soil-algal crusts occurring on the surface of tmitial humus horizon (OA -
ectoorganic type) were sampled over an area oftab&unf. Samples were stored in
1000 cnd glass containers.

Chemical analysis

After drying at ambient temperature, and crushiegisg and homogenization, the
following parameters were measured in the soillalgast samples: organic carbon content
(Corg Turin method), total nitrogen content {NKjeldahl method), available phosphorus
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(Egner-Riehm method), and pH (reaction with a gidestrode, in KO and in 1 mol dnT®
KCI).

Calcium, magnesium, potassium and sodium were méeted by validated Flame
Atomic Absorption Spectrometry - AAS (Varian AA248F according to the Polish
Standard PN-EN 15505: 2008 and iron, zinc and massgaccording to PN-EN 14084:
2004. Determination of cadmium and lead was caroetdwith validated Electrothermal
Atomic Absorption Spectrometry (Varian AA240Z; ghate cuvette) according to the
Polish Standard PN-EN 14084: 2004. Samples weroldisd using the CEM MARSX
press microwave method, using nitric acid (MERCKpi@pur; catalogue No. 1.00441;
0.01 dnd per 0.5 g of sample). As part of the quality cohtf the method, the Certified
Reference Material NCS ZC 73009 (China Nationallgsia Center for Iron and Steel) was
tested.

Each sample was analyzed in triplicate for soil ncical properties and fivefold
element concentration (AAS).

Pyrolitic analysis

Among the samples tested by MS (Mass spectral) lsampmber 2 is the most
representative (Table 1), because the soil-algest evith Cylindrocapsa sp. dominate there.
This sample came from a part of the deflation avi¢h the greatest thickness of soil-algal
crust (6 mm), and where the sandy material undecthst contained the highest percentage
of clay fraction and organic carbon of all the &Bnples (Table 2).

Analytical conditions of the Curie-point Py-GC/MS

A Curie-point Pye-Unicam pyrolyser (type 795050)rking at 770°C was coupled to
a Hewlett-Packard gas chromatograph with a HP-6nwol(60 m - 0.32 mm - 0.5 pm). The
experimental conditions were as follows: carries gile at 15 psi pressure; carrier gas split
ratio 1:15; temperature program: 40°C and finalperature 260°C held for 16 min. The
mass spectrometer was operated in the electronctripaization mode at 70 eV and
scanned from 30-500 da (full scan). Data were mee@ using the Hewlett Packard
Chemstation software. All compounds were identifigdtheir mass spectra, comparison of
retention times of their peaks to these of standardpounds, reference to literature data,
and by interpretation of MS fragmentation pattddé; 18, 19].

SEM-EDXRA investigation

Electron-probe  microanalyses and observations weperformed using
an Environmental Scanning Electron Microscope (PhilXL 30) with an EDXRA
analyzer. Pieces (1.0 cm) of algal crust with &gicsoil particles were fixed to aluminium
stubs with double-sided carbon tape immediatebr afollection Mineral grains attached to
algal surfacesvere treated as soil-algal crust in the current\stéror each sample, a few
hundred representative particles were placed ontarbon adhesive base and examined
using a stereo microscope. 16 samples of soil-algmt were viewed uncoated in an SEM
using a back scattered electrons (BSE) detectontéDeus). 60 qualitative microanalyses
(EDXRA) of mineral and biotic material for all the6 samples were carried out using
an attached EDXRA (Sapphire) energy dispersive Xsgectrometer (15 kV accelerating
voltage, environmental mode and 40 P®Hbressure). 120 BSE images of soil algal crust
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and soil material for all the 16 samples were tegisl to document analysed material. The
presence of characteristic peaks of some elementshe EDXRA spectra enabled
determination of elemental compositions.

Statistical analyses

Received results were verified by the statisticallgses. All of them were done using
the Statistica 10.0 package. The significant diffres between average values were
estimated using the Duncan test (for 0.05).

Results

Species composition

Algae, cyanobacteria, fungi and microorganisms f@ienary organisms colonizing
surfaces of parent rock. Algae developing on thedssurface in the early-spring wet
seasons form an easily-seen green coat which \emishseasons of water deficiency at the
beginning of the summer.

¥ mSpot ﬁ‘agn‘%!( WD 2
157 7.0 ©22x SE 359 0.3 Torr ; ~
2 e | 2

Fig. 2. Stabilization of loose sand by filamentalgae (BSE image)

In the soil-algal crust, 15 taxa were identified wafiich nine belong t€yanophyta
(Chroococcus minimus, Ch. minutus, Ch. varius, Gloeocapsa atrata, Merismopedia glauca,
Synechococcus aeruginosus, Nostoc commune, Oscillatoria sp. and Phormidium sp.), one
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species belong tdHeterokontophyta (Pinnularia borealis) and five to Chlorophyta
(Stichococcus chlorelloides, S cf. fragilis, Hormidiopsis crenulata, Cylindrocapsa sp. and
Ulothrix sp.).

All species belonging to cyanobacteria, apart fi@mechococcus aeruginosus, form
small colonies surrounded by a gelatinous layeur Fd the species are unicellular forms
(S aeruginosus, P. borealis, S. chlorelloides, S cf. fragilis), and four are filamentous forms
(H. crenualtum, Cylindrocapsa sp.,Osillatoria sp. andPhormidum sp.). They are common,
forming characteristic woolly clusters of intertwoh threads, ca. 0.0-1.0 mm thick, on the
sand surface.

Greater morphological variability is shown Bhlorophyta occurring in unicellular,
colonial and filamentous forms. Filamentous forrasénthe highest pedogenic significance
due to their domination and their ability to st&al loose sand by binding sand grains

(Fig. 2).
Physical and chemical properties of soil-algal crus

Within analyzed samples the 0.4-0.25 mm sand fraadiominated in parent rock. The
silt fraction is low, 1.3% on average; the only exion is sample number 2 with 18%
(Table 1).

Table 1
The habitat features of soil-algal crusts
Sample - . Crust- Thickness
Description of sample sites
number morphology type [mm]
1 southern slope of dune, crust covered by thin lafer 1
medium sand (0.25-0.5 mm), green colour
2 deflation field, fine sand (0.10-0.25 mm), sigréfit 6
fraction of silt (0.002-0.05 mm), green
3 deflation field, medium sand (0.25-0.5 mm), gremmd 1
blue-green algae are clearly visible in the hungdqal
slightly hilly surface between young specimen®iofus
4 sylvestris, medium sand (0.25-0.5 mm), black and green 1
(coated by algae)
5 northern slope of stabilized dune, medium sand All crusts consist 4
(0.25-0.5 mm), black of species of soil
6 phytogenic hillock, fine sand (0.10-0.25 mm),egre algae In each case| 2
7 northern slope of dune, fine sand (0.10-0.25 nina)ck crusts morphology 2
8 flat stable sandy surface, medium sand had flat type of 4
(0.25-0.5 mm), dark green character
9 northern slope of dune ridge, medium sand 1
(0.25-0.5 mm), green
10 northern dune slope, fine sand, black color 4
11 loose- and medium sand (0.25-0.5 mm), dark green| 3
12 loose- and medium sand (0.25-0.5 mm), dark green| 2
13 loose- and medium sand (0.25-0.5 mm), dark green| 3
14 flat stable sandy surface, fine sand (0.10-0.25 ,ndiark 2
green
15 flat surface, medium sand (0.25-0.5 mm), black 4

The organic carbon (£ content in the soil-algal crusts varies from 62383% (Table
2). The highest organic carbon content occurs ursterenriched in clay (sample 2). The
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total nitrogen content ((Nincreases with increasing,& Available phosphorus (R also
varies significantly in the range of 9-34 mgg™. Reaction of the investigated materials
ranges from acidic (pH 5.0-6.0 in®) to very acidic (pH 4.4-5.7 in KCI; Table 2).

Table 2
Some physical and chemical properties of soil-aigast 6 = 3)
Sample Thickness of Cog | N Poai pH
number crust [%] [mg - kg™ -]
[mm] KCI H -0
1 1 2.02 0.047 21 5.0 5.6
2 6 2.23 0.113 20 4.3 5.2
3 1 0.79 0.029 18 4.5 5.1
4 1 1.91 0.130 13 4.4 5.3
5 4 1.27 0.052 23 4.5 5.2
6 2 212 0.049 34 4.5 5.3
7 2 1.76 0.034 20 5.3 5.8
8 4 1.50 0.066 34 4.4 5.1
9 1 1.29 0.053 19 4.6 5.2
10 4 0.80 0.041 24 5.4 6.0
11 3 1.01 0.014 9 4.6 5.3
12 2 0.64 0.019 37 5.7 6.1
13 3 1.11 0.022 9 4.8 5.5
14 2 1.25 0.017 12 4.4 5.0
15 4 0.35 0.017 11 4.8 5.5

Among mineral components in soil-algal crusts, idmminates. Concentrations of iron
vary greatly from place to place within the ran§@6.5(+2.3)-2803(+31) mgkg™ (Table
3). The next most important element present inctiusts is potassium with concentrations
ranging from 230.5(+3.7)-696(+22) mdg . Concentrations of Ca and Mg are lower, from
47.1(+9.3)-405(+11) mgkg™ and from 101.2(+3.7)-314.4(+1.4) mig™, respectively.

It is worth noting that the soil-algal crusts ateacterized by very low sodium ocntent,
often near to the detection limit (Table 3) andreviee highest sodium concentrations
(98.8(¢6.7) mg kg™) are relatively low. However, zinc and manganesacentrations
are high at 16.7(+1.1)-118(+12) mgg™ and 9.70(+1.03)-47.69(+0.17) mgg™,
respectively.

As lead concentrations in most samples (10.50(3@222.1(+1.2) mg kg™) exceed
geochemical background values (13 nkg™), there is a possibility that heavy metals may
accumulate at the early stage of soil formation doe the occurrence
of soil-algal crust. Cadmium concentrations are land occur in the range of
of 0.102(+0.001)-0.776(+0.011) mdg ™ (Table 3).

Table 3
Average concentratiom & 5) of elements in soil-algal crust from BledoadBesert
Sample] Ca | Mg | K | Na | cu | zn | Pb [ Mn | Fe | cd
number [mg - kg™ ']
1 207.0 | 220.1 696 36.0 477 | 101.24| 1119 | 18.25 | 2029 | 0.568

(+8.1F1 | (£3.97%°| (x22) | (+4.3f | (20.06) | (+0.10P | (+2.1) | (+0.23F |(+126)f"|(+0.031]

1217 | 1362 | 357.8 [ | o~ | 161 | 167 [ 1050 [ 1099 | 886 | 0.106
(+2.1F9 | (+£3.99° | (+3.48° (£0.547 | (¥1.1¢ | (+0.307 | (+0.13F°| (x29) |(+0.004},
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Sample] Ca | Mg | K | Na | cu | zn | Pb [ Mn | Fe | cd
number [mg - kg

3 250 | 246.4 | 626 304 | 5.61 | 117.1 [ 222.1 | 28.46 | 2803 | 0.776
(£20° | (#9.67°°| (250 | (+1.9"| (x0.12f | (*2.5)" | (x1.2)" | (x0.72f| (+31) |(+0.011)
4 1923 | 101.2 | 283.9 | 1281 | 2.09 | 28.0 | 39.97 | 11.24 | 867 (+%%)51?ij’

(£9.4F1 | (+3.77 | (+7.77° | (+0.54) |(+0.217%9 (+1.8f | (+0.48F [(+0.46f°| (257 | ¢
. 199 | 205.9 | 664.26| 98.8 (+§fgfcd 118 | 1853 | 19.96 | 1822 | 0.589
(+15)°19 | (+8.55°| (+0.48)¢| (6.7 [ %5 (12" | (+6.5) | (+0.19F | (+61)°*®|(+0.005}
5 171 [ 2758 | 3578 | | o-| 305 | 751 | 568 [ 47.69 | 2180 | 0473
(+16) | (+4.1P | (+7.87° (£0.32F% (+2.7F | (¥1.3P | (x0.17F | (x61)" |(+0.011F
236 | 165.0 | 529 68.1 | 359 | 833 | 129.3 | 16.36 | 1473.2| 0.322
! (+17)9 | (#1.2P°°| (14| (+8.0F | (+0.72F | (+1.2) | (¢2.7F |(+0.34f°| (+5.0f |(+0.013f
165.9 | 259.8 | 396 .| 332 | 80.4 | 67.3 | 36.06 | 2287 | 0.342
8 | i55f| @a9p | r1apre| <FOQ | w0157 | @11y | +15) | 0.98] | (+19F' |(0.007}
9 98.93 | 246 | 4435 | | (+§'59(§)ybc 60.99 | 48.57 | 29.84 | 1709 | 0.349
(+0.86)°| (+10)7°° | (+8.1F =’ | (x0.86Y | (+0.86) | (+0.49f*| (+124)° |(+0.030F
10 32815 1525 | 25246 | o | 199 | 284 | 1950 | 11.66 | 946 | 0.164
(+0.25)" | (+1.7F° | (+0.54F (+0.58f°| (+1.0P |(+0.15¥|(+0.81f°| (+20) |(+0.001F
405 | 267.9 | 402.7 «| 212 | 55.14 | 40.17 | 27.03 | 1507 | 0.288
ol a1y | 3.6 |(#a.7)2 <O |+0.625"] (+0.04f | (+0.11F | (20.54F | (x48p |(x0.008)
65 208.3 | 330 | 322 | 416 | 2396 | 369 | 1623 | 0.282
121 1oy | (#6.67%| 12§ | <100 |(x0.17y¢| 2.9F | z0.68F| 2.7) | ®a1f* |0.0077
13 <log | 1337 2305 [ 242 | 1.94 | 24.06 | 1565 | 9.83 | 776.5 | 0.102
(#5.5F° | (+3.7F | (#3.5f | (0.18} | (+0.32f°| (+0.54¥°| (+0.31} | (+2.3f |(+0.001}
2.29 0.127

471 | 162.7 | 277.3 " by 20.75 | 11.94 | 9.70 | 856.09

14| (4o 37 | (23.370¢| (r17.170| < LORQ [BO-167™1 [ 6oyb| (+0.06"| (x1.037 | (z0.60) |£0-001T]
15 208.7 | 314.4 | 4763 | 106 | 471 | 787 | 729 | 34.90 [ 2499 | 0.395
(+3.5F1 | (1.4 |(+3.8F" (+4.3)° | (+0.07) | (+1.3F" | (+4.2) |(x0.09¥| (+15)9 |(x0.003]

The same letter (a, b, c, d, e, f, g, h, i, j,,kn) in superscript means no significant differenaecording to the
Duncan testg < 0.05)

* limit of quantification of Ca = 5.02 mg/kg

** limit of quantification of Na = 1.36 mg/kg

Curie-point Py-GC/MS data

Pyrolityc analyses of soil-algal crusts showed tleeurrences of following organic
compound belonging to different groups cyclic and acyclic aliphatic hydrocarbons,
aromatic hydrocarbons, carbohydrate derivativegamic compounds containing nitrogen
and sulphur, phenols, prenyl, furan and pyranevdgvies (Table 4).

Table 4
List of main pyrolysis products of soil-algal-crust

Area . . M

%] Compound derived from pyrolysis product Source Formula
0.95 2-Methyl-1-propene Ps 56 IR

1.64 Butane Ps 58 810
0.84 1-Propanol Ps 60 3850
0.74 2,3-Dihydro-furan Ps 70 4860
0.58 Pyrrolidine Pr 71 LN
0.89 Oxiranemethanol Ps/Lg 74 3HGO,
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/-[\Or/oe]a Compound derived from pyrolysis product Source M Formula
2.63 2-Amino-1-propanol Ps/Pr 75 sHBENO
0.18 Benzene Lg 78 ¢Bls
1.5 1-Hexene Ps 84 6812
1.27 Nitrosoazetidine Pr 86 38sN20
0.57 2-Amino-1-butanol Ps/Pr 89 4 1INO
0.61 Toluene Lg 92 s
0.74 2H-Pyran-2-one Ps 96 sKLO»
0.68 2-Furanmethanol Ps 98 sHO,
0.52 3,5-Dimethyl-pyrazol Pr 96 s8sN2
1.07 2 Methyl pentanal Ps 100 6HG 0
0.51 N-ethyl-N-nitroso-ethanamine Pr 102  4HN20
0.16 Ethylbenzene Lg 106 8810
3.00 2-Heptanone Ps/p 114 7HG4,O
1.39 N,N'-Dimethylpiperazine Pr 114 sl1aN2
0.80 Acryloylurea Pr 114 AElsN20O,
0.86 2-Methyliminoperhydro-1,3-oxazine Pr/s 114 sHGN,O
5.02 1,2-Dihydro-4-methyl-3,6-pyridazinedione Ps/Pr| 126 GHsN20,
1.67 3,4-Anhydro-d-galactosan Ps 144 ¢HED,
0.44 N-Nitroso-2,4,4-trimethyloxazolidine Pr 144 HZoNLO,
0.91 Dihydroxymaleic acid Ps/Lg 148 206
0.72 N,N-Diethyl-N'-propylacetamdine Pr 156  oHGoN2
13.71 1,6-Anhydro$-D-glucopyranose (levoglucosan) Ps 162  ¢HEOs
2.81 3-Methylmannoside Ps 194  /HG4Os
0.38 Pentadecane Lp 21p 15832
10.15 I-Gala-l-ido-octonic lactone Ps/Lp 238 stdi40s
3.81 8-Heptadecene Lp 238 17834
1.93 Cytidine Pr 243|  §H13N30s
0.66 Hexadecanoic acid Lp 256 16830,
17.4 Ethyl(-2-butylthio) ester of 2-pentyl-cyclopanoic acid PS/Lp 272  16H250,S
0.20 (E)- 5-Eicosene Lp 28( 268140
0.46 Oleic acid Lp 282 {eH340,
0.84 2-Vinyl-9-B-d-ribofuranosyl] hypoxanthine Ps/Lg 294 15814N4Os
0.89 2-Formyl-94-d-ribofuranosyl] hypoxanthine Ps/Pr 296 11612N406
1.17 2-Hydroxymethyl-94-d-ribofuranosyl] hypoxanthine Ps/Pr 298  11614N4O6
0.66 Isopropyl Palmitate Lp 294 16350,
0.20 Docosanoic acid Lp 34 2481440,

Aliphatic compounds, both cyclic and acyclic, iradu saturated- and unsaturated
hydrocarbons, alcohols and carboxylic acids fromous sources such as polysaccharides
and lipids. Organic compounds with aromatic ringsch as toluene and benzene, are
present in low concentrations in analyzed soildalgaist material. Furan and pyrane
derivatives occur only rarely in trace amounts amples. Among organic components,
the highest concentrations are shown by polysam#smrsource of which the most
important are compounds identified as 1,6-anhyi-glucopyranose (levoglucosan),
3-methylmannoside, 3,4-anhydro-d-galactosane aner®t all estimated from peaks areas
(Table 4).

Microscopic investigations (SEM)

During the initial stages of soil-algal crust fotioa, characteristic elongated forms
(often from filamentous algae) are created witte naineral grains or aggregates which are
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attached to them (Fig. 3a, c, d). In the investigagoil-algal crusts, metal-bearing mineral
grains are mainly iron oxides (Fig. 3a, c).

a)

Aluminosilicate

Quartz & . « B 5
30 UM Ajuminosilicate [llE % Sttt =20 pm. _Fe oxide

Fig. 3. BSE images of algal-soil crust: a) algakterawith Fe oxide grains identified by EDS anadysi
b) algal matter and Fe oxide grain; c) algal matserd Fe (hydro)oxide grain Zn
and Mn-bearing, identified by EDS analysis; d) afgatter, pollen and Fe oxide

Well-developed soil-algal crusts have complex stmec and diverse chemical
composition. Apart from algal filaments, there aher biogenic components present,
eg fungi hyphae, spores and pollens, roots of plants aggregates of microorganisms. All
of the algal-soil crusts investigated contain beotiganic matter represented by algae
fragments, fungi hyphae, roots, pollens, microoigras and their excreta (Fig. 3d) and
allochtonic minerals trapped in a complex algal+tbe most important crustal component.
In the crusts, the most abundant minerals are zjuart aluminosilicates occurring as
fine-grained clay-mineral aggregates, quartz gransg feldspars. Mineral grains and
aggregates containing metals can occur as welbd,aelatively common, aggregates of
iron oxides are often associated with aluminosiisa(Fig. 3a, b, c, d). Soil-algal crusts
forming thicker coverings contain higher proporsoaf inorganic mineral components
(Fig. 4a, d). At more advanced stages of their bgweent, organo-mineral crusts contain
minerals (aluminosilicates, quartz, Fe oxides)ansiderable quantities. In some cases, it is
difficult to recognize algae in mineral crusts bdusy aluminosilicates and in thick nets
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comprising fragments of algae, fungi and rootghinformation of such crusts, an important
role is played by organic excreta and polymeris étalgae-fungi.

In BSE images of the organo-mineral crusts, theeepale mineral grains rich in Fe,
Zn, Mg, Ca and K (Fig. 4b, c, d). In soil-algal stsi formed at the eastern edge of the
desert, close to the emission sources related teltisgn and mining, there are also
metal-bearing phases rich in Zn, Pb and Mn. Théaniification is possible at high
magnification (> 1000x). The presence of other iset@s confirmed by AAS (Table 3).

a) b)

Aluminosilicate

Fe oxide

Aluminosilicate
aggregate

Fe oxide —
& (hydro)oxide

e s T

.‘ F%%Si / C’a ;
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Quarkz Ca. aggregate
Fe
. n
> Dolomite
Fe 0X

=
et St e L 200 ¢ :ﬁw Y 6T 200 im

Fig. 4. BSE images of algal-soil crust: a) netlidgal matter with Fe oxide and (hydro)oxide grains,
b) algal matter on poly-mineral ground with metekking aggregates identified by EDS analysis,
) quartz grains surrounded by aluminosilicatesalgdl matter, d) mineral and algal matter with
metal-bearing grains identified by EDS analysis

In the initial stage of soil-algal crusts developmé the net of filamentous a few
grains of Fe oxide occur (Fig. 3a, b). The formaiglgal net increase the trapping rate of
fine mineral grains (Fig. 4a). A fully developedilstigal crust is characterized by the
presence of compacted aluminosilicate, carbonatk raetalliferous mineral aggregates
which are sticking to different biotic componerfeggy 4b, c, d).
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Discussion

Drift sand or stabilized sandy areas with low catgeof fine-grained fractions do not
provide good conditions for living organisms duddw nutrient concentrations, low water
retention and low sorption capacity. On a minergbstrate, microscopic cyanobacteria
(Chroococcus minimus, Ch. minutus, Ch. varius, Gloeocapsa atrata, Nostoc commune) can
colonize, forming small colonies or filamentblo§toc commune, Phormidium sp. and
Oscillatoria sp.) surrounded by gelatinous substances. Apart fiyanobacteria, unicellular
algae Pinnularia borealis, Stichococcus chlorelloides, S cf. fragilis) together with
filamentous algaeHormidiopsis crenulata, Cylindrocapsa sp., Ulothrix sp.) can also cover
the sand surface. The species composition of atdaBledowska Desert was already
investigated by Rahmonov and Piatek [6]. Our resodinfirm the presence of previously
noticed species and present new tddacommune, Phormidium sp., Oscillatoria sp. and
Ulothrix sp. Algae in post-mining areas contaminated wébhvy metals in neighboring of
investigated areas has been described by somers\iil3s15].

Cyanobacteria in the area studied includestoc commune, Phormidium sp. and
Oscillatoria sp. These organisms, found in many different dénzmnes, have the ability to
bind free atmospheric nitrogen (excePscillatoria sp.). Nitrogen accumulation aids
biomass increase and microbial association. Indegkrt regions, cyanobacteria crusts with
Nostoc sp. can successfully stabilize sandy soils as biray nitrogen [4, 7].

Cyanobacteriand algae most often occur together to form a geeating on the sand
surface when there is a lot of moistueg,in the spring. The algal coating (biofilm), humid
in this period, retains all fine organo-mineral tdes on their surface. The soil algae
stabilize loose ground by binding sand grains whezdds to the formation of algal-soil
crusts with mineral grains, beginning pedogenesis.

A key feature of soil algae is their ephemeral tigwment, with rapid changes from the
dormant stage to active vegetation and vice vessidnout any endospores and special
intermediate stages [9, 10]. Surface algal crustsodt in dry spells and absorb moisture
more quickly than dead organic matter. Algae fongaaic matter that helps to initiate the
soil formation process.

Filamentous cyanobacteria and algae play an impbrtale in soil-algal crust
formation. On a sand surface, filaments form a dempet covering both individual sand
grains and aggregatéBig. 3 a, ¢, Fig. 4b) and in which fine-grainednhemrial and organic
fractions are trapped. In these algal nets alggarac membranes deriving from polymeric
extracellular substances excreted by soil algaee heeen found elsewhere [7, 20, 21].
Similar polymeric structures partly characterised®@lwska Desert crusts (Fig. 3c, Fig. 4a).

The morphological features and structure of sahhblcrusts are very complex.
Biogenic fragments and mineral grains ranging franfew microns to several hundred
microns in diameter have an important role in csisticture. Microscopic investigations
(SEM) enable the recognition of some of the morpbinlal features of the individual
components of these crusts. EDXRA analyses of rdceas can give indicative chemical
compositions of mineral, metalorganic and orgagigragates.

Polysaccharides synthesized and excreted by cyatestzacells play an important role
in interactions with the environment, particulaalytimes of low water accessibility. Mazor
et al [21] have shown the significance of polysacitte envelopes in the water management
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of algae and microorganisms in desert regions. Buedhese abilities, cyanobacteria
influence the rate and development of soil micraoigms.

Johansen and Schubert [10] identified the impomtal& of algae in soil formation in
desert regions. Rahmonov et al [16] described thiginificance in initial soil-formation
processes on sandy areas in Poland. The impornbf soil-algal crusts and microbiotic
or biological soil crusts in the ecosystem processearid and semi-arid areas has long
been recognized [10, 22, 23]. The same role issplay temperate-climate algal crusts [24].
These crusts reduce wind- and water erosion [7jn@fease nitrogen availability to the
ecosystems through fixation and carbon dynamicg,[30] and stabilize soil moisture and
water relations as in soil crusts [23]. One of ¢théf factors regulating photosynthesis in
cryptobiotic crusts is their moisture content [1These crusts may play an important role in
mineral erosion and desert soil formation by madddythe weathering environment and
ultimately affecting mineralogical variance [8].

Soil algae create conditions suitable for the dmwelent of organisms with higher
ecological requirements. They indirectly initiat@ilsformation through cooperation
between different soil organisms. Algae also play important role in areas changed
anthropogenically by stimulating soil formation amtreasing the potential for plant
development [6, 11, 16]. By their development iitsspolluted by heavy metals, soil crusts
favours ecosystem biodiversity which, in turn, srio accelerate soil-algal crust formation
[5, 6].

In Bledowska Desert, the eolian transport is ontheffactors limiting the development
of biocenotic systems and inhibiting soil formatidinds dry out mineral material. Sand
grains on a surface ground are rounded. Microfessand hollows as seen in SEM pictures
are formed.

An soil-algal crust is a source of mineral and aiga&ompounds that originated from
in situ andex situ. That compounds contain micro and macroelementericentrations that
depend on the type of surrounding landscapes. éhigrican be taken by both lower- and
higher vegetation, and by encroaching vasculartglan

Most algae excrete organic extracellular compouwtisch enable the binding of
exchangeable cations in soils, forming chelates 198 This leads to a positive correlation
between organic-matter content and basic catiossila below algocenoses.

Values of organic carbon content (0.35-2.23%) amtdl tnitrogen (0.014-0.113%)
indicate a large mineral fraction in soil cruststhe algal-soil crust investigated here, there
are enrichments of K, Ca, Mg and, to the lesseregegf Na and Mn. Rich in various
elements grains accumulate in algal net and canowepfertility of poor sandy soils, thus
contributing to an increase of different ecologicighe.

Accumulation of heavy metals by soil-algal crusterss to be particularly significant
even if the humus horizon (thickness < 5 mm) ianninitial stage of development. Heavy
metals concentrations are at background level ettidszinc and copper are higher in the
Bledowska Desert crusts than in the underlying saktevated concentrations of cadmium
also occur in the crusts and lead concentratiaansnaich higher than the background.

The pyrolytical analyses of the soil-algal crust tiela show that products of
polysaccharide origin dominate in pyrolysates, #rat those derived from proteins, lipids
and phenols are minor. The forming ectoorganiczooricontains only traces of aromatic
compounds and phenol derivatives, probably refigcthe allochtonic input of vascular
plant remains. Literature data show that aromasimmounds in algal biomass derive from
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lignin related to vascular plants [25, 26]. Simitiata for sandy areas with soil-algal crusts
are given by Nierop et al [19].

From the point of view of vegetation developmend af their influence on soil
formation, nutrients, particularly nitrogen, areéali Nitrogen, a deficiency element in poor
ecosystems, decreases the rate of soil develop@antiesearch shows that, in the organic
matter building the algal crust, nitrogen-bearioghpounds are important. Nitrogen, a basic
nutrient of plants, generally does not come fronativered soil minerals but is of organic
origin. Some of these come from their biologicaqursors including proteins, chlorophyll,
nucleic acids and alcaloids introduced into sojstems as plant- and animal remains [26].
Greater amounts of nitrogen compounds may be tklate the occurrence of
microorganisms (mainly bacteria) and the produttheir metabolism.

The abundance of organic compounds in soil bel@alalommunities results from the
fact that these organisms excrete gelatinous (Mususstances which sustain moisture and
indirectly help in soil microflora development. Sheéxudate contains carbohydrates, lipids
and other organic compounds which promote the iactdf other microorganisms [7, 21].
Transformation and decomposition of algae biomaséribute to the rapid accumulation of
organic matter in the soil, which is a potentialme of nutrients for early succession and
late succession species [27]. Organic matter léadlse pedogenesis in poor sandy areas
and initiates the formation of primary humus.

Conclusions

In the Bledowska Desert, algae are pioneering asgancolonizing areas that lack
a soil cover. The formation of soil-algal crusteates good conditions for later soil
development as it promotes organic matter prodogctimicroorganisms and fungi
association. In regions exposed to pollution, algalists trap contaminants from
atmospheric emissions. Due to algal crusts, minagedins of various chemical
compositions, accompanied by biotic grains, spareb pollens, microorganisms, particles
of cellulose and lignin, are accumulated in soilcl$a structurally and chemically variable
substratum offers better conditions for water riedenand the later development of organic
soil.

Soil organic matter variably depends on algal bissnand on the dynamics of their
development. Derivative carbohydrates and nitrag@rtaining compounds are common in
the pyrolytical products of organic matter in saldral crust. Nitrogen, a deficiency element
in poor ecosystems, decreases the rate of soilaj@vent.

The initial organic matter in soil mainly comesrfralgal biomass. Among organic
compounds having the important influence on soiveltgoment are carbohydrate
derivatives, nitrogen-, sulphur- and oxygen compisursuch as pyrane, and furane
derivatives. Rapid decay and humification of algpmimasses enables the relatively quick
accumulation of organic matter in soil which becenaesource of nutrients for early and
later succession species with higher habitat requénts.
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ROLA GLONOW GLEBOWYCH W INICJALNYCH ETAPACH ROZWOJU
GLEBY NA ZANIECZYSZCZONYCH OBSZARACH PIASZCZYSTYCH

Lwydziat Nauk o Ziemi, Uniwersyteéilaski, Sosnowiec
2\Wydziat Nauk o Ziemi, Uniwersytet Mikotaja Koper@ikToru
3 Wydziat TechnologiZywnaici, Uniwersytet Rolniczy im. Hugona Kathja, Krakow

Abstrakt: Przeprowadzone badania mialy na celu gdkrée roli glonéw glebowych w inicjalnym stadium
rozwoju gleb na obszarach piaszczystych oraz rompue skladu mineralnego i chemicznego skorup
glonowo-glebowych. Obszar baddezy w potudniowej Polsce na terenie ruchomych piask@®ustynia
Btedowska), powstatych w wyniku wycinki laséw przepemzonej na potrzebyredniowiecznego gérnictwa
Ag-Pb-Fe. Zidentyfikowano pinascie gatunkéw glonéw Qyanophyta, Chlorophyta, Heterokontophyta).
W skorupach glonowo-glebowych zawat @,y wahata sj w granicach 0,35-2,23% pRswajainy- 9-34 mg: kg?,
natomiast zawarté Nt byta zrénicowana. Na obszarze badpodiaze, na ktérym rozwijaly siglony i sinice,
byto kwane (pH 4,4-57 w KCI). \Wdd sktadnikbw mineralnych wygiujacych w  skorupach
glonowo-glebowych dominowaly fazy bogate w Fe i Kdgowiednio: 776,5(x2,3)-2803(+31) még

i 230,5(3,7)-696(+22) mgkg™). Zaobserwowano w nich réwriavysoks koncentragj Zn, Mn i Pb. Materia
organiczna badanych skorup zawieratagzwii alifatyczne i aromatyczne, pochodneglowodanéw, fenole, furan
i piren. Znacacy udziat w skitadzie skorup glonowo-glebowych migédy zwiazki azotu - glony $ gtéwnym
zrodlem materii organicznej w badanym stadium formola s¢ gleby, co mee st przyczyni& do szybkiej
regeneracji odksztatconych uktadéw ekologicznych.

Stowa kluczowe:metale ajzkie, zwiazki organiczne, glony glebowe, skorupa glonowo-gled, rozwdj gleby





