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Successional development of
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biological soil crusts, along with
soil formation on Holocene
deposits at the Baltic Sea coast
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Harsh environmental conditions form habitats colonized by specialized primary

microbial colonizers, e.g., biological soil crusts (biocrusts). These cryptogamic

communities are well studied in drylands but much less in temperate coastal

dunes, where they play a crucial role in ecological functions. Following two dune

chronosequences, this study highlights the successional development of the

biocrust’s community composition on the Baltic Sea coast. A vegetation survey,

followed by morphological species determination, was conducted. Sediment/

soil cores of the different dune types were analyzed to uncover the potential

impacts of the biocrust community on initial soil formation processes, with

special emphasis on biogeochemical phosphorous (P) transformations. Biocrust

succession was characterized by a dune type-specific community composition,

shifting from thinner algae-dominated biocrusts in dynamic dunes to more

stable moss-dominated biocrusts in mature dunes. The change in the biocrust

community structure was accompanied by an increase in Chl a, water, and

organic matter content. In total, 25 algal and cyanobacterial species, 16 mosses,

and 26 lichens across all sampling sites were determined. The pedological

characterization of these cores elucidated initial processes of soil genesis, such

as decalcification, acidification, and the accumulation of organic matter with

dune and biocrust development. Furthermore, the chemistry of iron (Fe)-

containing compounds such as the Fedithionite/Fetotal ratios confirmed mineral

weathering and the beginning of soil profile development. The biocrusts

accumulated P over time, while the P content in the underlying sediment did

not change. That implies that biocrusts take up P from the geological parent

material in the dunes, thereby accumulating available P in the ecosystem, which

gets transferred into subsoil horizons through leaching or redeposition. The

relative proportion of the bioavailable P pool (56% to 74% of Pt) increased with

dune succession. That happened at the expense of more stable bound P, which

was transformed into labile P. Thus, the level of plant available P along the dune
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chronosequences increased due to the microbial activity of the biocrust

organisms. It can be concluded that biocrusts of temperate coastal dunes

play a crucial role in maintaining their habitat by accumulating nutrients and

organic matter, supporting soil development and subsequent vegetation.
KEYWORDS

biocrusts, chronosequence, dunes, phosphorus, phototrophic diversity,
soil development
1 Introduction

The Baltic Sea is geologically relatively young, and so are its

coasts. The recent geomorphology of the coastline originates from

repetitive glaciations during the Pleistocene period (Niedermeyer

and Janke, 2011). The ice shields of the last glaciation, the

Weichselian, began to melt about 12,000 years ago, which was the

starting point for the altering freshwater and saltwater history of

the Baltic Sea. With the advancing melting of the ice shields, the sea

level rose, which marked the beginning of the sea-level

transgression (Lampe, 2002). The freshwater periods were

repeatedly interrupted by saltwater intrusions from the North Sea,

which started about 8,000 years ago due to sea level fluctuations and

the uplift of land masses. Hereby, the brackish water-dominated

Baltic Sea was formed (Lemke, 1998).

Due to today’s tideless conditions, erosion and accumulation

processes dominate the coastline of the Baltic Sea (Schumacher and

Bayerl, 1999; Tiepolt and Schumacher, 1999). Here, the constant

impact of wind and waves on exposed coastal areas causes erosion.

The eroded material gets transported by coastal-parallel currents

and deposited in protected shallow bays. The result is a smoothened

and relatively closed coastline, especially along the southern Baltic

Sea coast (“graded or equilibrium coast”) (Müller et al., 2023), with

characteristic geomorphological forms such as sand hooks and spits

(Lampe et al., 2011). These coastal forms can be found and studied

on the peninsula Fischland-Darss-Zingst.

This peninsula consists of a sequence of Late Weichselian

period moraine island cores that are connected by sandy barriers

(sand spits). The latter are under ongoing shaping forces causing

coastal degradation, sand drift, and accumulation. The Darss is the

northwestern part of the peninsula. Mainly due to the shifting of

sediment by incoming and outgoing waves in shallow waters, the

shoreline expanded in the northern direction of the initial island

core. Thereby, an almost triangular foreland (“Neudarss”), showing

a sequence of about 120 beach ridges, accumulated over time and

today ends in a northeast turning sand hook (Darsser Ort). If no

further sand is transported along the coastline to enlarge the hook,

this coastline will be ablated again. The western coastline of the

Darsser Ort already retreats (approximately 1 m/year) to the east by

sediment erosion and is therefore called an abrasion coast. Cliff

dunes are created in the process. On the other hand, new beach
02
ridges form in the north and allow the hook at Darsser Ort to

expand (Tiepolt and Schumacher, 1999; Lampe and Lorenz, 2010)

(Supplementary Figure 1).

Eastwards of the peninsula, the coastline continues with an

extensive sand accumulation in shallow water due to the transport

of sediment parallel to the coast (Niedermeyer et al., 2011). This area

is a wind flat of about 25 km². Depending on the wind strength and

direction, shallow areas fall dry or are flooded (Karsten et al., 2012).

Wind flats typically accumulate sediment particles and hence stabilize

coastlines. As at the Darsser Ort, a coastline-parallel orientation of

beach ridges can be observed here (Janke and Lampe, 1998; Reimann

et al., 2010). Coastal sand dunes have formed on these ridges,

resulting in a chronological series of this landform. The source

material for these dunes originates from the Pleistocene island

cores, which eroded during the sea level rise in the Holocene. After

the sea level dropped about 6,000 years ago, this material became

accessible again and contributed to the formation of spits, hooks,

wind flat, and sand dunes (Schumacher, 2002). Like the coastline,

dunes are mobile aeolian landforms that constantly change. The dune

geomorphology is based on initial geneses as well as on the following

abrasion and accumulation processes due to wind, waves, and storm

events. Further inland, in areas where these extreme environmental

conditions are declining, a change from mobile to more stable dune

types can be observed (Martıńez et al., 2004). The resulting sequence

of dune types represents a chronological series and allows studies on

their formation and development, soil genesis, and vegetation

colonization over time (Ranwell, 1960; Isermann, 2011; Pollmann

et al., 2020). The abiotic factors during the dune genesis hardly differ

from each other. The only difference between the dune types is the

time of their formation (Stevens and Walker, 1970; Walker et al.,

2010). At the Baltic Sea coast, the successional dune development on

a flat coast differs between four to five characteristically dune types,

which can be divided into initial, growth, maturity, and

decomposition stages (Niedermeyer et al., 2011). The foredune

ridge adjoins the beach inland. It is the starting point of an

idealistic dune chronosequence and is followed by mobile yellow

dunes. Flooding and storms are causing frequent sand movement. In

the subsequent grey dunes, phototrophic organisms are already

progressively colonizing, thereby stabilizing the dune surface and

promoting the formation of a humus layer on the loose sediment. The

chronosequence ends in a mature dune area, which is likely to be
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forested with scrubs or smaller pine trees (Hesp, 1991; Leuschner and

Ellenberg, 2017; Jurasinski and Buczko, 2023). The general trends

along such a chronosequence include organic matter accumulation

and increasing acidification, as well as decalcification, a decrease in

salt stress, and sand transport and deposition (Salisbury, 1952;

Hundt, 1985; Giani and Buhmann, 2004; Pollmann et al., 2020). In

addition to the constant movement of the sand, extreme temperature

fluctuations near the dune surface and drought make this area an

extreme habitat (Martıńez et al., 2004). On the one hand, living

communities settling there have to cope with a low nutrient supply,

flooding events, and salt stress (Garcıá Novo et al., 2004; Maun,

2009). On the other hand, biotic colonization can significantly

influence these geomorphological processes during dune

succession, promoting initial soil formation (Williams et al., 2012;

Zaady et al., 2014). The colonization of a heterogeneous dune habitat

strongly depends on the individual dune types. Driven by extrinsic

(e.g., microclimate) and intrinsic (e.g., species competition)

mechanisms, dune habitats develop their particular assemblage of

microbial and vascular plant communities (Miller et al., 2010).

Cryptogamic vegetation (e.g., mosses, lichens, and fungi) are

primary ground covers and characteristic growth forms on top of

terrestrial bare soils (biological soil crusts = biocrusts) or rock

surfaces (Elbert et al., 2012). They are characterized by an

interaction of phototrophic and heterotrophic microorganisms,

leading to a complex biotic network. Due to this organismic

diversity, biocrusts are involved in ecosystem processes and

linked to a wide range of ecological functions (Belnap et al.,

2001). The initial habitat colonization of biocrusts is accompanied

by an increase in organic matter content (Veste et al., 2011; Dümig

et al., 2014) and in soil stability (Fischer et al., 2010; Felde et al.,

2018). The latter can be seen as an essential function that biocrusts

can provide to highly dynamic ecosystems like coastal sand dunes,

which are constantly threatened by soil erosion and blowouts

(Belnap and Büdel, 2016). Moreover, it has been shown that

biocrusts are likely to influence local hydrological cycles,

including absorptivity and water retention (Fischer et al., 2012;

Chamizo et al., 2016). In addition, the organisms of the biocrusts are

involved in various essential element nutrient cycles, such as carbon

(Sancho et al., 2016) and nitrogen (Castillo-Monroy et al., 2010;

Elbert et al., 2012; Barger et al., 2016), while the metabolic processes

within the phosphorus cycle (P cycle) are far less studied but have

progressively received attention in recent years (Richardson and

Simpson, 2011; Schulz et al., 2015; Baumann et al., 2019; Kurth

et al., 2021). Such complex functions depend on the respective

biocrust type and, therefore, its structure, which varies with climate,

underlying soil, and disturbance (Belnap, 2006; Sun et al., 2022).

The dominant biocrust-forming community, typical for a

specific successional stage and biocrust type, plays a decisive role

in the development and performance of its ecological functions (Li

and Hu, 2021). Various environmental factors, characteristic of a

geographical region, affect the natural successional process of the

biocrust community. Prominent among these factors are the

availability of water (Fischer et al., 2012), the temperature

(Garcia-Pichel et al., 2013), radiation, topography, soil texture

(Zaady et al., 2000; Fischer and Subbotina, 2014), microclimate

(Veste and Littmann, 2006), and nutrient availability (Bu et al.,
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2018). The availability of these resources and disturbances impacts

the succession (Pickett and McDonnell, 1989) of biocrusts and

determines the rates of biocrust formation, which can range from 10

to 1,000 years (Langhans et al., 2010; Williams et al., 2012). The

interactions of biocrust types with individual community

compositions and morphologies influence the nutrient influx, soil

chemistry, and surface microtopography. Therefore, biocrusts can

be considered relevant promotors in pedogenesis and dune

development (Williams et al., 2012).

Various studies focused on biocrust community development,

functions, and changes in arid areas (Büdel et al., 2009; Samolov

et al., 2020; Li and Hu, 2021), but less is known about biocrusts in

coastal sand dunes of temperate regions (Kammann et al., 2023).

Few studies on sand dunes along the Baltic Sea coast underlined the

ecological importance of biocrusts in influencing soil properties,

causing an increase in total phosphorus concentrations, and

emphasized their high site-specific microorganism diversity

(Schulz et al., 2015; Mikhailyuk et al., 2019; Kammann et al.,

2023). Schaub et al. (2019) identified sand blasting and burial of

the biocrust microorganisms as crucial factors in biocrust

development on temperate sand dunes. Furthermore, the study

showed gains in ecological soil functioning of the sand dunes by

initial soil organic matter formation and an accumulation of

nutrients, especially on the more protected landward dune slope.

The results of these studies led to the first conclusions about the

relevant ecosystem functions of biocrusts in dunes for nutrient

cycling and further vegetation colonization. Information on

community changes across biocrust successional stages along the

natural dune development, however, is missing.

In this study, it is assumed that the natural coastal dynamics

lead to a successive development of different types of biocrusts on

the dunes. Therefore, the intention was to (1) define dominant

biocrust types in the different dune successional stages and (2)

survey the changes in the biodiversity of phototrophic organisms. In

addition to vegetation surveys, (3) pedological investigations focus

on initial soil formation processes and the chronosequential

changes in dune soils. The P cycle is of particular importance in

this context. Hence, a further objective was to (4) determine the P

content and sequentially extracted P pools that reflect the

availability of P to microorganisms and plants. Easily bioavailable

P is expected to (5) accumulate with ongoing dune succession due

to biocrusts’ impact on the biogeochemical P cycle. Thereby, the

biocrust community is assumed to enhance labile P contents due to

the conversion of more stable P into labile P.
2 Material and methods

2.1 Study site

Biocrust samples were collected in January 2021, along two dune

successional sequences on the peninsula Fischland-Darss-Zingst

(Mecklenburg Western Pomerania, Northern Germany; Figure 1A).

Both sampling sites are located in the core zone of the national park

Vorpommersche Boddenlandschaft, on a flat coast of the Baltic Sea,

and differ in their morphology. While the sampling transect at Darsser
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Ort (Figure 1B) is located on a dune cliff (54.472167, 12.499556)

endangered by abrasion, the flat coast at Pramort (Figure 1B) forms a

sandspit (54.44475, 12.923). Both dune areas are under the strict

protection of the national park. Trampling in the dunes is

prohibited, but especially at the Darsser Ort, it cannot be excluded.
2.2 Sampling

2.2.1 Transects
Biocrust samples were taken along one transect at both study

sites. Each transect followed the natural geomorphological

succession (chronosequence) of the respective dune area. At

Darsser Ort (Figure 2) it started at the edge of the dune cliff. The

dune cliff represented a former grey dune identified visually in the

field by visible slight accumulations of iron oxides and humus in the

underlying soil horizon [Figure 2A (right)]. Due to erosion

processes, this primary dune got eroded, which led to the

formation of the dune cliff. As part of a secondary dune

formation process, the dune cliff was continuously covered with a

large amount of sand due to aeolian transport during storm events.

Hence, the dune area today is characterized by a loose sand layer

down to a depth of approximately 30 cm without any further visible

zonation of the substrate. Due to this trait and the later described

vegetational patters, this area of dunes is referred to below as the

(secondary-formed) yellow dune (YD). The grey dune area

following the geomorphological gradient was divided into two

grey dune types. The grey dune area directly following the yellow

dune was named the early grey dune area (eGD) since the dune

surface was dominated by early microalgae biocrusts, some mosses,

and bare sediment. Due to these characteristics, the dune type can

be assigned partly to a yellow and partly to a grey dune and

therefore reflects a transition zone. In addition, a decline in the

marram grass stands (Ammophila arenaria (L.) Link) characteristic

of the yellow dune was observed here. The part of the grey dune area

further inland was defined as a late grey dune area (lGD). A

significantly dominant moss cover and the frequent occurrence of

lichens led to the differentiation of both grey dune subtypes within
Frontiers in Ecology and Evolution 04
the large grey dune area. The transect followed the dune

chronosequence further inland and ended in the mature dune

area (MD), which was already overgrown with pine trees.

The transect at Pramort started at the eastern accumulation

coast of the peninsula, in a periodically submerged wind flat called

windwatt (WW). Here, an initial formation of a spit could be seen

on the basis of pioneer vegetation (Ammophila arenaria (L.) Link)

and sand accumulation. After that, the transect crossed a yellow

dune area (YD), where microbial and vegetational cover changed.

Further inland, a grey dune (GD) area superseded the mobile and

higher yellow dunes, finally reaching the mature dune area (MD)

(Figure 3), similar to the transect progression at the Darsser Ort.

Along each transect, the described different successional dune

stages were selected and further named dune subsites. At each

subsite, a sampling plot of 1 m2 [maxi grid, cf. Figure 3B (2–4)] was

established and used for further vegetation analyses, biocrust, and

sediment sampling. In total, eight sampling plots at two study sites

were under investigation in this study, four per site.

2.2.2 Sample collection and preparation
For sampling, Petri dishes (92 mm in diameter) were pushed

gently into the respective biocrust. A metal spatula was then used to

lift and further separate the biocrust from the underlying loose

sediment. A maxi-grid (1 m × 1 m) divided each sampling plot into

16 equal subplots (25 cm × 25 cm) [cf. Figure 3B (2–4)]. One Petri

dish was collected within each subplot.

The yellow dune at Darsser Ort and in the windwatt at Pramort

had no biocrusts. To keep the sampling design uniform at each plot,

samples were also taken from these two plots using Petri dishes, even

when containing no visible biocrusts. At each sampling plot, a set of

three samples (equals three Petri dishes) was collected for chlorophyll

a analyses and for algae community cultivation, direct microscopy,

and identification (Table 1). These samples were directly wrapped in

aluminum foil and stored in a cooling box for transportation. Three

further samples (second set) were taken in the same way, which were

later used for nutrient element analyses (C, N, P) of biocrusts

(Table 1). For the measurement of biocrust characteristics (water

and organic matter content), one additional Petri dish was collected
B

A

FIGURE 1

The peninsula Fischland-Darss-Zingst in the northern part of Germany (A). A close-up of the peninsula (B) and the investigated dune sampling sites,
Darsser Ort and Pramort (circle). Copyright: GeoBasis-DE/M-V.
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per plot (Table 1). All mosses and lichens detected in the sampling

plots were collected by hand and stored in paper bags.

Furthermore, a hand auger (30 cm length, 5 cm diameter) was

used for collecting the sediment/soil samples (Figure 4A). The auger

was used three times, randomly within the sampling plot. The

samples were already visually divided in the field for topsoil horizon

and subsoil horizon/sediment layer (cf. Figure 4B, yellow box =

topsoil horizon). The sediment/soil core samples were stored in

plastic ziplock bags and transported to the laboratory for further

chemical analyses. Since before detailed chemical analyses, it cannot

be decided to what extent the sediment has already been

transformed into soil, the exact naming of the upper and lower

parts of the samples in the auger remains open (soil horizon or

sediment layer) until the presentation of the results.
2.3 Analyses of biocrusts and sediment/
soil characteristics

2.3.1 Biocrusts
In the laboratory, two subsamples were taken using a cork drill

(Ø 1.5 cm) from each of the three Petri dishes (first set) planed for

the chlorophyll a analysis. This tool allowed to punch out a defined

biocrust surface area. This resulted in six chlorophyll a

measurements per sampling plot, i.e., in total, 48 analysis (8
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sampling plots × 3 petri dishes (replicates) × 2 subsamples per

dish) were done along both transects. These individual samples

were each stored in a 15 mL Falcon® tube and frozen at −20°C until

chlorophyll a extraction. The remaining biocrust material in the

Petri dishes was air-dried and further stored in the dark until the

subsequent algae isolation and identification.

Chlorophyll a (Chl a) content was used as a proxy for the

photosynthetic biomass (Chl a mg m−2) in biocrusts. Even though

no biocrusts were visually recognizable in the windwatt (Pramort)

and the yellow dune (Darsser Ort), the Chl a analysis was

performed identically to the protocol for biocrusts. The Chl a

extraction was conducted after a standard laboratory protocol,

and the Chl a absorbance at 632 nm, 649 nm, 665 nm, and 696

nm wavelengths was measured using a spectrophotometer

(Shimadzu UV-2401 PC, Kyoto, Japan). The Chl a content was

calculated according to Ritchie (2008) and normalized to a square

meter (m2). A detailed description can be found in Kammann et al.

(2023). The biocrusts in the additional three Petri dishes (second

set) were separated from the sediment with a razor blade to measure

their nutrient element contents. The biocrust samples were sieved

(< 2 mm) and subsequently milled to 10 to 20 μm particle size

(mortar grinder “Pulverisette 2”, Idar-Oberstein Germany) for

further homogenization. Total carbon and nitrogen content (Ct

and Nt) were determined by dry combustion of about 25 to 30 mg of

sample in an elemental analyzer (vario EL cube, Elementar
B

C

A

FIGURE 2

Overview of the transect at Darsser Ort; numbers indicate the sampling plots: 1, yellow dune (YD; secondary formed); 2, early grey dune (eGD); 3,
late grey dune (lGD); and 4, mature dune (MD). Transect overview (left) and view at the dune cliff from the beach site (right) (A) close-ups of the
sampling plots (B) and detail shots of the top sediment layer and dominating biocrust types in the respective plot (C).
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Analysensysteme GmbH, Langenselbold, Germany). Total

phosphorus (Pt) was extracted from 500 mg of air-dried material

by microwave-assisted digestion using aqua regia solution (3:1

hydrochloric acid:nitric acid). The concentration in the extract

was measured by inductively coupled plasma optical emission
Frontiers in Ecology and Evolution 06
spectroscopy at a 214.914 nm wavelength (Perkin-Elmer Optima

8300 DV, Waltham, MA, USA). At each plot, each parameter was

measured in triplicate.

For analyzing the biocrust characteristics (water and organic

matter content), the entire biocrust of the remaining single Petri

dish sample was used. After fresh weight (FW) determination, the

samples were dried at 105°C for 24 h and weighed again to

determine the dry weight (DW). The water content was

calculated from these two measurements and expressed as a

percentage of total fresh weight (% FW). The sample drying was

followed by their combustion at 450°C for 5 h to determine the

organic matter (OM) content. Therefore, the sample weight loss

after combustion was determined, and the organic matter content

was expressed as a percentage of total dry mass (% DW).

2.3.2 Sediment/soil cores
For further analytical determination of basic sediment/soil

parameters such as pH, electrical conductivity, and calcium

carbonate content (CaCO3), the core material was used. This

material was air-dried in the laboratory and sieved to < 2 mm. These

basic parameters were determined by routine methods described in

Blume et al. (2010): pH electrometrically in 1:2.5 (w/v) suspension with

0.01 M CaCl2; electrical conductivity in saturation extract with de-

ionized water by temperature-compensated conductivity measurement

device (WTWMicroprocessor Conductivity Meter LF196) and CaCO3

content by dissolution with 10% HCl and volumetric CO2

measurement in a Scheibler calcimeter. Al, Fe, Mn, and P from

poorly crystalline pedogenic oxides were extracted from 0.5 g of soil

(< 2 mm) using a 0.2 M NH4 oxalate solution (pH 3) in the dark
TABLE 1 List of all measured parameters in the
corresponding compartments.

Parameters Sediment/
soil core

Biocrust

pH (CaCl2) X

Electrical conductivity (mS cm−1) X

CaCO3 (g kg−1 DW) X

Dithionite–citrate–bicarbonate extracted
iron (Fedit) (g kg−1 DW)

X

Oxalate extracted iron (Feox) (mg
kg−1 DW)

X

Water content (% FW) X

Organic matter (% DW) X

Ct, Nt, Pt (g kg−1 DW or mg kg−1 DW) X X

Sequential P fractionation (mg kg−1 DW) X (X)

Phototrophic community
(presence/absence)

X

Chlorophyll a content (mg m−2) X
The X indicates the compartment in which the respective parameter was measured.
B

C

A

FIGURE 3

Overview of the transect at Pramort; numbers indicate the sampling plots: 1, windwatt (WW); 2, yellow dune (YD); 3, grey dune (GD); and 4, mature
dune (MD) (A). Close ups of the biocrust-holding sampling plots (B) and detail shots of the top sediment layer and dominating biocrust type in the
respective plot (C).
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(Schwertmann, 1964). The total amount of Fe, Al, Mn from pedogenic

oxides (poorly and well crystallized oxides) was extracted by the

dithionite–citrate–bicarbonate (DCB) method after Mehra and

Jackson (1958) with slight modifications. In brief, 1 g of soil (< 2

mm) was incinerated at 550°C before being extracted twice with 25 mL

citrate–bicarbonate solution and 1 g of Na dithionite at 80°C and

washed with a 10mL 0.1MMgSO4 solution thereafter. Concentrations

of elements in the oxalate extract (Feox, Alox, Mnox, Pox) and DCB

extract (Fedit, Aldit, Mndit) were measured by ICP OES. The amount of

pedogenic oxides with a higher degree of crystallinity was estimated by

subtracting the amount of poorly crystalline oxides from the amount of

total pedogenic oxides (Aldit-ox, Fedit-ox, Mndit-ox).

The determination of the Ct, Nt, and Pt concentrations followed

the same protocol as for the biocrusts. In addition to the total

carbon content, the organic carbon content of the sediment/soil

core samples was also determined.
2.4 Sequential P fractionation

The method of sequential P fractionation was used to

characterize P pools of different solubility in the sediment. Here,

the inorganic and organic P fractions in the sediment were

characterized according to extractability with increasingly

stronger chemicals, which traditionally has been interpreted as an

indication of bioavailability for microorganisms and plants. The

method was adjusted by Hedley et al. (1982) and applied to the core

samples. If these had already been separated into upper and lower

layers or horizons in the field, only the upper sediment/soil core

samples were examined for P fractions. Exemplarily, biocrusts from

two sampling plots along each transect were additionally analyzed.

This included 30 mL purified water in the presence of an anion

exchange resin (membrane, 2 cm × 6 cm), NaHCO3, NaOH, and
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H2SO4, as described in detail in the Supplementary Material

(Supplementary Figure 2; Table 1). The concentration of Pt in the

extracts was determined by ICP OES. Concentrations of molybdate-

reactive P, which is mostly considered inorganic P (Pi), in each

extract was determined using the molybdenum blue method of

Murphy and Riley (1962). The concentration of molybdate-

unreactive P, here considered organically bound P (Po, e.g., ADP/

ATP, phospholipids), was calculated as the difference between Pt
and Pi of each fraction. Resin-P and NaHCO3-P are ascribed to

labile P, whereas NaOH-P is considered moderately labile P, and

H2SO4-P are relatively stable P compounds.
2.5 Vegetation survey

A category system of seven pre-defined functional vegetation

groups was designed to describe the overall surface coverage of each

sampling plot (Supplementary Table 2). The set of functional

groups was based on previous work conducted by Büdel et al.

(2009); Lan et al. (2012), and Williams et al. (2017), but was slightly

modified. The early successional stages of biocrust development

were characterized by thin (1–3 mm) microalgae-dominated

biocrusts (MA). Slightly thicker (3–8 mm) microalgae biocrusts,

which were additionally partly moss-covered, were defined as the

intermediate successional biocrust stage (MA/M). The mature

successional stages of biocrusts consisted of moss-dominated

biocrusts (MD) and those associated with lichens (MD/L).

Moreover, two additional biotic functional groups were

established: vascular plants and litter (dead organic matter, e.g.,

pine needles, leaves, and branches). Bare sediment was the only

abiotic functional group.

The point-intercept method of Levy and Madden (1933) was

used to record the predefined functional groups. A maxi-grid (1 m ×
BA

FIGURE 4

Schematic figure of the hand auger application in relation to biocrusts (A). Exemplary representation of two sediment/soil cores sampled at Pramort.
Yellow box represents a subdivided topsoil horizon, based on visual inspection and confirmed by chemical analyses (B).
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1 m) divided each sampling plot into 16 equal subplots (25 cm ×

25 cm). Furthermore, a smaller metal grid (25 cm × 25 cm) was

randomly placed within four of these 16 subplots (Supplementary

Figure 3). Within these four subplots, the functional groups were

recorded by 25 point-intercept measurements according to the

approach of Williams et al. (2017). At each intersection where two

lines crossed, a metal pin was dropped, and the ground covering

functional group, including bare sediment, was recorded. This made a

total of 100 point measurements per sampling plot (1 m2).
2.6 Algae isolation, community cultivation,
and identification

The air-dried biocrust material, stored in the dark, was further

used for the identification of the most frequent and dominant species.

Pieces of biocrusts were placed in Petri dishes with Bold basal (1 N

BBM) agarized medium to obtain enrichment cultures (Bischoff and

Bold, 1963). Cultures grew with a 12-h alteration of light and dark

phases and irradiation of 25 mmol photons m−2 s−1 at a temperature

of 20°C ± 5°С. After 3 weeks of cultivation, morphological

investigations were performed using an Olympus BX53 light

microscope with Nomarski DIC optics (Olympus Ltd, Hamburg,

Germany) and a digital camera (Olympus LC30) attached to the

microscope. The micrographs herewith recorded were processed by

the Olympus software cellSens Entry. Parallel to cultivation, direct

microscopy of rewetted samples was performed. Here, the dominant

species of algae and cyanobacteria in the original samples were

evaluated. Morphological identification of the biocrust organisms

was based mainly on Ettl and Gärtner (2014) for green microalgae

and on Komárek and Anagnostidis (2005) as well as Komárek (2013)

for cyanobacteria. Furthermore, monographs and papers devoted to

taxonomic revisions of the taxa of interest were used, such as

Lokhorst (1996); Fučıḱová et al. (2014); Mikhailyuk et al. (2019),

and others. Algae and cyanobacteria were presented according to the

modern taxonomic interpretations (Guiry and Guiry, 2023). It was

not feasible to assess the abundance of each identified taxa within

each sample due to the method of enrichment cultivation. To still be

able to make a statement about the diversity at each sampling point,

the total number of identified algal species per sampling plot, referred

to as species richness, was used.
2.7 Moss and lichen determination

Moss and lichen samples were air-dried in the laboratory. A

microscope with a maximum magnification of ×400 was used for the

determination. Morphological identification of mosses was based on

Frahm and Frey (2004), with taxonomical reference to Hodgetts et al.

(2020). Lichens were determined according to Wirth et al. (2013) and

followed the nomenclature concept provided by Printzen et al. (2022).

Some species of the genus Cladonia needed a deeper morphological

treatment. Therefore, these samples were additionally chemo-

taxonomically analyzed by thin-layer chromatography according to

Culberson and Ammann (1979) in solvent system A.
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2.8 Statistical analyses

The percentage of areal coverage by each functional group

recorded in the vegetation survey obtained via the point-intercept

method was visualized as a stacked bar graph. Significant differences

in the measured biocrust and sediment/soil characteristics, including

nutrient contents, were elucidated by performing analyses of

similarities (“anosim” function in R) between the sampling sites

and across the transect plots in both dune areas. To reflect differences

in the overall biocrust community between the different sites and

dune successional stages, nonmetric multidimensional scaling

(nMDS) using the vegan R package, and the Bray–Curtis

dissimilarity index implemented in R was applied. Furthermore,

permutational multivariate analyses of variance (PerMANOVA)

(“adonis” function in R) using the Bray–Curtis distance matrix

were conducted to reveal potential correlations of community

composition with biocrust and sediment plot characteristics and

nutrient contents (Oksanen et al., 2018). If a significant correlation

between the phototrophic community and the sediment/soil

characteristics was detected, these parameters were added to the

nMDS plot. All statistical analyses were conducted using R version

4.2.1 (R Core Team (2022) Vienna, Austria). The total species

number of each phototroph group (algae, moss, and lichen) per

sample was considered as alpha diversity. As a measure of beta

diversity, the presence/absence data of the biocrust-inhabiting species

were visualized within Venn diagrams using Microsoft Excel 2013

(Microsoft Corporation, Redmond, WA 98052-6399, USA).
3 Results

3.1 Analyses of biocrusts and sediment/
soil characteristics

3.1.1 Biocrusts
Along both transects, the phototrophic biomass increased from

algal biofilms towards more stable and moss-dominated biocrusts

(Table 2). At Darsser Ort, the Chl a concentration was lowest in the

yellow dune (YD = 1.2 mg m−2 ± 0.9 mg m−2) and reached a value of

100.3 mg m−2 ± 18.9 mg m−2 in the early grey dune area where the

microalgae-dominated crusts and some mosses were present. In the

following late grey dune area, the percentage coverage of biocrusts

further increased, and so did the Chl a content in the biocrusts

(327.1 mg m−2 ± 88.4 mg m−2). In the mature dunes, the Chl a

content reached its highest value (453.8 mg m−2 ± 188.0 mg m−2). A

similar pattern was observed along the transect at Pramort. The

windwatt at the beginning of the transect had no Chl a in the bare

sediment. In the following yellow dune, Chl a was detected as the

first sign of early biocrust development (127.6 mg m−2 ± 4.2 mg

m−2). The moss-dominated biocrusts in the grey and mature dunes

had the highest Chl a values (GD = 453.2 mg m−2 ± 35.4 mg m−2,

MD = 482.8 mg m−2 ± 125.9 mg m−2).

The gravimetric water content of the biocrusts at Darsser Ort

ranged between 7.3% (w/w) in the early grey dune area and 25.3%

(w/w) in the biocrusts growing in the mature dune area. At
frontiersin.org

https://doi.org/10.3389/fevo.2023.1266209
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Kammann et al. 10.3389/fevo.2023.1266209
Pramort, the sediment water content along the successional dune

gradient was slightly higher than at Darsser Ort. The water content

measured in the windwatt was relatively high, at 7.9% (w/w), even

though it represented an unvegetated area due to its periodic

submersion. While the biocrusts in the yellow dune area exhibited

5.2% (w/w) of sediment water content, the grey and mature dune

areas had 21.9% and 40.9% (w/w) moisture, respectively (Table 2).

The biocrust organic matter content (OM) increased along the

transect at Darsser Ort. When starting in the early grey dune area,

low contents (1.0% DW) were measured. With biocrust

development, the OM content rose toward the mature dune, up

to 11.0% DW in the biocrusts. The development of the OM content
Frontiers in Ecology and Evolution 09
in biocrusts showed a similar pattern at Pramort. The biocrust-free

and temporarily submerged sediment of the windwatt had an OM

content of 0.2% DW. The OM contents along the successional

gradient followed the order: yellow dune (0.3% DW) < grey dune

(5.7% DW) < mature dune (18.6% DW) (Table 2).

The contents of nutrient elements (Ct, Nt, Pt) in the biocrusts

increased along both transects towards older dune successional

stages. The Ct values measured in the biocrusts at Pramort

exceeded the values at Darsser Ort by a factor of 2 to 4.

Furthermore, the Ct contents at the Darsser Ort increased less

steeply (0.9 to 29.9 g kg−1 DW) than at Pramort (2.1 to 61.7 g kg−1

DW) (Table 3). In the biocrusts, a gradual increase in total nitrogen
TABLE 2 Biocrust characteristics of both sampling sites.

Study site Sampling plot Compartment Chl a (mg m−2) Water content (% FW) OM (% DW)

Darsser Ort

YD Ai 1.2 ± 0.9 3.6 0.0

eGD Biocrust 100.3 ± 18.9 7.3 1.0

lGD Biocrust 327.1 ± 88.4 12.6 3.7

MD Biocrust 453.8 ± 188 25.3 11.0

Pramort

WW Ai 5.4 ± 1.2 7.9 0.2

YD Biocrust 127.6 ± 4.2 5.0 0.3

GD Biocrust 453.2 ± 35.4 21.9 5.7

MD Biocrust 482.8 ± 125.9 40.9 18.6
Means ± standard deviation for Chl a content (n = 3). Ai = initial A-Horizon; no biocrusts in this dune subsites are detectable.
TABLE 3 Pedological description and nutrient element contents in biocrusts and sediment/soil cores of both sampling sites.

Study site Sampling plot Compartment Ct (g kg−1 DW) Corg (g kg−1 DW) Nt (g kg−1 DW) Pt (mg kg−1 DW)

Darsser Ort

YD Ai+ilC 0.3 ± 0 0.3 ± 0 0.1 ± 0 62.6 ± 1.1

eGD Biocrust 0.9 ± 0.1 – 0.1 ± 0 71.8 ± 6.1

Aih+ilC 1.0 ± 0.2 0.8 ± 0.2 0.1 ± 0 59.1 ± 1.7

lGD Biocrust 14.8 ± 2.0 – 0.5 ± 0 99.5 ± 7.4

Ah 3.5 ± 0.9 3.5 ± 0.9 0.2 ± 0.1 54.2 ± 3.0

ilC 0.5 ± 0.1 0.4 ± 0.2 0.1 ± 0 53.6 ± 1.9

MD Biocrust 29.9 ± 0.3 – 1.4 ± 0 110.4 ± 0.5

L/Ah 3.9 ± 0.4 3.9 ± 0.4 0.3 ± 0 61.5 ± 18.4

ilC 1.3 ± 0.2 1.1 ± 0.1 0.1 ± 0 48.8 ± 4.5

Pramort

WW Ai+ilC 0.4 ± 0 0.4 ± 0 0.1 ± 0 38.1 ± 1.1

YD Biocrust 2.1 ± 0.1 – 0.2 ± 0 34.8 ± 0.8

Ai+ilC 0.5 ± 0.1 0.3 ± 0.2 0.1 ± 0 27.4 ± 1.5

GD Biocrust 58.8 ± 28.1 – 2.6 ± 1.1 199.1 ± 84.9

L/Ah 4.8 ± 1.1 4.7 ± 1.1 0.4 ± 0.1 48.7 ± 2.1

ilC 0.7 ± 0.1 0.5 ± 0.2 0.1 ± 0 28.2 ± 1.5

MD Biocrust 61.7 ± 0.1 – 2.0 ± 0 159.0 ± 3.9

L/Ah 17.8 ± 4.6 17.7 ± 4.6 0.7 ± 0.3 51.6 ± 11.3

ilC 1.4 ± 0.2 1.3 ± 0.1 0.1 ± 0 25.9 ± 1.6
Means ± standard deviations (n = 3). DW = dry weight; Ai = initial A-horizon; Ah = humic A-horizon; ilC = silicon-rich, loose soil parent material in C-horizon; L = litter.
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(Nt) content was measured along both transects. The Nt

concentrations within the biocrusts along the transect at Darsser

Ort increased 14-fold from the eGD (0.1 g kg−1 DW) to theMD (1.4 g

kg−1 DW) area. The nitrogen concentrations in the GD (2.6 g kg−1

DW) and MD (2.0 g kg−1 DW) at Pramort exceed the highest

concentration measured at the Darsser Ort MD (Table 3). Pt
concentrations in the biocrusts indicated a slight accumulation of P

along each transect toward the mature dune area. For biocrust at

Darsser Ort, Pt ranged between 71.8 and 110.4 mg kg−1 DW). Total P

along the Pramort transect ranged between 34.8 and 199.1 mg kg−1

DW (Table 3).

3.1.2 Sediment/soil cores
As a first step in pedological analyses, the sediment/soil cores

were interpreted in terms of abundant soil horizons according to the

German classification system KA5 (Ad-hoc Arbeitsgruppe Boden,

2005). Cores of the yellow and early grey dune at Darsser Ort, as

well as the windwatt and yellow dune at Pramort, were initially

assigned to parent material (C-horizon) from the sole visual

inspection. However, the organic carbon of these samples

indicated initial soil A-horizon forming processes, resulting in the

description as “A + C”. A layer of undecomposed litter on top of

the mineral material was indicated by the symbol “L”. The cores of

the remaining dune plots were already visually divided into soil

horizons in the field (Figure 4). Additional geogenic and pedogenic

characteristics were added to qualify the main soil horizons.

The Ct and Nt concentrations of the top- and subsoil horizons

increased along both transects toward older dune successional

stages. It was noticeable that the topsoi l horizon Ct

concentrations at the Darsser Ort increased significantly less (0.3

to 3.9 g kg−1 DW) than at Pramort (0.4 to 17.8 g kg−1 DW)

(Table 3). At the Darsser Ort, significant differences in the Ct

concentration (p < 0.001) were detected between the younger dune

successional stages (YD and eGD) and the older ones (lGD and

MD). At Pramort, significant differences in the Ct concentrations

(p < 0.001) between all dune stages, except for the windwatt and the

yellow dune, were determined. Organic carbon (Corg) was detected

in all samples and increased clearly in the topsoil horizons along

both transects. Although both transects started with almost similar

Corg concentrations (yellow dune (DO) = 0.3 g kg−1 DW; windwatt

(PO) = 0.4 g kg−1 DW), the values then differed significantly from

each other in the mature dune area at Darsser Ort (3.9 g kg−1 DW)

compared to Pramort (17.7 g kg−1 DW). In general, an increase in

the Ct and Corg carbon content was observed in the top- and subsoil

horizons, however, in the latter to a much lesser extent (Table 3).

The Nt concentrations of the cores showed a less steep increase

along both transects compared to the Ct concentration. The Nt

values at Darsser Ort were in the range of 0.1 to 0.3 g kg−1 DW,

while for Pramort, the values increased from 0.1 g kg−1 in the

windwatt to 0.7 g kg−1 DW in the mature dune area. The

concentrations in the topsoil horizons were higher compared to

the subsoil horizon, similar to the carbon contents (Table 3). For the

significant differences, the pattern for nitrogen is identical to that

for total carbon. The total P concentrations of the sediment/soil

cores were below 0.1 g kg−1. The Pt concentrations were slightly
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higher in the topsoil than in the subsoil horizon. The differences

between the top- and subsoil horizons were highest in the mature

dune areas of both transects. While the Pt values of the windwatt

and the yellow dune at the Pramort scarcely differed from each

other, significant differences in the Pt content were found between

the yellow dune and the grey dune, as well as the mature dune (p <

0.01). At the Darsser Ort, on the other hand, there were no

significant differences in the Pt concentration between the dune

types. The biocrusts generally showed higher Ct, Nt, and Pt contents

than the respective soil parent materials in C-horizons (Table 3).

Overall, the iron (Fe) contents of all samples were low,

averaging 790 mg kg-1 for total Fe (Fet), 210 mg kg-1 for

dithionite-citrate-bicarbonate extracted Fe (Fedit), and 24 mg kg-1

for oxalate extracted Fe (Feox). The lowest concentrations of Fedit
and Feox were detected in the windwatt and YD samples, and the

highest in the mature dune samples. Slightly irregular increases in

the Fedit contents toward the inlands were recognized, which

confirmed an advanced degree of weathering of Fe-containing

minerals and the formation of secondary pedogenic oxides in this

direction. The ratios Fedit/Fet ranged between 0.14 and 0.4. The

Feox/Fedit ratios ranged between 0 and 0.2 (Supplementary Table 3).

The topsoil horizons of the sample cores were low in calcium

carbonate (CaCO3). However, if a distinction was made between the

topsoil and C-horizons, the latter had significantly more carbonate,

except for the mature dune at Pramort. The pH (CaCl2) was measured

in the sediment/soil cores, if possible, in all divided soil horizons. At

both transects, the pH decreased with increasing dune succession. All

samples were slightly to strongly acidic, with pH values ranging from

3.6 to 6.2. At the Darsser Ort transect, no difference in the pH between

different horizons was measured. However, at Pramort (grey dune and

mature dune), the L/Ah horizon tended to be more alkaline than the

underlining ilC horizon. The values for the electrical conductivity of the

saturation extract in the sediment/soil cores were below 0.75 mS cm−1

in all samples, which is a threshold for description of a soil horizon as

“saltish” according to Ad-hoc Arbeitsgruppe Boden (2005)

(Supplementary Table 4).
3.2 Sequentially extracted P (P pools)

The Pt concentrations in the topsoil horizons were generally

very low. The Pt concentrations of sequentially extracted fractions

were below the detection limit of ICP OES (≤ 0.05 mg L−1).

However, determination of molybdate reactive P was possible,

which is considered to be inorganic P (Pi). Whenever the ICP

OES values were above the detection limit, they were used to

calculate the organic phosphorus (Po) content of the sample as well.

For the coastal dune area at Darsser Ort, the H2SO4 fraction had

the highest P concentrations and proportions in the soil samples (27.6

to 35.4 mg kg−1, corresponding to 46.2% to 56.6% of Pt; Table 4). This

was the only fraction where Pi and Po could be distinguished. On the

other hand, at Pramort, the labile P fractions (resin-P and NaHCO3-

P) exhibited the highest P concentrations and proportions (25 to 45.4

mg kg−1, 56.4% to 74% of Pt; Table 4). Proportions of NaOH-P

(moderately labile Pi and Po, latter only at Pramort MD) ranged
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between 0% and 8.7% of Pt at Darsser Ort and 0% and 26% of Pt at

Pramort. The distribution of the different P fractions showed the

same trends with increasing age and soil development at both

transects. An enrichment of more labile (easily bioavailable) P was

observed at Darsser Ort. At Pramort, the enrichment became more

obvious in the moderately labile P fraction. At the same time, the Ca-

bound P concentrations and proportions (H2SO4-fraction) decreased.

This trend was more pronounced at the Pramort dune

chronosequence than at Darsser Ort. For all sediment/soil cores of

the Darsser Ort and Pramort transect, the proportions of summed Pi-

fractions ranged between 76.7% to 81.1% and 80.8% for 97.2% of Pt,

respectively. The proportions of summed Po fractions were between

18.9% to 23.3% of Pt at Darsser Ort and 2.8% to 25.8% of Pt along the

Pramort transect. In the biocrusts of coastal dunes, the P contents

were larger by factor three than in the sediment/soil cores. Labile and

easily soluble P was absolutely enriched at the expense of Ca-bound P
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(H2SO4-fraction) similar to the finding for sediment/soil cores

(Supplementary Figure 4).
3.3 Vegetation survey

At both study sites, a general shift from bare sediment via

microalgae-dominated biocrusts in younger dunes to moss- and

lichen-dominated biocrusts covers in later dune stages was

observed. At Darsser Ort, the biocrusts percentage coverage

ranged between 0% and 72% in the different dune stages, while at

Pramort it was 0% and 76%. The dominating biocrust cover showed

high variability between the different successional dune stages at

each site. The following simplified figure schematically illustrates

the distribution of the dominant functional groups along an

idealized dune succession gradient (Figure 5).
TABLE 4 Concentrations (mg kg−1) of sequentially extracted inorganic (Pi) and organically bound (Po) phosphorus fractions (mg kg−1) in the topsoil
horizon of the sediment/soil cores (n = 3).

Study site Sampling plot Labile P Moderately labile P Stable P

Pi (mg kg−1) Pi (mg kg−1) Po (mg kg−1) Pi (mg kg−1) Po (mg kg−1)

Darsser Ort

YD 23.3 4.1 b.d. 18.6 13.4

eGD 21.8 5.4 b.d. 22.7 12.7

lGD 28.3 3.9 b.d. 13.7 13.9

MD 39.6 b.d. b.d. 19.6 13.8

Pramort

WW 31.0 b.d. b.d. 13.4 10.6

YD 25.0 b.d. b.d. 5.5 10.6

GD 45.4 8.5 b.d. 8.6 14.8

MD 32.0 10.2 1.2 b.d. b.d.
Labile P (Resin-Pi + NaHCO3-Pi), moderately labile P (NaOH-Pi + NaOH-Po), and stable P (H2SO4-Pi + Po). Results on biocrusts can be found in Supplementary Figure 4. b.d. = below
detection limit.
Detection limits: ICP OES: Labile P = 0.045 mg P L−1 (resin), 0.076 mg P L−1 (NaHCO3); moderately labile P = 0.046 mg P L−1 (NaOH); stable P = 0.033 mg P L−1 (H2SO4). Molybdenum blue:
Labile P = 0.013 mg P L−1 (resin), 0.007 mg P L−1 (NaHCO3); moderately labile P = 0.012 mg P L−1 (NaOH); stable P = 0.009 mg P L−1 (H2SO4).
FIGURE 5

Schematic dune succession and pictures of the functional groups dominating the individual dune subsites. Primary dune formation (foredune) is assumed in
the scheme. For the dune formation at Darsser Ort, a deviating secondary dune formation at the dune cliff applies. Created with BioRender.com.
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At Darsser Ort, the first dune type under investigation was a

yellow dune at a dune cliff. This had no cryptogamic cover (Figure 6).

The surface was mainly bare sediment (68%) or covered by vascular

plants (20%), identified as Ammophila arenaria (L.) Link. Organic

litter occurred sporadically (12%). When following the transect

inland into the grey dune area, the earliest biocrust covers were

detected in this dune area. The grey dune area could be visually

divided (by dune sand color and vegetation) into an early phase of

grey dune succession (eGD) and a later, more stabilized grey dune

area (lGD). In the eGD, first biocrust covers dominated bymicroalgae

(44%), defined as initial biocrusts, were detected. Furthermore,

smaller mosses and occasionally lichens grew in this early grey

dune area as well (4%). Biocrusts were the dominant surface cover,

with 60% in the eGD area, followed by patches of bare sediment

(20%) and vascular plants (12%) (Figure 6). The late grey dune area

showed a change in dominant biocrust functional groups. Moss-

dominated biocrusts (36%) and those associated with lichens (28%)

covered the lGD area (Figure 6). A thick moss and lichen carpet

overgrew the dune surface with further dune succession. This shift in

the biocrust functional groups denoted the transition into the mature

dune area. The functional groups of moss-dominated (36%) and

moss-lichen-dominated biocrusts (36%) were most present in this

area (Figure 6). Moreover, patchy accumulations of mainly pine

(Pinus sylvestris L.) needles, fallen leaves, and other dead plant

material covered 12% of the investigated dune surface. Bare sand

areas decreased along the dune chronosequence and became rare in

the late grey and mature dunes.

As observed at Darsser Ort, the surface coverage of biological

soil crusts increased along the succession gradient at Pramort, too.

Bare sediment (88%) and organic litter (12%) characterized the

windwatt (Figure 6). This wind flat becomes exposed when the wind

drives water out of the lagoon. Detected litter was therefore mostly

identified as flotsam, remains of reed material, and molluscan shells.

The first biocrusts along the chronosequence were detected in the

following yellow dune area. This sampling plot was dominated by

early microalgae biocrusts (44%). Small mosses associated with

microalgae (12%) occurred only near vascular plants (16%),

identified as Ammophila arenaria. Further inland in the grey

dune area, moss-dominated biocrusts became the prevailing

biocrust functional group (36%). Moreover, this dune
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successional stage had the highest variety of biocrust functional

groups found at all four subsites (three functional groups out of

four) (Figure 6). The following mature dune area was partly forested

with pine trees, like the mature dune area at Darsser Ort. Mosses

were dominating and interspersed with lichens.
3.4 Biocrust phototrophic
community composition

3.4.1 Algae and cyanobacteria
In total, 25 algal and cyanobacterial species have been detected

at seven out of eight sampling plots. The richness of species was

expressed as the total species number identified per plot. The only

plot showing no species was the yellow dune at Darsser Ort. A total

of 21 algal species (10 at Darsser Ort, 14 at Pramort) and four

cyanobacterial species were detected using culture-dependent

methods, followed by morphological identification (Table 5 and

Figures 7A–R). Along the Darsser Ort transect, the early grey dune

showed the highest algal species richness (six out of 11 species). The

yellow dune plot was the most rich in species (seven out of 17

species) at the Pramort transect.

Fourteen species of Chlorophyta dividing into two classes were

determined (eight species of Chlorophyceae, six species of

Trebouxiophyceae). The phylum of Charophyta was represented

by three classes with the Klebsormidiophyceae being the most

widespread (five out of seven Charophyta species). Four species of

Cyanobacteria were found: representatives of Oscillatoriales and

Nostocales. The most frequently detected species were Interfilum

terricola (Figures 7E, F), Klebsormidium crenulatum (Figures 7A,

B), and Tetradesmus arenicola (Figures 7G–I). Klebsormidium

crenulatum was the dominant algal species in all plots, if present.

If cyanobacteria occurred, these were almost always the dominant

species in the respective plot (DO: eGD; PO: WW, GD). The

remaining species dominated in two [Klebsormidium cf. subtile

(Figure 7C) and Nostoc cf. linckia (Figure 7J)] or just one sampling

plot. Both study sites had only 12% (three species) of the identified

species in common (Supplementary Figure 5A). Biocrusts of

different sampling sites are characterized as cyanobacterial (with

dominance of Nostoc, windwatt, and grey dune of Pramort), green
FIGURE 6

Summary of the vegetation survey. The percentage of the area covered by the different functional groups as determined with the point intercept
method along the two transects. Darsser Ort; dune types: YD, yellow dune; eGD, early grey dune; lGD, later grey dune; and MD, mature dune. Site:
Pramort; dune types: WW, windwatt; YD, yellow dune; GD, grey dune; and MD, mature dune.
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(with dominance of Klebsormidium, later grey and mature dunes of

Darsser Ort as well as yellow dune of Pramort) or mixed nature

(Microcoleus cf. vaginatus (Figures 7N, O) and Klebsormidium cf.

flaccidum (Figures 7D), early grey dune of Darsser Ort). Mature

dune crust of Pramort included only one occasionally occurring

green algal species (Chloroidium cf. ellipsoideum).

3.4.2 Moss species
In total, 16 moss species (Bryophta) were detected at six of eight

sampling plots in this study. The mature dune plot at Darsser Ort
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showed the highest species number of all investigated plots (six out

of eight species). The species-richest plot along the Pramort transect

was in the grey dune area (Table 6). With the exception of one

species from the Polytrichopsida class (Polytrichum juniperinum),

14 species have been identified, all of which belong to the Bryopsida

class. The remaining two species were assigned to the class of

Jungermanniopsida (Marchantiophyta). Four out of all 16 species

occurred in ≥50% of all moss-holding sampling plots. Two species

(Cephaloziella divaricata and Ceratodon purpureus) were almost

omnipresent; 10 of all detected species were found in one plot only.
TABLE 5 Green algal and cyanobacterial species in biocrusts identified at seven different dune plots using a culture-dependent approach (present
species are colored in grey shade).

Phylum, class Species Darsser Ort Pramort

eGD lGD MD WW YD GD MD

Cyanobacteria

Oscillatoriales Microcoleus cf. vaginatus *
Nostocales Nostoc cf. edaphicum

Nostoc cf. linckia * *
Nostoc cf. commune *

Chlorophyta

Chlorophyceae Actinochloris terrestris

Chlorococcum cf. oleofaciens

Chlorolobion lunulatum

Lobochlamys sp.

Macrochloris sp.

Spongiochloris cf. excentrica

Tetracystis cf. sarcinalis

Tetradesmus arenicola

Trebouxiophyceae Chloroidium cf. ellipsoideum

Eremochloris cf. sphaerica

Myrmecia cf. irregularis

Nannochloris sp.

Parietochloris cf. alveolaris

Pseudochlorella sp.

Charophyta

Chlorokybophyceae Chlorokybus atmophyticus

Klebsormidiophyceae Klebsormidium cf. flaccidum *
Klebsormidium cf. subtile *
Klebsormidium crenulatum * * *

Interfilum terricola

Interfilum cf. massjukiae

Zygnematophyceae Cylindrocystis cf. crassa
frontier
An asterisk in the grey boxes indicates the dominant species at the respective dune subsite detected during direct microscopy of the environmental samples. Site: Darsser Ort; dune types: early
grey dune (eGD), later grey dune (lGD), and mature dune (MD). Pramort; dune types: windwatt (WW), yellow dune (YD), grey dune (GD), and mature dune (MD).
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The two study sites showed 37.5% (six species) of the identified

species in common (Supplementary Figure 5B).

3.4.3 Lichen species
In this study, 26 lichen species were found at five out of eight

sampling plots (Table 7). The late grey dune and mature dune plots at

Darsser Ort, as well as the grey dune andmature dune plots at Pramort,

hardly differed in the number of lichen species. The early grey dune
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area at Darsser Ort was the species poorest lichen-holding sampling

plot (three of 26 species). All determined lichen species belonged to

families of the class Lecanoromycetes, and 24 out of 26 species were

members of the order Lecanorales. Cladonia was the dominant genus

across both study sites. Of the determined species, 19 belonged to this

genus; 14 out of the overall detected species were found at both

sampling sites (53.9%) (Supplementary Figure 5C). Lichen species

that preferred to grow on sandy substrates predominated at both
FIGURE 7

Representative algae and cyanobacteria from the biocrusts of Darsser Ort (DO) and Pramort (PO). (A, B) Klebsormidium crenulatum [(A) PO-YD;
(B) DO-lGD]; (C) Klebsormidium cf. subtile (PO-YD); (D) Klebsormidium cf. flaccidum (DO-eGD); (E, F) Interfilum terricola [(E) DO-lGD; (F) PO-YD];
(G–I) Tetradesmus arenicola [(G) PO-WW; (H, I) DO-eGD]; (J) Nostoc cf. linckia (PO-WW); (K) Tetracystis cf. sarcinalis (PO-WW); (L) Chlorokybus
atmophyticus (DO-lGD); (M) Spongiochloris cf. excentrica (PO-WW); (N, O) Microcoleus cf. vaginatus (DO-eGD); (P) Actinochloris terrestris (DO-
eGD); (Q) Chlorococcum cf. oleofaciens (PO-GD); (R) Eremochloris cf. sphaerica (PO-WW). Scale bars = 10 µm.
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study sites. Only four out of 26 determined species are known to

preferably grow on litter. A detailed table on the pH preference of the

individual taxa is compiled in Supplementary Table 5. Those litter-

preferring species were found in the lGD (DO) and respectively grey

dune area (PO) and belong to the subneutrophytic and basidophytic

lichen species. Strongly acidophytic species (e.g., Cladonia macilenta)

were found especially in the mature dune area.
3.5 Relationship between chemical soil
properties and biocrust communities

A relationship between nutrient element concentrations in the

biocrusts (Ct, Nt, Pt) and their successional stage became obvious.

The growth of moss-dominated biocrusts in later successional dune

stages led to enhanced biomass production in these dune types. The

parallel increase in the Chl a content confirmed this observation.

Hence, a directly related nutrient element accumulation could be

proven. The total species number of mosses and lichens (alpha

diversity = a) in the biocrusts differed between the successional

dune stages, as visualized in the nMDS plot (Figure 8). A grouping

of the early dune successional stages (PO:WW and YD; DO:eGD)

relative to the older ones was evident from the biocrust community

(PO:GD and MD; DO:lGD and MD). The PerMANOVA showed

significant correlations between the community composition of the
Frontiers in Ecology and Evolution 15
biocrusts and enrichment with Ct (p = 0.038) and Pt (p < 0.01) in the

topsoil horizons.
4 Discussion

4.1 Analyses of nutrient and sediment/
soil characteristics

In contrast to previous studies, which only examined Ct and Nt

element concentrations in individual dune types, this study

measured for the first time changes in these element

concentrations along an entire dune succession. Thereby, the Ct

and Nt contents increased along both successional dune gradients.

The Ct concentrations of the biocrusts measured at Darsser Ort

(0.9–29.9 g C kg−1) were similar to results from a former study (3.4–

48 g C kg−1) conducted on the islands Rügen and Usedom, which

are 70 to 100 km further east (Baumann et al., 2019). The Ct

contents of biocrusts measured in the grey and mature dunes at

Pramort (58.8 g C kg−1 and 61.7 g C kg−1, respectively) and Darsser

Ort (14.8 g C kg−1 and 29.9 g C kg−1, respectively) were similar to

biocrusts from temperate forests (23–56 g C kg−1) (Baumann et al.,

2017). The biocrusts in the later successional dune stages at Pramort

(PO) were more dominated by mosses than at Darsser Ort (DO), as

reflected in their higher proportion of organic matter and larger Ct
TABLE 6 Moss species in biocrusts detected at six different dune plots (present species are colored in grey shade).

Division, class Species Darsser Ort Pramort

eGD lGD MD YD GD MD

Bryophyta

Bryopsida Brachythecium albicans

Ceratodon purpureus

Dicranum scoparium

Hennediella heimii

Hypnum cupressiforme

Hypnum jutlandicum

Kindbergia praelonga

Pleurozium schreberi

Pohlia nutans

Pseudoscleropodium purum

Ptychostomum compactum

Ptychostomum moravicum

Rhynchostegium megapolitanum

Polytrichopsida Polytrichum juniperinum

Marchantiophyta

Jungermanniopsida Cephaloziella divaricata

Lophocolea bidentata
frontier
Darsser Ort; dune types: early grey dune (eGD), later grey dune (lGD), and mature dune (MD). Site: Pramort; dune types: yellow dune (YD), grey dune (GD), and mature dune (MD).
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values (Table 3). Not surprisingly, the Ct concentrations in the

biocrusts always significantly exceeded those of the underlying soil

horizons because of the organism’s biomass and their released

metabolites in the biocrust matrix. Furthermore, Ct in the soil

samples was almost exclusively organically bound, which can be

explained by low proportions of carbonate from marine organisms

such as the shells of mussels. This indicates that organic molecules

formed in the biocrusts may have been translocated downwards in

the soil profiles, pointing to a strong influence of the biocrust

community on the underlying soil horizons, which otherwise

scarcely receive organic carbon from other sources. The

importance of the biocrust community forming the first organic
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layer at the topsoil horizon becomes obvious. Moreover, fungal

hyphae, bacterial communities, and moss rhizomes connect the

biocrust with the underlying soil and sediment and support nutrient

transfer to these less inhabited compartments (Eldridge and Greene,

1994). An increase in the Nt concentration in the biocrusts along the

succession gradients was also observed (Table 3). Likewise, the Nt

concentrations in the biocrusts were above those of the underlying

soil and sediment samples. Zhao et al. (2010) showed that biocrust-

fixed atmospheric N is an important N source for the ecosystem and

its vegetation restoration in the Loess Plateau, China, by

accumulating between 4 and 13 kg N ha−1, depending on the

dominant biocrust type. Further studies confirmed this
TABLE 7 Lichen species in biocrusts detected at five different dune plots (present species are colored in grey shade).

Phylum, class, order (Mycobiont) Species Darsser Ort Pramort

eGD lGD MD GD MD

Ascomycota

Lecanoromycetes

Lecanorales Cladonia arbuscula

Cladonia chlorophaea

Cladonia ciliata

Cladonia coccifera

Cladonia fimbriata

Cladonia floerkeana

Cladonia foliacea

Cladonia furcata

Cladonia glauca

Cladonia humilis

Cladonia macilenta

Cladonia novochlorophaea

Cladonia portentosa

Cladonia ramulosa

Cladonia rangiformis

Cladonia rei

Cladonia scabriuscula

Cladonia subulata

Cladonia uncialis ssp. biuncialis

Evernia prunastri

Hypogymnia physodes

Polyozosia persimilis

Scoliciosporum gallurae

Peltigerales Peltigera hymenina

Teloschistales Physcia tenella

Xanthoria parietina
frontier
Site: Darsser Ort; dune types: early grey dune (eGD), later grey dune (lGD), and mature dune (MD). Site: Pramort; dune types: grey dune (GD) and mature dune (MD).
sin.org

https://doi.org/10.3389/fevo.2023.1266209
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Kammann et al. 10.3389/fevo.2023.1266209
biologically mediated terrestrial N accumulation by biocrusts for

temperate forests (Glaser et al., 2018) and the Arctic tundra

(Pushkareva et al., 2022).

Only very low iron (Fet) contents were measured in the topsoil

horizons at both study sites. The Fet values at all sampling points at

Darsser Ort were higher than those at Pramort, suggesting a larger

supply of Fe-containing minerals in the parent rock material at this

site. The proportion of dithionite-soluble iron (Fedit) increased

along the dune chronosequence, confirming an advanced degree

of mineral weathering towards the inland. Cornell and

Schwertmann (2003) described the Fedit/Fet ratio as a measure of

soil development, and values between 0.2 and 0.3 indicate

progressing soil development in the northern hemisphere. The

Fedit/Fet ratios measured in this study (DO: 0.14–0.3, PO: 0.17–

0.4, Supplementary Table 3) confirmed the beginning of soil

development in the dunes. Initial silicate weathering is expected

to lead to an increase in oxalate-soluble iron (Feox) contents

(Cornell and Schwertmann, 2003) with dune succession, as the

present study indicated for temperate coastal dunes at the Baltic Sea

coast. However, both chronosequences did not show the expected

decrease in Feox/Fedit ratio with soil development, according to

Cornell and Schwertmann (2003). This result indicates that at least

the investigated dunes of the Baltic Sea could be an exception here.

Likely, such a development is possible if the supply from

weatherable Fe-containing minerals in the parent rock material or

the developing soil is sufficiently high for a continuous and

subsequent Feox supply. If this replenishment stops, the expected

development of pedogenic Fe oxides cannot happen over time. Most

probably, that was the case in both studied dune areas since the Fet
supply in the quartz-rich sand might have been quickly exhausted
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over time. In the case of the younger dune types, advanced

weathering of Fe-bearing silicates cannot be expected (Fischer

et al., 2010).

The various possible soil-forming processes in the Holocene

sands of the dunes were related to decreases in sediment pH in

parallel to the calcium carbonate weathering in the sediment/soil

cores. The measured carbonate contents at all dune subsites were

very low (0–2.1 g kg−1). They were clearly below the values

measured on the coast of Rügen (14.6–127.8 g kg−1) and Usedom

(6.6–7.5 g kg−1) (Baumann et al., 2019). Likely, the chalk cliffs on

Rügen, mainly formed by calcium carbonate-containing limestone,

positively influenced the carbonate concentration in the northeast

part of the island. Slightly higher carbonate contents in the younger

yellow dune stages (Supplementary Table 4) represented the

original, almost unweathered parent material, which is shell-

containing dune sand. A decrease in the carbonate content with

dune succession suggested an ongoing decalcification of the sandy

sediment. This observation is consistent with the studies on the

Arenosols of dunes on the island Spiekeroog (Giani and Buhmann,

2004; Pollmann et al., 2018). In all previously mentioned studies,

the top sediment layers had lower carbonate contents than the

subsediment. This observation reflects the metabolic activity of the

biocrusts and their impact on soil formation in sandy substrates.

Due to CO2 and H+ produced during microbial soil respiration

(Kuzyakov, 2006) and the excretion of organic acids, biocrusts

releasing these substances could potentially promote a more rapid

decalcification in the uppermost sediment layer (Fox, 1995; Belnap,

2011), thereby forming a soil horizon. Consequently, carbonate

appeared enriched in the deeper horizons of the older dune types,

which can be explained as an indication of the original sediment Ca-
FIGURE 8

The nMDS plot based on the Bray–Curtis dissimilarity index visualized the differences and similarities in the community composition of grouped lichen,
mosses, and algae (a-diversity) between the seven sampling sites. Yellow: accumulation coast (Pramort). Dune types: WW, windwatt; YD, yellow dune;
GD, grey dune; and MD, mature dune. Blue: abrasion coast (Darsser Ort). Dune types: eGD, early grey dune; lGD, later grey dune; and MD, mature dune.
The black arrows indicate the influence direction of the significantly correlated biocrust and sediment characteristics. Stress = 0.04.
frontiersin.org

https://doi.org/10.3389/fevo.2023.1266209
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Kammann et al. 10.3389/fevo.2023.1266209
carbonate content, perhaps plus precipitates from leached Ca- and

hydrogen-carbonate ions. Calcite weathering is a fundamental soil-

forming process in all Ca-containing parent rocks, including

Pleistocene glacial till and Holocene dune sands (Earle, 2019;

Daumantas et al., 2022), and could be tracked in detail along a

chronosequence in this study.

The decrease of the pH along the chronosequences is in line

with results from the coastal dunes of the North Sea island

Spiekeroog (Isermann, 2011; Pollmann et al., 2020). The drop in

pH was more pronounced in the topsoil horizon along the

chronosequence at Pramort (pH 6.2 to 3.6) than at Darsser Ort

(pH 5.0 to 4.3). This indicates that the dunes at Darsser Ort are

older than those at Pramort, assuming similar calcite contents and

aboveground impacts on the acidity of the sediment, either from the

atmosphere or the initial organism colonization. Isermann (2011)

measured a pH of 4.6 in early and 3.4 in mature grey dunes. The

same applies to a study by Giani and Buhmann (2004), who

reported a pH of 4.0 in grey dunes. These analytical data

underline the fact that the dunes at Darsser Ort were in a later

developmental stage compared to Pramort. The area, initially

described as a yellow dune at a dune cliff, is more likely to be an

eroded grey dune based on the measured pH (pH 4.9). The dune

cliff was continuously covered with a large amount of sand as part of

a secondary dune formation process and was therefore designated

as a yellow dune in the present study. Isermann (2005) detected that

the species richness of vascular plants was greatest at intermediate

levels of soil pH along the Baltic Sea coast. The present study was

now able to establish such a connection for the algal community in

coastal sand dunes of the Baltic Sea since the highest algal species

richness was detected in the (early) grey dune stages.
4.2 Total phosphorus and P
pools (fractionation)

The total P of the sediment did not decrease, neither in the top-

nor the subsoil horizon, with the successional development of the

dunes along both chronosequences. This disagrees with the Pt
decrease during soil formation, as reported by Walker and Syers

(1976). A reason could be that soil formation along both dune

successional gradients has not yet progressed far. The Pt

concentration of the biocrusts ranged between 35 and 199 mg kg−1,

which is slightly less compared to a study by Schulz et al. (2015) (90–

310 mg kg−1) along a weathering gradient at the Baltic Sea coast. This

difference can be explained by the inhomogeneity of the dune sands

with respect to P. The biocrusts accumulated P over time, but the P

content in the underlying sediment remained rather constant along

the gradient and increased only slightly toward the older dunes, as

found at Pramort. This implies that the biocrust community is able to

take up essential amounts of P, irrespective of the parent source

material on the dunes. With this result, the present study highlights a

well-adapted biocrust community that is able to acquire P from

different sources in addition to those from the parent material to

make P bioavailable. The trapping of nutrient-enriched aeolian dust

could be such a potential P source (Reynolds et al., 2001; Chamizo

et al., 2012) or P-containing precipitation, which is a quantitatively
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important nutrient source in the study region (Berthold et al., 2019).

Furthermore, it was evident that the P concentration in the topsoil

horizons exceeded that in the subsoil horizons. This indicates that

some of the P biologically accumulated in the biocrusts has been

transferred into the subsoil horizons through leaching or any other

redeposition process. Thus, our data confirmed Young et al. (2022),

who described this as one of the main mechanisms by which biocrust

fertility is transferred downward in the soil.

In the early successional dune stages at Darsser Ort, stable P was

identified as the major P pool. This included Ca-bound P, e.g., P in

primary minerals such as apatite, P occluded within sesquioxides, as

well as stable organic P compounds (Hedley et al., 1982; Sims and

Pierzynski, 2005). Moderately labile P, likely originating from P

bound to Fe-/Al-oxide surfaces (Hedley et al., 1982), constituted a

minor proportion of the P pools at Darsser Ort (Table 4). This can be

explained by the low contents of weatherable Fe-containing minerals

and already-formed Fe oxides in the aeolian sands. The proportion of

labile and bioavailable P compounds continued to increase with dune

succession and became the major P pool in later dune types. Such a

conversion took place at the expense of the stable P pool, which is in

line with the results of Baumann et al. (2019) from a similar study

area. In contrast, the labile P was identified as the major P pool in all

dune types along the dune chronosequence at Pramort. The relative

proportion of P in this pool continued to increase (56% to 74% of Pt)

as dune succession progressed (Table 4). The proportion of stable-

bound P played only a minor role in the later dune types and was no

longer measurable in the mature dune area. This development

indicated an accumulation of easily available P in the topsoil

horizon, which indicated the microbial activity of the biocrust

organisms as assumed in hypothesis (5). It remains to be clarified

whether this labile P pool is a P source accessible to other organisms.

Hence, it is possible that P was stored in the biocrust organisms and

was thus involved in a more closed P cycle. The proportion of

organically bound P (Po) in the biocrusts was higher than in the

underlying sediment, reflecting the presence and biological activity of

biocrust organisms as well as their organic decomposition products.

The low to non-detectable proportion of Po (0%–1.2% of Pt)

calculated for the younger dune types was likely due to the low

amounts of organic matter found on these dune types.
4.3 Biocrust characteristics and
vegetation survey

The sand dunes on the peninsula Fischland-Darss-Zingst are

one example in which microbial diversity changed with soil

development during natural succession, which so far has received

little attention in this area. In younger dune habitats, which are

more endangered by erosive wind forces leading to sand mobility

(Martıńez et al., 2001), algae-dominated biocrusts predominated.

Moss-dominated biocrusts were found in older dune succession

stages. The highly mobile dunes nearshore and the airborne salt

spray shape environmental conditions where colonization is

difficult (Hesp, 1991; Garcıá Novo et al., 2004). Consequently,

only small to no biocrusts could be formed in mobile dunes. This

explained the low chlorophyll a values and organic matter content
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measured in the windwatt (Pramort) and the yellow dune area at

Darsser Ort. The Chl a likely changed with sampling site, season,

and biocrust communities. As expected, and in agreement with

Büdel et al. (2009), a significant increase in the biocrust Chl a

content from the early successional stage to the later ones was

observed. Langhans et al. (2009) measured Chl a content between

11 and 295 mg m−2 in a temperate sand ecosystem in the northern

upper Rhine valley in south Hessen, Germany, which were similar

to those of the present study (1 to 483 mg m−2). Whereas Langhans

et al. (2009) could not prove an increase in Chl a content between

initial and stable biocrusts, this was for the first time proven for the

biocrust succession on the peninsula Fischland-Darss-Zingst. While

the moss-dominated biocrusts grown under temperate climatic

conditions reached Chl a values up to 483 mg m−2, Büdel et al.

(2009) demonstrated significantly lower concentrations in

bryophyte-dominated biocrusts in arid regions (120 mg m−2).

Further enrichment of the organic matter content along a dune

chronosequence was expected, based on the theory of Clements

(1916) of habitat alteration and facilitation. The findings of the

present study confirmed the assumption of Clements (1916). While

in transitional dune areas, the establishment of mature biocrusts

was rarely observed, moss-dominated biocrusts took over in the

mature dune areas and covered the majority of the dune surface.

This dune area is characterized by increased sand stabilization along

with less sand accumulation (Martin, 1959) and represents the latest

phase of dune succession. The accumulation of organic matter is an

indicator of early soil formation (Ampe and Langohr, 2003; Dümig

et al., 2014), which is assumed to be based on faster biomass

formation and litter input than decomposition within the studied

two dune areas. Furthermore, it was proven that biocrusts of mature

successional stages were capable of promoting sediment moisture,

as reflected by an increase in water-holding capacity and water

availability of the thicker moss-dominated biocrusts (Gypser et al.,

2016; Sun et al., 2022). Compared to algae-dominated biocrusts,

mosses can absorb more water per biomass unit (Gypser et al.,

2016) and transfer it via their rhizoids into deeper soil layers

(Kidron et al., 2010). Thus, these mature biocrusts fulfill a

relevant function for colonization with higher vegetation, which is

essential for dune stabilization and finally coastal protection.
4.4 Community composition of the
phototrophic species within the biocrusts

Within the present study, the algae species richness was lower

compared to other studies conducted in temperate regions. Schulz

et al. (2015), for example, detected 70 cyanobacterial and non-

diatom algal taxa in association with biocrusts in the coastal dunes

of the Baltic Sea islands Rügen and Usedom. Common to both

studies was the fact that green algae showed the highest species

richness in biocrusts, which is well known from humid terrestrial

habitats (Hoffmann, 1989; Glaser et al., 2018). Moreover, 76% (19

species) of the identified algal species composition of the present

study is in agreement with those algae from biocrusts of Rügen and

Usedom (Schulz et al., 2015; Mikhailyuk et al., 2019). Several rare

and taxonomically interesting green algal species common for both
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studies were found: Tetracystis cf. sarcinalis, Tetradesmus arenicola

[described from sand dunes of Germany and Ukraine (Mikhailyuk

et al., 2019)], Eremochloris cf. sphaerica, Chlorokybus atmophyticus,

and Interfilum cf. massjukiae. Nevertheless, representatives of the

Chlorophyta were never the dominant algal group in all types of

dunes studied, for several reasons. Representatives of the genus

Klebsormidium (Charophyta) as well as the cyanobacterial genera

Nostoc and Microcoleus tend to be the dominant species along both

chronosequences. Klebsormidium exhibits a wide tolerance to

temperature, irradiance, and water availability (Karsten and

Rindi, 2010; Holzinger and Karsten, 2013), and their sticky

filaments provide optimal traits to glue sand particles together.

With this broad ecological tolerance and properties, Klebsormidium

can easily cope with the harsh conditions in the dunes and coexist in

competition with other cryptogamic species, such as mosses and

lichens. Klebsormidium crenulatum is a typical soil crust-forming

alga widespread at coastal sand dunes of the Baltic (Schulz et al.,

2015) as well as the Black Sea (Mikhailyuk et al., 2021). Nostoc and

Microcoleus are commonly found in the biocrusts of drylands

(Lange and Belnap, 2016). One of Nostoc’s many survival

strategies includes the production of exopolysaccharides, which

leads to enhanced soil particle aggregation and the prevention of

dune erosion (Büdel et al., 2016). This functional trait makes this

genus particularly interesting, such as for coast protection

measures. Further, Roncero Ramos et al. (2019) mentioned the

potential benefits of Nostoc for reclaiming degraded soils by

enriching them with organic carbon and nitrogen. Cyanobacteria

generally play a crucial role in the enrichment of sandy sediment

with nutrients, especially in this nitrogen-poor habitat (Langhans

et al., 2009; Zhang et al., 2009). Nevertheless, it must be taken into

account that the morphologically determined richness of algae

species in enrichment cultures is lower than in nature. Since

enrichment cultivation stimulates the growth of only culturable

algae, information about the identity of other, often rare species is

underrepresented (Langhans et al., 2009). Using molecular

biological methods such as eDNA barcoding, it is assumed that

more, but still not all species could be identified (Rippin et al., 2018).

Moss- and lichen-dominated biocrusts covered large parts of

the later successional dune stages (Tables 6, 7). Leuschner and

Ellenberg (2017) described the development of a cryptogamic layer

as an indicator of the development of grey dunes. Hence, the

cryptogams are not in danger of being buried by sand anymore.

Furthermore, these authors assumed cryptogams to stabilize

drifting sand grains and to accumulate and transfer organic

matter into the underlying soil layers. Martıńez and Maun (1999)

showed a high tolerance of Ceratodon purpureus against burial by

up to a 7 cm thick sand layer. Comparable to this, Gypser et al.

(2016) identified C. purpureus as a characteristic species growing in

the initial soils of postmining sites in Lower Lusatia, NE Germany.

This is consistent with the fact that C. purpureus was the dominant

moss species, particularly in the later stages of dune succession at

Pramort and Darsser Ort. Hennediella heimii was found in the late

grey dune of Darsser Ort and the mature dunes at Pramort. The

distribution of this halophytic moss species is linked to the natural

salinity gradient in coastal habitats. A recent study by Eldridge et al.

(2023) provides a detailed insight into the contribution of soil
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mosses to ecosystem services, highlighting their value for carbon

sequestration and soil, as well as P in soils globally.

The lichen community of the biocrusts at both study sites was

dominated by species of the genus Cladonia. Those species prefer to

grow in sands with acidophilic conditions and were therefore found

mainly in the later successional stages of the dune landscape, where

pH < 5.5 was measured. It can be assumed that Cladonia and other

lichen species fulfill important ecological functions in the dune

ecosystem. For instance, the lichens within the biocrusts might be

involved in the accumulation of available P since the present study

points to an enrichment of the labile and easily soluble P fraction at

the expense of Ca-bound P (H2SO4 fraction) (Table 4). Jung et al.

(2020) demonstrated the biogeochemical function of lichens within

so-called grit crusts in the bioweathering of P-containing minerals

of the underlying soil, since they found a significantly higher total P

concentration in the second sediment centimeter (643 mg kg−1

average P concentration) than in the first one (211 mg kg−1 average

P concentration). They interpreted this as P transfer through fungal

hyphae that penetrated the material. Another functional trait of

lichen-dominated biocrusts might be maintaining resistance to

ecosystem invasion (e.g., non-native species or higher shrubs), as

shown by Deines et al. (2007) and Serpe et al. (2008) in two shrub-

steppes (Northwestern and Southeastern USA, respectively).

However, this trait can also be weakened by environmental

influences like nutrient enrichment. Even low to medium

nitrogen deposition impacts the vegetation in acid coastal dunes

of the Baltic Sea, promoting the dominance of taller graminoids

(Remke et al., 2009), and, thus, habitats for lichens may decline.

Further development of the lichen community on the dunes

remains an interesting research topic for the future.
5 Synthesis

This study highlights the successional development of a diverse and

changing cryptogamic community along two temperate dune

chronosequences of the Baltic Sea coast in conjunction with initial

soil formation processes. The results clearly point to a dune-type-

dependent, specific phototrophic community composition. While

mobile dune types, which initially only provide a small amount of

nutrients, are dominated by thin microalgae-dominated biocrusts,

older dunes are dominated by mosses and lichens. The processes of

earliest soil development on Holocene deposits along the Baltic Sea

coast include acidification and decalcification of the sediment. In

addition, pedogenic Fe compounds and organic matter are

accumulated, along with enrichments in bioavailable plant nutrients

such as phosphates. More mature biocrusts accumulated more carbon

and P than thinner microalgae-dominated biocrusts due to a higher

biomass formation. With this initial phase of soil development, the

assumed enrichment of easily soluble and therefore bioavailable P

compounds, especially in the mature biocrusts and the adjacent

underlying topsoil horizons, could be approved. In conclusion, all

these data emphasize the important ecological functions of biocrust

communities for dune habitats. Subsequent studies could build on this

knowledge and examine, for example, their application in dune

stabilization and coastal protection.
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Komárek, J. (2013). “Cyanoprokaryota. 3rd pt: Heterocytous genera,” in
Süßwasserflora von Mitteleuropa, vol. 19/3 . Eds. B. Büdel, G. Gärtner, L. Krienitz
and M. Schagerl Berlin, Heidelberg: Elsevier. 1130 p.
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