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Abstract. Soil formation is the result of a complex network their functional traits (Torsvik and @vas, 2002). Vice versa,

of biological as well as chemical and physical processes. Thehe soil matrix as well as chemical and physical properties of
role of soil microbes is of high interest, since they are respon-soils, like quality and amount of soil organic matter, pH, and
sible for most biological transformations and drive the devel-redox conditions, have a pronounced influence on the dynam-
opment of stable and labile pools of carbon (C), nitrogen (N)ics of the microbial community structure and function in soils
and other nutrients, which facilitate the subsequent establishdLombard et al., 2011). This close interplay between abiotic
ment of plant communities. Forefields of receding glaciersconditions and the soil biosphere is one of the most fascinat-
provide unique chronosequences of different soil developding issues as far as earth sciences are concerned, with huge
ment stages and are ideal ecosystems to study the interactiomplications on environmental as well as human health (van
of bacteria, fungi and archaea with their abiotic environment.Elsas et al., 2008). Due to the complex interactions, it is not
In this review we give insights into the role of microbes for surprising that the formation of soils with a high level of fer-
soil development. The results presented are based on studigity is a result of more than hundreds of years of soil “evo-
performed within the Collaborative Research Program DFGlution” (Harrison and Strahm, 2008). As a result of global
SFB/TRR 38 lttp://www.tu-cottbus.de/ecosystgmnd are  change in general and the loss of soil quality in particular,
supplemented by data from other studies. The review fo-many soils are threatened. Thus, there is a huge need to de-
cusses on the microbiology of major steps of soil formation.velop strategies for a sustainable protection of soils for fu-
Special attention is given to the development of nutrient cy-ture generations. In this respect the knowledge gained from
cles on the formation of biological soil crusts (BSCs) and onsoil chronosequences might help to improve our understand-

the establishment of plant—-microbe interactions. ing about the development of biotic—abiotic interplays and
to identify factors that drive the formation of soils (Doran,
2002).
Studies on the development of abiotic and biotic inter-
1 Introduction actions are very complex. They require both different spa-

o - _ _ tial and temporal scales (Ollivier et al., 2011). Microbes act
Microbial communities can be considered as architects ofypy 5 scale of ufhand form biogeochemical interfaces with
soils (Rajendhran and Gunasekaran, 2008) and many ecosYe soil matrix, shaping their own environment (Totsche et
tem services that are linked to terrestrial ecosystems, includy) 2010). It remains largely unknown how many interfaces

ing plant production, safeguarding of drinking water or C gre connected and how many interfaces are needed for the
sequestration, are closely linked to microbial activities and
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stability of soil. Furthermore, microbes can change their phe-
notype within minutes depending on the present environmen-
tal conditions at those interfaces by gene induction or repres-§
sion (Sharma et al., 2012). The corresponding transcripts of
ten have half times in the range between seconds and min
utes. Putting this in the frame of soil formation which may
take centuries is a highly challenging issue.

In addition to that, the diversity of soil microbes is huge
and can still be considered as a black box (Simon and Daniel
2011); consequently nobody is so far able to give exact num-
bers on the species or, even more important, on the ecotypt
richness in one unit of soil. Microbes are also able to eas- &
ily exchange genetic information, which induces a very fast Sl
and ongoing diversification of organisms in natural environ- L e
ments, and the genetic flexibility of the whole soil micro- eSS .\ ;
biome can be considered enormous (Monier et al., 2011).5& § o ;
Finally, most functional traits, for example the degradation £
of plant litter or the development of food web structures and
closed nutrient cycles, are not a result of a single organism
but of microbial communities which closely interact which Fig. 1. The forefield of the Damma Glacier (Switzerland) as it devel-
each other (Aneja et al., 2006). Even the development obped in response to the continuous retreat of the glacier. The num-
symbiotic interactions between plants and microbes in soilbers mark important corner points of the forefield: (1) the glacier
(e.g. mycorrhization of plants or legume-rhizobia interac-terminus, (2) the glacier stream, (3) moraine from 1992, (4) moraine
tions) are much more complex than described in text booksfrom 1928, (5) the south flanking moraine and (6) the north flank-
including the involvement of a diverse number of “helper or- ?ng moraine, which l_)oth date back to the end of the Little Ice Age
ganisms” during the infection phase (Frey-Klett et al., 2007).!n 1850. The small pictures are.do.sel.’ps ”O'T‘ 10,50, 70 and 120yr
Timescales for community development and stable micro_lce-free soils, where the 10 yr site is situated in the initial part of the

bi heref il a hiahlv chall . ic of glacier forefield (6—13yr), 50 and 70yr sites in the intermediately
lomes are therefore still a highly challenging topic of re- developed sites (50—80 yr) and the 120 yr site in the most developed

search, and in many cases concepts do not even exist for the, of the forefield (110-160yr). Photos: A. Zumsteg.
formation of microbial communities on the basis of single or-

ganisms being present at a certain point in time of ecosystem

genesis. which emerged during the Little Ice Age around 1850. Two
Forefields of receding glaciers are ideal field sites to studybrief advancements of the glacier in 1928 and 1992 resulted

the initial steps of soil formation, as in a close area of somein two further moraines, which divided the forefield in three

square kilometres a chronosequence of soils of different departs: initial (6-13yr), intermediate (50-80yr) and devel-

velopment stages can be found. As time is substituted byyped sites (110-150yr).

space, a simultaneous comparison of the formation of organ- In this review we summarized our knowledge about the

ismic interactions and of abiotic—biotic interfaces at different role of microorganisms in soil development by using current

development stages is possible. Since the end of the Little Icglata from the chronosequence of the forefield of the Damma

Age around 150 yr ago, most alpine glaciers have been receds|acier and how this improves our view of soils as the most

ing at an increasing rate (Paul et al., 2004). A recent surveymportant bioreactor on earth.

on 97 Swiss glaciers revealed that today most glaciers show

an annual recession of dozens of metres (Paul et al., 2007). A

similar trend can be observed in alpine zones dominated by ~Setting the stage for microbial activity: the role of

permafrost. Permanent permafrost is more and more occur- Weathering

ring in deeper soil horizons (Paul et al., 2007). . . . . . N
g P ( ) The formation of fertile soils from inorganic bedrock implies

Detailed studies on glacier recession and soil forma- ) . . . . .
tion have been performed at the Damma Glacier in cen2 complex interaction of physical, chemical and biological

tral Switzerland (Kobierska et al., 2011). The length of this Processes. The rate _Of the soil development is dominate_d by
glacier has been monitored since 1921, and the rate of re\_/anables such as climate, bedrock type, topography, time,

cession is currently about 10 m per yehttg://glaciology. microorganisms and plants (Paul and Clark_, 1996; Eqgli et gl.,
ethz.ch/swiss-glaciefs/ The forefield has a north-eastern 2011). Usually hundreds of years are required to convert in-
exposition, an inclination of about 21%, and is located organic precursors to humus and eventually distinct soil hori-

at 2050 m a.s.l. Http://map.geo.admin.ch/As depicted in Zons.
Fig. 1, the glacier forefield is flanked by two lateral moraines,
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The climate in alpine zones is characterized by high pre-have been described which catalyse the decay of miner-
cipitation and pronounced fluctuations of temperatures. Forls and the mobilization of nutrients. The mechanisms in-
example, in the cities of Basel, Bern and Zurich (Switzerland,clude enzymatically catalysed reactions, the local reduction
all at an altitude of<550ma.s.l.) the annual precipitation of the pH, and the production of complexing agents such as
is in the range of 140-160 cmyt (http://www.meteosuisse. cyanide, oxalate and gluconic acid and the excretion of trans-
admin.ch/web/en.htrplin contrast, in the Alps, at an altitude port vehicles such as siderophores (Mavris et al., 2010; Styr-
of > 2500 ma.s.|., the precipitation is usua#y250 cmyr 1. iakova et al., 2012). However, many reports on the role of
Nevertheless, microbes can be subject to dry stress in partsacteria and fungi for weathering mainly cover phenomeno-
of the glacier forefield, which are dominated by rocks andlogical experiments in the laboratory (e.g. using fluorescence
sand with a low water holding capacity. In addition, solar ra- staining of biofilms on mineral surfaces or scanning electron
diation (UV and visible range) increases with altitude due microscopy of weathered minerals) and do not necessarily
to decreasing optical air masses (Blumenthaler et al., 1997)llow the prediction of the rates of biological weathering un-
For UVB, the increase is about 9 % per 1000 m and in high-der field conditions. Direct field observations are rare and
altitude glacier forefields; severe effects of UVB on microor- include for example a study on the role of microorganisms in
ganisms cannot be excluded. UVB damage results from a diphosphorus (P) cycling in the forefield of the Damma Glacier
rect absorption of radiation by target molecules such as DNA(Tamburini et al., 2010), which revealed a shift from sub-
and proteins, and usually microorganisms produce secondarstrate derived P at initial sites to internal P turnover at more
metabolites as a photoprotective mechanism. developed sites.

In the mountains not only the radiation during daytime but  For the establishment of microbial life in a glacier fore-
also the back radiation during night-time is higher than in thefield, both the chemical composition of the bedrock as well
lowlands. As a consequence, the temperature fluctuations oas the physical structure of the weathered fractions are im-
the rock and soil surfaces are very pronounced and can eagortant. Siliceous rocks contain a number of minerals which
ily go beyond 40 C within 12 hours (unpublished data). Itis contain essential elements (e.g. apatite is a source of phos-
remarkable that the snow cover in winter and spring providesphorous) and thus favour microbial life. In contrast, the
a good insulation and temperatures on snow covered soilgveathering of calcareous rocks releases very few elements
usually do not fall below OC. Exceptions can be time peri- which facilitate the growth of microorganisms. Some rocks
ods in fall when the air temperatures drop significantly belowsuch as serpentinites even release toxic elements (e.g. Nickel,
0°C and the snow cover only amounts to a few centimetresCadmium) which prevent plant life (Bratteler et al., 2006)
(Korner et al., 1999) and which may also inhibit microbial activities.

The forefield of a receding glacier consists of very het- Soil aggregation is of upmost importance in controlling
erogeneous and distinct morphotypes such as moraines, rogkicrobial structures, functions and plant life. Ideally, the
fields, floodplains, sand hills, erosion channels and mudweathered fractions in a glacier forefield include sand (frac-
slides. From a geomorphological point of view, these featuregion 2 mm to 63 um), silt (63 to 2 um) and clay @ um), and
are formed by complex interactions of glacial, periglacial, thus allow a good diffusion of gases and bacterial motility as
fluvial and gravitational forces. In order to allow a meaning- well as high ion exchange and water holding capacities. Par
ful analysis of experimental data along the chronosequencejcularly clay is often found in glacier forefields (Kobierska
these morphotypes have to be considered, and in addition tet al., 2011; Mavris et al., 2011), and this is essential for ag-
that geostatistical methods have to be employed. In the pasgregate formation and the stabilization of soil organic matter
the mapping of the morphotypes required laboursome fieldPaul and Clark, 1996).
work using triangulation, while today it is usually done by li-  In the forefield of the Damma Glacier, there is little change
dar, radar interferometry and photogrammetry (Harris et al.,in the phyllosilicate clay mineralogy, whereas the amount of
2009). The weathering of rocks depends on the compositiorpoorly crystalline Fe oxides and Al phases increased with
of the bedrock as well as on the environmental conditions.soil development, reflecting a growing potential for soil or-
For example, calcareous rocks are mainly subject to chemganic C stabilization (Dmig et al., 2011). In contrast to
ical weathering (acidic dissolution of the calcium carbon- strongly increasing quantities, only small changes in the
ate) whereas siliceous rocks are mainly fractured as a coneomposition of the Fe and Al pools were detected during ini-
sequence of freezing—thawing cycles. At the Damma Glacietial pedogenesis. Fe oxides and inorganic Al phases mainly
for example, the bedrock consists of Aare granite composedemained poorly crystalline.
of quartz, plagioclase, potassium feldspar, biotite and mus-
covite (Kobierska et al., 2011). The mineralogy of the sand,
silt and clay fractions in the glacier forefield reflects the com-3  Development of initial C and N cycles
position of the bedrock.

Besides chemical and physical processes at this stage, bast the Damma Glacier important macronutrients, such as
teria and fungi can also contribute substantially to the weathphosphorus and sulfur (S), are part of the mineral com-
ering of mineral surfaces. Several biogeochemical processgsosition. Therefore, microbial activity might accelerate the
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release of those elements from the bedrock to supply living33gCnt2 were released via respiration and 2gCm
organisms with P and S. In contrast, C and N are not parteached from the soil. Taking into consideration the to-
of the mineral composition and are scarce in the initial soils,tal C stocks of 90gCm? at the Damma Glacier, these
stressing the importance of studying these geochemical cydata indicate a highly active microbial community degrad-
cles from the view of microorganisms. The concentrations ofing the soil organic matter. Similarly, Bardgett and Walker
the most abundant nutrients are summarized in Table 1. (2004) described a heterotrophic stage of C decomposition
In the initial soils, total C content fluctuates around atOdenwinkelkees Glacier, Austria.
700 ug C g*. Microbial C reached up to 50 ug C§, which In contrast to small changes in clay mineralogy, pro-
is a value also found in semi-arid grassland soils (Dijkstra etnounced shifts of soil organic matter quality with increas-
al., 2006), indicating a high turnover rate of C (Table 1). Thising age of the clay fractions were found at the Damma
is in agreement with soil respiration rates, which are in theGlacier (Dimig et al., 2012). Clay-bound organic matter
range of 130 ug Cot a1 (Gillland et al., 2013a). The source from the 15-yr-old soils was mainly inherited organic C rich
of organic C in the initial soils, however, is a matter of con- in aromatic compounds and rich in compounds carrying car-
troversy. Three different sources potentially contribute C toboxyl groups. With increasing age of the clay fractions (75
the initial soil. First, the deposition of allochthonous organic and 120yr), the formation of organo-mineral associations
matter, such as plant litter, insects, and soot particles, constarted with the sorption of proteinaceous compounds and
tributes considerable amounts of C (Hodkinson et al., 2003)microbial-derived carbohydrates on mineral surfaces. In the
Measurements of allochthonous C deposition range fromacidic soils, ferrihydrite (determined as oxalate-soluble iron)
7.5kg Chatla ! at the Damma Glacier (Brankatschk et al., was the main provider of mineral surfaces and thus impor-
2011) to 34kgChala ! at Toolik Lake, Alaska (Fahne- tant for the stabilization of organic matter. We assume that
stock et al., 1998). Second, C inputs from close-by cyanobacsorption is not the only protective mechanism as poorly crys-
terial and algal communities, such as cryoconite holes otalline Fe phases also interact with organic matter by co-
patches of snow algae, might contribute C to the forefieldprecipitation or micro-aggregation. These results show that
(Kastovsla et al., 2007; Sawstrom et al., 2002; Stibal et al., organo-mineral associations already evolve in early stages of
2008). Third, ancient C might be present in the forefield soil development, whereby mineral weathering and organic
of the Damma Glacier. During the Holocene, glacier basinsmatter accumulation proceed in different timescale$n(iiyy
were vegetated. Dating the sub-fossil remains of trees aneét al., 2012).
peat, warm periods, e.g. around the years 2000, 3900 and Different pools of N are present in the initial soils. As
4900 BP, were identified (Joerin et al., 2006). At this time summarized in Table 1, the content of total N ranges around
glacier valleys were covered by peat bogs with birch and wil-70 ug N g, while the contents of microbial N (6 ug N'g),
low trees. Similarly, at the Damma Glacier it appears possi-nitrate (0.1 pugNg?), and ammonium (0.03 ugNg) are
ble that C originating from ancient vegetation is mixed into considerably lower. As for C, different N sources con-
the initial soil. This hypothesis is supported W= measure-  tribute N to the glacier forefield: (i) N fixation by mi-
ments on the carbon dioxide released from the initial soilscroorganisms and (ii) N deposition. As shown in Fig. 2,
by respiration. Thé1“C value of—68.1 indicates the degra- N fixation is very low in the initial soils at the Damma
dation of ancient C as the main C source in the initial soilsGlacier. Duc et al. (2009) detected N fixation activity in
(Giilland et al., 2013b). In addition, the C content at 5-10 the range of 2 pmolgH;g~1h~1, using the acetylene re-
cm depth (400-500 ug Cg) was similar to the C content duction assay. Another study found N fixation rates below
in the top soil of the most recently deglaciated soils (700-0.2 pmol N1 g1 in the initial soils, using the stable iso-
1100 ug C g1, Bernasconi et al., 2011), indicating that or- tope incorporation method (Brankatschk et al., 2011). The
ganic material has been blended into the soil. lowest N fixation activity was accompanied by the low-
Esperschtz et al. (2011) use’C labelled litter to study ~ est abundance of the N fixation marker gemiéH (2 x
the microbial food web in the initial soils. C flow through 10° copiesg?) at initial sites, confirming the presence of
the food web was traced using phospholipid fatty acidsfew microorganisms capable of the N fixation process. In
and phospholipid ether lipids. In the initial soils, archaea, contrast to the N fixation, the deposition of N is several or-
fungi and protozoa were enriched 1AC. The community  ders of magnitude higher (Brankatschk et al., 2011). Estima-
pattern changed only slightly towards the developed soilstions for wet deposition of nitrate and ammonium ranged be-
where actinomycetes were involved in litter degradation. Af-tween 7 and 11 kg N hid a—1. The total N deposition is esti-
ter twelve weeks of incubation, the litter degradation in the mated to be 10 to 15 kg N hda~L. This indicates the impor-
initial soils was comparable to that in the developed soils,tance of the N deposition as the primary N source in the fore-
again highlighting the activity of heterotrophic microorgan- field, and is supported by stable isotope measurements. The
isms in the initial soil. N in the initial soils exhibits$1°N values of—4 to —2, which
Gulland et al. (2013a) studied C losses from the ini- appear to be typical for initial soils in cold climates and can
tial soils at the Damma Glacier that were ice-free for be explained by the negativé®N of atmospheric N (Smit-
10yr. Within the study period of three summer months, tenberg et al., 2012). The quantification of organic detritus
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Table 1.Plant and soil parameters from initial (6—13 yr), transient (60-80 yr) and developed (110-150 yr) sites and a referen28Gtgnr)
outside the glacier forefield. All nutrient values and the microbial biomass C are given intuBgta were summarized from Bernasconi et
al. (2011), Brankatschk et al. (2011)pfansson et al. (2011),a&hmerli et al. (2007) and Noll and Wellinger (2008).

Approximate soil age

6-13 yr 60-80 yr 110-150 yr 2000 yr

Plant coverage <10% >70% 100 % 100 %

Dominant vegetation Agrostis gigantea, Agrostis gigantea, Rhododendron Agrostis gigantea
Rumex scutatus, Salspp., ferrugieum, Salixspp.,

Cerastium uniflorum,

Deschampsia cespitosa, Agrostis gigantea,

Oxyria digyna Athyrium alpestre Festuca rubra
pHCaC[Z 55 4.7 4.6 3.6
Maximum water holding 3.5 2.4 4.8 6.7
capacity [%]
Microbial biomass C 58 122 241 902
Microbial biomass N 6 19 29 115
Total C 700 4700 12000 39600
Total N 70 250 730 2670
Dissolved organic C 7 18 42 78
Dissolved organic N 0.3 0.9 3 12
NO; 0.1 0.2 1.3 0.8
NH} 0.03 0.2 7 13
NaHO;3 extractable P 6.7 9.7 7.8 n.d.
S 0.25 1.25 870.7 1300

on snow revealed that approximately 0.6kgNha?! is tions at the initial sites and is not able to adapt to laboratory
deposited as particulate organic matter. Decomposition andonditions, thus turnover rates during potential nitrification
mineralization of this organic matter was suggested to bemeasurements are low.
the dominant N transformation process in the initial soils From the analyzed marker genes for denitrification,
at the Damma Glacier (Brankatschk et al., 2011), which isthe nirK gene was the most abundant one witlb st
declared as initial phase in Fig. 2. Also, the marker genesl0® copiesg?l. Since potential denitrification activity was
for the breakdown of organic matter, chitinashify) and low, the highnirK gene abundance might indicate the pres-
proteasedprA) were detected in the initial soils. The abun- ence of facultative anaerobic bacteria in the initial soils, and
dance ofchiA gene was & 10° copiesg?, and theaprA would support the hypothesis of the dominance of mineral-
gene was quantified with % 10° copies g!. Activities of izing microorganisms that are adapted to temporarily water-
other N turnover processes such as nitrification and denifogged conditions, e.g. during heavy rains or snow melt. The
trification were low & 2nmolN g *h~1) in the initial soils  established C and N cycle in the glacier forefield leads to the
(Brankatschk et al., 2011). accumulation of protein-rich organic matter in the very early
The abundance of the marker gene for nitrificattonoA  stages of soil development, which includes a stronger accu-
of ammonia oxidizing bacteria (AOB) was two orders of mulation of carbohydrate-rich material in the course of time,
magnitude higher (2 10 copies g1) than for ammonia ox-  both most probably of microbial origin (@nig et al., 2012).
idizing archaea (AOA) (Brankatschk et al., 2011), which P, next to N, is frequently found to be the limiting nu-
stands in contrast to many others studies (Leininger et al.frient in terrestrial ecosystems. Therefore, the release of P
2006; Schauss et al., 2009). It might be that the conditions irffrom the minerals in the bedrock was at the centre of stud-
the initial soils are more ideal for AOB. On the one hand am-ies at the Damma Glacier. The granite bedrock contains
monium is supplied from atmospheric deposition and miner-approximately 400-600 ug P § soil that is bound to ap-
alization of organic matter, while competition about ammo- atite. However, recent field studies in alpine habitats sug-
nium with plants is low. On the other hand the low pH of the gest that apatite has a limited impact on the microbial struc-
soil is more favourable for AOB than AOA (Gubry-Rangin tures and function (Ragot et al., 2013). The amount of or-
et al., 2011). However, at the same time potential nitrifica-ganic P and deposited P in the initial soil is low, account-
tion measurements were low (Brankatschk et al., 2011). Thisng for 50-60 ug Pg! (Tamburini et al., 2010; Gransson
can be explained by two scenarios: (i) The AOB community et al., 2011) and 0.1-1.2 kg PHea~! (Binder et al., 2009).
at the initial sites of the glacier forefield is inactive per se An even smaller proportion of the P, however, is freely avail-
or (i) the AOB community is adapted to the harsh condi- able as phosphate (0.8 ug P as determined by resin bag

www.biogeosciences.net/10/3983/2013/ Biogeosciences, 10, 33862013
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nitial transient developed
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Fig. 2. The development of the microbial N cycle during soil formation. To exclude the strong influence of the increasing biomass along the
glacier forefield, underlying data were related to ng DNA to be able to compare results from different development stages. Figure modified
after Ollivier et al. (2011).

biomass N

experiments (Bernasconi et al., 2011). Nevertheless, the he2009; Bernasconi et al., 2011), and concentrations of avail-
erotrophic microorganisms as well as plants from the initial able sulfate in the initial soils range from 0.25 ug S gTa-
soils were not P limited (Gransson et al., 2011). However, ble 1). However, in the developed soils the S content is in
the isotopic analysis of the plants P source showed that théhe range of 300 ug S¢ (Bernasconi et al., 2011). Borin et
minerals are the major P source and deposition plays a minaal. (2010) pointed out the importance of S-oxidising bacte-
role (Tamburini et al., 2010). This might underline the micro- ria as first colonizers in microbial communities at the Midtre
bial importance of mineral dissolution during the initial soil Lovénbreen Glacier, Svalbard. If similar processes prevailed
formation process. The dissolution of P and other nutrientsat the Damma Glacier, this would indicate that sulfate is
from the minerals might be accelerated by microorganismgquickly released from the minerals of the initial soil and
releasing organic acids or chelators. This was investigated imight therefore be available for plants early on. A study on
mineral dissolution experiments using bacterial isolates fromdesulfonating bacteria, i.e. bacteria that release sulfate from
the Damma forefield (Lapanje et al., 2012). Selected isolate®rganic matter, found very high diversity at the Damma fore-
were screened for high mineral dissolution potential; how-field (Schmalenberger and Noll, 2010). Therefore, it was hy-
ever, the abiotic controls using citric and hydrochloric acid pothesized S might be a limiting nutrient. As indicated above,
released elements at significantly higher rates than the bactéhe S content in the soil is low in the initial soils and the S
rial isolates did (Lapanje et al., 2012). Future studies need tetocks in the developed soil cannot be explained by mineral
investigate the P release from mineral bedrock in the initialdissolution only. Therefore, the S deposition might signifi-
soils, as the mechanisms have not been studied in detail, butantly contribute to the S budget of the forefield. The depo-
are crucial for the development of the ecosystem. sition of S is estimated to be 200 to 350 mg,&@ 2a 1
Significant amounts of S are required to maintain the high(Nyiri et al., 2009); however, a detailed analysis on S sources
ecosystem productivity that was measured at the forefield ofn the Damma forefield, e.g. deposition measurements or iso-
the Damma Glacier (Smittenberg et al., 2012). In the bedrockope analysis, is lacking.
a total of approximately 5 ug S¢ is present (Lazzaro et al.,

Biogeosciences, 10, 3983996 2013 www.biogeosciences.net/10/3983/2013/
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4 Biofilms and soil crusts as hotspots of nutrient with positively charged nutrients in turn, and prevent those
turnover from leaching (Belnap et al., 2001a). At the Damma Glacier
the highest numbers d@yanobacterighave been found at
Initial sites of glacier forefields are characterized by less veg-the initial sites, including_.ecanoromycetego which a lot
etation and low nutrient contents. In 2005 the vegetationof lichen-forming species belong (Zumsteg et al., 2012). A
cover at the Damma Glacier was below 20 % at a distancesecond study, which focused aifH-carrying microbes, re-
of 80m to the glacier front, which corresponds to approx- vealed a cyanobacterial community comparable to mature
imately 13 yr of soil development @&immerli et al., 2007). BSC from the Colorado plateau (Duc et al., 2009; Yeager
Therefore, it is obvious that the initial processes of soil for- et al., 2004). The dominant species whl@stocsp. andScy-
mation and input of nutrients rely on the activity of mi- tonemasp. Both are able to produce pigments, which enable
croorganisms. In principal two main functions can be as-them to withstand high solar radiation. This property is a big
signed to the microbes: (i) the biological weathering of the advantage at glacier forefields because radiation strongly in-
bedrock material and (ii) the formation of interfaces for nu- creases during summertime and day temperatures can reach
trient turnover at vegetation free sites. up to 40°C at the soil surface (Miniaci et al., 2007), while
Regarding biological weathering, Frey et al. (2010) the thermal radiation at night hampers the storage of heat
demonstrated that isolates from the granitic sand in frontenergy from the day (Landolt, 1992). Thus, poikilohydric or-
of the Damma Glacier were able to effectively dissolve theganisms, which form BSCs, have a big advantage as they are
siliceous bedrock material. The main underlying mechanismable to withstand drought and high solar radiation, and as
for the dissolution is the formation of biofilms on the min- soon as they are rewetted the activity strongly increases. Al-
eral surface. Organisms being organized in such biofilms exthough crust forming bacteria have been detected at initial
ude organic acids like oxalic acid, which on the one handsites of the Damma Glacier, the formation of bacterial domi-
lead to a ligand-promoted dissolution and on the other handated crusts at the sampling site was not observed (Duc et al.,
to a proton-promoted dissolution because of the decreasing009). This might be mainly attributed to the exposed posi-
pH. The released elements are then captured in the polysation of some parts of the initial sites to the glacier tongue,
charide matrix of the biofilm and display therefore a nutrient which leads to regular disturbances of the surface by the
hotspot in the bare substrate. In addition to that mechanismglacial stream. However, as soon as sites are more protected
Budel et al. (2004) attributed an important role in biologi- against erosion, either due to moraines or their location on
cal weathering to cryptoendolith@@yanobacteriawhich en-  hydrologic islands, moss and lichen dominated crusts de-
hance weathering by alkalization of the substrate during phovelop (Bernasconi et al., 2011, Fig. 3), which is in accor-
tosynthesis. dance with observations in the Negev Desert (Israel) (Zaady
It was ascertained by several researchers that the trophiet al., 2000). Interestingly, these types of crusts are often as-
base at initial sites of glacier forefields is established by firstsociated with vegetation patches (Duc et al., 2009). It is very
colonizers likeCyanobacteriagreen algae, lichens, mosses likely that crusts were there before plants established, as they
and fungi, which often conglomerate and form biological soil are known to pave the way for vascular plants, because on the
crusts (BSCs) (Belnap et al., 2001a). The formation of BSCsone hand BSCs improve soil fertility and on the other hand
is strongly linked to the environmental conditions present, aghey create advantageous micro-environments for plant ger-
well as to the parental material. As shown in Fig. 3, BSC de-mination and growth (Belnap et al., 2001b).
velopment at the Damma Glacier is very heterogeneous and Regarding the soil fertility, data from different BSCs in-
strongly depends on the right equilibrium of water availabil- dicate that crusts have 200% higher N content than un-
ity and water holding capacity of the substrate. These BSCsrusted soils from the same site (Harper and Belnap, 2001,
fulfil different important roles in the ecosystem development. Rogers and Burns, 1994; Pointing and Belnap, 2012). How-
Most BSCs forming organisms are able to perform photosyn-ever due to increased microbial activities and leaching of N to
thesis and/or N fixation, and thus enhance C and N contendeeper soil layers (Johnson et al., 2007), nitrogen is still one
of the soils. In this regard, researchers stated that under omf the limiting factors in BSCs. Brankatschk et al. (2011)
timal conditions the performance per unit ground surface ofdemonstrated that deposited N and C are important drivers
BSC is similar or even higher than that of vascular plantsfor the ecosystem development at initial sites; the ability
(Yoshitake et al., 2009; Pointing and Belnap, 2012). More-of Cyanobacteriao trap nutrient-rich deposits via their ex-
over, Dickson et al. (2000) showed that thgfikation activ-  opolysaccharide sheath even facilitates that effect (Reynolds
ity of BSCs was already measurable &C3 Thus, the “veg- et al., 2001). Thus, also decomposing microbes are stimu-
etation period” of BSCs starts much earlier than that of vas-ated in BSCs, which in turn supply plants in the vicinity
cular plants and nutrient input is prolonged, which is espe-with a lot of different micronutrients and trace elements. As
cially advantageous at glacier forefields. Nutrient acquisitionarctic and alpine plant species often have a shallow root sys-
is further supported by the excretion of exopolysaccharidedem due to the thin soil layers, they can easily acquire the
by severalCyanobacteriawhich are often coated with clay nutrient sources below BSCs (Billings, 1987).
particles. The negatively charged clay particles are associated
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Fig. 3.BSCs at initial sites of the forefield of the Damma Glacier. The left picture shows that BSCs do not develop when water has destructive
properties (1) or when the water holding capacity of the substrate is too low (2). However, under optimal hydrological conditions and in areas
protected against erosion, BSCs develop (3). The right picture illustrates the frequently observed proximity of BSC and plants. Photos:
J. Zeyer.

BSCs did not only enhance the soil nutrient status, butrial are the main sources of organic matter at initial sites of
also improved the physical conditions for plant establish-the glacier forefield (Duc et al., 2009). Although the micro-
ment. The rough surface structure and the dark colour obial biomass is much lower at initial sites, the decomposition
BSCs create beneficial conditions for seedling settlement andf plant material is as fast as it is at developed sites over a
germination, because they are sheltered against external dime period of twelve weeks (Espersith et al., 2011). Inter-
turbances and the temperature is higher compared to bare sugstingly, initial sites of the Damma Glacier and other alpine
rounding soils (Escudero et al., 2007; Breen aiddsque, glaciers are dominated by forbs and grasses likacan-
2008; Gold, 1998). Moreover, the stress for pioneering plantghemopsis alpingAgrostis gigantear Cerastium uniflorum
is generally reduced — on the one hand because of the alreadyhereas legumes likeotus alpinusor Trifolium pallescens
mentioned nutrient conditions, and on the other hand beappear later in succession although their symbiosis with rhi-
cause of the volumetric water content being higher in BSCszobia might be an advantage at N-poor initial sites (Miniaci
(Breen and Evesque, 2008). Altogether, BSCs are able toet al., 2007; Gransson et al., 2011; Tscherko et al., 2003).
buffer the diurnal changes in climatic conditions at glacier There are two reasons explaining the absence of legumes
forefields and therefore reduce stress conditions, which othfrom the initial sites. First, many legumes liketus alpinus
erwise might hamper the plant development. form heavier seeds thdn alpina or C. uniflorum(Pluess

Although a lot of effort is still necessary to directly charac- et al., 2005; Tackenberg andtgklin, 2008), and thus dis-
terize the BSCs at the forefield of the Damma Glacier, a lotpersal via wind is more difficult. Second, the establishment
of data indirectly underline their pivotal role in the ecosys- and maintenance of a rhizobia—legume symbiosis is a very
tem development. In summary, one can assign several funenergy consuming process (Merbach et al., 1999), and there-
tions to BSCs and biofilms at the forefield of the Damma fore energy consumption might be too high under these harsh
Glacier. At the beginning of soil formation, microorganisms conditions. However, in contrast to alpine glacier forefields,
organized in biofilms contribute to the weathering of bedrockat Glacier Bay (Alaska) symbiotic N fixers likeryas drum-
material and the dissolution of trace elements. Afterwardsmondiiand a single species of alder are already dominant at
their main function is the input of nutrients to the bare soil initial sites. That difference might be mainly attributed to cli-
and the stabilization of the surface. That result then is the bamatic conditions. While at Glacier Bay a mild and maritime
sis for the settlement and growth of plants, which will finally climate with small annual and diurnal temperature changes
completely replace BSCs. predominates, the forefield of the Damma Glacier is char-

acterized by strong temperature variations and irregularly

distributed rainfall during the year, both being unfavourable
5 Role of plants for effective plant establishment (Bernasconi, 2008; Landolt,

1992; Miniaci et al., 2007).
During the succession at the forefield of the Damma Glacier, Several studies atthe Damma Glacier showed that pioneer-
the coverage of plants increased with soil age from 20 % taing plants display a nutrient hotspot at initial site®e et
70% (Hammerli et al., 2007). Plants play an important role al., 2010; Duc et al., 2009; Miniaci et al., 2007). Thus, much
in the stabilization of the slope @¢ner, 2004) and the soil higher abundances and activities of microbes were detected
development, as their root exudates and decaying litter matein the rhizosphere of pioneering plants. In initial soils this
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effect is even expanded up to a distance of 20 cm (Miniaciare able to actively influence their rhizosphere community
et al., 2007). The phenomenon of enhanced microbial activ{Singh et al., 2004) by changing their exudation pattern or by
ity and abundance in the rhizosphere of plants is known asctively excreting substances like tannins, polyphenolic sub-
the “rhizosphere effect” (Butler et al., 2003; Hartmann et al., stances or monoterpenes (Briones et al., 2003; Kowalchuk
2008). Regarding the Damma Glacier the rhizosphere effecand Stephen, 2001; Ward et al., 1997; Cocking, 2003). In
is generally more pronounced at initial sites compared to dethis regard, Edwards et al. (2006) detected changes in the ex-
veloped ones (@we et al., 2010; Edwards et al., 2006). This udation pattern of. alpinaalong the forefield of the Damma
observation seems to be a general effect independent of pla@lacier mainly attributed to a strong reduction of oxalic and
species, bedrock material or climatic conditions. For exam-citric acid concentrations. In general, it seems that indeed
ple, Deigimayr et al. (2006) detected only a significant dif- microbial activity and abundance is much higher in the rhi-
ference in the nitrate reductase activity at the initial sites ofzosphere of pioneering plants compared to the bulk soil, but
the Rotmoosferner Glacier. This activity was 23 times higherthe community composition is strongly driven by the bulk
in the rhizosphere oPoa alpinacompared to the bulk soil. soil community, whereas at developed sites the plant deter-
The enhancement of microbial activity and abundance in themines the microbial community in the rhizosphere (Duc et
rhizosphere is mainly attributed to uncontrolled leakage oral., 2009; Miniaci et al., 2007). The strength of that phe-
controlled exudation of organic substances like malate, citnomenon has been proven for functional groups fikeél-

rate or oxalate. Thus, it is unquestionable that plants displayontaining microbes as well as for overall bacterial diver-
a nutrient hotspot in terms of C, as they provide up to 40 %sity from different sites and by different methods like PLFA
of the photosynthetically fixed C{Qto the microbes (Pater- analysis (Tscherko et al., 2004; Bardgett and Walker, 2004),
son and Sim, 2000). In return, microbes supply the plant withclone libraries (Duc et al., 2009), pyrosequencing (Knelman
N, phosphate or other nutrients and additionally protect thenet al., 2012) and fingerprinting methods (Deiglmayr et al.,
against herbivores or parasites. 2006; Miniaci et al., 2007).

Interestingly, the highest abundances of N fixers in the With ongoing succession a shift from a competition for
bulk soil in connection with highest N fixation activity in the N to a competition for phosphate takes place (Vitousek and
rhizosphere otf.. alpina have been detected at intermediate Farrington, 1997). While phosphate is not limited at the be-
development stages (transient phase in Fig. 2), where the Minning of succession as it is released during weathering of
content is still low but plant coverage has already stronglythe siliceous bedrock material (Ragot et al., 2013), the con-
increased, which hints at a competition between microbegentration of bioavailable phosphate steadily decreases along
and plants for N (Brankatschk et al., 2011; Duc et al., 2009).the glacier chronosequence, thus favouring ecto- and ericoid
This theory is further corroborated by results frorwde et mycorrhizal associations (Bernasconi et al., 2011). A similar
al. (2010), where the abundancerofH carrying microbes trend was found at Glacier Bay (Alaska), where a symbiosis
was highest in the rhizospherelofalpinaplanted ina 10yr  with legumes has been found already in very young soils, but
soil, which was connected with the lowest C/N ratios of the first mycorrhiza-forming plants appear later in succession
plant biomass. However, during incubation the N content of(Chapin et al., 1994).

L. alpina grown in the 10yr soil strongly increased while  Anyhow, as soon as vegetation cover is nearly closed, the
plant and root biomass stayed stable, as shown in Fig. 4ecosystem development speeds up so that ecosystem prop-
which fits with the assumption that microbes are able to winerties are similar to mature ecosystems. This includes in-
the competition over a short timescale because of their highecreasing amounts of organic C and N, the formation of soil
volume—surface ratio, higher growth rate and substrate affinhorizons, increasing microbial biomass and enzyme activi-
ity (Hodge et al., 2000). On the contrary, plants are moreties even in the bulk soil (Dmig et al., 2011; Brankatschk
effective over a long time period because of their longeret al., 2011; Duc et al., 2009; Sigler and Zeyer, 2002). Once
lifespan and the ability to retain the assimilated N (Hodgea stable plant community has developed, a positive feedback
et al., 2000; Nordin et al., 2004). In addition to the enrich- loop establishes. The plants still provide fixed £@a rhi-
ment of N fixing microbes, heterotrophic mineralizers like zodeposition to the microbial community. Additionally, the
chiA-containing microbes are also enhanced (Tscherko et alhigh input of dead plant material provides a broad nutri-
2004; Towe et al., 2010). The degradation of chitin and pro- ent source for decomposing microbes. Thus, in contrast to
teins has the advantage that low-weight organic compoundsparsely vegetated sites, sufficient amounts of N are released
consisting of C and N are released. The ability of plants to as-during mineralization of high molecular compounds, which
similate amino acids, amino sugar or small peptides seems ts then again available for plants. Moreover, climatic condi-
be ubiquitously distributed among different ecosystems andions like water content, temperature and radiation are more
plays a particular role in cold and wet habitatsa@olm et stable below a closed plant cover, leading to a reduction of
al., 2009; Lipson and Monson, 1998; Schimel and Bennettenvironmental stressors, which are strongly pronounced in
2004). In parallel, functional groups leading to N losses likeinitially poorly vegetated sites.

nitrifying or denitrifying microbes were reduced in the rhi-  Finally, one can summarize that plants play a crucial role
zosphere, which is in line with the assumption that plantsin ecosystem development, but their function changes during
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10a

120a

Fig. 4. Development of root biomass &f alpina grown in soils obtained from the Damma chronosequence that have been ice free for 10
and 120 yr, respectively, at two different points in time of plant development (2 weeks and 8 weeks of growth) in a green house experiment.

succession. At initial stages their pivotal role in stabilizing
the slope and providing C is unquestionable, but similarly
they compete for scarce nutrients like N with the microbes.
The succession of plant establishment strongly depends on
the external conditions. Thus, at alpine glacier forefields
higher plants establish later compared to glacier forefields
with maritime climate, where shrubs and small trees can al-
ready be found at very young sites (Bardgett and Walker,
2004).

N sources are mineralized. As soon as plant biomass
and with that competition on the rare N sources in-
crease, N fixation becomes more important. Finally,
when the surface is completely covered with plants the
N cycling community becomes more complex, and N
is mostly derived from biomass. It is obvious that bio-
logical “hotspots” like BSCs can accelerate the devel-
opment of initial ecosystems. It has been shown that
the development of the nitrogen cycle in the Damma
chronosequence and that in the BSCs of inland dunes

are characterized by similar phases.
6 Lessons learned from the Damma Glacier

chronosequence for ecosystem development 3. The presented review indicates that the development of

initial ecosystems cannot be accelerated by “simple”
management strategies like reforestation, irrigation or
fertilization. Biotic—abiotic interactions and appropriate
soil structures must be established first to pave the way
for higher plants. For example, the growth of higher

1. Initial ecosystems can emerge as a consequence of dif-
ferent events. These systems include, for example, fore-
fields of retreating glaciers, chronosequences related to
volcanic eruptions, post-mining areas and permanent

mechanical disturbance at coastal and inland dunes. For
initial ecosystems the following phases of development
can be assumed: (i) the system properties are driven
by physical structures and hydrological processes, (ii)
the importance of chemical processes increases and (iii)
biological communities drive ecosystem properties and
development (Schaaf et al., 2011). However, the indi-
vidual time of development strongly depends on the ex-

plants in an initial phase can be limited because ap-
plied fertilizers will leach into the groundwater and es-
sential mycorrhizal communities are lacking. Therefore,
it will be a future challenge to find and establish ade-
guate strategies to accelerate the development of initial
ecosystems.
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