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Summary 
Aggregation of soil particles is one of the most characteristic features of terrestrial soils and crucial for 
their functionality. Despite the high relevance of soil aggregates, only little is known about their genesis 
and functionality due to their complex and heterogeneous three-dimensional architecture. Further-
more, soil aggregates represent a major bacterial habitat, but so far neither the impact of aggregate 
structures on soil bacterial communities and their specific bacterial colonization are fully understood, 
nor the bacterial contribution to the formation of aggregate structures. Based on this, in this thesis I 
analyzed (I) whether different aggregate types have a formative influence on the soil bacterial com-
munity and (II) whether specific aggregate size classes provide preferential habitats for specific bacte-
ria. In addition, I analyzed (III) whether bacteria are involved in the initial formation of aggregate struc-
tures and whether these structures in turn have an influence on bacterial life. Furthermore, I explored 
(IV) the possibilities of modern light microscopic systems and image processing tools in visualizing com-
plex aggregate structures and their bacterial colonization. 

To address effects on the bacterial community structure, I analyzed aggregates varying in size, clay 
content and, for microaggregates, localization in the soil as free or occluded within macroaggregates 
(I). This was done using size-fractionated soil samples from a clay catena. The results showed that the 
bacterial community was influenced by both clay content and aggregate size class. Whereby with in-
creasing clay content an increased differentiation of the bacterial community was observed, especially 
in the smallest aggregate fraction. I used an indicator taxa analysis to test whether different aggregate 
size classes provide specific habitats for particular bacterial taxa (II). Here, I could demonstrate that 
especially in the smallest aggregate size fraction (<20 µm) differences in the general lifestyle of the 
indicator taxa were observable. Predominantly copiotrophic bacteria were identified to be enriched in 
the free aggregate fraction, whereas predominantly oligotrophic organisms were enriched in the oc-
cluded aggregate fraction, indicating that a further differentiation of the bacterial community occurs 
within this specific aggregate size fraction in dependence on the localization of the aggregates in the 
soil matrix. To investigate the initial aggregate genesis and the impact of these resulting aggregates on 
bacterial cells, I utilized montmorillonite and goethite as model minerals as well as different soil bac-
teria in the presence or absence of stress conditions in form of wetting and drying cycles (III). My anal-
yses revealed that the presence of bacteria contributed to the formation of larger aggregate struc-
tures, whereby effects on aggregate formation were species-dependent (III). In addition, I demon-
strated that the aggregate structures that were formed had a sheltering effect for the bacteria when 
applying wetting-drying cycles. Using a modern epifluorescence microscope, equipped with an Apo-
Tome.2 and a color camera, I visualized a variety of microaggregates in real color along with their surf-
icial bacterial colonization upon method establishment (IV). By applying specific staining approaches 
and modern image processing methods I was able to demonstrate the feasibility of visualizing complex 
soil microaggregates and observed a heterogeneous bacterial colonization on their surfaces. 

In synthesis, my results thus show that in addition to size other aggregate properties or also the spatial 
localization of aggregate structures in the soil matrix, contribute to the diversification of bacterial com-
munities in the soil. In this context, soil bacteria are not only beneficiaries of the available structures 
and given influencing factors, but also actively involved in the genesis of aggregate structures, with 
different bacterial species themselves exerting different influences. As a consequence, unique aggre-
gate structures develop, which provide the foundation for a diverse soil bacterial community, demon-
strating the fundamental importance of processes and effects at small spatial scales and their impact 
across larger and superordinate scales.
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Zusammenfassung 
Die Aggregation von Bodenpartikeln ist eines der charakteristischsten Kennzeichen terrestrischer Bö-
den und ausschlaggebend für deren Funktionalität. Trotz der hohen Relevanz von Bodenaggregaten ist 
aufgrund ihrer komplexen und heterogenen dreidimensionalen Architektur nur wenig über ihre Ent-
stehung und Funktionalität bekannt. Bodenaggregate stellen zudem ein bedeutendes bakterielles Ha-
bitat dar. Dennoch sind bisher weder die Auswirkungen von Aggregatstrukturen auf bakterielle Boden-
gemeinschaften und die spezifische bakterielle Besiedlung dieser, noch der bakterielle Beitrag zur Bil-
dung von Aggregatstrukturen vollständig verstanden. Aufgrund dessen habe ich in dieser Arbeit ana-
lysiert, (I) ob verschiedene Aggregattypen einen prägenden Einfluss auf die bakterielle Bodengemein-
schaft haben und (II) ob bestimmte Aggregatgrößenklassen bevorzugte Lebensräume für bestimmte 
Bakterien bereitstellen. Zudem habe ich analysiert, (III) ob Bakterien an der initialen Ausbildung von 
Aggregatstrukturen beteiligt sind und ob diese Strukturen ihrerseits Einfluss auf die Bakterien nehmen. 
Des Weiteren werde ich ergründen, (IV) welche Möglichkeiten modernste lichtmikroskopische Sys-
teme sowie Bildauswertungssoftware bei der Visualisierung von komplexen Aggregatstrukturen und 
deren bakterieller Besiedlung bieten. 
Um diesen Fragen nachzugehen, habe ich Aggregate mit unterschiedlicher Größe, unterschiedlichem 
Tongehalt und - im Falle von Mikroaggregaten - unterschiedlicher Lokalisierung im Boden in Form von 
freien oder in Makroaggregaten eingeschlossenen Aggregaten analysiert (I). Hierzu wurden größen-
fraktionierte Bodenproben aus einer Toposequenz mit Tongradient verwendet. Meine Ergebnisse zeig-
ten, dass die Bakteriengemeinschaft sowohl vom Tongehalt als auch von der Aggregatgröße beein-
flusst wurde, wobei mit steigendem Tongehalt eine zunehmende Differenzierung der Bakterienge-
meinschaft zu beobachten war, insbesondere in der kleinsten Größenfraktion. Des Weiteren habe ich 
mithilfe einer Indikator-Taxa Analyse geprüft, ob unterschiedliche Aggregatgrößenklassen spezifische 
Habitate für Mikroorganismen bereitstellen (II). Hier konnte ich zeigen, dass insbesondere in der kleins-
ten Aggregatgrößenfraktion (<20 µm) Unterschiede in der generellen Lebensweise der Indikatortaxa 
zu beobachten waren. In der freien Aggregatfraktion wurden überwiegend copiotrophe Bakterien 
identifiziert, während in der okkludierten Aggregatfraktion vorwiegend oligotrophe Organismen ange-
reichert waren, was darauf hindeutet, dass innerhalb dieser spezifischen Aggregatgrößenfraktion eine 
weitere Ausdifferenzierung der bakteriellen Gemeinschaft in Abhängigkeit von der Lokalisierung der 
Aggregate in der Bodenmatrix stattfindet. In einem weiteren Experiment habe ich die initiale Aggre-
gatbildung und die Einflüsse dieser entstandenen Aggregate auf Bakterienzellen mithilfe von Mont-
morillonit and Goethit als Modellmineralien, sowie verschiedenen Bodenbakterien in Gegenwart bzw. 
Abwesenheit von Stress in Form von Nass- und Trockenzyklen, untersucht (III). Dabei ergaben meine 
Analysen, dass die Präsenz von Bakterien zur Bildung größerer Aggregatstrukturen beiträgt, wobei sich 
unterschiedliche Bakterienarten verschieden auf die Aggregatbildung auswirkten. Zudem konnte ich 
nachweisen, dass die entstandenen Aggregatstrukturen einen schützenden Effekt für die Bakterien 
hatten. Des Weiteren habe ich mithilfe eines modernen Epifluoreszenzmikroskops, welches zusätzlich 
mit einem ApoTome.2 und einer Farbkamera ausgestattet war, eine Vielzahl an Mikroaggregaten mit-
samt ihrer bakteriellen Oberflächenbesiedlung visualisiert (IV). Somit konnte ich die Machbarkeit der 
Visualisierung komplexer Bodenaggregate in natürlichen Farben demonstrieren, wobei durch spezifi-
sche Färbung und die Anwendung moderner Bildauswertungsmethoden eine heterogene bakterielle 
Besiedlung auf der Oberfläche von ebenso heterogenen Aggregaten dargestellt wurde. 
In der Zusammenschau zeigt sich somit, dass neben der Größe auch andere Aggregateigenschaften 
oder auch die räumliche Lokalisierung von Aggregatstrukturen in der Bodenmatrix zur Diversifizierung 
der bakteriellen Gemeinschaften im Boden beitragen. Dabei sind die Bodenbakterien nicht nur Nutz-
nießer der verfügbaren Strukturen und gegebenen Einflussfaktoren, sondern aktiv an der Genese von 
Aggregatstrukturen beteiligt, wobei verschiedene Bakterien unterschiedlich Einfluss nehmen. Dies 
führt zur Ausbildung von einzigartigen Aggregatstrukturen, welche die Grundlage einer mannigfaltigen 
bakteriellen Besiedlung und somit auch einer hochdiversen bakteriellen Bodengemeinschaft bilden 
und verdeutlicht damit die grundlegende Relevanz, welche auch von Prozessen und Effekten in kleinen 

räumlichen Maßstäben und deren Auswirkungen auf größere und übergeordnete Skalen ausgeht. 



Content 

~ III ~ 
 

Content 

Summary ........................................................................................................................... I 

Zusammenfassung ............................................................................................................ II 

Content ........................................................................................................................... III 

List of figures ................................................................................................................... VI 

List of tables ..................................................................................................................... X 

List of abbreviations ........................................................................................................ XI 

I GENERAL INTRODUCTION .............................................................................................. 1 

 Rationale.................................................................................................................... 2 

 State of the art .......................................................................................................... 4 

2.1 Soil aggregates as habitats for microorganisms ...................................................... 4 

2.1.1 The aggregate hierarchy model .......................................................................... 4 

2.1.2 Soil aggregates functioning as microhabitats and the relevance of the 
spatial scale ......................................................................................................... 6 

2.1.3 Involvement of bacteria in the generation of aggregate structures .................. 8 

2.2 The spatial scale in macro- and microecology ........................................................ 9 

2.2.1 Conflating macro- and microecology ............................................................... 11 

2.3 Visualization of soil bacteria using light microscopy ............................................. 13 

 Objectives ................................................................................................................ 17 

II CLAY CONTENT MODULATES DIFFERENCES IN BACTERIAL COMMUNITY STRUCTURE 
IN SOIL AGGREGATES OF DIFFERENT SIZE ..................................................................... 19 

 Introduction ............................................................................................................. 20 

 Material and methods ............................................................................................. 21 

2.1 Sampling site ......................................................................................................... 21 

2.2 Wet fractionation .................................................................................................. 22 

2.3 DNA extraction and amplicon sequencing ............................................................ 23 

2.4 Sequence analysis .................................................................................................. 23 

2.5 Statistical analysis of community compositional data .......................................... 24 

 Results ..................................................................................................................... 25 

3.1 Changes in bacterial diversity due to aggregate size fraction and clay content ... 25 



Content 

~ IV ~ 
 

3.2 Impact of clay content and aggregate size fraction on bacterial community 
composition ........................................................................................................... 27 

3.3 Influence of microaggregate localization in the soil matrix on bacterial 
community composition........................................................................................ 30 

3.4 Identity of the soil bacteria and identification of indicator taxa in dependence 
on aggregate size ................................................................................................... 31 

 Discussion ................................................................................................................ 31 

4.1 Low impact of aggregate size on the soil bacterial community composition at 
field scale ............................................................................................................... 31 

4.2 Differences in bacterial community composition are most evident for small 
microaggregates .................................................................................................... 34 

4.3 Clay content modulates differences in microbial community composition in 
soil aggregates ....................................................................................................... 36 

4.4 Bacterial indicator species identified in different aggregate size fractions .......... 37 

4.5 Different indicator taxa in free versus occluded microaggregates ....................... 38 

 Conclusion ............................................................................................................... 39 

III INITIAL MICROAGGREGATE FORMATION: ASSOCIATION OF MICROORGANISMS 
TO MONTMORILLONITE-GOETHITE AGGREGATES UNDER WETTING AND DRYING 
CYCLES ........................................................................................................................ 41 

 Introduction ............................................................................................................. 42 

 Material and methods ............................................................................................. 45 

2.1 Model components ............................................................................................... 45 

2.2 Incubation .............................................................................................................. 46 

2.3 Particle size distribution and spatial arrangement of microaggregates ............... 48 

2.4 Survival rate and spatial arrangement of microorganisms ................................... 48 

2.5 Statistical analyses ................................................................................................. 49 

 Results ..................................................................................................................... 51 

3.1 Aggregate development ........................................................................................ 51 

3.2 Survival of microorganisms ................................................................................... 52 

3.3 Association of P. protegens cells with microaggregates ....................................... 53 

 Discussion ................................................................................................................ 57 

 Conclusion ............................................................................................................... 62 

 

 

 



Content 

~ V ~ 
 

IV MICROSCOPIC VISUALIZATION OF LIVE/DEAD STAINED BACTERIA ON VARIOUS 
SOIL MICROAGGREGATES IN NATURAL COLORS ........................................................... 63 

 Introduction ............................................................................................................. 64 

 Material and methods ............................................................................................. 65 

 Results and discussion ............................................................................................. 66 

V SYNOPSIS .................................................................................................................... 71 

 Résumé .................................................................................................................... 72 

 Synthesis & Outlook ................................................................................................ 76 

2.1 Soil aggregates as habitat ...................................................................................... 77 

2.1.1 The effects of abiotic factors ............................................................................ 77 

2.1.2 The relevance of the spatiotemporal scale ...................................................... 79 

2.1.3 Significance of the aggregate hierarchy concept from a microbiological 
perspective ....................................................................................................... 86 

2.2 Microecology and macroecology .......................................................................... 90 

2.2.1 Soil aggregates as a paradigm of hierarchy theory .......................................... 90 

2.2.2 Conflating macro- and microecology ............................................................... 94 

2.2.3 Discrepancies between the analysis of the micro and the macro scale .......... 98 

2.2.4 Microaggregates are landscapes ...................................................................... 99 

VI REFERENCES .......................................................................................................... 101 

VII Appendix A ........................................................................................................... 122 

VIII   Appendix B ............................................................................................................ 162 

IX Appendix C ........................................................................................................... 173 

X        Appendix D ........................................................................................................... 175 

 

  



List of figures 
 

~ VI ~ 
 

List of figures 
 

Fig. II-1: Box plots showing the influence of aggregate size fraction (A, C) and clay content 
(B, D) on bacterial diversity (A, B) and evenness (C, D), which were estimated 
based on the Chao1 and Pielou index, respectively. The box displays the 25th 
and 75th percentile whereas the line within the box marks the median and 
dots display outliers. Letters above the box plots indicate significant 
differences between groups of samples. .............................................................. 25 

Fig. II-2: Relative abundance of bacterial phyla detected in the different aggregate size 
fractions (A) and from soils of different clay content (B). Phyla with a mean 
relative abundance < 2% are grouped as other. NAs represent sequence reads 
that could not be assigned to a specific phylum. .................................................. 26 

Fig. II-3: Principal component analysis (PCA) showing similarities in bacterial community 
composition between samples of the five clay contents and ten different 
aggregate size fractions (A and B) as well as a data subset consisting of the 
microaggregate fractions only (C and D). Figures include R-values from a 
statistical evaluation of differences between groups of samples, obtained by 
analysis of similarity (ANOSIM). ............................................................................ 27 

Fig. II-4: Visualization of the indicator taxa identified as significantly enriched within a 
specific aggregate size fraction. Analysis was performed at OTU level, 
identified taxa were counted and are presented here at phylum (second 
circle) and class level (outer circle). The inner circle shows the size fractions in 
which specific taxa were identified. The size of each segment represents the 
number of OTUs, the smallest segments represent one OTU. Segments 
representing aggregate size fractions and the taxonomic groups within each 
size fraction are arranged according to decreasing frequencies in the number 
of specific OTUs. .................................................................................................... 32 

Fig. III-1: Schematic view showing the timeframe of the experimental wetting and 
drying cycles (specific triangles indicate the beginning of drying and wetting 
phases, respectively). Overall, 5 time points (t0 –t4 , dots) were defined for 
sample analysis at the beginning of the wetting phases. ..................................... 47 

Fig. III-2: Percentiles showing the maximum size of aggregates present in the upper 95% 
(95th percentile), 50% (median), and lower 5% (5th percentile) of all measured 
aggregates in montmorillonite/goethite control suspensions (a) and 
suspensions incubated with microorganisms (b–d). ............................................. 50 

Fig. III-3: Mean diameter and standard error of aggregates observed in different 
treatments and over time for minerals without microorganisms as control (a), 
P. protegens CHA0 with minerals (b), P. protegens CHA211 with minerals (c), 
and G. alkanivorans with minerals (d). Significant differences over time within 
each treatment are indicated by letters (suspension treatment in lowercase, 
wet-dry in capital). ................................................................................................ 51 



List of figures 
 

~ VII ~ 
 

Fig. III-4: Mean number of living cells mL−1 of suspension over time for P. protegens CHA0 
(a) and P. protegens CHA211 (b), determined by serial dilution, plating, and 
counting of colony forming units (CFU). Each strain was exposed to different 
treatments including control (microorganisms without minerals, subjected to 
wet-dry cycles), wet-dry (microorganisms with minerals, subjected to wet-dry 
cycles), and suspension (microorganisms with minerals in permanent 
suspension). For each time point the significant differences in comparison to 
the corresponding control conditions are indicated by asterisks. ........................ 53 

Fig. III-5: Aggregate formation of montmorillonite and goethite in the presence of P. 
protegens CHA0. At the beginning of the incubation period at t0 the 
microorganisms were mostly found free in solution (a) while the cells were 
found almost exclusively in association with aggregates after several wetting 
and drying cycles at t4 (b). The images on the left show an overlay of two 
fluorescent images taken to visualize the viable cells in the green (495 nm) 
and non-viable cells in the red channel (570 nm). The fluorescent images were 
combined with a brightfield image showing the microaggregates (right side). 
(For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) ...................................................... 54 

Fig. III-6: Evaluation of fluorescence images obtained by viability stains after t4 . The box-
plots show the number of living and dead P. protegens CHA0 (a) and CHA211 
(b) cells associated with aggregates (Aggr.) or free (Free) in solution within 
the different treatments. The box plots show the median, the 25th and the 
75th percentile (box) and first and 99th percentile (line). Dots represent the 
results obtained from individual microscopic images to better illustrate the 
observed variation. Cell numbers were determined in 10 microscopic images 
per triplicate and per condition. The bar graphs show the relative distribution 
of detected living and dead cells in each treatment for P. protegens CHA0 (c) 
and CHA211 (d) cells. ............................................................................................. 55 

Fig. III-7: Boxplots (with median (line), 25th and 75th quantiles (box), and 
maximum/minimum values (whiskers)) showing the aggregate size in relation 
to the presence (+) or absence (−) of aggregate-associated P. protegens 
CHA211 or CHA0 cells at t4 in the suspension and wet-dry treatments. Pixel 
size was 0.072 × 0.072 μm. Significant differences are indicated with asterisks.
 ............................................................................................................................... 56 

Fig. IV-1: Microscopic images of a soil microaggregate, obtained using different 
microscopic techniques. The images were generated without (A, C, D) or with 
(B, D, F) the ApoTome. (A) and (B) show the microscopic images after 
application of the extended depth-of-focus calculation algorithm. In (C) and 
(D), deconvolution was applied in addition to reduce blur and out of focus 
light from above and below the individual focal planes. In (E) and (F), the 
deconvoluted fluorescence images were merged with brightfield images. 
Inlaid images I and II show the same close-ups in each of the images. Green 
fluorescence signals represent vital bacterial cells, whereas red fluorescence 
signals represent dead bacterial cells. .................................................................. 67 



List of figures 
 

~ VIII ~ 
 

Fig. IV-2: Morphological and compositional heterogeneity as well as variation in microbial 
colonization of individual microaggregates. Green fluorescent signals 
represent vital and red fluorescent signals dead bacterial cells. The images 
were obtained by fluorescence imaging using the ApoTome and subsequent 
deconvolution. Close-ups of microcolonies of viable (A) or dead (B) bacterial 
cells are shown in the inlaid images. ..................................................................... 69 

Suppl. Fig. VII-1: Overview of isolation methods and analyses. ………………………………………….129 

Suppl. Fig. VII-2: Incident light microscopy images and (b, d, f) tomograms of the dry-
crushed microaggregate size fraction 53-250 µm from soils with different clay 
contents. With increasing clay contents, fewer (sand-sized) primary particles 
were observed. Resolution of the tomograms is 570 nm (b), 482 nm (d) and 
656 nm (f). ........................................................................................................... 136 

Suppl. Fig. VII-3: Macroscopic images of large microaggregates (53-250 µm) with a low 
(19 %, a-c) and high (34 %, d-e) clay content. Dry-crushed microaggregates (a, 
d) clearly exhibit a higher degree of aggregation of smaller particles, whereas 
microaggregates that were isolated by wet sieving without sonication (b, e) 
or with sonication (c, f) exhibited more free primary particles. ......................... 137 

Suppl. Fig. VII-4: Mass contributions of dry-crushed microaggregates to the bulk soil 
analyzed (a) in a dry state, (b) in a wet state, and (c) in a wet and dispersed 
state. The size distribution was merged from the two individual size 
distributions of the size fractions 20-53 µm and 53-250 µm according to their 
relative mass contribution to the bulk soil (mean ± standard error). ................. 138 

Suppl. Fig. VII-5: Mechanical stability of microaggregates with different clay contents 
obtained with different isolation methods (n = 43 to 50). Circles represent 
outliers. Extreme outliers (> 3 SD) were omitted. .............................................. 140 

Suppl. Fig. VII-6: (a) OC concentration, (b) OC contributions and (c) C:N ratios comparing 
dry-crushed size fractions 20-53 µm and 53-250 µm with wet-sieved free and 
wet-sieved occluded size fractions (mean ± standard error; n = 5). Means with 
the same letter in the same isolation method and size fractions were not 
significantly different. Data of the wet-sieved free and wet-sieved occluded 
fractions adapted from Krause et al. (2018). ...................................................... 141 

Suppl. Fig. VII-7: Comparison of the alpha diversity based on the Chao1 diversity index 
between dry-crushed and wet-separated (wet-sieved free and wet-sieved 
occluded) fractions (including the size fractions 20-53 µm and 53-250 µm) for 
two soils with (a) 19 % clay and (b) 34 % clay. .................................................... 143 

Suppl. Fig. VII-8: NMDS plots comparing (a) isolation method and size fraction and (b) clay 
content and fraction size of dry-crushed fractions. NMDS plots were 
calculated based on Bray-Curtis distance matrices, derived from 16S rRNA 
gene amplicon data. ............................................................................................ 144 

Suppl. Fig. VIII-1: Relative abundance of bacterial taxa at order level, present in soils of 
different size fractions (A) and clay contents (B). Orders with a mean relative 
abundance <0.1 are grouped as other. NAs represent sequence reads that 
could not be assigned to a specific order. ........................................................... 164 



List of figures 
 

~ IX ~ 
 

Suppl. Fig. VIII-2: Non-metric multidimensional scaling (NMDS) plot showing similarities 
in bacterial community composition between replicate samples of five clay 
contents and ten different aggregate size fractions. The plot reveals a slight 
effect of clay content and aggregate size fraction on the bacterial community 
composition. Statistical evaluation by analysis of similarity (ANOSIM) 
confirmed this by rather low but significant R-values. This plot confirms the 
results shown in Fig. II-3, whereby a few individual samples are more distinct 
here, but the samples of the smallest size fractions are also slightly separated 
here. ..................................................................................................................... 165 

Suppl. Fig. VIII-3: Venn diagram showing the results of the variation partitioning analysis 
to assess the impact of the factors size fraction and clay content (A) as well as 
the impact of size fraction, clay content and location on the microaggregates 
(B). Empty segments had slightly negative values. ............................................. 165 

Suppl. Fig. VIII-4: Principal component analysis (PCA) showing similarities in bacterial 
community composition in samples from soils of different clay content. 
Samples are color-coded according to the different aggregate size fractions. .. 166 

Suppl. Fig. IX-1: Viability stains of Gordonia alkanivorans showing the brightfield and 
fluorescence image (a) with viable cells in the green (495 nm) channel (b) and 
non-viable cells in the red channel (570 nm) (b). ............................................... 175 

Suppl. Fig. IX-2: SEM micrograph of P. protegens wildtype at t3 incubated with 
montmorillonite and goethite receiving the wet-dry cycles showing microbial 
cell envelopes and the disrupted cell walls. ........................................................ 175 

Suppl. Fig. X-1: Comparison of the captured fluorescence signals with and without the use 
of the ApoTome ................................................................................................... 177 

Suppl. Fig. X-2: Morphological and compositional heterogeneity as well as variation in 
microbial colonization of further individual microaggregates. Green 
fluorescent signals represent vital and red fluorescent signals dead bacterial 
cells. The images were obtained by fluorescence imaging using the ApoTome 
and subsequent deconvolution. .......................................................................... 178 

Suppl. Fig. X-3: Morphological and compositional heterogeneity as well as variation in 
microbial colonization of further individual microaggregates. Green 
fluorescent signals represent vital and red fluorescent signals dead bacterial 
cells. The images were obtained by fluorescence imaging using the ApoTome 
and subsequent deconvolution. .......................................................................... 179 

  



List of tables 
 

~ X ~ 
 

List of tables 
 

Tab. II-1: Effect of aggregate size fraction on bacterial community composition in soils of 
different clay content, assessed based on an analysis of similarity (ANOSIM). ... 28 

Tab. II-2: Effect of clay content on bacterial community composition in data subsets of 
different aggregate size fractions, assessed based on an analysis of similarity 
(ANOSIM). .............................................................................................................. 29 

Tab. II-3: Effect of clay content, size fraction and free or occluded status on bacterial 
community composition of microaggregates, based on an analysis of 
similarity (ANOSIM). .............................................................................................. 30 

Tab. VII-1: Mean object sizes for the combined size fractions 20-53 µm and 53-250 µm (in 
µm; mean ± standard error; n = 5). Mean values of different clay contents that 
have the same lower case letter were not significantly different at p < 0.05. 
All analyses of variance were significant at p < 0.001. ........................................ 137 

Suppl. Tab. VIII-1: DNA concentration in extracts after DNA extraction. Division by 10 will 

                     give recovery as µg DNA per g dry soil. * ……………………………………………….……….167 

Suppl. Tab. VIII-2: Results of the indicator taxa analysis. Presented is the indicator value 
(IV) and the relative abundance of each taxon that was identified as being 
characteristic for a specific aggregate size fraction. All taxa listed here have a 
Benjamini and Hochberg adjusted p-value <0.05. .............................................. 170 

 

  



List of abbreviations 

~ XI ~ 
 

List of abbreviations 
 

Al   Aluminum 

C   Carbon 

Ca   Calcium 

CARD-FISH  Catalyzed reporter deposition fluorescence in situ hybridization 

Cl   Chlorine 

DAPI    4,6-diamidino-2-phenylindole 

DNA   Deoxyribonucleic acid 

EPMA   Electron probe micro analysis 

EPS   Extracellular polysaccharides 

Fe   Iron 

FISH   Fluorescence in situ hybridization 

IV   Indicator value 

K   Potassium 

N   Nitrogen 

NHN   Normalhöhennull 

OTU   Operational taxonomic unit 

P   Phosphorus 

PCR   Polymerase chain reaction 

PI   Propidium Iodide 

Si   Silicon 

SSA   Specific surface area 

UV   Ultraviolet 

 

 



I 
GENERAL INTRODUCTION 

1 
 

 

 

 

 

 

 

 

 

I 
GENERAL INTRODUCTION 

  



I 
GENERAL INTRODUCTION 

2 
 

 Rationale 

The soil microbial community is one of the most diverse and species-rich on the planet (Quince 

et al., 2008) and, with approximately 2.6 x 1029 members (Whitman et al., 1998), an almost 

inconceivable quantity, one of the most extensive habitats for microorganisms. Estimates and 

studies on the number of microorganisms found in a single gram of soil range from 2000 to 

8.3 million distinct prokaryotic species (Gans et al., 2005; Roesch et al., 2007; Schloss and 

Handelsman, 2006), which is not surprising considering that the surface area of this small 

amount of soil can exceed 800 m2 (Pennell, 2016). Given these immense dimensions, it is 

astonishing that soil microbes cover only about 10-6 % of the surface, which, as it were by 

coincidence, corresponds to the same coverage of the land area of the earth that humankind 

populates (Young and Crawford, 2004). However, it is important to consider not only the ab-

solute and average cover, which depends on a variation of a variety of factors such as the 

availability of nutrients and water or the pH, but also to be aware that even under the most 

auspicious conditions, the proportion of soil surface area inhabited is still less than 1% (Young 

and Crawford, 2004). 

The fundamental structure that contributes to the formation of a multitude of different habi-

tats and niches as well as the associated high bacterial diversity is the aggregate structure of 

terrestrial soils. Soil aggregates are built up according to a hierarchical concept, which starts 

with the smallest primary particles and leads to increasingly larger and ever complex soil struc-

tures through the accumulation, nesting and interaction of various constituents. The resulting 

different aggregate size classes are enclosed and traversed by a widely ramified network of 

pores of various sizes. This inter- and intra-connectivity, in turn, allows the various compounds 

to be supplied, connected, and potentially to be exchanged. In this context, Tisdall and Oades 

(1982) developed their widely acknowledged aggregate hierarchy model, which strives to pro-

vide a basic understanding of the structural framework of a large majority of terrestrial soils. 

Taking all of these findings together, and considering in particular the heterogeneity of the 

soil system, it is easy to imagine that bacterial colonization of soil occurs in spatially separated 

habitats with sometimes limited mutual exchange. This spatial separation, in turn, allows the 

development of myriads of individual niches and habitats, which facilitates and promotes the 

establishment of highly individualized and specialized communities. Given the high number of 

individual microhabitats, it is therefore reasonable that soils have such high bacterial diversity. 
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In this context, the high bacterial abundance in soil systems also plays a major role in the 

functioning of biogeochemical cycles (Curtis and Sloan, 2005), which in turn influences the 

storage of carbon as well as, of course, the availability of nutrients. Thus, microorganisms and 

an understanding of how their communities are formed and influenced in one of their largest 

and most important habitats (Flemming and Wuertz, 2019) are highly relevant, as they are the 

backbone for sustaining and nourishing all living macroorganisms, including humans (Curtis, 

2006). In addition, microorganisms influence a large part of the ecosystem services that each 

individual human, as well as our entire human society, relies on (often too much for granted) 

(Philippot et al., 2013; Vandenkoornhuyse et al., 2015). 

Despite the high relevance and consciousness of the important role played by microorganisms 

in soils, there are still a large number of unresolved issues related to the functioning and de-

velopment of microbial communities at the smallest scale and at the level of soil aggregates, 

not least due to the immense complexity of soil systems. 

Therefore, the aim of this thesis is to explore the role of soil aggregates in the context of bac-

terial colonization and interaction and to raise awareness of the relevance of processes at the 

microscopic level and their impact on the macroscopic world. 
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 State of the art 

2.1 Soil aggregates as habitats for microorganisms 

Terrestrial soils are the most diverse bacterial habitat (Thompson et al., 2017; Vos et al., 2013), 

a knowledge that is accompanied by a growing awareness of the significance of the microbial 

world to our lives (Thompson et al., 2017). However, this is also countered by an increasing 

awareness of how limited our understanding of the fundamental structures of soil still remains 

(Thompson et al., 2017; Totsche et al., 2018). In this context, one of the key components for 

the structure of soils in general and as a habitat for microorganisms in particular are soil ag-

gregates, which will be described in more detail here. 

2.1.1 The aggregate hierarchy model 

For a major part of terrestrial soils, the existence of an aggregate structure as a result of pe-

dogenesis can be observed. Thereby, aggregation as such can already be considered as one of 

the characteristic properties of soils (Churchman, 2010; Totsche et al., 2018). The concept of 

aggregate structure of soils or aggregated soil components, which are divided into 

macroaggregates (> 250 µm) and microaggregates (< 250 µm) dates back to Edwards and 

Bremner (1964, 1967), who studied the stability of soil and its structure when it was exposed 

to ultrasound. According to the authors' conception, macroaggregates comprise microaggre-

gates, which differ in that the forces holding macroaggregates together are weaker than the 

forces sustaining the structure of microaggregates. Tisdall and Oades, in a series of publica-

tions from 1972 to 1978, further developed the proposition of Edwards and Bremner into the 

aggregate hierarchy model, which is still the basic framework of the theory of aggregated soils 

and identifies three physical categories: macroaggregates (2000-250 µm), microaggregates 

(250-20 µm), and primary particles (< 20 µm). Like the previous concept, this model is based 

on the resistance of soil structures to the impact of ultrasound. Thereby, the soil is revealed 

as a system of aggregated soil components, which in turn are composed of progressively 

smaller aggregated components, which in their collectivity as well as in their inter- and intra-

connectivity form the structure of the soil. 

In comparison to the previous model, Tisdall and Oades assumed that roots and soil fungi 

respectively their hyphae are responsible for the formation of the smaller aggregate struc-

tures into larger stable aggregate structures and are stabilized by them (Tisdall and Oades, 

1982). The authors focused on the structural aspects of the aggregation process, according to 
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which different binding agents play a role in the stabilization and formation of aggregates at 

the various hierarchical levels of the aggregation process. These different binding agents are 

either persistent (e.g. humic substances or polymers), temporary (e.g. roots and hyphae but 

also bacteria or algae) or more volatile (e.g. polysaccharides, which are rapidly degraded in 

the presence of microorganisms). This general concept, or at least the presence of aggregate 

structures, can be observed in the majority of terrestrial soils, although it does not apply to all 

soils (Totsche et al., 2018). Considering the soil as a whole, the presence and abundance of 

micro- and macroaggregates has a formative influence on major soil properties, such as water 

content, organic carbon content, and niche availability as well as habitat variability. In this 

context, associations between aggregate structures and bacteria are typically the norm rather 

than the exception (Jocteur Monrozier et al., 1991; van Gestel et al., 1996). 

In the research of aggregate structures and the initial conceptualization of the aggregate hi-

erarchy model, the focus was mostly on cultivated soils and the analysis of the effects and 

influences of aggregate structures on agricultural production, with only a minor role and at-

tention given to microorganisms. It was not until the mid-1980s that soil aggregates were also 

increasingly identified as hotspots of interactions between microorganisms and physiochem-

ical as well as biogeochemical interactions and processes (Gupta and Germida, 2015). Based 

on this, it was hypothesized that aggregate structures provide an ideal habitat for microor-

ganisms, which in turn play a crucial role in the transformation of dead biomass and organic 

carbon as well as essential nutrients through biological and biochemical activity (Elliott, 1986; 

Gupta and Germida, 2015). This hypothesis was further elaborated to the extent that bacteria 

and soil fungi colonize and shape different aspects of the aggregate structures. Along with this 

came the idea that different organisms prefer different features of habitats or even depend 

on them. This in turn could facilitate certain biological and biochemical processes, which are 

in some cases organism-specific, such as the mineralization of nutrients or the transformation 

of organic matter (Gupta and Germida, 2015). 

Soil aggregates in general, and the associated idea of habitat function and the resulting bio-

logical heterogeneity in particular, are part of a comprehensive framework that has under-

gone constant development and revision since its original conception by Edwards and 

Bremner (1964). A detailed presentation of this whole framework and its developmental his-

tory is beyond the scope of this introduction, therefore for a detailed overview please refer to 
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the review by Six et al. (2004) and for the specific relevance of microaggregates to the review 

by Totsche et al. (2018). 

Therefore, here and in the following, only the current findings related to the habitat function 

of soil aggregates for soil microorganisms, specifically for soil bacteria, but also to some extent 

for soil fungi are presented. 

2.1.2 Soil aggregates functioning as microhabitats and the relevance of the spatial scale  

In recent years, there has been an increasing awareness of the importance of the spatial con-

text as well as the biogeography for the dynamics and biodiversity of soil bacterial communi-

ties (Gupta and Germida, 2015; Vos et al., 2013). This interest can be attributed in part to 

advances and opportunities as well as the potency of modern sequencing techniques. For ex-

ample, Hanson et al. (2012) were able to demonstrate that approximately half of the variation 

in bacterial communities can be attributed to habitat structure, based on an evaluation of 

studies ranging from an intercontinental scale to a scale of a few meters. Similar observations 

have been made for macroorganisms such as plants and animals, for example, and are widely 

accepted for these (Cottenie, 2005; Vos et al., 2013). Although modern sequencing techniques 

and constant innovations in this field provide a variety of insights, in most cases it is the fact 

that the size of the studied samples by far exceeds the relevant habitat scale for a bacterium. 

Moreover, entire pools of aggregates are often analyzed at once, making it infeasible to draw 

conclusions about isolated aggregates. 

Soil colonization occurs predominantly at the surface of soil particles and in pores filled or 

moistened by water (Chenu and Cosentino, 2011; Vos et al., 2013). Thereby, bacteria occur 

predominantly as single cells, but also in microcolonies or in small biofilms (O'Donnell et al., 

2007; Or et al., 2007). Describing aggregates as habitats of soil bacteria, one has to consider 

that their surfaces as well as the pores traversing and surrounding them enable and induce 

the development of microhabitats, which in turn facilitate diverse bacterial communities 

(Rabbi et al., 2016; Ruamps et al., 2011). The emergence of these diverse microbial communi-

ties is in turn enabled by the fact that these microhabitats differ in their composition and 

availability of organic substrates, as well as in their physical and chemical properties (Bronick 

and Lal, 2005; Davinic et al., 2012; Gupta and Germida, 2015; Hattori, 1988; Kandeler et al., 

2000; Lagomarsino et al., 2012; Six et al., 2004; Smith and Peay, 2014; Vos et al., 2013). Fur-

thermore, compared to microaggregates, macroaggregates have been found to contain more 
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organic carbon and higher concentrations of, in chemical terms, not as complex (compared to 

microaggregates) organic matter (Davinic et al., 2012; Hofmockel et al., 2011). In addition to 

the diverse and fluctuating availability of nutrients, environmental conditions, like oxygen 

availability (Sexstone et al., 1985), can be assumed to vary likewise on a small scale, which also 

contributes to the formation of diverse niches and habitats. Other important abiotic factors 

influencing microorganisms at the smallest scale include the water content of the soil, the 

texture of the surface structure of the soil particles, gas exchange, or also the properties of 

the soil pores (Ding et al., 2013; Ebrahimi and Or, 2014; Kravchenko et al., 2013; O'Donnell et 

al., 2007; Wang et al., 2013). Thereby, soil pores can likewise be divided into different size 

classes, whereby the diameter of the pores in turn affects the interchange of nutrients and 

the accessibility for different organisms. In this regard, the impact of environmental conditions 

especially on microorganisms in the soil is to a large extent dependent on the respective size 

scale (O'Donnell et al., 2007), both in terms of observing but also in terms of surveying them, 

which should always be kept in mind. 

The high degree of heterogeneity in soils also led Rillig et al. (2017) to propose soil aggregates 

as evolutionary incubators for soil microorganisms. The rationale for this concept is the di-

verse and inherently isolated nature of soil aggregates, which favors high-level and parallel 

evolution of individual bacterial communities. This theory would also provide another expla-

nation for the high microbial diversity in soil systems (Jansson and Hofmockel, 2018). In addi-

tion, spatial separation and isolation could favor the formation of symbiotic dependencies in 

microbial communities that enable the completion of metabolic processes that cannot be fully 

carried out by individual organisms. For example, it is known that in the course of evolution, 

a few bacterial strains have lost the ability to synthesize the amino acids they need and there-

fore rely on neighboring cells to provide them (e.g. Mee et al., 2014). Furthermore, Zelezniak 

et al. (2015) were able to reconstruct that it is very likely that interactions between microor-

ganisms occur in natural communities and that metabolic exchanges in form of mating incom-

plete or complementary metabolic pathways probably happens quite often. This could be ad-

vantageous under nutrient-poor conditions, as fewer resources are required when coupling 

metabolic processes. Furthermore, spatial separation not only facilitates the formation of syn-

ergistically and symbiotically connected communities, since these are better protected from 

external disturbances by their separation and can thus initially evolve undisturbed, but can 

also serve as protection against predators. This protection from predators results from the 
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observation that small pore diameters exclude larger predators. It has been found that organ-

isms that inhabit pores with a diameter of <6 µm are mostly protected from predators of the 

microfauna, since the predators cannot access these small pores due to their own size (Elliott 

et al., 1980; Hattori, 1988; Heijnen and Veen, 1991; Kuikman et al., 1990). In addition to the 

protection from predators, smallest pore diameters also provide protection from various en-

vironmental factors such as desiccation or major fluctuations in pH (Bitton et al., 1976; Stotzky 

and Rem, 1966). However, there is also the risk that pore sizes that become too small no 

longer adequately ensure diffusion of nutrients, which in turn is a vital constraint. Fungal hy-

phae, for their part, are found predominantly in pores > 10 µm in diameter (Schack-Kirchner 

et al., 2000), implying that soil pores < 6 µm are likely to be reserved predominantly for bac-

teria and archaea. Consistent with this, a diverse selection of studies indicates that the highest 

bacterial activity is predominantly located in microaggregates (e.g. Neumann et al., 2013; Nie 

et al., 2014; Ranjard and Richaume, 2001), which in turn fits with the findings of Rabbi et al. 

(2016), who were able to show that smaller pores dominate in microaggregates. On the other 

hand the highest abundance of soil fungi can be classified in macroaggregates (Kandeler et al., 

2000; Kihara et al., 2012). Regarding the influence of different aggregate size classes, a variety 

of studies show that this represents a determining factor for bacterial diversity (e.g. Davinic 

et al., 2012; Sessitsch et al., 2001; Trivedi et al., 2017), however, there are also studies that 

see no relationship between aggregate size and bacterial community structure (e.g. Blaud et 

al., 2014; Väisänen et al., 2005). Nevertheless, it is considered proven that bacteria preferen-

tially form associations with organic matter and clay particles (Totsche et al., 2018), whereby 

clay minerals also influence bacterial community composition (Babin et al., 2013; Ding et al., 

2013). 

2.1.3 Involvement of bacteria in the generation of aggregate structures 

In addition to the colonization of aggregate structures by bacteria, there are also indications 

that microorganisms are to some extent actively involved in the process of aggregate for-

mation or at least influence this process (Watts et al., 2005), although this has not yet been 

finally clarified. For example, there is reason to believe that the diversity of bacteria and fungi 

prevalent in soils also influences the connectivity and porosity of aggregate structures during 

aggregate formation (Crawford et al., 2012). With regard to the involvement of bacteria and 

clay particles, Lünsdorf et al. (2000) observed that clay particles accumulated on bacterial cells 

and coated them. This formation of particle-bacteria associations could indicate that bacteria 
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are actively involved in aggregate formation and may even constitute the nucleus of aggregate 

formation in some cases. Furthermore, there are considerations that attribute a significant 

role to the presence of bacterial extracellular polysaccharides (EPS) in aggregate formation as 

well as in the stabilization of aggregates (e.g.; Kleber et al., 2015; Sandhya and Ali, 2015). 

In summary, complex and diverse interactions exist between soil constituents and the micro-

fauna colonizing them, beginning with the formation of aggregate structures and extending 

throughout the entire soil life cycle, with the consequence of forming a stabilizing aggregate 

soil architecture that also drives and is part of geochemical cycling (Crawford et al., 2012; 

Lynch, 1981; Lynch and Bragg, 1992). 

2.2 The spatial scale in macro- and microecology 

Microbial communities and their habitats in soils are characterized by a high spatial heteroge-

neity (Franklin and Mills, 2007). Thereby it is important to always be well aware of the scale 

of microorganisms (Vos et al., 2013) in comparison to the macroscopic world. For instance, 

looking at the specific surface area (SSA) of soil particles, it can be seen that it varies depending 

on the type and composition of the soil particles as well as on the analytical technique used, 

resulting in SSAs ranging from 60 to 800 m²g-1 (Bin et al., 2007; Pennell, 2016, 2016). SSAs of 

different microaggregate fractions (≤ 250 µm) have been reported to be up to 20 m²g-1 

(Schweizer et al., 2019), though different aggregate components will again vary in the extent 

of their SSA (Guhra et al., 2019). 

Assuming an average area of 1 µm² occupied by a single bacterium in soil, with a conservative 

presumption of 60 m²g-1 and a number of 109 bacterial cells per gram of soil (Torsvik and 

Øvreås, 2002) there would be roughly 250 µm of space in between each individual cell given 

an even distribution of all cells. Young and Crawford (2004) made a similar assessment, as-

suming that typically <1% of the surface area of soil particles is colonized by bacteria. For a 

better illustration of the proportions to be considered, the following analogy can be made on 

a human scale: A bacterial cell in comparison to a microaggregate (1 µm : 250 µm) compares 

roughly to a human being in relation to the Großer Ölberg (460 m above NHN), the highest 

mountain in the Siebengebirge. 

Considering the dimensions of a bacterium, it is not surprising that microorganisms interact 

with surface structures at the micro- to nanoscale (Hol and Dekker, 2014). This allows them to 

adapt to extremely miniscule landscape structures - in our predominantly macroecological 
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view - serving them as habitats. 

With our macroecological perspective, which is shaped by our own human perspective and 

thus by our subjective perception, we perceive landscapes to be a composition and spatial 

expansion of elevations, valleys, plains, rivers, vegetation and organisms. In this context, land-

scapes, regardless of scale, can be defined as an arrangement of patterns that are interrelated 

to the inhabiting organisms and ecological processes being observed at any given time 

(Turner, 2005). Conceptualizing the environment surrounding us at our respective scales is 

described by the concepts of macroecology or landscape ecology. Nevertheless, it is scarce to 

observe in previous literature that the principles of landscape ecology, which are valid and 

recognized at a larger scale, are associated with microbial ecology (e.g. Battin et al., 2007). 

Thereby, landscape ecology deals with the same questions that are also highly relevant for soil 

microbial ecology, namely the reasons for and consequences of spatial heterogeneity. Here, 

heterogeneity is the measure of how distinct areas within a landscape are from each other 

and furthermore how this spatial structure interacts with the influencing and influenced or-

ganisms. Indeed, one of the main questions in landscape ecology is to determine the scale of 

the effect of individual and combined environmental parameters on colonizing organisms 

(Jackson and Fahrig, 2012, 2015; Miguet et al., 2016). By the scale of the effect, in this context, 

the sphere of impact of respective environmental parameters is meant, i.e., in which spatial 

extent the effect of an environmental parameter has a determining effect. Due to the small 

size scale, it is even more difficult to precisely determine the effect radius for soil systems than 

it is already the case in landscape ecology (Miguet et al., 2016). These difficulties arise in par-

ticular from the fact that with today's technical methods it is often not yet possible to resolve 

environmental parameters on a micrometer scale, and in those cases where this is possible, 

the survey is significantly more challenging than it is on a larger scale. In addition, due to the 

nested structure of soil components, it is extremely difficult to perform appropriate measure-

ments at the respective points of interest. 

The spatial distribution patterns of organisms result primarily from abiotic factors, such as 

climate and the shape/characteristics of the landscape. Resulting patches with characteristic 

features, resources and organisms are framed by boundaries that influence and control pro-

cesses within the patches and thus regulate the movement of organisms across the landscape 

(Lovett et al., 2005; Reiners and Driese, 2004). For example, higher animals often move from 

one spot to another, which is necessary because of the uneven distribution of resources. In 
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this process, the heterogeneity of the landscape (from a macroecological perspective, for ex-

ample: mountains, valleys or rivers; from a microecological point of view e.g.: micro- and 

macropores) has a reinforcing or inhibiting effect on the ability of organisms to move, which 

in turn affects the distribution and colonization of new habitats or even the invasion of an 

existing community. Thus, these processes can be found at both the macro-ecological level as 

well as the micro-ecological level. This relevance of environmental heterogeneity for non-host 

associated microorganisms is also highlighted in a review by Langenheder and Lindström 

(2019). Furthermore, Gupta et al. (2020) were able to show the influence of spatiotemporal 

parameters at the bacterial size scale on microbial communities utilizing a microfluidic plat-

form to quantify spatiotemporal parameters. 

On closer inspection and consideration of what constitutes landscapes, it can thus be said that 

microaggregates are microbial landscapes. 

To this point, there is no full implementation of the concept of landscape ecology within mi-

crobial ecology, yet some studies have shown that microbial communities are influenced by 

spatial heterogeneity, even at small scales (e.g. Hol et al., 2016; Keymer et al., 2006; Salek et 

al., 2019). A distinctive feature of considering microbial communities is that, unlike the major-

ity of macroecological communities, they are also capable of actively shaping and changing 

the environment around them through their activity (e.g. Bardgett and van der Putten, 2014; 

Schimel and Schaeffer, 2012). This, in turn, may impact how and which future generations of 

organisms colonize a then differently shaped environment. 

2.2.1 Relating macro- and microecology 

There are a large number of influential factors that shape and determine organisms and eco-

systems, whereby large-scale factors are more easily recorded and thus also analyzed. In con-

trast, this is difficult at the microbial scale, where studies to date have been highly inconsistent 

with respect to the characteristics of ecosystems and microbial communities (Langenheder 

and Lindström, 2019). Nonetheless, it cannot be ignored that microorganisms interact with 

their immediate environment, and that in particular the composition of this environment has 

a particular influence on the heterogeneity of microbial communities, both spatially and tem-

porally (Mony et al., 2020). If one aims at a direct comparison of ecological processes and their 

effects at the micro and macro scope, obviously there are some differences that can be iden-

tified. The first obvious difference is the magnitude of the organisms, which also affects the 

sphere of impact. However, the difference is put into perspective when one becomes aware 
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of the size relativities, as was done at the beginning of this section. Another not insignificant 

difference is the short generation time of microorganisms. If one takes the small size, the short 

generation time, and the related relevance of evolutionary processes together resulting in 

scales nested in space and time, the subsequent effects are in all likelihood considered to be 

more complex than in macroorganisms (Mony et al., 2020). Nevertheless, it is worthwhile to 

consider macroecological principles, such as those from landscape ecology, more closely and 

contemplate a translation of these to microbial ecology. It is therefore worth reflecting on 

whether microbial ecology has so far not paid sufficient attention to spatial, temporal as well 

as phylogenetic scales (Ladau and Eloe-Fadrosh, 2019). 

McGill (2019) describes the aspiration of macroecology in identifying and ascribing generality 

to patterns of ecological units occurring. This aspiration can also be excellently applied to ag-

gregated ecological units in soil, namely aggregate structures, although this requires a trans-

formation of the scale at which these patterns are to be detected and explained. In soil, the 

high degree of spatial heterogeneity and the inhomogeneous distribution (patch structure) of 

resources result in microhabitats that allow parallel existence of organisms dependent on the 

same resources, enabling interspecific as well as intraspecific aggregation of microorganisms 

in aggregate structures (Etterma and Wardle, 2002). The formation of this aggregated struc-

ture inhabited by microbial communities can thereby be observed across different spatial 

scales (e.g. Bach et al., 2018; Bailey et al., 2013; Decaëns, 2010; O'Brien et al., 2016; Thakur et 

al., 2020). In addition, it should also be borne in mind that the environment as well as the 

sphere of impact of soil bacteria often corresponds to a scale where environmental parame-

ters are usually not surveyed (Hendershot et al., 2017). Although there are a lot of open ques-

tions and knowledge gaps in the field of macroecology and the application of several of its 

principles in the field of soil ecology (Eisenhauer et al., 2017), it is worthwhile to take a closer 

look here and review what synergies there are or can be found. In line with this, there has 

recently been an increasing interest in linking macroecological and microecological concepts 

(e.g. ; Shade et al., 2018; Thakur et al., 2020), although it is a major challenge to integrate 

these concepts not only in terms of spatial as well as temporal dimensions, but also to estab-

lish an organized hierarchy of species, communities, and ecosystem (White et al., 2020). When 

applying macroecological approaches in the field of soil microbiology, it is also important to 

consider that the scale of most soil samples by far exceeds the sphere of impact of bacteria, 
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with the result of grouping together independent microbial communities that would be sepa-

rated from each other in their natural habitat (microhabitats) and individual resource use and 

being without exchange with each other under undisturbed circumstances (Holden, 2011; Vos 

et al., 2013). This can subsequently affect or even bias observations of patterns and processes 

(Shoemaker et al., 2017), again emphasizing the relevance of respecting an appropriate mon-

itoring scale. 

2.3 Visualization of soil bacteria using light microscopy 

The history of microscopy dates back to the early 15th century, when Johannes Kepler discov-

ered that optical magnification could be achieved using convex lenses and oculars. From the 

middle of the 15th century, Antonie van Leeuwenhoek developed the first known microscopes, 

which made him the first person to observe and describe "animalcules", living organisms bet-

ter known to us today as microorganisms. Nowadays, 6 centuries later, in the 21st century, 

microscopy has steadily evolved and, apart from light microscopy, has opened up many other 

exciting fields, embracing new techniques extending beyond visible light and enabling incred-

ible magnifications and resolutions. Nevertheless, light microscopy is still widely used today 

and offers a wide range of possibilities. In the following, the current opportunities and appli-

cations of light microscopy in the visualization of soil bacteria in their natural habitat, the soil, 

will be elucidated. 

To gain an understanding of soil bacterial ecology and communities at the level of individual 

colonies or even individual cells, it is important to accurately locate and contextualize the or-

ganisms in their surrounding environment at a high resolution appropriate to these bacteria. 

With a resolution limit of classical light microscopes around 0.2 - 0.3 µm (Abbe, 1873), this 

technique is sufficient to differentiate individual bacteria. When using fluorescence micro-

scopes, the resolution limit can be even lower, depending on the wavelength used. 

The microscopy of bacteria in pure culture respectively the observation of bacteria detached 

from their natural habitat is mostly uncomplicated. Even though it requires modifications of 

the light used for microscopy utilizing filters or staining of the cells, since bacteria are very 

difficult or even impossible to identify in classical light microscopy using environmental sam-

ples. One way to visualize bacteria under the microscope and to enable localization of bacteria 

in environmental samples is the use of fluorescence microscopy. Dyes that intercalate with 

DNA are usually used to visualize bacteria, such as DAPI (4,6-diamidino-2-phenylindole), a dye 
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that stains all bacterial cells in a sample and causing them to fluoresce when exposed to ultra-

violet (UV) light. There is a wide range of dyes available for staining bacterial cells, some of 

which allow selective staining. One example of selective staining is the LIVE/DEAD BacLight 

staining kit, which allows living and dead cells to be distinguished by their respective fluores-

cence (Berney et al., 2007). Two dyes, SYTO 9, a green fluorescent and, Propidium Iodide (PI), 

a red fluorescent DNA dye, are used in this kit, which differ in their interaction with cell mem-

branes. SYTO 9 stains all cells, whereas PI stains only cells with defective cell membranes, so 

that the SYTO 9 dye is superimposed by the red dye in dead cells, causing cells with intact cell 

membranes to fluoresce green and cells with defective cell membranes to fluoresce red. 

One of the major challenges in visualizing bacteria in soil is the soil itself. Due to its heteroge-

neous structure and the predominant opacity, it is difficult to obtain an image of the bacterial 

colonization of soil particles using light microscopy. With the use of light microscopy, it is only 

possible to capture the surface of soil particles and the uppermost layer, which is penetrated 

by visible light. It is also challenging to capture the entire surface in a single image, as the focal 

plane is extremely shallow at high magnification. When applying fluorescence microscopy, an-

other challenge in visualizing bacteria in soil is the occurrence of autofluorescence, and if flu-

orescent dyes are used, the non-specific binding of these (Li et al., 2004). This can lead to false-

positive observations of bacteria when soil components either exhibit autofluorescence on 

their own, or were erroneously stained. 

In order to investigate the spatial distribution of bacteria in the soil not only on the surface of 

soil particles, soil thin-sections are often utilized. The use of thin-sections has its origins in 

geology, having been used as early as 1964 by Jones and Griffiths to study the spatial distribu-

tion of microorganisms in soil aggregates. However, at that time, on the one hand, the tech-

nical possibilities for imaging bacteria using light microscopy were still very limited, and on the 

other hand, the techniques for dehydration and fixation of soil samples had not yet been suf-

ficiently refined and optimized. Nowadays, these techniques are well elaborated and have 

already been used several times to detect the spatial distribution of bacteria in and on soil 

particles (Nunan et al., 2001; Nunan et al., 2003; Raynaud and Nunan, 2014). 

The next major step in visualizing soil bacteria followed the development of fluorescent dyes, 

which for the first time opened up the possibility of quantifying soil bacteria in the soil itself 

(e.g. Tippkötter, 1990). This development now made it possible to differentiate bacteria dis-
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tinctly from other soil components, however, the previously mentioned problem of autofluo-

rescence as well as non-specific staining does not allow a decisive and definite quantification. 

The subsequent next significant step for microscopic analysis and evaluation of soil bacteria 

was the availability of digital cameras for capturing microscopic images, and the associated 

possibility of computer-assisted image analysis. Nunan et al. (2001; 2003) were thus able to 

generate fluorescence microscopic images of the in situ distribution of soil bacteria. These 

images provide, for the first time, an impression of the distribution of bacteria at a scale rele-

vant to microorganisms. Not only individual bacteria or microcolonies and their immediate 

surroundings are imaged, but also neighboring organisms and their surrounding structures. 

Thus, for the first time, an impression of the distribution of bacteria in the soil system could 

be obtained. The persistent problem of non-specific binding of dyes to organic matter or other 

soil components was overcome a few years later with the help of new molecular biological 

advances. First, fluorescence in situ hybridization (FISH) was developed (DeLong et al., 1989) 

using fluorescently labeled oligonucleotide probes, allowing highly specific staining of bacte-

ria. This method has also been used sporadically for soil samples (Bouvier and Del Giorgio, 

2003; Eickhorst and Tippkötter, 2008a; Li et al., 2004) though the problem of nonspecific stain-

ing of organic matter often remained and increased autofluorescence was reported 

(Blagodatskaya and Kuzyakov, 2013; Hahn et al., 1993; Zarda et al., 1997). Through the ad-

vancement to the catalyzed reporter deposition (CARD)-FISH (Schönhuber et al., 1997) and 

continued optimization (Pernthaler et al., 2002), Eickhorst and Tippkötter (2008b) were finally 

successful in presenting a workflow for using CARD-FISH for soil samples. It was shown that 

this method is well suited for the specific detection of microorganisms in complex samples, 

such as soil samples. Thereby, the stained cells were well and clearly distinguishable against 

the background of the soil material, which was achieved by increased signal intensity and re-

duced autofluorescence. Nevertheless, this powerful method has found so far little further 

application in the visualization of soil bacteria using light microscopy. However, this may be 

due to the fact that this method is quite time-consuming and labor-intensive. 

Nowadays, it is possible to conduct, automate and reproduce complex and highly accurate 

multidimensional imaging using motorized and digitized light microscopes. The high resolu-

tion and the high dynamic range of current digital cameras make it possible to capture high 

quality images under difficult lighting conditions. The high resolution of the images also makes 

it possible to use a lossless digital zoom in addition to the optical magnification, which enables 
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further magnification. Furthermore, the processing power of modern computer systems 

makes it possible to evaluate and analyze the generated images. Moreover, with the help of 

technical enhancements, it is possible to generate optical thin sections of fluorescent samples 

and thus generate 3D visualizations from 2D images, which allow a better impression and un-

derstanding of the spatial dimensions and nature of the bacterial environment. Using the po-

tential of modern light microscopy in conjunction with older and proven methods will allow 

exciting and diverse new possibilities and insights to be explored and developed. 
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 Objectives 

Soils provide the foundation for almost all terrestrial life and at the same time harbor the 

greatest diversity of bacterial life. Despite this prominent role of terrestrial soils, the genesis 

and functioning of the smallest functional soil structures/building blocks, the soil aggregates 

and their building units, is still relatively obscure. The present study investigates the mutual 

influence and effects of microorganisms on soil aggregates. On the one hand, the influence of 

existing aggregate structures and their varying characteristics on bacterial communities have 

been analyzed. On the other hand, it was studied whether bacteria themselves play an active 

role in the formation of aggregate structures. 

In the investigation of all questions, special attention will be paid to the microscopic dimen-

sions considered and whether microscopic findings are also reflected in macroscopic dimen-

sions, and vice versa. 

The following questions will be explored in detail: 

I. Do varying aggregate properties such as size class, localization in the soil structure as 

well as variable clay content influence bacterial community composition and shape, 

allowing the identification and differentiation of specific communities? 

The majority of all terrestrial soils consists of aggregated units of different soil compo-

nents, which in turn results in a highly heterogeneous and complex system. This cir-

cumstance allows for a potentially wide variety of habitats and microniches, which fa-

vor the formation of different bacterial communities. Furthermore, it is well known 

that clay minerals are closely associated with soil bacteria, often resulting in an in-

creased occurrence of bacteria in the size fraction of clay minerals or in association 

with them. Therefore, in order to investigate the influence of different aggregate clas-

ses, I will examine a wide range of different size classes as well as distinguish their 

localization in the soil structure as occluded in larger aggregate structures versus free-

occurring aggregates. In addition, I will systematically investigate the influence of a 

variable clay content on the configuration of the bacterial community of different ag-

gregate size classes. 
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II. Do certain size categories of soil aggregates provide particular habitats which in turn 

favor specific bacterial taxa? If this is the case, can particular characteristics of these 

size categories be identified explaining this? 

A ubiquitous distribution of bacteria in the soil system is oftentimes presumed. Can a 

specific distribution of certain taxa be observed when looking at different aggregate 

structures at a fine scale? 

III. Do bacteria have a general influence on the initial phase of aggregate formation and 

do sundry bacterial taxa influence their environment in different ways? Further-

more, do the aggregate structures that form for their part also have an influence on 

the bacteria that colonize them? 

The processes involved in the initial formation of aggregate structures are as yet largely 

unknown. However, some observations and characteristics of bacteria indicate that 

they could be involved in this process. For instance, it is known that bacteria not only 

have the ability to adapt to their environment, but also to actively shape it to a certain 

extent. With the help of a model experiment with different soil building units as well 

as diverse bacterial strains and the simulation of natural wet and dry periods as abiotic 

factors, I will investigate the influence of bacteria on the initial aggregate formation 

and also analyze the reciprocal influence of aggregate structures on the bacteria them-

selves. 

IV. What possibilities do modern light microscopic methods open up in the spatial visu-

alization of complex soil structures and their bacterial colonization? 

Due to the complexity and heterogeneity, light microscopic analysis of soil particles is 

a challenging task. Using state-of-the-art light microscopic techniques, I aimed to im-

age bacteria in their complex natural habitat, the microaggregates. Thereby, the unal-

tered natural preservation of the soil particles during sample preparation as well as an 

impartation of the spatial aspect should be aspired. 
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 Introduction 

Soil is characterized by a highly complex and heterogeneous modular structure, which offers 

a tremendous degree of spatial and temporal heterogeneity and thus facilitates the formation 

of diverse and specialized microbial communities (Tecon and Or, 2017). Considering that the 

surface area of one gram of soil can exceed 800 m2 (Pennell, 2016) and that usually less than 

1% of the soil surface is populated by bacteria (Young and Crawford, 2004), one can assume 

that bacteria in soil are located in diverse spatially separated habitats. These provide highly 

variable niches due to the soil's inherent heterogeneity, which implies that the entirety of 

bacterially populated habitats can spawn communities with diverse specialized individuals. 

Soil aggregation, a process that occurs in most soils as a consequence of pedogenesis, affects 

soil structure and contributes to the formation of heterogenous habitats for microorganisms 

(Totsche et al., 2018; Wilpiszeski et al., 2019). Tisdall and Oades (1982) describe the soil matrix 

as hierarchical system compiled of aggregates of different size classes with macroaggregates 

as soil structures >250 µm in comparison to the mechanically more stable microaggregates 

with a size <250 µm. Furthermore, small microaggregates with a size <20 µm are seen as struc-

tural building blocks of larger soil aggregates (Totsche et al., 2018). Macro- and microaggre-

gates are composite units that form in response to abiotic processes and biotic activities in-

troducing organic carbon into the soil. Aggregate formation is stimulated by processes exert-

ing mechanical forces, e.g. wetting/drying, freeze/thaw or agricultural management practices 

such as tillage (Christensen, 2001). Differences in the bacterial colonization have been re-

ported between macro- and microaggregates or specific size-fractions within these aggregate 

types (Bach et al., 2018; Bailey et al., 2013; Davinic et al., 2012; Sessitsch et al., 2001; Trivedi 

et al., 2017) and/or between microaggregates and the smaller sized (silt and clay) fraction 

(Davinic et al., 2012; Fox et al., 2018; Trivedi et al., 2015), thus confirming the relevance of 

aggregation for habitat diversification. However, it remains currently unclear whether differ-

ences are indeed best explained by these specific and commonly defined aggregate size enti-

ties, or whether differences are more specifically or additionally related to other aggregate 

size transitions, as most studies focus on a few different aggregate size fractions. 

Soil aggregates differ not only in size, but also in other physical and chemical properties that 

may modulate microbial colonization, such as clay content. Clay minerals are known to affect 

microaggregate formation (Krause et al., 2018; Schweizer et al., 2019), and experiments with 

artificial soil have shown that clay minerals have an influence on the composition of bacterial 
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communities (Babin et al., 2013; Ding et al., 2013). However, no systematic investigation of 

the role of aggregation for microbial communities in dependence on soil clay content has been 

performed yet, especially not with aggregates from natural soils. Another feature that may 

lead to differences in aggregate properties and possibly linked to it the formation of different 

microbial habitats is the localization of microaggregates in the soil matrix either within stable 

macroaggregates or as free units in the soil matrix. It is well-known that microaggregates can 

be found as occluded components within macroaggregates, where they are probably more 

easily disconnected from water and nutrient flow, or as free microaggregates in the soil matrix 

(Angers et al., 1997; Oades, 1984; Six et al., 2002). 

To study the role of different aggregate characteristics on bacterial communities in soil, we 

analyzed soil aggregates subdivided into ten different size fractions ranging from 8000 to <20 

µm, thus covering several different size classes of macroaggregates and microaggregates, re-

spectively. This allowed us to assess the importance of aggregate size in detail and to identify 

potential size thresholds that are linked to changes in bacterial colonization, based on the 

hypothesis that aggregates of different sizes support different types of habitats, resulting in 

differences in bacterial community composition. Moreover, we evaluated the relevance of 

aggregation for bacterial communities in dependence on soil clay content, which we hypoth-

esized to modulate aggregate properties and thus the bacterial colonization of aggregates. 

We further differentiated between free and occluded microaggregates, as we hypothesized 

that the specific localization of microaggregates within the soil matrix contributes to variation 

in bacterial colonization. We therefore separated free microaggregates, which were released 

after a wet-sieving procedure, and occluded microaggregates, which originated from stable 

macroaggregates and were obtained upon macroaggregate disruption. We performed our 

study with Cambisol soil samples from a well-studied arable plot (e.g. Schröder et al., 2002), 

which shows spatial variation in clay content (Heggemann et al., 2017). As all samples were 

taken from the same plot, they underwent the same agricultural management and climate 

history. Upon soil fractionation, we characterized the bacterial community composition based 

on 16S rRNA gene sequence analysis. 

 Material and methods 

2.1 Sampling site 

Soil samples were collected from an agricultural plot at the research station Scheyern north 

of Munich in Germany (48° 29′ 36″ N, 11° 26′ 15″ E), which shows spatial variation in clay 
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content (Schröder et al., 2002). Soil samples were taken in late October 2015 in a field fresh 

state after the removal of the upper Ap layer (first 4 to 5 cm) utilizing a core cutter (diameter: 

16 cm, length: 15 cm, volume: ∼3000 cm2), sieved to <8 mm and stored at 4 °C until further 

processing. Four replicate samples were analyzed per clay content level. The mean clay con-

tent of the replicate samples was 19, 22, 24, 32 and 34%, as determined by Krause et al. (2018). 

A more detailed description of the field sampling procedure is also given in Krause et al. 

(2018). 

2.2 Wet fractionation  

The field-moist soil samples were fractionated by wet sieving as described by Krause et al. 

(2018). The gained size fractions were: 8-2.8 mm, 2.8-2 mm, 2000-500 µm and 500-250 µm 

for macroaggregates, as well as 250-53 µm and 53-20 µm for microaggregates and <20 µm for 

aggregate building units. The latter corresponds to the silt and clay fraction in other studies. 

In the figures and tables of this study, the aggregate size fractions are denoted based on their 

upper size limit. It should be noted that all fractions contained also primary mineral particles 

of the respective size (quantified by Krause et al. 2018). All fractions <250 µm obtained after 

wet sieving were defined as free microaggregates, while the size fractions >250 µm were 

pooled, treated by ultrasonication (60 J ml−1) and again subjected to wet sieving to gain oc-

cluded microaggregates and stable macroaggregates of different size classes that resisted the 

ultrasound. Different to the protocol of Krause et al. (2018), the <20 µm fraction was not col-

lected by pressure filtration but by centrifugation of an aliquot of the fractionation water in 

this study. Sequential centrifugation steps were performed at 4°C to concentrate the particles, 

starting with a volume of 8 × 800 ml, which was centrifuged for 15 minutes at 4600 g using a 

swing-out rotor (Multifuge 4KR, Heraeus, Hanau, Germany). The supernatant was carefully 

discarded, the pellets were resuspended, combined and centrifuged again applying the same 

conditions. Subsequently, the pellets were pooled again, transferred to 50-ml tubes and cen-

trifuged for 15 minutes at 4250 g (Allegra X-30R, Beckman Coulter, California, USA) in a swing-

out rotor. Finally, resuspended pellets were pooled in 15-ml tubes, centrifuged as before and 

finally collected at 10,000 g for 15 minutes using a fixed angle rotor. All samples were lyophi-

lized after collection and stored at -20 °C until further processing. 
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2.3 DNA extraction and amplicon sequencing 

DNA was extracted from the different soil fractions using the NucleoSpin® Soil Kit (Macherey 

Nagel, Düren, Germany) following the manufacturer’s instructions with the following adjust-

ments: 0.3 g of soil were resuspended in SL1 buffer and the provided enhancer, microbial cell 

lysis was performed with a FastPrep®-96 instrument (MP Biomedicals, Santa Ana, California, 

USA) at 1200 rpm for 1 min, and the extracted DNA was finally resuspended in 30 µl of PCR-

grade water. We obtained between 0.05 and 4.7 µg DNA per g dry soil (Suppl. Tab. II-1). 

Amplification of the 16S rRNA genes was done using the barcoded primer set 515F-806R 

(Frindte et al., 2019), which targets the V4-V5 region of the gene. A two-step PCR procedure 

was applied to generate PCR products for amplicon sequencing. In the first step, primers with-

out barcodes were used to amplify the genomic target region in 27 cycles in triplicate assays 

per sample using 1 µl DNA extract in a 10-µl assay. In the second step, the triplicate PCR prod-

ucts were pooled and served as template to amplify the target gene with 5 cycles using sample 

specific barcode primers in 50-µl PCR assays. The exact PCR conditions and all following steps 

including the quantification of PCR products, pooling, purification and the amplicon sequenc-

ing on an Illumina HiSeq instrument (2 x 250 bp) were performed as described by Maarastawi 

et al. (2018). Sequence files were submitted to the European Nucleotide Archive (ENA) data-

base and are available under the project accession number PRJEB36920. 

2.4 Sequence analysis 

The sequences of forward and reverse reads were merged with USEARCH (Edgar and 

Flyvbjerg, 2015), afterwards reverse primers and sequences <200 bp were removed using Cu-

tadapt (Martin, 2011). Sequences identified as reverse complementary were turned with 

fastx_reverse_complement (http://hannonlab.cshl.edu/fastx_toolkit). Demultiplexing was 

done with a customized perl script and barcoded forward primer sequences were removed. 

Further quality filtering was done using USEARCH v9 (Edgar, 2013) applying a q of >3 as rec-

ommended by Bokulich et al. (2013). A dereplication step was performed (Usearch 

fastx_unique) and sequences were clustered into operational taxonomic units (OTUs) using 

97% sequence similarity as cut-off. A biom file was constructed using the usearch -

usearch_global function. Taxonomy was predicted using the Usearch sintax command and the 

reduced RDP dataset (rdp_16s_v16.udb, https://drive5.com/usearch/manual/sintax_down-

loads.html). The OTU table was filtered to exclude very rare OTUs that occurred less than three 
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times across all samples and to exclude chloroplasts. The resulting biom file was used for fur-

ther data analysis in R. 

2.5 Statistical analysis of community compositional data 

Data analyses and statistical evaluations were performed using R and the R packages Vegan 

(Oksanen et al., 2019), Phyloseq (McMurdie and Holmes, 2013), Microbiome (Lahti et al., 

2017) and PMCMRplus (https://CRAN.R-project.org/package=PMCMRplus). For statistical 

analysis of alpha-diversity based on the Chao1 index and Pielou’s evenness a rarefied OTU 

table based on 4732 reads per sample was used. Significant differences in alpha diversity be-

tween groups of samples were evaluated based on a non-parametric Kruskal-Wallis test, as a 

Shapiro-Wilk normality test revealed non-normal data distribution. When necessary, a Tukey-

Kramer-Nemenyi post-hoc test was performed afterwards. Post-hoc tests were considered 

significant with a threshold of p <0.05. Bacterial community composition was compared be-

tween samples using two approaches. On the one hand, Bray-Curtis distance metrics were 

calculated and non-metric multidimensional scaling (NMDS) plots were generated. On the 

other hand, a more recently proposed method using a centered log-ratio (CLR) transformation 

of the data followed by a Principal Component Analysis (PCA) as recommended by Gloor et al. 

(2017) was used, which is based on Euclidean distances to describe differences between sam-

ples. The latter approach has been reported to better take into account the dependency of 

the data, considering that relative abundance data are used. Statistical evaluation of differ-

ences in the bacterial community composition between groups of samples was performed by 

applying an analysis of similarity (ANOSIM) with 999 permutations. To further analyze the in-

fluence of different grouping variables on the variation in bacterial community composition 

between samples, a variation partitioning analysis was performed based on a Hellinger trans-

formed version of the OTU table. Lastly, we performed an indicator taxa analysis (Dufrêne and 

Legendre, 1997) using the rarefied OTU table and calculated indicator values (IV) to detect 

characteristic OTUs in different aggregate size fractions using the R package indicspecies 

(Cáceres and Legendre, 2009). The p-values obtained by the multipatt function in the indicspe-

cies package were corrected by the Benjamini and Hochberg p-value adjustment procedure 

to account for multiple comparisons. In the indicator taxa analysis an indicator index is calcu-

lated based on the concept of specificity (highest if a species only occurs in the target group) 

and fidelity (highest if the species occurs in all replicates of the target group). The closer the 

IV is to 1, the more characteristic is the species for the factor considered in the analysis. Three 
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levels of significance were defined in this study as indicated by asterisks (not significant, p 

>0.05, no symbol; significant, p ≤0.05, *; very significant, p ≤0.01, **; highly significant, p 

≤0.001, ***). 

 Results 

3.1 Changes in bacterial diversity due to aggregate size fraction and clay content 

 

Fig. II-1: Box plots showing the influence of aggregate size fraction (A, C) and clay content (B, D) on 
bacterial diversity (A, B) and evenness (C, D), which were estimated based on the Chao1 and 
Pielou index, respectively. The box displays the 25th and 75th percentile whereas the line 
within the box marks the median and dots display outliers. Letters above the box plots 
indicate significant differences between groups of samples. 

Bacterial community compositional analysis based on 16S rRNA gene amplicon sequencing 

was successful for 191 out of 200 samples. These were obtained from soils of five different 

clay contents, separated into ten different fractions representing macroaggregates, free and 
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occluded microaggregates, as well as aggregate building units (i.e. <20 µm). Alpha diversity 

was analyzed by comparing the estimated total species richness based on the Chao1 index 

and the evenness according to Pielou’s evenness index (Fig.II-1). Statistical evaluation of dif-

ferences in estimated species richness showed no significant differences in dependence on 

size fraction (p = 0.106). Slight differences were observed between samples of different clay 

content (p = 0.005), whereby the diversity in the samples from soil with 19% clay was slightly 

lower than in those with 22% and 32% clay. 

 

Fig. II-2: Relative abundance of bacterial phyla detected in the different aggregate size fractions (A) and 
from soils of different clay content (B). Phyla with a mean relative abundance < 2% are 
grouped as other. NAs represent sequence reads that could not be assigned to a specific 
phylum. 

Pielou’s evenness index was determined to evaluate whether the detected species occur with 

rather equal relative abundances (even; values close to 1), or whether the bacterial commu-

nity is dominated by a few taxa with high relative abundance (values towards 0). The different 

size fractions showed only slight differences in evenness (p ≤ 0.001). Post-hoc tests revealed 

that especially the fraction of free microaggregates <20 µm had a less even community com-

position than the aggregates of the 8000, 2000, 500, 250 µm occluded and 250 µm free frac-

tion (Fig.II-1 C). Likewise, only slight differences were seen in dependence on the soil clay con-

tent (p ≤ 0.001). A significantly lower evenness was observed in samples of the lowest and 

highest clay content (19% and 34%) compared to those samples with intermediate clay con-

tents (22% and 24%) (Fig.II-1 D). The rather even distribution of the bacterial taxa can also be 

deduced when looking at the relative abundance of identified bacterial orders (Suppl. Fig. VIII-

1), but is not well preserved up to phylum level (Fig.II-2). 
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3.2 Impact of clay content and aggregate size fraction on bacterial community composi-

tion 

 

Fig. II-3: Principal component analysis (PCA) showing similarities in bacterial community composition 
between samples of the five clay contents and ten different aggregate size fractions (A and 
B) as well as a data subset consisting of the microaggregate fractions only (C and D). Figures 
include R-values from a statistical evaluation of differences between groups of samples, 
obtained by analysis of similarity (ANOSIM). 

To get a general overview about the variation in bacterial community composition between 

all samples, we performed a PCA based on CLR transformed data and calculated as comple-

mentary approach an NMDS plot based on Bray-Curtis distances. In PCA (Fig.II-3) only a minor 

part of the variation between samples was explained by the first two axes (9.9 and 5.8%), 

indicating that no strong influencing factor was associated with the observed variation be-

tween all samples. Nevertheless, a certain separation of samples according to size fraction can 

be seen along the first axis. Especially the smallest microaggregates <20 µm and to some ex-

tent those <53 µm are separated from larger aggregates. Along the second axis samples are 

to some extent separated by clay content, though not systematically with increasing clay con-

tent, indicating that there is no consistent variation due to clay content in the overall dataset. 

A statistical verification of the effect of these two factors by ANOSIM confirmed a small but 

significant explanatory power of both, clay content (R = 0.26, p = 0.001) and size fraction (R = 
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0.20, p = 0.001) (Fig.II-3). The influence of the two parameters was also evident in the alter-

natively calculated NMDS plot (Suppl. Fig. II-1). Likewise as in the PCA plot, the small mi-

croaggregates clustered together and were slightly separated from the larger size fractions. 

The statistical verification based on ANOSIM revealed again slight but significant effects of size 

fraction (R = 0.20, p = 0.001) and clay content (R = 0.18, p = 0.001), thus confirming the PCA 

based findings. 

To assess the impact of aggregate size fraction and clay content on microbial community com-

position more specifically, a constraint analysis, i.e. variation partitioning with redundancy 

analysis (RDA), was performed and showed a weak influence of 10.8% for the size fraction and 

of 9.3% for the clay content, while the major fraction of the observed variation in bacterial 

community composition across all samples remained unexplained with residuals of 80.5% 

(Suppl. Fig. II-3). This is in good agreement with the PCA and NMDS results. 

Tab. II-1: Effect of aggregate size fraction on bacterial community composition in soils of different clay 
content, assessed based on an analysis of similarity (ANOSIM). 

Subset: Clay content 

[%] 

ANOSIM R 

Euclidian 

ANOSIM R 

Bray-Curtis 

19 0.186 * 0.193 ** 

22 0.162 * 0.166 * 

24 0.362 *** 0.371 *** 

32 0.233 *** 0.280 *** 

34 0.441 *** 0.517 *** 

 

To further evaluate the relevance of aggregate size fraction in dependence on soil clay con-

tent, the dataset was divided into subsets of samples according to clay content. This allowed 

us to compare the impact of aggregate size on bacterial community composition in soils of 

different clay content independently. A significant effect of the aggregate size fraction was 

observed in the soils of each clay content, with R-values ranging from 0.162 to 0.441 when 

differences between samples were described by Euclidian distances calculated from CLR-

transformed data and from 0.166 to 0.517 for data based on the Bray-Curtis distance matrix 

(Tab. II-1). There was a rough trend towards higher R-values, i.e. more differences in depend-

ence on aggregate size, in soils of higher clay content, especially for the data analysis based 

on the Bray-Curtis algorithm. A look at individual PCA plots (Suppl. Fig. II-4) revealed that the 
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differences were in all cases related to a distinction between smaller and larger microaggre-

gates. At low clay contents (19 and 22%), only some of the microaggregate samples <20 µm 

and <53 µm clustered apart from the other aggregate samples. At higher clay contents (32 

and 34%), nearly all <53 µm aggregates clustered with the larger aggregates, while there was 

a clear separation of microaggregates <20 µm, especially in the soil samples with 34% clay 

content. In these soils, there was a further distinction visible between <20 µm free and oc-

cluded microaggregates and a certain grouping of the larger aggregate size fractions. This is 

reflected by the highest ANOSIM R-values observed for these samples (Tab. II-1). 

Tab. II-2: Effect of clay content on bacterial community composition in data subsets of different 

aggregate size fractions, assessed based on an analysis of similarity (ANOSIM). 

 
ANOSIM R 

Euclidian 

ANOSIM R 

Bray-Curtis 

Subset: Macroaggregates 

8 - 2.8 mm 0.484 *** 0.452 *** 

2.8 - 2 mm 0.479 *** 0.466 *** 

2000 - 500 µm 0.436 *** 0.531 *** 

500 - 250 µm 0.189 ** 0.308 ** 

Subset: Microaggregates 

250 - 53 µm 0.367 *** 0.235 ** 

53 - 20 µm 0.144 0.072 

<20 µm  0.136 * 0.157 * 

250 - 53 µm free 0.393 *** 0.257 * 

53 - 20 µm free 0.389 ** 0.159 * 

<20 µm free 0.275 ** 0.376 *** 

 

We also assessed the effect of the soil clay content within each aggregate size fraction. This 

revealed a significant influence of clay in most of the individual fractions (Tab. II-2), although 

the impact strength remained low to moderate with R-values of 0.136 to 0.484 for the dataset 

based on Euclidean distances. Differences in community composition related to the soil clay 

content were more evident in the macroaggregate fractions >500 µm than in the aggregate 
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fractions <500 µm. An inspection of PCA and NMDS plots set up for each aggregate size frac-

tion individually (plots not shown) did not reveal a consistent change in community composi-

tion of the individual samples according to an increasing clay content, indicating that clay con-

tent does not induce the same systematic changes in all different aggregate size fractions. 

3.3 Influence of microaggregate localization in the soil matrix on bacterial community 

composition 

As we had different types of microaggregates, varying not only in size and clay content, but 

also with respect to their localization in the soil as free units or occluded within water-stable 

macroaggregates, we analyzed the influence of these three factors comparatively in more de-

tail in a reduced dataset including only all different microaggregate fractions. According to 

PCA, the smallest microaggregates <20 µm were quite well separated from larger microaggre-

gates along the first axis, which covered 13.6% of the variation (Fig.II-3). Differences due to 

clay content were primarily reflected by the second axis (5.7%), while a further clear clustering 

due to aggregate location in the soil matrix was not very evident. Such a further separation of 

free versus occluded microaggregates was most evident in the smallest size fraction (<20 µm). 

The general findings were confirmed by ANOSIM, which revealed almost no differences be-

tween the free and occluded microaggregates, while the effects of clay content and size frac-

tion were evident, but again not very pronounced according to the R-values between 0.127 

and 0.237 (Tab. II-3). Results of a variation partitioning analysis performed for this microaggre-

gate dataset (Suppl. Fig. II-3 B) supports these findings, as it shows that the localization of the 

microaggregates within or outside of stable macroaggregates explains only 1% of the variation 

in bacterial community composition between all different microaggregates. 

Tab. II-3: Effect of clay content, size fraction and free or occluded status on bacterial community 
composition of microaggregates, based on an analysis of similarity (ANOSIM). 

Subset: Microaggregates 
ANOSIM R 

Euclidian 

ANOSIM R 

Bray-Curtis 

Clay content 0.190 *** 0.127 *** 

Size fraction 0.210 *** 0.237 *** 

Free vs occluded 0.020    0.019    
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3.4 Identity of the soil bacteria and identification of indicator taxa in dependence on ag-

gregate size  

The community compositional analysis revealed that Proteobacteria (30.5%) and Acidobacte-

ria (16.8%) made up the largest proportion of the bacterial community. Phyla with lower abun-

dances were Actinobacteria (9.5%), Verrucomicrobia (7.8%), Bacteroidetes (4.4%), Planctomy-

cetes (4.2%), Firmicutes (3.5%) and Gemmatimonadetes (2.4%). The comparative evaluation 

of their relative abundances in samples from different aggregate size fractions (Fig.II-2 A) or 

of different clay content (Fig.II-2 B) showed only slight differences. This was also observed at 

order level (Suppl. Fig. II-1). However, adaptation to a specific habitat is not necessarily mani-

fested at a high taxonomic rank. Thus, we aimed at the identification of OTUs that occur pref-

erentially in specific aggregate size fractions by performing an indicator taxa analysis (Dufrêne 

and Legendre, 1997). This revealed that the highest number and diversity of indicator taxa 

occurs in the smallest microaggregate fractions <20 µm and <20 µm free (Fig.II-4; list of all 

identified indicator OTUs in Suppl. Tab. II-2), while the other size fractions hosted less indicator 

taxa. In the occluded fraction <20 µm different groups of Acidobacteria were predominantly 

enriched. Besides, different OTUs of the phylum Bacteroidetes, candidate division WPS-1 and 

several taxa representing different unknown bacterial phyla were detected. Verrucomicrobia, 

Latescibacteria, Gemmatimonadetes, Proteobacteria, Nitrospirae and Actinobacteria were 

represented by one OTU each. In the free microaggregate fraction <20 µm Proteobacteria 

dominated, followed by Bacteroidetes, Acidobacteria and taxa of a few unknown bacterial 

phyla. Armatimonadetes, ‘Candidatus Saccharibacteria’, candidate division WPS-1 and Actino-

bacteria were represented by a single enriched OTU. In the larger fractions of 2800 µm, 2000 

µm and 500 µm different members of the phylum Proteobacteria and of some unknown phyla 

were primarily found to be enriched. 

 Discussion 

4.1 Low impact of aggregate size on the soil bacterial community composition at field 

scale 

Microbial community composition in soil is controlled by diverse biotic and abiotic factors. 

This work focused on the relevance of soil structure, characterized by aggregate size fractions. 

Soil structure is known to be important for the development and maintenance of microbial 

diversity in soil by creating different and spatially separated habitats for microorganisms. Soil 
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Fig. II-4: Visualization of the indicator taxa identified as significantly enriched within a specific aggregate 
size fraction. Analysis was performed at OTU level, identified taxa were counted and are 
presented here at phylum (second circle) and class level (outer circle). The inner circle shows 
the size fractions in which specific taxa were identified. The size of each segment represents 
the number of OTUs, the smallest segments represent one OTU. Segments representing 
aggregate size fractions and the taxonomic groups within each size fraction are arranged 
according to decreasing frequencies in the number of specific OTUs. 



II 
CLAY CONTENT MODULATES DIFFERENCES IN BACTERIAL COMMUNITY STRUCTURE IN SOIL AGGREGATES OF 

DIFFERENT SIZE 

33 
 

particle aggregation contributes to soil structure formation and thus to the creation of micro-

bial habitats (Chenu and Cosentino, 2011; Wilpiszeski et al., 2019). We extended knowledge 

about the influence of aggregation on bacterial communities by analyzing aggregates at a 

higher resolution of size fractions and with a broader range of microaggregate properties. Our 

results confirm previous studies (e. g. Davinic et al., 2012; Neumann et al., 2013; Sessitsch et 

al., 2001; Trivedi et al., 2017) showing that aggregate size fraction influences bacterial com-

munities, although this influence was not overly pronounced in the full dataset and primarily 

seen in beta diversity (Fig.II-3), while alpha diversity remained largely unaffected, except a 

slight reduction in evenness in the smallest size fraction. Both, PCA and the variation parti-

tioning analysis revealed that approx. 10% of the observed variation in bacterial community 

composition across all samples was explained by aggregate size. These rather small differ-

ences in the bacterial community composition between aggregates of different size demon-

strate that aggregate size alone contributes only little to the selection processes that deter-

mine microbial community composition at the field scale. Aggregate size does not appear to 

be very closely linked to aggregate properties that have a strong selective effect on the soil 

microbial community. 

The high amount of unexplained variation (approx. 80%), which was neither related to aggre-

gate size nor to clay content, is likely the result of processes such as drift, dispersal and muta-

tion as well as of various environmental selection processes (Hanson et al., 2012). Environ-

mental factors, which were not covered in this study but may have contributed to variation 

are soil properties such as pH, nutrient availability as well as mineral and organic matter con-

tent and composition (Babin et al., 2013; Carson et al., 2009; Davinic et al., 2012; Delgado-

Baquerizo et al., 2018). These factors can directly stimulate or suppress the development of 

specific microorganisms, or indirectly by modulating physical and chemical properties of soil 

aggregates and soil structure (Bronick and Lal, 2005; Sey et al., 2008; Six et al., 2004; Vos et 

al., 2013). Moreover, it has to be kept in mind that aggregates of different size cover traits of 

soil structure only partly, and that the complete three-dimensional structure that microorgan-

isms face in the intact soil, which is lost upon fractionation, will also be of relevance for soil 

microbial communities (Young and Crawford, 2004). Microorganisms perceive soil as a coher-

ent three-dimensional matrix consisting of pores and particles in which the respective size of 

an aggregate appears to play a subordinate role, so that variation in bacterial community com-

position cannot fully be explained by aggregate size.  
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4.2 Differences in bacterial community composition are most evident for small mi-

croaggregates 

We analyzed a number of different aggregate size fractions to evaluate whether specific ag-

gregate sizes or their associated traits contribute particularly to habitat diversification in soil. 

However, we did not observe that a particular size fraction harbors a higher diversity of bac-

teria compared to other fractions (Fig.II-1 A), indicating that microbial diversity in soil is not 

particularly supported by aggregates of a specific size. This observation is consistent with the 

findings of Väisänen et al. (2005), who likewise found no significant differences in the bacterial 

community richness when considering different aggregate size fractions. However, other stud-

ies noted a formative influence of aggregate size on the bacterial diversity (Davinic et al., 2012; 

Sessitsch et al., 2001; Trivedi et al., 2017). The cause of these different observations cannot 

be conclusively assessed, because differences were seen between different size fractions in 

different studies. 

The PCA and NMDS plots as well as the indicator taxa analysis revealed that mainly the small-

est aggregate size fraction and to some extent the <53 µm fraction hosted a different microbial 

community in comparison to the larger size fractions. This is in agreement with some previous 

studies, where the smallest fraction was also reported to be most distinct (Fox et al., 2018; 

Neumann et al., 2013; Sessitsch et al., 2001). The smallest size fraction is known to serve as a 

preferred habitat for microorganisms, based on the finding that bacteria have been preferen-

tially detected in this fraction and that the highest functional diversity has been shown in this 

fraction (Lagomarsino et al., 2012; Neumann et al., 2013; Ranjard and Richaume, 2001; Zhang 

et al., 2007). The availability of organic carbon and other nutrients is likely a reason for the 

distinctiveness of the bacterial community in this fraction. Small microaggregates have been 

reported to contain mainly recalcitrant carbon compounds, primarily of microbial origin, 

which are rather difficult to degrade (Plaza et al., 2013). Differences in the quantity and quality 

of organic carbon were indeed observed in the smaller microaggregates compared to larger 

microaggregates in the samples from our study site (Krause et al., 2018; Schweitzer et al.; 

2019). Likewise, Davinic et al. (2012) observed differences in organic carbon content and qual-

ity in the silt and clay fraction compared to other size fractions along with differences in bac-

terial community composition. It remains currently unclear how exactly organic matter affects 

microbial life in aggregates of different size. On the one hand, smaller aggregates are consid-

ered to better protect organic carbon from degradation (Lehmann et al., 2007; Totsche et al., 
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2018), thus microorganisms should be more nutrient limited, likely resulting in limited micro-

bial growth and a preferred enrichment of oligotrophic microorganisms, which are rather 

slow-growing organisms that are well adapted to nutrient-poor conditions. On the other hand, 

high microbial activity or extracellular enzyme activity has been reported in association with 

the smallest fractions (Fansler et al., 2005; Lagomarsino et al., 2012; Nie et al., 2014), which 

may be seen as indication for good substrate supply. 

It should be mentioned in this context that we cannot fully exclude that the wet fractionation 

procedure contributed to some extent to the observed differences in microbial community 

composition in the smallest-sized fraction. Cells that dislodge very easily from soil particles in 

the presence of water may have accumulated in the fraction <20 µm of free microaggregates, 

while cells that dislodge upon ultrasound may have accumulated in the fraction of occluded 

microaggregates <20 µm. However, we are confident that the observed differences are not 

purely the result of the fractionation procedure, because of the very similar clustering of some 

samples of the <53 µm fraction together with the <20 µm fraction, especially in samples with 

intermediate clay content (Fig.II-1, Suppl. Fig. II-4). Moreover, studies relying on other frac-

tionation methods have also reported differences between microaggregates and the silt and 

clay fraction (Davinic et al., 2012; Fox et al., 2018; Sessitsch et al., 2001; Trivedi et al., 2015). 

A further clear distinction of the bacterial communities among larger aggregate size fractions 

was not consistently obvious, i. e. no specific differences were evident along the defined size 

cut-off between micro- and macroaggregates (i.e. 250 µm) (Suppl. Fig. II-4). This is in agree-

ment with those earlier studies in which strongest differences were also observed for the silt 

and clay fraction, rather than between micro- and macroaggregates (e.g. Fox et al., 2018; 

Trivedi et al., 2015). This suggests that bacteria do not necessarily perceive micro- and 

macroaggregates as distinct units with specific habitats. However, some other studies have 

reported differences in bacterial community composition between micro- and macroagre-

gates (Bach et al., 2018; Davinic et al., 2012), which suggests that other soil properties may 

modulate properties between micro- and macroaggregates more strongly and therewith their 

microbial colonization. Clay content does not contribute to this, as we did not observe more 

prominent differences between the micro- and macroaggregates in datasets that were sub-

setted by clay content (Suppl. Fig. II-4). 
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The different results observed in different studies may to some extent be explained by the 

fractionation procedures that are applied to obtain the aggregate size fractions. Comparative 

studies showed that different fractionation procedures can lead to aggregates with slightly 

different properties and differences in microbial community composition (Blaud et al., 2017; 

Felde et al., 2020). Community compositional differences can result from the differences in 

aggregate properties or from specific methodological treatments (as discussed above). We 

assessed whether consistent findings were primarily reported in those studies that used sim-

ilar fractionation procedures, but this was not necessarily the case. Studies that were in agree-

ment with ours in reporting major differences at and below the microaggregate scale were all 

based on wet fractionation methods, but with differences concerning ultrasound treatments 

and drying steps (Fox et al., 2018, Neumann et al., 2013, Sessitsch et al., 2001). Studies that 

reported in contrast to our work major differences between macro- and microaggregates 

were based on different wet as well as dry fractionation procedures (Bach et al., 2018, Bailey 

et al., 2013, Davinic et al., 2012, Sessitsch et al 2001, Trivedi et al 2017). Similarly, variation in 

alpha diversity between different aggregate size fractions, which we did not observe, was ob-

served in other studies based on wet fractionation with or without an ultrasound treatment 

(Davinic et al., 2012, Sessitsch et al., 2001) as well as after dry fractionation (Trivedi et al., 

2017). Thus, even though the fractionation method will affect the results to some extent, it is 

not the major explanation for the discussed differences between different studies. 

4.3 Clay content modulates differences in microbial community composition in soil ag-

gregates 

The results of this study revealed that clay content per se resulted in little changes in bacterial 

alpha diversity, while beta diversity was affected at a strength comparable to the impact of 

aggregate size fraction (Fig.II-1, Fig.II-3). Clay content affected in particular the bacterial colo-

nization of small-sized aggregates, i.e. the fraction <20 µm became more consistently distinct 

from larger aggregate size fractions with increasing clay content (Fig.II-1, Suppl. Fig. II-4). Sev-

eral studies that reported clear differences in the smallest-sized aggregate fraction had also 

high clay contents (> 35%) (Davinic et al., 2012, Sessitsch et al., 2001; Trivedi et al., 2015), 

which supports our observed trend. However, aggregate studies with soils of low clay content 

are less frequent, so the weaker distinction in low-clay soils is currently less-well confirmed in 

the literature.  
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Clay may affect soil bacteria directly via interactions between cells and surface properties, as 

e.g. seen in different laboratory studies (Babin et al., 2013; Ding et al., 2013; Huang et al., 

2015; Krause et al., 2019). Such interactions can explain the observed differences in the small-

est-sized aggregate fraction very well, in which clay particles are particularly accumulated 

(Krause et al., 2018). This enrichment of clay particles in high-clay soils is possibly linked to an 

enrichment of specific microbial taxa being preferentially associated to these particles. Be-

sides, clay may affect microbial community composition indirectly via modulated aggregate 

properties. An increasing clay content leads to increased aggregate stability (Krause et al., 

2018; Lado et al., 2004; Wang et al., 2016) and thus also the age of the aggregates tends to 

increase. The increased stability of aggregates with increasing clay content and the potentially 

higher age of microaggregates (Totsche et al., 2018) can contribute to the development of 

more distinct bacterial communities, as these will have better potential for differentiation 

over longer periods of time, likely along with changes in physical and chemical aggregate prop-

erties. This differential development of the bacterial community in relation to clay content 

was seen in microaggregates, but even more pronounced in macroaggregates (Tab. II-2). 

These stronger differences in macroaggregates versus microaggregates may be related to the 

fact that macroaggregates are less stable than microaggregates, so that the stabilizing func-

tion of clay is of particular relevance for the differentiation of bacterial communities in the 

larger aggregates. Schweizer et al. (2019), who analyzed the aggregates from the same study 

site, showed that a change in clay content had no influence on the soil organic matter compo-

sition in different aggregate size fractions. Knowing that the composition of the organic ma-

terial affects bacterial community composition (Davinic et al., 2012; Delgado-Baquerizo et al., 

2018), we conclude that the pronounced differences we observed with increasing clay content 

were not linked to changes in the composition of organic material, but must be related to 

other aggregate properties that are modulated by clay content or by the clay content itself. 

4.4 Bacterial indicator species identified in different aggregate size fractions 

While only little variation was seen in bacterial community composition in dependence on 

aggregate size fraction at phylum level, indicator taxa analysis identified several OTUs that 

were specifically enriched, especially in the smallest aggregate size fraction (Fig.II-4). This is in 

good agreement with the results of the PCA, which showed a differentiation of the smallest 

aggregate size fraction (Fig.II-3). Among the identified indicator taxa in the <20 µm fraction 

were a couple of taxa that have been reported to be enriched in the microaggregate and silt 
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and clay fraction in other studies, including Acidobacteria and Gemmatimonadetes (Davinic et 

al 2012, Sessitsch et al 2001) as well as Actinobacteria and Alphaproteobacteria (Mummey et 

al., 2006). Characteristic for the free microaggregates <20 µm were besides some Acidobacte-

ria various OTUs representing Proteobacteria and Bacteroidetes. OTUs of the latter two phyla 

were also seen in some of the macroaggregates, but at lower numbers (Fig.II-4). Many mem-

bers of these two phyla are known to have a copiotrophic lifestyle, i.e. they are fast-growing 

organisms that rely on easy accessible carbon sources (Fierer et al., 2007). The enrichment of 

copiotrophic bacteria in the microaggregate fraction <20 µm is in line with the observation of 

Krause et al. (2018), who reported higher organic carbon concentrations in the smallest mi-

croaggregate fraction compared to the larger microaggregates, especially in the low-clay soils. 

However, the free and occluded fractions <20 µm did not differ markedly in soil organic carbon 

contents (Krause et al., 2018). In other studies, the silt and clay fraction has been reported to 

be notable for the high concentrations of stable nitrogen and organic carbon as well as offer-

ing a protective environment for microbial biomass und microbial-derived organic matter 

(Elliott, 1986). Thus, an enrichment of copiotrophic bacteria appears reasonable and would 

agree with high microbial and enzymatic activity in microaggregates, which was mentioned 

earlier. 

4.5 Different indicator taxa in free versus occluded microaggregates 

Interestingly, different indicator taxa were identified in the occluded microaggregate fraction 

<20 µm than in the free fraction as well as in comparison to the larger fractions. This seems 

contradictory to the results of ANOSIM and PCA (Tab. II-3, Fig.II-3 B), which did not reveal 

significant differences in the occluded versus free microaggregates. However, it can be ex-

plained by the fact that we assessed in ANOSIM differences over the complete size range of 

microaggregates, whereby all free microaggregates are compared with all occluded mi-

croaggregates, while the indicator taxa analyses considered each aggregate size fraction and 

its status as occluded or free separately.  

Several of the indicator taxa that were identified in the occluded aggregate size fraction are 

known to have a rather oligotrophic lifestyle. This has been reported for members of Acido-

bacteria (Fierer et al., 2007; Kielak et al., 2016), Verrucomicrobia (Ma et al., 2018; Navarrete 

et al., 2015), Gemmatimonadetes (Hanada and Sekiguchi, 2014), Nitrospira (Daims and 
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Wagner, 2018) and Actinobacteria (Zhang et al., 2016). Thus, the occluded small microaggre-

gates may provide more oligotrophic conditions than other aggregates. This is in good agree-

ment with the fact that in particular the occluded microaggregates exhibit a high stability and 

resistance to microbial decomposition (Clercq et al., 2015), which is probably related to the 

organic carbon quality in these microaggregates. This is substantiated by the work of 

Schweizer et al. (2019), who reported a better preservation of the organic matter in occluded 

microaggregates being <53 µm (without further size separation of <20 µm) compared to free 

ones in the samples taken at the same study site. The occluded microaggregates may thus 

provide a rather stable habitat with limited nutrient availability for microorganisms over 

longer periods of time. Considering that (occluded) microaggregates are formed within 

macroaggregates, whose formation in turn is often triggered by organic carbon input, it can 

be speculated that microaggregates are structures that persist after easy-accessible and easy-

to-degrade organic carbon has been consumed within macroaggregates, leading to the en-

richment of bacteria that are better adapted to nutrient-poor conditions in the occluded mi-

croaggregates over time. Once released from a macroaggregate, the microbiota of the then 

free small microaggregates may change, before these free microaggregates are again trapped 

in a macroaggregate, where they undergo another cycle of nutrient depletion over time. The 

presence of fast-growing copiotrophic organisms in free microaggregates and in larger aggre-

gates and of oligotrophs in occluded microaggregates agrees with Odum’s (2014) theory on 

ecosystem colonization and development, which postulates that mature ecosystems are more 

stable than younger ecosystems. In the latter, higher growth rates can be expected because 

nutrient availability is higher. In analogy, microaggregates become older than macroaggre-

gates, as deduced from the age of the carbon in aggregates of different sizes (John et al., 2005; 

Liao et al., 2006) and the longer turnover time of carbon in microaggregates compared to 

macroaggregates (Monreal et al., 1997). This appears to be primarily evident in occluded mi-

croaggregates. 

 Conclusion 

Our study revealed that the bacterial community composition varies with aggregate size, alt-

hough the influence was rather low at field scale and limited to beta diversity. Likewise, the 

clay content alone did not explain a substantial amount of variation at this scale, indicating 

that the microbiota is additionally controlled by a number of other mechanisms at this scale. 

The impact of aggregation on bacterial community composition became more relevant when 
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focusing on soils of the same clay content, especially in soils with the highest clay content. 

Specific interactions between certain bacterial strains and clay particles may lead to these 

differences, while the organic matter composition in the aggregates appears not to be of rel-

evance, as it was not different in aggregates in dependence on clay content. The stability of 

the aggregate structures over time may support the development of more distinct communi-

ties in aggregates of high-clay soils, especially in macroaggregates. The bacterial communities 

in the smallest microaggregates (<20 µm), which are known to represent a particular habitat 

for microorganisms, were most distinct from those in the other aggregate size fractions. An 

enrichment of different copiotrophic bacteria occurred in the free microaggregates <20 µm, 

while more oligotrophic bacteria were enriched in the occluded microaggregates, indicating 

that the location of the microaggregate in the soil structure modulates bacterial life. These 

differences are likely linked to the quality of available organic matter rather than to the 

amount. While the analysis of different aggregate fractions provided valuable insight into bac-

terial colonization at the microscale here, more studies on aggregate fractions as well as on 

samples maintaining the full soil structure are needed to further unravel the role of aggrega-

tion and aggregate traits on microbial habitat formation. Methods that enable the analysis of 

individual aggregates and their microbial colonization hold promising potential in this context. 

First evidence comes from the analysis of single sand grains, obtained from a sediment sample 

(Probandt et al., 2018), or from individual macroaggregates (Bailey et al., 2013), revealing a 

quite heterogenous colonization of individual aggregates or particles. 
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 Introduction 

Soil is one of the most complex ecosystems in our world, hosting highly diverse microbial com-

munities, and soil aggregation is considered to contribute to this complexity. Soil aggregates 

are often categorized into macroaggregates (>250 µm), soil microaggregates (SMA; < 250 µm) 

and their building units are represented by small SMA (< 20 µm) (Krause et al., 2018; Totsche 

et al., 2018). SMA are organo-mineral associations with a relatively high stability and persis-

tence and are strongly linked with soil functions (Totsche et al., 2018). SMA have been identi-

fied as a favorable habitat for microorganisms and they are often characterized by a high mi-

crobial diversity and activity (Poll et al., 2003; Rabbi et al., 2016; Ranjard and Richaume, 2001; 

Sessitsch et al., 2001; Sey et al., 2008). However, associations between microorganisms and 

mineral particles have also been reported to be detrimental for bacterial cells (Cai et al., 2013; 

Ma et al., 2017), suggesting that microbial life is not sustained by microaggregates in general 

nor during the process of microaggregate formation.  

The complex and dynamic initial formation of the aggregate structure is influenced by biotic 

and abiotic factors. Microorganisms need to be considered as a relevant biotic factor in the 

process of initial SMA formation. It is well known that microorganisms associate with mineral 

particles and microbial residues may act as the nucleus/building unit of SMA by occlusion 

through phyllosilicates and metal oxides (Chenu and Stotzky, 2002; Kleber et al., 2015; Totsche 

et al., 2018). Mostly, it is suggested that residual cell wall envelopes and other microbial-de-

rived compounds, which persist after cell death, act as a gluing agent for the formation and 

stability of small SMA (Miltner et al., 2012; Zhang et al., 1999). Moreover, living microorgan-

isms have been suggested to actively influence aggregation (Watts et al., 2005). Their viability 

and survival are therefore potentially important factors for aggregate development, but this 

has not been proven yet. 

A microbial property contributing to aggregate formation is the secretion of extracellular pol-

ymeric substances (EPS), which are mainly composed of polysaccharides, proteins, nucleic ac-

ids, and lipids (Flemming and Wingender, 2010). The EPS are secreted by microorganisms, 

often in increasing amounts under abiotic stress conditions like drought, elevated tempera-

ture or salt levels (Roberson and Firestone, 1992; Sandhya and Ali, 2015). As a natural inter-

face layer with enhanced water holding capacity, EPS are believed to enhance the survival of 

microorganisms upon exposure to abiotic stresses (Roberson and Firestone, 1992; Sandhya 
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and Ali, 2015). Additionally, EPS participate in the adhesion forces between microorganisms 

and mineral surfaces allowing the initial microbial colonization on biotic and abiotic surfaces, 

which can result in the formation of a three-dimensional network in the form of a biofilm 

(Flemming and Wingender, 2010). Furthermore, EPS bind to soil particles, promoting the for-

mation of stable aggregates (Chenu, 1993; Chenu and Guérif, 1991; Jaisi et al., 2007; Kleber et 

al., 2015; Oades, 1993; Sandhya and Ali, 2015). According to these findings, the secretion of 

these biopolymers may also be a factor for the formation of larger and more stable mi-

croaggregates, especially in the presence of abiotic stresses. Haruta and Kanno (2015) high-

lighted that studies on microorganisms exposed to simultaneous and successive stresses will 

help to understand how bacteria persist in nature. Desiccation stress is known to cause phys-

iological stress to bacterial cells and leads to physical alterations in their EPS, eventually lead-

ing to cell death (Or et al., 2007; Schimel, 2018). Moreover, desiccation is known to affect 

aggregate stability and in some circumstances causes the breakdown of aggregates 

(Amézketa, 1999), but it can also stimulate aggregate formation (Tang et al., 2011). Actually, 

wetting and drying processes are considered as a major driver for the reorientation of aggre-

gate building units and development of a three-dimensional soil structure (Chenu and 

Cosentino, 2011). It remains unclear whether microaggregates support microbial survival un-

der diverse abiotic stress conditions, including desiccation stress. Furthermore, the spatial dis-

tribution of living and dead microorganisms under abiotic stress conditions may be an im-

portant factor for the dynamic aggregation process and establishment of bacterial cells on 

small SMA, being modulated by EPS production. 

To address questions related to the formation of small SMAs, reductionist approaches are very 

useful, as they allow one to focus on the factors of interest and to test specific hypotheses. 

Thus, aggregate formation has been analyzed based on artificial soils under controlled condi-

tions or in aqueous suspension in multiple studies, as e.g. reviewed by Pronk et al. (2017) and 

Kleber et al. (2015). Such studies provide valuable information concerning the adhesion of 

bacterial cells or EPS on soil minerals (e.g. Cai et al., 2013; Cao et al., 2011; Di Lin et al., 2016; 

Hong et al., 2011; Huang et al., 2015). Most of these studies compared the adsorption of EPS 

or specific bacterial strains on different mineral surfaces under varying conditions, allowing 

an assessment of the impact of pH, ionic strength, or temperature on the adsorption process. 

While bipartite associations have been well studied, knowledge is more limited concerning 

multipartite associations, i.e. the combination of a biological compound and more than one 
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mineral. Furthermore, the temporal dynamics during the initial phase of small SMA formation 

from different mineral and biological components remains largely unknown. 

Methodological approaches are available that allow the analysis of microbial interactions with 

SMA or their building units at the bulk scale or based on visualization techniques at the mi-

croscale. However, there is a lack of time resolved knowledge, since the development of new 

aggregates and its dynamics are difficult to observe in situ. With the development of liquid 

cell transmission electron microscopy (Liao and Zheng, 2016), a new technique is available to 

investigate early SMA formation in the presence of microorganisms at the nanoscale, but this 

method is limited to low sample throughput and the risk of applying lethal electron doses on 

bacteria (Jonge and Peckys, 2016). Non-invasive methods represent a valuable alternative, as 

aggregate structures and microorganisms remain intact. The utilization of an image-based mi-

croparticle detector delivers benefits over methods applied in the past. The detector allows a 

non-invasive real-time size distribution analysis by detecting a large number of particles in 

suspension without the need of further sample preparation like drying. Furthermore, the vis-

ualization of bacterial cells with fluorescence microscopy is a promising method to study the 

spatial distribution of microorganisms and analyze their role during initial aggregation. The 

use of a viability staining kit (Stocks, 2004) even enables an assessment of the viability of indi-

vidual bacterial cells in association with aggregates. A combination of these methodological 

approaches enables the tracking of the initial small SMA formation process from different soil 

model minerals and microorganisms. 

The aim of this study was to analyze the initial development of small SMA from the soil model 

minerals montmorillonite and goethite plus different bacterial strains with different surface 

properties and varying capabilities of EPS production in an artificial incubation experiment. 

We performed the experiments in the presence or absence of desiccation stress and eluci-

dated whether microorganisms show better survival under stress conditions when occurring 

attached to SMA. We hypothesized that (I) different bacterial strains influence the formation 

of small SMA to different extent and (II) the application of repeated wetting and drying cycles 

will lead to larger SMA. Furthermore, we hypothesized that (III) the majority of microorgan-

isms associate with microaggregates, and that desiccation stress increases the extent of accu-

mulation. Additionally, a (IV) higher EPS production is expected to stimulate the aggregate 

formation process and to increase the survival of microorganisms upon desiccation stress. The 
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initial microaggregate formation process was analyzed in detail during the first days of incu-

bation, while microbial survival was analyzed in detail upon extended desiccation stress after 

the initial microaggregate formation and microbial colonization phase. 

 Material and methods 

2.1 Model components 

The aggregation experiments were performed with montmorillonite and goethite as model 

minerals. Na- montmorillonite was purified from fine granular Na-bentonite (Volclay ® MX-80, 

Lot. 36316, Minerals Technologies Inc., New York City, USA). For purification 5 g of bentonite 

were suspended in 1 L of MilliQ water and stirred for 30 min. Carbonates were washed out by 

adjusting the pH to 5 with 1 M HCl. After reaching a stable pH, the bentonite was centrifuged 

at 15,344 x g for 25 min at 20 °C and the supernatant was discarded. The Na-allocation was 

performed by resuspension in 1 L of 1 M NaCl and storage for 72 h at 4 °C. After that, the 1 M 

NaCl was replaced twice using the same centrifuge parameters and volumes. Excess salts were 

removed by washing the obtained pellet using MilliQ water and subsequent centrifugation at 

15,344 x g for 25 min at 20 °C, being repeated until the electrical conductivity reached < 25 µS 

cm-1. Isolation of particles < 2 µm was performed by sedimentation of 1 L suspension in glass 

cylinders according to Stokes’ law. The isolation was repeated with the collected supernatant 

according to Stokes’ law using a centrifuge with swing bucket rotor and applying 128 x g for 5 

min at 20 °C. After isolation, the suspension was shock frozen in liquid nitrogen and freeze 

dried for further usage. Aliquots of isolated montmorillonite were suspended in 10 mM NaCl 

(pH 6.5) and measured via dynamic light scattering (DLS) (Zetasizer Nano, Malvern Instru-

ments, Worcestershire, United Kingdom) confirming a mean diameter of 590 nm (+/-124 nm) 

and a zeta potential of -38.7 mV (+/- 6.54 mV). 

Goethite was synthesized by addition of a 10 M NaOH solution to a 0.5 M FeCl3 solution (pure 

analyzed FeCl3 x 6H2O, Merck KGaA, Darmstadt, Germany) under continuous stirring up to a 

final pH of 12 (Atkinson et al., 1967). The suspension was kept at 55 °C for 120 h, whereby 

ferrihydrite was converted into goethite. After adjusting the pH to 6 by addition of 0.1 M HCl, 

goethite was washed with deionized water by centrifugation and decantation. Aliquots of the 

isolated goethite were suspended in 10 mM NaCl (pH 6.5) and measured via DLS, confirming 

a mean diameter of 1068 nm ( 232 nm) and a zeta potential of + 16 mV ( 4.8 mV). 
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We used Gordonia alkanivorans strain MoAcy 2 and two strains of Pseudomonas protegens, 

the wild-type strain CHA0, described by Natsch et al. (1994), and an EPS overproducing mutant 

strain CHA211 (mucA::Tn5 mutant, described by Schnider-Keel et al. (2001)). G. alkanivorans 

was grown in Tryptic Soy Broth (TSB) and P. protegens in ATCC medium 3. The P. protegens 

strain CHA211 was grown in the presence of 25 µg mL-1 kanamycin. All strains were cultured 

in 100 mL of medium under constant shaking (120 rpm) at 30 °C. The liquid cultures were 

inoculated with 0.1% (v:v) of a pre-culture. Bacterial cells in the stationary growth phase were 

harvested by centrifugation at 10,000 x g for 10 min and 4 °C, followed by resuspension and 

washing in 10 mM NaCl solution (pH 6.5). The pelleted cells were resuspended in 10 mL of 10-

fold diluted medium, which was diluted with a 10 mM NaCl solution. The cells were stored at 

4 °C for 12 h before they were used for aggregation experiments. This was done for two rea-

sons: (I) in this way the cells were pre-adapted to the conditions encountered during the ag-

gregation experiments and (II) the preparation of cells, set-up of the complete aggregation 

experiment and first sampling would not have been possible within one day. Directly before 

the start of the aggregation experiments, the cells were washed again with 10 mM NaCl solu-

tion to eliminate the diluted culture medium. The cell pellets were suspended in 10 mM NaCl 

solution to a cell fresh weight concentration of 80 mg mL-1 and added to the mineral soil par-

ticles in the aggregation experiment. Moreover, the size and surface charge of P. protegens 

CHA0 was determined via DLS, confirming an mean diameter of 1050 nm ( 147 nm) and a 

zeta potential of -2.20 mV ( 6.21 mV). 

2.2 Incubation 

The incubation of the bacterial strains with model minerals was performed in 2.5 mL of a 10 

mM NaCl solution adjusted to pH 6.5 and containing 20 mg mL-1 of montmorillonite, 0.49 mg 

mL-1 of goethite, and 3.21 mg mL-1 of microorganisms (either P. protegens CHA0, P. protegens 

CHA211, or G. alkanivorans MoAcy 2). After the minerals were mixed together, the pH was 

adjusted and microorganisms were added to the suspensions. No further nutrients were 

added to mimic a natural bacterial soil habitat with very limited availability of nutrients for 

bacterial cells in the stationary phase. The amount of minerals and microorganisms was 

defined based on previous bulk analysis of a German Luvisol at the research station in 

Scheyern by calculating the mass ratio between clay, iron, and total organic carbon. 

Suspensions were prepared for incubations with and without wet-dry cycles. Triplicates per 

treatment were incubated in glass petri dishes (STERIPLAN Petri dish, 237553903, DWK Life 
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Sciences, Wertheim, Germany) sealed with parafilm at 20 °C on a horizontal shaker (KS-15, 

Edmund Bühler GmbH, Bodelshausen, Germany) operating at 60 rpm. In the wet-dry 

treatment the samples passed wet-dry cycles consisting of a 10 h wet period, followed by a 14 

h drying period under a sterile bench operating with a laminar flow of 0.4 m s-1 (BDK-SB 1500, 

BDK Luft- und Reinraumtechnik, Sonnenbühl-Genkingen, Germany) (Fig. III-1). 

 

Fig. III-1: Schematic view showing the timeframe of the experimental wetting and drying 
cycles (specific triangles indicate the beginning of drying and wetting phases, 
respectively). Overall, 5 time points (t0 –t4, dots) were defined for sample analysis at 
the beginning of the wetting phases. 
 

Drying of the samples was controlled by weight and stopped when no further weight loss was 

detectable. Samples were re-wetted with MilliQ using the corresponding evaporated volume 

and were re-suspended by pipetting. In addition, we incubated a control treatment consisting 

of bacteria in 10 mM NaCl but without montmorillonite and goethite, which was also sub-

jected to wet-dry cycles, to assess the effect of desiccation cycles on bacteria in the absence 

of minerals. For sample analysis, five time points were defined, in which t0 represents the 

beginning of the incubation period immediately after mixing of all components and t1-t3 (t1: 

24 h, t2: 48 h, t3:72 h) represent rewetted and re-suspended samples after one, two or three 

drying cycles, respectively (Fig. III-1). Time point t4 (206 h) was defined after three further 

wetting and drying cycles (initial wet period for 72 h after t3, followed by 3 drying-wetting 
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cycles as described above) in order to observe microbial survival after longer-term exposure 

to repeated stress treatments. For fluorescence microscopic analyses and determination of 

colony forming units (CFUs) fresh samples were analyzed, while samples were shock frozen in 

liquid nitrogen for all further analyses. This widely preserved the natural state of the SMA 

(Siebers et al., 2018). 

2.3 Particle size distribution and spatial arrangement of microaggregates 

The size distribution of the small microaggregates in the suspensions were measured with a 

XPT particle detector (PN3000 XPT Detector, Postnova Analytics GmbH, Landsberg am Lech, 

Germany). The suspensions were diluted with 10 mM NaCl solution to a final concentration of 

1.19 mg mL-1. For each measurement, 250 frames were captured with the XPT software and 

the number based particle size distribution (PSD) was analyzed according the Waddell disc 

diameter (diameter of a circle having the same area of the corresponding particle) of detected 

particles/aggregates. Each experimental replicate was measured based on three technical rep-

licates from which the corresponding mean values were generated. 

Shock frozen and freeze dried samples were prepared for scanning electron microscopy (SEM) 

by spreading them onto a double-sided carbon tape and mounting onto a sample holder. In 

order to take high magnification micrographs, samples were subjected to a sputter coating, 

i.e., deposition by sputtering of an approximately 10 nm-thick Au-film onto the sample in or-

der to minimize charging effects for taking high magnification micrographs. The microstruc-

tural analysis was obtained using SEM (JEOL 7400f, Oxford Instruments, Abingdon, UK). 

2.4 Survival rate and spatial arrangement of microorganisms 

To determine the number of culturable cells, two independent 10-fold dilution series were 

prepared in 10 mM NaCl solution from sample aliquots and 5-µL aliquots of each series were 

spotted on solidified medium. The agar plates were incubated at 30 °C until visible colonies 

developed. Colonies were counted in the highest positive dilutions showing a countable num-

ber of colonies. Up to 30 colony forming units per spot were counted to calculate the number 

of living cells mL-1 of suspension. 

The spatial arrangement of living and dead but intact bacterial cells was evaluated by fluores-

cence microscopy using a viability staining kit (LIVE/DEAD™ BacLight™, Bacterial Viability Kit 
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L7012, ThermoFischer Scientific, Waltham, USA). This staining approach allows the differenti-

ation between viable cells with intact membranes and non-viable cells with disrupted mem-

branes. For staining the samples were diluted 1:500 for t0-t3 and 1:200 for t4 in a total volume 

of 100 µL of 10 mM NaCl solution, mixed with 0.3 µL of the staining mastermix and incubated 

for 10 min prior to image acquisition. A 10 µL aliquot of the stained sample was transferred 

onto an agarose coated microscope slide and observed using an Axio Imager M2 epifluores-

cence microscope with Colibri.2 LED light sources and with a 63x Planapochromat objective 

(Carl Zeiss, Oberkochen, Germany). The excitation of the fluorophores was conducted at 470 

and 550 nm and the emitted florescence was measured at 495 and 570 nm. 

The numbers of living and dead bacterial cells, which occurred in association with microaggre-

gates or free-floating in solution, were determined based on 30 microscopic fluorescence im-

ages that were taken and underwent an automated image analysis. Bacterial cells were seg-

mented into living and dead cells using the global auto threshold (Yen’s threshold) after Yen 

et al. (1995) in the Fiji package (Schindelin et al., 2012) for ImageJ (v.1.51n, National Institutes 

of Health, Bethesda, USA). The classic watershed method was used to segment co-located 

cells into individual cell segments. The images were segmented into aggregates and back-

ground through a supervised pixel classification with Ilastik (v.1.30, Ilastik Team) (Sommer et 

al., 2011). Segmented images were then used to compute the co-localization of living and dead 

cells either on aggregate surfaces or free-floating. Image overlays were calculated based on 

the spatial coordinates of aggregates and bacteria to quantify the association of bacterial cells 

with or without individual aggregates using tools of the R-project (R Core Team 2018, Version 

3.4.0). 

2.5 Statistical analyses 

Statistical analyses were mostly performed based on non-parametric tests, as the criteria for 

an analysis of variance were not fulfilled, i.e. homogeneity of variance evaluated by Levene’s 

test and normal distribution of the data. Significant differences in the mean aggregate size, 

derived from particle analysis, were evaluated using either a Friedman-test or a Kruskal-Wallis 

test, thus comparing whether samples originate from the same distribution at a significance 

level of α = 0.05. This was followed by a post-hoc analysis using Dunn’s test with Bonferroni 

p-value adjustment for the identification of significant differences between different time 
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points or for particle mixtures with different bacterial strains (OriginPro 2017, Originlab, Mas-

sachusetts, USA). To assess differences in the number of culturable cells, a 2-tailed t-test was 

performed on log-transformed data, comparing the control within the suspension and the 

wet-dry treatment, respectively, at each time point. For microscopically gained data, differ-

ences in bacterial cell numbers in association with aggregates versus cells free in solution were 

evaluated in the different incubation treatments. Furthermore, differences in aggregate size 

in relation to the presence or absence of bacteria were assessed. Statistical analysis was per-

formed by a Kruskal-Wallis rank sum test at a significance level of α = 0.05 followed by post-

hoc pairwise comparisons using Wilcoxon rank sum tests with Bonferroni p-value adjustment 

(R Core Team 2018, Version 3.4.0). To evaluate differences between aggregated and free cells 

or living versus dead cells within treatments, Wilcoxon signed rank tests were used. Overall, 

four levels of significance were defined and are indicated by asterisks (not significant, P > 0.05, 

no symbol; significant, P ≤ 0.05, *; very significant, P ≤ 0.01, **; highly significant, P ≤ 0.001, 

***; extremely significant, P ≤ 0.0001, ****). 

 

Fig. III-2: Percentiles showing the maximum size of aggregates present in the upper 95% (95th 
percentile), 50% (median), and lower 5% (5th percentile) of all measured aggregates in 
montmorillonite/goethite control suspensions (a) and suspensions incubated with 
microorganisms (b–d). 
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 Results 

3.1 Aggregate development 

During incubation, the particles aggregated to diameters between 1 and 16 µm, thus ranging 

within the size class of small SMA (Fig. III-2). For all measured distributions there were only 

minor changes in the median and the 5th percentile, while strongest changes occurred in the 

95th percentile (Fig. III-2), i.e., differences between samples were most evident for large ag-

gregates. In comparison to the abiotic control (Fig. III-2a), the addition of microorganisms gen-

erally increased the size of the aggregates (Fig. III-2b-d). 

 

Fig. III-3: Mean diameter and standard error of aggregates observed in different treatments and over 
time for minerals without microorganisms as control (a), P. protegens CHA0 with minerals 
(b), P. protegens CHA211 with minerals (c), and G. alkanivorans with minerals (d). Significant 
differences over time within each treatment are indicated by letters (suspension treatment 
in lowercase, wet-dry in capital). 

Focusing on the temporal dynamic, the negatively charged montmorillonite and positively 

charged goethite quickly formed aggregates already at t0, e.g. with a mean diameter of 3.8 µm 

in the mineral control without microorganisms (Fig. III-3a). The mean size increased signifi-

cantly from t0-t1 in both treatments (permanent suspension and wet-dry treatment). In the 

suspension treatment, the mean size decreased again after this intensive aggregate formation 

period, but remained significantly larger compared to the beginning at t0. Stronger effects 

were observed in the wet-dry treatment, in which the largest mean diameter of 4.4 µm was 
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found after three days at t3. The applied drying and wetting regime supported the develop-

ment of larger aggregates, as already indicated by the location of the upper percentiles (Fig. 

III-2). 

In the presence of microorganisms, significantly larger aggregate sizes were observed in the 

suspension treatment at t2 compared to the aggregates formed in the absence of microorgan-

isms (Fig. III-3b-d). Over all treatments and time points, the formed aggregates were 32% (P. 

protegens) to 93% (G. alkanivorans) larger in their mean size than for the abiotic control. The 

incubation with minerals plus microorganisms led to an initial increase in mean aggregate di-

ameter, followed by a slight decrease. For all aggregates formed in suspension in the presence 

of microorganisms, the largest mean diameter was reached after two days (t2). Overall, the 

mean diameter of aggregates in wet-dry treated samples tended to be smaller than in the 

corresponding suspension treatments, especially at t2. In suspension, the diameter increased 

significantly from t0 to t1 and further to t2, and decreased significantly from t2 to t3. In contrast, 

decreasing diameters were already observed from t1 to t2 in the wet-dry treatment. In the 

suspension treatments of the EPS overproducing mutant P. protegens CHA211 larger aggre-

gate sizes were formed than for the wild-type at t0 and t3. Likewise as observed for the Pseu-

domonas strains, the incubation with G. alkanivorans resulted in the largest aggregates with 

a mean diameter of 8.2 µm at t2 when incubated in suspension (Fig. III-3d). While the increase 

in size from t0 to t2 was rather small, the mean diameter became significantly smaller at t3 

than at t0. The wetting and drying treatment resulted in significantly smaller aggregate diam-

eters at t2 and t3 compared to the beginning of the incubation period at t0. 

3.2 Survival of microorganisms 

The presence of montmorillonite and goethite decreased the number of culturable P. prote-

gens CHA0 cells by 99.99% after the first drying cycle (Fig. III-4a). The number of culturable 

cells slightly recovered by 0.03% after further wetting cycles from t1 to t3. SEM analysis of the 

wet-dry treated samples revealed that many P. protegens cells were disrupted under the given 

conditions leaving their broken envelopes all over the mineral phase (Suppl. Fig. IX-2). In con-

trast, the wet-dry treatment under control conditions without minerals did not decrease the 

number of culturable microorganisms significantly (Fig. III-4a). For the EPS overproducing mu-

tant strain CHA211, montmorillonite and goethite also decreased the number of culturable 

cells in the wet-dry treatment substantially (Fig. III-4b), but the cultivability remained five 
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times higher after the first drying cycle compared to the wild-type. In the suspension treat-

ments that did not undergo wetting drying cycles, the number of mutant cells remained con-

stant from t0-t3. For G. alkanivorans no data could be obtained since the cells had a tendency 

for homoaggregation, i.e., forming large cell aggregates instead of associating intensively with 

minerals (see Suppl. Fig. IX-1), which excluded a reliable quantification of colony forming units. 

 

Fig. III-4: Mean number of living cells mL−1 of suspension over time for P. protegens CHA0 (a) and P. 
protegens CHA211 (b), determined by serial dilution, plating, and counting of colony forming 
units (CFU). Each strain was exposed to different treatments including control 
(microorganisms without minerals, subjected to wet-dry cycles), wet-dry (microorganisms 
with minerals, subjected to wet-dry cycles), and suspension (microorganisms with minerals 
in permanent suspension). For each time point the significant differences in comparison to 
the corresponding control conditions are indicated by asterisks. 

3.3 Association of P. protegens cells with microaggregates 

We evaluated the localization of the bacterial cells upon aggregate formation by fluorescence 

microscopy. This revealed that P. protegens cells were rarely associated with aggregates at 

the beginning of the incubation period, i.e., they occurred mostly free in solution (Fig. III-5a). 

During the course of incubation, most cells were observed in association with aggregates (Fig. 

III-5b). The bacterial cell numbers and the number of aggregates with and without microor-

ganisms were determined systematically in all treatments (wet-dry, suspension and control) 

at t4, revealing that 2.5% of all aggregates contained microorganisms when applying wet-dry 

cycles, while 12.5% of the aggregates were associated with bacteria when formed in  
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Fig. III-5: Aggregate formation of montmorillonite and goethite in the presence of P. protegens CHA0. 
At the beginning of the incubation period at t0 the microorganisms were mostly found free in 
solution (a) while the cells were found almost exclusively in association with aggregates after 
several wetting and drying cycles at t4 (b). The images on the left show an overlay of two 
fluorescent images taken to visualize the viable cells in the green (495 nm) and non-viable 
cells in the red channel (570 nm). The fluorescent images were combined with a brightfield 
image showing the microaggregates (right side). (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 

suspension. For both strains, P. protegens CHA0 and CHA211, significantly more cells were 

associated with microaggregates than occurring free in solution in case of the suspensions as 

well as for the wet-dry treatment (P always at least < 0.01) (Fig. III-6a-b). The wet-dry treat-

ment decreased the number of aggregate associated cells slightly for both strains in compari-

son to the cell numbers observed in aggregates in the suspensions (P < 0.05), while the num-

ber of free microorganisms (CHA0 and CHA211) was substantially reduced in the wet-dry 

treatment compared to the suspension treatment (P < 0.0001) (Fig. III-6a-b). Due to the strong 

decline in the number of non-aggregate associated cells, the wetting and drying cycles caused 

the relative amount of aggregate associated P. protegens CHA0 cells to reach 98%, while it 
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was 69% in the suspension (Fig. III-6c-d). Similarly, 95% of the EPS overproducing mutant strain 

CHA211 occurred predominantly in association with aggregates upon incubation with wetting 

and drying cycles, while 64% of the cells were found on aggregates in the suspension treat-

ment (Fig. III-6d). Focusing on the living cells, a similar trend was observed as for the total cell 

numbers (living plus dead), i.e., a 35-fold and 23-fold higher number of CHA0 and CHA211 

cells, respectively, was observed in the aggregates than free in solution in the wet-dry treat-

ment (P < 0.05), while this difference remained insignificant in the suspension, where cells 

showed better survival when free in solution. A direct comparison of the cell numbers (total 

or living only) between the two P. protegens strains in the different experimental setups (ag-

gregated or free cells in the wet-dry treatment or suspension) revealed no significant differ-

ences. Again, no data were obtained for G. alkanivorans because of homoaggregation, which 

prevented a reliable detection and quantification of individual living and dead cells. 

 

Fig. III-6: Evaluation of fluorescence images obtained by viability stains after t4. The box-plots show the 
number of living and dead P. protegens CHA0 (a) and CHA211 (b) cells associated with 
aggregates (Aggr.) or free (Free) in solution within the different treatments. The box plots 
show the median, the 25th and the 75th percentile (box) and first and 99th percentile (line). 
Dots represent the results obtained from individual microscopic images to better illustrate 
the observed variation. Cell numbers were determined in 10 microscopic images per triplicate 
and per condition. The bar graphs show the relative distribution of detected living and dead 
cells in each treatment for P. protegens CHA0 (c) and CHA211 (d) cells. 
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The microscopic evaluation of the aggregate size after nine days of incubation at t4 revealed 

that the microaggregates harboring bacterial cells were significantly larger than the pure 

montmorillonite-goethite aggregates (P < 0.0001) (Fig. III-7). In the presence of P. protegens 

cells the aggregates were 59- and 72-fold larger after wetting and drying cycles, while aggre-

gate size increased between 12- and 19-fold in the incubations in permanent suspension for 

the mutant and wild-type strain, respectively. Although the fold-change was slightly higher for 

the P. protegens wild-type strain in comparison to the EPS overproducing mutant strain 

CHA211, the aggregate size was not significantly different in dependence on the bacterial 

strain based on the microscopic analysis. 

 

Fig. III-7: Boxplots (with median (line), 25th and 75th quantiles (box), and maximum/minimum 
values (whiskers)) showing the aggregate size in relation to the presence (+) or 
absence (−) of aggregate-associated P. protegens CHA211 or CHA0 cells at t4 in the 
suspension and wet-dry treatments. Pixel size was 0.072 × 0.072 μm. Significant 
differences are indicated with asterisks. 
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 Discussion 

The fast development of aggregates within 24 h is a result of strong electrostatic interaction 

between the negatively charged montmorillonite and positively charged goethite particles. 

Ferreiro et al. (1995) described a quick aggregation mechanism beginning with mutual particle 

diffusion, followed by the reduction of the electrical field and bridging of montmorillonite par-

ticles between iron hydroxide particles, leading to the association of the two types of minerals 

with increased particle size. Our observations corroborate the instant and sustained aggregate 

development after the incubation as described due to electrostatic forces. 

Particle size analysis revealed that the presence of microbial cells led to aggregates with 32 to 

93% larger mean aggregate sizes due to the association of bacterial cells with aggregated min-

erals (Fig. III-3). A spatial co-localization of microorganisms with the soil mineral particles was 

confirmed in particular for larger aggregates based on fluorescence imaging, also indicating 

that larger aggregates are resulting from the association with microorganisms. However, 

these colonized aggregates did not form even larger aggregates with each other or with abiotic 

heteroaggregates over time, probably due to other missing aggregate forming components 

(gluing agents, cementing agents, building units), their colloidal stability, or the period of time 

documented in the experiment. The experiment only covered a short time in relation to the 

timescales of soil development. Furthermore, the microscopic analysis revealed that aggre-

gates containing microorganisms just account for 2.5% of the aggregates from the wet-dry 

cycles and 12.5% of the aggregates from the suspension. This is in accordance with the findings 

of the particle analysis, which showed a majority of small aggregates and only a few big ag-

gregates (Fig. III-2). G. alkanivorans had a strong tendency of homoaggregation based on its 

hydrophobic surface properties, provided by long aliphatic chains of mycolic-acids, which are 

present on the cell surface (Arenskötter et al., 2004; Bendinger et al., 1993; Drzyzga, 2012). 

These hydrophobic cell surfaces did not allow pronounced interactions between Gordonia and 

montmorillonite or goethite at the single cell level. However, also for this strain we observed 

an accumulation of soil mineral particles around the bacterial cell homoaggregates (Suppl. Fig. 

IX-1). Taken together, these findings confirm our hypotheses (I), that microbial strains have an 

impact on aggregate development and that this is strain-dependent. This strain-dependency 

is very likely linked to cell surface properties.  
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The sorption of microorganisms can be very extensive in soils with high clay contents and is 

mainly based on electrostatic interactions and hydrophobicity (Huang et al., 2005; Sand, 

1997). Jiang et al. (2007), for example, showed a fast formation of larger aggregates when 

colloidal-sized minerals were mixed with Pseudomonas putida cells. These bacterial cells had 

different adsorption affinities with higher affinities to goethite than to montmorillonite, point-

ing towards a physicochemically determined association preference of bacteria with abiotic 

SMA building units. Likewise, other studies revealed bacterial species dependent affinities for 

different mineral surfaces (Ams et al., 2004; Cai et al., 2013; Hong et al., 2011; Huang et al., 

2015; Yee et al., 2000; Zheng et al., 2001), suggesting that habitat preferences of bacteria in 

soil may at least in part be defined by their interactions with mineral particles. This is further 

supported based on the findings of artificial soil aggregation experiments with varying clay 

content, where shifts in microbial community composition were observed in dependence on 

the clay content (Babin et al., 2013; Ding et al., 2013). These differences due to clay content 

can result from direct interactions of the minerals with the microorganisms or indirectly by 

changing the microenvironment, e.g. by altered gas or nutrient diffusion processes. The inter-

action between microbial cells and minerals is not only strain-dependent, also the physiolog-

ical growth state of microorganisms affects bacterial adhesion (Gargiulo et al., 2007; Grasso 

et al., 1996) as it influences the surface charge and hydrophobicity of the cells (van Loosdrecht 

et al., 1987a, 1987b; van Loosdrecht et al., 1990). Pseudomonas aeruginosa cells for example 

have been reported to be less hydrophilic in the stationary phase (Grasso et al., 1996; Grasso 

and Smets, 1998), and a Pseudomonas putida strain showed higher surface adhesion to clay 

minerals in the stationary phase compared to the exponential growth phase (Wu et al., 2014). 

We performed the aggregation experiments with cells in the stationary phase, which reflects 

the prevalent situation in soil, where the majority of soil microbes are not actively growing 

(Haruta and Kanno, 2015; Lennon and Jones, 2011), due to limited nutrient availability or 

other unsuitable conditions such as oxygen availability or temperature. Our results show that 

P. protegens and G. alkanivorans cells in the stationary phase were forming associations with 

the mineral aggregates. 

Depending on the treatment with or without dry-wet cycles, 69 to 98% of the detected P. 

protegens cells were preferentially associated with the studied soil minerals instead of remain-

ing free-floating in solution, thus confirming hypothesis (III), stating that the majority of mi-

croorganisms associate and accumulate with microaggregates and that aggregates appear to 
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be a preferential habitat for the bacteria in this experimental set-up. When focusing on the 

treatments that underwent wet-dry cycles, the percentage of cells free in suspension was re-

duced to 2 and 5% for the Pseudomonas wild-type and mutant strain, respectively, reflecting 

the natural situation in soil quite well. The water limitation clearly forced the attachment of 

cells to surfaces, likewise as it has been reported for soil microorganisms (Tecon and Or, 2017). 

The application of desiccation as abiotic stress factor resulted in a reduction of cell numbers 

within aggregates, but affected in particular the cells that were not aggregate-associated, un-

derlining the sheltering effect of microaggregate structures for bacteria as described before 

(Chenu and Stotzky, 2002; Deschesne et al., 2007; Lünsdorf et al., 2000). The life-dead staining 

of the cells confirmed the better survival of the cells within aggregates, i.e., the association of 

the bacterial cells with aggregates did not result in a dying and conservation of dead cells, but 

instead supported microbial life under our experimental conditions even after several desic-

cation events. 

Nevertheless, the process of desiccation depleted the number of viable and culturable micro-

organisms substantially (Fig. III-4 and 6), resulting in the disruption of bacterial cells, which 

also led to a decrease in mean aggregate size. This disruption was possibly due to mechanical 

stress, induced by the movement of aggregates and single particles by capillary forces and 

shrinkage of aggregate components during drying. Furthermore, Ma et al. (2017) and Cai et 

al. (2013) showed that the interaction between bacteria and goethite can be very strong, re-

sulting in puncturing and injury of single bacterial cells. During drying the injury and lysis of 

cells may have resulted in a disruption of large aggregates, leading to the 4 to 5% decrease in 

mean aggregate size over time. Disruption and detachment of bacterial cells due to desicca-

tion is probably leaving microbial residues in the solution (cell envelopes, intracellular compo-

nents, EPS), as observed in electron microscopic images (Suppl. Fig. IX-2). The liberated intra-

cellular compounds can stabilize the mineral particles again, but this obviously resulted in 

smaller aggregates compared to the conditions in the suspensions (Fig. III-3). For example, the 

adsorption of DNA on montmorillonite and goethite (Saeki, K., Kunito, T; Schmidt and 

Martínez, 2017), and different amino acids on montmorillonite (Dong et al., 2018; Gao et al., 

2017) is known to prevent further interaction through steric effects and to diminish the at-

tractive interactions between the mineral surfaces. This mechanism has possibly become 

more significant after the first drying period, in which the bacterial population size decreased, 

thus impeding the formation of larger aggregates. In conclusion, the microbial residues have 
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probably contributed to the aggregation process, in particular under the abiotic desiccation 

stress. However, our hypothesis (II), stating that repeated wetting and drying cycles in the 

presence of microorganisms is generally leading to the formation of larger aggregates, has to 

be specified. We observed an increase in aggregate size due to wetting drying cycles only for 

those microaggregates that were associated with bacteria (Fig. III-7), indicating that the im-

pact of the stress factor desiccation is of particular relevance if microorganisms are involved 

in the aggregation process. This increase in size can be attributed to the presence of intact 

bacterial cells, as well as to envelopes of dead cells (Miltner et al., 2012) or EPS secretion, 

acting as gluing agents (Chenu, 1993; Sandhya and Ali, 2015). 

van Gestel et al. (1996) showed that microorganisms associated to the 2 to 20 µm soil fraction 

are more susceptible to drying than those associated to coarser size fractions. According to 

that work, the association of microorganisms with clay minerals does not provide protection 

against drying, which is in total agreement with our observations after the first drying. How-

ever, the total number of microorganisms which survived desiccation is difficult to determine 

only by cultivation. This is evident from the fact that the microscopic analysis did not repro-

duce the heavy decline in cell numbers as observed based on the cultivation-based approach. 

A possible explanation for this discrepancy between methods is the limited cultivability of cells 

upon exposure to stress. Such a “viable but not culturable” (VBNC) state has been reported 

for Pseudomonas cells upon stress conditions like limited nutrition availability, desiccation or 

changes in soil pH (Mascher et al., 2000; Mascher et al., 2014; Zhao et al., 2017). Therefore, it 

is likely that the applied method to quantify culturable bacteria underestimated to some ex-

tent the true number of viable microorganisms, as observed by microscopy, which allows the 

detection of these VBNC cells.  

Microbial survival strategies such as the VBNC status (Colwell, 2000) are linked to, e.g., com-

petition, stress, and disturbance (Krause et al., 2014). In a senescent state, microorganisms 

keep a certain metabolic activity in order to preserve their viability and are protected against 

stress conditions (Haruta and Kanno, 2015). Such survival strategies can be applied to our ob-

servations. From an ecological point of view the VBNC state may contribute to the mainte-

nance of a microbial “seed bank”, since dormancy in the presence of harmful conditions re-

duces local extinction (Lennon and Jones, 2011). Once better conditions are present, certain 

regions can be colonized by a rapid recruitment of individual species from the “seed bank” as 
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a response to the environmental change (Lennon and Jones, 2011). At the small scale, the 

concept of bacteria taking shelter is described by Lünsdorf et al. (2000), who observed so 

called “clay hutches” formed around single to few bacterial cells. These “clay hutches” were 

mainly composed of phyllosilicates, EPS and iron oxides, the same building materials utilized 

in our experimental setup, but combined under different experimental conditions. Further-

more, it was reported that there were nearly no bacterial cells that were not associated with 

clay particles, matching our observations that nearly all living bacteria were found in associa-

tion with aggregates. The authors described the “clay hutches” as minimal soil microhabitat. 

The results of both studies underline the habitat function of SMA, because survival of bacterial 

cells under stressed conditions was clearly higher when associated with aggregates. However, 

further longer-term studies have to be performed to evaluate whether such aggregate asso-

ciated bacteria, which endure harmful conditions sheltered by SMA, can survive extended pe-

riods of time and represent indeed part of the “seed bank” in soil. SMA may exist in soils for a 

couple of centuries (Totsche et al., 2018), so that microorganisms being entrapped in such an 

SMA may have to endure very long time spans before being released. 

The quantification of the EPS overproducing mutant cells in treatments subjected to desicca-

tion showed a five times higher cell number in comparison to the wild-type, thus supporting 

our hypothesis (IV), which states that higher EPS production increases the survival of microor-

ganisms upon desiccation stress. This is in line with the literature, where it has been reported 

that EPS production of Pseudomonas species is induced under nutrient deprived and abiotic 

stress conditions to support survival (Myszka and Czaczyk, 2009; Sandhya and Ali, 2015). Fur-

thermore, a hydration protective effect as well as the upregulation of EPS synthesis genes in 

response to water limitation is known for Pseudomonas species (Chang et al., 2007; van de 

Mortel and Halverson, 2004). If EPS production was indeed stimulated in our experimental 

setup, which we did not validate but which may have occurred over the incubation period of 

several days, e.g. on the expense of lysed cell biomass, it remains unclear why aggregation 

was not stimulated in the presence of the EPS overproducing mutant strain. Our data showed 

a comparable effect of the P. protegens wild-type and mutant strain on aggregate formation 

(Fig. III-2 and 7), even though the temporal dynamics were somewhat different (Fig. III-3). Ei-

ther, the increased EPS production in the mutant strain did not lead to differences in cell sur-

face properties, resulting in comparable interactions with the minerals for both strains. An-
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other possible explanation can be derived from the study by Roberson et al. (1993), who de-

scribe two types of EPS produced by a Pseudomonas strain during desiccation. One type is 

water-soluble and not strongly associated to bacterial cells whereas the other type is more 

strongly associated to the cells. The bacteria associated EPS type can account for the better 

survival of the cells by enclosing the cells and preserving them, whereas the water-soluble EPS 

type accounts for gluing of soil particles. In case our Pseudomonas strains produce different 

types of EPS as well, the water-soluble EPS type was possibly too much diluted in our experi-

mental set-up to influence initial aggregate formation substantially. It will need further studies 

to know whether the Pseudomonas wild-type and mutant strain used in this study show such 

differences in EPS production. 

 Conclusion 

Based on our observations we conclude that abiotic heteroaggregates between montmorillo-

nite and goethite are formed almost instantly due to electrostatic interaction. The added mi-

croorganisms associate and accumulate on the mineral surfaces, promoting the development 

of larger aggregates. We observed a species-dependent impact of microorganisms on aggre-

gate development, which is likely resulting from different cell surface properties. Further-

more, drying and wetting cycles fostered the association of microorganisms with aggregates 

and led to the formation of larger microaggregates when microorganisms were colonizing 

these SMA. However, a reduction in the number of culturable microorganisms during desic-

cation was followed by a decrease in aggregate size, suggesting that microorganisms or their 

cell debris contribute to the development of larger aggregates. Moreover, we demonstrated 

that the SMA support microbial life under adverse environmental conditions such as desicca-

tion, which is a recurring phenomenon in soils that microorganisms have to cope with. Thus, 

SMA fulfil an important habitat function for microorganisms in soil. 
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 Introduction 

The exploration of the microscopic world and the discovery of bacteria now dates back more 

than 300 years and is based on the discoveries of Antoni van Leeuwenhoek in 1676 (Porter, 

1976). Despite major advances in the visualization of bacteria in the last decades based on the 

development of a variety of microscopic techniques, the light microscopic in situ visualization 

of bacteria in soil has always been challenging. However, bacterial life in a complex and het-

erogeneous environment such as soil can only be fully understood if it is studied at the scale 

appropriate for individual microorganisms (Cordero and Datta, 2016).  

Limitations of microscopy regarding the visualization of microorganisms are mainly due to the 

heterogeneity as well as opaque nature of the soil and the small size of the bacteria along with 

their low contrast, which makes their microscopic detection difficult (Li et al., 2004). Fluores-

cent stains can be applied to improve the visualization of bacteria, but this is often accompa-

nied by the problem of autofluorescence of soil components, resulting in scattered light sig-

nals and associated background fluorescence, which aggravates the detection and discrimina-

tion of bacterial cells from unspecific signals. Previous approaches for in situ visualization of 

soil bacteria have often been performed using manually prepared physical thin sections of soil 

samples (Eickhorst and Tippkötter, 2008a, 2008b; Nunan et al., 2003; Raynaud and Nunan, 

2014), which help to overcome these problems partially. However, this requires increased 

time and effort for the preparation of the samples as well as specific equipment. Besides, con-

text-specific information is reduced to a two-dimensional cross-section.  

In soil, the majority of microorganisms is assumed to occur attached to surfaces (Deschesne 

et al., 2007), and soil aggregates are considered to represent units with an important habitat 

function for bacteria (Totsche et al., 2018). However, the visualization and localization of indi-

vidual microbial cells on aggregate surfaces remains a major challenge, although it would pro-

vide a distinct view on the distribution and potential habitat preferences of microorganisms 

in soil.  

With the aim to visualize bacterial cells in their natural surrounding and to illustrate (micro) 

habitat structures on the surface of soil microaggregates, we evaluated microscopic imaging 

techniques regarding their potential to overcome some of the limitations related to imaging. 

More specifically, we assessed the potential of structured illumination by using an ApoTome 

(Carl Zeiss, Oberkochen, Germany) and made use of deconvolution algorithms applied after Z-



IV 
MICROSCOPIC VISUALIZATION OF LIVE/DEAD STAINED BACTERIA ON VARIOUS SOIL MICROAGGREGATES IN 

NATURAL COLORS 

65 
 

stack image acquisition. Both approaches allow the reduction of fluorescent signals from out 

of focus planes, similar as known from confocal laser scanning microscopy (CLSM). Instead of 

physical thin sections, as they have often been used in fluorescence microscopy of soil sam-

ples, we generated optical thin sections using these techniques.  

 Material and methods 

We performed imaging on small microaggregates taken from a microcosm experiment. This 

was set up with soil from the Ah horizon of the Rotthalmünster research station (Germany), 

sieved to <250 µm, and incubated for 30 weeks. Before incubation, the soil was spiked with 

bacterial cultures of the strains Methylocystis parvus DWT, Pseudomonas protegens CHA0-

gfp2, Gordonia alkanivorans (DSM 44187) and Streptomyces viridosporus (DSM 40243). A de-

tailed description of the experiment can be found in the supplemental material (Chapter X, 

Appendix D).  

Soil samples were stored at 4°C after collection for up to one week until microscopic exami-

nation. The particle-associated bacterial cells were stained directly on the microscopic slide 

using the LIVE/DEAD® BacLight™ Bacterial Viability Kit L7012 (ThermoFisher Scientifc, Wal-

tham, Massachusetts, USA) by following the manufacturer’s instructions with modifications 

regarding the concentration of the dyes. This kit contains a SYTO9 stain for the detection of 

viable cells and propidium iodide for the detection of dead cells, as the latter dye can only 

enter cells with defect cell membranes. To mount the samples and prevent rapid bleaching 

during fluorescence imaging, 50 µl Mowiol/DABCO, a hydrophilic embedding medium based 

on Mowiol 4-88 (Sigma-Aldrich, St. Louis, USA) and DABCO (1.4-Diazabicyclo-(2.2.2)octane) 

(Acros Organics, New Jersey, USA) mixed with 0.2 µl of each dye was used. 20 µl of this mount-

ing medium with the two fluorescent dyes was mixed with the soil particles on the slide by 

carful stirring with the pipette tip to preserve the natural structure of the soil particles, sealed 

with a cover slip and hardened for 1 h at 42°C in the dark. The samples of the soil to be micro-

scoped were taken randomly without any specific selection. Microscopic image acquisition 

was performed immediately afterwards using a Zeiss Axio Imager.M2 equipped with an Apo-

Tome.2, a Colibri.2 illumination system, Plan-Apochromat 20x/0.8 and 63x/1.4 objectives, and 

the filter sets 38 HE eGFP or 43 HE Cy3 for fluorescence imaging. A highly sensitive Axiocam 

503 monochrome camera was used for fluorescence image acquisition and an Axiocam 503 
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color camera for bright field image acquisition (Carl Zeiss, Oberkochen, Germany), which al-

lows the visualization of the natural colors of the soil particles, thus enabling the visual dis-

tinction of different soil components. The ZEN 2 pro software (Zeiss) was used for image ac-

quisition and image analysis was done with the additional modules Deconvolution and Ex-

tended Focus (Zeiss). Images were taken from individual microaggregates as Z-stacks consist-

ing of 78-151 layers, representing a spatial depth of 21.56 to 40.32 µm. For each image, one 

Z-stack was captured in the brightfield channel and one Z-stack in each of the fluorescent 

channels, i.e. eGFP and Cy3. The fluorescence stacks were captured with ApoTome and with-

out ApoTome to evaluate the applicability and suitability of the ApoTome for soil imaging. 

Subsequently, a deconvolution (Biggs, 2004; Wallace et al., 2001) was performed to eliminate 

blur and out of focus light from above and below each focal plane using specific deconvolution 

algorithms (Settings: Algorithm: Contrast, Length scale: 5, Reconstruction: 0.15, Smoothing: 

11). The individual images of the Z-stacks were merged into one focused image using an ex-

tended depth-of-focus calculation algorithm. Finally, the images of the individual channels 

(brightfield, eGFP, Cy3) were merged into one composite image. In addition to combining im-

ages to form an extended depth-of-focus image, individual images from each focal plane can 

also be combined to a video sequence, which allows to pass through all focal planes of the 

microscopic specimen (for the video sequence please refer to the enclosed CD). 

 Results and discussion 

Overall, a total of 48 soil particles were investigated. All particles were inspected and analyzed 

after acquisition. In some cases, it was found that the particles were no longer exploitable due 

to increased artifact formation and high autofluorescence. However, most of the images 

showed improved results with the ApoTome (Fig. IV-1 and Suppl. Fig. X-1). 

Using the ApoTome for fluorescence image acquisition was of advantage, as illustrated in de-

tail by a direct comparison of images generated with and without ApoTome (Fig. IV-1). The 

direct comparison of out of the box fluorescence images (Fig. IV-1 A and B) shows that signif-

icantly less background fluorescence is observed when using the ApoTome. Most of the signals 

are from scattered light, derived from out of focus planes, and could be effectively eliminated. 

These signals result primarily from unspecific binding of dyes to soil components, especially 

organic matter (e. g. larger green and red signals in the inlet figures of Fig. IV-1 A). While the 

use of the 
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Fig. IV-1: Microscopic images of a soil microaggregate, obtained using different microscopic techniques. 
The images were generated without (A, C, D) or with (B, D, F) the ApoTome. (A) and (B) show 
the microscopic images after application of the extended depth-of-focus calculation 
algorithm. In (C) and (D), deconvolution was applied in addition to reduce blur and out of 
focus light from above and below the individual focal planes. In (E) and (F), the deconvoluted 
fluorescence images were merged with brightfield images. Inlaid images I and II show the 
same close-ups in each of the images. Green fluorescence signals represent vital bacterial 
cells, whereas red fluorescence signals represent dead bacterial cells. 
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ApoTome was mostly advantageous, the usefulness became limited when the intensity of the 

fluorescent signals was very low in all regions of the field of view.  

The application of a deconvolution algorithm on the fluorescent image data (Fig. IV-1 C and D) 

leads to a clear improvement (comparison of Fig. IV-1 A and C). However, artifacts of unspe-

cific staining or due to scattered light remain more intensively visible compared to the unpro-

cessed ApoTome image (inlets in Fig. IV-1 C versus 1 B). When applying the deconvolution 

algorithm on the ApoTome image, unspecific signals were most efficiently removed (compare 

inlets between Fig. IV-1 B and D). The deconvoluted ApoTome images were much clearer, 

which allows a better differentiation of single cells. However, care has to be taken not to lose 

bacterial signals (see inlet I in Fig. IV-1 C versus D). This demands a careful adjustment of the 

deconvolution algorithm. When combining the fluorescence images with the generated 

bright-field images (Fig. IV-1 E and F), unspecific fluorescence signals can superimpose and 

falsify the final image to some extent, resulting in mixed and false colors (Fig. IV-1 E). This 

problem was more pronounced for the red fluorescence compared to the green fluorescence 

images, where non-specific signals were more efficiently eliminated. Besides, color distortion 

was more perceptibly in brighter colored than darker microaggregate regions (Fig. IV-1 F).  

The composite image consisting of the bright field image taken with the color camera in the 

extended depth-of-field projection and the deconvoluted fluorescence channels recorded 

with the ApoTome gives an impression of the aggregate in natural colors and also enables the 

differentiation of bacterial cells against the background of the aggregate reasonably well (Fig. 

IV-1 F). A requirement for realistic natural color reproduction is that the majority of the un-

specific background fluorescence has been successfully eliminated by the ApoTome and de-

convolution. 

Looking at different individual microaggregates, it becomes evident that each aggregate is 

unique in its structure and morphology (Fig. IV-2 and Suppl. Fig. X-2 + 3) as well as in its bac-

terial colonization. In most cases individual microaggregates consisted of one or multiple 

quartz crystals being more or less densely covered with brownish material, likely representing 

organic biomass. The distribution and the number of bacteria colonizing the aggregate struc-

tures varied considerably. Quite consistently observed was an optical correlation between the 

occurrence of organic mass and the presence of bacteria, as already described earlier (Ranjard 

et al., 2000; Ranjard and Richaume, 2001; van Gestel et al., 1996). However, even if there is a  
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Fig. IV-2: Morphological and compositional heterogeneity as well as variation in microbial 
colonization of individual microaggregates. Green fluorescent signals represent 
vital and red fluorescent signals dead bacterial cells. The images were obtained 
by fluorescence imaging using the ApoTome and subsequent deconvolution. 
Close-ups of microcolonies of viable (A) or dead (B) bacterial cells are shown in 
the inlaid images. 
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correlation between the occurrence of organic material and the presence of bacteria, by far 

not all of the organic material was colonized, only a very small fraction, which underlines the 

heterogeneity of the organic matter kinetics (Virto et al., 2010) and reflects the results of Leh-

mann et al. (2008), according to which organic material is highly heterogeneous in its compo-

sition, being of particular relevance at the scale of bacterial habitats. On most microaggre-

gates, we observed single cells, while microcolonies were very rarely observed (Fig. IV-2-A and 

B). This is in contrast to some literature reports, which suggest the presence of a higher num-

bers of microcolonies (Grundmann, 2004; Nunan et al., 2003; Vos et al., 2013). Only some 

microaggregates showed a relatively high number of viable (=green) bacteria or even micro-

colonies (Fig. IV-2-A, E, H), suggesting that such a microaggregate may represent a hotspot of 

bacterial activity (Fig. IV-2-A), while other microaggregates were largely free of bacteria (Fig. 

IV-2-C, D, F and Suppl. Fig. X-2 + 3). Aggregates with predominantly dead (=red) bacterial cells 

or microcolonies (Fig. IV-2-B) may have encountered a "hot moment" earlier, which seems to 

be past at the time of imaging. Thus, our images indicate the existence of "hotspots" (Fig. IV-

2 A) as well as "hot moments" for bacteria at the microaggregate surface (Kuzyakov and Blago-

datskaya, 2015). These phenomena can consequently not only be observed at the large scale, 

but also at the level of individual microaggregates. 

In conclusion, we showed that the application of an ApoTome and of deconvolution algo-

rithms represents a very valuable tool for the improved visualization of bacterial cells on mi-

croaggregates by fluorescence microscopy. The techniques can be considered as cost-effec-

tive alternative to CLSM and offer the advantage of lower light intensity needed (less bleach-

ing/phototoxicity) and a faster acquisition of single images compared to CLSM. However, care 

has to be taken not to introduce artifacts by carefully comparing the generated images with 

the original images seen in the microscope. We show for the first time that it is possible to 

visualize living and dead bacterial cells in their natural habitat on the surface of microaggre-

gates, which can be visualized in real colors. By capturing a large number of different mi-

croaggregates, we are able to visualize the heterogeneity of the soil habitat and show that this 

variety is accompanied by a diverse colonization by microorganisms. 
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 Résumé 

Soils are the fundamental basis of almost all macroecological life, particularly due to their 

highly diverse microbial colonization. Although the scientific disciplines of soil science and mi-

crobiology have existed for over two centuries, the immense complexity revealed by micro-

scopic observation confronts researchers with the realization that our understanding of the 

internal structures and their genesis is still largely incomplete. These internal structures, which 

are common to most terrestrial soils, were characterized by Tisdall and Odes by means of the 

theoretical aggregate hierarchy model. The aggregated character of soil not only provides it 

with structure, but also, as a result of its heterogeneously nested and ramified structure, 

forms the habitat structures and niches that allow the formation of the globally highest bac-

terial diversity per volumetric unit. 

Against this background, the aim of this thesis is to further deepen and illuminate (light mi-

croscopically) the understanding of the role of soil bacteria in the colonization of soil aggre-

gates, while also expanding the understanding of how bacteria might already be involved in 

the initial formation of aggregate structures. This was achieved by performing various experi-

ments with aggregate structures of different size classes and using molecular biological, mi-

croscopic, image evaluating and image analytical methods. By applying these diverse meth-

ods, it has been possible to gain a better understanding of the role of bacterial communities 

in interaction with soil aggregates, but also to understand how bacteria themselves in turn 

influence aggregate structures. Although some questions still remain open, not least due to 

the immense complexity of soil systems and aggregate structures, and need to be addressed 

in future studies, the present work provides important answers and food for thought. 

For this purpose, the questions already mentioned in the introduction were addressed and 

answered as follows: 

I. Do varying aggregate properties such as size class, localization in the soil structure as 

well as variable clay content influence bacterial community composition and shape, 

allowing the identification and differentiation of specific communities? 

The heterogeneous physical and chemical composition of soil aggregates provides a 

variety of potential habitats for microbial life. Based on this, I hypothesized that for 
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one thing different size classes of microaggregates in addition to their localization (oc-

cluded in larger aggregate structures versus free-occurring) have a formative influence 

on the composition of the bacterial community and therefore there are differences 

between the distinct aggregate types. For another, increased soil bacterial abundance 

in quantity and diversity can often be observed in association with clay minerals. 

Therefore, I hypothesized that a varying clay content in the soil has a formative influ-

ence on the composition of the bacterial community at the aggregate level. 

My analysis of 10 different aggregate classes in a size range from 8000 to <20 µm 

showed that aggregate size does have an influence on bacterial community variations, 

although the influence was rather low at field scale. Similarly, my results regarding the 

influence of clay content have shown that the influence of clay content has a smaller 

effect on the variability of the bacterial community than initially assumed. Thereby, 

each of the two factors, aggregate size and clay content, have an impact of about 10% 

on the composition of the bacterial community. Concerning differences between free 

and occluded microaggregates, however, I did not find any significant differences 

when looking at the total bacterial community. Accordingly, the composition of the 

bacterial community at the scale of soil aggregates must be influenced by other factors 

beyond the scope of my analysis that have a strong selective effect. Potential processes 

which may be involved here are mutation, drift and dispersal as well as other environ-

mental variables.   

However, when looking at individual aggregate fractions in detail, I was able to deter-

mine that the clay content has a formative influence on the composition of the bacte-

rial community both in the microaggregate fraction, but especially in the macroaggre-

gate fraction. It can be assumed that an increased stabilization of macroaggregates 

occurs with increasing clay content, which in turn can contribute to the differentiation, 

formation and maturation of distinct microbial habitats favoring a differentiated bac-

terial community. Furthermore, it was found that when considering the individual ag-

gregate fractions, clay content affected in particular the bacterial colonization of the 

smallest fractions. In this case, the fraction <20 µm consistently diverged from the 

larger fractions with increasing clay content. This smallest fraction can be categorized 

as belonging to the order of magnitude to which clay minerals are also classified. Alt-

hough it remains unclear whether clay content by itself exerts this influence, or if clay 
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content modulates other aggregate properties relevant for the microbial colonization. 

Further detailed analyses are necessary to clarify this point. 

 

II. Do certain size categories of soil aggregates provide particular habitats which in turn 

favor specific bacterial taxa? If this is the case, can particular characteristics of these 

size categories be identified explaining this? 

Ecological niche differentiation is often not apparent at a high taxonomic rank such as 

phylum level. In order to identify specific niches being associated with specific aggre-

gate sizes, I performed an indicator taxa analysis to identify OTUs that are characteris-

tic for different aggregate sizes. In doing so, I found that indicator taxa could be dis-

cerned in most aggregate fractions, but there was an increased number of them par-

ticularly in the smallest aggregate fraction (<20 µm). I could further determine that the 

identified specific taxa differ insofar that copiotrophic bacteria increased in the free 

aggregate fraction of the smallest size fraction and oligotrophic organisms became en-

riched in the occluded aggregate fraction. The difference in the principal lifestyle of 

the organisms illustrates the preferential colonization of specific microaggregates due 

to the conditions that shape the habitats of these respective aggregates. In this re-

spect, a possible explanation for the differentiated occurrence of copiotrophic and ol-

igotrophic bacteria might lie in the quality of the available organic carbon in the re-

spective aggregate fraction. This finding indicates that the high bacterial diversity in 

soils may have its origin in part in association with the smallest soil particles and sug-

gests that the size fraction closest to the size scale of bacteria and their spheres of 

impact should be given greater consideration in the study of bacterial microniches and 

habitats in soils. 

III. Do bacteria have a general influence on the initial phase of aggregate formation and 

do sundry bacterial taxa influence their environment in different ways? Further-

more, do the aggregate structures that form for their part also have an effect on the 

bacteria that colonize them? 

Until now, there is little knowledge about bacterial involvement in the initial phase of 

aggregate formation. Whereas it is already known that bacteria have the ability not 

only to adapt to their environment, but also to actively shape and influence it to a 

certain degree. To gain more knowledge in this area, I conducted a model experiment 
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with different bacterial strains and aggregate building units under the impact of wet-

ting and desiccation to include abiotic environmental influences with relevance on ag-

gregate formation. Here, I was able to show that the general participation of bacteria 

during the initial phase of aggregate formation leads to the formation of larger aggre-

gate structures. Furthermore, I was able to demonstrate that different soil bacteria 

with various characteristics have a species-dependent effect on aggregate formation, 

which is partially probably due to different cell surface properties. However, when 

comparing a bacterial strain capable of EPS overproduction with the wild-type strain, 

no effect on aggregate size was observed. Nevertheless, it was shown that the in-

creased production of EPS resulted in a better survival compared to bacteria with 

lower EPS production. In addition to the contribution of bacteria to the aggregate for-

mation process and regarding the effect of aggregates on bacteria, I was able to show 

that the aggregate structures that were formed had a sheltering effect on the bacteria 

involved. Bacteria associated with aggregate structures were able to survive periods 

of desiccation and water deprivation significantly better. These results underline the 

habitat function that aggregate structures provide for bacteria, but also the share that 

bacteria actively contribute to the formation of aggregate structures. 

IV. What possibilities do modern light microscopic methods open up in the spatial visu-

alization of complex soil structures and their bacterial colonization? 

Given the heterogeneity and opaque nature of soil structures, light microscopic evalu-

ation of soil microorganisms presents a particular challenge. A majority of soil bacteria 

are assumed to be located in association with surface structures, however, due to the 

small size and difficulty of discriminating bacterial cells against the soil background de-

cisively, only few light microscopic analyses of soil bacteria exist to date. This applies 

likewise for bacteria living associated to soil microaggregates. Since microaggregates 

represent an important habitat for soil bacteria, my experiments aimed to realize the 

visualization of soil bacteria and their colonization of aggregate structures. By specific 

staining and the use of modern techniques of fluorescence microscopy as well as the 

use of a color camera I succeeded for the first time in visualizing the distribution of 

living and dead soil bacteria on whole microaggregates, which were imaged in natural 

colors. In this process, the capturing of image stacks also imparted an impression of 

the spatial distribution of bacteria on microaggregate surfaces. By comparing a large 
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number of different microaggregate structures, I was also able to show and represent 

the high heterogeneity of the soil habitat and to ascertain that the bacterial coloniza-

tion differs substantially in terms of its distribution from one aggregate to another. 

Through my experiments, I was able to provide a proof of concept, whereby subse-

quent studies and analyses should focus on a systematic evaluation of the colonization 

and its correlation with aggregate properties. 

 

 Synthesis & Outlook 

Terrestrial soils harbor an amount of microbial biomass that can rival the surface biomass of 

plants and animals (Fierer et al., 2009; Serna-Chavez et al., 2013). As far as microbial biomass 

is concerned, bacteria and fungi dominate it with 102-104 times more mass, compared to the 

other soil microorganisms (protists, archaea, viruses) (Fierer, 2017). Soils itself, in this context, 

cannot be considered as a single homogeneous environment, but encompasses a large spec-

trum of diverse and distinct environments, which in turn spawn independent microbial com-

munities. Although these partially isolated environments are spatially only millimeters or even 

micrometers apart, they can differ significantly in their abiotic and biotic factors, which has an 

influence on the microbial community as a whole but also on the individual activity as well as 

abundance of single microorganisms and subcommunities. Here, aggregate structures in gen-

eral and microaggregates in particular are considered to be one of the key habitats of bacteria 

(Totsche et al., 2018). Based on this a systematic analysis of aggregate types with a fine reso-

lution in terms of aggregate size classes, clay content and a distinction between occluded and 

free microaggregates was performed in this thesis. In addition, to gain a better impression of 

spatiality as well as heterogeneity, microaggregates were observed by microscopy and their 

bacterial colonization was visualized. Due to the prominent involvement of bacteria in the soil 

system and its predicted role in aggregate formation, initial aggregate formation and the con-

tribution of bacteria to this process was studied in more detail. The role of bacteria was thus 

not limited to that of colonizers and inhabitants of the soil system, but their active role in 

shaping and forming the soil habitat was also investigated in more detail. My studies thus help 

to shed more light on soil aggregates as habitats for microorganisms and to better understand 

the role of microorganisms for aggregate formation. 
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In the following, I will integrate my findings with each other and discuss them in the context 

of the current state of knowledge. 

2.1 Soil aggregates as habitat 

Soil aggregates exhibit an ideal habitat structure for microorganisms due to their three-dimen-

sional structure as well as the high degree of heterogeneity and the resulting high potential 

for the availability of ecological niches. In the following, the findings of this study are com-

pared with existing research findings and the contribution of this research to the advancement 

of knowledge on the formation of the bacterial community by and through soil aggregate 

structures is discussed. In addition, the methods used in this study are discussed and sugges-

tions for future analyses are presented. 

2.1.1 The effects of abiotic factors 

Habitats are affected by a variety of abiotic environmental factors. Although many different 

abiotic factors and their influences on bacterial soil communities are already known, it is not 

yet fully known which factors primarily influence bacterial colonization of the soil and to what 

extent, due to the heterogeneous nature and the large number of different soil types. In this 

context, it is difficult to determine influential factors at the scale that is appropriate to that of 

bacteria and their sphere of impact (Hendershot et al., 2017). In this study, therefore, an at-

tempt was made to approach the scale of bacteria by analyzing different aggregate size clas-

ses, with the aggregate class of microaggregates in particular approximating the size of bacte-

ria and their sphere of impact. In addition to the influence of the aggregate size class as a first 

abiotic factor, a systematic investigation of the influence of the clay content as a second abi-

otic factor was carried out. Clay content was predicted to be a relevant factor, since clay par-

ticles are closely associated with bacterial colonization and abundance (Deschesne et al., 

2007; Foster, 1988). In this context, this study was the first to systematically analyze the influ-

ence of variable clay contents in conjunction with different aggregate size classes and the re-

sulting influence on the bacterial community. 

My results showed that both the clay content and the different aggregate size fractions exert 

less influence on the bacterial community than was initially assumed (Chapter II). Neverthe-

less, it could be shown that these two factors have an influence on the composition of the 

microbial community. Since this influence is relatively small, about 10% for each factor, it is 
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obvious that there must be other factors that influence the composition of the bacterial com-

munity either dependent or independent from aggregate sizes. Independent from aggregate 

size classes, a variety of edaphic factors have been identified that have a formative influence 

on bacterial community composition and diversity, for example, soil moisture, texture, pH, 

temperature, the proportion of organic carbon and other nutrients, (Brockett et al., 2012; 

Cookson et al., 2007; Delgado-Baquerizo et al., 2018; Rousk et al., 2010; Zheng et al., 2019). 

In particular, pH can be identified as one of the dominant factors in shaping bacterial commu-

nities in this regard (Fierer and Jackson, 2006; Rousk et al., 2010; Zhalnina et al., 2015). How-

ever, a recent study by Bickel et al. (2019) suggests that pH alone is not a globally valid factor, 

but that climatic soil water content may be responsible for a significant proportion of soil bac-

terial diversity and thus may be a covariate of pH. Furthermore, Zheng et al. (2019) studied a 

variety of different edaphic factors as well as enzyme activities and investigated their com-

bined as well as separate influence. They found that the combined impact of different factors 

always showed a higher influence than the effect of individual factors. When evaluating the 

influence of different edaphic factors by the above-mentioned studies and also by a large 

number of other studies that have dealt with this issue, it should be noted, however, that they 

have mostly been carried out as bulk soil analyses. Sample analyses at this scale fail to account 

for the scale and sphere of impact of bacteria, which is why it is at least questionable to what 

extent these represent the actual influence of these factors or whether these studies do not 

merely represent the effects on a metacommunity (Cordero and Datta, 2016). This assumption 

is underlined by the results of this study, showing that clay content affects the bacterial com-

munity differently in different aggregate size fractions (Chapter II). Further evidence is derived 

by Kravchenko et al. (2014), who showed that significant differences in the bacterial commu-

nity composition were identified depending on whether bulk soil samples or individual aggre-

gate structures of the same soil were analyzed. Furthermore, Hendershot et al. (2017), in a 

meta-study looking at over 1000 bacterial communities globally and how they are influenced 

by abiotic environmental factors, found that the abundance and diversity patterns of soil mi-

croorganisms do not follow a universal trend. They also conclude that from a bacterial per-

spective, large scale and coarse resolution surveys of abiotic environmental factors are inad-

equate to explain fine scale diversity patterns. Although these factors continue to exert a 

formative influence, it should be noted that this influence is not as pronounced as it has long 

appeared. Of course, it should be noted that the analysis of some environmental parameters, 
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such as pH, on a fine scale, such as the level of individual aggregates, remains challenging at 

present (Buss et al., 2018). Another aspect that should be considered is the assumption that 

several abiotic factors are influenced differently depending on the scale. For example, when 

examining the pH value, it is reasonable to assume that it could alter rapidly on a local scale 

due to the accumulation of protons, which is caused, for example, by microbial metabolic ac-

tivity. On the other hand, when considering temperature, for example, it cannot be assumed 

that this changes on a small scale, but changes at larger scales. For instance, the effect of 

variable carbon, water and oxygen contents could already be observed at the micro scale 

(König et al., 2020). 

Furthermore, in a review on non-free-living, i.e. non-host-associated microorganisms, 

Langenheder and Lindström (2019) were able to highlight that environmental heterogeneity 

is of general relevance. However, the authors state that there are many other factors besides 

these (e.g. dispersal limitation and excess, priority effects in species interactions as well as 

stochasticity), which are of great and formative relevance depending on the system studied 

or the prevailing conditions. Lastly, the authors conclude that the individual or combined ef-

fects are in turn linked to other properties of the ecosystem, such as the occurrence of scale 

effects, the overall stability of the system or the overall productivity, whereby all effects vary 

between the different studies and this even often in a contradictory manner, for which there 

is as yet no uniform explanation. 

In this context, it has been repeatedly shown in the course of this work and in the evaluation 

and classification of the results that the scale of analysis is of outstanding relevance when 

evaluating and considering microbial communities in soil systems. Due to this relevance, a 

detailed discussion will be given in the following section. 

2.1.2 The relevance of the spatiotemporal scale 

The concept of habitat heterogeneity and the relevance of the spatial scale even in smallest 

dimensions is not as new as one might initially think. The renowned soil microbiologist Martin 

Alexander already suggested in 1964 that "microorganisms apparently in the same habitat 

are, in fact, often exposed to entirely different environmental influences and population pres-

sures. To understand the forces actually affecting the organisms, a microenvironmental con-

cept rather than the gross macroscopic view of interactions must be adopted." However, the 

technical possibilities at that time were not yet available to carry out analyses at the necessary 
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scale, which is also critically noted by Alexander (1964). But due to the technical developments 

of the last decades, which also make the results and approaches of this study possible, one 

can be confident that the hypothesis, which Alexander (1964) already put forward almost 60 

years ago, can now and in the in the near future be further substantiated. 

Heterogeneity as result of aggregate composition and the relevance of appropriate scaling 

Microorganisms exhibit a high degree of spatial heterogeneity in the distribution and coloni-

zation of the soil habitat (e.g. Bahram et al., 2015; Etterma and Wardle, 2002; Franklin and 

Mills, 2007; Green and Bohannan, 2006). This heterogeneity in distribution is due to the het-

erogeneous composition and spatial structure of the soil system, whereby in turn the latter 

can have beneficial effects on the survival of different microorganisms. In the analysis of the 

biogeography of microorganisms, many different size scales have been considered and differ-

ences in the microbial community have always been observed. These range from global and 

continental scales (e.g. Bahram et al., 2018; Barberán et al., 2012; Fierer and Jackson, 2006) 

to the landscape scale (e.g. Bru et al., 2011; Pasternak et al., 2013) and even centimeter level 

(O'Brien et al., 2016) and ultimately to the micrometer level (Szoboszlay and Tebbe, 2021). 

When comparing soil samples taken only a few centimeters apart, O'Brien et al. (2016) were 

thus able to show that a remarkable disparity in bacterial community structure already occurs 

at this scale. This scale-dependent heterogeneity has its origin in the range of mechanisms 

that influence the formation of microbial communities (Jackson and Fahrig, 2012; Miguet et 

al., 2016). Therefore, it is highly relevant to consider this circumstance already during the de-

sign of the experimental setup and to consider a corresponding scale-sensitive sampling and 

sample size to be analyzed. 

This study was able to meet these demands, whereby the spatial scales were resolved down 

to the micrometer level. In a first study, the bacterial colonization of different aggregate size 

classes, which differ in the micrometer range, was analyzed (Chapter II). In a complementary 

approach, microscopic observation of single microaggregate structures was realized (Chapter 

IV), which allowed to visualize the surficial bacterial colonization of individual aggregate par-

ticles. In addition, the association of minute soil-forming particles and bacterial cells was ob-

served and conclusions were drawn about the behavior of bacterial cells in interaction with 

the smallest soil building units under controlled conditions (Chapter III). These approaches 

could thus indicate that bacterial colonization differs even in the micrometer range. On the 

one hand, this finding has been demonstrated by comparing different aggregate size classes 
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in pools of aggregates of the same size. On the other hand, this finding was substantiated by 

microscopic observation of individual aggregate structures. Here it was shown that individual 

aggregate structures already differ substantially from one another in terms of microscopic 

appearance and therewith features like morphology and composition. This heterogeneity, ob-

servable solely at the optical level, reflects the heterogeneous nature of soil systems and 

shows that heterogeneity can be detected simply by looking at these soil structures. Based on 

the morphological and compositional heterogeneity, heterogeneous colonization of aggre-

gate particles can also be inferred, which could also be visualized in this study (Chapter IV). In 

this respect, the observations of this study at the scale of individual aggregates are in agree-

ment with analyses of Lehndorff et al. (2021), who were able to visualize the elemental com-

position of microaggregate structures with a resolution accuracy of one square micrometer 

using electron probe micro analysis (EPMA). In this context, the results of Lehndorff et al. 

(2021) impressively demonstrate the heterogeneity of aggregate structures with respect to 

the distribution of C, N, P, Al, Fe, Ca, K, Cl, and Si. In a systematic comparison of 60 aggregate 

structures, no uniform patterns could be recognized, which would indicate a reproducible 

composition of aggregate structures. The only correlation found by the authors was the co-

occurrence of bacterial C and plant C, as derived from specific element stoichiometries. This 

correlation also supports the observation made in this study regarding the increased presence 

of bacterial cells in association with organic matter (Chapter IV). Taken together, these find-

ings indicate that the trend of spatial heterogeneity in bacterial communities ranges from the 

global scale down to the micrometer scale, where high spatial heterogeneity is seen in the 

distribution of microbial cells on aggregate surfaces. Furthermore, these results indicate that 

the composition of aggregate structures appears to have a formative influence on the distri-

bution and abundance of bacterial communities, although the mode of composition of the 

aggregate structures itself remains unknown. 

Spatial heterogeneity as consequence of aggregate structure 

Against the background of the high heterogeneity in composition of aggregate structures, if 

not even to speak of singularity, attention shall be drawn to another special feature of soil 

aggregates. Soil structures in general and aggregate structures in particular are characterized 

by an immense surface - compared to the dimension of the volume of an aggregate - due to 

their multilayered and nested structure as well as the almost infinite possibilities of combina-
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tions of their individual components (e.g. Lehndorff et al. 2021). This in turn results in a mul-

tiplicity of different potential habitats for microorganisms. This particular characteristic of soil 

structures makes it almost essential to perform observations and analyses at a microaggregate 

scale resolution, if not to make it the benchmark when it comes to the understanding of the 

soil system and the life of microorganisms in soil. 

Because of its aggregated structure, the spatial scale is of particular relevance. Due to the 

aggregation of microparticles, a network of pores and surfaces is formed, resulting in an SSA 

ranging from 20 to 800 m2g-1 (Bin et al., 2007; Pennell, 2016; Schweizer et al., 2019), depend-

ing on the soil type and the amounts of aggregate building blocks involved. Therefore, when 

analyzing microbial colonization of soil aggregates, it is of particular relevance to be aware of 

the structural arrangement of aggregates, which again affects the spatiotemporal scale and 

the importance the latter has for the colonization as well as the impact it has on the develop-

ment and assembly of microbial communities.  

One aspect that the high SSA of aggregate structures contributes to is the multitude of differ-

ent microhabitats, which enable specialized microbial communities with various characteris-

tics. Therefore, the highest possible degree of consideration and attention to spatial hetero-

geneity with simultaneous structural conservation is essential to allow the identification of 

possible synergistic and competitive interactions between different taxa. For example, it has 

been shown that bacterial co-cultures are capable of achieving significantly higher degrada-

tion efficiency compared to each acting separately in monoculture (Cortes-Tolalpa et al., 

2017). Moreover, it is proven that the interaction of neighboring cells can influence the met-

abolic processes of the whole bacterial communities and thus have an impact on nutrient cy-

cling (Ho et al., 2016; Huang et al., 2005). Also, it should be noted that the majority of soil 

microbiological studies are based on homogenized sample material, which ignores the natural 

heterogeneity and complexity of soil systems as well as its structural integrity. For example, 

Kravchenko et al. (2014) showed that there are significant differences in the bacterial commu-

nity composition when bulk soil samples are compared with individual macroaggregate struc-

tures. Thus, the analysis of different aggregate fractions, as realized in this thesis (Chapter II), 

already represents a significant improvement over the analysis of homogenized sample mate-

rial in terms of structural conservation. 

However, in addition to the occurrence of synergistic effects of directly neighboring organ-

isms, it is also known that the different steps of a larger process occur spatially and structurally 
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separated from each other (Ranjard and Richaume, 2001). For example, the different steps of 

the nitrogen cycle occur in different size fractions of the soil, with active nitrifiers predomi-

nantly found in the 2-20 µm fraction (Lensi et al., 1995) and nitrogen-fixing bacteria most 

commonly detected in the < 2 µm clay fraction (Chotte et al., 2002). Differences in the bacte-

rial community, which have their origin in structural heterogeneities of aggregates, could also 

be found in the context of this study. By performing an indicator taxa analysis for a detailed 

comparison of the different aggregate size fractions, I found that the majority of indicator taxa 

were present in the smallest aggregate fraction (Chapter II). In addition, the localization of the 

microaggregate fractions within or outside of stable macroaggregates and hence also struc-

tural variations, made a difference. Thus, it was shown that predominantly oligotrophic indi-

cator taxa could be identified in the occluded aggregates, whereas mostly copiotrophic indi-

cator taxa could be identified in the free fraction. Thus, these results indicate that, on the one 

hand, the structural composition and spatial scale influence the general composition of the 

bacterial community, but on the other hand, the biology as well as the lifestyle of the bacteria 

are also affected. 

A further aspect that is of relevance in the context of the high SSA of aggregate structures and 

should be taken into account is the topography of soil aggregates. The latter is also caused by 

the heterogeneous structural arrangement and could also have an influence on the bacterial 

colonization of aggregate surfaces. A first step in capturing and assessing the topography of 

aggregates was made with the help of the microscopic study (Chapter IV) of this thesis. In this 

study, the aggregate surface including the bacterial colonization was captured by optical thin 

sections. Arranging these thin sections into a video sequence reveals the approximate topog-

raphy of the aggregate along with the bacterial colonization. A next step would be to analyze 

and determine the topography of soil aggregates and their influence on bacterial colonization 

more accurately and to investigate whether there are topographically preferred habitats for 

the microbial colonization of aggregate surfaces. 

Microbial adaptation to spatial conditions 

Another aspect to be considered in spatial analysis at microscopic resolution is the morpho-

logical adaptability of bacterial cells. It can be assumed that bacterial cells in natural systems 

and under the influence of a variety of selection factors also behave differently in morpholog-

ical terms compared to cells cultivated in the laboratory under optimum conditions. Electron 

microscopic analyses of soil samples show that the size and structure of bacterial cells in soil 
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systems are often in the size range < 1µm, and a majority of the observed cells were actually 

so-called "dwarf" cells with a diameter of < 0.5 µm (Bae et al., 1972; Bae and Casida, 1973; 

Balkwill and Casida, 1973). In addition, it was shown that bacterial cells are able to adapt their 

morphology to the surrounding environment. They were observed to be able to squeeze into 

constrictions that were less than half of their own diameter, enabling them to adapt their 

morphology to given shapes and to access structures at the nanometer scale (Hol and Dekker, 

2014). This finding is also important when evaluating fluorescence microscopy images of bac-

teria associated with soil particles, as based on this finding, exclusion of cells due to small cell 

size or irregular morphology must be questioned. 

The importance of the temporal dimension 

In addition to the spatial aspect, the temporal aspect is also of great relevance in the analysis 

of microbial communities in soil systems. Seasonal and climatic influences have the potential 

to profoundly shape or alter the bacterial community (e.g. Lipson and Schmidt, 2004; 

Rodriguez et al., 2019; Smit et al., 2001; Stevenson et al., 2014). Just as climatic influence has 

been shown to be formative at global and continental scales, it can be assumed that this is 

also the case at microscopic scales. Here, the seasonal climate in the form of temperature 

differences as well as the daily weather in the form of precipitation or extreme drought can 

be formative. This can manifest itself in the form of the prevailing temperature but also in the 

availability or lack of water and oxygen. The effects of the daily weather or the seasonal cli-

mate do not only affect the entire soil body, but also influence aggregate structures down to 

the micrometer scale, e.g. when pores are filled with water and thus can lead to a lack of 

oxygen or dry out and thus cause a lack of water. Under this aspect, it is therefore also very 

important to take into account the temporal component in the process of sampling, since dif-

ferent conditions may prevail in the soil depending on the point of time, which in turn may 

have a determining effect on the bacterial community. 

An indication of the short-term impact of abiotic circumstances and events that shape the 

bacterial community is also provided by the model experiment on initial aggregate formation 

(Chapter III). In this experiment, wet-dry cycles were used to simulate the temporal fluctuation 

of abiotic factors in soils, as they often occur during the course of a year or even a day. Here, 

it was observed that at the beginning of the experiment, after the first wet-dry cycle, there 

was a decrease in bacterial cell number, which then recovered slightly over time during the 
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experiment. It was concluded that a large number of bacteria died off due to the abiotic influ-

ences, a fact that was optically proven, since a large number of cell envelopes could be made 

out when observed under an electron microscope. Since the experiment was nutrient-limited, 

it can be assumed that the renewed slight increase in bacterial cell numbers was supported 

by nutrients released from lysed cells. Such processes are also conceivable in natural systems, 

when there is a decimation of certain parts of the bacterial community due to abiotic influ-

ences or other disturbances. The nutrients thus released can then be used by other parts of 

the community (which may have been less active or even inactive up to this point), which in 

turn can lead to their proliferation or activation. In this process, previously present bacteria 

disappear as they are dissolved and replaced by others, and in turn other species come to the 

fore. This aspect of the temporal component must be considered when analyzing and evalu-

ating bacterial communities in natural systems. An example of the observation of such dynam-

ics in natural soil samples was provided by Nunes et al. (2017), who observed that the naturally 

predominant bacterial community was replaced by a bacterial community of a different com-

position after the strong impact of an abiotic factor. 

Another indication of the relevance of the temporal component at the microscopic scale can 

also be shown by the microscopic results of this study. In the microscopic analysis of individual 

microaggregates, it was striking how variably the individual aggregates were populated. One 

aggregate that housed a comparatively large colony of dead bacterial cells was particularly 

noticeable (Chapter IV). This observation suggests that this specific region of the aggregate 

surface represented a habitat for living cells earlier. However, before the time of observation, 

an unknown factor caused the cells to die. Microbial activity in soils is dependent on a variety 

of environmental factors (Chapter V, 2.1.1), which in turn causes most soil bacteria to be ei-

ther in a minimally active or even dormant state (Blagodatskaya and Kuzyakov, 2013) until 

environmental conditions change in their favor and they become active again, enabling po-

tentially even growth. Kuzyakov and Blagodatskaya (2015) describe these mostly brief periods 

of activity as microbial “hot moments”, which in most cases have only a short and infrequent 

time frame, but can also result in bacterial activity being initiated over longer periods of time. 

The observations of this study show that the concept of hot moments, although not often 

observed (which may be due to the fact that these events often have only a short time window 

as mentioned before), can also be found on the microscopic level. Moreover, these results 

show that heterogeneity is not only a spatiotemporal aspect, but that there is also a close 
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spatial and temporal relationship between life-promoting and life-hostile conditions. There-

fore, the occurrence of such hot moments and the overall temporal dimension are of non-

negligible relevance and should be taken into account, as well as the spatial scale already 

mentioned, starting from the planning of studies, through sampling, to storage and processing 

of samples. 

Prospects for the future investigation of spatial heterogeneity 

Future research is needed to better understand the colonization of aggregate structures by 

soil bacteria by analyzing the formation dynamics of bacterial communities as well as the in-

fluence of different abiotic factors including nutrient availability. This could be realized by ar-

tificial aggregate structures created in 3D printing. In this context, aggregate structures could 

be created from different components in 3D printing, and thus different nutrient distributions 

could also be achieved. A particular attraction of using 3D printing techniques is replicability. 

Thus, a large number of replicates could be created, which in turn could be exposed to differ-

ent abiotic and biotic factors, making it easier to understand the effect of these individual 

factors. In addition, identical structures in replicates could be provided to the same bacteria 

to analyze how bacterial dynamics evolve under the same basic conditions and whether there 

are already variations here. Furthermore, the use of 3D printing techniques could be further 

extended and complemented by nanotechnology, which enables the creations of nanoscale 

structures (Hol and Dekker, 2014). 

2.1.3 Significance of the aggregate hierarchy concept from a microbiological perspective 

The investigations of this study are based on the basic idea of the aggregate hierarchy model 

according to Tisdall and Oades (1982). After working with sample material obtained and ana-

lyzed on the basis of this model, however, some critical questions arise regarding the applica-

tion of primarily pedological methods in answering microbiological questions. 

To begin with, the aggregate hierarchy model must be scrutinized critically from a microbio-

logical point of view regarding its basic methodology. The extraction of the different aggregate 

size classes is based on the application of ultrasound, which Tisdall and Oades in turn adopted 

from Edwards and Bremner (1964, 1967). The research interest of Edwards and Bremner was 

focused on the stability of soil structures and the method of choice was the use of ultrasound 

to investigate how soil performs under the influence of ultrasound. Here, from a microbiolog-

ical perspective, it can be criticized that although the application of ultrasound is at first glance 
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a readily quantifiable method, as it can (nowadays) be adjusted relatively accurately depend-

ing on the device, it has no counterpart of naturally occurring factors that break down the soil 

structure with the same force as emanates by ultrasound. The mode of operation of applying 

ultrasound to separate soil particles, namely the generation and utilization of cavitation, can 

be classified as highly invasive and distorting and literally blasting the natural conditions, es-

pecially at a microbial scale. 

The methodological criticism of the aggregate hierarchy model due to the questionable appli-

cation of ultrasound for microbiological questions is also part of the next points of critique. 

These refer more specifically to the fractionation method used in this study. This method in-

cludes several steps of more or less invasive impacts on the soil structure (sampling, supersat-

uration with water, application of ultrasound). The massive use of water, which is a character-

istic of the wet fractionation method used in this study, results in supersaturation of the soil 

with water. It is also conceivable that the application of water could lead to unintended de-

tachment and carryover of bacterial cells, especially if the supersaturation with water is ac-

companied by the application of ultrasound. However, I was able to exclude the presence of 

significant carryover of bacterial cells in the context of this study by performing appropriate 

testing (Chapter II). Nevertheless, Bach et al. (2018) demonstrated that wetting soil samples 

during wet fractionation alters the microbial community in aggregate structures. In addition, 

Wu et al. (2014) were able to show that bacterial adhesion to surfaces depends on the respec-

tive growth phase, so it is also possible that bacteria alter their growth phase due to the influ-

ence of abiotic factors, making them harder or easier to detach from surfaces. Of course, the 

stated goal of these methods is to cause disruption of the soil, but again it is important to be 

aware of the spatial scale and the effects of the forces acting on the bacterial community 

within it. Nunes et al. (2017) demonstrated the effect that an environmental impact that is 

unnatural in its nature and intensity can have on the soil bacterial community, observing a 

drastic change in bacterial diversity as well as in the structure of the bacterial community. 

Here, the effect on the bacterial community was analyzed immediately after the impact. Fur-

thermore, a study based on this experiment showed that the profiteers of the previous selec-

tion pressure continued to dominate the bacterial community for about 10 days. Not until 29 

days a re-stabilization was observed, as a result of which the bacterial community evolved 

again in the direction of the bacterial community as it had prevailed before the disturbance 
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(Jurburg et al., 2017). These results thus demonstrate both the magnitude to which macro-

scopic interventions can disrupt the microscopic system and also the importance, should such 

invasive procedures be necessary, of preserving the bacterial community as promptly as pos-

sible. From there, in future analyses of the microbial community of soil systems that perform 

fraction size separation, it is desirable to use less invasive methods that take more account of 

micron-scale fragility. 

In this context, dry-fractionation approaches can be a valuable alternative. The evaluation of 

a new dry fractionation method, in which I was involved in terms of microbiology and which 

also examined samples analyzed in this study could show that the application of a new frac-

tionation method in direct comparison to wet fractionation resulted in a higher bacterial alpha 

diversity as well as significant differences in the composition of the bacterial community 

(Chapter VII – Appendix A) (Felde et al., 2020). This demonstrates that the type of fractionation 

has a significant impact on the microbiology. The new fractionation method did not involve 

the application of ultrasound and the use of water for separation, but only the application of 

mechanical forces. Since the influence of ultrasound and large amounts of water is question-

able as discussed above, this new fractionation method can be considered as a valuable alter-

native for microbial community analysis in future studies. Differences between different ap-

proaches of fractionation are also well known in the literature (Bach and Hofmockel, 2014), 

which again is not surprising if one makes oneself aware of the invasive nature of fractionation 

methods. Thus, it should always be considered which aspect and which question is addressed 

when deciding for the most appropriate fractionation method. Bach and Hofmockel (2014), 

for example, recommend that the use of dry fractionation is better suited to analyze differ-

ences of the bacterial community structure, whereas wet fractionation, for its part, is better 

suited to assess effects on bacterial activity as activity is better maintained in wet samples. 

To study the bacterial colonization at the aggregate scale, it would also be opportune to per-

form a manual fractionation. With the help of a microscope with low magnification power and 

fine mechanical tools, soil autopsy could be performed and soil aggregates could be specifi-

cally and precisely separated from each other. Although this method is labor intensive, it 

would be minimally invasive. In addition, adjacent aggregate structures could be cataloged in 

this manner to maintain reference to spatiality for analysis. This type of sample preparation is 

very well conceivable in particular for microscopic analyses and was, to some extent, actually 
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applied for the microscopic analyses presented here (Chapter IV), where aggregates were 

picked from non-fractionated soil samples (but without cataloguing them). Microscopy re-

quires only low sample input, e.g. only individual aggregates. Such as minimal invasive aggre-

gate collection is also conceivable for molecular biological analysis, because very small sample 

volumes are sufficient when improved methods are used. For example, Probandt et al. (2018) 

showed that it is possible to analyze the microbial community on individual sand grains. Simi-

larly, Szoboszlay and Tebbe (2021) succeeded in analyzing the bacterial community structure 

in different sample volumes of 250 - 1 mg and were thus able to investigate individual 

macroaggregates. Moreover, to go even a step further, it would be worthwhile in future stud-

ies to perform the analysis of bacterial colonization of aggregates at the single cell level 

(Gawad et al., 2016). To date, there have not been many approaches to single cell sequencing 

of bacteria from soil samples, yet this technique is applicable to soil samples (Nishikawa et al., 

2020). In the context of soil aggregates, this approach is particularly interesting as it allows for 

a better understanding of the function of individual cells in their microenvironment and their 

ecophysiology, and especially valuable information on non-culturable bacteria can be ob-

tained (Gawad et al., 2016; Hatzenpichler et al., 2020). 

When applying the aggregate hierarchy model, the further question arises from a microbio-

logical point of view as to what extent the size classes defined by this model are of relevance 

for bacterial communities. The range of aggregate size classes investigated in this study cor-

responds to a factor of 400. Again, if one is aware of the range of influence of environmental 

factors on bacteria, then the question arises whether the choice of size classes is not too arti-

ficial for the consideration of bacterial communities. In this study, for example, it was shown 

that there is no clear demarcation of the bacterial community structure at the predefined size 

limit of 250 µm (Chapter II), which separates micro- and macroaggregates. In contrast, a ten-

dency for differences was rather seen within the smallest aggregate fractions. These results 

are also consistent with the findings of previous studies, which also reported the largest dif-

ferences in the smallest aggregate fraction, which in turn is closest to the bacterial sphere of 

impact, whereas differences between micro- and macroaggregates were less evident (e.g. Fox 

et al., 2018; Trivedi et al., 2015). 

In conclusion, the aggregate hierarchy model developed by Tisdall and Oades remains a valu-

able contribution to the conceptualization of the understanding of soil structure. However, in 
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this context, from a microbiological point of view, it is important to keep in mind that some of 

the methods that underlie this model may have a negative impact on the ambition to observe 

the bacterial community as undisturbed as possible. As described in the previous section (V 

2.1.2), it is important to consider the spatial scale and the effect of particular methods on it. 

Therefore, in order to ensure the preservation of the naturally occurring bacterial community, 

it is important to identify and select the best method for the respective question to answer. 

For the analysis of the composition of the bacterial community, the above-mentioned dry frac-

tionation is a promising approach, which, in any case, still requires more detailed testing. How-

ever, this method is a useful extension of the toolbox for the investigation of soil aggregates, 

which can help to better understand the microbiology of aggregate structures and to shed 

further light on the aggregate hierarchy model from a microbiological perspective as well. 

2.2 Microecology and macroecology 

During the authoring of this thesis and during the evaluation of the results of this study, I 

noticed analogies and partly correlations between observations in the microscopic realm and 

observations in the macroscopic realm time and again. In the following I want to create an 

appreciation for connecting microscopic as well as macroscopic observations and to learn 

from insights of both realms and in the best case even to find similarities and to draw from 

this an adapted gain of knowledge for the respective other scale. 

When talking about microecology in the following, this means the microbial ecology as well as 

the ecology of microhabitats, which includes not only the influence and impact of bacteria but 

also the influence of other microorganisms, as well as abiotic factors acting at a micrometer 

scale and thus to be understood in analogy to macroecology. Macroecology, in turn, refers to 

classical ecology in general and landscape ecology in particular, which takes into account or-

ganisms that can be perceived by the naked eye, thus corresponding to the anthropocentric 

scale. 

2.2.1 Soil aggregates as a paradigm of hierarchy theory 

There are a variety of approaches and theories that try to explain complex systems and make 

them more comprehensible. One of these theories is the hierarchy theory, which goes back 

to the Nobel Prize winner Herbert Alexander Simon (Simon, 1962, 1969, 1977, 1991; Simon 

and Ando, 1961). Hierarchy theory thereby has a universal claim (Simon, 1962) and was de-

veloped from a cross-disciplinary perspective that takes into account economics, psychology, 
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management, biology, and mathematics. In particular, ecology was significantly influenced by 

hierarchy theory (Allen and Starr, 2017; Bissonette, 1997; O'Neill, 1986) and led to the for-

mation of new ecological thinking patterns, which were primarily pattern-process-scale ori-

ented. 

Basically, according to the hierarchy theory, a hierarchy is to be assumed if a system is present, 

which is structured in layers or levels, which in turn show asymmetrical relations between 

each other. In this context, Simon (1962) defines hierarchy as "a system that is composed of 

interrelated subsystems, each of the latter being, in turn, hierarchic in structure until we reach 

some lowest level of elementary subsystem". In this context, the determination of the last 

level of elementary components is subject to a certain degree of arbitrariness. The subsystems 

or individual components, of which the individual levels of the hierarchy are composed of, are 

called holons (Koestler, 1967). Thereby a holon is to be regarded as a whole and as a unity, if 

it is viewed on its own level or from the levels below, but on the other hand also merely as a 

part of the whole, if one looks at it from a higher level. This definition of a hierarchy can be 

nicely applied to the aggregate structure of soil systems and is also reflected in the aggregate 

hierarchy model of Tisdall and Oades (1982), where holons represent the individual aggregate 

size classes and the building blocks of aggregates. Curiously, however, there are no references 

to hierarchy theory in Tisdall and Oades, nor does the subsequent literature link these two 

theories. However, it should also be noted here that Tisdall and Oades (1982) never titled their 

model itself as an aggregate hierarchy model; the notion of a hierarchy is not mentioned once. 

Where the denomination of this model came from remains unknown and untraceable. Nev-

ertheless, one cannot help but notice a very close relationship between the two theories. 

Furthermore, the interfaces between the different levels and holons, as well as in soil aggre-

gates, are called surfaces, described as the places with the highest variation of interactions 

(Ahl and Allen, 1996; Allen and Starr, 2017). In this context, surfaces are considered to have a 

filtering effect, as they are assumed to process and interact with the flows of matter that are 

passing them. This concept also translates well to soil systems and soil aggregates, as it is 

assumed that the vast majority of bacteria reside on the surfaces of aggregate structures 

(Chenu and Cosentino, 2011; Vos et al., 2013) feeding on or metabolizing the nutrients avail-

able there, but also the nutrients that diffuse to the cells via the soil solution. 
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For the hierarchy theory there are no rigid criteria that define it firmly, which on the one hand 

can be seen as a point of criticism, on the other hand the universal claim of this theory can be 

implemented in this way. Thus, hierarchies can be divided into different types according to 

different criteria. For example, with respect to dimension, structural and functional hierar-

chies or spatial and non-spatial hierarchies as well as ecological hierarchies can be distin-

guished. Salthe (1991) distinguishes between scalar hierarchies and specification hierarchies. 

The former are organized spatio-temporally, whereas the latter are nested and combine dif-

ferent levels of development. Examples are levels of organization like atom <-> molecule <-> 

cell <-> organ <-> organism <-> population or respectively chemistry <-> biology <-> physics. 

An important aspect in relation to hierarchy theory is the distinction between nested and non-

nested hierarchies (Ahl and Allen, 1996; Allen and Starr, 2017). Nested hierarchies are charac-

terized by the fact that the higher levels or organizational structures at least contain lower 

levels or are even entirely composed of them. Thus, the renowned ecologist MacArthur (1972) 

also describes the nested nature of the natural environment and states that real living worlds 

are based on a hierarchical structure. This is also true for the composition as well as for the 

structure of soil aggregates in particular and soils in general. 

A key characteristic of hierarchy theory is the order of the different hierarchy levels. Allen et 

al. (2009) identify five general principles that characterize the order in hierarchical ecological 

systems: 

1. Higher levels have lower process rates than lower levels  

2. Higher levels influence lower levels  

3. Higher levels form an encompassing framework around lower levels  

4. Higher levels have weaker binding strengths between the different holons and 

thus have less integrity than lower levels 

5. When nested hierarchies occur, higher levels contain lower levels or consist 

entirely of them 

 

Another characteristic of hierarchical systems is that they have a horizontal and a vertical 

structure (Ahl and Allen, 1996). The vertical structure, i.e. the relationship between the levels, 

is characterized by an asymmetrical connection. Here, the number of vertical levels represents 

the depth of the hierarchy, and again, the deeper a hierarchy, the more detailed and complex 
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the overall hierarchical structure. The horizontal structure, in turn, results from the relation-

ships between the different holons and is characterized by a symmetry in the strength of the 

interactions at the shared level. Here, the intraspecific interactions between the components 

of a holon are significantly stronger and more frequent than the interspecific interactions be-

tween different holons. Thereby, the more pronounced and frequent intraspecific interactions 

also form the basis for the integrity of the individual holon. These characteristics of hierar-

chical systems can again be applied to aggregate structures. Thus, the different aggregate size 

classes represent the vertical structure, which are distinguished by different stabilities and 

mechanisms holding the respective aggregate structures together. The respective aggregates 

of an aggregate size class in turn represent the horizontal structure. 

Furthermore, Simon (1977) assumes that the individual components are only loosely coupled 

with each other in the horizontal as well as in the vertical direction. This loose linkage allows 

separation between the individual levels in the vertical direction and independence of the 

individual holons in the horizontal direction, which allows them to exist in a partially self-suf-

ficient manner. This view also matches the idea that aggregate structures in general and mi-

croaggregates in particular form their own self-contained microhabitats. 

This further core feature of hierarchical and complex systems is what Simon (1962, 1977) calls 

"near-decomposability", which in summary states that the frequency of interaction within 

components of the same level is much higher than the rates of interaction between compo-

nents. The consequence of this is that in order to adequately describe a hierarchical system, 

it is necessary to choose a focal level and to define slow processes from levels above as con-

stants and fast processes on levels beneath as means. By this approach it is possible to "scale" 

relevant levels of superordinate and subordinate levels and thus to obtain a higher degree of 

simplification, which, however, allows a better comprehension (Simon, 1962, 1977, 1996). The 

concept of near-decomposability was further extended by Salthe (1985), who developed the 

concept of the basic triadic structure. This concept states that in order to provide a sufficient 

explanation for the description and explanation of processes at the focal level, it is necessary 

to take into account the level above as well as the level below. This is based on the fact that 

the focus level is primarily based on processes of the subordinate level and at the same time 

is influenced by the surrounding conditions, which the superordinate level provides. 
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Another interesting approach, which fits well with the nested hierarchical structure of soil 

aggregates, is one of fractal geometry and self-similarity (Brown et al., 2002; Mandelbrot, 

1983; Milne, 1988). For example, Wiens and Milne (1989) showed here that there was a cor-

relation to the fractal geometry of landscape structures at the macroecological scale. Because 

of the repetitive patterns and structure of aggregates, it would therefore be very interesting 

to test such a correlation also at the level of aggregate structures in future studies. 

In summary, many aspects of hierarchy theory fit well with the aggregate hierarchy model and 

it has thus the potential to enhance the view and explanation of soil aggregate structures in 

multiple ways. Regardless, I have not encountered any linkage between these two theories in 

the literature up to this point. The application of universal hierarchy theory in general and its 

ecological interpretation in particular is an example of the immense potential of adapting mac-

roscopic theory to microscopic systems. Future analyses of the microbial ecology of soil sys-

tems should thus give more attention and consideration to the concepts of hierarchy theory 

and examine whether adapting the concepts of this theory can contribute to a better under-

standing of aggregate structures and soil systems. 

2.2.2 Conflating macro- and microecology 

In addition to a universal approach like hierarchy theory, there are also a variety of specific 

theories and concepts that describe the functionality of macroecological communities and 

systems. In the following, a few examples will give a brief impression of the potential of adapt-

ing proven macroecological concepts. 

Compared to microbial ecology, macroecology has a long tradition of widely observed and 

proven concepts that explain the community functioning of different organisms in interaction 

with their surrounding environment. In this context, the concepts of macroecology success-

fully describe the colonization of landscapes and landscape structures, which are often also 

characterized by high inter- and intra-heterogeneity. Therefore, great potential to gain a bet-

ter understanding of bacterial colonization of soil systems emanates from the adaptation of 

verified concepts of landscape ecology. In this regard, Turner (2005) defines landscapes as 

scale-independent arrangements of patterns that are interrelated by the organisms that in-

habit them and ecological processes that occur. Therefore, it is reasonable to examine verified 

concepts of macroecology for a possible adaptation at the soil microbiological scale. For ex-

ample, Bardgett and van der Putten (2014) state that the diversity of microhabitats found in 
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the 3D structure of a soil profile is comparable to that of an entire ecosystem. This statement 

can be further broken down at scale in that even the 3D structure of a single aggregate has 

the potential to harbor the habitat richness of an entire ecosystem. However, it must be em-

phasized that this is always only an adaptation and never a 1:1 application of existing concepts. 

As noted in a detailed review by Mony et al. (2020), the adaptation of landscape ecology prin-

ciples in microbiology is still in its infancy. The authors find many examples that describe mi-

croorganisms in abiotic landscapes and also demonstrate how variably applicable the con-

cepts of landscape ecology are. For example, the authors also define biotic systems, i.e. mac-

roscopic organisms, as biological landscapes. In this context, the macroorganisms as a whole 

are understood as a biological landscape and their organs in turn as parts of this entire land-

scape. The motivation for this view can often be found in the explanation of diseases and the 

attempt to understand how pathogens spread. Accordingly, landscape ecology concepts have 

the potential to explain processes and mechanisms of soil systems, particularly in relation to 

aggregate structures. 

To specify this, there are various conceptual landscape composition models in landscape ecol-

ogy, which offer an approach that is of interest when thinking about and classifying aggregate 

structures. The first two models assume that landscapes consist of separate areas that can be 

differentiated from each other (patch-matrix (Turner, 1989) as well as the mosaic-landscape 

model (Wiens, 1995)). The patch-matrix model is an early and very simple model, which only 

differentiates between habitable and non-habitable regions, which are clearly distinguished 

from each other. It is based on the assumption that the regions that are not suitable as habitat 

also have no further influence on the composition of the colonizing community. The mosaic-

landscape model, developed shortly thereafter, can be seen as a further development of the 

first model, taking more account of the heterogeneity of landscapes. Here, a distinction is now 

made between different types of habitats, which can be inhabited with greater or lesser suc-

cess, but can still be clearly distinguished from one another. In contrast to the previous two 

models, the third and most recent model, the landscape-continuum model (Cushman et al., 

2010; Fischer and Lindenmayer, 2007) assumes that landscapes form an ecological continuum. 

Here, different environmental variables can have varying gradients and intensities, and there 

is no longer a clear demarcation between the different habitats. Boundaries are blurred here 

and the different variables in the individual habitats are no longer static. 
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These models have been developed consecutively in a short time sequence, thus also reflect-

ing the awareness and exploitation of increasingly more complex systems. The increasing com-

plexity goes hand in hand with the ever more precise and ever more accurately scalable anal-

ysis methods, which make the registration of increased complexity possible in the first place. 

Soil aggregates are the perfect example of a highly complex system in this regard, and there 

are good possibilities for adapting the models described above to aggregate structures. How-

ever, rather than applying a single model to aggregates, an application of both the mosaic-

landscape model and the continuum model can be justified by including the temporal dimen-

sion. The microscopic results obtained in this study (Chapter IV) suggest the validity of the 

mosaic-landscape model when considering the heterogeneous, yet visually distinct, areas of 

aggregate structures and bacterial colonization, especially when viewed in conjunction with 

the results of Lehndorff et al. (2021). However, considering that soils are highly dynamic sys-

tems that are influenced by macroclimatic conditions, such as precipitation and periods of 

drought, it is also easy to imagine that during periods of increased soil moisture, a continuous 

temporary system interconnected by water flow emerges (Manzoni and Katul, 2014). During 

these phases, gradients form and areas isolated from each other in the dry state become in-

terconnected and allow exchange, which again is an approximation of the continuum model. 

The importance of temporary factors and the influence of microorganisms and aggregate 

structures was also shown in this study (Chapter III). 

Furthermore, there are a variety of other principles in macroecology, which are reflected in 

microecology. For example, it is an established macroecological observation that there is a 

positive correlation between the size of an area and the number of species present, which 

applies to both animals and plants. In this context, an increase in area is also often linked to 

an increase in environmental heterogeneity, with this heterogeneity in turn often being the 

most common explanation for observed taxa-area patterns (Rosenzweig, 2010). Such a rela-

tionship can again be surmised from the results of this study. Considering the observations of 

the microscopic analyses (Chapter IV) in combination with the results of the analyses by 

Lehndorff et al. (2021), it is reasonable to assume that increased bacterial diversity exists with 

respect to the immense environmental heterogeneity as well as area of microaggregate struc-

tures (Chapter V, 2.1.2). For example, Storch (2016) found for species-area relationships that 

they can be described as having a three-phase shape. Here, this has an S-shape, where there 

is a steep increase at small scales, a decrease is observed again at medium scales, and a steep 
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increase is observed again when continental scales are considered. This also fits well with the 

observations on the smallest scale, which were made in the context of this study. Further-

more, several other studies have also been able to establish that there is a taxa-area relation-

ship in the field of microorganisms and thus it appears to be a universally valid law (Adler et 

al., 2005; Bell et al., 2005; Glassman et al., 2017; Horner-Devine et al., 2004).  Although, as 

noted at the beginning, no direct transfer of this regularity to the bacterial world is possible, 

since a direct comparison of bacteria with macroorganisms reveals a weaker correlation in 

bacteria than in macroorganisms. For example, the accumulation of taxa with increasing area 

as well as the decrease in similarity between bacterial communities with increasing geographic 

distance tends to be lower for microorganisms than has been observed for plants and animals 

(Green et al., 2004; Hillebrand et al., 2001; Horner-Devine et al., 2004; Zhou et al., 2008). One 

reason for this could be a too voluminous sample used for bacterial community analysis. 

Therefore, it would be interesting to perform such analyses on the level of aggregate fractions 

or even single aggregates in the future. 

Another concept that can be observed in both the macroscopic and microscopic worlds is that 

of predator-prey relationships. In both macroecology and microecology, the question arises 

as to the causes and consequences of spatial heterogeneity and how this in turn affects the 

organisms in place, and also how the interactions of those organisms in turn affect the envi-

ronment around them. For example, Hol et al. (2016) were able to show how spatial hetero-

geneity affects organisms at a microscopic scale. Here, a heterogeneous landscape compared 

to a uniform landscape had significant effects on microbial hunter-prey relationships. While 

the prey was hunted to near extinction in the uniform landscape, it managed to survive in the 

heterogeneous landscape. By far more heterogeneous landscapes are also found in aggregate 

structures. Similar observations and correlations exist in the macroscopic world. Here it has 

also been shown that a heterogeneous landscape can have a great influence on predator-prey 

relationships (e.g. Ellner et al., 2001; Holyoak and Lawler, 1996; Sutcliffe et al., 1997). 

In addition, it is to be noted that there are fundamental commonalities already at the level of 

the basic mechanisms for the emergence and formation of communities of living beings. These 

are selection, drift, speciation/mutation and dispersal or its limitation. These partly interacting 

basic mechanisms can be observed in communities of microorganisms (Hanson et al., 2012) 

as well as in communities of macroorganisms (Vellend, 2010). 
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The above examples serve to illustrate that there is great potential to review macroecologi-

cally verified findings for their adaptation in microbial ecology and thus to create a general 

awareness that there are basic principles and patterns that are valid regardless of scale, alt-

hough not 1:1 but in adaptation. It is in itself logical, although not always self-evident, not to 

lose sight of the big picture even when considering the smallest systems and interrelation-

ships. 

2.2.3 Discrepancies between the analysis of the micro and the macro scale 

Since the beginning of research on soil microbiology, a vast amount of experimental data on 

macroscopic soil parameters has been collected. Most of these are analyses of bulk soil sam-

ples for the determination of macroscopic soil parameters (e.g. pH, texture or organic matter 

content), which are derived based on gigantic sample volumes from a microbiological point of 

view and thus with disproportionately coarse spatial resolution. However, based on the results 

of recent research, which increasingly deals with the relative spatial scale and the impact of 

parameters on it (Chapter V, 2.1.2), it is becoming increasingly clear that it is necessary to 

ensure a finer resolution in the collection of soil parameters as well as to establish a standard 

collection of new macroscopic soil parameters, which better reflect the spatial heterogeneity. 

For example, it would be interesting to include pore structure in future analyses as Ruamps et 

al. (2011) showed that the microbial community structure depends on the respective pore 

size. Terrat et al. (2017) demonstrated impressively in their study how insufficient the previ-

ous result of macroscopic parameters is for the explanation of microscopic phenomena. In a 

comparison of samples from over 2000 sites distributed throughout France, the authors were 

able to relate an observed variance in bacterial diversity to the standard recorded soil param-

eters in less than half of the cases. This observation can be partially confirmed by the findings 

obtained during this study. The different parameters that were included here (aggregate size, 

clay content) provided only a partial explanation for the observed variability of the bacterial 

community (Chapter II), which in turn implies that there must be other factors responsible for 

the variability of the bacterial community. An indication of this is provided by the microscopic 

analyses of this study (Chapter IV), which, in concert with the results of Lehndorff et al. (2021), 

suggest that a possible explanation of microbial diversity lies at the microscale. Thus, it is con-

ceivable that standard soil parameters collected to date may well be important, but that the 

scale at which they are collected is too coarse. It should also be noted that there are two core 

components of scales. These are the grain and the extent (Wiens, 1995). These two factors 
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must be taken into account when considering scales. Compared to macroecology, scales and 

the dependence of various mechanisms on them have received little attention in microbial 

ecology (Ladau and Eloe-Fadrosh, 2019). 

As already mentioned several times in the previous chapters, a direct application of macro-

scopic principles on a microscopic scale is not possible without adaptation. This is based on 

the fact that there are, of course, significant differences in detail in both worlds. For example, 

microorganisms are characterized by their small size and short generation time, which in turn 

affects their ability to react to changes in their immediate environment. These reactions occur 

in response to circumstances at very small spatial scales and over several generations, which 

particularly emphasizes the relevance of evolutionary processes. As a result, the sphere of 

impact for microorganisms has a higher degree of complexity than it does for macroorgan-

isms, which in turn can be explained by the partially nested temporal and spatial scales (Mony 

et al., 2020). 

2.2.4 Microaggregates are landscapes 

Considering the results of this study as well as the overall impression that emerged in the 

discussion, it is obvious to regard microaggregates as landscapes from a bacterial perspective. 

This conclusion is permissible if one considers what characteristics constitute a landscape in 

macroscopic and anthropocentric terms, and how microaggregate structures arise from a bac-

terial perspective. While Carl Troll (Troll, 1950) was still describing landscapes as areas where 

humans interact with the environment on a kilometer-scale (an extremely anthropocentric 

perspective), Wiens and Milne (1989) were already defining landscapes more generally as a 

template (independent of scale) on which spatial patterns influence ecological processes. In 

doing so, the authors traced their assumptions from a consideration of the perspective of bee-

tles and their conception of their environment as a landscape. Continuing, Mony et al. (2020) 

demonstrate in their review the flexibility that landscape ecology, and thus the definition of 

landscapes, offers in transferring concepts to systems that cannot be classified as landscapes 

when initially regarded. 

In this study, an even smaller scale and higher spatial resolution approach could be pursued. 

In doing so, it was possible to approach the sphere of impact of individual bacteria and find 

evidence that microorganisms likewise conceive the architecture and structure of soil aggre-

gates as landscape structures from their perspective and colonize them in a manner similar to 
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how macroorganisms colonize the landscape structures that surround them. There are analo-

gies in the processes of the micro and macro perspective which suggest such a conclusion. 

Thus, an overarching goal of this study is to encourage future soil microbiological studies that 

investigate the community of microorganisms to consider and internalize this line of thinking 

in order to exploit potential interdisciplinary synergies to gain a better basic understanding. 

  



VI 
REFERENCES 

101 
 

 

 

 

 

 

 

 

 

 

 

 

VI 
REFERENCES 

 
  



VI 
References 

102 
 

 

Abbe, E., 1873. Beiträge zur Theorie des Mikroskops und der mikroskopischen Wahrnehmung. 

Archiv f. mikrosk. Anatomie 9 (1), 413–468. 

Adler, P.B., White, E.P., Lauenroth, W.K., Kaufman, D.M., Rassweiler, A., Rusak, J.A., 2005. Ev-

idence for a general species–time–area relationship. Ecology 86 (8), 2032–2039. 

Ahl, V., Allen, T.F.H., 1996. Hierarchy theory: A vision, vocabulary, and epistemology. Columbia 

University Press, New York, 206 str. 

Alexander, M., 1964. Biochemical egology of soil microorganisms. Annual review of microbi-

ology 18, 217–252. 

Allen, T.F.H., Allen, P.C., Wixon, D.L., 2009. Hierarchy theory in hydropedology. Hydrology and 

Earth System Sciences Discussions 6, 2931–2959. 

Allen, T.F.H., Starr, T.B., 2017. Hierarchy. University of Chicago Press. 

Amézketa, E., 1999. Soil Aggregate Stability: A Review. Journal of Sustainable Agriculture 14 

(2-3), 83–151. 

Ams, D.A., Fein, J.B., Dong, H., Maurice, P.A., 2004. Experimental Measurements of the Ad-

sorption of Bacillus subtilis and Pseudomonas mendocina Onto Fe-Oxyhydroxide-Coated 

and Uncoated Quartz Grains. Geomicrobiology Journal 21 (8), 511–519. 

Angers, D.A., Recous, S., Aita, C., 1997. Fate of carbon and nitrogen in water-stable aggregates 

during decomposition of 13 C 15 N-labelled wheat straw in situ. European Journal of Soil 

Science 48 (2), 295–300. 

Arenskötter, M., Bröker, D., Steinbüchel, A., 2004. Biology of the metabolically diverse genus 

Gordonia. Applied and environmental microbiology 70 (6), 3195–3204. 

Atkinson, R.J., Posner, A.M., Quirk, J.P., 1967. Adsorption of potential-determining ions at the 

ferric oxide-aqueous electrolyte interface. J. Phys. Chem. 71 (3), 550–558. 

Babin, D., Ding, G.-C., Pronk, G.J., Heister, K., Kögel-Knabner, I., Smalla, K., 2013. Metal oxides, 

clay minerals and charcoal determine the composition of microbial communities in ma-

tured artificial soils and their response to phenanthrene. FEMS microbiology ecology 86 

(1), 3–14. 

Bach, E.M., Hofmockel, K.S., 2014. Soil aggregate isolation method affects measures of intra-

aggregate extracellular enzyme activity. Soil Biology and Biochemistry 69, 54–62. 

Bach, E.M., Williams, R.J., Hargreaves, S.K., Yang, F., Hofmockel, K.S., 2018. Greatest soil mi-

crobial diversity found in micro-habitats. Soil Biology and Biochemistry 118, 217–226. 

Bae, H.C., Casida, L.E., 1973. Responses of Indigenous Microorganisms to Soil Incubation as 

Viewed by Transmission Electron Microscopy of Cell Thin Sections. Journal of bacteriology 

113 (3), 1462–1473. 

Bae, H.C., Cota-Robles, E.H., Casida, L.E., 1972. Microflora of Soil as Viewed by Transmission 

Electron Microscopy. Applied and environmental microbiology 23 (3), 637–648. 

Bahram, M., Hildebrand, F., Forslund, S.K., Anderson, J.L., Soudzilovskaia, N.A., Bodegom, 

P.M., Bengtsson-Palme, J., Anslan, S., Coelho, L.P., Harend, H., Huerta-Cepas, J., Medema, 

M.H., Maltz, M.R., Mundra, S., Olsson, P.A., Pent, M., Põlme, S., Sunagawa, S., Ryberg, M., 

Tedersoo, L., Bork, P., 2018. Structure and function of the global topsoil microbiome. Na-

ture 560 (7717), 233–237. 



VI 
References 

103 
 

Bahram, M., Peay, K.G., Tedersoo, L., 2015. Local-scale biogeography and spatiotemporal var-

iability in communities of mycorrhizal fungi. The New phytologist 205 (4), 1454–1463. 

Bailey, V.L., McCue, L.A., Fansler, S.J., Boyanov, M.I., DeCarlo, F., Kemner, K.M., Konopka, A., 

2013. Micrometer-scale physical structure and microbial composition of soil macroaggre-

gates. Soil Biology and Biochemistry 65, 60–68. 

Balkwill, D.L., Casida, L.E., 1973. Microflora of Soil as Viewed by Freeze-Etching. Journal of 

bacteriology 114 (3), 1319–1327. 

Barberán, A., Bates, S.T., Casamayor, E.O., Fierer, N., 2012. Using network analysis to explore 

co-occurrence patterns in soil microbial communities. The ISME journal 6 (2), 343–351. 

Bardgett, R.D., van der Putten, W.H., 2014. Belowground biodiversity and ecosystem function-

ing. Nature 515 (7528), 505–511. 

Battin, T.J., Sloan, W.T., Kjelleberg, S., Daims, H., Head, I.M., Curtis, T.P., Eberl, L., 2007. Mi-

crobial landscapes: new paths to biofilm research. Nature reviews. Microbiology 5 (1), 76–

81. 

Bell, T., Ager, D., Song, J.-I., Newman, J.A., Thompson, I.P., Lilley, A.K., van der Gast, C.J., 2005. 

Larger islands house more bacterial taxa. Science (New York, N.Y.) 308 (5730), 1884. 

Bendinger, B., Rijnaarts, H.H., Altendorf, K., Zehnder, A.J., 1993. Physicochemical cell surface 

and adhesive properties of coryneform bacteria related to the presence and chain length 

of mycolic acids. Applied and environmental microbiology 59 (11), 3973–3977. 

Berney, M., Hammes, F., Bosshard, F., Weilenmann, H.-U., Egli, T., 2007. Assessment and in-

terpretation of bacterial viability by using the LIVE/DEAD BacLight Kit in combination with 

flow cytometry. Applied and environmental microbiology 73 (10), 3283–3290. 

Bickel, S., Chen, X., Papritz, A., Or, D., 2019. A hierarchy of environmental covariates control 

the global biogeography of soil bacterial richness. Scientific reports 9 (1), 12129. 

Biggs, D., 2004. Clearing up deconvolution. Biophotonics International (February), 32–37. 

Bin, S., Zhibin, L., Yi, C., Xiaoping, Z., 2007. Micropore Structure of Aggregates in Treated Soils. 

J. Mater. Civ. Eng. 19 (1), 99–104. 

Bissonette, J.A. (Ed.), 1997. Wildlife and Landscape Ecology. Springer New York, New York, NY. 

Bitton, G., Henis, Y., Lahav, N., 1976. Influence of clay minerals, humic acid and bacterial cap-

sular polysaccharide on the survival of Klebsiella aerogenes exposed to drying and heating 

in soils. Plant Soil 45 (1), 65–74. 

Blagodatskaya, E., Kuzyakov, Y., 2013. Active microorganisms in soil: Critical review of estima-

tion criteria and approaches. Soil Biology and Biochemistry 67, 192–211. 

Blaud, A., Chevallier, T., Virto, I., Pablo, A.-L., Chenu, C., Brauman, A., 2014. Bacterial commu-

nity structure in soil microaggregates and on particulate organic matter fractions located 

outside or inside soil macroaggregates. Pedobiologia 57 (3), 191–194. 

Blaud, A., Menon, M., van der Zaan, B., Lair, G.J., Banwart, S.A., 2017. Effects of Dry and Wet 

Sieving of Soil on Identification and Interpretation of Microbial Community Composition, 

in: , Quantifying and Managing Soil Functions in Earth's Critical Zone - Combining Experi-

mentation and Mathematical Modelling, vol. 142. Advances in Agronomy. Elsevier, pp. 

119–142. 

Bokulich, N.A., Subramanian, S., Faith, J.J., Gevers, D., Gordon, J.I., Knight, R., Mills, D.A., Capo-

raso, J.G., 2013. Quality-filtering vastly improves diversity estimates from Illumina am-

plicon sequencing. Nature methods 10 (1), 57–59. 



VI 
References 

104 
 

Bouvier, T., Del Giorgio, P.A., 2003. Factors influencing the detection of bacterial cells using 

fluorescence in situ hybridization (FISH): A quantitative review of published reports. FEMS 

microbiology ecology 44 (1), 3–15. 

Brockett, B.F., Prescott, C.E., Grayston, S.J., 2012. Soil moisture is the major factor influencing 

microbial community structure and enzyme activities across seven biogeoclimatic zones in 

western Canada. Soil Biology and Biochemistry 44 (1), 9–20. 

Bronick, C.J., Lal, R., 2005. Soil structure and management: a review. Geoderma 124 (1-2), 3–

22. 

Brown, J.H., Gupta, V.K., Li, B.-L., Milne, B.T., Restrepo, C., West, G.B., 2002. The fractal nature 

of nature: power laws, ecological complexity and biodiversity. Philosophical transactions 

of the Royal Society of London. Series B, Biological sciences 357 (1421), 619–626. 

Bru, D., Ramette, A., Saby, N.P.A., Dequiedt, S., Ranjard, L., Jolivet, C., Arrouays, D., Philippot, 

L., 2011. Determinants of the distribution of nitrogen-cycling microbial communities at the 

landscape scale. The ISME journal 5 (3), 532–542. 

Buss, W., Shepherd, J.G., Heal, K.V., Mašek, O., 2018. Spatial and temporal microscale pH 

change at the soil-biochar interface. Geoderma 331, 50–52. 

Cáceres, M. de, Legendre, P., 2009. Associations between species and groups of sites: indices 

and statistical inference. Ecology 90 (12), 3566–3574. 

Cai, P., Huang, Q., Walker, S.L., 2013. Deposition and survival of Escherichia coli O157:H7 on 

clay minerals in a parallel plate flow system. Environmental science & technology 47 (4), 

1896–1903. 

Cao, Y., Wei, X., Cai, P., Huang, Q., Rong, X., Liang, W., 2011. Preferential adsorption of extra-

cellular polymeric substances from bacteria on clay minerals and iron oxide. Colloids and 

surfaces. B, Biointerfaces 83 (1), 122–127. 

Carson, J.K., Campbell, L., Rooney, D., Clipson, N., Gleeson, D.B., 2009. Minerals in soil select 

distinct bacterial communities in their microhabitats. FEMS microbiology ecology 67 (3), 

381–388. 

Chang, W.-S., van de Mortel, M., Nielsen, L., Nino de Guzman, G., Li, X., Halverson, L.J., 2007. 

Alginate production by Pseudomonas putida creates a hydrated microenvironment and 

contributes to biofilm architecture and stress tolerance under water-limiting conditions. 

Journal of bacteriology 189 (22), 8290–8299. 

Chenu, C., 1993. Clay- or sand-polysaccharide associations as models for the interface be-

tween micro-organisms and soil: water related properties and microstructure. Geoderma 

56 (1-4), 143–156. 

Chenu, C., Cosentino, D., 2011. Microbial regulation of soil structural dynamics, in: Ritz, K., 

Young, I. (Eds.), The architecture and biology of soils: life in inner space. CABI, Wallingford, 

pp. 37–70. 

Chenu, C., Guérif, J., 1991. Mechanical Strength of Clay Minerals as Influenced by an Adsorbed 

Polysaccharide. Soil Sci. Soc. Am. J. 55 (4), 1076–1080. 

Chenu, C., Stotzky, G., 2002. Interactions between microorganisms and soil particles: an over-

view, in: Huang, P.M., Bollag, J.-M., Senesi, N. (Eds.), Interactions between soil particles 

and microorganisms. Impact on the terrestrial ecosystem. IUPAC series on analytical and 

physical chemistry of environmental systems 8. Wiley, Chichester, pp. 3–40. 



VI 
References 

105 
 

Chotte, J.-L., Schwartzmann, A., Bally, R., Jocteur Monrozier, L., 2002. Changes in bacterial 

communities and Azospirillum diversity in soil fractions of a tropical soil under 3 or 19years 

of natural fallow. Soil Biology and Biochemistry 34 (8), 1083–1092. 

Christensen, B.T., 2001. Physical fractionation of soil and structural and functional complexity 

in organic matter turnover. European Journal of Soil Science 52 (3), 345–353. 

Churchman, G.J., 2010. The philosophical status of soil science. Geoderma 157 (3-4), 214–221. 

Clercq, T. de, Heiling, M., Dercon, G., Resch, C., Aigner, M., Mayer, L., Mao, Y., Elsen, A., Steier, 

P., Leifeld, J., Merckx, R., 2015. Predicting soil organic matter stability in agricultural fields 

through carbon and nitrogen stable isotopes. Soil Biology and Biochemistry 88, 29–38. 

Colwell, R.R., 2000. Viable but nonculturable bacteria: a survival strategy. Journal of infection 

and chemotherapy : official journal of the Japan Society of Chemotherapy 6 (2), 121–125. 

Cookson, W.R., Osman, M., Marschner, P., Abaye, D.A., Clark, I., Murphy, D.V., Stockdale, E.A., 

Watson, C.A., 2007. Controls on soil nitrogen cycling and microbial community composi-

tion across land use and incubation temperature. Soil Biology and Biochemistry 39 (3), 

744–756. 

Cordero, O.X., Datta, M.S., 2016. Microbial interactions and community assembly at mi-

croscales. Current opinion in microbiology 31, 227–234. 

Cortes-Tolalpa, L., Salles, J.F., van Elsas, J.D., 2017. Bacterial Synergism in Lignocellulose Bio-

mass Degradation - Complementary Roles of Degraders As Influenced by Complexity of the 

Carbon Source. Frontiers in microbiology 8, 1628. 

Cottenie, K., 2005. Integrating environmental and spatial processes in ecological community 

dynamics. Ecology letters 8 (11), 1175–1182. 

Crawford, J.W., Deacon, L., Grinev, D., Harris, J.A., Ritz, K., Singh, B.K., Young, I., 2012. Micro-

bial diversity affects self-organization of the soil-microbe system with consequences for 

function. Journal of the Royal Society, Interface 9 (71), 1302–1310. 

Current research, technology and education topics in applied microbiology and microbial bio-

technology. 

Curtis, T., 2006. Microbial ecologists: it's time to 'go large'. Nature reviews. Microbiology 4 (7), 

488. 

Curtis, T.P., Sloan, W.T., 2005. Microbiology. Exploring microbial diversity - a vast below. Sci-

ence 309 (5739), 1331–1333. 

Cushman, S.A., Evans, J.S., McGarigal, K., 2010. Landscape Ecology: Past, Present, and Future, 

in: Cushman, S.A., Huettmann, F. (Eds.), Spatial Complexity, Informatics, and Wildlife Con-

servation. Springer Japan, Tokyo, pp. 65–82. 

Daims, H., Wagner, M., 2018. Nitrospira. Trends in microbiology 26 (5), 462–463. 

Davinic, M., Fultz, L.M., Acosta-Martinez, V., Calderón, F.J., Cox, S.B., Dowd, S.E., Allen, V.G., 

Zak, J.C., Moore-Kucera, J., 2012. Pyrosequencing and mid-infrared spectroscopy reveal 

distinct aggregate stratification of soil bacterial communities and organic matter composi-

tion. Soil Biology and Biochemistry 46, 63–72. 

Decaëns, T., 2010. Macroecological patterns in soil communities. Global Ecol Biogeogr 19 (3), 

287–302. 

Delgado-Baquerizo, M., Oliverio, A.M., Brewer, T.E., Benavent-González, A., Eldridge, D.J., 

Bardgett, R.D., Maestre, F.T., Singh, B.K., Fierer, N., 2018. A global atlas of the dominant 

bacteria found in soil. Science (New York, N.Y.) 359 (6373), 320–325. 



VI 
References 

106 
 

DeLong, E.F., Wickham, G.S., Pace, N.R., 1989. Phylogenetic stains: ribosomal RNA-based 

probes for the identification of single cells. Science 243 (4896), 1360–1363. 

Deschesne, A., Pallud, C., Grundmann, G.L., 2007. Spatial Distribution Of Bacteria At The Mi-

croscale In Soil, in: Franklin, R.B., Mills, A.L. (Eds.), The Spatial Distribution of Microbes in 

the Environment. Springer Netherlands, Dordrecht, pp. 87–107. 

Di Lin, Ma, W., Jin, Z., Wang, Y., Huang, Q., Cai, P., 2016. Interactions of EPS with soil minerals: 

A combination study by ITC and CLSM. Colloids and surfaces. B, Biointerfaces 138, 10–16. 

Ding, G.-C., Pronk, G.J., Babin, D., Heuer, H., Heister, K., Kögel-Knabner, I., Smalla, K., 2013. 

Mineral composition and charcoal determine the bacterial community structure in artifi-

cial soils. FEMS microbiology ecology 86 (1), 15–25. 

Dong, F., Guo, Y., Liu, M., Zhou, L., Zhou, Q., Li, H., 2018. Spectroscopic evidence and molecular 

simulation investigation of the bonding interaction between lysine and montmorillonite: 

Implications for the distribution of soil organic nitrogen. Applied Clay Science 159, 3–9. 

Drzyzga, O., 2012. The strengths and weaknesses of Gordonia: a review of an emerging genus 

with increasing biotechnological potential. Critical reviews in microbiology 38 (4), 300–

316. 

Dufrêne, M., Legendre, P., 1997. Species assemblages and indicator species: The need for a 

flexible asymmetrical approach. Ecological Monographs 67 (3), 345–366. 

Ebrahimi, A.N., Or, D., 2014. Microbial dispersal in unsaturated porous media: Characteristics 

of motile bacterial cell motions in unsaturated angular pore networks. Water Resour. Res. 

50 (9), 7406–7429. 

Edgar, R.C., 2013. UPARSE: highly accurate OTU sequences from microbial amplicon reads. 

Nature methods 10 (10), 996–998. 

Edgar, R.C., Flyvbjerg, H., 2015. Error filtering, pair assembly and error correction for next-

generation sequencing reads. Bioinformatics (Oxford, England) 31 (21), 3476–3482. 

Edwards, A.P., Bremner, J.M., 1964. Use of sonic vibration for separation of soil particles. Can. 

J. Soil. Sci. (44), 366. 

Edwards, A.P., Bremner, J.M., 1967. Dispersion of soil particles by sonic vibration. Journal of 

Soil Science 18 (1), 47–63. 

Eickhorst, T., Tippkötter, R., 2008a. Detection of microorganisms in undisturbed soil by com-

bining fluorescence in situ hybridization (FISH) and micropedological methods. Soil Biology 

and Biochemistry 40 (6), 1284–1293. 

Eickhorst, T., Tippkötter, R., 2008b. Improved detection of soil microorganisms using fluores-

cence in situ hybridization (FISH) and catalyzed reporter deposition (CARD-FISH). Soil Biol-

ogy and Biochemistry 40 (7), 1883–1891. 

Eisenhauer, N., Antunes, P.M., Bennett, A.E., Birkhofer, K., Bissett, A., Bowker, M.A., Caruso, 

T., Chen, B., Coleman, D.C., Boer, W. de, Ruiter, P. de, DeLuca, T.H., Frati, F., Griffiths, B.S., 

Hart, M.M., Hättenschwiler, S., Haimi, J., Heethoff, M., Kaneko, N., Kelly, L.C., Leinaas, H.P., 

Lindo, Z., Macdonald, C., Rillig, M.C., Ruess, L., Scheu, S., Schmidt, O., Seastedt, T.R., van 

Straalen, N.M., Tiunov, A.V., Zimmer, M., Powell, J.R., 2017. Priorities for research in soil 

ecology. Pedobiologia 63, 1–7. 

Elliott, E.T., 1986. Aggregate Structure and Carbon, Nitrogen, and Phosphorus in Native and 

Cultivated Soils. Soil Science Society of America Journal 50 (3), 627–633. 

Elliott, E.T., Anderson, R.V., Coleman, D.C., Cole, C.V., 1980. Habitable Pore Space and Micro-

bial Trophic Interactions. Oikos 35 (3), 327. 



VI 
References 

107 
 

Ellner, S.P., McCauley, E., Kendall, B.E., Briggs, C.J., Hosseini, P.R., Wood, S.N., Janssen, A., Sa-

belis, M.W., Turchin, P., Nisbet, R.M., Murdoch, W.W., 2001. Habitat structure and popu-

lation persistence in an experimental community. Nature 412 (6846), 538–543. 

Etterma, C.H., Wardle, D.A., 2002. Spatial soil ecology. Trends in Ecology & Evolution 17 (4), 

177–183. 

Fansler, S.J., Smith, J.L., Bolton, H., Bailey, V.L., 2005. Distribution of two C cycle enzymes in 

soil aggregates of a prairie chronosequence. Biol Fertil Soils 42 (1), 17–23. 

Felde, V.J., Schweizer, S.A., Biesgen, D., Ulbrich, A., Uteau, D., Knief, C., Graf-Rosenfellner, M., 

Kögel-Knabner, I., Peth, S., 2020. Wet sieving versus dry crushing: Soil microaggregates 

reveal different physical structure, bacterial diversity and organic matter composition in a 

clay gradient. Eur J Soil Sci. 

Ferreiro, E.A., Helmy, A.K., Bussetti, S.G. de, 1995. Interaction of Fe-oxyhydroxide colloidal 

particles with montmorillonite. Clay miner. 30 (3), 195–200. 

Fierer, N., 2017. Embracing the unknown: disentangling the complexities of the soil microbi-

ome. Nature reviews. Microbiology 15 (10), 579–590. 

Fierer, N., Bradford, M.A., Jackson, R.B., 2007. Toward an ecological classification of soil bac-

teria. Ecology 88 (6), 1354–1364. 

Fierer, N., Jackson, R.B., 2006. The diversity and biogeography of soil bacterial communities. 

Proceedings of the National Academy of Sciences of the United States of America 103 (3), 

626–631. 

Fierer, N., Strickland, M.S., Liptzin, D., Bradford, M.A., Cleveland, C.C., 2009. Global patterns 

in belowground communities. Ecology letters 12 (11), 1238–1249. 

Fischer, J., Lindenmayer, D.B., 2007. Landscape modification and habitat fragmentation: a syn-

thesis. Global Ecol Biogeogr 16 (3), 265–280. 

Flemming, H.-C., Wingender, J., 2010. The biofilm matrix. Nature reviews. Microbiology 8 (9), 

623–633. 

Flemming, H.-C., Wuertz, S., 2019. Bacteria and archaea on Earth and their abundance in bio-

films. Nature reviews. Microbiology 17 (4), 247–260. 

Foster, R.C., 1988. Microenvironments of soil microorganisms. Biol Fertil Soils 6 (3). 

Fox, A., Ikoyi, I., Torres-Sallan, G., Lanigan, G., Schmalenberger, A., Wakelin, S., Creamer, R., 

2018. The influence of aggregate size fraction and horizon position on microbial commu-

nity composition. Applied Soil Ecology 127, 19–29. 

Franklin, R.B., Mills, A.L. (Eds.), 2007. The Spatial Distribution of Microbes in the Environment. 

Springer Netherlands, Dordrecht. 

Frindte, K., Pape, R., Werner, K., Löffler, J., Knief, C., 2019. Temperature and soil moisture 

control microbial community composition in an arctic-alpine ecosystem along elevational 

and micro-topographic gradients. The ISME journal 13 (8), 2031–2043. 

Gans, J., Wolinsky, M., Dunbar, J., 2005. Computational improvements reveal great bacterial 

diversity and high metal toxicity in soil. Science (New York, N.Y.) 309 (5739), 1387–1390. 

Gao, J., Jansen, B., Cerli, C., Helmus, R., Mikutta, R., Dultz, S., Guggenberger, G., Kalbitz, K., 

2017. Competition and surface conditioning alter the adsorption of phenolic and amino 

acids on soil minerals. Eur J Soil Sci 68 (5), 667–677. 



VI 
References 

108 
 

Gargiulo, G., Bradford, S.A., Simůnek, J., Ustohal, P., Vereecken, H., Klumpp, E., 2007. 

Transport and deposition of metabolically active and stationary phase Deinococcus radi-

odurans in unsaturated porous media. Environmental science & technology 41 (4), 1265–

1271. 

Gawad, C., Koh, W., Quake, S.R., 2016. Single-cell genome sequencing: current state of the 

science. Nature reviews. Genetics 17 (3), 175–188. 

Glassman, S.I., Lubetkin, K.C., Chung, J.A., Bruns, T.D., 2017. The theory of island biogeography 

applies to ectomycorrhizal fungi in subalpine tree “islands” at a fine scale. Ecosphere 8 (2), 

e01677. 

Gloor, G.B., Macklaim, J.M., Pawlowsky-Glahn, V., Egozcue, J.J., 2017. Microbiome Datasets 

Are Compositional: And This Is Not Optional. Frontiers in microbiology 8, 2224. 

Grasso, D., Smets, B.F., 1998. Equilibrium modeling of pseudomonad aggregation and parti-

tioning to dolomite. Journal of Dispersion Science and Technology 19 (6-7), 1081–1106. 

Grasso, D., Smets, B.F., Strevett, K.A., Machinist, B.D., van Oss, C.J., Giese, R.F., Wu, W., 1996. 

Impact of Physiological State on Surface Thermodynamics and Adhesion of Pseudomonas 

aeruginosa. Environ. Sci. Technol. 30 (12), 3604–3608. 

Green, J., Bohannan, B.J.M., 2006. Spatial scaling of microbial biodiversity. Trends in Ecology 

& Evolution 21 (9), 501–507. 

Green, J.L., Holmes, A.J., Westoby, M., Oliver, I., Briscoe, D., Dangerfield, M., Gillings, M., Beat-

tie, A.J., 2004. Spatial scaling of microbial eukaryote diversity. Nature 432 (7018), 747–750. 

Grundmann, G.L., 2004. Spatial scales of soil bacterial diversity--the size of a clone. FEMS mi-

crobiology ecology 48 (2), 119–127. 

Guhra, T., Ritschel, T., Totsche, K.U., 2019. Formation of mineral-mineral and organo-mineral 

composite building units from microaggregate-forming materials including microbially 

produced extracellular polymeric substances. Eur J Soil Sci 70 (3), 604–615. 

Gupta, S., Ross, T.D., Gomez, M.M., Grant, J.L., Romero, P.A., Venturelli, O.S., 2020. Investi-

gating the dynamics of microbial consortia in spatially structured environments. Nature 

communications 11 (1), 2418. 

Gupta, V.V., Germida, J.J., 2015. Soil aggregation: Influence on microbial biomass and implica-

tions for biological processes. Soil Biology and Biochemistry 80, A3-A9. 

Hahn, D., Amann, R.I., Zeyer, J., 1993. Whole-Cell Hybridization of 

&lt;em&gt;Frankia&lt;/em&gt; Strains with Fluorescence- or Digoxigenin-Labeled, 16S 

rRNA-Targeted Oligonucleotide Probes. Applied and environmental microbiology 59 (6), 

1709. 

Hanada, S., Sekiguchi, Y., 2014. The Phylum Gemmatimonadetes, in: Rosenberg, E., DeLong, 

E.F., Lory, S., Stackebrandt, E., Thompson, F. (Eds.), The Prokaryotes. Springer Berlin Hei-

delberg, Berlin, Heidelberg, pp. 677–681. 

Hanson, C.A., Fuhrman, J.A., Horner-Devine, M.C., Martiny, J.B.H., 2012. Beyond biogeo-

graphic patterns: processes shaping the microbial landscape. Nature reviews. Microbiol-

ogy 10 (7), 497–506. 

Haruta, S., Kanno, N., 2015. Survivability of Microbes in Natural Environments and Their Eco-

logical Impacts. Microbes and environments 30 (2), 123–125. 

Hattori, T., 1988. Soil aggregates as microhabitats of microorganisms. The Reports of the In-

stitute of Agricultural Research Tohoku University (37), 23–26. 



VI 
References 

109 
 

Hatzenpichler, R., Krukenberg, V., Spietz, R.L., Jay, Z.J., 2020. Next-generation physiology ap-

proaches to study microbiome function at single cell level. Nature reviews. Microbiology 

18 (4), 241–256. 

Heggemann, T., Welp, G., Amelung, W., Angst, G., Franz, S.O., Koszinski, S., Schmidt, K., 

Pätzold, S., 2017. Proximal gamma-ray spectrometry for site-independent in situ predic-

tion of soil texture on ten heterogeneous fields in Germany using support vector machines. 

Soil and Tillage Research 168, 99–109. 

Heijnen, C.E., Veen, J.A., 1991. A determination of protective microhabitats for bacteria intro-

duced into soil. FEMS Microbiology Letters 85 (1), 73–80. 

Hendershot, J.N., Read, Q.D., Henning, J.A., Sanders, N.J., Classen, A.T., 2017. Consistently in-

consistent drivers of microbial diversity and abundance at macroecological scales. Ecology 

98 (7), 1757–1763. 

Hillebrand, H., Watermann, F., Karez, R., Berninger, U.-G., 2001. Differences in species richness 

patterns between unicellular and multicellular organisms. Oecologia 126 (1), 114–124. 

Ho, A., Angel, R., Veraart, A.J., Daebeler, A., Jia, Z., Kim, S.Y., Kerckhof, F.-M., Boon, N., 

Bodelier, P.L.E., 2016. Biotic Interactions in Microbial Communities as Modulators of Bio-

geochemical Processes: Methanotrophy as a Model System. Frontiers in microbiology 7, 

1285. 

Hofmockel, K.S., Zak, D.R., Moran, K.K., Jastrow, J.D., 2011. Changes in forest soil organic mat-

ter pools after a decade of elevated CO2 and O3. Soil Biology and Biochemistry 43 (7), 

1518–1527. 

Hol, F.J.H., Dekker, C., 2014. Zooming in to see the bigger picture: microfluidic and nanofabri-

cation tools to study bacteria. Science (New York, N.Y.) 346 (6208), 1251821. 

Hol, F.J.H., Rotem, O., Jurkevitch, E., Dekker, C., Koster, D.A., 2016. Bacterial predator-prey 

dynamics in microscale patchy landscapes. Proceedings. Biological sciences 283 (1824). 

Holden, P.A., 2011. How do the microhabitats framed by soil structure impact soil bacteria 

and the processes that they regulate?, in: Ritz, K., Young, I. (Eds.), The architecture and 

biology of soils: life in inner space. CABI, Wallingford, pp. 118–148. 

Holyoak, M., Lawler, S.P., 1996. Persistence of an Extinction-Prone Predator-Prey Interaction 

Through Metapopulation Dynamics. Ecology 77 (6), 1867–1879. 

Hong, Z., Rong, X., Cai, P., Liang, W., Huang, Q., 2011. Effects of Temperature, pH and Salt 

Concentrations on the Adsorption of Bacillus subtilis on Soil Clay Minerals Investigated by 

Microcalorimetry. Geomicrobiology Journal 28 (8), 686–691. 

Horner-Devine, M.C., Lage, M., Hughes, J.B., Bohannan, B.J.M., 2004. A taxa-area relationship 

for bacteria. Nature 432 (7018), 750–753. 

Huang, P.-M., Wang, M.-K., Chiu, C.-Y., 2005. Soil mineral–organic matter–microbe interac-

tions: Impacts on biogeochemical processes and biodiversity in soils. Pedobiologia 49 (6), 

609–635. 

Huang, Q., Wu, H., Cai, P., Fein, J.B., Chen, W., 2015. Atomic force microscopy measurements 

of bacterial adhesion and biofilm formation onto clay-sized particles. Scientific reports 5, 

16857. 

Jackson, H.B., Fahrig, L., 2012. What size is a biologically relevant landscape? Landscape Ecol 

27 (7), 929–941. 

Jackson, H.B., Fahrig, L., 2015. Are ecologists conducting research at the optimal scale? Global 

Ecol Biogeogr 24 (1), 52–63. 



VI 
References 

110 
 

Jaisi, D.P., Dong, H., Kim, J., He, Z., Morton, J.P., 2007. Nontronite particle aggregation induced 

by microbial Fe(III) reduction and exopolysaccharide production. Clays Clay Miner. 55 (1), 

96–107. 

Jansson, J.K., Hofmockel, K.S., 2018. The soil microbiome-from metagenomics to metaphe-

nomics. Current opinion in microbiology 43, 162–168. 

Jiang, D., Huang, Q., Cai, P., Rong, X., Chen, W., 2007. Adsorption of Pseudomonas putida on 

clay minerals and iron oxide. Colloids and surfaces. B, Biointerfaces 54 (2), 217–221. 

Jocteur Monrozier, L., Ladd, J.N., Fitzpatrick, R.W., Foster, R.C., Rapauch, M., 1991. Compo-

nents and microbial biomass content of size fractions in soils of contrasting aggregation. 

Geoderma 50 (1-2), 37–62. 

John, B., Yamashita, T., Ludwig, B., Flessa, H., 2005. Storage of organic carbon in aggregate 

and density fractions of silty soils under different types of land use. Geoderma 128 (1-2), 

63–79. 

Jones, D., Griffiths, E., 1964. THE USE OF THIN SOIL SECTIONS FOR THE STUDY OF SOIL MICRO-

ORGANISMS. Plant Soil 20 (2), 232–240. 

Jonge, N. de, Peckys, D.B., 2016. Live Cell Electron Microscopy Is Probably Impossible. ACS 

nano 10 (10), 9061–9063. 

Jurburg, S.D., Nunes, I., Stegen, J.C., Le Roux, X., Priemé, A., Sørensen, S.J., Salles, J.F., 2017. 

Autogenic succession and deterministic recovery following disturbance in soil bacterial 

communities. Scientific reports 7, 45691. 

Kandeler, E., Tscherko, D., Bruce, K.D., Stemmer, M., Hobbs, P.J., Bardgett, R.D., Amelung, W., 

2000. Structure and function of the soil microbial community in microhabitats of a heavy 

metal polluted soil. Biol Fertil Soils 32 (5), 390–400. 

Keymer, J.E., Galajda, P., Muldoon, C., Park, S., Austin, R.H., 2006. Bacterial metapopulations 

in nanofabricated landscapes. Proceedings of the National Academy of Sciences of the 

United States of America 103 (46), 17290–17295. 

Kielak, A.M., Barreto, C.C., Kowalchuk, G.A., van Veen, J.A., Kuramae, E.E., 2016. The Ecology 

of Acidobacteria: Moving beyond Genes and Genomes. Frontiers in microbiology 7, 744. 

Kihara, J., Martius, C., Bationo, A., Thuita, M., Lesueur, D., Herrmann, L., Amelung, W., Vlek, 

P., 2012. Soil aggregation and total diversity of bacteria and fungi in various tillage systems 

of sub-humid and semi-arid Kenya. Applied Soil Ecology 58, 12–20. 

Kleber, M., Eusterhues, K., Keiluweit, M., Mikutta, C., Mikutta, R., Nico, P.S., 2015. Mineral–

Organic Associations: Formation, Properties, and Relevance in Soil Environments, in: , vol. 

130. Advances in Agronomy. Elsevier, pp. 1–140. 

Koestler, A., 1967. The Ghost in the machine. Random House, New York, 384 pp. 

König, S., Vogel, H.-J., Harms, H., Worrich, A., 2020. Physical, Chemical and Biological Effects 

on Soil Bacterial Dynamics in Microscale Models. Front. Ecol. Evol. 8. 

Krause, L., Biesgen, D., Treder, A., Schweizer, S.A., Klumpp, E., Knief, C., Siebers, N., 2019. Ini-

tial microaggregate formation: Association of microorganisms to montmorillonite-goe-

thite aggregates under wetting and drying cycles. Geoderma 351, 250–260. 

Krause, L., Rodionov, A., Schweizer, S.A., Siebers, N., Lehndorff, E., Klumpp, E., Amelung, W., 

2018. Microaggregate stability and storage of organic carbon is affected by clay content in 

arable Luvisols. Soil and Tillage Research 182, 123–129. 



VI 
References 

111 
 

Krause, S., Le Roux, X., Niklaus, P.A., van Bodegom, P.M., Lennon, J.T., Bertilsson, S., Grossart, 

H.-P., Philippot, L., Bodelier, P.L.E., 2014. Trait-based approaches for understanding micro-

bial biodiversity and ecosystem functioning. Frontiers in microbiology 5, 251. 

Kravchenko, A., Chun, H.-C., Mazer, M., Wang, W., Rose, J.B., Smucker, A., Rivers, M., 2013. 

Relationships between intra-aggregate pore structures and distributions of Escherichia coli 

within soil macro-aggregates. Applied Soil Ecology 63, 134–142. 

Kravchenko, A.N., Negassa, W.C., Guber, A.K., Hildebrandt, B., Marsh, T.L., Rivers, M.L., 2014. 

Intra-aggregate Pore Structure Influences Phylogenetic Composition of Bacterial Commu-

nity in Macroaggregates. Soil Sci. Soc. Am. J. 78 (6), 1924–1939. 

Kuikman, P.J., van Elsas, J.D., Jansen, A.G., Burgers, S., van Veen, J.A., 1990. Population dy-

namics and activity of bacteria and protozoa in relation to their spatial distribution in soil. 

Soil Biology and Biochemistry 22 (8), 1063–1073. 

Kuzyakov, Y., Blagodatskaya, E., 2015. Microbial hotspots and hot moments in soil: Concept & 

review. Soil Biology and Biochemistry 83, 184–199. 

Ladau, J., Eloe-Fadrosh, E.A., 2019. Spatial, Temporal, and Phylogenetic Scales of Microbial 

Ecology. Trends in microbiology 27 (8), 662–669. 

Lado, M., Ben-Hur, M., Shainberg, I., 2004. Soil Wetting and Texture Effects on Aggregate Sta-

bility, Seal Formation, and Erosion. Soil Sci. Soc. Am. J. 68 (6), 1992–1999. 

Lagomarsino, A., Grego, S., Kandeler, E., 2012. Soil organic carbon distribution drives microbial 

activity and functional diversity in particle and aggregate-size fractions. Pedobiologia 55 

(2), 101–110. 

Langenheder, S., Lindström, E.S., 2019. Factors influencing aquatic and terrestrial bacterial 

community assembly. Environmental microbiology reports 11 (3), 306–315. 

Lehmann, J., Kinyangi, J., Solomon, D., 2007. Organic matter stabilization in soil microaggre-

gates: implications from spatial heterogeneity of organic carbon contents and carbon 

forms. Biogeochemistry 85 (1), 45–57. 

Lehmann, J., Solomon, D., Kinyangi, J., Dathe, L., Wirick, S., Jacobsen, C., 2008. Spatial com-

plexity of soil organic matter forms at nanometre scales. Nature Geosci 1 (4), 238–242. 

Lehndorff, E., Rodionov, A., Plümer, L., Rottmann, P., Spiering, B., Dultz, S., Amelung, W., 2021. 

Spatial organization of soil microaggregates. Geoderma 386, 114915. 

Lennon, J.T., Jones, S.E., 2011. Microbial seed banks: the ecological and evolutionary implica-

tions of dormancy. Nature reviews. Microbiology 9 (2), 119–130. 

Lensi, R., Clays-Josserand, A., Jocteur Monrozier, L., 1995. Denitrifiers and denitrifying activity 

in size fractions of a mollisol under permanent pasture and continuous cultivation. Soil 

Biology and Biochemistry 27 (1), 61–69. 

Li, Y., Dick, W.A., Tuovinen, O.H., 2004. Fluorescence microscopy for visualization of soil mi-

croorganisms - a review. Biology and Fertility of Soils 39 (5), 301–311. 

Liao, H.-G., Zheng, H., 2016. Liquid Cell Transmission Electron Microscopy. Annual review of 

physical chemistry 67, 719–747. 

Liao, J.D., Boutton, T.W., Jastrow, J.D., 2006. Organic matter turnover in soil physical fractions 

following woody plant invasion of grassland: Evidence from natural 13C and 15N. Soil Bi-

ology and Biochemistry 38 (11), 3197–3210. 

Lipson, D.A., Schmidt, S.K., 2004. Seasonal changes in an alpine soil bacterial community in the 

colorado rocky mountains. Applied and environmental microbiology 70 (5), 2867–2879. 



VI 
References 

112 
 

Lovett, G.M., Jones, C.G., Turner, M.G., Weathers, K.C., 2005. Ecosystem Function in Hetero-

geneous Landscapes. Springer New York, New York, NY, 489 pp. 

Lünsdorf, H., Erb, R.W., Abraham, W.R., Timmis, K.N., 2000. 'Clay hutches': a novel interaction 

between bacteria and clay minerals. Environmental microbiology 2 (2), 161–168. 

Lynch, J.M., 1981. Promotion and Inhibition of Soil Aggregate Stabilization by Micro-organ-

isms. Microbiology 126 (2), 371–375. 

Lynch, J.M., Bragg, E., 1992. Microorganisms and Soil Aggregate Stability, in: Stewart, B.A., Lal, 

R. (Eds.), Soil Restoration, vol. 17. Advances in Soil Science. Springer New York, New York, 

NY, pp. 133–171. 

Ma, B., Cai, Y., Bork, E.W., Chang, S.X., 2018. Defoliation intensity and elevated precipitation 

effects on microbiome and interactome depend on site type in northern mixed-grass prai-

rie. Soil Biology and Biochemistry 122, 163–172. 

Ma, Z.-C., Xu, Z.-M., Luo, C.-Y., Peng, J., Li, Z.-P., Wang, S.-B., 2017. Dynamical thermal met-

amaterial response at terahertz frequencies. Ferroelectrics 507 (1), 4–11. 

Maarastawi, S.A., Frindte, K., Linnartz, M., Knief, C., 2018. Crop Rotation and Straw Application 

Impact Microbial Communities in Italian and Philippine Soils and the Rhizosphere of Zea 

mays. Frontiers in microbiology 9, 1295. 

MacArthur, R.H., 1972. Geographical ecology: Patterns in the distribution of species. Princeton 

University Press, Princeton. 

Mandelbrot, B., 1983. The fractal geometry of nature. Earth Surf. Process. Landforms 8 (4), 

406. 

Manzoni, S., Katul, G., 2014. Invariant soil water potential at zero microbial respiration ex-

plained by hydrological discontinuity in dry soils. Geophys. Res. Lett. 41 (20), 7151–7158. 

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput sequencing 

reads. EMBnet j. 17 (1), 10. 

Mascher, F., Hase, C., Bouffaud, M.-L., Défago, G., Moënne-Loccoz, Y., 2014. Cell culturability 

of Pseudomonas protegens CHA0 depends on soil pH. FEMS microbiology ecology 87 (2), 

441–450. 

Mascher, F., Hase, C., Moënne-Loccoz, Y., Défago, G., 2000. The viable-but-nonculturable state 

induced by abiotic stress in the biocontrol agent Pseudomonas fluorescens CHA0 does not 

promote strain persistence in soil. Applied and environmental microbiology 66 (4), 1662–

1667. 

McGill, B.J., 2019. The what, how and why of doing macroecology. Global Ecol Biogeogr 28 (1), 

6–17. 

McMurdie, P.J., Holmes, S., 2013. phyloseq: an R package for reproducible interactive analysis 

and graphics of microbiome census data. PloS one 8 (4), e61217. 

Mee, M.T., Collins, J.J., Church, G.M., Wang, H.H., 2014. Syntrophic exchange in synthetic mi-

crobial communities. Proceedings of the National Academy of Sciences of the United 

States of America 111 (20), E2149-56. 

Miguet, P., Jackson, H.B., Jackson, N.D., Martin, A.E., Fahrig, L., 2016. What determines the 

spatial extent of landscape effects on species? Landscape Ecol 31 (6), 1177–1194. 

Milne, B.T., 1988. Measuring the fractal geometry of landscapes. Applied Mathematics and 

Computation 27 (1), 67–79. 

Miltner, A., Bombach, P., Schmidt-Brücken, B., Kästner, M., 2012. SOM genesis: microbial bi-

omass as a significant source. Biogeochemistry 111 (1-3), 41–55. 



VI 
References 

113 
 

Monreal, C.M., Schulten, H.-R., Kodama, H., 1997. Age, turnover and molecular diversity of 

soil organic matter in aggregates of a Gleysol. Can. J. Soil. Sci. 77 (3), 379–388. 

Mony, C., Vandenkoornhuyse, P., Bohannan, B.J.M., Peay, K., Leibold, M.A., 2020. A Landscape 

of Opportunities for Microbial Ecology Research. Frontiers in microbiology 11, 561427. 

Mummey, D., Holben, W., Six, J., Stahl, P., 2006. Spatial stratification of soil bacterial popula-

tions in aggregates of diverse soils. Microbial ecology 51 (3), 404–411. 

Myszka, K., Czaczyk, K., 2009. Characterization of adhesive exopolysaccharide (EPS) produced 

by Pseudomonas aeruginosa under starvation conditions. Current microbiology 58 (6), 

541–546. 

Natsch, A., Keel, C., Pfirter, H.A., Haas, D., Défago, G., 1994. Contribution of the Global Regu-

lator Gene gacA to Persistence and Dissemination of Pseudomonas fluorescens Biocontrol 

Strain CHA0 Introduced into Soil Microcosms. Applied and environmental microbiology 60 

(7), 2553–2560. 

Navarrete, A.A., Soares, T., Rossetto, R., van Veen, J.A., Tsai, S.M., Kuramae, E.E., 2015. Verru-

comicrobial community structure and abundance as indicators for changes in chemical fac-

tors linked to soil fertility. Antonie van Leeuwenhoek 108 (3), 741–752. 

Neumann, D., Heuer, A., Hemkemeyer, M., Martens, R., Tebbe, C.C., 2013. Response of micro-

bial communities to long-term fertilization depends on their microhabitat. FEMS microbi-

ology ecology 86 (1), 71–84. 

Nie, M., Pendall, E., Bell, C., Wallenstein, M.D., 2014. Soil aggregate size distribution mediates 

microbial climate change feedbacks. Soil Biology and Biochemistry 68, 357–365. 

Nishikawa, Y., Kogawa, M., Hosokawa, M., Mineta, K., Takahashi, K., Sakanashi, C., Behzad, H., 

Gojobori, T., Takeyama, H., 2020. Massively parallel single-cell genome sequencing enables 

high-resolution analysis of soil and marine microbiome. 

Nunan, N., Ritz, K., Crabb, D., Harris, K., Wu, K., Crawford, J.W., Young, I.M., 2001. Quantifica-

tion of the in situ distribution of soil bacteria by large-scale imaging of thin sections of 

undisturbed soil. FEMS microbiology ecology 37 (1), 67–77. 

Nunan, N., Wu, K., Young, I.M., Crawford, J.W., Ritz, K., 2003. Spatial distribution of bacterial 

communities and their relationships with the micro-architecture of soil. FEMS microbiol-

ogy ecology 44 (2), 203–215. 

Nunes, I., Jurburg, S., Jacquiod, S., Brejnrod, A., Falcão Salles, J., Priemé, A., Sørensen, S.J., 

2017. Soil bacteria show different tolerance ranges to an unprecedented disturbance. Biol 

Fertil Soils 54 (2), 189–202. 

Oades, J.M., 1984. Soil organic matter and structural stability: mechanisms and implications 

for management. Plant Soil 76 (1-3), 319–337. 

Oades, J.M., 1993. The role of biology in the formation, stabilization and degradation of soil 

structure, in: , Soil Structure/Soil Biota Interrelationships. Elsevier, pp. 377–400. 

O'Brien, S.L., Gibbons, S.M., Owens, S.M., Hampton-Marcell, J., Johnston, E.R., Jastrow, J.D., 

Gilbert, J.A., Meyer, F., Antonopoulos, D.A., 2016. Spatial scale drives patterns in soil bac-

terial diversity. Environmental microbiology 18 (6), 2039–2051. 

O'Donnell, A.G., Young, I.M., Rushton, S.P., Shirley, M.D., Crawford, J.W., 2007. Visualization, 

modelling and prediction in soil microbiology. Nature reviews. Microbiology 5 (9), 689–

699. 



VI 
References 

114 
 

Odum, E.P., 2014. The strategy of Ecosystem development, in: Ndubisi, F.O. (Ed.), The Ecolog-

ical Design and Planning Reader. Island Press/Center for Resource Economics, Washington, 

DC, pp. 203–216. 

O'Neill, R.V., 1986. A hierarchical concept of ecosystems. Princeton University Press, Prince-

ton, 253 pp. 

Or, D., Smets, B.F., Wraith, J.M., Dechesne, A., Friedman, S.P., 2007. Physical constraints af-

fecting bacterial habitats and activity in unsaturated porous media – a review. Advances 

in Water Resources 30 (6-7), 1505–1527. 

Pasternak, Z., Al-Ashhab, A., Gatica, J., Gafny, R., Avraham, S., Minz, D., Gillor, O., Jurkevitch, 

E., 2013. Spatial and temporal biogeography of soil microbial communities in arid and sem-

iarid regions. PloS one 8 (7), e69705. 

Pennell, K.D., 2016. Specific Surface Area, in: , Reference Module in Earth Systems and Envi-

ronmental Sciences. Elsevier. 

Pernthaler, A., Pernthaler, J., Amann, R., 2002. Fluorescence in situ hybridization and catalyzed 

reporter deposition for the identification of marine bacteria. Applied and environmental 

microbiology 68 (6), 3094–3101. 

Philippot, L., Spor, A., Hénault, C., Bru, D., Bizouard, F., Jones, C.M., Sarr, A., Maron, P.-A., 

2013. Loss in microbial diversity affects nitrogen cycling in soil. The ISME journal 7 (8), 

1609–1619. 

Plaza, C., Courtier-Murias, D., Fernández, J.M., Polo, A., Simpson, A.J., 2013. Physical, chemi-

cal, and biochemical mechanisms of soil organic matter stabilization under conservation 

tillage systems: A central role for microbes and microbial by-products in C sequestration. 

Soil Biology and Biochemistry 57, 124–134. 

Poll, C., Thiede, A., Wermbter, N., Sessitsch, A., Kandeler, E., 2003. Micro-scale distribution of 

microorganisms and microbial enzyme activities in a soil with long-term organic amend-

ment. Eur J Soil Sci 54 (4), 715–724. 

Porter, J.R., 1976. Antony van Leeuwenhoek: tercentenary of his discovery of bacteria. Bacte-

riological reviews 40 (2), 260–269. 

Probandt, D., Eickhorst, T., Ellrott, A., Amann, R., Knittel, K., 2018. Microbial life on a sand 

grain: from bulk sediment to single grains. The ISME journal 12 (2), 623–633. 

Pronk, G.J., Heister, K., Vogel, C., Babin, D., Bachmann, J., Ding, G.-C., Ditterich, F., Gerzabek, 

M.H., Giebler, J., Hemkemeyer, M., Kandeler, E., Kunhi Mouvenchery, Y., Miltner, A., Poll, 

C., Schaumann, G.E., Smalla, K., Steinbach, A., Tanuwidjaja, I., Tebbe, C.C., Wick, L.Y., 

Woche, S.K., Totsche, K.U., Schloter, M., Kögel-Knabner, I., 2017. Interaction of minerals, 

organic matter, and microorganisms during biogeochemical interface formation as shown 

by a series of artificial soil experiments. Biol Fertil Soils 53 (1), 9–22. 

Quince, C., Curtis, T.P., Sloan, W.T., 2008. The rational exploration of microbial diversity. The 

ISME journal 2 (10), 997–1006. 

Rabbi, S.M.F., Daniel, H., Lockwood, P.V., Macdonald, C., Pereg, L., Tighe, M., Wilson, B.R., 

Young, I.M., 2016. Physical soil architectural traits are functionally linked to carbon decom-

position and bacterial diversity. Scientific reports 6, 33012. 

Ranjard, Poly, Combrisson, Richaume, Gourbière, Thioulouse, Nazaret, 2000. Heterogeneous 

Cell Density and Genetic Structure of Bacterial Pools Associated with Various Soil Microen-

vironments as Determined by Enumeration and DNA Fingerprinting Approach (RISA). Mi-

crobial ecology 39 (4), 263–272. 



VI 
References 

115 
 

Ranjard, L., Richaume, A., 2001. Quantitative and qualitative microscale distribution of bacte-

ria in soil. Research in Microbiology 152 (8), 707–716. 

Raynaud, X., Nunan, N., 2014. Spatial ecology of bacteria at the microscale in soil. PloS one 9 

(1), e87217. 

Reiners, W.A., Driese, K.L., 2004. Transport processes in nature: Propagation of ecological in-

fluences through environmental space. Cambridge studies in landscape ecology. Cam-

bridge University Press, Cambridge, UK, 302 pp. 

Rillig, M.C., Muller, L.A., Lehmann, A., 2017. Soil aggregates as massively concurrent evolu-

tionary incubators. The ISME journal 11 (9), 1943–1948. 

Roberson, E.B., Chenu, C., Firestone, M.K., 1993. Microstructural changes in bacterial exopol-

ysaccharides during desiccation. Soil Biology and Biochemistry 25 (9), 1299–1301. 

Roberson, E.B., Firestone, M.K., 1992. Relationship between Desiccation and Exopolysaccha-

ride Production in a Soil Pseudomonas sp. Applied and environmental microbiology 58 (4), 

1284–1291. 

Rodriguez, C., Bouchafa, L., Soumillion, K., Ngyuvula, E., Taminiau, B., van Broeck, J., Delmée, 

M., Daube, G., 2019. Seasonality of Clostridium difficile in the natural environment. Trans-

boundary and emerging diseases 66 (6), 2440–2449. 

Roesch, L.F.W., Fulthorpe, R.R., Riva, A., Casella, G., Hadwin, A.K.M., Kent, A.D., Daroub, S.H., 

Camargo, F.A.O., Farmerie, W.G., Triplett, E.W., 2007. Pyrosequencing enumerates and 

contrasts soil microbial diversity. The ISME journal 1 (4), 283–290. 

Rosenzweig, M.L., 2010. Species Diversity in Space and Time. Cambridge University Press. 

Rousk, J., Bååth, E., Brookes, P.C., Lauber, C.L., Lozupone, C., Caporaso, J.G., Knight, R., Fierer, 

N., 2010. Soil bacterial and fungal communities across a pH gradient in an arable soil. The 

ISME journal 4 (10), 1340–1351. 

Ruamps, L.S., Nunan, N., Chenu, C., 2011. Microbial biogeography at the soil pore scale. Soil 

Biology and Biochemistry 43 (2), 280–286. 

Saeki, K., Kunito, T. Adsorptions of DNA molecules by soils and variable-charged soil constitu-

ents, in: , Mendez-Vilas, A. (Ed.), Current Research, Technology and, pp. 188–195. 

Salek, M.M., Carrara, F., Fernandez, V., Guasto, J.S., Stocker, R., 2019. Bacterial chemotaxis in 

a microfluidic T-maze reveals strong phenotypic heterogeneity in chemotactic sensitivity. 

Nature communications 10 (1), 1877. 

Salthe, S.N., 1985. Evolving Hierarchical Systems. Columbia University Press. 

Salthe, S.N., 1991. Two forms of hierarchy theory in western discourses. International Journal 

of General Systems 18 (3), 251–264. 

Sand, W., 1997. Bacterial adhesion - molecular and ecological diversity. Materials and Corro-

sion 48 (9), 649–650. 

Sandhya, V., Ali, S.Z., 2015. The production of exopolysaccharide by Pseudomonas putida GAP-

P45 under various abiotic stress conditions and its role in soil aggregation. Microbiology 

84 (4), 512–519. 

Schack-Kirchner, H., Wilpert, K.V., Hildebrand, E.E., 2000. The spatial distribution of soil hy-

phae in structured spruce-forest soils. Plant Soil 224 (2), 195–205. 

Schimel, J.P., 2018. Life in Dry Soils: Effects of Drought on Soil Microbial Communities and 

Processes. Annu. Rev. Ecol. Evol. Syst. 49 (1), 409–432. 

Schimel, J.P., Schaeffer, S.M., 2012. Microbial control over carbon cycling in soil. Frontiers in 

microbiology 3, 348. 



VI 
References 

116 
 

Schloss, P.D., Handelsman, J., 2006. Toward a census of bacteria in soil. PLoS computational 

biology 2 (7), e92. 

Schmidt, M.P., Martínez, C.E., 2017. Ironing Out Genes in the Environment: An Experimental 

Study of the DNA-Goethite Interface. Langmuir : the ACS journal of surfaces and colloids 

33 (34), 8525–8532. 

Schnider-Keel, U., Lejbølle, K.B., Baehler, E., Haas, D., Keel, C., 2001. The sigma factor AlgU 

(AlgT) controls exopolysaccharide production and tolerance towards desiccation and os-

motic stress in the biocontrol agent Pseudomonas fluorescens CHA0. Applied and environ-

mental microbiology 67 (12), 5683–5693. 

Schönhuber, W., Fuchs, B., Juretschko, S., Amann, R., 1997. Improved sensitivity of whole-cell 

hybridization by the combination of horseradish peroxidase-labeled oligonucleotides and 

tyramide signal amplification. Applied and environmental microbiology 63 (8), 3268. 

Schröder, P., Huber, B., Olazábal, U., Kämmerer, A., Munch, J.C., 2002. Land use and sustaina-

bility: FAM Research Network on Agroecosystems. Geoderma 105 (3-4), 155–166. 

Schweizer, S.A., Bucka, F.B., Graf-Rosenfellner, M., Kögel-Knabner, I., 2019. Soil microaggre-

gate size composition and organic matter distribution as affected by clay content. Ge-

oderma 355, 113901. 

Serna-Chavez, H.M., Fierer, N., van Bodegom, P.M., 2013. Global drivers and patterns of mi-

crobial abundance in soil. Global Ecol Biogeogr 22 (10), 1162–1172. 

Sessitsch, A., Weilharter, A., Gerzabek, M.H., Kirchmann, H., Kandeler, E., 2001. Microbial pop-

ulation structures in soil particle size fractions of a long-term fertilizer field experiment. 

Applied and environmental microbiology 67 (9), 4215–4224. 

Sexstone, A.J., Revsbech, N.P., Parkin, T.B., Tiedje, J.M., 1985. Direct Measurement of Oxygen 

Profiles and Denitrification Rates in Soil Aggregates. Soil Sci. Soc. Am. J. 49 (3), 645–651. 

Sey, B.K., Manceur, A.M., Whalen, J.K., Gregorich, E.G., Rochette, P., 2008. Small-scale heter-

ogeneity in carbon dioxide, nitrous oxide and methane production from aggregates of a 

cultivated sandy-loam soil. Soil Biology and Biochemistry 40 (9), 2468–2473. 

Shade, A., Dunn, R.R., Blowes, S.A., Keil, P., Bohannan, B.J.M., Herrmann, M., Küsel, K., Lennon, 

J.T., Sanders, N.J., Storch, D., Chase, J., 2018. Macroecology to Unite All Life, Large and 

Small. Trends in Ecology & Evolution 33 (10), 731–744. 

Shoemaker, W.R., Locey, K.J., Lennon, J.T., 2017. A macroecological theory of microbial biodi-

versity. Nature ecology & evolution 1 (5), 107. 

Siebers, N., Abdelrahman, H., Krause, L., Amelung, W., 2018. Bias in aggregate geometry and 

properties after disintegration and drying procedures. Geoderma 313, 163–171. 

Simon, H.A., 1962. The Architecture of Complexity. Proceedings of the American Philosophical 

Society 106 (6), 467–482. 

Simon, H.A., 1969. Sciences of the artificial, Cambridge, Mass., 123 s. 

Simon, H.A., 1977. The Organization of Complex Systems, in: Cohen, R.S., Wartofsky, M.W., 

Simon, H.A. (Eds.), Models of Discovery, vol. 54. Boston Studies in the Philosophy of Sci-

ence. Springer Netherlands, Dordrecht, pp. 245–261. 

Simon, H.A., 1991. The Architecture of Complexity, in: Klir, G.J. (Ed.), Facets of Systems Sci-

ence. Springer US, Boston, MA, pp. 457–476. 

Simon, H.A., 1996. The sciences of the artificial, 3rd Edition ed. The MIT Press, Cambridge, 

123 pp. 



VI 
References 

117 
 

Simon, H.A., Ando, A., 1961. Aggregation of Variables in Dynamic Systems. Econometrica 29 

(2), 111. 

Six, J., Bossuyt, H., Degryze, S., Denef, K., 2004. A history of research on the link between (mi-

cro)aggregates, soil biota, and soil organic matter dynamics. Soil and Tillage Research 79 

(1), 7–31. 

Six, J., Feller, C., Denef, K., Ogle, S.M., Moraes, J.C. de, Albrecht, A., 2002. Soil organic matter, 

biota and aggregation in temperate and tropical soils - Effects of no-tillage. Agronomie 22 

(7-8), 755–775. 

Smit, E., Leeflang, P., Gommans, S., van den Broek, J., van Mil, S., Wernars, K., 2001. Diversity 

and seasonal fluctuations of the dominant members of the bacterial soil community in a 

wheat field as determined by cultivation and molecular methods. Applied and environ-

mental microbiology 67 (5), 2284–2291. 

Smith, D.P., Peay, K.G., 2014. Sequence depth, not PCR replication, improves ecological infer-

ence from next generation DNA sequencing. PloS one 9 (2), e90234. 

Sommer, C., Straehle, C., Kothe, U., Hamprecht, F.A., 2011 - 2011. Ilastik: Interactive learning 

and segmentation toolkit, in: 2011 IEEE International Symposium on Biomedical Imaging: 

From Nano to Macro. 2011 8th IEEE International Symposium on Biomedical Imaging (ISBI 

2011), Chicago, IL, USA. 30.03.2011 - 02.04.2011. IEEE, pp. 230–233. 

Stevenson, B.A., Hunter, D.W., Rhodes, P.L., 2014. Temporal and seasonal change in microbial 

community structure of an undisturbed, disturbed, and carbon-amended pasture soil. Soil 

Biology and Biochemistry 75, 175–185. 

Stocks, S.M., 2004. Mechanism and use of the commercially available viability stain, BacLight. 

Cytometry. Part A : the journal of the International Society for Analytical Cytology 61 (2), 

189–195. 

Storch, D., 2016. The theory of the nested species-area relationship: geometric foundations 

of biodiversity scaling. J Veg Sci 27 (5), 880–891. 

Stotzky, G., Rem, L.T., 1966. Influence of clay minerals on microorganisms. I. Montmorillonite 

and kaolinite on bacteria. Canadian journal of microbiology 12 (3), 547–563. 

Sutcliffe, O.L., Thomas, C.D., Yates, T.J., Greatorex-Davies, J.N., 1997. Correlated extinctions, 

colonizations and population fluctuations in a highly connected ringlet butterfly metapop-

ulation. Oecologia 109 (2), 235–241. 

Szoboszlay, M., Tebbe, C.C., 2021. Hidden heterogeneity and co-occurrence networks of soil 

prokaryotic communities revealed at the scale of individual soil aggregates. Microbiology-

Open 10 (1), e1144. 

Tang, C.-S., Cui, Y.-J., Shi, B., Tang, A.-M., Liu, C., 2011. Desiccation and cracking behaviour of 

clay layer from slurry state under wetting–drying cycles. Geoderma 166 (1), 111–118. 

Tecon, R., Or, D., 2017. Biophysical processes supporting the diversity of microbial life in soil. 

FEMS microbiology reviews 41 (5), 599–623. 

Terrat, S., Horrigue, W., Dequiedt, S., Saby, N.P.A., Lelièvre, M., Nowak, V., Tripied, J., Régnier, 

T., Jolivet, C., Arrouays, D., Wincker, P., Cruaud, C., Karimi, B., Bispo, A., Maron, P.A., Chem-

idlin Prévost-Bouré, N., Ranjard, L., 2017. Mapping and predictive variations of soil bacte-

rial richness across France. PloS one 12 (10), e0186766. 

Thakur, M.P., Phillips, H.R.P., Brose, U., Vries, F.T. de, Lavelle, P., Loreau, M., Mathieu, J., 

Mulder, C., van der Putten, W.H., Rillig, M.C., Wardle, D.A., Bach, E.M., Bartz, M.L.C., Ben-

nett, J.M., Briones, M.J.I., Brown, G., Decaëns, T., Eisenhauer, N., Ferlian, O., Guerra, C.A., 



VI 
References 

118 
 

König-Ries, B., Orgiazzi, A., Ramirez, K.S., Russell, D.J., Rutgers, M., Wall, D.H., Cameron, 

E.K., 2020. Towards an integrative understanding of soil biodiversity. Biological reviews of 

the Cambridge Philosophical Society 95 (2), 350–364. 

Thompson, L.R., Sanders, J.G., McDonald, D., Amir, A., Ladau, J., Locey, K.J., Prill, R.J., Tripathi, 

A., Gibbons, S.M., Ackermann, G., Navas-Molina, J.A., Janssen, S., Kopylova, E., Vázquez-

Baeza, Y., González, A., Morton, J.T., Mirarab, S., Zech Xu, Z., Jiang, L., Haroon, M.F., 

Kanbar, J., Zhu, Q., Jin Song, S., Kosciolek, T., Bokulich, N.A., Lefler, J., Brislawn, C.J., 

Humphrey, G., Owens, S.M., Hampton-Marcell, J., Berg-Lyons, D., McKenzie, V., Fierer, N., 

Fuhrman, J.A., Clauset, A., Stevens, R.L., Shade, A., Pollard, K.S., Goodwin, K.D., Jansson, 

J.K., Gilbert, J.A., Knight, R., 2017. A communal catalogue reveals Earth's multiscale micro-

bial diversity. Nature 551 (7681), 457–463. 

Tippkötter, R., 1990. Staining of Soil Microorganisms and Related Materials with 

Fluorchromes, in: , Soil Micro-Morphology: A Basic and Applied Science, Proceedings of 

the VIIIth International Working Meeting of Soil Micromorphology, vol. 19. Developments 

in Soil Science. Elsevier, pp. 605–611. 

Tisdall, J.M., Oades, J.M., 1982. Organic matter and water-stable aggregates in soils. Journal 

of Soil Science 33 (2), 141–163. 

Torsvik, V., Øvreås, L., 2002. Microbial diversity and function in soil: from genes to ecosystems. 

Current opinion in microbiology 5 (3), 240–245. 

Totsche, K.U., Amelung, W., Gerzabek, M.H., Guggenberger, G., Klumpp, E., Knief, C., 

Lehndorff, E., Mikutta, R., Peth, S., Prechtel, A., Ray, N., Kögel-Knabner, I., 2018. Mi-

croaggregates in soils. J. Plant Nutr. Soil Sci. 181 (1), 104–136. 

Trivedi, P., Delgado-Baquerizo, M., Jeffries, T.C., Trivedi, C., Anderson, I.C., Lai, K., McNee, M., 

Flower, K., Pal Singh, B., Minkey, D., Singh, B.K., 2017. Soil aggregation and associated mi-

crobial communities modify the impact of agricultural management on carbon content. 

Environmental microbiology 19 (8), 3070–3086. 

Trivedi, P., Rochester, I.J., Trivedi, C., van Nostrand, J.D., Zhou, J., Karunaratne, S., Anderson, 

I.C., Singh, B.K., 2015. Soil aggregate size mediates the impacts of cropping regimes on soil 

carbon and microbial communities. Soil Biology and Biochemistry 91, 169–181. 

Troll, C., 1950. Die geographische Landschaft und ihre Erforschung, in: Bauer, K.H., Curtius, L., 

v. Einem, H., Ernst, F., Friedrich, H., Fucks, W., Hoffmann, E., v. Holst, E., Jaspers, K., Jensen, 

A.E., Jores, A., Kuhn, H., Oehlkers, F., Peters, H., Preiser, E., Reidemeister, K., Rein, F.H., 

Röpke, W., Schaeder, H.H., Smend, R., Söhngen, G., Thielicke, H., Trier, J., Troll, C., Weber, 

A., v. Weizsäcker, C.F., Wenke, G., Zutt, J. (Eds.), Studium Generale: Eitschrift für die Einheit 

der Wissenschaften im Zusammenhang ihrer Begriffsbildungen und Forschungsmethoden. 

Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 163–181. 

Turner, M.G., 1989. Landscape Ecology: The Effect of Pattern on Process. Annu. Rev. Ecol. Syst. 

20 (1), 171–197. 

Turner, M.G., 2005. Landscape Ecology: What Is the State of the Science? Annu. Rev. Ecol. 

Evol. Syst. 36 (1), 319–344. 

Väisänen, R.K., Roberts, M.S., Garland, J.L., Frey, S.D., Dawson, L.A., 2005. Physiological and 

molecular characterisation of microbial communities associated with different water-sta-

ble aggregate size classes. Soil Biology and Biochemistry 37 (11), 2007–2016. 



VI 
References 

119 
 

van de Mortel, M., Halverson, L.J., 2004. Cell envelope components contributing to biofilm 

growth and survival of Pseudomonas putida in low-water-content habitats. Molecular mi-

crobiology 52 (3), 735–750. 

van Gestel, M., Merckx, R., Vlassak, K., 1996. Spatial distribution of microbial biomass in mi-

croaggregates of a silty-loam soil and the relation with the resistance of microorganisms 

to soil drying. Soil Biology and Biochemistry 28 (4-5), 503–510. 

van Loosdrecht, M.C., Lyklema, J., Norde, W., Schraa, G., Zehnder, A.J., 1987a. Electrophoretic 

mobility and hydrophobicity as a measured to predict the initial steps of bacterial adhe-

sion. Applied and environmental microbiology 53 (8), 1898–1901. 

van Loosdrecht, M.C., Lyklema, J., Norde, W., Schraa, G., Zehnder, A.J., 1987b. The role of 

bacterial cell wall hydrophobicity in adhesion. Applied and environmental microbiology 53 

(8), 1893–1897. 

van Loosdrecht, M.C., Norde, W., Zehnder, A.J., 1990. Physical chemical description of bacte-

rial adhesion. Journal of biomaterials applications 5 (2), 91–106. 

Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., Le Van, A., Dufresne, A., 2015. The im-

portance of the microbiome of the plant holobiont. The New phytologist 206 (4), 1196–

1206. 

Vellend, M., 2010. Conceptual synthesis in community ecology. The Quarterly Review of Biol-

ogy 85 (2), 183–206. 

Virto, I., Moni, C., Swanston, C., Chenu, C., 2010. Turnover of intra- and extra-aggregate or-

ganic matter at the silt-size scale. Geoderma 156 (1-2), 1–10. 

Vos, M., Wolf, A.B., Jennings, S.J., Kowalchuk, G.A., 2013. Micro-scale determinants of bacte-

rial diversity in soil. FEMS microbiology reviews 37 (6), 936–954. 

Wallace, W., Schaefer, L.H., Swedlow, J.R., 2001. A workingperson's guide to deconvolution in 

light microscopy. BioTechniques 31 (5), 1076-8, 1080, 1082 passim. 

Wang, J., Yang, W., Yu, B., Li, Z., Cai, C., Ma, R., 2016. Estimating the influence of related soil 

properties on macro- and micro-aggregate stability in ultisols of south-central China. CA-

TENA 137, 545–553. 

Wang, W., Kravchenko, A.N., Johnson, T., Srinivasan, S., Ananyeva, K.A., Smucker, A., Rose, 

J.B., Rivers, M.L., 2013. Intra-Aggregate Pore Structures and Escherichia coli Distribution 

by Water Flow within and Movement Out of Soil Macroaggregates. Vadose Zone Journal 

12 (4), vzj2013.01.0012. 

Watts, C.W., Whalley, W.R., Brookes, P.C., Devonshire, B.J., Whitmore, A.P., 2005. Biological 

and physical processes that mediate micro-aggregation of clays. Soil Science 170 (8), 573–

583. 

White, H.J., León-Sánchez, L., Burton, V.J., Cameron, E.K., Caruso, T., Cunha, L., Dirilgen, T., 

Jurburg, S.D., Kelly, R., Kumaresan, D., Ochoa-Hueso, R., Ordonez, A., Phillips, H.R., Prieto, 

I., Schmidt, O., Caplat, P., 2020. Methods and approaches to advance soil macroecology. 

Global Ecol Biogeogr 29 (10), 1674–1690. 

Whitman, W.B., Coleman, D.C., Wiebe, W.J., 1998. Prokaryotes: the unseen majority. Proceed-

ings of the National Academy of Sciences of the United States of America 95 (12), 6578–

6583. 

Wiens, J.A., 1995. Habitat fragmentation: island v landscape perspectives on bird conserva-

tion. Ibis 137, S97-S104. 



VI 
References 

120 
 

Wiens, J.A., Milne, B.T., 1989. Scaling of 'landscapes' in landscape ecology, or, landscape ecol-

ogy from a beetle's perspective. Landscape Ecol 3 (2), 87–96. 

Wilpiszeski, R.L., Aufrecht, J.A., Retterer, S.T., Sullivan, M.B., Graham, D.E., Pierce, E.M., 

Zablocki, O.D., Palumbo, A.V., Elias, D.A., 2019. Soil Aggregate Microbial Communities: To-

wards Understanding Microbiome Interactions at Biologically Relevant Scales. Applied and 

environmental microbiology 85 (14). 

Wu, H., Chen, W., Rong, X., Cai, P., Dai, K., Huang, Q., 2014. Adhesion of Pseudomonas putida 

onto kaolinite at different growth phases. Chemical Geology 390, 1–8. 

Yee, N., Fein, J.B., Daughney, C.J., 2000. Experimental study of the pH, ionic strength, and re-

versibility behavior of bacteria–mineral adsorption. Geochimica et Cosmochimica Acta 64 

(4), 609–617. 

Yen, J.C., Chang, F.J., Chang, S., 1995. A new criterion for automatic multilevel thresholding. 

IEEE transactions on image processing : a publication of the IEEE Signal Processing Society 

4 (3), 370–378. 

Young, I.M., Crawford, J.W., 2004. Interactions and self-organization in the soil-microbe com-

plex. Science 304 (5677), 1634–1637. 

Zarda, B., Hahn, D., Chatzinotas, A., Schönhuber, W., Neef, A., Amann, R.I., Zeyer, J., 1997. 

Analysis of bacterial community structure in bulk soil by in situ hybridization. Archives of 

Microbiology 168 (3), 185–192. 

Zelezniak, A., Andrejev, S., Ponomarova, O., Mende, D.R., Bork, P., Patil, K.R., 2015. Metabolic 

dependencies drive species co-occurrence in diverse microbial communities. Proceedings 

of the National Academy of Sciences of the United States of America 112 (20), 6449–6454. 

Zhalnina, K., Dias, R., Quadros, P.D. de, Davis-Richardson, A., Camargo, F.A.O., Clark, I.M., 

McGrath, S.P., Hirsch, P.R., Triplett, E.W., 2015. Soil pH determines microbial diversity and 

composition in the park grass experiment. Microbial ecology 69 (2), 395–406. 

Zhang, B., Wu, X., Zhang, W., Chen, X., Zhang, G., Ai, X., Sun, L., Zhang, B., Liu, G., Chen, T., 

Dyson, P., 2016. Diversity and Succession of Actinobacteria in the Forelands of the 

Tianshan Glacier, China. Geomicrobiology Journal 33 (8), 716–723. 

Zhang, P., Zheng, J., Pan, G., Zhang, X., Li, L., Tippkötter, R., 2007. Changes in microbial com-

munity structure and function within particle size fractions of a paddy soil under different 

long-term fertilization treatments from the Tai Lake region, China. Colloids and surfaces. 

B, Biointerfaces 58 (2), 264–270. 

Zhang, X., Amelung, W., Yuan, Y., Samson-Liebig, S., Brown, L., Zech, W., 1999. Land-use ef-

fects on amino sugars in particle size fractions of an Argiudoll. Applied Soil Ecology 11 (2-

3), 271–275. 

Zhao, Z., Kelly, S., Ahmad, K., 2017. Finding Sentiment in Noise: Non-linear Relationships Be-

tween Sentiment and Financial Markets, in: Yin, H., Gao, Y., Chen, S., Wen, Y., Cai, G., Gu, 

T., Du, J., Tallón-Ballesteros, A.J., Zhang, M. (Eds.), Intelligent Data Engineering and Auto-

mated Learning – IDEAL 2017, vol. 10585. Lecture Notes in Computer Science. Springer 

International Publishing, Cham, pp. 580–591. 

Zheng, Q., Hu, Y., Zhang, S., Noll, L., Böckle, T., Dietrich, M., Herbold, C.W., Eichorst, S.A., 

Woebken, D., Richter, A., Wanek, W., 2019. Soil multifunctionality is affected by the soil 

environment and by microbial community composition and diversity. Soil Biology and Bio-

chemistry 136, 107521. 



VI 
References 

121 
 

Zheng, X., Arps, P.J., Smith, R.W., 2001. Adhesion of two bacteria onto dolomite and apatite: 

their effect on dolomite depression in anionic flotation. International Journal of Mineral 

Processing 62 (1-4), 159–172. 

Zhou, J., Kang, S., Schadt, C.W., Garten, C.T., 2008. Spatial scaling of functional gene diversity 

across various microbial taxa. Proceedings of the National Academy of Sciences of the 

United States of America 105 (22), 7768–7773. 

  



VII 
Appendix A 

122 
 

 

 

 

 

 

 

 

 

 

 

 

VII 
Appendix A 

  



VII 
Appendix A 

123 
 

 

 

 

 

 

 

 

Wet sieving versus dry crushing: Soil microaggregates reveal different physi-

cal structure, bacterial diversity and organic matter composition in a clay gra-

dient 

 

 

 

Modified on the basis of 

Felde*, V.J.M.N.L.; Schweizer*, S.A.; Biesgen, D.; Ulbrich, A.; Uteau, D.; Knief, C.; Graf-Rosen-

fellner, M.; Kögel-Knabner, I.; Peth, S., 2021. European Journal of Soil Science 72-2, 810-828 

DOI: 10.1111/ejss.13014 

 

* These authors contributed equally to this work 

 

  



VII 
Appendix A 

124 
 

1 Abstract 

 
Soil microaggregates contain particles of different sizes, which may affect their potential to 

store organic carbon (OC). A variety of methods can be used to isolate microaggregates from 

the larger soil structures among which wet sieving approaches are widely employed. We de-

veloped a novel dry crushing method that isolates microaggregates along failure planes due 

to mechanical stresses rather than hydraulic pressures and compared the mechanical stability, 

OC contents and microbial community composition between dry-crushed and wet-sieved 

samples with contrasting clay contents. Dry-crushed samples exhibited a higher stability and 

bacterial diversity compared to wet-sieved samples. As a result, the dry-crushed microaggre-

gates had different size distributions when analyzed dry and after wetting. In the dry state, 

dry-crushed microaggregates were larger and contained more sand-sized primary particles 

within the aggregate structures. The wetting of dry-crushed aggregates caused a disintegra-

tion of larger microaggregates and sand-sized primary particles into smaller microaggregates 

that contained finer particles. In the soils with lower clay contents, the diameter of dry-

crushed microaggregates was 40 µm larger due to more sand-sized primary particles remain-

ing within the aggregates. Depending on how much volume in microaggregates is occupied by 

large primary particles, the OC concentration increased in the soil with higher clay content. 

Wet-sieved size fractions also showed a similar pattern of OC distribution, whereas more pri-

mary particles were observed outside of aggregates. Wet sieving approaches disperse the soil 

into OC-rich aggregates and might be preferable if OC dynamics are investigated. Differences 

in bacterial community composition in dependence on clay content were more pronounced 

in dry-crushed microaggregates. If intact aggregate architectures are of interest for the isola-

tion of soil structural units, the presented dry crushing method might provide an advanta-

geous alternative that also better preserves bacterial diversity.  
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2 Introduction 

 
The physical structure of soil is of primary importance for most of its functions and is often 

expressed as the degree of aggregation (Bronick and Lal, 2005; Dexter, 1988). The aggregation 

of soil components is a critical process that regulates C sequestration (Six et al., 2000b) and 

determines physical support, hydraulic properties, aeration and the accessibility of biogeo-

chemical interfaces, which are essential for nutrient exchange and microbial processes in soils 

(Bronick and Lal, 2005; Totsche et al., 2010). Soil microaggregates with a size smaller than 

250 µm have been proposed as stable compound soil structures (cf. Totsche et al., 2018). Mi-

croaggregates are themselves comprised of various smaller building units, such as coarse and 

fine mineral primary particles, phyllosilicates, Fe and Al (hydr)oxides and diverse organic ma-

terials (Totsche et al., 2018). In contrast to macroaggregates, microaggregates are more stable 

and have longer turnover times, which is why aggregate size plays an important role in long-

term C storage in soils (Angers et al., 1997; Six et al., 2000; Trivedi et al., 2017).  

Under field conditions, various mechanisms cause soil (micro)aggregates to break apart. These 

can be either mechanical forces, originating from field traffic and tillage implements, or radial 

pressures from roots and earthworms causing point loads and shear failure (Horn and Peth, 

2012; Ruiz et al., 2017). Mechanical forces are also introduced during raindrop impact (Fu et 

al., 2017) or differential swelling of clay minerals; however, the resulting disintegration of ag-

gregates is a mixture of mechanical and hydraulic stresses (pore water pressures). These me-

chanical forces can create and sustain pre-conditioned failure planes within soil aggregates 

that may be reactivated when repeatedly exposed to stresses. Further mechanisms for aggre-

gate breakdown can be slaking and dispersion, which occur during wetting and drying of the 

soil and are related to hydraulic stresses (Le Bissonnais, 1996). 

Various approaches are used to break down aggregates. The most common method to isolate 

microaggregates from bulk soil is wet sieving, which was mostly employed to investigate the 

stabilization of aggregate structures through organic matter (OM) and OM turnover (Bach et 

al., 2018; Six et al., 2004). The impact of water immersion on soil aggregates has been shown 

to depend on the size, structure, shrinking and swelling behavior, wettability of soil compo-

nents, porosity, and the spatially heterogeneous distribution of these properties within aggre-

gates (Baumgartl and Horn, 1993; Chenu et al., 2000; Kaiser et al., 2015). The super-saturation 

of aggregates during wet sieving can increase the gas pressure inside aggregates causing their 
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disruption (Baumgartl and Horn, 1993). Previous studies have shown that water-stable mi-

croaggregates are stabilized by various agents such as OM, phyllosilicates, Fe and Al (hydr)ox-

ides and CaCO3 (Amézketa, 1999; Bronick and Lal, 2005; Oades and Waters, 1991; Totsche et 

al., 2018). In other studies (using glass beads to increase the dispersion energy), it was postu-

lated that microaggregates are formed while being occluded in macroaggregates (Angers et 

al., 1997; Six et al., 2002). Likewise, sonication of soil suspensions can be used to liberate mi-

croaggregates from macroaggregates (Amelung and Zech, 1999). 

The dry sieving of soil (field-fresh or after air-drying) is based on the mechanical impact on soil 

structure during shaking the samples in a sieve tower, either by hand (Bach and Hofmockel, 

2014; Blaud et al., 2017) or using a mechanical sieve shaker (Nahidan and Nourbakhsh, 2018; 

Panettieri et al., 2015). It is used to differentiate microhabitats being associated with aggre-

gates of various size fractions (Bach and Hofmockel, 2014; Blaud et al., 2017) or to gain infor-

mation about the impact of wind erosion on aggregates (Chepil, 1962). Apart from dry sieving 

to a certain size (typically 8 or 4 mm), the aggregates in the aforementioned studies are usually 

not treated by dispersion agents before the dry sieving.  

Another approach, which is able to liberate more microaggregates that are trapped within 

macroaggregates (Six et al., 2000), can be to mechanically crush the macroaggregates down 

to microaggregate sizes, using an uniaxial crushing procedure. Uniaxial crushing enables the 

breaking down of dry aggregates along “natural planes of mechanical weakness” (Kristiansen 

et al., 2006) that are likely to fail under mechanical forces in the field as well. If intact aggre-

gate structures are of interest, for example their internal spatial architecture creating a habitat 

for microorganisms or storage site for OM, dry separation protocols like dry crushing have the 

advantage that they avoid potential structural artifacts that are likely to occur during water 

immersion and subsequent oven drying (Kaiser et al., 2015; Panettieri et al., 2015; Siebers et 

al., 2018). Since different isolation methods are based on different breakdown mechanisms, 

differences between the isolated size fractions can be expected (Six and Paustian, 2014). In 

addition to the existing studies that compared mainly microbial parameters of wet and dry-

sieved aggregates (Bach and Hofmockel, 2014; Blaud et al., 2017), more studies are needed 

to better understand how isolation methods like wet sieving and dry crushing affect the struc-

tures, size distribution and physicochemical, mechanical and biological properties of soil ag-

gregates. 
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During aggregation, primary particles are combined to form larger soil structures. The individ-

ual contribution of soil particles to properties of the bulk soil therefore depends on its ar-

rangement within the aggregate architecture. Especially fine mineral soil particles can affect 

the surface adsorption of OM and formation of microaggregates through organo-mineral as-

sociations (Baldock and Skjemstad, 2000; Wagner et al., 2007a). Clay content is positively cor-

related with aggregate tensile strength (Imhoff et al., 2002; Kavdir et al., 2004; Kay and Dexter, 

1992) and was found to stabilize larger aggregate structures that drive the arrangement and 

the distribution of OM in aggregate fractions (Dexter et al., 2008; Krause et al., 2018; Schjøn-

ning et al., 2012; Schweizer et al., 2019). Because larger primary particles do not play a domi-

nant role for OM storage inside soil aggregates, our current conception of aggregate struc-

tures has mostly focused on structures that are comprised of many fine particles. Aggregates 

with a coarse texture component were, hitherto, not at the center of scientific attention. One 

of the first studies looking at the functional role of sand grains inside microaggregates by 

Paradiś et al. (2017) described sandy microaggregates with a solid sand grain nucleus that is 

surrounded by mineral fines. They conceptualized a model where water menisci forces draw 

fine soil constituents towards the solid surface of larger particles after multiple wetting-drying 

events. This may also lead to the coalescence of multiple sand grains within aggregates 

(Ghezzehei and Or, 2000). Since higher clay contents are mostly correlated with lower sand 

contents, many aggregate properties are likely to be modified by soil texture (Schweizer et al., 

2019; Wagner et al., 2007b). Detailed size analyses of aggregates and the particles they are 

composed of are needed to reveal the size composition and the role of the individual particles 

within microaggregates.  

Soil aggregates are important habitats for microorganisms (Blaud et al., 2017) depending on 

various aggregate properties, such as their size and structure. Higher clay contents correlate 

positively with microbial biomass (Wei et al., 2014), which can lead to larger and more stable 

aggregates (Wang et al., 2017). Soil aggregation increases microhabitat heterogeneity and 

thus bacterial diversity in soils (Davinic et al., 2012; Nunan et al., 2017) Different microaggre-

gate sizes are likely to show differences between their pore systems, leading to differences in 

the accessibility of OM sources, which strongly affects microbial activity (Bimüller et al., 2016; 

Ebrahimi and Or, 2018; Gupta and Germida, 2015). Similarly, differences in soil texture are 

expected to influence microbial activity depending on how they affect OM accessibility. The 

rewetting of dried samples during wet sieving was shown to affect the characterization of 
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microbial communities in soil aggregates (Bach et al., 2018). For this reason, Bach and Hof-

mockel (2014) have stated that wet sieving should be used to evaluate long-term changes in 

microbial activity and OM, while dry separation without rewetting would allow capturing 

short-term (inter-annual) dynamics of soil microbial activity too. For all these reasons, the 

characterization of the microbial community provides important information to compare the 

structure, size and other properties of aggregates as influenced by the isolation method. 

Here, we compared the mechanical stability of individual microaggregates and OM concen-

trations as well as microbial community composition between wet fractionated and dry-

crushed size fractions. The dry-crushed fractions were further characterized regarding their 

size distributions and organic matter content. To investigate the effect of soil texture on dry-

crushed aggregates, we used samples from a clay content gradient of 19-34 %. We developed 

a novel method to isolate microaggregates from macroaggregates by mechanically crushing 

them with a loading frame prior to dry tap sieving. The particle and aggregate size distribution 

of the dry-crushed size fractions was precisely analyzed using dynamic image analysis. In ad-

dition to the differentiation into several of size fractions by sieving, the dynamic image analysis 

allowed detecting size changes at a resolution of several µm for the whole microaggregate 

scale < 250 µm.  

We hypothesized that dry crushing isolates aggregate size fractions shaped by different failure 

planes and yields different properties compared with wet-sieved aggregate size fractions (with 

and without sonication). In this comparison, dry-crushed size fractions were expected to have 

a lower mechanical stability, retain less OM and exhibit differences in microbial community 

composition compared to wet-sieved ones (both with and without sonication). For the inves-

tigation of the soil texture gradient, we hypothesized that a higher clay content would increase 

the mechanical stability, mean aggregate size, OM content and bacterial diversity of mi-

croaggregates.  

 

3 Material and Methods 
 
3.1 Study site 

We studied a soil toposequence at an agricultural research station in Scheyern (Germany) that 

was previously described by Schröder et al. (2002). The mean annual temperature is 7.4 °C 

with an average annual precipitation of 803 mm at an altitude of approximately 470 m above 
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sea level. Soils developed on Miocene Upper Freshwater Molasse covered by several meters 

of Quaternary loess and were classified according to WRB (FAO, 2015) as Cambisol (Schröder 

et al., 2002). Soils were managed by reduced tillage (harrowing and chiseling). Samples were 

taken at clay contents of 19 %, 24 % and 34 % (n = 5 each). More detailed information on the 

sampling of the toposequence can be found in Krause et al. (2018). Briefly, the top 5-20 cm 

were sampled in late 2015 in a field-fresh state (water content approximately 16 weight % or 

21 vol. %), sieved to < 8 mm, and stored at 4 °C until further processing. An overview of the 

complete sample analysis process is given in Suppl. Fig. VII-1. 

 

Suppl. Fig. VII-1: Overview of isolation methods and analyses 

3.2 Fractionation by dry crushing 

We produced microaggregates with diameters of < 250 µm by crushing macroaggregates un-

der uniaxial compression in a mechanical loading frame (Zwick Roell AllroundLine, Zwick Roell, 

Ulm, Germany). Briefly, we used air-dried large macroaggregates with a diameter of < 2 mm. 

We weighed approximately 5 g and measured the matric potential in a WP4C dew point po-

tentiometer (Decagon devices, Pullman, USA) to make sure the sample was completely dry. 

All samples had pF values of > 6. Next, the samples were crushed under the loading frame to 
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separate differently sized microaggregates, which are constituents of the macroaggregates. 

For this, the distance between loading frame table and piston was slowly reduced from 3 mm 

to 250 µm at a constant speed of 250 µm min-1. On average, the samples contained 33.6 %, 

20.0 % and 10.2 % sand grains of > 250 µm in the soils with 19, 24, and 34 % clay. These grains 

might have been crushed during the dry separation, which would result in sand grain frag-

ments in the size fraction. To minimize this, the crushing speed of the loading frame was de-

liberately chosen to be slow so that the sand grains could reorient themselves during the pro-

cess (the slow speed was chosen as a result of preliminary experiments). No high-pitched 

sounds related to the rupture of sand grains or of any sharp peaks in the load-displacement 

curves that would indicate crushed sand grains were observed (Figure S 1). During light mi-

croscopy and tomography scans, we also did not observe any sand grain fragments. 

After crushing, we transferred the crushed sample into a modified Casagrande apparatus 

(Mennerich Geotechnik, Hannover, Germany), consisting of three sieves that rest on a collect-

ing vessel. Here, the sample was exposed to the purely mechanical forces of repeated tap-

sieving cycles at a frequency of 2 Hz. Tap sieving was chosen to prevent abrasion of soil mate-

rial from the aggregate surfaces through circular shaking, which would have biased aggregate 

fractions. In this process, microaggregates were separated under air-dry conditions into the 

following size fractions: small microaggregates and primary particles (< 20 µm), medium (20-

53 µm) and large ones (53-250 µm) similar to size limits applied in previous studies (Jastrow, 

1996; Tisdall and Oades, 1982; Virto et al., 2008). The smallest fraction (< 20 µm) was not 

analyzed in this study due to the very low amount that could be isolated (Figure S 2). In a 

preliminary experiment, we determined the number of cycles in the Casagrande apparatus 

that are required to get a relatively steady aggregate size distribution, which was about 

1000 cycles (Figure S 3). Hence, after 1000 cycles, we collected the residue on all three sieves. 

The crushing and tapping procedure can be seen in the following videos: 

https://doi.org/10.6084/m9.figshare.10327397.v1 and 

https://doi.org/10.6084/m9.figshare.10327529.v1.  

3.3 Light microscopy and tomography 

The size fractions were analyzed with optical microscopy using a Zeiss Axio Imager M2. Explor-

ative computed microtomography scans were done on one dry-crushed microaggregate for 

each clay content at the CT lab of the University of Kassel with a Zeiss Xradia 520 Versa. For 
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each of the three scans, we acquired 1,600 projections during a full rotation with 3 s acquisi-

tion time at 80 keV and a resulting voxel resolution of 570 nm, 482 nm and 656 nm, respec-

tively.  

3.4 Dynamic image analysis of dry-crushed soil size fractions 

Size distributions were determined by dynamic image analysis with rear illumination from a 

pulsed laser light (450 fps) using a QICPIC (Sympatec GmbH, Clausthal-Zellerfeld, Germany) as 

described previously (Kayser et al., 2019). In the dry state, we analyzed the size fractions 

(60 mg to 80 mg) with the GRADIS drop tower (50 cm height) using a constant flow of com-

pressed air. The medium size fraction (20-53 µm) was analyzed with the M4 lens (2-682 µm 

measuring range) and the large size fraction (53-250 µm) with the M6 lens (5-1705 μm meas-

uring range; ISO 13322-1). 

To test how the failure planes during dry crushing and wet sieving differ and what the under-

lying primary particle size distribution was, we submerged the dry-crushed fractions in water 

and subsequently dispersed them further using Na4P2O7. It should be noted that the size anal-

ysis was done with the fractions obtained from dry crushing in order to get further information 

on the size distribution after their dispersion. Detailed information on the particle and mi-

croaggregate size distribution of the samples after wet sieving can be found in a previous study 

by Schweizer et al. (2019), which is used for comparisons in the discussion section. 

For this, we determined the size distributions of the dry-crushed fractions after submersion in 

deionized water and subsequently in Na4P2O7 solution. After slow wetting of the size fractions 

with deionized water for 30 min, the suspensions were measured with a different setup in the 

same QICPIC machine. A closed pumping cycle using the LIXELL flow cell and SUCELL homoge-

nization unit with a 0.2 mm and 1 mm cuvette allowed to transport the suspension by the 

optical unit of the machine. 

To determine the size distribution and mass contribution of primary particles in the size frac-

tions, we measured the dry-crushed samples after dispersion of 100 mg sample material in 

0.1 M Na4P2O7 (Kemper and Koch, 1966; Murer et al., 1993). After dispersion, the suspension 

was transferred to the pump unit and measured as described above. 

The data obtained by dynamic imaging were analyzed using the automatic WINDOX software 

(Sympatec GmbH, Clausthal-Zellerfeld, Germany). By relation to a density of 2.65 g cm-3, the 

normalized volumetric distribution density q3 was calculated according to the minimum dis-

tance of two tangents to the edges of the objects, the so-called Feret diameter (Allen, 1981). 



VII 
Appendix A 

132 
 

The median diameter was used to compare the distributions of different clay contents statis-

tically. To compute distributions of the whole size range we used class sizes of 6 µm for the 

medium fraction and 15 µm for the large fraction. Shape criteria (Table S 1) were chosen based 

on a gallery function within the image analysis algorithm, which enables verifying that a low 

number of individual odd-shaped objects like root pieces (low circularity) or overlapping par-

ticles (high optical density) do not distort the computed size distribution (Kayser et al., 2019). 

The influence of bubbles and root hairs on the size distributions was minimized by specific 

shape criteria for both size fractions using the circularity of the objects (Table S 1). The circu-

larity is the ratio of the perimeter of an equivalent circle to the perimeter of the object, which 

decreases when particles are rounder. 

Due to optical limits of the applied camera lenses, some particles might have been too small 

to be detected by the dynamic image analysis. To relate the volumetric distribution with the 

actual mass proportions, we corrected the size distributions for particles < 20 µm and < 53 µm 

by sieving the particles after dispersion with Na4P2O7. We observed that, 19.1, 21.2 and 24.8 % 

of the particles in the soils with 19, 24, and 34 % clay were < 20 µm in the aggregate size frac-

tion 20-53 µm. In the size fraction 53-250 µm, 3.1, 1.5 and 7.1 % of the particles were < 53 µm 

after dispersion with Na4P2O7 in the soils with 19, 24 and 34 % clay. We subtracted the total 

contribution of the whole size distribution of the respective size fraction accordingly. Both size 

fractions, 20-53 µm and 53-250 µm, were merged according to their respective mass contri-

bution to the bulk soil and are displayed as one size distribution across the whole size range. 

3.5 Carbon and nitrogen analysis and solid state 13C nuclear magnetic resonance spectros-

copy 

The C and N contents were measured by dry combustion using a Vario EL CN analyzer (Ele-

mentar, Langenselbold, Germany). The contributions of the size fractions to the bulk OC were 

computed according to their mass contributions and OC concentrations. 

The chemical composition of the OM in the size fractions 20-53 µm and 53-250 µm was meas-

ured using a Bruker Avance III 200 spectrometer (Bruker, Billerica, USA) at a resonance fre-

quency of 50.3 MHz using the cross-polarization magic angle spinning technique at a speed of 

6.8 kHz. Contact time was 1 ms and recycle delay time was 0.4 s. The spectra were processed 

with a line broadening of 100 Hz, phase adjusted and baseline corrected. The spectra were 

separated into the four integration areas: carboxyl-C at 220-160 ppm, aryl-C at 160-110 ppm, 

O/N-alkyl-C at 110-45 ppm, and alkyl-C at 45-(-10) ppm. We used the ratio between alkyl-C 
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and O/N-alkyl-C as an indicator for the degree of decomposition of the OM (Baldock et al., 

1997).  

3.6 Fractionation by wet sieving 

The isolation of aggregates using wet sieving was done according to Krause et al. (2018). 

Briefly, the pre-wetted field-fresh aggregates were isolated on a sieve tower under constant 

shaking (Kösters et al., 2013). The wet-sieved fractions < 250 µm will be further referred to as 

free wet-sieved size fractions. The fraction > 250 µm was sonicated at 60 J mL-1 according to 

Amelung and Zech (1999) to break down macroaggregates into microaggregates, which will 

be further referred to as occluded wet-sieved size fractions. To avoid re-aggregation, the frac-

tions were shock frozen in liquid N2 and freeze-dried after wet sieving (Siebers et al., 2018). 

3.7 Microaggregate stability (tensile strength) 

The mechanical stability of individual dry-crushed and wet-sieved (free and occluded) mi-

croaggregates was determined using the same high-resolution loading frame for material test-

ing that was used for crushing the macroaggregates of < 2 mm (Zwick Roell AllroundLine, Zwick 

Roell, Ulm, Germany). The method is similar to the one described by Skidmore and Powers 

(1982). The loading frame was equipped with a high-resolution load cell with a capacity of 100 

N (Xforce HP 100 N). We randomly selected 50 individual microaggregates of the size fraction 

53-250 µm from each treatment and measured their weight with a high-precision balance 

(precision: 0.01 mg). After weighing the samples, they were placed on the table of the loading 

frame and a custom-made piston with a width of 500 µm was attached to the load cell of the 

frame. The location of the sample was checked with a Canon Eos 2000D digital camera, 

equipped with a macro lens. Subsequently, the distance between piston and table was re-

duced from 300 µm to 25 µm at a constant speed of 250 µm min-1 to ensure that the mi-

croaggregate is completely crushed (Figure S 4). The force required to crush each microaggre-

gate was recorded and the work (the area of the load-displacement curves) was finally nor-

malized by the aggregate’s mass (mJ mg-1). Since the aim of this study was to measure the 

stability of microaggregates (not of single particle grains), we only used the randomly selected 

specimen when they could reliably be identified as an actual microaggregate under the stereo 

microscope. If a specimen was identified as a large primary particle, it was omitted. 
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3.8 Molecular microbial community analysis 

DNA was extracted using 300 mg of soil from the different aggregate size fractions with the 

Macherey Nagel NucleoSpin® Soil Kit (Macherey Nagel, Düren, Germany) following the man-

ufacturer’s instructions with minor modifications, which are outlined as follows. The mechan-

ical disruption of the bacterial cells was performed for 60 s at 1200 rpm using the Fastprep96 

instrument (MP Biomedicals, Santa Ana, USA). In the final step, DNA was resuspended in 30 

µL of PCR-grade water. PCR amplification of the 16S rRNA gene, purification of PCR products, 

sample pooling and sequencing of the PCR products was done on the Illumina Hi Seq platform 

(2 x 250 bp reads) as described by Maarastawi et al. (2018). 

3.9 Statistical analyses 

We used SigmaPlot 11 and SPSS 25 to compute normality and equal variance tests and to 

analyze the variances. When significant at p < 0.05 a Tukey post-hoc test was applied to com-

pare the means. Statistical analysis of the bacterial community data was done using R (R Core 

Team, 2017) with the Vegan (Oksanen et al., 2018) and Phyloseq packages (McMurdie and 

Holmes, 2013) as described earlier (Maarastawi et al., 2018). Sequences that were not as-

signed to the domains Bacteria or Archaea were excluded from the operational taxonomic 

unit (OTU) table, which was built using a 97 % sequence identity cut-off value for the classifi-

cation of OTUs.  

Alpha-diversity was analyzed as species richness based on the Chao1 index using a rarefied 

OTU table based on 7,057 reads per sample. Significant differences between samples were 

tested in the complete dataset using the non-parametric Kruskal-Wallis test with Nemenyi 

post-hoc tests (as a Shapiro-Wilk test revealed non-normal data distribution).  

Beta-diversity is presented in non-metric multidimensional scaling (NMDS) plots based on a 

Bray-Curtis dissimilarity matrix, which was calculated from the OTU table. Significant differ-

ences between the groups of samples were evaluated by an analysis of similarity (ANOSIM) 

with 999 permutations, also based on the Bray-Curtis distance matrix. ANOSIM provides R-

values in the range of 0 to 1, whereby 1 indicates clear differences in microbial community 

composition between predefined groups of samples, while 0 indicates the absence of differ-

ences. The reliability of the R-values is assessed based on p-values. 
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4. Results 
 
4.1 Microaggregate structure as observed with microscopy and tomography  

In the dry-crushed microaggregates from the soils with 19 % and 24 % clay, we found large 

sand grains contained within the aggregate structures in the large size fraction (Suppl. Fig. VII-

2a-d). Exploratory CT scans of the dry-crushed samples confirmed this observation, namely 

that the content of large sand grains decreased with increasing clay content. These sand grains 

had diameters between 80 and 200 µm (Suppl. Fig. VII-2b, d, f). This finding was confirmed for 

20 additional aggregates for each clay content, of which CT scans were also made (data not 

shown here). The aggregates in the 34 % clay soil mainly contained silt-sized primary particles 

although some sand-sized particles were also found (Suppl. Fig. VII-2e, f). The amount of free 

primary particles that were not integrated in a microaggregate was minor in all size fractions 

of the dry-crushed samples. In the samples isolated by wet sieving (with and without soni-

cation), more free primary particles were found (Suppl. Fig. VII-3). Their number increased in 

the order dry crushing < wet sieving < wet sieving plus sonication (occluded) (Suppl. Fig. VII-

3).  

4.2 Particle and aggregate size distributions 

The soil with 34 % clay content contained more macroaggregates > 250 µm than the soils with 

lower clay contents (Figure S 2). The microaggregate size fraction of < 53 µm was much lower 

for the soil with 19 % clay content compared to the soils with higher clay contents (Figure S 

2). The high mass proportion of macroaggregates > 250 µm after the crushing procedure is 

likely explained by the uniaxial crushing. During uniaxial crushing, only one dimension of the 

aggregates can be controlled (here: height/the Y-axis), but in the X and Z axes, the samples 

can still be larger than 250 µm. The size distributions of the combined dry-crushed fractions 

(20-53 µm and 53-250 µm) showed a bimodal pattern with peaks at approximately 50 µm and 

150 µm (Suppl. Fig. VII-4a). The mean object diameter of dry-crushed size fractions decreased 

significantly with increasing clay content from 163 µm to 125 µm (Table 1). 
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Suppl. Fig. VII-2: Incident light microscopy images and (b, d, f) tomograms of the dry-crushed 
microaggregate size fraction 53-250 µm from soils with different clay contents. With 
increasing clay contents, fewer (sand-sized) primary particles were observed. Resolution of 
the tomograms is 570 nm (b), 482 nm (d) and 656 nm (f). 
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Suppl. Fig. VII-3: Macroscopic images of large microaggregates (53-250 µm) with a low (19 %, a-c) and 
high (34 %, d-e) clay content. Dry-crushed microaggregates (a, d) clearly exhibit a higher 
degree of aggregation of smaller particles, whereas microaggregates that were isolated by 
wet sieving without sonication (b, e) or with sonication (c, f) exhibited more free primary 
particles. 

 

Tab. VII-1: Mean object sizes for the combined size fractions 20-53 µm and 53-250 µm (in µm; mean ± 
standard error; n = 5). Mean values of different clay contents that have the same lower case 
letter were not significantly different at p < 0.05. All analyses of variance were significant at 
p < 0.001. 

Treatment 19 % clay 
 

24 % clay 
 

34 % clay 
 

dry-crushed, dry analysis 163.4 ± 3.2 a 145.4 ± 2.1 b 124.5 ± 1.8 c 
dry-crushed, wet analysis 96.2 ± 0.8 a 96.3 ± 1.4 a 65.7 ± 1.1 b 
dry-crushed, wet and Na4P2O7 - 
dispersed analysis 

90.9 ± 1.7 a 83.5 ± 0.5 b 45 ± 0.7 c 

 

When immersing these dry-crushed aggregates in water, the mean aggregate diameters de-

creased by approximately 60 µm (Table 1). The size distribution shifted to a more unimodal 

pattern with a peak at approximately 25 µm (Suppl. Fig. VII-4b). The soil with 34 % clay showed 

the smallest objects by comparing the dry to the wet measurement, which indicated most 

aggregate breakdown by water immersion (Suppl. Fig. VII-4b, Table 1). When dispersing the 

aggregates further, we found almost no sand-sized primary particles in the soil with highest 
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clay content (34 %), while the soil with 19 % clay also showed less silt-sized particles (Suppl. 

Fig. VII-4c). 

 

Suppl. Fig. VII-4: Mass contributions of dry-crushed microaggregates to the bulk soil analyzed (a) in a 
dry state, (b) in a wet state, and (c) in a wet and dispersed state. The size distribution was 
merged from the two individual size distributions of the size fractions 20-53 µm and 53-250 
µm according to their relative mass contribution to the bulk soil (mean ± standard error). 
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4.3 Mechanical soil aggregate stability (tensile strength)  

The mechanical stability of the microaggregates was in a similar range across all clay contents 

within one isolation method. No significant differences were observed for microaggregates 

obtained by different isolation methods or between soils of different clay contents using the 

same method. Despite the lack of statistically significant differences, the mechanical stability 

showed a clear tendency to decrease from dry-crushed to wet-sieved (free) to occluded mi-

croaggregates (Suppl. Fig. VII-5). This indicates that the structure of the samples becomes 

more homogeneous after increased aggregate breakdown, which is shown by the variability 

of tensile strengths that decreases in the same direction. It should be noted that although we 

measured approximately 50 replicates per isolation method and clay content, these samples 

were hand-picked under a stereo microscope. For a truly representative result, it would be 

necessary to measure the stability of all microaggregates that are isolated from a given num-

ber of macroaggregates and that is much higher than 50. However, the high number of repli-

cates makes us confident that the high variability of our results actually represents the real 

degree of structural heterogeneity of the microaggregates that we investigated. 

 

Suppl. Fig. VII-5: Mechanical stability of microaggregates with different clay contents obtained with 
different isolation methods (n = 43 to 50). Circles represent outliers. Extreme outliers (> 3 SD) 
were omitted. 
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4.4 Organic matter content and chemical composition of microaggregates 

The OC concentration in the medium-sized fractions (20-53 µm) was generally lowest in the 

soils with 34 % clay compared to higher OC concentrations in the soils with 19 % clay for all 

isolation methods. In contrast, the OC in the large fractions (53-250 µm) increased with in-

creasing clay content for all isolation methods (Suppl. Fig. VII-6a). When comparing the OC 

concentrations between aggregates obtained based on the different isolation methods, they 

decreased in the order dry-crushed > wet-sieved free > wet-sieved occluded (Suppl. Fig. VII-

6a). 

 

Suppl. Fig. VII-6: (a) OC concentration, (b) OC contributions and (c) C:N ratios comparing dry-crushed 
size fractions 20-53 µm and 53-250 µm with wet-sieved free and wet-sieved occluded size 
fractions (mean ± standard error; n = 5). Means with the same letter in the same isolation 
method and size fractions were not significantly different. Data of the wet-sieved free and 
wet-sieved occluded fractions adapted from Krause et al. (2018). 

In the dry-crushed fractions, the OC contribution to the bulk OC was higher in the large size 

fraction of the 19 % and 24 % clay soil compared to the 34 % clay soil (Suppl. Fig. VII-6b). In 

the wet-sieved free fractions, the OC contributions of the medium and large size fractions 

were higher with lower clay contents (Suppl. Fig. VII-6b). In the wet-sieved occluded fractions, 
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however, the OC contributions of the medium size fraction was higher in the 34 % clay soil 

compared with the 19 % and 24 % clay soil (Suppl. Fig. VII-6b). The mass contributions of the 

dry-crushed and wet-separated fractions (free aggregates) were in a comparable range but 

deviated for the wet-separated and sonicated fractions (occluded aggregates, Figure S 5). The 

OC concentrations of the size fractions were similar when the OC concentrations of the me-

dium and large size fractions were calculated, while excluding the medium to coarse silt and 

sand grains according to their mass contributions (Table S 2). 

The C:N ratios were higher for the large size fraction compared with the medium size fraction 

(Suppl. Fig. VII-6c). This difference was, however, smallest between the dry-crushed fractions, 

which did not show any differences across the clay content. The wet-sieved fractions showed 

lower C:N ratios in the 19 % clay content compared with 34 % clay. When analyzing the OM 

composition by 13C NMR, we observed more O/N-alkyl C in the dry-crushed size fraction 53-

250 µm than in the size fraction 20-53 µm (Table S 4).  

 

4.5 Composition and diversity of bacterial communities in the soil microaggregates 

We compared the bacterial community composition of the large and medium size fractions 

that were obtained from the soils of the lowest (19 %) and highest (34 %) clay content with 

the different isolation methods. Here, we focused on the highest and lowest clay content be-

cause the generation of sufficient dry-crushed material for the molecular work was rather la-

borious and because sample material was limited. Analysis of the alpha diversity based on the 

Chao1 index revealed that the bacterial diversity was lower in the wet-sieved occluded frac-

tion compared to the dry-crushed fraction (p < 0.01), while no significant difference was seen 

between the dry-crushed fraction and wet-separated free fraction (Suppl. Fig. VII-7). 
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Suppl. Fig. VII-7: Comparison of the alpha diversity based on the Chao1 diversity index between dry-
crushed and wet-separated (wet-sieved free and wet-sieved occluded) fractions (including 
the size fractions 20-53 µm and 53-250 µm) for two soils with (a) 19 % clay and (b) 34 % clay. 

Neither clay content nor size of the fraction affected alpha diversity significantly. Differences 

in bacterial community composition between size fractions (i.e. beta diversity) were assessed 

in NMDS plots. This revealed that the isolation method had a significant effect on the bacterial 

community composition, evident from the clustering of size fractions in the plot according to 

the isolation methods (Suppl. Fig. VII-8a). The dependence on the isolation method was sta-

tistically confirmed by an analysis of similarity (ANOSIM), resulting in an R-value of 0.51 (p < 

0.001). Based on this finding, the effects of clay content and fraction size were further com-

pared between dry-crushed and wet-fractionated samples. This comparison revealed a much 

stronger effect of clay content on bacterial community composition in the dry-crushed frac-

tions (ANOSIM R = 0.767, p = 0.001; Suppl. Fig. VII-8b) compared to the wet-separated frac-

tions, where a weaker effect was seen in the wet-sieved free fraction and no effect in the wet-

sieved occluded fraction (ANOSIM R = 0.157, p = 0.005). An effect of the fraction size on the 

bacterial community composition was again not detectable, regardless of the isolation 

method (Suppl. Fig. VII-8a, Table S 3). 
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Suppl. Fig. VII-8: NMDS plots comparing (a) isolation method and size fraction and (b) clay content and 
fraction size of dry-crushed fractions. NMDS plots were calculated based on Bray-Curtis 
distance matrices, derived from 16S rRNA gene amplicon data. 

 

5 Discussion 
 
5.1 Comparing dry crushing and wet sieving on the basis of mechanical stability, organic 

carbon concentrations and bacterial diversity 

Depending on the isolation method, the tensile strength and variability of soil fractions in the 

size range of microaggregates decreased in the order dry-crushed > wet-sieved free > wet-

sieved occluded (Suppl. Fig. VII-5). When comparing the isolation methods, the OC concentra-

tions and OC contributions of the size fractions exhibited a similar tendency and decreased in 

the same order (Suppl. Fig. VII-6). The mass contributions of dry-crushed and wet-sieved free 

fractions were in a similar range (Figure S 5). The differences in the OC content are related to 

different aggregate failure mechanisms addressed by dry crushing in comparison to wet siev-

ing resulting in different isolated subunits. While dry crushing led to the isolation of size frac-

tions where primary particles were still observed within aggregate structures (Suppl. Fig. VII-

2), wet sieving produced size fractions containing free primary particles outside of aggregates 

(Suppl. Fig. VII-3). For the mechanical stability measurements, individual aggregates were 

manually selected, whereas free primary particles were not included. The higher content of 

sand-sized particles in the dry-crushed fractions led to a higher variability of the tensile 

strength (while they were absent in the wet-sieved samples, sand grains still contributed to 
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the overall aggregate stability in the dry-crushed samples). Hence, with respect to the effect 

of isolation method on aggregate stability, our hypothesis could not be confirmed. 

The isolation of defined size fractions from larger aggregates necessitates disaggregation and 

breakdown forces for the separation into smaller units. Mechanical separation by uniaxial dry 

crushing or dry sieving appears to generate different aggregate subunits than wet sieving, due 

to the different failure mechanisms (mechanical vs. hydraulic stresses). This has a great influ-

ence on aggregate properties. The size composition of wet-sieved size fractions was shown to 

be highly reproducible by Graf-Rosenfellner et al. (2018). This homogeneity, however, appears 

to be the product of the wet sieving procedure with sonication. 

Dry separation avoids a change in physical, chemical and biological characteristics that can be 

observed during drying and wetting. These can be (as reviewed by Kaiser et al. (2015)) the 

formation of new interactions between minerals and OM, the killing of microorganisms and 

shifts in their community structure and an increase of mineral surface acidity and hydropho-

bicity (possibly affecting aggregate stability, cf. Ibrahimi et al. (2019)). The degree to which 

these characteristics are altered by wetting and drying depends on various factors, like soil 

depth (Kaiser et al., 2015), land use (Fierer and Schimel, 2003), texture and OM content (Al-

balasmeh and Ghezzehei, 2014), sodium and calcium cation configuration (Aquino et al., 

2011), pH value (Kang and Xing, 2008) and drying speed (Kemper and Rosenau, 1986). All of 

these influences alone are difficult to quantify, which is why (repeated and/or unnecessary) 

wetting and drying should be avoided to preserve the natural properties of soil aggregates 

and to prevent the creation of artifacts. 

The comparison of isolation methods demonstrated that while wet-sieved fractions were 

found to contain more free primary particles and fine-sized aggregates, dry-crushed fractions 

contained more aggregates with inclusions of primary particles. This leads to more heteroge-

neous aggregate architectures within the size fractions isolated by dry crushing. This hetero-

geneous architecture is reflected by a higher bacterial alpha diversity in the dry-crushed frac-

tions (Suppl. Fig. VII-7). Significant differences in dependence on the isolation method were 

also observed in the bacterial community composition (Suppl. Fig. VII-8a). It is known that the 

use of classical methods for wet sieving and dry sieving (not comprising dry crushing) each 

come with specific influences on the bacterial community composition (Wilpiszeski et al., 

2019). These differences are likely related to habitat heterogeneities of the respective aggre-

gate fractions. In addition, differences in the bacterial community composition may result 
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from the different methodological procedures, i.e. the immersion in water during wet sieving, 

which may cause the dislodgement of bacterial cells from microaggregates. The loss of bacte-

rial cells by wet sieving steps is likely affecting different species to a different extent, consid-

ering that the interactions between bacterial cells and soil constituents such as mineral parti-

cles are known to vary between species or even strains (Ams et al., 2004; Hong et al., 2012; 

Huang et al., 2015; Krause et al., 2019). Specific strains may be more easily lost during the wet 

sieving process compared to others, which may have contributed to a reduced diversity on 

wet-sieved microaggregates, especially for the wet-sieved occluded microaggregates, which 

are exposed to wet sieving twice and additionally treated by ultrasound. In addition, the wet-

sieving protocol includes a lyophilization step, but we consider this as minor source for bias, 

as we observed no significant effects on alpha or beta diversity when testing the effect of 

lyophilization on bacterial community composition with a subset of bulk soil samples inde-

pendently (see Fig. S 7). Undoubtedly, the air-drying step of the soil prior to the dry crushing 

procedure also has an influence on the bacterial community, but this can be regarded as less 

intrusive for DNA-based studies and is causing less bias compared to the full wet-sieving pro-

tocol. Dry crushing might therefore be a useful alternative when microaggregates need to be 

isolated while better maintaining bacterial community composition. It should be noted that 

the methodological impact of the different fractionation procedures may have different ef-

fects on microbial respiration or enzyme activities, which remain to be evaluated in detail. 

Likewise, future studies should be performed to assess systematically the identity of the taxa 

that are primarily affected by different fractionation methods. 

Based on our findings, i.e. the isolation of different structures during dry crushing and a po-

tential loss of cells due to the wet sieving procedure, our initial hypothesis of a higher bacterial 

diversity in the dry-crushed samples was confirmed. This is in accordance with studies that 

compared the impact of wet sieving with dry sieving on microbial parameters (Blaud et al., 

2017; Nahidan and Nourbakhsh, 2018; Trivedi et al., 2017). Likewise as in this study, Blaud et 

al. (2017) found major differences in the microbial community composition between wet-

sieved and dry-sieved fractions, whereas the effect of the size of a fraction was minor. Besides 

the reduction of sources introducing methodological bias, aggregate properties, i. e. the dif-

ferences in failure mechanisms and structures observed in this study might explain some of 

the previously observed differences in the microbial community between dry separation and 

wet sieving techniques (Blaud et al. 2017; Bach and Hofmockel 2014). The recommendation 
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of earlier studies to employ wet sieving when focusing on long-term changes in OM and en-

zyme activity is, therefore, related to a preferential isolation of fine particle and OM-rich ag-

gregates (Nahidan and Nourbakhsh, 2018). Our results show that the dispersion and loss of 

sand-sized particles by wet sieving from intact aggregate structures may distort the transfer 

of findings from the isolated microhabitats and their associated microbial communities to the 

intact bulk soil. 

5.2 How clay content affects the soil microstructure of dry-crushed microaggregates  

Since differences in texture may lead to different aggregate architectures, we analyzed the 

microaggregates isolated by dry crushing from soils with different clay contents. A bimodal 

size distribution of dry-crushed microaggregates reveals the existence of preferential mi-

croaggregate sizes with diameters of approximately 50 µm, which were more abundant in the 

34 % clay soil, and approximately 150 µm, which were more abundant in the 19 % clay soil 

(Suppl. Fig. VII-4a). The smaller aggregates in the soil with 34 % clay compared to those in the 

soil with 19 % clay can be explained by a smaller size of the primary particles in soils with high 

clay content. The mechanical breakdown of the 34 % clay soil into smaller structural units in-

dicates a multitude of failure planes compared to the 19 % clay soil, which broke down into 

larger structures as a result of having fewer failure planes.  

Increasing aggregate diameters in dry-crushed fractions of low-clay soils are in contrast to the 

aggregate relationships found by wet sieving. In a previous study using wet sieving on the 

same gradient, most water-stable microaggregates were found to be of approximately 30 µm 

diameter independent of differences in clay content (Schweizer et al., 2019). In the high-clay 

soils, more water-stable macroaggregates > 250 µm were found, whereas microaggregates 

were larger in the size range of 50-180 µm (Schweizer et al., 2019). Accordingly, various earlier 

studies that applied wet sieving found larger water-stable aggregates in soils with higher pro-

portions of 2:1 clay minerals (Amézketa, 1999; Bronick and Lal, 2005; Six et al., 2000b). During 

wet sieving, soil structures are mostly dispersed through slaking and the swelling of phyllosil-

icates. By contrast, the dry crushing method breaks soil structures along mechanical planes of 

weakness (Kristiansen et al., 2006).  

The size distribution measurements of dry-crushed fractions after water immersion and 

Na4P2O7-dispersion show which sizes of water-stable units and primary particles are contained 

in dry-separated aggregates (Suppl. Fig. VII-4b, c). The dry-crushed microaggregates in the 

lower clay soils (19 and 24 % clay) consisted of more sand-sized particles with sizes around 
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100-250 µm in contrast to the 34 % clay soil. The comparison of the particle size distributions 

in dry, wet, and dispersed state indicate that a majority of these sand-sized particles formed 

parts of dry-crushed soil aggregates. This was also visible in both, microscopy images and to-

mography scans (Suppl. Fig. VII-2), suggesting that the inclusion of sand-sized particles in-

creased the microaggregate diameter in the soils with lower clay contents. In an earlier study 

using wet-sieved fractions, free primary particles > 100 µm were observed not to form water-

stable microaggregates (Schweizer et al., 2019). In this study, we found such sand-sized pri-

mary particles integrated in aggregates of dry-crushed size fractions. Accordingly, primary par-

ticles with diameters > 100 µm are stable aggregate compounds when samples are subjected 

to dry crushing but may be detached from fine particles during wet sieving procedures. 

The effect of isolation method on the particle size compositions is a consequence of the dif-

ferent failure mechanisms of wet sieving (hydraulic) and dry crushing (mechanical). It seems 

that wet sieving addresses more (and probably other) points of weakness, resulting in differ-

ent microaggregate subunits. Fine-sized aggregates preferentially remain stable during the 

isolation of fractions with wet sieving. Such fine aggregates are reflected by the unimodal size 

distribution at approximately 25 µm after immersing the dry-crushed microaggregates in wa-

ter (Suppl. Fig. VII-4b), which is similar to the preferential microaggregate size of wet-sieved 

microaggregates found in a previous study of the same soils (Schweizer et al., 2019). When 

upscaling findings based on wet-sieved aggregates, it is therefore important to consider that 

these do not fully represent the soil structure that was present under field conditions. There-

fore, if natural aggregate structures are of interest for the isolation of fractions that include 

their original sand-sized primary particles, dry crushing shows advantages over wet sieving. 

5.3 Mechanical stability of microaggregates across a texture gradient 

The mechanical stability of individual microaggregates from all clay contents showed a similar 

range and a high variability (Suppl. Fig. VII-5). The initial hypothesis about the influence of clay 

content on aggregate stability could therefore not be confirmed. Since microaggregates from 

the soil with a lower clay content contained more sand-sized primary particles, a similar range 

of stability suggests that sand-sized particles exerted the same influence on mechanical sta-

bility at all clay contents. Alternatively, sand-sized particles within microaggregates might also 

have less influence on their stability, since aggregates broke along their weakest mechanical 

failure planes that might be located in parts of the aggregate with fine particles. The influence 

of the particle arrangement in a soil aggregate on its mechanical stability warrants further 
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studies to determine the failure planes related with the aggregate breakdown upon crushing. 

For these future studies, it is sensible to also use air-dry samples because it is a realistic as-

sumption for near-surface soils and easy to standardize, providing samples with similar matric 

potentials, which is one of the major influences on soil stability (Horn and Peth, 2012). Our 

results show, for the first time, that it is possible to determine the stability of an individual 

microaggregate specimen in a loading frame and give a first overview of the range of mechan-

ical stability and the relationship of microaggregates with soil clay content and the isolation 

method.  

5.4 Organic matter allocation in microaggregates 

The OC concentrations in large microaggregates (53-250 µm) were found to increase in the 

soils with higher clay content and were lower in the soil with 34 % clay compared to the soil 

with 19 % clay in medium-sized microaggregates (Suppl. Fig. VII-6a). This was connected to 

the inclusion of primary particles in size fractions of the low clay soils and confirmed our initial 

assumptions. When the sand- and silt-sized primary particles were excluded from the fraction 

masses included in the measured OC concentrations, both the large and medium size fractions 

had similar OC concentrations. This suggests that the contribution of fine particles in aggre-

gates is strongly related with the OC contents. Fine mineral particles provide reactive mineral 

surfaces to stabilize OM or larger structures that occlude OM (Baldock and Skjemstad, 2000; 

Ransom et al., 1998). In turn, the proportion of larger primary particles occupying space within 

aggregates reduces the OC concentrations. This can also explain the difference of OC concen-

trations between the size fractions (Suppl. Fig. VII-6a): The primary particles contained in the 

medium size fraction might occupy less space than the larger primary particles in the large 

size fraction. The OM composition was different between the two dry-crushed size fractions 

but similar across the clay content (Suppl. Fig. VII-6c; Table S 4). A higher C:N ratio and a lower 

alkyl:O/N-alkyl ratio indicated OM to be in a less decomposed state in the large compared to 

the medium size fraction. This corroborates previous studies that used wet-sieved size frac-

tions (Fernández-Ugalde et al., 2013; Schweizer et al., 2019), despite the relatively low signal-

to-noise ratio of the NMR spectra in this study (Figure S 6, Table S 4). Larger fraction sizes 

might simply include more or larger pore spaces, which could be filled with OM, inhibiting its 

further decomposition. This assumption has to be confirmed by the analysis of the three-di-

mensional structure of the aggregate pore systems. The lower C:N ratio of the medium size 

fraction might also be related to higher amounts of mineral-associated ammonium, which was 
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shown to correlate positively with clay content (Jensen et al., 1989). The C:N ratios were, how-

ever, similar within the size fraction and did not increase in soils with higher clay contents, 

which contained more clay- and silt-sized primary particles. Therefore, the C:N ratios were 

mostly related to the decomposition of OM instead of mineral-associated ammonium. The 

difference in OM composition between the fraction sizes was not reflected by the microbial 

community composition, which was similar regardless of the microaggregate size. While the 

OC concentrations of the size fractions were mostly related with the proportion of fine pri-

mary particles, the OM composition differed between the size fractions depending on its ca-

pacity to stabilize OM. 

It seems plausible that both, wet sieving and dry crushing, yield different results for the OC 

distribution of the different aggregate size fractions. During wet sieving (especially with soni-

cation), large primary particles are dispersed from fine particles (containing the most OC) (Na-

hidan and Nourbakhsh, 2018). This leads to an underestimation of the OC content in the larg-

est fraction and an overestimation of OC in the smallest fraction. On the other hand, if larger 

quartz grains are ground into smaller primary particles during dry crushing, their resulting in-

creased abundance in the smaller fractions will probably dilute the smallest fraction, leading 

to an underestimation of the real OC content. More studies are needed in order to quantify 

the relevance of each of these two mechanisms for different OC concentrations and sub-

strates, i.e. sand contents, possibly also comparing dry sieving with and without prior crushing. 

5.5 Microbial community composition in dependence on soil clay content  

In the dry-crushed fractions, we observed stronger differences in bacterial community com-

position in dependence on soil clay content (Suppl. Fig. VII-8b), while no detectable differ-

ences between microaggregate sizes were seen regardless of the applied fractionation 

method. This is likely related to our findings on a changing size composition of the microaggre-

gates as indicated by an increasing proportion of sand-sized primary particles in microaggre-

gates from soils with lower clay content. The fact that no differences were seen in bacterial 

community composition between fraction sizes 20-53 µm and 53-250 µm seems to contradict 

the findings of some other studies, where distinct bacterial communities in micro- and 

macroaggregates were seen (Davinic et al., 2012; Fox et al., 2018; Trivedi et al., 2017; Upton 

et al., 2019). This effect might therefore be scale dependent, meaning that while differences 

between micro- and macroaggregates can be found, they do not exist within the microaggre-

gate size fractions that we investigated in this study.  
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5.6 Using dry crushing for the isolation of aggregates in future studies  

The dry crushing procedure enables addressing different research questions that expand cur-

rent aggregate separation methods, like the isolation of aggregates without the dissolution of 

water extractable OM or the quantification of the mechanical stability of individual aggre-

gates. To adopt the dry crushing procedure, a loading frame is not a necessity, since one does 

not necessarily need to record the applied force. Any device that can be used to crush soil 

macroaggregates by reducing the distance of two planar surfaces to a defined threshold (250 

µm in this case) would suffice to isolate fractions. For example, a modified bench vise could 

be used. Alternatively, a metal block with a 250 µm deep cavity could be manufactured. How-

ever, this would not allow recording of load-displacement curves, which indicates individual 

tensile strengths of aggregates and can reveal the crushing of individual primary particles (see 

4.3). The utilization of different sized spacers between planar surfaces would allow research-

ers to isolate any aggregate size that is of interest for a particular study. 

 

6 Conclusions 
 
We showed that dry crushing allows the isolation of size fractions that are characterized by a 

more variable mechanical stability compared to isolation by wet sieving. This is related to a 

higher content of sand-sized particles in dry-crushed aggregates according to different aggre-

gate failure mechanisms during dry uniaxial mechanical crushing compared to wet sieving. We 

found that dry-crushed aggregates contained sand-sized primary particles, whereas the wet-

sieved fractions contained more free primary particles released from aggregates. These dif-

ferences in aggregate properties were accompanied with differences in bacterial colonization. 

Besides, the additional re-wetting and sonication during wet sieving probably removed bacte-

rial cells, leading to a lower bacterial diversity in the occluded microaggregate fraction com-

pared to the microaggregates obtained upon dry crushing. We suggest dry crushing as an al-

ternative isolation procedure that is better preserving the bacterial associations with minerals. 

Clearly, the choice of the isolation method is reflected in microbial community composition, 

which should be considered in future studies and when comparing data between studies.  
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On average, the inclusion of sand-sized particles in dry-crushed aggregates led to 40 µm larger 

microaggregate structures when comparing the soils with low and high clay content. The dis-

persion during wet sieving equalized the size distribution with most objects at a diameter of 

approximately 25 µm. The OC concentrations in the size fraction 53-250 µm increased with 

the clay content of soils. This is explained with a decreasing proportion of sand-sized primary 

particles in the aggregates from the soils with higher clay contents. The wet-sieved size frac-

tions reflected similar patterns of OC concentration changes across clay content and fraction 

size. The sand-sized and silt-sized particles within aggregates are dispersed during wet sieving. 

Therefore, aggregates in wet-sieved size fractions contain more clay-sized and silt-sized parti-

cles. If the aim of aggregate isolation is to isolate intact structures including sand-sized primary 

particles, dry crushing can be recommended.  
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Supplementary materials 

Supplementary figures 

 

 

Supplementary Figure 1: Load-displacement curve of the 19 % clay sample. The lack of steep peaks 
indicates that the breaking of sand-sized primary particles did not occur during dry crushing. 
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Supplementary Figure 2: Mass contributions of the dry-crushed aggregate size fractions to the bulk soil 
of three different soil textures (n = 5). 

 

Supplementary Figure 3: Yield of the three microaggregate fractions after 1000 tap cycles in the 
Casagrande Apparatus for all three clay contents. 
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Supplementary Figure 4: Mechanical stability measurement through load-displacement curves of an 
individual microaggregate of the size fraction 53-250 µm (19 % clay content) in a Zwick Roell 
loading frame. Scale bar shows distance between piston and table in µm. An animated GIF of 
this measurement can be found at https://doi.org/10.6084/m9.figshare.12055722.v1.  

 

 

Supplementary Figure 5: Mass contribution comparing dry-crushed with wet-sieved free and wet-
sieved occluded size fractions of 20-53 µm and 53-250 µm. The samples were summarized to 
three main clay contents (mean ± standard error; n=5). Data of the wet-sieved free and wet-
sieved occluded fractions adapted from Krause et al. (2018). 
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Supplementary Figure 6: Relative intensities of representative solid-state 13C NMR spectra from all three 
clay contents and two size fractions. Normalized for alkyl-C maxima. 

 

 

Supplementary Figure 7: NMDS plot (a) and boxplot of the alpha diversity (b) showing the negligible 
effect of lyophilization on bacterial diversity analysis. 
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Suppl. Fig. VIII-1: Relative abundance of bacterial taxa at order level, present in soils of different size 
fractions (A) and clay contents (B). Orders with a mean relative abundance <0.1 are grouped 
as other. NAs represent sequence reads that could not be assigned to a specific order. 
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Suppl. Fig. VIII-2: Non-metric multidimensional scaling (NMDS) plot showing similarities in bacterial 
community composition between replicate samples of five clay contents and ten different 
aggregate size fractions. The plot reveals a slight effect of clay content and aggregate size 
fraction on the bacterial community composition. Statistical evaluation by analysis of 
similarity (ANOSIM) confirmed this by rather low but significant R-values. This plot confirms 
the results shown in Figure 3, whereby a few individual samples are more distinct here, but 
the samples of the smallest size fractions are also slightly separated here. 

 

Suppl. Fig. VIII-3: Venn diagram showing the results of the variation partitioning analysis to assess the 
impact of the factors size fraction and clay content (A) as well as the impact of size fraction, 
clay content and location on the microaggregates (B). Empty segments had slightly negative 
values. 
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Suppl. Fig. VIII-4: Principal component analysis (PCA) showing similarities in bacterial community 
composition in samples from soils of different clay content. Samples are color-coded 
according to the different aggregate size fractions. 
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Supplementary tables 

Suppl. Tab. VIII-1: DNA concentration in extracts after DNA extraction. Division by 10 will give 
recovery as µg DNA per g dry soil. * 

Clay content Size fraction Replicate 1 Replicate 2 Replicate 3 Replicate 4 
[%] [µm] [ng/µl] [ng/µl] [ng/µl] [ng/µl] 

19 8000 0.68 0.57 0.57 0.71 
 2800 0.58 0.48 - - 
 2000 0.74 0.61 0.73 0.58 
 500 0.60 0.58 0.58 0.59 
 250 0.73 0.60 0.60 2.13 
 250 free 1.95 1.17 1.24 1.66 
 53 µm 2.12 0.86 1.13 1.02 
 53 free 3.08 2.09 3.25 0.74 
 < 20 20.84 26.35 25.18 19.80 
  < 20 free 27.84 39.37 26.55 22.03 

22 8000 1.44 4.33 1.68 3.35 
 2800 1.02 2.17 1.82 2.42 
 2000 2.68 2.97 2.64 2.80 
 500 0.90 1.58 0.93 1.32 
 250 1.31 3.00 1.50 2.21 
 250 free 3.26 4.16 1.86 3.19 
 53 µm 1.47 3.15 1.53 2.89 
 53 free 4.29 5.13 4.12 4.02 
 < 20 25.30 13.15 6.32 13.52 
  < 20 free 47.18 46.10 36.71 19.87 

24 8000 3.85 2.02 3.18 3.70 
 2800 3.36 2.59 3.20 2.59 
 2000 5.15 4.89 3.06 3.68 
 500 2.56 2.58 2.08 1.56 
 250 2.34 2.02 2.57 2.06 
 250 free 2.58 2.50 2.36 2.50 
 53 µm 3.63 2.07 2.62 2.50 
 53 free 4.47 3.65 4.25 3.69 
 < 20 25.61 20.19 21.20 5.23 
  < 20 free 28.14 22.24 26.82 20.94 

32 8000 1.70 3.48 2.14 1.82 
 2800 2.30 2.20 1.38 2.32 
 2000 0.74 1.53 1.83 1.77 
 500 1.09 0.80 0.68 0.70 
 250 0.63 1.09 1.15 0.99 
 250 free 3.44 2.60 2.87 3.73 
 53 µm 1.20 0.88 0.82 1.13 
 53 free 2.59 1.81 2.20 1.38 
 < 20 13.89 31.13 22.52 21.86 
  < 20 free 12.87 14.37 19.26 16.44 

34 8000 2.72 1.57 4.33 3.54 
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 2800 1.50 1.33 1.81 4.00 
 2000 1.00 0.83 0.83 1.06 
 500 0.70 0.56 0.66 0.62 
 250 1.14 0.77 0.61 1.90 
 250 free 4.01 1.15 0.93 4.72 
 53 µm 0.73 0.56 0.73 0.95 
 53 free 1.89 1.18 2.23 2.99 
 < 20 28.37 24.24 22.03 34.49 
  < 20 free 21.68 16.47 21.33 12.63 

*We used between 0.6 and 47 ng of DNA in a 10-µl PCR assay to amplify the 16S rRNA 

gene. At first glance it may appear that the higher amounts of DNA used in PCR for sam-

ples <20 µm may be responsible for the distinctiveness of the bacterial community 

composition in this aggregate size fraction. However, some samples in the <20 µm frac-

tion with rather low DNA concentrations cluster well together with the other samples of 

this size fraction in PCA (Figure 3), and samples <53 µm that were similar to those of the 

<20 µm fraction according to PCA were not consistently those with the highest DNA 

concentrations. Besides, a consistent trend of increasing differences of DNA yields with 

increasing clay content was also not apparent, and thus not the underlying reason for 

the observed stronger differences in community composition with increasing clay con-

tent. In the indicator taxa analysis (Figure 4), the higher number of OTUs we identified in 

the smallest size fraction is also not related to higher amounts of DNA in PCR, because 

we worked with rarefied datasets and observed comparable alpha diversity measures 

(estimated richness and evenness) in all sample sets (Figure 1), indicating that these 

samples were not characterized by a higher diversity due to higher amounts of DNA 

used for PCR. Samples with the lowest DNA recovery had to some extent, though not 

consistently, the lowest alpha diversity values. Thus, we are convinced that diversity is 

not systematically over- or underestimated due to variable amounts of DNA input mate-

rial.  
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Suppl. Tab. VIII-2: Results of the indicator taxa analysis. Presented is the indicator value (IV) and the relative abundance of each taxon that was identified as being 
characteristic for a specific aggregate size fraction. All taxa listed here have a Benjamini and Hochberg adjusted p-value <0.05. 

Size Fraction Phylum Class Genus Order Family Species IV 
Rel. 

abund. 

8000 Proteobacteria Gammaproteobacteria NA NA NA NA 0.443 0.016 

2800 Firmicutes Bacilli Bacillus Bacillales Bacillaceae_1 Bacillus muralis 0.423 0.502 

2800 Firmicutes Clostridia Clostridium s. str. Clostridiales Clostridiaceae_1 NA 0.442 0.008 
 Proteobacteria NA NA NA NA NA 0.410 0.005 
 Proteobacteria Alphaproteobacteria NA Rhodospirillales NA NA 0.469 0.013 

2000 Bacteroidetes Sphingobacteriia Terrimonas Sphingobacteriales Chitinophagaceae Terrimonas arctica 0.478 0.022 
 Bacteroidetes Cytophagia NA Cytophagales NA NA 0.438 0.246 
 Bacteroidetes Sphingobacteriia NA Sphingobacteriales Chitinophagaceae NA 0.455 0.044 
 NA NA NA NA NA NA 0.421 0.082 
 NA NA NA NA NA NA 0.479 0.032 
 Proteobacteria Gammaproteobacteria NA NA NA NA 0.478 0.373 
 Proteobacteria Deltaproteobacteria NA Myxococcales NA NA 0.437 0.038 
 Proteobacteria Gammaproteobacteria NA NA NA NA 0.505 0.040 
 Proteobacteria Alphaproteobacteria NA Caulobacterales Caulobacteraceae NA 0.419 0.118 
 Proteobacteria Deltaproteobacteria NA Myxococcales NA NA 0.543 0.114 
 Proteobacteria Alphaproteobacteria NA NA NA NA 0.453 0.055 
 Proteobacteria Alphaproteobacteria Pseudolabrys Rhizobiales Xanthobacteraceae Pseudolabrys taiwanensis 0.433 0.044 
 Proteobacteria Alphaproteobacteria Dongia Rhodospirillales Rhodospirillaceae Dongia rigui 0.522 0.069 
 Proteobacteria Alphaproteobacteria NA Rhodospirillales Rhodospirillaceae NA 0.436 0.061 
 Proteobacteria Deltaproteobacteria NA Myxococcales NA NA 0.535 0.062 
 Proteobacteria Gammaproteobacteria Steroidobacter Xanthomonadales Sinobacteraceae NA 0.460 0.047 
 Proteobacteria Gammaproteobacteria Dokdonella Xanthomonadales Xanthomonadaceae NA 0.506 0.053 
 Proteobacteria Alphaproteobacteria Dongia Rhodospirillales Rhodospirillaceae NA 0.557 0.058 
 Proteobacteria Alphaproteobacteria NA NA NA NA 0.425 0.098 
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Size Fraction Phylum Class Genus Order Family Species IV 
Rel. 

abund. 

 Proteobacteria Deltaproteobacteria NA Myxococcales NA NA 0.466 0.299 
 Proteobacteria Gammaproteobacteria Dokdonella Xanthomonadales Xanthomonadaceae NA 0.411 0.135 

2000 Verrucomicrobia Opitutae NA Opitutales Opitutaceae NA 0.481 0.193 

500 NA NA NA NA NA NA 0.411 0.006 

500 Proteobacteria NA NA NA NA NA 0.443 0.013 
 Proteobacteria Deltaproteobacteria NA Myxococcales NA NA 0.482 0.057 
 Proteobacteria Deltaproteobacteria NA NA NA NA 0.462 0.017 
 Proteobacteria Betaproteobacteria NA NA NA NA 0.447 0.023 
 Verrucomicrobia Subdivision3 Subdivision3 inc. sed. NA NA NA 0.404 0.228 

250 Actinobacteria Actinobacteria Solirubrobacter Solirubrobacterales Solirubrobacteraceae NA 0.425 0.533 
 NA NA NA NA NA NA 0.517 0.006 
 NA NA NA NA NA NA 0.439 0.158 
 NA NA NA NA NA NA 0.431 0.012 
 Proteobacteria Deltaproteobacteria NA Myxococcales NA NA 0.455 0.569 
 Proteobacteria Alphaproteobacteria NA Rhizobiales NA NA 0.397 0.220 

250 free 
Gemmatimonade-

tes 
Gemmatimonadetes Gemmatimonas Gemmatimonadales Gemmatimonadaceae 

Gemmatimonas auranti-
aca 0.416 0.003 

53 Proteobacteria Betaproteobacteria Nitrosospira Nitrosomonadales Nitrosomonadaceae NA 0.461 0.211 

53 free Planctomycetes Planctomycetia NA Planctomycetales Planctomycetaceae NA 0.409 0.002 
 Verrucomicrobia Spartobacteria NA NA NA NA 0.447 0.001 

 <20 Acidobacteria Acidobacteria_Gp6 Gp6 NA NA NA 0.440 0.050 
 Acidobacteria Acidobacteria_Gp6 Gp6 NA NA NA 0.427 0.106 
 Acidobacteria Acidobacteria_Gp6 Gp6 NA NA NA 0.380 0.629 
 Acidobacteria Acidobacteria_Gp4 Gp4 NA NA NA 0.505 0.232 
 Acidobacteria Acidobacteria_Gp4 Gp4 NA NA NA 0.374 0.003 
 Acidobacteria Acidobacteria_Gp3 Gp3 NA NA NA 0.484 0.133 
 Acidobacteria Acidobacteria_Gp7 Gp7 NA NA NA 0.457 0.094 
 Acidobacteria Acidobacteria_Gp4 Gp4 NA NA NA 0.522 0.068 
 Acidobacteria Acidobacteria_Gp3 Gp3 NA NA NA 0.431 0.084 



VIII 
Appendix B 

170 
 

Size Fraction Phylum Class Genus Order Family Species IV 
Rel. 

abund. 

 Acidobacteria Acidobacteria_Gp6 Gp6 NA NA NA 0.416 0.580 
 Acidobacteria Acidobacteria_Gp4 NA NA NA NA 0.425 0.036 

<20 Acidobacteria Acidobacteria_Gp4 Aridibacter NA NA 
Aridibacter kavangonen-

sis 0.467 0.010 
 Acidobacteria Acidobacteria_Gp4 NA NA NA NA 0.450 0.010 
 Acidobacteria Acidobacteria_Gp4 Gp4 NA NA NA 0.473 0.315 
 Acidobacteria Acidobacteria_Gp3 Gp3 NA NA NA 0.412 0.093 
 Acidobacteria Acidobacteria_Gp4 Gp4 NA NA NA 0.476 0.071 
 Acidobacteria Acidobacteria_Gp4 NA NA NA NA 0.430 0.015 
 Acidobacteria Acidobacteria_Gp6 Gp6 NA NA NA 0.419 0.128 
 Acidobacteria Acidobacteria_Gp7 Gp7 NA NA NA 0.493 0.131 
 Actinobacteria Actinobacteria NA NA NA NA 0.454 0.022 
 Bacteroidetes Flavobacteriia Flavobacterium Flavobacteriales Flavobacteriaceae NA 0.485 0.020 
 Bacteroidetes Sphingobacteriia NA Sphingobacteriales Chitinophagaceae NA 0.418 0.174 
 Bacteroidetes NA NA NA NA NA 0.474 0.031 
 Bacteroidetes Sphingobacteriia NA Sphingobacteriales Chitinophagaceae NA 0.457 0.177 
 Bacteroidetes Sphingobacteriia Terrimonas Sphingobacteriales Chitinophagaceae NA 0.475 0.183 
 CD WPS-1 NA NA NA NA NA 0.476 0.018 
 CD WPS-1 NA NA NA NA NA 0.456 0.218 
 CD WPS-1 NA NA NA NA NA 0.445 0.021 
 CD WPS-1 NA NA NA NA NA 0.446 0.055 

 Gemmatimonade-
tes 

Gemmatimonadetes Gemmatimonas Gemmatimonadales Gemmatimonadaceae 
Gemmatimonas auranti-

aca 0.414 0.115 

 Gemmatimonade-
tes 

Gemmatimonadetes Gemmatimonas Gemmatimonadales Gemmatimonadaceae 
Gemmatimonas auranti-

aca 0.402 0.083 
 Latescibacteria NA NA NA NA NA 0.477 0.063 
 Latescibacteria NA NA NA NA NA 0.453 0.053 
 NA NA NA NA NA NA 0.499 0.008 
 NA NA NA NA NA NA 0.542 0.061 
 NA NA NA NA NA NA 0.456 0.078 
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Size Fraction Phylum Class Genus Order Family Species IV 
Rel. 

abund. 

 NA NA NA NA NA NA 0.467 0.040 
 NA NA NA NA NA NA 0.451 0.011 

<20 NA NA NA NA NA NA 0.411 0.201 
 NA NA NA NA NA NA 0.482 0.044 
 NA NA NA NA NA NA 0.436 0.109 
 Nitrospirae Nitrospira Nitrospira Nitrospirales Nitrospiraceae NA 0.452 0.076 
 Proteobacteria Betaproteobacteria NA NA NA NA 0.425 0.086 

 Verrucomicrobia Spartobacteria 
Spartobacteria inc. 

sed. 
NA NA NA 

0.461 0.127 

 Verrucomicrobia Spartobacteria 
Spartobacteria inc. 

sed. 
NA NA NA 

0.415 0.242 

 <20 free Acidobacteria Acidobacteria_Gp4 NA NA NA NA 0.468 0.118 
 Acidobacteria Acidobacteria_Gp4 NA NA NA NA 0.504 0.051 
 Acidobacteria Acidobacteria_Gp4 Aridibacter NA NA NA 0.504 0.018 
 Acidobacteria Acidobacteria_Gp4 NA NA NA NA 0.560 0.059 
 Acidobacteria Acidobacteria_Gp4 NA NA NA NA 0.539 0.359 
 Acidobacteria Acidobacteria_Gp6 Gp6 NA NA NA 0.457 0.023 
 Actinobacteria Actinobacteria Aeromicrobium Actinomycetales Nocardioidaceae NA 0.560 0.006 
 Armatimonadetes Chthonomonadetes Chthonomonas Chthonomonadales Chthonomonadaceae NA 0.443 0.016 
 Bacteroidetes Sphingobacteriia NA Sphingobacteriales Chitinophagaceae NA 0.478 0.124 
 Bacteroidetes Sphingobacteriia Pedobacter Sphingobacteriales Sphingobacteriaceae NA 0.451 0.007 

 Bacteroidetes Sphingobacteriia Flavisolibacter Sphingobacteriales Chitinophagaceae 
Flavisolibacter ginsen-

giterrae 0.444 0.123 
 Bacteroidetes NA NA NA NA NA 0.527 0.001 
 Bacteroidetes Sphingobacteriia NA Sphingobacteriales Sphingobacteriaceae NA 0.493 0.091 
 Bacteroidetes Sphingobacteriia Mucilaginibacter Sphingobacteriales Sphingobacteriaceae NA 0.480 0.012 
 Bacteroidetes Sphingobacteriia Mucilaginibacter Sphingobacteriales Sphingobacteriaceae Mucilaginibacter rigui 0.548 0.011 

 Can. Saccharibac-
teria 

NA 
Saccharibacteria inc. 

sed. 
NA NA NA 

0.411 0.001 

 Can. Saccharibac-
teria 

NA NA NA NA NA 
0.429 0.001 

 CD WPS-1 NA NA NA NA NA 0.427 0.005 
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Size Fraction Phylum Class Genus Order Family Species IV 
Rel. 

abund. 

 NA NA NA NA NA NA 0.547 0.007 
 NA NA NA NA NA NA 0.424 0.049 

<20 free NA NA NA NA NA NA 0.610 0.040 
 NA NA NA NA NA NA 0.462 0.100 
 NA NA NA NA NA NA 0.458 0.156 
 NA NA NA NA NA NA 0.582 0.019 
 NA NA NA NA NA NA 0.475 0.013 

 Proteobacteria Betaproteobacteria Aquabacterium Burkholderiales Burkholderiales inc. sed 
Aquabacterium citratiphi-

lum 0.426 0.181 
 Proteobacteria Alphaproteobacteria Novosphingobium Sphingomonadales Sphingomonadaceae NA 0.530 0.011 
 Proteobacteria Alphaproteobacteria Sphingopyxis Sphingomonadales Sphingomonadaceae NA 0.517 0.005 

 Proteobacteria Alphaproteobacteria NA 
Alphaproteobacteria inc. 

sed 
NA NA 

0.401 0.211 
 Proteobacteria Betaproteobacteria NA Methylophilales Methylophilaceae NA 0.556 0.005 
 Proteobacteria Gammaproteobacteria NA Xanthomonadales Xanthomonadaceae NA 0.513 0.039 
 Proteobacteria Alphaproteobacteria Caulobacter Caulobacterales Caulobacteraceae Caulobacter segnis 0.532 0.092 
 Proteobacteria Betaproteobacteria Aquabacterium Burkholderiales Burkholderiales inc. sed Aquabacterium commune 0.672 0.083 
 Proteobacteria Betaproteobacteria NA Burkholderiales NA NA 0.678 0.028 
 Proteobacteria Alphaproteobacteria Mesorhizobium Rhizobiales Phyllobacteriaceae Mesorhizobium loti 0.464 0.026 
 Proteobacteria Gammaproteobacteria NA Pseudomonadales Moraxellaceae NA 0.592 0.021 
 Proteobacteria Gammaproteobacteria NA NA NA NA 0.447 0.001 
 Proteobacteria Betaproteobacteria NA Burkholderiales NA NA 0.629 1.840 
 Proteobacteria Betaproteobacteria Ralstonia Burkholderiales Burkholderiaceae Ralstonia pickettii 0.668 0.733 
 Proteobacteria Alphaproteobacteria Sphingomonas Sphingomonadales Sphingomonadaceae NA 0.502 0.196 

  Proteobacteria Gammaproteobacteria Aquicella Legionellales Coxiellaceae NA 0.453 0.003 
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Supporting information to chapter III 
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Suppl. Fig. IX-1: Viability stains of Gordonia alkanivorans showing the brightfield and fluorescence 
image (a) with viable cells in the green (495 nm) channel (b) and non-viable cells in the red 
channel (570 nm) (b). 

 

 

Suppl. Fig. IX-2: SEM micrograph of P. protegens wildtype at t3 incubated with montmorillonite and 
goethite receiving the wet-dry cycles showing microbial cell envelopes and the disrupted 
cell walls. 
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Supporting information to chapter IV 
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Suppl. Fig. X-1: Comparison of the captured fluorescence signals with and without the use of the 
ApoTome 
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Suppl. Fig. X-2: Morphological and compositional heterogeneity as well as variation in microbial colonization of further individual microaggregates. Green 
fluorescent signals represent vital and red fluorescent signals dead bacterial cells. The images were obtained by fluorescence imaging using the ApoTome 
and subsequent deconvolution. 
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Suppl. Fig. X-3: Morphological and compositional heterogeneity as well as variation in microbial colonization of further individual microaggregates. Green 
fluorescent signals represent vital and red fluorescent signals dead bacterial cells. The images were obtained by fluorescence imaging using the ApoTome 
and subsequent deconvolution.
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Description of the experimental setup the aggregate soil samples were taken from 

 

 

 

 

Excerpt modified on the basis of the manuscript: 

Amelung, W.; Meyer, N.; Rodionov, A.; Aehnelt, M.; Bauke, S.;Biesgen, D.; Dultz, S.; Guggen-

berger, G.; Jaber, M.; Knief, C.; Klumpp, E.; Kögel-Knabner, I.; Nischwitz, V.; Schweizer, S.; 

Wu, B.; Totsche, K.U.; Lehndorff, E., 2021. Process sequence of aggregate formation as dis-

entangled through multi-isotope labelling. Geoderma 

Manuscript submitted 
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Materials and Methods 

To understand processes of initial soil aggregate formation and turnover, a microcosm study 

was conducted in a climate chamber, using isotope-labelled organic and inorganic model 

compounds (13C-EPS, 15N-bacteria, 57Fe-FeOOH, and 29Si-montmorillonite) as major constitu-

ents of soil aggregate formation (Fig S1, Supplementary Materials, see online version). 

For the production of 13C-labelled EPS, we used Bacillus subtilis strain 168 [DSM 402], and 

employed a harvesting protocol presented as by Omoike and Chorover (2006). The bacterial 

cells were streaked onto fresh 12C-glucose agar plates (glucose medium), cultured for 16 h 

under aerobic conditions, harvested, added to 50 ml 12C glucose liquid medium, and were 

again allowed to grow overnight. Around 1-2 mL of the culture was transferred to 50 mL 

fresh 13C-glucose medium and allowed to grow for 24 h. From this, again, 1-2 mL of the cul-

ture was added to new 13C glucose medium (24 h of growth). This step was repeated up to 

four times to increase the incorporation of the 13C-label. The cultures were harvested after 

24 h of growth, i.e., in the stationary growth phase, when visibly maximum aggregation and 

viscosity occurred. EPS was separated from the cells by centrifugation (10,000 x g, 4 °C). The 

pelleted cells were re-dispersed twice in the same supernatant; the final centrifugation step 

lasted 40 minutes. Finally, a volume reduction of the supernatant by 90% was achieved using 

freeze-drying. The concentrated EPS was precipitated in cold ethanol (70% of final concen-

tration) for 12 h, and the precipitate was separated from the ethanol suspension by centrif-

ugation (12,000 x g, 30 min at 4 °C) and re-suspended in ultrapure (Milli-Q) water. This ex-

traction was repeated 3 times (to obtain further precipitation of EPS in the supernatant). The 

pellet obtained after centrifugation was dissolved in Milli-Q water and dialyzed against the 

Milli-Q water using Spectra/Por 7 regenerated cellulose (RC) membranes (1000 MWCO from 

Spectrum Europe, Breda, NL) to remove ethanol and entrained media residues. After dialysis 

for 72 h against two changes of Milli-Q water per day, the solution was freeze-dried to a dry, 

fibrous matrix and stored at -20 °C prior to use. Overall, 13C-EPS was extracted with a mass 

yield of up to 400 mg L-1 of labelled EPS, which is in good agreement with Omoike and Cho-

rover (2006) and Decho and Moriarty (1990), reporting yields of 420 mg L-1and up to 3 g L-1, 

respectively. Samples never exceeded 4°C during the whole extraction procedure. 

To obtain 15N-labelled bacterial biomass, four different strains with specific characteristics 

were selected as model organisms to reflect soil bacterial diversity: i) Pseudomonas prote-
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gens CHA0 gfp2 (Péchy-Tarr et al., 2013), a green fluorescence protein (GFP) labeled mutant 

of Pseudomonas protegens CHA0, which is a widely distributed, fast-growing soil bacterium 

with a broad substrate spectrum, ii) Methylocystis parvus DWT (Knief & Dunfield, 2005), a 

slow-growing soil bacterium that utilizes methane as its sole carbon and energy source, iii) 

Streptomyces viridosporus (DSM 40243T) (Pridham et al., 1958), a soil bacterium character-

ized by its filamentous growth characteristics and its ability to degrade complex and hard-to-

degrade carbon compounds such as lignin, and iv) Gordonia alkanivorans (DSM 44187) 

(Kummer et al., 1999), a soil bacterium characterized by its hydrophobic cell surface. P. 

protegens CHA0 gfp2 was cultivated in liquid culture on a shaker at 260 rpm in M9 medium 

(DSMZ medium 382) with the addition of gentamycin. M. parvus DWT was cultured on AMS 

medium agar plates under a methane atmosphere (ATCC medium 784). S. viridosporus was 

cultured on a shaker at 320 rpm in ISP4 liquid medium (DSMZ medium 547). G. alkanivorans 

was cultured on MSM solid medium (Rhee et al., 1998). All bacterial cultures were grown at 

30°C. The 15N labelling of bacterial cells was performed in AMS, MSM and M9 media by the 

addition of 15NH4Cl (≥98 atom % 15N) (Sigma-Aldrich, St. Louis, USA) and in ISP4 medium by 

the addition of (15NH4)2SO4 (98 atom % 15N) (Sigma-Aldrich, St. Louis, USA). On the starting 

day of the microcosm experiment, the bacterial cultures were harvested, re-suspended in 

sterile water and pooled. Due to its filamentous growth, the S. viridosporus culture was 

passed through a 150 µm mesh before being added to the final suspension. In the final cul-

tures 50.4 % of bacterial N was 15N (Tab. X-1). 

Suppl. Tab. X-1: N from Living bacteria, C from extracellular polymeric substances (EPS), Fe and clay 
labels applied to homogenized Ap horizon from a Haplic Luvisol. Three gauze bags per pot 

filled with labeled soil (3x13 g per pot; total labeled pots = 2x3x3). 
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For synthesis of 57Fe labelled goethite, powdered 57Fe metal with a degree of enrichment 

>95.5 % was obtained from EURISO-TOP (Saint Aubin, France). The Fe powder was dissolved 

in concentrated H2SO4 p.a., and Fe was oxidized to the trivalent form by addition of 30% 

H2O2 for trace analysis (chemicals from VWR International GmbH, Darmstadt, Germany). 

Synthesis of goethite started by addition of 10 M NaOH under continuous stirring up to pH 

12. The suspension was kept at 25°C for 13 days (Cambier, 1986). After adjusting to pH 6 by 

addition of 0.1 M HCl the goethite was washed with deionized water by centrifugation and 

decantation until the electrical conductivity was <20 µS cm-1. Finally, the suspension was 

freeze-dried. The goethite crystallites showed needle-like habitus with an average needle 

length of 0.5 µm and an average thickness of 0.03 µm as determined by scanning electron 

microscopy (SEM; FEI Quanta 200, Hillsboro, USA) (Fig. S2a; Supplementary Materials, see 

online version). The purity of the goethite produced was verified by X-ray diffraction (XRD; 

CuKα radiation; 40 kV, 30 mA) using a Siemens D500 (Karlsruhe, Germany) instrument (Fig. 

S2b, Supplementary Materials, see online version). The specific surface area (SSA) measured 

by N2 adsorption at 77 K (Quantachrome Nova 4000e, Boynton Beach, USA) was 75 ± 5 m² g-

1. 

The 29Si-labelled montmorillonite, Ca0.2(Al1.6Mg0.4)[Si4O10(OH,F)2], was synthesized according 

to the standard procedure for clay minerals outlined by Jaber et al. (2012) and Jacquemot et 

al. (2019), using 100% of 29Si labelled tetraethoxysilane as silica source. The hydrogel was 

obtained by adding 25.1 mL of a solution of aluminium nitrate (81.2 g L-1) and 4.01 mL of a 

solution of magnesium nitrate (100.45 g L-1) into a 15 mL solution of ethanol containing 0.1 

mol of labelled TEOS (tetraethylorthosilicate) and 0.005 mol of CaCO3. An ammoniacal solu-

tion (33%) was then added until gelification. The gel was stored one night at room tempera-

ture and heated one day at 200°C and another day at 650°C. The dried "gel" was then trans-

ferred into an internal silver tubing placed in an externally-heated Morey-type pressure ves-

sel. Synthesis conditions were a temperature of 400°C, a water pressure of 1 kbar, and a du-

ration of four weeks. The final product had a 29Si label of about 10% (Tab. X-1), with a layer 

density of d001 = 1.4 nm, as typical for 3-layer clay minerals (Figure S3a, Supplementary Ma-

terials, see online version). The sharp d001 basal spacing evidences significant size and crys-

tallinity; transmission electron microscopy (TEM) confirms voluminous structure prior to 

manual grinding (Figure S3b, Supplementary Materials, see online version). After synthesis, 

the EPS, goethite, and montomorillonite were freeze dried, sieved <250 µm and added in 
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equal amounts to dry-sieved microaggregates (<250 µm) from a Stagnic Luvisol derived from 

loess (John et al., 2005) and collected near Rotthalmünster, Germany, located in the Tertiary 

mountainous area (Tertiäres Hügelland) in the lower Rottal area. The soil had 17% clay (< 2 

µm), 30% fine silt (2-20 µm), 43% coarse silt (20-63 µm) and 10% sand (63-2000 µm) in the 

Ap horizon; dominant minerals of the clay fraction were illite > kaolinite > vermiculite (John 

et al., 2005). Dry-sieving of the Ap soil sample to <250 µm was done to pre-destroy 

macroaggregates, as, e.g., also suggested by DeGryze et al. (2006) for aggregation experi-

ments. Thereafter, the 15N bacterial suspension was added with a spray bottle while con-

stantly mixing the soil substrate at a water content of 20% w/w. Table 1 provides details on 

the added amounts. The spiked soil was then filled into gauze bags with 13 g each and three 

bags were placed in the topmost 10 cm of a pot. The gauze (mesh size 1 mm) was selected 

to hinder coarse roots but to allow fine roots and hyphae to enter the bags and support ag-

gregate formation. Each treatment consisted of three pots. We thus prepared 18 pots, 9 of 

which were planted with Festuca heteromalla as a model plant (1 seed cm-2). Additionally, 9 

plant-free pots representing bare soil and additionally a total of 18 corresponding pots with 

unlabeled soils served as controls (see Fig. S1; Supplementary Materials for experiment de-

tails). All pots were incubated in a climate chamber under environmental conditions typical 

for summer in Germany (14 h day-time with 25°C, 10 h night-time with 15°C, 450 µmol m-2 s-

1 light intensity, 70% humidity). Artificial drip irrigation then continued in weekly intervals in 

order to prevent the pots from drying and to maintain soil moisture at 20 ± 3% (w/w). 

Festuca has a dense root growth and is resistant against nutrient (N) stress. Root growth was 

controlled by cutting the above ground plant biomass (Volder et al., 2007), to about 10 cm 

after sampling at 4 and 12 weeks to prevent the formation of dense root balls in the pots 

that would complicate obtaining complete macro- and microaggregates even when protect-

ed from coarse roots in gauze bags. Soil samples were taken after 4 and 12 weeks of incuba-

tion and after one complete vegetation period of 30 weeks. 
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