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ABSTRACT 

Notwithstanding the inhospitable and nutrient poor environment and the vagaries of ambient and 

hydration conditions, soil is the most biologically active compartment of the biosphere, hosting 

unparalleled biodiversity at all scales. Present understanding of soil as a complex and dynamic 

habitat for microbial life is sketchy and often suffers from misconceptions regarding what 

constitutes favourable or unfavourable environments. Consequently, understanding of the 

original patterns of soil microbial diversity represents an immense and uncharted scientific 

frontier. Progress in resolving mechanisms that promote the unparalleled soil biodiversity and 

sustain the immense soil ecosystem functions requires transformation of heuristic ecological 

concepts into process-based models that consider dynamic biophysical interactions at 

appropriate spatial and temporal scales.  

We developed a hybrid modeling framework that couples individual-based modeling 

approach with diffusion-consumption elements for microbial growth and nutrient consumption, 

and trophic interactions at individual cell scale on rough surfaces. The model resolves spatial 

and temporal nutrients diffusion fields defined by boundary conditions, surface geometry 

features and by local nutrients interceptions by individual cells, and explicitly tracks motions 

and life histories of individual cells considering primary hydrodynamic and capillary constraints 

to motility. It enables systematic estimating the effects of hydration status and surface 

geometrical properties on bacterial cell motility and impacts on surface-attached bacterial colony 

growth and expansion, and the influence of variable hydration conditions on microbial 

population interactions and community dynamics on partially hydrated rough surfaces, as well 

as the effects of trophic interactions on shaping microbial population dynamics and community 

structure, and their impacts on microbial ecological functioning in unsaturated soils.  

Combined experimental observation with simulation models, we have demonstrated that 

hydration-induced aqueous phase configuration coupling surface geometry properties impose 

significant physical constraints (cell-wall hydrodynamic and capillary forces) upon microbial 

cell motility on partially-hydrated rough surfaces, and couples nutrient diffusion limitations, 

control microbial growth and colony development. The results defined a surprisingly narrow 

range of hydration conditions (within a few kPa of matric potential value) where motility 

confers ecological advantage upon microbial life on natural surfaces (seeing chapters 2 and 3). 

The rapid fragmentation of soil aqueous phase under most natural conditions suppresses 

microbial growth and cell dispersion thereby balances conditions experienced by competing 

populations. Additionally, hydration fluctuations intensify localized interactions that lead to 
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promotion of coexistence by affecting disproportionally densely populated regions during dry 

periods thereby affecting microbial population dynamics far beyond responses predicted from 

equivalent stationary hydration values (chapter 4). Based on the knowledge gained from the 

systematic study of microbial dynamics inhabiting unsaturated rough surfaces, we have 

successfully developed a novel biophysically-based metric capable for predicting the onset of 

microbial species coexistence and diversity in soils based on solely quantifiable biophysical 

variables. The model predicted a surprisingly narrow range of hydration conditions that mark a 

sharp transition from suppression to promotion of microbial diversity irrespective of soil type or 

details of surface roughness geometry for the onset of microbial coexistence consistent with 

limited experimental results and with individual-based simulation models (chapter 5). 

Simulation models of microbial trophic interactions revealed that trophic interactions among 

multiple species may increase ecological niche dimensionality through spatial self-organization 

of microbial consortium. Spatial organization is strongly influenced by the geometry of primary 

nutrient fluxes and by the nature and rate of release of byproducts essential for other members in 

the consortium. Not surprisingly, hydration conditions and spatial heterogeneity impose 

diffusion constraints and motility limitations that influence levels and rates of self-organization. 

Concentration gradients and inhibitory functions of various substrates relative to species growth 

rates and tolerance levels are clearly manifested in the emerging spatial patterns of consortia 

(chapter 6). 

The study lay at the intersection of environmental microbiology, vadose zone hydrology, and 

soil physics. The quantitative estimates offered a potential for improved understanding of 

microbiological interactions in the most active compartment of the biosphere, and it has broad 

impact in cutting across disciplinary boundaries and in offering new insights into long standing 

environmental questions that are critical to soil and water resources quality, the fate of biogenic 

and anthropogenic contaminants, and global biogeochemical cycles, specifically, shedding lights 

into the origins of the unparallel soil biodiversity maintenance. The proposed framework would 

offer instrumental tool in guiding future experiments and data collection.  
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 ZUSAMMENFASSUNG 

Trotz unwirtlichen und nährstoffarmen Bedingungen, schnell wechselnden Umwelteinflüssen 

und veränderlichem Wasserhaushalt ist Boden wohl der biologisch aktivste Bestandteil der 

Biosphäre und beherbergt unübertroffene Biodiversität. Unser Verständnis von Böden als 

komplexe und dynamische Lebensräume für Mikroorganismen ist nach wie vor lückenhaft und 

basiert häufig auf fehlerhaften Auffassungen über die Beurteilung von günstigen 

beziehungsweise ungünstigen Umweltbedingungen. Dementsprechend stellt das Verständnis 

von Herkunft und Strukturen mikrobiologischer Artenvielfalt eine grosse wissenschaftliche 

Herausforderung dar. Um die Erforschung von Mechanismen, welche für die gewaltige 

Biodiversität im Boden verantwortlich sind, voranzutreiben, ist es erforderlich, heuristische 

ökologische Konzepte durch Prozess-basierte Modelle zu ersetzen, welche in der Lage sind, 

biophysikalische Wechselwirkungen auf einer angemessenen räumlichen und zeitlichen Skala zu 

betrachten.  

Wir entwickelten ein Hybrid-Modell, das den Individuen-basierten Ansatz mit Diffusions-

und Konsumptionselementen für das microbielle Wachstum und die Nährstoffverfügbarkeit auf 

rauhen Oberflächen koppelt, und durch trophische Wechselwirkungen auf individueller 

Zellebene ergänzt. Das Modell beschreibt räumlich und zeitlich aufgelöste Diffusionsprozesse 

basierend auf gegebenen Randbedingungen, geometrischen Gegebenheiten der rauhen 

Oberfläche und lokaler Entnahme durch einzelne Mikroben. Die Bewegung und der 

Lebenszyklus individueller Zellen wird durch das Model verfolgbar gemacht, wobei hier 

insbesondere Einschränkungen der Bewegungfreiheit durch Kapillarkräfte und 

hydrodynamische Bedingungen berücksichtigt werden. Das Model erlaubt eine systematische 

Einschätzung, wie sich der Benetzungsgrad einer rauhen Oberflächen und deren geometrische 

Beschaffenheit auf die Beweglichkeit von Bakterien auswirkt, sowie deren Einfluss auf das 

flächenhafte Wachstum von Bakterienkulturen. Ferner ermöglicht es eine quantitative 

Bewertung des Einflusses von trophischen Wechselwirkungen auf die mikrobielle 

Populationsstruktur und -dynamik, und deren Auswirkung auf die Erhaltung der Biodiversität 

und ökologischer Funktionen. 

Eine Kombination von experimentellen Beobachtungen und Modellsimulationen zeigte, dass 

die topographische Oberflächenbeschaffenheit und die räumliche Konfiguration benetzter lächen 

gemeinsam zu einer erheblichen physikalischen Einschränkung der Bewegungsfreiheit von 

Mikroorganismen führen (hauptsächlich durch hydrodynamische Interaktionen zwischen Zelle 

und Untergrund bezwiehungsweise durch Kapillarkräfte). Da zusätzlich der diffusive Transport 
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von Nährstoffen bei niedrigem Benetzungsgrad limitiert ist, hängt das Wachstum von 

Zellkulturen und deren Entwicklung auf rauhen Oberflächen zu einem grossen Teil vom 

Vorhandensein von Wasser ab. Unsere Resultate zeigen eine überraschend schmale Bandbreite 

von Benetzungsgraden (innerhalb weniger kPa Matrixpotential) einer natürlichen Oberfläche, in 

der mikrobielle Bewegung ökologische Vorteile bietet (Kapitel 2 und 3). Die rasch zunehmende 

Fragmentierung von benetzten Flächen bei Abnahme der Oberflächenfeuchte (wie es unter 

natürlichen Bedingungen häufig auftritt) beschränkt Wachstum und Ausbreitung der 

Mikroorganismen und gleicht damit die Konkurrenz zwischen einzelnen Populationen aus. 

Ausserdem intensivieren Schwankungen der Oberflächenbenetzung kleinräumige Interaktionen, 

die die Koexistenz von Arten dadurch fördern, dass sie dicht besiedelte Populationen ungleich 

stärker beeinträchtigen, und auf diese Weise die mikrobielle Populationsdynamik weit stäker 

beeinflussen, als dies bei Betrachtung von äquivalenten stationären Hydrationsverhältnissen zu 

erwarten wäre (Kapitel 4). Basierend auf dem Wissen, das wir durch die systematische Studie 

von mikrobieller Populationsdynamik auf rauhen Oberflächen gewannen, konnten wir eine 

neuartige Kennzahl entwickeln, welche die Möglichkeit mikrobiellen Zusammenlebens und 

mikrobieller Diversität lediglich aufgrund von biophysikalischen Variablen vorhersagt. Dieses 

Modell sagt eine überaschend schmale Bandbreite von Benetzungsgraden voraus, bei welcher 

Biodiversität hemmende und fördernde Mechanismen einander ablösen. Solche Vorhesagen 

behalten ihre Gültigkeit unabhängig von spezifischen Bodentypen oder geometrischen Details 

einer rauhen Oberfläche. Unsere Prognosen bezüglich mikrobieller Koexistenz sind ebenfalls im 

Einklang mit den wenigen verfügbaren experimentellen Beobachtungen und bisherigen 

Individuen-basierten Modellergebnissen (Kapitel 5). Unsere Simulationsresultate haben ergeben, 

dass trophische Wechselwirkungen zwischen mehreren Arten die Dimensionalität der 

ökologischen Nischen durch räumliche Selbstorganisation der mikrobiellen Gemeinschaft 

erhöhen könnten. Die räumliche Organisation ist stark abhängig von der Richtung des 

Transports primärer Nährstoffe, sowie von der Ausscheidung sekundärer Nährstoffe, welche von 

anderen Mitgliedern in einer gegebenen Biozönose genutzt werden. Erwartungsgemäss 

entscheidet die Menge und Verteilung von Wasser an einer Oberfläche über Einschränkungen 

für die Nährstoffdiffusion und die mikrobielle Beweglichkeit, und ist dadurch auschaggebend 

für die Möglichkeit und den Grad der Selbstorganisation. Konzentrationsgradienten von 

Nährstoffen, sowie die einschränkenden Einfluesse unterschiedlicher Substrate bezüglich 

Wachstumsraten und Toleranzniveaus verschiedener Bakterienarten spiegeln sich eindeutig in 

den auftretenden räumlichen Verteilungsmustern der mikrobiellen Gemeinschaften (Kapitel 6). 
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Diese Studie vereint Elemente der Umweltmikrobiologie, der Bodenhydrologie und der 

Bodenphysik. Resultierende quantitative Abschätzungen ermöglichen ein vertieftes Verständnis 

der mikrobiellen Wechselwirkungen im wohl aktivsten Teil der Biosphäre. Diese 

disziplinübergreifende Studie liefert Antworten auf wichtige und langjährige Fragen der 

Umweltwissenschaften. Ihre Relevanz erstreckt sich auf Fragen der Qualität unserer natürlichen 

Wasserressourcen und deren Beeinträchtigung durch natürliche und anthropogene Schadstoffe, 

sowie auf die Untersuchung des biologischen und geochemischen Kreislaufs. Im Speziellen lässt 

sie die gewaltige Vielfalt und Diversität von Mikroorganismen in natürlichen Böden in eine 

neues Licht setzen. Die vorgestellten Konzepte bieten ausserdem einen nützlichen Leitfaden für 

zukünftige experimentelle Untersuchungen und Datenerhebungen. 
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Chapter 1 

General Introduction 

1.1 Microbial diversity and function in soil 

Notwithstanding the inhospitable and nutrient poor environment and the vagaries of extreme 

fluctuations in environmental conditions, soil is the most biologically active compartment of the 

biosphere hosting unparalleled microbial diversity at all scales (Stotzky, 1997; Fenchel, 2002; 

Torsvik and Ovreas, 2002; Fierer and Jackson, 2006; Hibbing et al., 2010). Even at very small 

scale, many thousands to millions of distinct genotypes (or operational taxonomic units - OTU) 

may inhabit one gram of soil (Torsvik et al., 1990; Curtis et al., 2002; Schloss and Handelsman, 

2006). Results show that soil fungal, archaeal, and viral communities are as diverse as soil 

bacteria (Schloss and Handelsman, 2006). Soil microbes live in habitats of complex and 

extremely variable physico-chemical environmental conditions (Curtis & Sloan 2004; Fenchel 

2002; Young & Crawford 2004; Prosser et al., 2007). The resulting ecological heterogeneity of 

soils from the interplay of spatiotemporal, physical, chemical and nutritional variables 

delineating spheres of influence that may separate microbes with respect to location, physiology, 

or genetics (Dion, 2008). Although spatial and nutritional heterogeneities, and spatial and 

temporal microhabitat fragmentation are often cited as key factors promoting the immense 

microbial diversity found in soils, understanding of the original patterns of the dynamics and 

interplay of mechanisms that sustain such diversity and maintain numerous ecological functions 

remains sketchy (Zhou et al., 2002; Curtis and Sloan, 2004; Torsvik et al., 2006; Prosser et al., 

2007; Dion, 2008). 

An important and poorly studied aspect of soil microbial diversity is its temporal component, 

because molecular-based estimates of microbial diversity in soils are likely to represent a genetic 

potential most of which may be associated with inactive organisms (similar to the discrepancy 

between seed bank found in soil relative to actual plant composition - Prosser et al., 2007). The 

ambiguity introduced by the fact that bacteria may be active at different times due to temporal 

discontinuity of their functional niches (Torsvik et al., 1996) presents a challenge establishing 

direct links between diversity and recent soil environment and also requires revision of elements 

of ecological theory. The question of how much of molecular-based genetic diversity estimates 

is directly linked and shaped by present ecological conditions vs. how much of it is shaped by 

population and interspecies interactions over time remains a central challenge for modern 

microbial ecology (Prosser et al., 2007; Curtis and Sloan, 2005). A promising path of research is 
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to capitalize on the highly “plastic” physiological and ecological adaptation of microbial life to 

extreme variations in environmental conditions, even to physico-chemical conditions that define 

the limit of life, such as desiccation (Torsvik and Ovreas, 2008; Dion, 2008). 

 

1.2 Modeling hydro-physical microbial interactions in soil 

Progress in resolving ecological questions pertaining to the origins and mechanisms that 

promote and sustain soil microbial diversity and the translation of qualitative concepts into 

predictive tools must rely on quantitative models for integration of main bio-physico-chemical 

processes considering ecological interactions at appropriate spatial and temporal scales (Kerr et 

al., 2002; Reichenbach et al., 2007; O’Donnell et al., 2007; Dion, 2008; Banavar and Maritan, 

2009). In a recent review on the role of ecological theory in microbial ecology, Prosser et al. 

(2007) asserts that “Many pressing questions in microbial ecology require the consideration of 

both spatial and temporal scale. Growth rates can vary over several orders of magnitude 

depending on environmental and nutritional conditions, and speciation will depend on both 

growth and dispersal. Analysis of the combined effects of these factors on microbial community 

structure, evolution and ecosystem function requires quantitative modeling ...”. In this study, we 

developed a modeling framework based on spatially- and temporally resolved hybrid model 

(Long and Or, 2005, 2007, 2009) that couples nutrient diffusion-consumption elements with 

individual-based modeling approach of microbial growth and dispersion on rough surfaces (or 

unsaturated soils).  

 

1.3 Ecological challenges for microbial function in unsaturated soil  

1.3.1 Hydration functions, microbial motility and dispersal on rough surfaces 

Bacterial motility is recognized as a key mechanism for small scale biodiversity maintenance 

and ecosystem functions (Mills, 2003; Reichenbach et al., 2007; Venail et al., 2008). In contrast 

to water-replete environments where bacterial motility is essentially unrestricted, soil bacteria 

constantly encounter various physical constraints habiting patchy and dynamic soil 

environments where aquatic microhabitats are often fragmented and connected only by thin 

liquid films of bacterial size or smaller (Or et al., 2007). The limitations to bacterial motility in 

thin liquid films have long been posited but never directly quantified or described biophysically; 

and the fitness benefit associated with bacterial motility in partially saturated soils has been 

debated due to conflicting experimental data (Boelens et al., 1994; Turnbull et al., 2001). 

Despite lack of direct observations of bacterial motility in unsaturated soils, evidence suggest 
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that soil hydration and pore-space characteristics play critical roles in bacterial motility (Barton 

and Ford, 1997; Chang and Halverson, 2003; Or et al., 2007).  

Here we experimentally grow bacteria on hydration controlled porous ceramic surface that 

enables direct observations of individual bacterial dispersal for systematic estimating how 

surface hydration condition (matric potential) couples surface geometrical properties (pore space 

heterogeneity) influence bacterial motility, and the impact of such constraints on surface-

attached bacterial colony growth and expansion. To mechanistically explain our experimental 

observations and to provide a predictive tool for bacterial dispersal and colony development on 

partially-hydrated rough surfaces, we also proposed a hybrid model that couples individual-

based modeling approach (Kreft et al., 1998) with classical diffusion-reaction elements (Golding 

et al., 1998) for bacterial growth in model heterogeneous nutrient diffusion field where surface 

roughness and water configuration conspire to impose capillary and viscous constraints affecting 

bacterial motility. The details of this study are discussed in chapters 2 and 3. 

 

1.3.2 Hydration fluctuations, microbial growth and species coexistence on rough surfaces 

It is clear now that statistic hydration status coupling pore-space characteristics may play critical 

roles in shaping nutrient fields and microbial motility and thereby control microbial growth and 

dispersal in unsaturated soils and in other porous systems (Barton and Ford, 1997; Wilson et al., 

2002; Chang and Halverson, 2003; Or et al., 2007; Wang and Or, 2010; Chen and Jin, 2011). In 

addition to spatial heterogeneity of microhabitats formed by complex soil geometrical structures 

and hydration associated aqueous phase configurations, dynamic fluctuations in hydration 

conditions are common in natural soil environments. The resulting aqueous phase 

reconfiguration creates new niches that ate capable of sheltering weaker populations, or cutoff 

thriving communities from nutrient source diffusion pathways, and thereby balance species 

evenness and enhance microbial coexistence (Torsvik and Ovreas, 2008). Earlier studies 

indicated that large fluctuations in hydration conditions cause significant decay in microbial 

biomass, and alter community composition in general (Fierer and Schimel, 2002; Gordon et al., 

2008). Nevertheless, most previous studies have focused on microbial survival and population 

recovery with little consideration of dynamic processes of hydration variations upon microbial 

community dynamics and population compositions (Prosser et al., 2007; Torsvik and Ovreas, 

2008). It is no surprise that a mechanistic picture of how soil microbial diversity is promoted and 

maintained remains largely sketchy (Torsvik and Ovreas, 2008; Ponciano et al., 2009).  

In this part, we study the combined effects of hydration dynamics and diffusional 

heterogeneity on microbial growth, motility, competition and species coexistence on partially 
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hydrated rough surfaces. We employed the hybrid modeling framework as described above and 

developed new elements of multiple population growth, dispersal and interactions among 

individual cells. The results and discussions are followed in chapter 4. 

 

1.3.3 Linking soil biodiversity with environmental variables, a biophysical metric 

Present understanding of soil as a complex and dynamic habitat for microbial life is sketchy and 

often suffers from misconceptions regarding what constitutes favorable or unfavorable 

environments (Stotzky, 1997). The soil physicochemical environment is inherently 

heterogeneous and patchy, with the aqueous phase essential for microbial life highly dynamic 

and fragmented (Torsvik et al., 2002; Or et al., 2007). The complex pore spaces and fragmented 

aqueous habitats impose constraints on nutrient transport and on microbial motion in unsaturated 

soils, making molecular diffusion the primary mechanism for nutrient supply relative to 

transport by infrequent infiltration (e.g., following irrigation or heavy rainfall) episodes (Or et 

al., 2007; Dechesne et al., 2010; Wang and Or, 2010). Inhabiting such patchy and ecologically 

heterogeneous environments even at small scale, motility (however limited) and other strategies 

for augmenting resource acquisition become critical for survival and functioning (Fenchel, 2002; 

Olson et al., 2004; Mitchell and Kogure, 2006; Or et al., 2007; Banavar and Maritan,2009; 

Hibbing et al., 2010). To translate these heuristic ecological concepts, and provide a predictive 

tool for estimating soil microbial diversity, we developed a novel biophysical index for 

hydration-mediated microbial coexistence potential in soils that integrates key quantifiable 

biophysical variables, such as aquatic habitat size and connectivity, nutrient diffusion affecting 

microbial growth rates, and aqueous films influencing motility and dispersal. We discuss the 

modeling development and its applications in soil microbiology in chapter 5. 

 

1.3.4 Trophic interactions, microbial diversity and ecological functions on rough surfaces 

Microorganisms are the main agents for the majority of soil ecological functions and ecosystem 

services (Schink, 1997; Dejonghe et al., 2003; Curtis & Sloan 2004; Pérez-Pantoja et al., 2009; 

Oren, 2010). Recent advance in microbial biology revealed that microbial communities, that are 

linked through numerous trophic processes, rather than individual species control the key 

processes of interactions with local environments in principle (McCann et al., 1998; Woyke et 

al., 2006; Miller et al., 2010). Although trophic interactions have been long time argued for 

shaping the immense biodiversity and ecological functioning of macroscale plants and animal 

ecosystems in detail (Knight et al., 2005; Harpole and Tilman, 2007; Alexandrou et al., 2011; 

Cardinale, 2011), understanding of the original patterns and interplay of mechanisms that link 
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trophic processes and microbial dynamics and ecological implications remains sketchy giving 

the ambiguity introduced by the fact that soil microbes may be active at different times due to 

temporal discontinuity of their functional niches (Curtis and Sloan, 2004; Torsvik et al., 2006; 

Prosser et al., 2007). Progress in establishing direct links between trophic processes coupling 

spatial and nutritional variables and microbial community dynamics and ecological implications 

requires quantitative modeling that integrates revision of elements of ecological theories and 

bio-physico-chemical processes at appropriate spatial and temporal scales (Prosser et al., 2007; 

O'Donnell et al., 2007; Banavar and Maritan, 2009; Gonzalez et al., 2011; Morelli et al., 2012). 

In this part, we study the effects of trophic interactions on shaping microbial population 

dynamics and community structure, and their impacts on microbial ecological functioning in 

unsaturated soils. We employed the individual-based modeling framework described above and 

included new elements of trophic interactions among multiple species, with explicit 

consideration of interactions among individual cells at local scale of rough surfaces. We discuss 

the details in chapter 6.  

In chapter 7, we provide an overall summary of this study, and an outlook as well. 
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Chapter 2 

Hydration Controlled Bacterial Motility and Dispersal on Surfaces 

 

Arnaud Dechesne, Gang Wang, Dani Or, Gamze Gülez and Barth F. Smets 

Proc. Natl. Acad. Sci. USA 107: 14369-14372 (2010) 

 

 

Flagellar motility, a mode of active motion shared by many prokaryotic species, is recognized as 

a key mechanism enabling population dispersal and resource acquisition in microbial 

communities living in marine, freshwater, and other liquid-replete habitats. By contrast, its role 

in variably-hydrated habitats, where water dynamics results in fragmented aquatic habitats 

connected by micrometric films, is debated. Here we quantify the spatial dynamics of 

Pseudomonas putida KT2440 and its non-flagellated isogenic mutant as affected by the 

hydration status of a rough porous surface using an experimental system that mimics aquatic 

habitats found in unsaturated soils. The flagellar motility of the model soil bacterium decreased 

sharply within a small range of water potential (0 to -2.0 kPa) and nearly ceased in liquid films 

of effective thickness smaller than 1.5 µm. However, bacteria could rapidly resume motility in 

response to periodic increases in hydration. We propose a biophysical model that captures key 

effects of hydration and liquid film thickness on individual cell velocity and use a simple 

roughness network model to simulate colony expansion. Model predictions match experimental 

results reasonably well, highlighting the role of viscous and capillary pinning forces in hindering 

flagellar motility. Although flagellar motility appears to be restricted to a narrow range of very 

wet conditions, fitness gains conferred by fast surface colonization during transient favorable 

periods might offset the costs associated with flagella synthesis and explain the sustained 

presence of flagellated prokaryotes in partially saturated habitats such as soil surfaces. 
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2.1 Introduction 

Dispersal is recognized as a key ecological process enabling populations’ access to new sites 

and pools of resources (Tilman, 2004) thereby affecting structure and productivity of ecosystems 

(Kerr et al., 2002; Venail et al., 2008). Active bacterial motion (motility) takes on many forms 

that require various appendages (Jarrell and McBride, 2008). If surface-associated modes of 

motility such as twitching, gliding or swarming appear restricted to some species (Harshey, 

2003), the ability to swim by rotating one or more flagella is shared by a large diversity of 

prokaryotes. This swimming motility has attracted considerable attention, primarily aimed at 

resolving the biophysical functioning of flagella and, to a lesser degree, at exploring its adaptive 

value. In marine environments, a large fraction of bacterial populations are flagellated (Grossart 

et al., 2001) and swimming motility is often coupled with chemotaxis, conferring a clear benefit 

to these cells by allowing them to out-swim diffusion and exploit transient substrate gradients 

(Fenchel, 2002; Stocker et al., 2008). 

In contrast to water-replete environments where flagellar motility is essentially unrestricted, 

there exist strong physical limitations to flagellar motility in partially saturated media where 

aquatic microhabitats are often fragmented and connected only by thin liquid films of bacterial 

size or smaller (Or et al., 2007). The limitations to bacterial motility in thin liquid films have 

long been posited but never directly quantified or described biophysically beyond the general 

notion that flagellar motility requires hydrated pathways. In addition, the fitness benefit 

associated with flagellar motility in partially saturated soils has been debated due to conflicting 

experimental data (Boelens et al., 1994; Turnbull et al., 2001). 

Here, to avoid the complexity inherent to natural partially-saturated microbial habitats such as 

soil matrixes and benefit from direct observation of bacterial dispersal at both individual- and 

population-scales under conditions of controlled hydration, we employed the Porous Surface 

Model (PSM) (Dechesne et al., 2008a). In this experimental system, bacteria are grown on a 

porous ceramic surface in thin aqueous films, whose effective thickness is controlled by 

applying a prescribed suction similar to how matric potential controls hydration in soils. The 

system allowed a quantitative assessment of the dispersal rate and competition of Pseudomonas 

putida KT2240 and a non-flagellated ∆fliM isogenic mutant as influenced by water potential at 

the colony and the individual scales. 

 

2.2 Materials and Methods 

2.2.1 Bacterial strains 
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Pseudomonas putida KT2440, a flagellated bacterium initially isolated from the rhizosphere 

(Nakazawa, 2002), was used as model strain. A non-flagellated ∆fliM mutant was obtained by 

allelic exchange with a truncated version of fliM carrying the Gm-resistance gene aacC1 framed 

by lox sequences. The aacC1 gene was then excised to yield an antibiotic-resistance-free mutant 

(Quenee et al., 2005). Both strains were tagged by inserting a constitutively-expressed 

fluorescent protein encoding gene at a neutral position of their genome (Lambertsen et al., 

2004). To increase the fluorescence signal for single cell observations, pJBA128, a multi-copy 

plasmid carrying a gfp gene (Lee et al., 2005), was additionally introduced into the gfp-

expressing wild-type strain. The bacteria were routinely cultivated on FAB medium (Hansen et 

al., 2007) supplemented with 5 mM benzoate. 

 

2.2.2 Experiments on the Porous Surface Model  

The Porous Surface Model (PSM) allows growing and observing fluorescent cells at the surface 

of a porous ceramic plate (diameter, 4.2 cm; maximum pore size, 1.7 µm) under prescribed 

suction, which controls surface liquid film thickness (Dechesne et al., 2008a). Liquid FAB 

medium with 5 mM of benzoate as the sole carbon source was used to wet the plate and sustain 

microbial growth. The inoculation of the surface of the PSM was performed as in (Dechesne et 

al., 2008a).  

Observations of the PSM surface were realized at different scales using a Leica MZ16FA 

stereomicroscope. Time lapse videos (27 s, 100 images) were acquired at high magnification 

(field of view: 0.15 mm
2
) to document swimming motility at the cell scale. Individual 

trajectories were detected and analyzed with Image Pro Plus (MediaCybernetics, Silver Spring, 

MD). Population-scale dispersal was quantified as previously described (Dechesne et al., 

2008a). 

To measure the relative fitness of the strains we performed competition experiments where 

the abundance of the strains was measured at coinoculation time and at the end of incubation 

time. The fitness (W) of the mutant relative to that of the wild-type was calculated as (Kerr et al., 

2002): 
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where m0 and mF are initial and final abundances of the mutant and wt0 and wtF that of the wild-

type. Relative fitnesses were estimated in stirred liquid medium (17 ml FAB benzoate 5 mM) 

and at the surface of the PSM (same medium). In the later case, the areas colonized by each 

strain were used as proxy for their abundance to compute relative fitness values.  



15 

 

2.2.3 Modeling bacterial motility and growth on rough surfaces 

We modeled a population of motile cells within a surface roughness network of size 17.2 mm × 

17.2 mm (100 by 87 sites). The initial substrate concentration in aqueous phase was set to 0.2 

mg l
-1

, and was maintained constant at the top and right boundaries of the domain. The bottom 

and left boundaries of the simulation domain were no-flux boundaries. Simulations were 

initiated by inoculating 200 bacterial cells in four sites at the bottom left corner of the domain. 

Triplicate simulations were conducted for each value of matric potential: -0.0001, -0.5, -1.0, -1.5, 

and -2.0 kPa for simulating single cells motion, and at -0.5, -1.0, -1.5, -2.0, and -3.6 kPa for 

colony expansion analyses. Details of the model and its parameters are presented in SI Text. 

 

2.3 Results and Discussion 

2.3.1 Bacterial motility on rough surface – experimental observations 

At the colony scale, we observed constant front expansion rates, in accordance with the model 

proposed by Skellam (Skellam, 1951) for a population dispersing by random walk and 

exponential growth. The average rate of colony expansion for both the wild-type and the non-

flagellated mutant decreased with decreasing matric potential (Fig. 1). The most significant 

differences in expansion rates between the strains were apparent at -0.5 and -1.2 kPa, where the 

wild-type, capable of flagellar motility, dispersed more than 15 times faster than the mutant, 

which dispersed by cell shoving and Brownian motion only. This clearly demonstrates the 

potential of flagellar motility for fast population dispersal on wet surfaces. A role of swarming 

motility, which in P. putida KT2440 relies on short pili rather than on flagella, is unlikely in our 

experiments because it is expressed only under specific conditions (Matilla et al., 2007) and 

manifests itself by en masse cell movements, which we did not observe. 

The colony expansion rate of the wild-type decreased exponentially from an average of 521 

µm h
-1

 for the wettest conditions (-0.5 kPa) to 14 µm h
-1

 at -2.0 kPa (Fig. 1). Following this 

sharp decrease, the colonization rate leveled, suggesting that, on the PSM, -2.0 kPa marks a 

threshold below which the contribution of flagellar motility to population dispersal becomes 

insignificant. Under drier conditions, we expect both types of bacteria to disperse by cell 

shoving only and thus their colonies to expand at similar rates. The slightly faster expansion of 

the wild-type colonies observed at -3.6 kPa (Fig. 1) is attributed to the higher intrinsic growth 

rate of this organism.  Indeed, even though the only difference between mutant and wild-type 

resides in the fliM knock-out, the former presents a significantly reduced growth rate. This was 

evidenced in competition experiments in stirred liquid medium where the fitness of the mutant 
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relative to that of the wild-type was significantly smaller than 1 (0.82 ; sd = 0.04, n= 3, P = 

0.016, two-tailed t-test).  

The mild matric potential we prescribed does not per se restrict bacterial motion (Dechesne et 

al., 2008a) but it acts through its control of the effective liquid film thickness on the ceramic 

plate surface. The relationship between matric potential and liquid film thickness depends solely 

on surface wettability and roughness (Or and Tuller, 2000). At -2.0 kPa, which we identified as 

the limit beyond which the contribution of flagellar motility to colony expansion is negligible on 

the ceramic plates, the predicted effective liquid film is thinner than 1.5 µm (Dechesne et al., 

2008a). 

 

Fig. 1. Matric potential affects colony expansion rates of P. putida KT2440 wild-type 

(flagellated) and its ∆fliM isogenic mutant (non-flagellated) measured as radial expansion of 

colonies initiated from single cells. More negative matric potentials correspond to thinner 

surface liquid films. Error bars mark one standard deviation (n varies from 6 to 14). Simulated 

colony expansion rates are depicted by line and shaded area (representing one standard 

deviation). 

 

2.3.2 Simulation models of bacterial motility on rough surfaces 

To explain the strong reduction of colony expansion rate observed over a relatively small range 

of matric potentials and to provide a predictive tool for bacterial dispersal rates on partially 

saturated rough surfaces, a simple mechanistic model is proposed linking bacterial velocity to 

viscous and capillary forces acting on motile cells. The key biophysical elements of the 

proposed model are summarized in Figure 2. The model considers the effects of liquid film 

thinning on the propulsive force: 06 VRFM   (Darnton et al., 2007) for flagellar motion at 

maximum velocity in bulk liquid, V0.  
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Fig. 2. (a) A roughness element can be abstracted as a channel of triangular section, with depth 

H and spanning angle α. R is the cell radius and r(μ) is the radius of curvature of the liquid-air 

meniscus determined by the ambient matric potential, μ. Depending on the channel geometry, 

cells can either be fully (left), or partly (right) immersed for a given matric potential. The forces 

exerted on swimming cells are different in these two situations, as depicted in (b). The cell 

velocity is modeled for cells swimming in two channels of same depth (H = 100 µm) but 

contrasting spanning angles (α = 120 or 150°). The maximum average velocity V0 was fixed to 

18 µm s
-1

, a value typically observed in saturated systems (Berg and Brown, 1972). F0, Fλ, and 

FC are the viscous drag force opposing motion in bulk liquid, the viscous force associated with 

cell-wall interactions, and the capillary pinning force, respectively. The horizontal dashed line 

marks the onset of capillarity.  

 

On partially saturated surfaces, hydrodynamic interactions between bacterial cells and solid 

surface hinder motion, preventing cells from attaining their maximum velocity. Considering, for 

simplicity, an average 45° angle between the solid surface and cell trajectory we obtain the 

following hydrodynamic interactions coefficient: 22

NP   , given in terms of cell-surface 

interactions for motion parallel λP (Faxen, 1923) and normal λN (Maude, 1963) to surface, 

respectively. These interactions affect bacterial cell velocity according to: 




0V
V , and are 

associated with a corresponding resistive force: MFF )
1

1(


  . The most significant hindering 

force on partially hydrated surfaces sets in when the liquid film becomes thinner than the cell 

diameter, resulting in interactions with liquid-air interfaces, including formation of a contact line 

on the cell surface, onset of normal capillary pressure, and introduction of a capillary pinning 

force (FC) (Kralchevsky and Nagayama, 2001). We combine hydration-dependent resistive 

forces into a simple model where attainable bacterial cell velocity is proportional to the residual 

force available for flagellar propulsion: 

M

CM

F

FFF
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0 , with 0V  for 0 CM FFF  .  
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Fig. 3. Comparison of experimentally 

observed and simulated descriptors of 

swimming motility on partially saturated 

rough surfaces. Experimental values were 

obtained by analyzing the trajectories of 

individual cells at the surface of the PSM set 

at various matric potentials. Simulated 

values are obtained by simulating the 

motion of 200 cells within an idealized 

roughness network. All the data are 

expressed as mean ± s.e.m., with n > 248 for 

experimental trajectories and n = 600 for 

simulations. (a) Fraction of time cells 

display significant motility (significant 

motility is defined as velocities larger than 3 

µm s
-1

, the experimental detection limit); (b) 

Mean cell velocity during phases of 

significant motility; (c) Scaled maximal 

cellular travel distance. The maximal travel 

distance is the distance between the starting 

point of a cell and the most distant point of 

its trajectory. The trajectories were recorded 

over 28 s for experimental measurements 

and 33 s for simulations. The distance data 

were scaled by the mean maximal travel 

distance observed in the wettest conditions 

(28 and 59 µm, for experiments and 

simulations, respectively). 

This model component provides estimates of the potential cell velocity for local hydration 

conditions (which may vary spatially over a natural surface) that may then be directed by local 

chemotactic gradient and a random component (tumble-like) to define the actual direction and 

extent of displacement during a single run (or a time step). These modifications are implemented 

by combining the random component (tumble-like change of run direction) and local 

chemotactic gradients by weighing these by a factor of )1(   and  , respectively, depending 

on normalized local chemoattractant gradient,   (defined as the ratio of local to maximal 

chemotactic gradient, calculated as the concentration difference across the local bond divided by 

the boundary concentration). The cellular motion is evaluated every 1.1 s (an assumed duration 

of a run and tumble cycle [Berg, 2004]) and the actual run velocity is obtained as: 



19 

 

VNRV ))1(( 


 , with R


 describing a random direction of cell motion, and N


the 

displacement component along  the chemoattractant gradient.    

To validate the proposed model, we experimentally quantified individual cell trajectories at 

the surface of the PSM for different matric potential values (see Movies S1 and S2 for typical 

examples). The descriptors of individual trajectories varied considerably due to the specific 

microtopography experienced by each cell, however the average velocity and dispersal distance 

clearly decreased with decreasing matric potential (Fig. 3). Single cell motility was simulated by 

applying the model presented above to cells swimming in an idealized two-dimensional rough 

surface consisting of a network of angular channels of various geometries that accommodate 

variable liquid configuration (Long and Or, 2007). The simulated descriptors of cell motility are 

in good agreement with the experimental results even without specific parameter fitting or other 

adjustments (Fig. 3). These results highlight the dominant role of capillary pinning forces in 

constraining bacterial motility. 

Subsequently, the cell motility model was implemented to simulate population dispersal and 

reproduce experimental colony expansion rates. Cell growth and motility were modeled at the 

individual cell scale (Hellweger and Bucci, 2009) and chemotaxis included by biasing cell 

movement towards neighboring channels with high nutrient content. An example of colony 

expansion is shown in Figure S1. The model predictions were consistent with the experimental 

dispersal rates (Fig. 1), demonstrating that population dispersal correctly emerges from the 

individual scale behavior, in agreement with previous theoretical derivations (Skellam, 1951; 

Rivero et al., 1989; Phillips et al., 1994). See supplementary information for further discussion 

on the comparison between model and experiments.  

As evidenced by our observations and model predictions, thin liquid films such as those 

found under most circumstances in soils strongly limit the dispersal rate of bacterial populations. 

Does flagellar motility, then, confer any selective advantage in this physically constrained 

environment? Competition experiments between the wild-type and the non-flagellated mutant, 

co-inoculated as randomly distributed single cells at the surface of the PSM, demonstrated 

hydration conditional fitness effects (Fig. 4). At -3.6 kPa, the two strains developed colonies of 

similar size and the relative fitness of the mutant was close to 1 (0.91, s.d. = 0.04, n = 9 and 

0.96, s.d. = 0.03, n = 12, for low and high inoculation density, respectively). In these relatively 

dry conditions, the potentially motile wild-type cannot disperse by flagellar motility. Therefore, 

the sites colonized by each strain remained spatially separated, preventing direct competition, 

partly alleviating the intrinsic inferiority of the mutant (Dechesne et al., 2008b). The situation 

was different under wet condition (-0.5 kPa), permissive for efficient flagellar motility. In this 
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condition, the mutant had a very low relative fitness (0.54, s.d. = 0.03, n = 9 and 0.74, s.d. = 

0.06, n = 5, for low and high inoculation density, respectively). These values are significantly 

smaller than those observed in liquid culture (one-tailed t-test, P = 6.7 10
-8

 and 0.047, for low 

and high density, respectively) because the wild-type quickly colonized the surface and thus 

intercepted substrate fluxes more efficiently than the non-flagellated mutant.  

 

Fig. 4. The competition between P. putida 

KT2440 wild-type (flagellated, green) and its 

∆fliM isogenic mutant (non-flagellated, red) at the 

surface of a porous ceramic plate is affected by 

matric potential and inoculation density. On 

average, 20 and 1500 cells were inoculated at a 

1:1 strain ratio for low and high inoculation 

densities, respectively. The images were acquired 

after 2 or 5 days of growth at 22°C for -0.5 and -

3.6 kPa, respectively. The plate, 4.2 cm in 

diameter, is limited by a silicone o-ring, which 

appears bright red in the pictures. Each mosaic 

image is composed of about 45 fields of view. The 

images are representative of observations made on 

5 to 12 independent replicate plates. The contrast 

of the images has been digitally enhanced. 

Competition experiments between the wild-type and the non-flagellated mutant, co-

inoculated as randomly distributed single cells at the surface of the PSM, demonstrated 

hydration conditional fitness effects (Fig. 4). At -3.6 kPa, the two strains developed colonies of 

similar size and the relative fitness of the mutant was close to 1 (0.91, s.d. = 0.04, n = 9 and 

0.96, s.d. = 0.03, n = 12, for low and high inoculation density, respectively). In these relatively 

dry conditions, the potentially motile wild-type cannot disperse by flagellar motility. Therefore, 

the sites colonized by each strain remained spatially separated, preventing direct competition, 

partly alleviating the intrinsic inferiority of the mutant (Dechesne et al., 2008b). The situation 

was different under wet condition (-0.5 kPa), permissive for efficient flagellar motility. In this 

condition, the mutant had a very low relative fitness (0.54, s.d. = 0.03, n = 9 and 0.74, s.d. = 

0.06, n = 5, for low and high inoculation density, respectively). These values are significantly 

smaller than those observed in liquid culture (one-tailed t-test, P = 6.7 10
-8

 and 0.047, for low 

and high density, respectively) because the wild-type quickly colonized the surface and thus 

intercepted substrate fluxes more efficiently than the non-flagellated mutant.  

 

2.3.3 Conclusions and implications 

Natural partially saturated habitats such as soils and the surface of plant leaves are subject to 

dynamic variations in hydration conditions, the extent and frequency of which depend on 
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climate and/or irrigation practices. To address the question of whether the occurrence of short 

periods of favorable wetness conditions might modify flagellar-based dispersal behavior, we 

experimentally evaluated the expression of flagellar motility under dry-wet cycles. Inoculated 

PSMs, maintained at dry conditions (-3.6 kPa), were subjected to two short daily increases in 

hydration status (2 x 5 min, -0.5 kPa). In spite of the very short duration of the wet periods, the 

motile strain was able to disperse, yielding larger colonies than on the control surfaces, 

continuously maintained at -3.6 kPa (Fig. S2). Accelerated surface colonization associated with 

dry-wet cycles was not observed for the non-flagellated mutant strain. We therefore conclude 

that P. putida KT2440 can take advantage of short and infrequent wet events to disperse by 

flagellar motility. 

Our data demonstrate that under conditions of partial hydration, common in many terrestrial 

microbial habitats, the thickness and geometry of liquid films control active bacterial motion and 

dispersal. Viscous and capillary pinning forces reduce the swimming velocity of individual cells, 

resulting in low surface colonization rates at the population scale. More than bacterial intrinsic 

growth kinetic parameters, surface micro-topography, hydration status, and bacterial flagellation 

are essential parameters in surface colonization. Since the fitness gain associated with fast 

dispersal can be large when nutrient-rich microsites are available (Fig. 4) and since bacteria are 

able to take advantage of very short wet events to disperse by flagellar motility (Fig. S2), even 

rare wet events could offset the cost associated with flagellar synthesis and explain the sustained 

presence of flagellated cells in soil habitats. This demonstrates the very tight couplings between 

microbial and physical processes in soil, which mediate the emergent properties of soil systems 

(Young and Crawford, 2004). 
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Appendix: Individual-based simulation of motility and dispersal 

a) Domain geometry 

Bacterial cells were modeled individually within a surface roughness network of size 17.2 mm × 

17.2 mm (100 by 87 sites interconnected by channel-like bonds) as described in (Long and Or, 

2007). The parameters used to generate networks are listed in SI Table 1.  

 

SI Table1. Parameters of surface roughness network. 

Parameters Mean value
 

Range Variance 

l (mm, Bond length) 0.2 - - 

HS (mm, Site height) 0.3* 0.1 to 0.5 0.0033 

HB (mm, Bond height) 0.007** 0 to 0.030 4.9×10
-5

 

S (rad, Site spanning angle) /2* /3 to 2/3 0.018 

B (rad, Bond spanning angle) 7/9** 0 to   0.56 

* truncated normal distribution 

** log-normal distribution, the pore size in surface soil being log-normally distributed (Giménez, 

2002; Virto et al., 2005) 

 

b) Metabolism and growth 

Bacterial metabolism and growth were modeled as in (Long and Or, 2007) using the parameters 

listed in SI Table 2. 

 

SI Table2. Parameters describing bacteria metabolism, adapted from (Kreft et al., 1998). 

Parameters Units Values 

µmax: specific maximum growth rate hr
-1 

1.23 

KS: half-saturation constant fg fl
-1 

1.17×10
-3

 

Ymax: apparent yield at μmax fg dry mass/fg substrate 0.44 

m: apparent maintenance rate at μ=0 fg substrate hr
-1

/fg dry mass  0.036 

Bm: median cell volume at μ=0 fl 0.4 

Bd: cell volume at division fl 2Bm/1.433 

Bmin: minimal cell volume of a living bacterium fl Bd/5 

ρ: cell density (dry mass) fg fl
-1

 290 

 

c) Motility 

All cells are capable of swimming motility and their motion was evaluated every 1.1 s, a value 
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corresponding to the duration of a run and tumble cycle observed experimentally for Escherichia 

coli (Berg, 2004). However, for simplification, the tumble duration was not explicitly included 

in our model because it typically amounts only to 1/10 – 1/100 of a run time (Berg, 2004). 

Reported values for maximum flagellated cell velocity in bulk liquid are in the range of 10-40 

μm s
-1 

(Berg and Brown; 1972; Berg, 2004). We have used an average value of 18 μm s
-1

, a 

typical value for the experimental results of Berg and Brown (Berg and Brown, 1972). Since cell 

motion is not entirely random but may exhibit chemotactic behavior, we calculate the actual cell 

velocity (V


) that depends on local liquid film thickness and local nutrient (chemoattractant) 

gradient (calculated across a site) by weighing chemotactic and random components of motility 

using weight factors of   and 1-  , respectively, where   is the dimensionless normalized 

chemoattractant gradient (defined as ratio of local to maximal chemoattractant gradients). We 

thus obtain: VNRV ))1(( 


 , with R


 (drawn from a uniform distribution between 1 and -1) 

and N


 (unit vector along chemotactic gradient) describing directions of cell random motion and 

motion along chemoattractant gradient, respectively, and V is the local, hydration-constrained 

potential cell velocity as described in the main text. 

The sites in the network are considered point-like locations (no length) and are used for nutrient 

gradient calculations, as well as entry points to connecting bonds, therefore allowing for change 

of direction. Bacterial motion is consequently limited to bonds only. The resulting random R


and 

chemotactic N


directions of motion are evaluated along the bond axis resulting in net velocity 

magnitude and directionV


 which then defines net displacement of a cell during a single run. As 

in (Long and Or, 2007), when a cell displacement exceeds the bond length, the cell enters the 

corresponding site and waits until its direction and velocity are reevaluated at the next time step. 

A cell in a site preferentially enters the neighboring bond k with maximal water film thickness 

and maximum substrate concentration, as described in Eqs.1-3: 

6

,

1

/W i i i

i

p W W


  ,                                                                                                                           (1) 

6

,

1

/C i i i

i

p C C


  ,                                                                                                                            (2) 

, , , ,
1:6

{ ( )}C W k C i W i
i

k k p p pMax


   ,                                                                                                   (3) 

where iW  and iC  are the water content and the nutrient concentration in the i
th

 neighboring bond, 

respectively; ,W ip  and ,C ip , the distribution of water content and nutrient concentration in the i
th

 

bond relative to that of all the bonds connected to the site. 
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d) Simulations 

Triplicate simulations were conducted for each matric potential (-0.0001, -0.5, -1, -1.5, and -2 

kPa for single cell motion analysis and -0.5, -1, -1.5, -2, and -3.6 kPa for colony expansion 

analysis). For each simulation, we generated a new network. 

The simulations were initiated by inoculating a total of 200 bacterial cells in four sites at the 

bottom left corner of the domain.  

The initial substrate concentration in aqueous phase was set to 0.2 mg l
-1

, and was maintained 

constant at the top and right boundaries of the domain. The bottom and left boundaries of the 

simulation domain were no-flux boundaries. 

 

e) Descriptors 

The characteristics of cell motion were quantified over a 33 s time span after 2 h of simulation. 

Parameters such as cell velocity and displacement and other physiological properties, were 

recorded for 600 cells at each time step. The fraction of time a cell displays significant motility 

(larger than 3 µm s
-1

) was recorded. The mean cell velocity was calculated taking only the 

phases of significant motility into account to reflect the way the experimental values have been 

obtained. 

 

Discussion: comparison of experiments and simulation 

The used model is intended for capturing the general phenomenon of bacterial motion and 

colony expansion on rough unsaturated surfaces (e.g. natural soil/rock surfaces) and not for 

recreating the specificity of the experimental platform that was used here to quantify hydration 

control of bacterial motion. Specifically, the fact that bacterial growth is supported by vertical 

substrate fluxes (i.e., through the pores of the ceramic plate) is not included in the model, which 

considers surficial diffusive nutrient fluxes. However, a limited set of simulations incorporating 

vertical nutrient diffusion confirmed that the overarching controlling factor of bacterial spatial 

dynamics on the PSM is liquid film thickness; the addition of these diffusive fluxes did not 

markedly modify the simulation outcomes. 
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Fig. S1. Simulated colony expansion on an idealized rough surface under a matric potential of -

0.5 kPa. Under these wet conditions, population dispersal, which results from a combination of 

growth and motility, is rapid (the front progresses at about 0.4 mm h
-1

). Bacteria (in red) were 

inoculated at the lower-left corner of the domain. The panels present typical simulations after 

15, 25, and 35 h of expansion. 

 

 



29 

 

 

 

Fig. S2. Five minutes of wet conditions (-0.5 kPa) twice a day (top) allow the flagellated 

strain, tagged with the GFP (left), to disperse significantly more than when maintained 

continuously under dry conditions (-3.6 kPa, bottom). This dispersal is linked to flagellar 

motility since it is not observed with the non-flagellated mutant strain, tagged with the 

DsRed (right). The images were recorded after three days of incubation and their contrast 

has been digitally enhanced. The white bars indicate 1 mm. 
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Chapter 3 

Aqueous Films Limit Bacterial Cell Motility and Colony Expansion 

on Partially Saturated Rough Surfaces 

 

 

Gang Wang and Dani Or 

Environ. Microbiol. 12: 1363-1373 (2010) 

 

 

Bacterial motility is a key mechanism for survival in a patchy environment and is important for 

ecosystem biodiversity maintenance. Quantitative description of bacterial motility in soils is 

hindered by inherent heterogeneity, pore-space complexity and dynamics of microhydrological 

conditions. Unsaturated conditions result in fragmented aquatic habitats often too small to 

support full bacterial immersion thereby forcing strong interactions with mineral and air 

interfaces that significantly restrict motility. A new hybrid model was developed to study 

hydration effects on bacterial motility. Simulation results using literature parameter values 

illustrate sensitivity of colony expansion rates to hydration conditions and are in general 

agreement with measured values. Under matric potentials greater than -0.5 kPa (wet), bacterial 

colonies grew fast at colony expansion rates exceeding 421±94 μm/hr; rates dropped 

significantly to 31±10 μm/hr at -2.0 kPa; as expected, no significant colony expansion was 

observed at -5.0 kPa because of the dominance of capillary pinning forces in the sub-

micrometric water film. Quantification of hydration-related constraints on bacterial motion 

provides insights into optimal conditions for bacterial dispersion and spatial ranges of resource 

accessibility important for bioremediation and biogeochemical cycles. Results define 

surprisingly narrow range of hydration conditions where motility confers ecological advantage 

on natural surfaces.  
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3.1 Introduction 

Bacterial motility is recognized as a key mechanism in small scale biodiversity maintenance of 

ecosystem (Mills, 2003; Reichenbach et al., 2007). Bacteria need to constantly seek optimal 

conditions in a patchy and dynamic environment (Fenchel, 2002; Alexandre et al., 2004), create 

opportunities for interactions and enhance competition among species within the range of search. 

Bacteria live in a world with low Reynolds numbers, where molecular diffusion of nutrients is 

more important than advective transport; therefore, bacteria need to outrun diffusion to survive 

even in water replete environments (Purcell, 1977; Fenchel, 2002). This need is accentuated in 

fragmented and heterogeneous environments found in unsaturated soils where nutrient diffusion 

fields may vary at submillimetric scale (Mitchell and Kogure, 2006). Bacterial motility has been 

shown to play a dominant role in most aspects of bioremediation, biochemical nutrient cycling, 

and dispersal of nutrients or waste (Duffy et al., 1997; Witt et al., 1999; Parales and Harwood, 

2002; Wu et al., 2003; Madsen, 2005). Pandey and Jain (2002) indicated that effective 

bioremediation requires movement of active bacteria to access to the target compounds that are 

present in field. Law and Aitken (2003) and Paul et al. (2006) found that bacterial chemotaxis 

and motility substantially increase the rates of mass transfer and degradation of soil pollutantsl. 

Gordillo et al. (2007) observed that motility of Pseudomonas sp. B13 strain, confers clear 

advantages for bioremediation of contaminated soils relative to non-motile strain of B. 

xenovorans LB400, an advantage attributed to enhanced access to soil-sorbed organic pollutants. 

Hill and coworkers (2007) found that Escherichia coli grown in flowing solution near a surface 

exhibit a steady propensity of upstream swimming to locate larger nutrient reservoirs. Long and 

Ford (2009) observed a strong chemotactic bacterial migration up the attractant gradients 

cultured in saturated porous media. In capillaries containing attractant, bacteria were found to 

track attractant gradients, gathering near the end where the concentration of attractant is higher 

(Berg and Brown, 1972; Berg and Turner, 1990). 

Despite lack of direct observations of bacterial motility in unsaturated soils, evidence suggest 

that soil hydration and pore-space characteristics play critical roles in bacterial motility (Barton 

and Ford, 1997; Chang and Halverson, 2003; Or et al., 2007). Other factors, such as temperature 

(Kurdish et al., 2001; Andreoglou et al., 2003), and nutrient supply (Sibona, 2007) influence 

bacterial motion in soil. Soil water, an essential ingredient for bacterial growth (Parr et al., 1981; 

Schjønning et al., 2003), provides the necessary conditions for motility in unsaturated soils 

(Chang and Halverson, 2003; Or et al., 2007; Hill et al., 2007). Bacteria in soils inhabit 

environments dominated by the presence of extensive solid- and gas-water interfacial areas 

(Mills, 2003). The size of aquatic elements are controlled by hydration conditions and 
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geometrical features resulting in limited and complex water configurations that preclude full 

bacterial immersion (Metting and Jr, 1993; Long and Or, 2005; Or et al., 2007). Confinement 

imposed by thin liquid films under unsaturated conditions suppresses free-swimming 

(planktonian) life forms and promotes bacterial adherence to soil solid surfaces (Mills, 2003). 

Experimental evidence confirms that bacterial motility in fragmented aquatic environment 

loosely connected by thin water films is severely limited (Dechesne et al., 2008). The key 

constraints to bacterial motility in thin water films are cell-surface interactions induced viscous 

and capillary forces due to the proximity of solid and air surfaces inducing hydrodynamic and 

capillary interactions absent in free solution (Brenner, 1961; Kralchevsky and Nagayama, 2001; 

O’Donnell et al., 2007). As film thickness becomes similar to bacterial size, strong capillary 

forces emerge and result in pinning resistance hindering bacterial motility (Sur and Pak, 2001).  

The limitations of bacterial motility in thin water films, typical of hydration conditions in 

unsaturated soils, have long been posited (Berg, 2005), and the importance of motility to 

bacterial life is well established (Vos and Velicer, 2008). However, due to extremely complex 

biological and physical factors affecting bacterial growth (McBride, 2001; Merz and Forest, 

2002; Harshey, 2003; Chang et al., 2009), information regarding mechanisms affecting bacterial 

motility in partially saturated soils remains sketchy (Potts, 1994). Detailed investigations of 

bacterial motility, involved in the developmental process from individual cells scattered on a 

surface to multicellular colonies, are crucial to elaborate bacterial survival strategies on 

partially-saturated rough surfaces (Diaz et al., 2007). Ultimately, the understanding of bacterial 

activity needs to be viewed in terms of the behavior of individual bacteria (Mitchell and Kogure, 

2006). Similarly, quantitative characterization of bacterial motility is necessary for improved 

understanding of naturally-occurring bacterial transport as well as contemporary 

biotechnological applications (O’Donnell et al., 2007). 

The primary motivation for this study was to quantify effects of hydration status and surface 

geometrical properties on bacterial cell motility and the impact of such constraints on surface-

attached bacterial colony growth and expansion. We proposed a hybrid model for bacterial 

growth in heterogeneous nutrient diffusion field where surface roughness and water 

configuration conspire to impose capillary and viscous constraints affecting bacterial motility on 

such partially-saturated rough surfaces. The model incorporates Individual-Based Modeling 

(IBM) approach (Kreft et al., 1998) with classical diffusion-reaction elements of spatial nutrient 

field supporting bacterial colony growth (Golding et al., 1998).  

 

3.2 Theoretical Considerations 



35 

 

3.2.1 Model of heterogeneous rough surface 

A key simplification for modeling bacterial motility and growth in partially-saturated porous 

media, considers an idealized surface roughness network representing real rough surfaces (Fig. 1) 

and 2-D representation of soil pores. Such relatively simple network retains salient physical 

process associated with changes in hydration status of soils and other porous media such as 

capillary water retention in roughness elements, changes in hydraulic connectivity of the 

network and their effect on associated macroscopic transport properties (e.g., diffusion 

coefficient) (Blunt, 2001; Long and Or, 2007). The rough surface model consists of a network of 

conical sites connected by v-shaped bonds, both having isosceles triangular cross sections 

arranged on a regular grid. Each site connected up to six neighboring bonds to form a hexa-

triangular network. The geometry of the network is described by five parameters: site height HS 

(mm), site spanning angle θS (radian), bond height HB 
(mm), bond spanning angle θB 

(radian), 

and bond length L (mm). Variations in connectivity of the aqueous phase filling this network 

under various hydration states are determined primarily by bond spanning angles and bond 

heights (bonds disconnected for 0B   and 0BH  ) resulting in spatially heterogeneous 

geometrical features of the network. The parameters of network used in this study are listed in 

Table 1. Nutrient distribution and diffusion are supported by the variable aqueous network 

resulted from various hydration states (Long and Or, 2005). 

Table 1. Parameters of surface roughness network. 

Parameters Mean value
 

Range Variance 

L (mm, Bond length) 0.2 - - 

HS (mm, Site height) 0.3* 0.1 to 0.5 0.0033 

HB (mm, Bond height) 0.007** 0 to 0.030 4.9×10
-5

 

αS (rad, Site spanning angle) π/2* π/3 to 2π/3 0.018 

αB (rad, Bond spanning angle) 7π/9** 0 to π 0.56 

* Truncated normal distribution 

** Log-normal distribution, the pore size in surface soil being log-normally distributed 

(Giménez, 2002; Virto et al., 2005). 

 

3.2 2 Water configuration on surface roughness network 

The amount of water retained by capillarity within surface roughness elements is a function of 

ambient matric potential or relative humidity (both linked to the energy state of water) and 

surface roughness (pore space) geometry (Long and Or, 2007; Or et al., 2007). Areal averaged, 

or effective water film thickness ( d , mm) in a roughness element for a given matric potential is 

expressed as (Or and Tuller, 2000) (see inset in Fig. 7),  
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,                                                                             (1) 

where P (-kPa) is matric potential, H (mm) is the depth of a roughness element, θ (radian) is the 

spanning angle of the channel, l(P) (mm) is the water film thickness absorbed on a planar 

surface by van der Waals forces (Iwamatsu and Horii, 1996), γ is a dimensionless geometrical 

factor for spacing between channel elements scaled by element depth as γH, and r(P) (mm) is 

the radius of water-vapor interfacial curvature.  

 

Calculated effective water film thickness on a rough element is illustrated in Fig. 2, showing 

decrease from 100 μm to molecular scale for decreasing matric potential in the rage of 0 to -10 

kPa, consistent with experimental results of Tokunaga and Wan (1997). Naturally, representing 

the amount of water retained in a surface roughness element as effective film thickness involves 

averaging; nevertheless, even the largest water element in the system such as the cross section in 

crevices becomes smaller than average cell size at mild values of matric potential. The 

maximum size of fully immersed diameter (D*, mm) in a corner behind water-air interface 

under given matric potential is introduced into this study to evaluate the size of aqueous element 

for adjusting bacterial cell velocities (Or et al., 2007) (Fig. 7 inset), 

 

Fig. 1. Conceptualized soil surface 

roughness for capillary water retention: (a) 

a conceptualized rough surface; and (b) an 

idealized roughness network. A surface 

roughness network is represented by 

conical sites on a regular lattice each 

connected with six v-shaped bonds, with 

HB, bond height, L, bond length, HS, site 

height, θB, bond spanning angle, θS, site 

spanning angle, R is cell radius, and r(P) 

the radius of curvature of water meniscus 

determined by surface tension. 
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In summary, the simple geometry facilitates calculation of an effective aqueous film 

thickness in which bacterial activity takes place and through which nutrients diffuse to colonies 

growing on a rough surface. Additionally, capillary behavior in such simple geometry enables 

estimation of aquatic habitats that become prohibitively small for complete immersion of 

bacterial cells. 

 

Fig. 2. Model calculations of effective water film thickness on roughness element (Or and 

Tuller, 2000, using γ = 4, and H = 0.5 mm) and measured values on rough rock surface 

(Tokunaga and Wan, 1997). A definition sketch for a unit roughness element representing 

partially-saturated rough surface, with H, the depth of a roughness element, θ, the spanning 

angle of the channel, γ, a dimensionless scaling factor for film covered spacing between 

channel elements (γH), R, the bacterial cell radius, D*, the maximum immersed diameter, and 

r(P), the radius of curvature of water meniscus determined by surface tension. 

 

3.2.3 Bacterial motility on partially-saturated rough surface 

The primary mode of self propulsion of motile bacteria in bulk solution is by means of rotation 

of flagellar filaments which are firmly anchored to cell body (Berg and Brown, 1972; Darnton 

and Berg, 2008). On partially-saturated rough surfaces, bacterial motion becomes restricted in 

thin aqueous films and small capillary-retained liquid elements. The primary impact of thin 

films is on cell-surface hydrodynamic interactions and emergence of capillary pinning forces 

(Wan et al., 1994; Berg, 2005; Or et al., 2007). It is instructive to elaborate key interactions 

experienced by bacterial cells moving in proximity to solid surface confined by thin aqueous 

film. Cell-surface hydrodynamic interactions have been succinctly lumped into a function of cell 

size and water film thickness (Rizk and Elghobashi, 1985),  

( , )f R d  ,                                                                                                                                  (3) 
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where R (mm) is the cell size, d (mm) is liquid film thickness, and   is the drag coefficient 

caused by the cell-surface hydrodynamic interactions, which is dependent on cell motion 

direction. Cell-surface hydrodynamic interactions for a spherical cell moving parallel to a solid 

wall (Fig. S1a), λp, can be simplified as (Lin et al., 2000), 

39 1
1/ [1 ( ) ( ) ]

16 8
p

R R

d d
    ,                                                                                                          (4) 

and the cell-surface hydrodynamic interaction for a spherical cell moving normal to the solid 

wall, n , can be expressed as (Maude, 1963), 

29 9
1 ( ) ( )

8 8
n

R R

d d
    .                                                                                                                   (5) 

In this model, we assume an average 45° angle between the solid surface and cell trajectory 

for simplification, thus, 

2 2

n p    .                                                                                                                                (6)  

Cell-surface hydrodynamic interactions affect bacterial cell velocity according to: 




0V
V  

(Brenner, 1961), which could also be expressed as a resistive force, 

MFF )
1

1(


  ,                                                                                                                             (7) 

with FM the propulsion force for a bacterium swimming at its maximum velocity in bulk solution 

(Darnton et al., 2007), 

06MF R V  .                                                                                                                                (8) 

As aqueous films become thinner than bacterial cell diameter (i.e., drier ambient conditions), 

capillary interactions with water-air interfaces emerge and include formation of contact line and 

onset of a capillary pressure towards the solid surface experienced by the bacterial cell. These 

are summarized in a composite capillary pinning force (FC, N), that introduces resistance to cell 

propulsion and further reduces cell velocity, as described in Appendix A (Kralchevsky and 

Nagayama, 2001),  

2 22
( )( ( ) )CF P R d d R

R


      ,     (FC = 0 for d > 2R)                                                    (9) 

where Δd (mm) is the capillary elevation of cell contact line above the flat water film interface, 

and δ is friction coefficient of cell moving on solid surface (Fig. S1b). 

We may combine the hydration-dependent resistive forces into a simple model where 

bacterial cell velocity is proportional to the residual force available for propulsion, 
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with V = 0 for 0M CF F F   . 

               

3.2.4 Bacterial growth on partially-saturated rough surface 

Despite the prescribed water-filled volumes of sites that are typically bigger than water held in 

bonds, for simplicity, we assume that sites do not support bacterial life but these structures are 

used as nutrient reservoirs and mixers providing boundary conditions for nutrient fluxes in and 

out of bonds (Aker et al., 2000). We thus assume that nutrient concentrations at sites are 

constant for a small time increment (a few seconds) based on the large disparity between larger 

volumes in sites (average size of site is over 50 times bigger than bond) relative to bonds. 

Nutrient diffusion and bacterial nutrient consumption in a bond are solved using a well-

established Reaction-Diffusion Method (RDM) (Golding et al., 1998; Long and Or, 2005),  
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,                                                                                                         (11) 

where b is bacteria number or concentration, S (mg/L) is nutrient concentration, Db and DS 

(mm
2
/hr) are diffusion coefficients of bacteria and nutrient, respectively, t (hr) is elapsed time, 

KS (mg/L) is half-saturation constant, μMax (hr
-1

) is maximum specific growth rate, and Y is the 

yield term (linking bacterial growth with consumed nutrient). 

  

Table 2. Parameters describing bacterial growth and metabolism. 

Parameters Units Values 

µmax: maximum specific growth rate hr
-1 

1.23 

KS: half-saturation constant fg/fl
 

1.17×10
-3

 

Ymax: apparent yield at μmax, corrected for 

maintenance 
fg dry mass/fg substrate 0.44 

m: apparent maintenance rate at μ=0 fg substrate/(fg dry mass × hr) 0.036 

BV : median cell volume at μ=0 fl 0.4 

VB,d: cell volume at division fl 2 BV /1.433 

VB,min: minimal cell volume of an active 

bacterium 
fl VB,d /5 

ρ: cell density (dry mass) fg/fl 290 
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Bacterial growth on the surface roughness network is modeled by using the IBM framework 

(Kreft et al., 1998), as described in Appendix B. The biological parameters used for bacterial 

growth and consumption are summarized in Table 2. The parameters are selected on the basis of 

the Kreft et al. (1998) which cited typical batch growth values of Escherichia coli, but with a 

lower KS value, to enhance population growth during the limited simulation time.  

To quantify the combined effects of hydration conditions on diffusion and bacterial motility, 

and their manifestation in rates of colony growth and expansion, we inoculated 50 cells in four 

sites of the network for all simulations. Initial nutrient concentration in the aqueous phase was 

set to 0.2 mg/L (Long and Or, 2009), and similar and constant nutrient concentration was 

maintained at the upper and right boundaries of the simulation domain throughout simulations. 

Triplicate simulations with six different matric potential values of -0.01, -0.5, -1.0, -2.0, -3.5, 

and -5.0 kPa, were conducted, respectively. 

 

3.2.5 Linking bacterial colony expansion rates with cell motility  

The IBM framework allows tracking of motion and growth status of each bacterial cell in the 

simulation domain. Cells maintain their trajectory within a time step; however they are not 

allowed to traverse an entire bond length. If a cell’s displacement length exceeds bond length 

within a time step it is placed at the nearest site for redirection at next time step according to 

criteria outlined in Appendix C (see Fig. S2a). The velocity of an individual cell is determined 

using Eq. 10 by estimating bacterial cell size and local water film thickness. Bacterial 

chemotaxis are considered in this model by preferentially selecting neighboring bonds with 

higher nutrient concentration and water contents for motion of an individual cell, as described in 

Appendix C. 

Population-scale dispersal of motile bacteria on rough surfaces was linked with single cell 

motility (Korber et al., 1994). Skellam (1951) has derived an expression for population dispersal 

on surfaces as, 

4R BV D ,                                                                                                                               (12) 

where DB (mm
2
/s) is bacterial random diffusion coefficient expressed as (Lovely and Dahlquist, 

1975; Othmer et al., 1988), 

2

2 [1 cos( )]
B

l
D

T 



,                                                                                                                   (13) 

where T (s) is time interval, l  (mm) is mean travel distance between turns, and ω (radian) is 

the angle between successive trajectories.  
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In this study, bacterial motility is not entirely random, but includes a chemotactic component. 

In the presence of chemical attractant, bacterial chemotactic velocity can be expressed as 

(Rivero et al., 1989), 

0 2
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d

N S
V v

K S x





 
,                                                                                                            (14) 

where χ0 (mm/receptor) is the chemotactic sensitivity, Kd (mM) is the receptor/ligand 

dissociation equilibrium constant, and NT is the total number of cell receptors for the ligand.  

Considering these expressions and network properties, we proposed a simple analytical 

prediction model to estimate the rate of bacterial colony expansion on partially-saturated surface 

roughness network as (Appendix C), 
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,                                                       (15) 

where ζ is a dimensionless factor, Deff,S and D0,S are effective nutrient diffusion coefficient and 

diffusion coefficient in bulk water, respectively, and v (mm/s) is the mean cell velocity (details 

see Appendix S3). 

 

3.3 Results and Discussion 

3.3.1 Bacterial cell motility on partially-saturated surface roughness network 

Theoretical relationship between hydration status (matric potential) and bacterial motility within 

surface roughness elements (Eq. 10) is depicted in Fig. 3. Calculations show bacterial cell 

velocity decreases from 18 μm/s (a typical experimental value for flagellar motility in bulk 

solution – Berg and Brown, 1972) to near 0 with decreasing matric potential from -0.1 to -10.0 

kPa, respectively. For wet conditions (matric potential values higher than -0.5 kPa), bacteria 

move in aqueous phase at velocities close to maximum velocity in bulk solution, V0. Cell 

velocity decreases gradually with decreasing matric potential and thinning of liquid films that 

result in increased drag due to cell-surface hydrodynamic interactions. At a critical matric 

potential value (intersection of the velocity curve with the dashed line in Fig. 3), aqueous film 

thickness is equal to bacterial cell size and capillary force becomes dominant. Subsequent 

reduction in matric potential and associated film thickness results in sharp decrease in cell 

velocity to near zero values at only a few kPa. These theoretical predictions are consistent with 

experimental observations that indicated that cell velocity in thin aqueous film decreases with 

increasing resistive forces (Goldstein and Charon, 1988; Biondi et al., 1998; Miyata et al., 2002). 
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3.3.2 Bacterial growth on partially-saturated surface roughness network 

Figure 4 depicts bacterial colony patterns after 25 hrs of growth under various hydration (matric 

potential) conditions. Under wet conditions (matric potential greater than -0.5 kPa), bacterial 

colonies expand relatively fast, resulting in bacterial population size exceeding 55,600±26,000 

individual cells forming colonies with mean radius of 13.8±3.5 mm. In contrast, drier conditions 

limited bacterial colony growth, where for matric potential of -3.5 kPa, mean bacterial 

population size dropped to 220, and mean colony radius was only 0.3 mm after 25 hours. No 

significant colony growth was observed at matric potential value of -5.0 kPa, which marks 

practical limitation for bacterial colony growth on partially hydrated rough surfaces with 

effective water film thickness of 0.1 μm (Biondi et al., 1998; Sur and Pak, 2001). The critical 

matric potential for measurable bacterial growth was -2.0 kPa below which, bacterial colony 

radius decreased sharply. Similar phenomena have been reported indicating that bacteria that 

were motile in culture may exhibit non-migrating growth pattern in dry soils due to limiting 

aqueous phase configuration (Gray and Williams, 1971). Matsuyama and Nakagawa (1995) 

observed significantly restricted colony growth for Serratia marcescens, a motile bacterium, on 

dehydrated rough surface, indicating that aqueous surface tension (capillarity) exerted 

significant influence on limiting bacterial colony extension on partially-saturated rough surfaces. 

More recent experimental observations show suppressed colony growth of Pseudomonas putida, 

a flagellated bacterium: on rough surfaces with aqueous film controlled by matric potential, 

colony radii showed a consistent decrease from 21.0 to 0.4 mm after 40 hrs of incubation with 

decreasing matric potential from -0.5 to -3.6 kPa, respectively (Dechesne et al., 2008). 

 

Fig. 3. Effect of hydration status on bacterial 

motility (cell velocity) as a function of 

matric potential for rough elements with two 

spanning angles and identical bond height, 

100H m . The dashed line marks cell 

velocity corresponding to film thickness 

equals to one cell diameter, and intersection 

of velocity model with dashed line occurs at 

critical matric potential that varies with pore 

geometry. 0F , F ,
 
and CF  are the viscous 

drag force opposing motion in bulk water, 

the viscous force associated with cell-

surface hydrodynamic interactions, and the 

capillary pinning force, respectively. 
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Fig. 4. Patterns of bacterial colonies grown on rough surfaces under various hydration statuses 25 

hrs after inoculation. Blue spots mark inoculation sites (same inoculation locations for all 

simulations in this study). 

 

3.3.3 Bacterial colony expansion rates on rough surfaces 

Figure 5 illustrates the effect of hydration status on simulated and measured rates of bacterial 

colony expansion on rough surfaces. Under wet conditions (matric potential greater than -0.5 

kPa), bacterial population dispersed at high rates with colony front velocity exceeding 421±92 

μm/hr. A significant decline in colony expansion rate from 262±74 to 31±10 μm/hr was 

simulated for when matric potential was reduced from -1 to -2.0 kPa, respectively. Following 

this relatively large decline, the rate of colony expansion leveled at values of less than 31±10 

μm/hr.  

 

Fig. 5. Effect of hydration status 

(expressed as matric potential) on bacterial 

colony expansion rates on rough surface: 

measured (data from Dechesne et al. 

2008), simulated and analytical prediction. 

Error bars indicate one standard deviation 

(sample number, n, varies from 6 to 14). 

Simulated colony expansion rates depicted 

by lines with shaded area representing one 

standard deviation. 

The large decline in colony expansion rate reflects effects of water configurations on the rough 

surface especially the thinning of water films. The calculated effective water film thickness was 

less than 1 μm (allowing for only partial cell immersion) for matric potential less than -2.0 kPa, 

at which bacterial motility is severely constrained due to onset of capillary-induced pinning 

forces. Bacterial colony growth on surfaces is generally dependent on surface hydration 
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conditions (Senesi et al., 2002; Berg, 2005; Or et al., 2007). Colonies of Pseudomonas putida, a 

flagellated bacterium, grown on ceramic surfaces under controlled matric potential conditions 

experienced a sharp reduction in expansion rates from 521 to 9 μm/hr when matric potential 

decreased from -0.5 to -3.6 kPa, respectively (Dechesne et al., 2008) (Fig. 5).  

 

Fig. 6. Effect of individual cell motility on 

bacterial colony expansion rates on 

partially-saturated rough surface. 

Simulated colony expansion rates are 

depicted by line (shaded area represents 

one standard deviation), and analytical 

predicted colony expansion rate is 

represented as dashed line. The mean cell 

velocity represents the statistical mean of 

individual cell velocities at each bond of 

the network. 

Bacterial population dispersal or colony expansion rates are linked to- and driven by 

individual cell motility (Eq. 15). Wolfe and Berg (1989) found that dispersal of bacterial 

population was promoted by increased individual cell velocity for motile Escherichia coli grown 

on agar. Phillips et al. (1994) also reported colony expansion rates of motile bacteria, 

Escherichia coli, and proportional to individual cell velocity. Dispersal of motile bacterial 

colonies on partially-saturated rough surface could be reasonably well predicted with simple 

model, as illustrated in Fig. 6, showing decreasing mean colony expansion rate from 421 to 9 

μm/hr with decreasing mean cell velocity from 4.8 to 0.5 μm/s, respectively. Spatially, the 

highest density of bacterial population occurs at the periphery of a colony (Fig. 7a) consistent 

with experimental observations where also most flagellated cells are found (Park et al., 2003; 

Macnab, 2003; Harshey, 2003). Such spatial colony structure is also linked with bacterial 

chemotaxis behavior where motile bacteria move towards higher nutrient (attractant) 

concentration and form high-density population bands (Brown and Kraus, 1974; Medvinsky et 

al., 1993; Fenchel, 2002). The shape of population bands or waves was attributed to cell motility 

(Matsushita et al., 1999), cell-cell signaling, chemotaxis interactions in complex mechanisms 

(Harshey, 2003), and nutrient properties (Hiramatsu et al., 2005).  

Following prolonged growth periods, colony expansion rate becomes nonlinear as depicted in 

Fig. 7b. Bacterial colony radius scales as a power-law with growth time as t
β
, with β assuming 

values up to 0.88 under wettest condition (-0.01 kPa). The simulation results are in agreement 

with observations showing reduced colony expansion rates of Escherichia coli and Serratia 
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Fig. 7. Effect of hydration status on bacterial colony expansion: (a) pattern of bacterial colony 

growth under -0.01 kPa 25 hrs after inoculation (the red spots represent individual bacterial 

cells, and the population density marks the population distribution along the colony radius); 

and (b) power-law relationship between colony radius growth and time. The shaded area 

represents power exponent values spanning 0.5 to 1.0. The dash lines are observations by Pipe 

and Grimson (2008). 

 

marsescens on agar with power values (β) varying in the range of 0.80 to 0.87 for Escherichia 

coli and Serratia marsescens, respectively (Pipe and Grimson, 2008). We found power values 

for colony growth reduced from 0.88 to 0.47 with decreasing matric potential from -0.01 to -2.0 

kPa, respectively. These changes are attributed to restrictive role of hydration conditions on both 

bacterial motility and on nutrient diffusion processes (Koch, 1990). As rough surfaces become 

progressively less saturated nutrient amounts retained in aqueous solutions are reduced and 

nutrient diffusional pathways are restricted and reconfigure (Young et al., 1999), resulting in 

impaired bacterial motility and growth rate (Parr et al., 1981; Koch, 1990). For instance, as 

matric potential was decreased from -0.01 to -2.0 kPa, the corresponding mean cell velocity and 

mean bacterial population size were reduced from 7.2 to 2.0 μm/s, and from 55,600 to 272, 

respectively. 

Bacterial motility is recognized as a key mechanism for survival in patchy and heterogeneous 

environments at small scale and is important for biodiversity maintenance of ecosystems (Mills, 

2003; Reichenbach et al., 2007). Understanding the extremely complex interactions between 

physico-chemical characteristics of soil matrix and bacterial motility are keys to understanding 

how these survival and biodiversity are maintained in situ. Vos and Velicer (2008) reported that 

motility variations in bacterial population of Myxococcus Xanthus, may result in alternate 

motility forms such as social-motility and adventurous-motility, reflecting diversifying 
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adaptation to various soil microenvironments. Dechesne and coworkers (2008) found that 

flagellated bacterial strain, Pseudomonas putida, exhibited significant reduction in colony 

expansion rates with decreasing matric potential on rough surfaces. These were attributed to 

physical constraints imposed on individual bacterial cells under drier conditions. However, these 

observations did not attempt to quantify the phenomenon which is elucidated in this study. 

Spatial and temporal variations in nutrient availability at small scales are ubiquitous in natural 

soils, where bacterial motility is a foraging strategy in the limited and patchy nutrient 

environment, and thus plays a fundamental role in competition and survival ability (Mitchell and 

Kogure, 2006). Simulation results show motile bacteria prefer to congregate at most favorable 

nutrient gradient consistent with experimental observations (Adler, 1966; Zhulin et al., 1995; 

Fenchel, 2002; Barbara and Mitchell, 2003). High motility could potentially provide a means for 

rapid and uniform dissemination of bacteria in polluted environments (Witt et al., 1999), and 

enhance biochemical processes by increasing sufficient interactions between bacteria and patchy 

resources. In harsh and dry soil environments, lower bacterial motility would be expected to 

increase isolation among local populations and reduce interactions between neighboring 

colonies, thus enhancing the formation of microcolonies and increasing soil biodiversity (Paul, 

2006; Long and Or, 2009). 

 

3.4 Conclusions 

We explicitly consider effects of physical constraints imposed on motility of bacterial cells 

inhabiting partially-saturated rough surfaces, considering primarily cell-surface hydrodynamic 

interactions and capillary pinning forces. A new hybrid model for bacterial growth and nutrient 

consumption was proposed to systematically evaluate influences of surface hydration and pore 

features on bacterial motility and the further impact on bacterial growth and colony expansion 

on partially-saturated rough surfaces. Simulation results indicate that capillarity and water 

configuration play key roles in affecting bacterial activities on partially-saturated rough surfaces, 

and define a surprisingly narrow range of hydration conditions where motility confers ecological 

advantage in identical systems. Bacteria experience reduced cell motilities with decreasing 

matric potential on rough surfaces resulting in suppressed growth and colony expansion. 

Reduced bacterial motility under drier conditions is expected to increase isolation among local 

populations, thus enhancing potential of biodiversity by sheltering less competitive species. 

Including fundamental mechanisms representing physical constraints composed of cell-surface 

hydrodynamic interactions and capillary pinning forces on bacterial growth and colony 
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expansion on partially-saturated rough surfaces should guide future experiments and improve 

predictions of bacterial activities in partially-saturated porous media. 
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Appendix S1: Capillary pinning force acting on a bacterial cell 

The frictional force, FC (N), acting on a small spherical cell partially immersed in thin water 

film due to capillary stress (Kralchevsky and Nagayama, 2001) is expressed as,  

2(2 cos( / 2 ) )C C CF r r P          ,                                                                                 (A1) 

where ΔP is the pressure difference across the free surface (equals to minus of matric potential, 

P), θ and α (radian) is contact angle and central cone angle, respectively, δ is friction coefficient 

of cell moving on solid surface (take 0.01 in this study, from Gong et al., 1999), and rC (mm) is 

immersed radius of cell which can be expressed as (Fig. S1b), 

2 2( )Cr R d d R    .                                                                                                           (A2) 

In this model, we assume a zero contact angle at cell surface for simplification. Therefore, 

Eq. A1 can be rewritten as, 

2(2 sin )C C CF r r P      .                                                                                                    (A3) 

Noting that 2sin 1 ( )
d d R

R


 
  , and substituting Eq. A2 into Eq. A3, one get, 

2 22
( )( ( ) )CF P R d d R

R


      .       (FC = 0 for d > 2R)                                               (A4)  

 

 

Fig. S1. Definition sketches of bacterial cell moving in thin water film: (a) sketch of a bacterial 

cell swimming in thin water film. VB is cell velocity, F(λp) and F(λn) are viscous resistive forces 

due to cell-surface hydrodynamic interactions for a cell moving parallel to- and normal to solid 

wall, respectively, and F(λ), the resultant force; and (b) sketch of capillary meniscus formed 

around a partially immersed spherical cell which is situated on a thin water film. Where d is 

water film thickness at infinite distance, Δd is capillary elevation of the contact line at the 

particle surface, θ and α is contact angle and central cone angle, respectively, rC is immersed 

radius of the cell, R is cell radius, ΔP is the pressure difference across the free surface, and FA, 

FS, FN, FT, and FC is capillary force due to the pressure difference across the free surface, 

surface tension force acting tangentially to the interface along the contact line, the vertical 

component of the surface tension force, the total normal capillary stress, and frictional force 

caused by total normal capillary stress, respectively. 
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Appendix S2: Growth kinetics of individual bacterial cell 

The growth kinetics of a single bacterium is described by (Kreft et al., 1998), 

( 1) ( ) ( ) BX t X t X t t    ,                                                                                                        (B1) 

where X (mg) is the dry cell mass, Δt (hr) is the time interval, and μB (hr
-1

) is the specific growth 

rate, which can be described as, 

Max
B

S

S
mY

K S


  


,                                                                                                                     (B2) 

with m (hr
-1

) the maintenance rate. 

The cell growth is then evaluated by estimating its volume (Long and Or, 2007). When a 

cell’s volume, VB (mm
3
), becomes larger than a critical division volume, VB,d (mm

3
), the cell 

reproduces a new cell. While VB becomes less than a critical minimum volume, VB,min (mm
3
), a 

cell is deemed dead. The VB,d and VB,min are determined based on the Donachie model (Kreft et 

al., 1998), 

,

2

1.433
B d BV V ,                                                                                                                          (B3) 

,min ,

1

5
B B dV V ,                                                                                                                            (B4) 

where BV  (mm
3
) is the average volume of an active bacterium. 
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Appendix S3: Bacterial motility on partially-saturated rough surface 

A cell is not allowed to traverse a bond length within a single time step. If a cell’s displacement 

length exceeds bond length within a time step ( 1 2V t L   or 2 2V t L  ) it is placed at the nearest 

site (site1 or site2) for redirection (see Fig. S2a).  

Motion of a bacterial cell is not entirely random but cells have a chemotactic preference 

towards substrate-rich bonds. A cell in a site preferentially enters the neighboring bond k with 

higher nutrient concentration and water content, as described in Eqs. C1-3: 

6

,

1

/W i i i

i

p W W


  ,                                                                                                                         (C1) 

6

,

1

/C i i i

i

p C C


  ,                                                                                                                          (C2) 

, , , ,
1:6

{ ( )}C W k C i W i
i

k k p p pMax


   ,                                                                                                (C3) 

where iW  and iC  are water content and nutrient concentration in the i
th

 neighboring bond, 

respectively; ,W ip  and ,C ip  are the components of water content and nutrient concentration in 

the i
th

 neighboring bond relative to that of all the bonds connected to a site. 

 

 

Fig. S2. (a) Definition sketch for bacterial 

cell motion within a roughness bond; and 

(b) effect of bond length on the rate of 

bacterial colony expansion within 

partially-saturated surface roughness 

network. 
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The rate of bacterial population-scaled dispersal on a two dimensional surface, RV , can be 

described as (Skellam, 1951), 

4R BV D ,                                                                                                                              (C4) 

where DB (mm
2
/s) is bacterial random diffusion coefficient, which can be described as (Lovely 

and Dahlquist, 1975; Othmer et al., 1988), 

2

2 [1 cos( )]
B

l
D

T 



,                                                                                                                  (C5) 

where T (s) is the mean persistence time, l  (mm) is the mean persistence length, and ω (radian) 

is the angle between successive trajectories. Noting that /l T v , with v (mm/s) the mean cell 

velocity, one gets, 

2[1 cos( )]
B

l v
D





.                                                                                                                     (C6) 

On partially-saturated rough surface, bacterial growth is controlled by the limited aqueous 

configuration and heterogeneous diffusion field (Mills, 2003; Or et al., 2007). Under nutrient 

limiting conditions, we may assume that bacterial growth rate is proportional to effective 

nutrient diffusion coefficient as, 

,

0,

( )
eff S

Max

S

D

D
  ,                                                                                                                         (C7) 

where D0,S (mm
2
/s) is nutrient diffusion coefficient in bulk water, and Deff,S (mm

2
/s) is effective 

nutrient diffusion coefficient on the rough surface, which can be expressed as (Moldrup et al., 

1997), 

8

3
, 0,0.66 ( )eff S SD D





,                                                                                                                 (C8) 

where ε is volumetric water content, and Φ is total porosity of the rough surface. 

The effective bacterial diffusion coefficient on rough surface can be expressed as, 

, /eff B BD D  ,                                                                                                                             (C9) 

where   is the tortuosity of the rough surface, which can be expressed as (Moldrup et al., 2001), 

0,

,

S

eff S

D

D


  ,                                                                                                                               (C10) 

Substituting Eq. C6 into C9, 

 ,
2[1 cos( )]

eff B

l v
D




 
.                                                                                                            (C11) 
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Substituting Eqs. C7 and C11 into Eq. C4 to obtain the rate of bacterial colony expansion on the 

rough surface, 

,

0,

2
[1 cos( )]

eff S

R Max

S

D l v
V

D





 
.                                                                                                (C12) 

Since a cell moving in a bond doesn’t change its direction, the mean turning angle between 

successive trajectories only dependents on the coordination number of the network, N (for a 

hexa-triangular network, N = 6), then, cos( ) 0.5  .  

Noting that a cell doesn’t change its direction in a bond, we let l L
 
for simplification. 

Such assumption will link the predicted colony expansion rate to the bond length. Therefore, 

estimations of the influence of bond length on the rate of bacterial surface colony expansion are 

essential. Simulations with different bond length were conducted to estimate the effect of bond 

length on the rate of colony expansion under matric potential of -0.5 kPa. The simulated rate of 

surface colony expansion increases nonlinear with the increasing of bond length. Nonlinear 

regression gives out a power-law relationship between the rate of colony expansion and the bond 

length as (Fig. S2b),  

0.8

RV L .                                                                                                                                   (C13) 

Therefore, we take Eq. C14 for simplification, 

1.6

,

0,

2
[1 cos( )]
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D vL
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D





 
.                                                                                                (C14) 

In the presence of chemical attractant, bacterial chemotactic velocity can be expressed as 

(Rivero et al., 1989), 

0 2

1

2 ( )
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,                                                                                                          (C15) 

where χ0 (mm/receptor) is the chemotactic sensitivity, Kd (mM) is the receptor/ligand 

dissociation equilibrium constant, and NT is the total number of cell receptors for the ligand. 

Here, we considering the maximum spatial gradient within a bond as, 

0( )Max

SS

x L





,                                                                                                                            (C16) 

where S0 is the initial nutrient concentration. Considering the heterogeneity of the rough surface, 

the chemotactic velocity can be rewritten as, 

0
0 2
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N S
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.                                                                                                          (C17) 



59 

 

By weighting the random motility and chemotactic motility with 1-ζ and ζ, respectively, one get 

the analytical predicted bacterial colony expansion rate on the partially-saturated rough surface, 

1.6

, 0
0 2

0,

1
(1 ) 2

[1 cos( )] 2 ( )

eff S T
Max

S d

D vL N S
V v

D K S L
  


  

   
,                                                    (C18) 

where ζ is a dimensionless factor. 

The biological and physical parameters for analytical prediction of surface colony expansion 

are listed in Table S1. 

 

Table S1. Biological and physical parameters for predictions of surface colony expansion . 

Parameters Values 

χ0, bacterial chemotactic sensitivity (mm/receptor) 5×10
-5 

(Rivero et al., 1989) 

S0, initial nutrient concentration (mM) 0.2 

Kd, the receptor/ligand dissociation constant (mM) 0.1 (Rivero et al., 1989) 

NT, total number of cell receptors for the ligand 2500 (Clarke and Koshland, 1979) 
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Chapter 4 

Hydration Dynamics Promote Bacterial Coexistence on Rough 

Surfaces 

 

 

Gang Wang and Dani Or 

ISME J. 2012, doi:10.1038/ismej.2012.115 

 

 

Identification of mechanisms that promote and maintain the immense microbial diversity found 

in soil is a central challenge for contemporary microbial ecology. Quantitative tools for 

systematic integration of complex biophysical and trophic processes at spatial scales relevant for 

individual cell interactions are essential for making progress. We report a modeling study of 

competing bacterial populations cohabiting soil surfaces subjected to highly dynamic hydration 

conditions. The model explicitly tracks growth, motion and life histories of individual bacterial 

cells on surfaces spanning dynamic aqueous networks that shape heterogeneous nutrient fields. 

The range of hydration conditions that confer physical advantages for rapidly growing species 

and support competitive exclusion is surprisingly narrow. The rapid fragmentation of soil 

aqueous phase under most natural conditions suppresses bacterial growth and cell dispersion 

thereby balancing conditions experienced by competing populations with diverse physiological 

traits. Additionally, hydration fluctuations intensify localized interactions that promote 

coexistence through disproportional effects within densely populated regions during dry periods. 

Consequently, bacterial population dynamics is affected well beyond responses predicted from 

equivalent and uniform hydration conditions. New insights on hydration dynamics could be 

considered in future designs of soil bioremediation activities, affect longevity of dry food 

products, and advance basic understanding of bacterial diversity dynamics and its role in global 

biogeochemical cycles.  

 

Key words: bacterial coexistence/diffusion/hydration dynamics/motility 
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4.1 Introduction  

Notwithstanding the vagaries of extreme environmental fluctuations affecting the harsh and 

nutrient poor environment, soil emerges as the most biologically active compartment of the 

biosphere hosting unparalleled bacterial diversity at all scales (Stotzky, 1997; Fenchel, 2002; 

Torsvik and Ovreas, 2002; Fierer and Jackson, 2006; Hibbing et al., 2010). Understanding 

bacterial diversity patterns and function, and determining biophysical processes that shape and 

maintain diversity represents a central challenge for contemporary microbial ecology (Fenchel, 

2002; Hibbing et al., 2010; Fierer and Lennon, 2011). Curtis and Sloan (2004) have commented 

that this challenge is “an immense and unexplored frontier in science of astronomical 

dimensions and of astonishing complexity”. 

Soil bacteria inhabit complex and heterogeneous pore spaces where water and nutrient 

resources essential for bacterial life may significantly vary across micrometeric spatial scales or 

entirely change within a single bacterial generation (Crawford et al., 2005; Mitchell and Kogure, 

2006; Or et al., 2007; Banavar and Maritan, 2009). Hydration status and pore-space 

characteristics are critical factors shaping nutrient fields and bacterial motility, and are thus key 

to understanding bacterial interactions in soil and other porous media such as dry food products 

(Barton and Ford, 1997; Dens and Van Impe, 2000; Wilson et al., 2002; Chang and Halverson, 

2003; Or et al., 2007; Chen and Jin, 2011). Although motility has long been argued as a key 

factor for survival in heterogeneous environments and for biodiversity maintenance (Fenchel, 

2002; Reichenbach et al., 2007; Vos and Velicer, 2008), it is only recently that crucial processes 

regulating bacterial motility within liquid films forming on partially hydrated rough surfaces 

have been quantified (Dechesne et al., 2010; Wang and Or, 2010). These studies have shown 

that surface roughness and aqueous-phase configuration impose capillary and hydrodynamic 

constraints limiting bacterial motility, and defined a surprisingly narrow range of hydration 

conditions where motility could confer ecological advantage on rough surfaces. These are but 

preliminary steps towards development of a broader understanding of hydration effects on 

bacterial population interactions, and species coexistence in unsaturated soil.  

In addition to inherent spatial heterogeneity of complex soil pore spaces and the resulting 

configuration of the aqueous phase retained therein, dynamic fluctuations in hydration 

conditions common in most natural soils affect microhabitats and thus greatly influence growth 

rates and community compositions. Such fluctuations and associated aqueous phase 

reconfiguration may create new niches that may shelter less competitive communities, or restrict 

diffusion in support of thriving communities thereby enhancing bacterial diversity (Torsvik and 

Ovreas, 2008). Like in other ecological systems, studies have shown that fluctuations in 
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hydration conditions could lead to significant decay in bacterial biomass, and alter community 

composition (Fierer and Schimel, 2002; Gordon et al., 2008). Nevertheless, most previous 

studies have focused on bacterial survival and population recovery with little consideration of 

the role of hydration dynamics on interactions among competing bacterial populations (Prosser 

et al., 2007; Torsvik and Ovreas, 2008). Not surprisingly, a mechanistic picture of how soil 

bacterial diversity is promoted and maintained remains sketchy (Torsvik and Ovreas, 2008; 

Ponciano et al., 2009). Progress in resolving mechanisms responsible for promoting or limiting 

bacterial competition and diversity, and the development of predictive tools require quantitative 

modeling capable of systematic consideration of bio-physico-chemical processes and ecological 

interactions at appropriate spatial and temporal scales (Prosser et al., 2007; O'Donnell et al., 

2007; Banavar and Maritan, 2009). 

We study interactions between hydration dynamics and diffusional heterogeneity affecting 

bacterial growth, motility, competition and species coexistence on partially hydrated rough 

surfaces. We employed a hybrid model that couples individual-based description of cell growth, 

motion and interactions within a nutrient field described by a (continuum-based) reaction-

diffusion model (Kreft et al., 1998; Dechesne et al., 2010). The model resolves spatial and 

temporal nutrient diffusion fields subjected to prescribed boundary conditions, heterogeneity and 

local nutrient interception by individual cells. Additionally, the model explicitly tracks motions 

and life histories of all individual cells within a population considering local hydrodynamic and 

capillary constraints to motility (due to aqueous phase configuration). 

 

4.2 Materials and Methods 

4.2.1 Modeling heterogeneous rough surface and water configuration 

Natural surfaces are represented as two dimensional (2D) networks of roughness elements with 

different characteristics arranged on a lattice (Dechesne et al., 2010) in which bacterial 

populations grow, interact and compete. The roughness network captures salient aspects of 

aqueous phase retention and spatial organization of real surfaces while providing a tractable 

representation of physical processes such as water films, hydraulic connectivity, and effective 

diffusion of real porous media (Blunt, 2001; Dechesne et al., 2010). The amount of aqueous 

phase retained within roughness element was calculated as a function of ambient matric 

potential value (or relative humidity in the air) and surface roughness geometry (Or et al., 2007). 

The connectivity of aqueous networks and the effective sizes of connected aqueous elements 

capable of supporting bacterial motility were deduced from roughness element geometry and 

invoking universal percolation theory arguments for network fragmentation (Berkowitz and 
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Ewing, 1998). An example of the resulting connected clusters of water-filled channels are 

depicted in Figure 1a and 1b for a roughness network under different matric potential values, 

highlighting increased fragmentation of aquatic habitats as the surface becomes drier.  

 

4.2 2 Nutrient diffusion and bacterial motility on partially hydrated rough surfaces 

The effective diffusion coefficient DS for nutrients varies with hydration conditions (higher for 

wetter conditions) and thus is a key parameter for determining bacterial growth rate and 

population carrying capacity of unsaturated surfaces. For simplicity, we expressed the relative 

diffusion coefficient as a function of hydration state (water content or matric potential) 

according to the classical Millington and Quirk (MQ) model that was originally developed for 

soil (Moldrup et al., 2003), 

2

0 2/3





effD D ,                                                                                                                               (1) 

where D0 is nutrient diffusion coefficient in bulk water, Φ is effective “porosity” of rough 

surface (relative to smooth surface), that is calculated according to, 

22 3
tan( )

3 2
H

H d dH
H l






 

    ,                                                                                              (2) 

where H is the expected value of channel/bond height (considering the effective height of the 

domain equals to the value of 3 times of the mean height of channels/bonds), l is the length of a 

roughness element (channel/bond), α and H are spanning angle and height of a roughness 

element, with the intervals of Ωα and ΩH, respectively (Dechesne et al., 2010), and θ is 

volumetric water content which can be estimated as a function of ambient hydration status 

(matric potential, ψ) and surface roughness characteristics according to, 

  / (3 )i

i

H A   ,                                                                                                                   (3) 

where θi(ψ) is volumetric water content of a certain roughness element at matric potential value 

ψ (Dechesne et al., 2010), A is the surface area (summation is over all elements in the network). 

Monte Carlo simulations of diffusive fluxes across the unsaturated roughness network yield 

effective nutrient diffusion coefficient similar to those obtained from macroscopic MQ model 

(Moldrup et al., 2003), as depicted in Figure 1c. For high matric potential values (wet conditions) 

large nutrient diffusive fluxes are supported across the roughness network, with effective 

nutrient diffusion coefficient of up to 0.5 mm
2
 h

-1
 under -0.0001 kPa (wettest conditions 

considered) similar to values in the range of 0.4 to 0.8 mm
2
 h

-1
 for soils at near saturation found 

by Darrah (1991) and Moldrup et al. (2003). The drying of a rough surface (lower matric 
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potential) is associated with a significant decline in effective nutrient diffusion coefficient within 

a few kPa drop in matric potential value. 

 

Fig. 1. Aqueous configurations and nutrient diffusive flux on roughness network. Aqueous 

phase configuration on a model roughness network under (a) wet and (b) dry conditions; and 

(c) simulated (mean ± s.d., n=5) and analytical effective nutrient diffusion coefficients as a 

function of matric potential value. UD (Up to Down) and LR (Left to Right) represent 

simulated diffusion coefficients with flux from up to down and from left to right boundaries of 

the simulation domain, respectively. Colors in (a) and (b) mark different water-filled bond 

clusters (aqueous fragmentation) available for cell motility (with effective water film thickness 

larger than a typical cell size of 1 µm). Clusters containing bond numbers less than 10 are not 

plotted.  

 

Flagellated motility is the primary mode of self-propulsion of bacterial cells in planktonian 

form within aqueous films (Darnton and Berg, 2008; Dechesne et al., 2010). On partially 

hydrated rough surfaces, flagellated motion is gradually restricted due to cell-wall viscous drag 

and capillary pinning forces experienced by cells within thin aqueous films. These effects are 

succinctly lumped into relationship between cell size and effective water film thickness – d(ψ) 

(which can be calculated as a function of matric potential and geometrical features of a 

roughness element according to 
1 sin( / 2)

( ) ( )
1 sin( / 2)

d R


 






, with R(ψ) of the radius of the liquid 

interfacial meniscus formed in a roughness element, see Long and Or, 2005 for more detail). We 

explicitly consider capillary and hydrodynamic limitations to cell motility (expressed as cell 

velocity, V) as a function of matric potential in the following expression: 

0

( ( )) ( ( ))
( )  


 
 M C

M

F F d F d
V V

F
 ( ( ) 0V   , while ( ( )) ( ( )) 0M CF F d F d    ), with V0 

of mean cell velocity in bulk water, and FM, FC and Fλ are the viscous drag force opposing 

motion in bulk water (equal to the maximum flagellar propulsive force), the viscous force 

associated with cell-wall hydrodynamic interactions, and the capillary pinning force, 

respectively (Dechesne et al., 2010). Additionally, the receding air-water interfaces results in 

thinning of film thickness effectively disconnecting bacterial aqueous habitats previously 
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hydraulically connected under wet conditions and further limit bacterial motion (Or et al., 2007; 

Dechesne et al., 2010; Wang and Or, 2010). Therefore, cell velocity within each roughness 

element is determined by matric potential value and geometrical features of a roughness element. 

Nutrient diffusion, bacterial growth and nutrient consumption within a channel/bond are solved 

based on the well-established reaction-diffusion model (Kreft et al., 1998; Dechesne et al., 

2010).  

 

4.2.3 Simulations of bacterial growth and competition on dynamically-hydrated rough surfaces 

The hybrid modeling framework discussed above supports highly resolved description of spatial 

and temporal nutrient diffusion fields shaped by surface and aqueous phase heterogeneity and by 

local nutrient interception by individual cells. To provide a baseline for the joint effects of 

physico-chemical heterogeneity at microscale with variations in hydration status on bacterial 

motility, growth, and population interactions on rough surfaces, we conducted Monte Carlo 

simulations for various (static) hydration conditions expressed as matric potential values of -0.5, 

-0.9, -2.0 and -3.5 kPa (10 replicates for each matric potential value using newly generated 

roughness network for each replicate). The baseline static simulation results were compared with 

simple dynamic hydration cycles (three simulations for each hydration sequence), starting with 

water potential at -2.0 kPa that was subsequently varied between -2.0 and -0.5 kPa every 12 and 

48 h, respectively. 

Monte Carlo simulations were performed on replicate roughness networks representing rough 

surface with physical size of 34.4 × 34.4 mm (with 200 × 173 sites on hexagonal lattice and 

bond length of 0.2 mm), with the parameters of network as described from Wang and Or (2010). 

The hybrid individual-based model simulated growth and interactions among 60 cells that were 

inoculated at 3 sites (see Figure 2a) each consisting of 20 cells (10 of each competing species). 

The nutrient concentration across the entire simulation domain was initially constant, and 

subsequently we maintained constant concentrations only at the boundaries of the network 

throughout the simulation period. Nutrient distribution and diffusion are supported by the 

variable aqueous network resulted from various hydration states (Long and Or, 2005). The 

physiological parameters used for modeling growth, interactions and nutrient consumption of 

two competing bacterial species are summarized in Table 1 (Kreft et al., 1998). Note the specific 

growth rate for the superior species (Sp1) is higher than for the inferior species (Sp2) reflecting 

the sole physiological advantage of Sp1 in nutrient interception and growth rate. 
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Table 1. Parameters describing bacterial growth and metabolism. 

Parameters Units 
Values 

Sp1 Sp2 

µmax: maximum specific growth rate hr
-1 

1.2 0.4 

KS: half-saturation constant fg fl
-1a 

1.2×10
-6

 0.4×10
-6

 

Ymax: apparent yield at μmax fg mass (fg substrate)
-1

 0.44 0.44 

m: apparent maintenance rate fg substrate (fg mass)
-1

 hr
-1

 0.18 

BV : median cell volume fl 0.4 

VB,d: cell volume at division fl 2 BV /1.433 

VB,min: minimal cell volume of an 

active bacterium 
fl VB,d /5 

ρ: cell density (dry mass) fg fl
-1

 290 

V: maximum cell velocity µm s
-1

 1 

C: substrate concentration fg fl
-1

 1×10
-3

 

a
: 1 fg = 1×10

-15 
g; 1 fl = 1×10

-15
 l. 

The fitness of Sp2 relative to Sp1 was computed according to (Elena and Lenski, 2003), 

2 1

02 01

( ) / ( )
W W

RF
W W

 ,                                                                                                                       (2) 

where W02 and W2 are initial and final populations (simulated up to nutrient carrying capacity of 

a habitat) of Sp2 and W01 and W1 are those of Sp1. 

 

4.3 Results 

4.3.1 BMicrobacterial growth and competition on rough surfaces under static hydration 

conditions 

We first describe simulation results for surfaces under static hydration conditions as reference 

for simulations considering dynamic hydration status for similar mean aqueous phase content. 

Figure 2 depicts patterns and population growth curves of two competing bacterial species on 

rough surfaces under different (but static) hydration conditions. As expected, under wet 

conditions (matric potential value of -0.5 kPa), the total bacterial population expanded rapidly 

with total population size exceeding 10
5
 cells within 70 hours after initial inoculation (Figure 2a). 

A small reduction in matric -2.0 kPa (Figures 2b and 2d); and finally, no significant bacterial 

growth was possible for -3.5 kPa potential value (more negative, thus drier surfaces) from -0.5 

to -0.9 kPa resulted in a 25% decrease in population size; only a few hundred cells survived with 

subsequent reduction to for similar time frames. The highest population density was found at the 
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Fig. 2. Bacterial growth patterns and population dynamics on rough surfaces under different 

static hydration conditions. Simulated bacterial growth patterns under (a) wet (-0.5 kPa) and (b) 

dry (-2.0 kPa) 70 h after inoculations; (c) water configuration (expressed as the probability 

density of effective bond film thickness, with film thickness smaller than 0.1 µm not shown, see 

Figure 5c); and (d) bacterial population growth (mean ± s.d., n=30) under -0.5 kPa (dash lines) 

and -2.0 kPa (solid lines), respectively, Red and blue spots in (a) and (b) represent individual 

cells of Sp1 and Sp2. Numbers in (a) mark inoculation positions. 

 

front of an expanding wave reflecting nutrient conditions and interception at the expanding front 

as seen in Figure 2a (Tsyganov and Ivanitsky, 2006; Saragosti et al., 2011). In general, the 

thinning of effective aqueous film thickness (Figure 2c) and fragmentation of the aqueous phase 

with decreasing matric potential (Figure 1b) limit nutrient diffusive fluexes (Figure 1c) and 

suppress cell motion and dispersion and thus limit bacterial population growth. Simulations for 

static hydration conditions are in agreement with experimental observations (Drenovsky et al., 

2004; Dechesne et al., 2008; Ponciano et al., 2009; Dechesne et al., 2010) and with recently 

published modeling results considering a single bacterial species on unsaturated rough surfaces 

(Wang and Or, 2010). Additionally, wet surface conditions (-0.5 kPa) supported rapid growth by 

the superior species (Sp1) that exhibited an exponential growth period immediately after 

inoculation followed by a gradual decrease in growth rate towards a stationary phase throughout 
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the rest of the simulation period (Figure 2d). In contrast, growth rates of the inferior species 

(Sp2) dropped rapidly attaining negative values 30 h after inoculation, leading to eventual 

extinction of Sp2 (Figures 2a and 2d). Drier condition (-2.0 kPa) suppressed growth rates for 

both species leading to similar population sizes 70 h after inoculation with similar spatial growth 

patterns indicative of coexistence (Figures 2b and 2d). Further reduction in matric potential 

value did not affect population coexistence albeit no significant growth of both species was 

simulated. Consistent with equivalent population growth sizes, comparable colony expansion 

rates of both species were simulated on drier rough surfaces, unlike the continuous decrease in 

colony expansion ratio of Sp2 relative Sp1 for simulations under wet surfaces with matric 

potential value of -0.5 kPa (Figure 3). 

 
Fig. 3. Bacterial colony expansion ratio and relative fitness under different static hydration 

conditions. (a) Simulated bacterial colony expansion ratio of the inferior species (Sp2) relative 

to the superior species (Sp1) and relative fitness or Sp2 relative to Sp1 under various matric 

potential values (mean ± s.e.m., n=30); and (b) dynamics of colony expansion ratio of Sp2 

relative to Sp1 as a function of elapsed time under wet and dry hydration conditions (mean ± 

s.e.m., n=30, shaded areas represent 1 s.e.m.). 

 

4.3.2 Effects of hydration dynamics on microbial growth and species coexistence 

Our primary focus was on quantifying the role of drying and wetting cycles on bacterial 

population growth relative to behavior under equivalent mean (static) hydration conditions. 

Figure 4 depicts snapshots of simulated bacterial growth patterns and population dynamics 

under static and dynamic hydration cycles (initial water potential was -2.0 kPa and was 

alternated between -2.0 and -0.5 kPa every 12 [short hydration cycle] and 48 h [long hydration 

cycle], respectively). Results show that the time required for similar colony sizes under short- 
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and long hydration-cycles was 144 and 192h, respectively, as compared with 50h for (equivalent) 

static hydration conditions. Hydration dynamics resulted in disproportional reduction in bacterial 

 

Fig. 4. Bacterial growth patterns and population dynamics under different hydration 

cycles. (a) Simulated bacterial growth patterns and (b) population growth and specific growth 

rates under median hydration conditions; and (c) and (e) growth patterns and (d) and (f) 

population growth and specific growth rates under short- and long-term dynamic hydration 

conditions, respectively (dashed curve in (f) illustrates population growth dynamics under 

hydration cycles started with wet event). Red and blue spots (lines) represent a Sp1 and Sp2, 

respectively. Shaded areas in (b), (d) and (f) represent one standard deviation of 3 replicates. 

Shaded columns in (d) and (f) mark dry episodes of matric potential value -2.0 kPa. 
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population growth during dry periods as evidenced by low specific growth rates, which were 

followed by rapid recovery in population size upon rewetting for all dynamic hydration 

scenarios (Figures 4d and 4f), consistent with experimental observations (Pesaro et al., 2004; 

Iovieno and Bååth, 2008; Bapiri et al., 2010). At the end of wet periods (96 h after inoculation 

for long hydration-cycle) nearly 90% of active cells inhabited domains with relatively large 

aqueous clusters supported by large water-filled channels. In contrast, most of the surviving 

bacterial populations were confined to relatively small (and deep) water-filled channels at the 

end of dry periods [144 h after inoculation for long hydration-cycle] (Figure 5). Not surprising, 

the superior species (Sp1) experienced a disproportionally larger reduction in population size 

due to hydration fluctuations than the reduction in total population size (Figures 5a and 5b). 

Simulations showed a significant increase in mean relative fitness (RF) of the inferior species 

(Sp2) relative to the superior species (Sp1) with RF values of 0.35 and 1.20 for short- and long 

dry-intervals, respectively, as compared with RF= 0.02 for static median hydration conditions. 

These changes reflect a transition from dominance by a superior species to coexistence of the 

two competing species, a change attributed solely to hydration dynamics (within the same 

roughness or pore spaces, Figure 4), in agreement with limited experimental observations 

(McLean and Huhta, 2000; Pesaro et al., 2004). Remarkably, a change in the sequence of 

hydration dynamics (starting with a wet period) significantly altered the bacterial competition 

picture, as shown in Figure 4f, resulting in competitive exclusion of the inferior populations 

similar to that for static wet scenarios (Figures 2a and 2d). 

 

4.4 Discussion   

The ecological role of hydration dynamics on bacterial growth, community structure, and 

potential influences on species coexistence have been studied in various systems (Chesson, 2000; 

Ben-Jacob, 2003; Hibbing et al., 2010). The new aspect of this study is in providing some of the 

first and direct insights into how hydration conditions and associated spatiotemporal variations 

affect bacterial coexistence and dynamics of community structure. The ease by which aquatic 

niches become fragmented and disconnected (under dry conditions) accentuates localized 

growth patterns with temporal sheltering for less competitive species conferring resistance 

against encroachment by competitors.  

Suppression of population growth under dry conditions was attributed primarily to changes in 

aqueous phase configuration that affect both motion and diffusion pathways thereby limiting 

nutrient fluxes and interception for the competing populations and induce similar (diffusion 

limited) specific growth rates (Treves et al., 2003; Zhou et al., 2004; Iovieno and Bååth, 2008). 
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Fig. 5. Bacterial growth patterns and population distributions under different episode of long-

hydration cycles. Simulated bacterial growth patterns at (a) 96 h (wet) and (b) 144 h (dry) after 

inoculations, with zoom-in images showing population densities [star symbols in enlarged inset 

of (b) mark channels/bonds with aqueous film thickness smaller than cell size]; and population 

spatial distributions (mean ± s.e.m., n=3, marked by the heights of red and blue columns for Sp1 

and Sp2, respectively) and aqueous film thickness distributions under (c) wet and (d) dry 

episodes, respectively. Red and blue spots in (a) and (b) represent individual cells of Sp1 and 

Sp2. Solid green lines in (c) and (d) mark film thickness smaller than 0.1 µm.  

 

Such mechanism of coexistence promotion by limited diffusive fluxes and aqueous phase 

fragmentation is consistent with limited available observations (Zhou et al., 2002; Treves et al., 

2003; Ponciano et al., 2009). For example, Zhou et al. (2002) found 2 to 3 orders of magnitude 

higher microbial diversity in unsaturated surface soils than in saturated soils. Additionally, 

restricted bacterial motility within thin aqueous films (dry conditions) limited dispersion 

distances and reinforced the critical role of localized diffusion pathways on chances of survival 

(Maennik et al., 2009; Dechesne et al., 2010; Wang and Or, 2010). The experimental results of 

Dechesne et al. (2008) reveal that for a small drop in matric potential of rough ceramic surfaces 

(from -0.5 to -3.6 kPa) colony expansion rates for motile bacteria dropped by 60 times! These 
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factors contributed to formation of nearly stationary growth patterns and formation of nutrient 

depleted regions that could not be traversed by competitive species (Long and Or, 2005) hence 

emergence of balanced population competition and gradually giving rise to coexistence. Under 

wet conditions (-0.5 kPa), the multitude of hydraulic connections among bacterial habitats 

maintained pathways for motile bacteria as well as supported high diffusion links for constant 

nutrient supply to expanding population fronts (Treves et al., 2003; Zhou et al., 2004). These 

relatively saturated and nutrient rich simulated scenarios provided Sp1 with a competitive 

advantage (Treves et al., 2003; Hibbing et al., 2010) that enabled it to expand faster and 

gradually enclose Sp2’s enclaves thereby intercepting larger fraction of nutrients and tipping 

competition balance, resulting in competitive exclusion of Sp2. These results are consistent with 

the classical coexistence theories of niche stabilization and fitness equivalence (Adler et al., 

2007), whereby favorable growth environments (high nutrient fluxes, well connected and large 

aquatic habitats supporting significant cell motion, which are characteristics of wet surfaces) 

support expression of competitive advantage and lead to exclusion of inferior species. These 

often speculated by rarely quantified mechanisms of physico-chemical constraints restrict 

motility and nutrient fluxes within the fragmented aqueous phase giving rise to fitness 

equivalence among competing bacterial species (gradual loss of niche difference), and 

coexistence (Zhou et al., 2002; Treves et al., 2003; Dechesne et al., 2008).  

The disproportional sensitivity of densely populated regions to hydration dynamics (drying 

and wetting) acts to reset population imbalances. These simulation results are in agreement with 

experimental observations in which drying-rewetting conditions considerably increase bacterial 

diversity as compared with communities in unstressed and initially wet and fertile soils (Fierer 

and Schimel, 2002; Fierer et al., 2003). While physiological traits allowed superior species to 

establish abundant presence in relatively larger and connected aqueous regions/pores 

(capitalizing on nutrient supply capacity) within wetting episodes; at the onset of dry periods, 

nutrient demand required in regions inhabited by large population density cannot be met by the 

new aqueous-based diffusion field, resulting in disproportionally large population decay [larger 

than would be expected for an equivalent reduction in mean flux] (Pesaro et al., 2004; Iovieno 

and Bååth, 2008; Bapiri et al., 2010). The situation for sparsely distributed “rural” populations 

inhabiting harsher domains is different, and simulation results show a large fraction of the 

population in these regions survived throughout dry episodes. Moreover, considering motility 

limitations induced by thinning films (Maennik et al., 2009; Dechesne et al., 2010; Wang and Or, 

2010), these sparse and isolated populations are likely to exist in a stationary and sessile form 

(absent dispersion, expansion or mixing). Consequently, the unsymmetrical decline in 
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population size during drying episodes reinstates a balance in population sizes of the competing 

species and contributes to establishment of nearly stationary coexistence patterns by resetting 

the ecological clock.  

Additionally, spatial preferences for dry and wet periods exhibited by bacterial population 

occupancy are reflections of the complex diffusion field and local nutrient carrying capacity and 

formation of resilient fraction of the population (less sensitive to hydration perturbations). These 

factors provide mechanistic explanation for experimental observations that soil drying-rewetting 

treatments may alter bacterial population dynamics and community structures (Fierer and 

Schimel, 2002; Fierer et al., 2003; Iovieno and Bååth, 2008). Hence, dynamic hydration 

conditions temporally increase niche complexity in which location (or diffusion pathway) 

resilience may affect bacterial population response and even compensate for physiological traits 

and thus promote coexistence.  

For the rare episodes of prolonged wetting in natural soils, the rapidly expanding population 

of competitive species may ultimately sweep through the domain including previously sheltered 

habitats and lead to competitive exclusion of inferior species as predicted by classical 

competition exclusion principles (Hutchinson, 1961). In practice, the ephemeral and very limited 

time window when soils are subjected to wet conditions (a few hours per year) reinforces the 

generality of the physico-chemical constraints imposed on nutrient diffusive flux heterogeneity 

and on motility. Thus sessile life form is expected to dominate soil bacterial life accentuating the 

ecological consequences of dynamic hydration conditions on bacterial population interactions 

and community structure across most soil types and climatic regions. The restricted duration of 

wet events in natural soil also imply severe constraints on distances traversed by motile bacteria 

into neighboring habitats, which are expected to be limited to a few pores even under favorable 

conditions (Soby and Bergman, 1983; Dechesne et al., 2010), preventing successful invasions 

and thus competitive exclusion of weaker species. Although other agents such as roots and 

hypha, or concentrated flows in cracks and macropores may contribute to bacterial dispersion 

over large distances even in relatively dry soils, these would have limited influence along hot 

spots but are unlikely to alter structured residence of competing populations (Kohlmeier et al., 

2005). 

Time averaged nutrient fluxes may be useful for estimations of total population sizes and 

carrying capacity of soil volumes (Drenovsky et al., 2004; Long and Or, 2007, 2009; Dechesne 

et al., 2008; Chesson, 2011), however, such averaging would not capture in local interactions 

discussed above that ultimately shape population dynamics and diversity. For example, 

inferences based on the average fitness of a species would predict competitive exclusion of 
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weaker species within a bacterial habitat (Carrero-Colón et al., 2006; Chesson, 2011). The 

results revealed that highly localized, temporally variable and individual-level bacterial 

interactions, rather than median global values for a species, determine the dynamics and patterns 

of interacting bacterial populations in systems mimicking natural soils, consistent with 

organization principles for macroscale biological systems (Camazine et al., 2001; Karsenti, 

2008). Additionally, results show distinct effects of hydration sequences on bacterial coexistence 

indicative of sensitivity of responses of bacterial populations to initial conditions, which may 

cast some doubts on inferences based on steady state traditional population models, e.g., Lotka-

Volterra model (Wangersky, 1978) and niche theories (Adler et al., 2007) to describe complex 

soil bacterial dynamics.  
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Mechanistic exploration of the origins of the unparalleled soil microbial biodiversity represents 

a vast and uncharted scientific frontier. Quantification of candidate mechanisms that promote 

and sustain such diversity must be linked with microbial functions and measurable biophysical 

interactions at appropriate scales. We report a novel microbial coexistence index (CI) that links 

macroscopic soil hydration conditions with microscale aquatic habitat fragmentation that impose 

restrictions on cell dispersion and growth rates of competing microbial populations cohabiting 

soil surfaces. The index predicts a surprisingly narrow range of soil hydration conditions (very 

wet) that suppress microbial coexistence; and for most natural conditions found in soil hydration 

supports coexistence. The critical hydration conditions and relative abundances of competing 

species are consistent with limited experimental observations and with individual-based model 

simulations. The proposed metric offers a means for systematic evaluation of factors that 

regulate microbial coexistence in an ecologically consistent fashion. 
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5.1 Introduction 

Soil is the most biologically active compartment of the biosphere, hosting unparalleled 

biodiversity at all scales
1-7

. Soil aqueous and biogeochemical environments are inherently 

heterogeneous and patchy
2,8

, and thus delineate ecological spheres of influences that may 

separate microbial communities with respect to location, physiology, or genetics
1,3,9-11

. Complex 

pore spaces and fragmented aqueous habitats impose constraints on nutrient transport and on 

microbial motion in unsaturated soils whereby diffusion is the primary mechanism for nutrient 

supply relative to convection by rare infiltration episodes
8,12,13

. Additionally, pore space 

architecture and hydration conditions determine aqueous phase configuration thereof, play a key 

role in shaping microbial community dynamics and composition in soils
9-11

. Cell motion is 

usually limited, and is critical for survival and functioning in such patchy and heterogeneous 

environments
1,5,8,14-16

. Hydration constraints to motility and nutrient diffusion are expected to 

shape the dynamics and composition of the early phases of establishment of microbial 

communities on unsaturated rough surfaces inoculated by various processes (e.g., large 

convective flows)
1,5,8,12,13

. Recent studies have established relationships between hydration 

status that determine aqueous film properties and microbial flagellar motility
12,13

.  

 

 

Fig. 1. Aqueous phase configuration on a schematic rough surface delineating connected cluster 

of sizes RC(ψ) and associated microbial mean generation length, RG(ψ) under (a) wet, and (b) 

dry conditions. Gray dash lines illustrate the additional distance required for a full generation 

length (additional time is required for cell division after reaching the aqueous cluster boundary). 

Red rods represented superior bacterial species and blue of inferior species, both are flagellated 

(dashed lines mark hypothetical cell trajectories). 

 

We report a novel biophysical index for predicting hydration conditions that promote (or 

suppress) microbial coexistence on rough surfaces. We propose a framework for integrating 
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quantifiable biophysical variables, such as aquatic habitat size and connectivity, nutrient 

diffusion rate affecting microbial growth rates, and aqueous film thickness influencing microbial 

motility and dispersal distances, into a simple predictive index (see Fig. 1).  

 

5.2 Methods 

5.2.1 Aqueous-phase configuration on rough surface and analytical prediction 

For the numerical simulations used to test the proposed analytical CI, we considered a model 

system of a rough soil surface represented by an equivalent network (with physical size of 34.4 

× 34.4 mm with 200 × 173 sites on a hexagonal lattice) of simple roughness elements whose 

aqueous phase content and connectivity are functions of the matric potential and geometrical 

characteristics of the network
12,13

. An important ingredient in the foregoing analysis is the size 

of aqueous clusters defined as groups of interconnected pores or capillary channels that retain 

sufficiently thick aqueous film to support flagellar motility
12

 and border “empty” channels with 

aqueous film too thin to support cell motion but available for nutrient diffusion
8,17

. The physical 

picture of the aqueous-phase is linked with how rough surfaces dry. As the ambient matric 

potential becomes lower (dryer), air-water interfaces recede deeper into crevices resulting in 

fragmentation of the previously connected aqueous network (Fig. 1a) into clusters of aqueous 

islands
8,12

 (Fig. 1b). Consequently, the interplay of capillary forces and surface geometries shape 

details of the aqueous-phase network. However, the effective size of the largest aqueous cluster 

RC(ψ) is predictable from universality of percolation theory
17

, and can be expressed as a function 

of the aqueous-phase content (controlled by the ambient matric potential, ), 

1/

0

0

( )
( ) ( )C

C

N
R R

N


  ,                                                                                                                 (1) 

where R0 is radius of system size (for a finite domain), NC is number of pores/channels of the 

maximum cluster, N0 is number of total pores/channels of a system, and χ is a universal 

exponent dependent on the dimensionality of the network (see Supplementary information).  

The aqueous cluster radius not only defines the size of an isolated microhabitat where competing 

microbial species may inhabit and interact, but it also determines the boundaries through which 

diffusive nutrient fluxes arrive and support life within the cluster.  

 

5.2.2 Analytical solutions of nutrient diffusivity on rough surfaces 

Another important consequence of aqueous phase fragmentation and film thinning is the 

reduction in effective nutrient diffusion (expressed as effective nutrient diffusion coefficient, 

Deff). The relationship between mean water content on the surface ((), a function of matric 
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potential) and effective nutrient diffusion coefficient is expressed as
18

 (see Supplementary 

information),  

2

0 2/3

( )
( )effD D

 



 ,                                                                                                                   (2) 

where D0 is nutrient diffusion coefficient in bulk water, and   is the effective “porosity” 

generated by surface roughness (relative to a smooth surface, see Supplementary information). 

The averaged nutrient diffusive flux (represented by Deff) is a measure of nutrient limitation to 

microbial growth rate that, in turns, determines microbial life history (see Supplementary 

information).  

 

5.2.3 Microbial motility and generation length inhabiting unsaturated rough surfaces 

Despite severe limitation to microbial flagellar motion within thin films and fragmented aqueous 

network, even minute changes in position within the network may play a critical role in the 

highly heterogeneous diffusion fields
1,5,14

, where conditions for population growth or decay may 

be a few channels or pores apart
12

. Recent studies
12,13

 have shown that microbial cell motion 

(expressed as mean flagellated cell velocity, V()) was significantly restricted relative to 

flagellar motion in bulk water owning to the thinning of aqueous film that gives rise to 

additional viscous drag and capillary pinning forces according to, 

*

0( ) ( , )



  
 

 
  

H

M C

M

F F F
V V f H d dH

F
,                                                                                  (3) 

where V0 is mean cell velocity in bulk water, FM, FC and Fλ are the viscous drag force opposing 

motion in bulk water, the viscous force associated with cell-surface hydrodynamic interactions, 

and the capillary pinning force, respectively, f
*
(α,H) is bivariate probability density function of 

roughness elements spanning angle (α) and height (H) within the range of values Ωα and ΩH (see 

Supplementary information).  

We may now combine these hydration based factors (cluster size, nutrient diffusion and cell 

motility) to estimate a characteristic distance traversed by a microbial cell during a single 

generation (until binary fission or a doubling time). We term this integrative variable as mean 

generation length (RG) which explicitly incorporates intrinsic microbial growth characteristics 

with motility
18

, and hydration status as (see Supplementary information), 

2
( ) 2 ( ) /G effR V    ,                                                                                                       (4) 

where µeff is effective microbial specific growth rate, and τ is the mean interval of microbial 

motile duration (see Supplementary information). Considering limitations imposed by aqueous 
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films for cell dispersal outside clusters, the boundaries of aqueous clusters are entry regions for 

nutrient fluxes supporting microbial life within the clusters. Consequently, species capable of 

establishing presence along these boundaries enhance their survivability relative to species in the 

cluster interior
19

.  

 

5.2.4 The definition of predictive microbial coexistence index 

Based on this line reasoning, we propose a novel coexistence index (CI) defined as the ratio of 

microbial generation length RG() to the effective radius of aqueous cluster RC (), with both 

characteristic lengths dependent on hydration condition – matric potential value (see 

Supplementary information),  

( ) ( ) / ( )G CCI R R   .                                                                                                             (5) 

The proposed CI compares mean distance traversed by a cell during one generation with the 

effective size of aqueous clusters (islands) that may host multiple species. Note that RG() 

reflects not only net motion but also potential for nutrient interception required for cell growth 

and division. The criticality of nutrient entry zone in a diffusion controlled environment makes 

presence of multiple species in this zone a defining factor for microbial coexistence. Under wet 

and favorable environmental conditions, physiologically superior species with fast growth rate 

may rapidly form a large population dominating presence along these boundaries at greater 

proportions than relatively slower growing species, and intercept a large fraction of nutrient 

fluxes from the boundaries. As a consequence, the resulting nutrient depletion at the interior of 

the microhabitat (aqueous cluster or island) would invariably lead to competitive exclusion of 

inferior species (Fig. 1a). In contrast, under drier conditions with fragmented aqueous-phase and 

reduced nutrient supply, microbial growth is limited below physiological capacity, lengthening 

microbial generation characteristic time (and length) relative to the size of the microhabitat 

thereof, enhances chances of arrival of diverse composition of species to the boundaries, giving 

rise to prolonged coexistence and more even species abundance (Fig. 1b). Overall, the model 

provides qualitative and quantitative estimates for the onset or loss of microbial coexistence, 

including relative abundance calculations in unsaturated soils (see Supplementary information).  

 

5.3 Results 

Figure 2 summarizes the variables used in deriving the proposed coexistence index. We first 

consider aqueous phase fragmentation expressed as aqueous cluster size as seen in Fig. 2a (with 

configurations shown also in Figs. 2d and 2e) as a function of water potential value and surface 
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geometry properties. Percolation theory
17

 predicts that the size of continuous aqueous clusters is 

expected to decrease with decreasing water potential (as a surface dries) with a distinct and 

abrupt drop occurring at a critical water potential value close to -4.0 kPa, in excellent agreement 

with realizations of many different networks obtained from numerical simulation. 

 

Fig. 2. (a) Predicted and simulated radii (mean±s.d., n=5) of aqueous clusters (normalized by 

maximum cluster size under saturation condition) as a function of matric potential, (b) 

predicted  and simulated (mean±s.d., n=5) effective nutrient diffusion coefficients (normalized 

by diffusion coefficient of glucose in bulk water), UD and LR represent simulated diffusion 

coefficients with flux from upon to bottom and from left to right boundaries of a domain, 

respectively, (c) analytical prediction for mean cell velocity and comparisons with numerical 

simulations and experimental measurements (mean±s.e.m., n=34600 for simulation and n>248 

for experiments), and aqueous cluster distributions on (d) wet and (e) dry surfaces, colors mark 

different clusters. 

 

Invoking percolation theory, one may extend the predictions to volumes of connected 

aqueous clusters in 3D soil pore spaces (Fig. 2a and Supplementary Fig. S1). Accompanying the 

fragmentation of the aqueous-phase, a significant drop in effective nutrient diffusion 

coefficient
20

 with decreasing water potential is predicted for various roughness networks, in 

good agreement with detailed simulation results (Fig. 2b). To complete the picture of hydration 
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effects on microbial functions on partially hydrated surfaces, we quantify effects of the 

macroscopic soil water potential on microbial flagellated motility (Eq. 3). Comparisons of 

analytically-derived predictions with direct observations
12

 and detailed numerical simulations of 

cell motility considering many cells and different roughness networks show excellent agreement 

(Fig. 2c). The good agreement between simple analytical representations of key hydration-

controlled processes motivates their joint use to predict hydration mediated microbial 

coexistence on rough surfaces. 

The proposed CI postulates that existence of competing species within an aquatic island 

(cluster) critically depends on presence on the boundaries of such a cluster to intercept diffusing 

nutrients via aqueous films too thin to support flagellated motion. Figure 3 depicts analytical 

predictions of the proposed CI for multiple microbial populations on unsaturated rough surfaces 

based solely on surface roughness properties and microbial physiological traits (growth rates, 

motility, etc.) as mediated by hydration status (expressed by a macroscopic quantity – matric 

potential). An important advantage of the proposed CI is that the analytical prediction does not 

require details regarding the structure of diffusion fields nor specifics concerning population 

interactions and growth dynamics. CI values of less than unity for high matric potential values 

(wet conditions) indicate that distances (mean generation length) traversed by motile cells within 

one generation are shorter than aqueous cluster size (which, for wet conditions, could span a 

large fraction of  the simulation domain). Low CI values also imply rapid increase in population 

size before reaching microhabitat boundaries. Consequently, the highly competitive species 

(superior species) may quickly dominate the boundaries, or even enclose slower growing species 

prior to reaching the boundaries and gradually intercept larger fractions of arriving nutrients 

thereby tipping competition balance, resulting in competitive exclusion of less effective 

competitors
5
. Figure 3b depicts the evolution of microbial relative abundance whereby the most 

competitive species dominate at CI values bellow unity (associated with wet surfaces). Under 

drier conditions (low matric potential values), predicted CI values gradually increase until a 

critical transition occurs at CI=1 marking conditions for onset of coexistence. These conditions 

are also marked by peak transition in population evenness values expressed by the widely used 

Simpson index
21

. The transition occurs across a surprisingly narrow range of matric potentials 

within a few kPa (Fig. 3a). Additionally, the theoretically derived relative fitness (RF) above the 

critical threshold of CI =1 (at around -4 kPa) becomes indicative of transition to coexistence 

mode among the microbial species (Fig. 3b). The performance of the CI was evaluated primarily 

based on Monte Carlo simulations using a mechanistic discrete individual-based model
12,13 

simulating growth and life histories of large and multispecies microbial populations with typical 
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results shown in Fig. 3 and Supplementary Fig. S2. Remarkably, the simulation results reflecting 

behaviors of many individual cells responding to their local microenvironments were in 

reasonable agreement with the simplified analytical predictions (Fig. 3), and thus lend credence 

to the underlying assumptions in the basis of the proposed CI. The predictive index was also 

evaluated for limited experimental data
22

 for two competing microbial species grown in soil (3D 

pore systems) under different hydration conditions. The comparison depicted in Fig. 4 shows 

that with decreasing matric potential, transition of the relative fitness of inferior species occurs 

at the expected critical CI =1 that marks hydration conditions for coexistence consistent with 

experimental observations
22

.  

 

Fig. 3. (a) Analytical microbial 

CI predictions (mean±s.d., 

n=6, gray area marks 1 s.d.) 

and corresponding common 

Simpson species evenness 

(initial inoculation size of 100 

cells of each species), and 

comparisons with simulated CI 

values (mean±s.d., n=384) and 

Simpson evenness (mean±s.d., 

n=16 mixed population 

inoculated colonies), and (b) 

analytical and simulated 

(mean±s.d., n=16 mixed 

population inoculated 

colonies) relative abundance as 

a function of CI. Note the 

trend towards evenness under 

drier conditions. The simulated 

abundance distributions were 

extracted from the same set of 

numerical simulations used for 

evenness indices presented in 

(a). 

The analytical estimates of aqueous habitat fragmentation based on percolation theory (Eq. 1) 

were also used to estimate the numbers of aqueous clusters in soils yielding close agreement 

with numerical simulations, and are well constrained by total numbers of soil grains
23

 

(Supplementary Fig. S3). The aquatic and granular fragmentations provide estimates of distinct 

niches for accommodating the extremely diverse microbial populations consistent with the 

theories of spatial heterogeneity promote microbial diversity in soils
8,11,24,25

. Additionally, the 
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predicted sizes of aquatic habitats hosting competing microbial populations provide the basis for 

some of the coexistence calculations within the confines of aqueous clusters.   

 

Fig. 4. Analytical CI predictions and calculated relative fitness (RF) (initial inoculation size of 

100 cells of each species) for 3D porous media, and comparisons of RF with experimental 

data
20

 ("triangle” and “square” symbols mark experimental data
20

).   

 

5.4 Discussion 

Although the notion that dry conditions induce spatial segregation is well established
8
, the 

narrow range of hydration condition (a few kPa) at which the aqueous-phase becomes 

fragmented is surprising, and the generality of this strong fragmentation at a relatively wet state 

(in most soils and geographical regions) is important and not widely recognized. The CI 

prediction of lowering water matric potential increases microbial diversity is consistent with 

recently reported experimental observations
24-26

. For instance, the experimental results of Zhou 

et al.
26

 reveal magnitude higher microbial diversity in unsaturated surface soils than in saturated 

deeper soils. Despite limited experimental information, the general agreement inspires 

confidence in the potential usefulness of this new CI for prediction of conditions promoting or 

limiting soil microbial coexistence and biodiversity based on simple traits and ambient 

conditions. In contrast with standard diversity metrics such as relative fitness
27

, Shannon and 

Simpson indices
21

 that are all based on analyzing experimental or simulation results, the 

proposed CI is a predictive metric entirely based on simple and measurable biophysical 

parameters. It is anticipated that the mechanisms postulated in the basis of the proposed CI are 

particularly important during early stages of microbial new colonization on surfaces by large 

convective events following extended dry periods (rewetting of surfaces)
5,8,28

.  
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The practical implementation of the proposed CI in a predictive mode would require 

information regarding ranges of specific growth rates and motilities of microbial populations 

inhabiting soil surfaces. However considering the strong constraints imposed by aquatic habitat 

fragmentation and formation of thin water films, differences in motility among species are likely 

to be suppressed, thereby reducing parameter requirements for CI application to estimates of 

specific growth rate range. Nominally, the mean growth rate for a population would suffice to 

identify hydration conditions for onset of coexistence; however, estimates of relative abundance 

would require information on the range of specific growth rate values of a population, and the 

picture is likely to become more complex with consideration of hydration dynamics
29

 

The narrow range of hydration conditions (a few kPa) for aqueous phase fragmentation and 

limited nutrient diffusion is relatively general, and leads to an almost universal transition to 

sessile microbial life due to cell pinning behind thin liquid films regardless of competitive 

advantages of a species. Additionally, conditions conducive to significant dispersal and 

population mixing are expected to be limited and rare in most soils (only a few hours several 

times per year even in temperate regions
3
), highlighting the inherent segregation in soils under 

natural climatic conditions and across all soil types. Despite numerous simplifications, the 

analytical CI represents a step towards linking the complex soil physical environment with 

microbial biodiversity in a predictive and ecologically consistent fashion, and offers a potential 

for addressing core issues in contemporary soil microbial ecology concerning soil and water 

resource quality, the fate of environmental contaminants, and global biogeochemical cycles
30,31

. 
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Supplementary information 

Table S1. Physiological parameters for microbial growth, metabolism and nutrient 

concentrations. 

Parameters Units Values
*
 

µmax: maximum specific growth rate hr
-1 

[0.2~1.2]
†
 

KS: half-saturation constant mg l
-1 

[0.2~1.2]×10
-3†

 

Ymax: apparent yield at μmax g dry mass (g substrate)
-1

 0.44 

m: apparent maintenance rate g substrate (g dry mass)
-1

 hr
-1

 0.036 

BV : median cell volume fl 0.4 

VB,d: cell volume at division fl 2 BV /1.433 

VB,min: minimal volume of an active cell fl VB,d /5 

ρ: cell density (dry mass) g l
-1

 290 

C: substrate concentration mg l
-1

 1 

*
: For 3D systems with extracted values from Treves et al.

1
  

†: Bivariate uniform distribution with correlation coefficient of 0.01. 

 

 

 

Fig. S1. Water filled pore cluster characteristics on unsaturated roughness networks. 

Simulated radius of the maximum water filled pore/channel cluster as a function of numbers of 

water filled pores/channels (mean±s.d., n=5), in agreement with numerical prediction by 

percolation theory
2
. Dashed line marks percolation threshold. 
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Fig. S2. Simulated colony growth patterns of multiple competing microbial populations. 

Colony growth patterns of a set of competing microbial species on unsaturated roughness 

network at 60 hr after inoculation under (a) -0.5 kPa, and (b) -5.0 kPa, respectively. Color spots 

represent the set of competing microbial species differentiated at intrinsic growth characteristics: 

maximum specific growth rate of species 1 (SP1) of 1.2 (red), SP2 of 0.6 (blue), SP3 of 0.5 

(green), SP4 of 0.4 (cyan), SP5 of 0.3 (yellow) and SP6 of 0.2 hr
-1

 (black), and half saturation 

constant of SP1 of 1.2, SP2 of 0.6, SP3 of 0.5, SP4 of 0.4, SP5 of 0.3 and SP6 of 0.2 µg l
-1

, 

respectively. Populations of 6 mixed species (each consisting 4 cells, totally 24 cells for each 

inoculation site) were inoculated within 16 sites on a roughness network at the beginning of a 

simulation. 

 

 

 

Fig. S3. Analytical aqueous cluster numbers for 2D surfaces and 3D soil volumes. 

Predicted number of aqueous clusters for 2D surfaces (number per m
2
) and for 3D soil 

volumes (number per m
3
) with comparisons of numerical simulations (symbols) with 

measurements
3
. Color bars represent grain numbers per m

3
 assuming grain diameters of 1, 10 

and 200 µm, these are used as upper bounds for the maximum number of aqueous clusters per 

soil volume (m
3
).   
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Fig. S4. Analytical nutrient-limited population capacities and species evenness. (a) 

Analytical predictions of nutrient-limited population capacities per cluster and for the simulation 

domain, denoting ‘Cluster*’ for nutrient-limited population capacity per cluster calculated 

according to Eq. S22, and (b) analytical prediction of species evenness (SE) with initial 

inoculation size of 1 (SE-1) and 100 (SE-100) cells of each species, with ‘SE*-100’ represents 

SE calculated according to Eq. S22 for population capacity per cluster with initial inoculation of 

100 cells of each species. 
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Detailed methods 

We considered microbial growth rate represented by the Monod function, with key biological 

parameters
4
 listed in Supplementary Table S1, 

M
eff

C
m

C K


  


,                                                                                                                         (S1) 

where µM and µeff are the maximum and effective microbial specific growth rates, respectively, 

K is half-saturation constant marks the value of C at which an active cell achieves half of its 

maximal growth rate, m is microbial maintenance rate, and C is apparent nutrient concentration 

exposure to microbial population, which we considered to be proportional to nutrient diffusive 

flux (expressed as effective nutrient diffusion coefficient, Deff), 

0

0

effD
C C

D
 ,                                                                                                                              (S2) 

where D0 is nutrient diffusion coefficient in bulk water, C0 is nutrient concentration at 

boundaries, and Deff is a function of mean volumetric water content (()) of rough surface
5
, 
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where ϕ is the effective “porosity” generated by surface roughness (relative to smooth surface), 

which is calculated according to, 

22 3
tan( )

3 2



 

 

  
H

H d dH
H l

,                                                                                                   (S4) 

where H is the mean height of pores/channels (considering the effective height of the domain 

equals to the value of 3 times of the mean height of pores/channels), Ωα and ΩH are intervals of 

spanning angle and height of roughness element of the network, respectively, l is the length of a 

roughness element (pore/channel), α and H are spanning angle and height of a roughness 

element, respectively
6
. Mean volumetric water content ( ()) can be estimated as a function 

of ambient hydration status (matric potential, ψ) and surface roughness characteristics according 

to, 

,( ) ( ) ( , )
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with its variance 2

,[ ( )]H    as, 
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H
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with f(α,H) of the bivariate probability density function of α and H, with correlation coefficient 

of ζ, 
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where θα,H(ψ) is volumetric water content of a roughness element with spanning angle α and 

height H
5
,  is the mean value of spanning angle for a roughness element. Functional 

relationships linking mean volumetric water content and matric potential (or relative humidity) 

are routinely determined in hydrologic studies. The effective growth rate of a specific microbial 

species (i) is written as, 
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Equation S8 highlights dependency of microbial growth rate on environmental characteristics 

and physiological traits, and provides a means to estimate microbial mean generation time 

(binary fission or doubling time), TG,i, 

, ,1/G i eff iT  .                                                                                                                               (S9) 

The mean effective aqueous film thickness of a roughness network, d(), is calculated as,  
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where dα,H(ψ) is effective aqueous film thickness of a roughness element of specified geometry 

(with spanning angle α and height H) that can be easily calculated
6
. It enables estimation of 

microbial cell velocity expressed as a function of mean aqueous film thickness according to, 
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F
, with V0 of mean cell velocity in bulk water, FM, FC and Fλ are the 

viscous drag force opposing motion in bulk water (equal to the maximum flagellar propulsive 

force), the viscous force associated with cell-surface hydrodynamic interactions, and the 

capillary pinning force, respectively
5
. Microbial mean cell velocity on a roughness network is 

calculated as, 
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where f
*
(α,H) is bivariate probability density function of α and H considering six neighboring 

roughness elements, 
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This in turn enables determination of microbial mobility defined as, 
2

( ) / 2 CM V , with τ 

the mean interval of microbial motile duration
7
. The mean square displacement of a cell within 

one generation time is estimated as
7
, 

2 4 C GR M T ,                                                                                                                          (S13) 

which enables estimation of microbial mean generation (doubling) length as, 

2

,2 ( ) /G eff iR V    .                                                                                                       (S14)  

The application of percolation theory to porous media represented by network models has 

yielded insight into physical behaviors at scales representing pores to larger/natural scales in 

porous media
2
. The dynamics of a spanning aqueous cluster via percolation transition into 

aqueous fragmentation is well described by percolation theory
2
, 
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where NC and N0 are numbers of pores/channels of the maximum cluster and number of total 

pores/channels of a system, RC and R0 are effective radii of the maximum cluster and system size 

(for a finite domain), respectively, γ is an exponent having value of 43/18 for 2D and 1.80 for 

3D systems, χ is statistical fractal with value of 91/48 for 2D systems and 2.52 for 3D systems, 

pC is percolation threshold with value of 0.35 for 2D and 0.18 for 3D infinite systems, 

respectively, pC,a (
1/

, 0C a Cp p N   ) is effective percolation threshold of finite systems, and p is 

probability of a pore/channel that has significant water retention that supports typical cell 

motility, which can be expressed as a function of hydration status (matric potential or relative 

humidity),  
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where Ωα* and ΩH* are ranges of spanning angle and height of roughness element, respectively, 

within which effective aqueous film thickness (dα,H(ψ)) of a roughness element is sufficient for 

typical cell motion – flagellar motility
6
. The number of water filled pore/channel clusters (N, 

minimum cluster number considering the maximum cluster size) can be expressed according to,  
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The biophysical variables described above enable predictive and quantitative assessment of 

coexistence potential of multiple microbial species on a rough surface as a function of hydration 

status. We propose a single coexistence index (CI) defined as the ratio of microbial mean 

generation length to connected aqueous cluster size,  

( ) ( ) / ( )G CCI R R   .                                                                                                         (S19) 

This ratio compares the size of connected aqueous clusters (islands) hosting multiple species 

with cell displacement distances during one binary fission (generation), with displacement 

distance encapsulate both net motion and nutrient interception required for cell growth and 

division. 

The modeled rough surface network under study is of physical size of 34.4 × 34.4 mm with 

200 × 173 sites on hexagonal lattice
6
. Systematic testing of the proposed analytical CI was based 

primarily on a mechanistic hybrid individual-based model
6,8

, considering explicitly autonomous 

cell motility, nutrient interception and cell growth, leading to trophic interactions among 

populations within hydration-controlled diffusion fields and aqueous films. We performed 

simulations on unsaturated model roughness networks
6
, considering 6 motile microbial species 

differentiated by their intrinsic-growth characteristics, inoculated in 16 sites each consisting of 6 

species (see Supplementary Fig. S2). The mean CI values extracted from a series of numerical 

simulations considered displacement distances by individual cells within one generation and the 

sizes of connected aqueous clusters on a simulated surface. Mean species evenness and mean 

relative abundance values extracted from numerical simulations were based on populations of 16 

mixed inoculated colonies. 

As a reference state we have considered population size of microbial species at a time where 

nutrient consumption has reached supply limit or capacity for an aqueous cluster. The 

population size at the nutrient-limiting state was used for estimating survivability within a 

prescribed domain, with the average elapsed time calculated according to: 

, *

0* ( 2 )eff iT

i

i

W W


 ,                                                                                                                 (S20) 

where Wi0 is initial population of microbial species i inoculated at the center of the aqueous 

cluster, µeff,i is effective specific growth rate of species i, and W* is nutrient-limited population 

size for an aqueous cluster, which can be estimated from microbial physiological maintenance 

(assuming similar maintenance for all species) and the potential maximum nutrient flux arriving 

at boundary of the simulation domain and the number of aqueous clusters according to: 
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where L0 is the side length of the domain under consideration, C0 is constant nutrient 

concentration at the boundary of the domain, Δm is the mean nutrient mass flux required for 

physiological maintenance of individual microbial cell, and  is the number of aqueous 

clusters. Alternatively, we may calculate the nutrient-limited population size of an aqueous 

cluster considering maximum nutrient flux arriving at boundary of a single (typical) cluster 

according to: 
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Comparisons of analytical predictions of the largest population size supported by diffusion for 

an aqueous cluster (Eqs. S21 and S22) and for the entire domain show consistent agreement for 

pre-percolation of the systems which diverge after percolation threshold due to aqueous phase 

fragmentation (Fig. S4a). Additionally, variation in initial inoculation size has minor influence 

in species evenness (Fig. S4b), reflecting the generality of the switch manner across a narrow 

range of hydration conditions. 

The resolved species population sizes ( , *

0 2 eff iT

i iW W


 ) at T
*
 are subsequently used to 

estimate species evenness, abundance and fitness parameters. For the example of two species, 

the relative fitness (RF) of the inferior species (SP-I) relative to that of the superior species (SP-

S) was calculated as
9
, 

0 0

( ) / ( )SI

I S

WW
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W W
 ,                                                                                                                   (S23) 

where WI0 and WI are initial and final populations of the inferior species, and WS0 and WS are 

those of the superior species. Simpson species evenness (SE) was calculated as
10

, 

2

1

( )
Simpson

i

i

SE
Z w




,                                                                                                             (S24) 

where Z is number of total microbial species under consideration, wi is relative abundance of 

species i, with 
( )

i
i

i

i

W
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, and Wi is the population of species i.  
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Chapter 6 

Trophic Interactions and Self-organization of Microbial Consortia 

on Unsaturated Surfaces 

 

Gang Wang and Dani Or 

 

 

Trophic interactions shape community dynamics, and play key role in the onset and maintenance 

of biodiversity. Progress in resolving basic ecological questions concerning the origins and 

functioning of the immense biodiversity found in soil requires quantitative models integrating 

key biophysical processes and considering biological interactions at appropriate spatial and 

temporal scales. We study the role of trophic interactions in shaping microbial population 

dynamics and community structure and their impacts on microbially-mediated processes in 

unsaturated soils. An individual-based model that couples diffusion-reaction processes with 

hydration-mediated motility and nutrient diffusivity was developed to explicitly consider trophic 

interactions among mixed microbial populations at local scale of soil surfaces. Results reveal the 

increase in ecological niche dimensionality through spatial self-organization of microbial 

consortia Mediated through trophic interactions. The resulting spatial organization of different 

species reflected a complex interplay between the geometry of primary nutrient fluxes and 

evolving location and rate of release of byproducts essential for other members in the 

consortium. Not surprisingly, hydration conditions and spatial heterogeneity of rough surfaces 

impose diffusional and motility constraints that impeded and shape details and rates of self-

organization. Concentration gradients and spatial structure of various substrates relative to 

species growth rates and survival are manifested in the emerging spatial patterns of consortia. 

We developed simple analytical metrics for predicting conditions necessary for successful 

microbial trophic interactions and emergence of meaningful community-level dynamics, in good 

agreement with numerical simulations of interacting microbial populations. The results provide 

insights into complexities expected in biostimulation of target soil volumes for bioremediation, 

and offer guidance for effective inoculation of interacting species based on soil hydration 

conditions.  
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6.1 Introduction 

Microorganisms are the primary agents for many soil ecological functions and ecosystem 

services (Schink, 1997; Dejonghe et al., 2003; Curtis and Sloan 2004; Pérez-Pantoja et al., 2009; 

Oren, 2010), responsible for over 80% of total biogeochemical soil processes (Nannipieri and 

Badalucco, 2003). Soil microbes live in habitats of complex and dynamic physico-chemical 

environmental conditions, in which small scale spatial and temporal variations in nutrient source 

availability within complex pore spaces and variable hydration conditions shape microbial 

transport and nutrient source fluxes, and thus influence population growth and community 

dynamics in general (Curtis and Sloan 2004; Fenchel 2002; Young and Crawford 2004; Prosser 

et al., 2007; Wang and Or, 2010). Recent advances in microbial biology revealed that 

trophically-interacting microbial communities, rather than individual species, control the 

primary interactions with local environments (McCann et al., 1998; Woyke et al., 2006; Miller 

et al., 2010). Although trophic interactions have long been argued are key factors shaping the 

immense biodiversity and ecological functioning of macroscale plants and animal ecosystems in 

detail (Knight et al., 2005; Harpole and Tilman, 2007; Alexandrou et al., 2011; Cardinale, 2011), 

understanding of the origins of observed patterns and the interplay of mechanisms linking 

trophic processes and microbial dynamics remain sketchy and thus adding ambiguity to the 

picture of when certain microbial species are active and what affects the temporal discontinuity 

of their functional niches (Curtis and Sloan, 2004; Torsvik et al., 2006; Prosser et al., 2007).  

Progress in establishing direct links between trophic processes coupling spatial and 

nutritional variables and microbial community dynamics and ecological implications requires 

quantitative modeling that integrates revision of elements of ecological theories and bio-

physico-chemical processes at appropriate spatial and temporal scales (Prosser et al., 2007; 

O'Donnell et al., 2007; Banavar and Maritan, 2009; Gonzalez et al., 2011; Morelli et al., 

2012).We study the role of trophic interactions on microbial population dynamics and 

community structure using an individual-based model (IBM) that couples diffusion-reaction 

processes with hydration-mediated motility and nutrient diffusivity. The model explicitly 

considers local-scale trophic interactions among species inhabiting unsaturated rough (soil) 

surfaces. 

 

6.2 Methods 

6.2.1 Modeling microbial growth on rough surfaces 
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We consider a 2D surface roughness capillary network for mimicking soil surfaces (Dechesne et 

al., 2010), with physical size of the network of 34.4 × 34.4 mm (with 200 × 173 sites on 

hexagonal lattice and bond length of 0.2 mm). The amount of aqueous phase retained within 

roughness elements and associated aqueous phase connectivity and aqueous phase cluster size 

can be expressed as functions of ambient matric potential values (or relative humidity) and 

surface roughness geometry and provide fundament supporting nutrient diffusive flux and 

microbial motility (Or et al., 2007; Wang and Or, 2010; Dechesne et al., 2010). We employ a 

hybrid form of the reaction-diffusion model for describing nutrient diffusion and microbial 

consumption (Kreft et al., 1998; Dechesne et al., 2010),  

2

2 /
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 ,                                                                                                            (1) 

with b of microbial number or concentration, C is nutrient concentration, Db and DC are 

diffusion coefficients of microbe and nutrient, respectively, t is elapsed time, Y is the yield term 

(linking microbial growth with consumed nutrient amount), and μeff is microbial effective 

specific growth rate, which is described according to the Monod equation as (Kreft et al., 1998),  

0  


eff
C

C
m

K C
,                                                                                                                   (2) 

where µ0 is microbial maximum specific growth rate, KC is half-saturation constant (substrate 

concentration at which growth rate equals to half of the maximum growth rate), and m is specific 

maintenance rate. The mean-field microbial growth and dispersion in Eq. [1] was replaced by a 

discrete approximation using individual-based model (IBM) as described in (Kreft et al., 1998). 

An inhibition form of the Monod equation for microbial growth with presence of inhibitor 

byproduct C* (concentration) is expressed as (Bielefeldt and Stensel, 1999; Albanna et al., 

2012), 0 *(1 / )
  

 
eff

C I

C
m

K C K C
, with KI of inhibition constant.  

Limitations of thin aqueous film in microbial flagellated motility (primary mode of microbial 

self-propulsion in planktonian form within aqueous films - Darnton and Berg, 2008) on rough 

surface are lumped into a function of cell size and film thickness, accounting capillary and 

hydrodynamic resistance to cell body, according to (Dechesne et al., 2010), 

0

( ( )) ( ( ))
( )  


 
 M Ca

M

F F d F d
V V

F
,                                                                                           (3) 

where V0 of mean cell velocity in bulk water, and FM, FCa and Fλ are the viscous drag force 

opposing cell motion in bulk water (equal to the maximum flagellar propulsive force), the 
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viscous force associated with cell-wall hydrodynamic interactions, and the capillary pinning 

force, respectively. Note that receding air-water interfaces under drying conditions that results in 

thinning of film thickness also effectively disconnects microbial aqueous habitats and further 

limits microbial motion (Or et al., 2007; Dechesne et al., 2010). The limitations to individual 

cell motions and population self-organization on various unsaturated surfaces are incorporated in 

the IBM component of Eq. [1] and thus directly affect rates and organization of microbial 

consortia. Microbial trophic interaction efficiency is calculated as a ratio of total biomass of the 

bottom member and total byproduct mass produced by the top member of the trophic interaction 

chain (Christensen and Walters, 2004). 

 

6.2.2 Modeling microbial trophic interactions on unsaturated surfaces 

The nature of microbial activities are often subjected to complex trophic processes among 

involving populations that enable microbes to establish a homeostasis between neighbors and 

local environments for survival and for carrying complex ecological functions (Schink, 1997; 

Pérez-Pantoja et al., 2009; Oren, 2010; Phelan et al., 2012). The majority of trophic interactions 

concerns two types (Phelan et al., 2012): commensal interaction, such that one organism 

benefits at or benefits to the others (Norlund et al., 2009; Hasan et al., 2011); or mutualistic 

interaction, in which both members cooperate and benefit each other (Dolfing and Tiedje, 1991; 

Schink, 1997; Lykidis et al., 2011). To study soil microbial trophic interactions, we start with 

simple commensal interaction scenario, in which one microorganism (sp1) utilize initial nutrient 

(N1) and benefits another one (sp2) by producing the second nutrient (N2) supporting sp2’s 

growth (see Fig. 1d); then we blend more trophic interactions into the model by introducing a 

third microorganism (sp3) which competes with sp2 for N4 (see Fig. 4d) for study more 

complex microbial community dynamics common in soils (Schink, 1997; Pérez-Pantoja et al., 

2009; Oren, 2010). 

 

6.2.3 Analytical predictions in nutrient diffusion scale and microbial active motility range 

Successful microbial self-organizations rely on interactions among neighboring populations and 

with local environments that are likely linked through essential nutrient acquisitions and/or 

environmental stimuli (Phelan et al., 2012). The critical nutrient diffusion time TB (when an 

active cell turns inactive due to consumption of cell-mass for maintenance with 0 nutrient supply) 

is determined by microbial metabolic maintenance rate of an active cell based on (Kreft et al., 

1998), 
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where QB0 and QBmin are median and minimum biomass of an active cell, respectively.  

The rate of microbial population-dispersion considering metabolic growth rate of μeff on two 

dimensional surfaces, RV , is described as (Skellam, 1951), 

4R eff BV D ,                                                                                                                              (5) 

where DB is microbial mobility (Berg, 1983), given as: 
2

/ 2V . Eq. [5] enables estimating the 

maximum population dispersion length during TB as, 
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.                                                                                            (6) 

The largest possible displacement/distance (RM) of a microbial cell during the critical time 

(TB) without net metabolic cell growth is calculated according to (Berg, 1983), 

2 1/2(2 )M BR V T ,                                                                                                                      (7) 

where V  is microbial mean cell velocity on a rough surface, and τ is the mean interval of 

microbial motile duration (Berg, 1983; Wang and Or, 2012. Equations [6] and [7] allow 

estimating the maximum dispersion length (LT) of two trophically-interacting populations that 

allows successful establishment of a functional consortium as, 
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.                                                                   (8) 

A solution for diffusion from a point source on unsaturated surface can be described 

according to (Pattle, 1959), 

2

( , ) exp( )
4 4
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D t D t
,                                                                                                    (9) 

where C(R,t) is the resulting nutrient concentration at a distance R from the point source and at 

time t; Q is nutrient mass at the point source at time 0; Deff is effective nutrient diffusion 

coefficient on rough surface (Wang and Or, 2012).  

The maximum nutrient uptake for an active cell at a distance R from point source at time TB 

can be approximated as, 

2 ( , )B eff BJ h D C R T ,                                                                                                             (10) 

where h  is effective aqueous film thickness on a rough surface (Wang and Or, 2012). Equation 

[10] provides an estimate for microbial cell survival potential whenever JB is larger than nutrient 

acquisition for metabolic maintenance, and thus provides an estimate for the maximum nutrient 
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diffusion distance supporting minimal microbial nutrient acquisition for survival, expressed as, 

1/202
[ 4 ln( )]B B

D eff B

T Q m
R D T

Q h Y
  ,                                                                                                  (11) 

where m is microbial maintenance rate. 

These estimates (Equations [7] and [11]) could be used to estimate the maximum distance (RT) 

between location of a nutrient point source and initial microbial inoculation position that would 

result in successful trophic interactions towards formation of consortia, 
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   .                                                                        (12) 

We may interpret this distance as the minimal volumetric density for microbial inoculation or 

for bio-stimulation (using granular fertilizer, for example) that would promote trophic 

association and formation of consortia. 

 

6.3 Results and Discussion 

6.3.1 Microbial dynamics and self-organizations of trophically-interacting consortia  

We performed systematic numerical simulations of trophically-interacting microbial populations 

and extracted information concerning patterns and population sizes as seen in snapshots depicted 

in Fig. 1. As expected, trophically-interacting microbial populations on homogeneous surfaces 

form stable and self-organized hierarchy patterns, with sp2 (the bottom species in the trophic 

interaction chain) consistently embedded in close proximity to sp1 (the top species of the trophic 

interaction chain), essentially conforming with the predicted trophic cascade (Fig. 1a). Initial 

inoculation positions of interacting species (separated inoculations of two species) may result in 

temporal suppression of sp2 population growth, however, over time, similar hierarchal patterns 

emerge reflecting self-organization (Figs. 1b and 1c). The highest population density was found 

at the periphery of expanding colonies due to favorable nutrient interception at the expanding 

front (Figs. 1a and 1b), consistent with experimental observations (Harshey, 2003; Macnab, 

2003; Park et al., 2003; Hiramatsu et al., 2005). These straightforward simulation results 

provide a benchmark against which effects of trophic interactions for various spatial and 

nutritional heterogeneities and hydration variation are evaluated.  

 

6.3.2 Hydration and spatial heterogeneity and nutrient concentrations affecting self-

organization dynamics 

Figure 2 illustrates simulation results for trophically-interacting microbial community cohabiting 

heterogeneous rough surfaces. The spatial self-organization patterns are similar to those for 
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homogeneous surfaces, however, the rates of population growth and colony expansion are 

greatly reduced, reflecting nutrient limitation and motility constraints. This is particular 

significant for sp2 whose metabolism relies exclusively on byproduct released by sp1. Not 

surprisingly, we found a delay in consortia self-organization time with increasing inoculation 

distance between two species. Under initial nutrient concentration of 0.1 mg/l, microbial 

population growth was significantly suppressed and time to self-organization prolonged (Figs. 

2b and 2c). These results highlight the important roles of both microbial motility and nutrient 

diffusivity in facilitating trophic interactions among microbial communities. The results suggest 

that populations cohabiting hydrated rough surfaces (supporting microbial motility and nutrient 

diffusive transport, however limited), may self-organize in a manner similar to ideal surfaces 

(homogeneous) and thus enabling substantial coexistence of multiple species consistent with 

macroecological behavior of plant and animal ecosystems (Knight et al., 2005; Harpole and 

Tilman, 2007; Dyer et al., 2010; Alexandrou et al., 2011; Cardinale, 2011). Such results may 

provide mechanistic explanation of macroecology principles based on rapid interactions among 

soil microbial communities (Gonzalez et al., 2011).  

 

Fig. 1. Microbial grown patterns of two trophically-interacting populations on homogeneous 

surfaces under -0.5 kPa, with uniform initial nutrient configuration throughout simulation 

domain with (a) mixed, and (b) separated (with initial inoculations distance between sp1 and 

sp2 of 10 mm) initial inoculations of two species as sp1(red dots) and sp2 (blue), 

respectively), (c) population growth curves for mixed (solid lines) and separated initial 

inoculations (with sp1 has identical growth curves for mixed and separated scenarios), and 

(d)  a schematic definition of trophic interactions and an example of microbial functional 

consortia (sp1: Flabobacterium sp.; and sp2: Pseudomonas sp., Kawai, 2002) degrading 

polyethyleneglycol (PEG) 
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In addition, nutrient limitations (low nutrient concentration) constrain population growth and 

dispersion ranges and consequently limit transport of excreted nutrient (N2) needed by sp2 

thereby prolonging the time needed for consortium self-organization. This especially important 

while drying and associated capillary forces by air-water interfaces pin down microbial motions 

and simultaneously disconnect aqueous habitats. The simulation results are consistent with 

analytical predictions for maximal inoculation distance between two species that would result in 

successful trophic interactions under certain initial microhabitat conditions (Fig. 2d). 

Considering  initial nutrient and surface hydration conditions for the simulation results in Fig. 2a, 

the analytically predicted maximum dispersion length (LT) was larger than the most distant 

inoculation position and thus ensures successful interactions between sp2 and sp1 for all 

inoculation sites and formation of stable consortium (Figs. 2a and 2d). In contrast, for the same 

hydration and heterogeneity, the nutrient conditions for Fig. 2b predict smaller dispersion length 

than initial inoculation separation distance causing reduction in population size (Figs. 2b and 2d). 

These results illustrate the significance of nutrient flux (resulting from both nutrient diffusion 

and concentration) in facilitating microbial trophic interactions and thus affecting community 

dynamics and composition. This aspect is particularly important for capillary-pinned or non-

motile community members (Knight et al., 2005; Harpole and Tilman, 2007). Unlike the 

uniform nutrient fluxes from the domain boundaries in previous results, figures 3a-3d illustrate 

simulation results of trophically-interacting populations in the presence of spatially distributed 

nutrient point sources. We found stable self-organization of microbial growth patterns, with 

most of the microbial populations congregating around the point source regions. As expected, 

the time for self-organization was dependent on relative inoculation distance from the point 

source (Fig. 3a, white numbers mark arrival time to nutrient point sources). The results are in 

qualitative agreement with observations of rapid chemotactic responses of marine bacteria that 

swarm to exploit transient nutrient patches (Seymour et al., 2010). 

Spatial heterogeneity significantly increases the self-organization time (Figs. 3a and 3b). It 

took over 50 hrs for microbial populations to successfully access the second farthest point 

source, as compared with 9 hrs for homogeneous surfaces under similar conditions. Under lower 

matric potential values (drier surfaces with lower diffusive fluxes), microbial populations 

experienced considerably reduced growth rates and longer self-organization time. Consequently, 

less point nutrient sources were accessed, resulting in poorly self-organized consortia pattern 

(Figs. 3b and 3c). The analytical metric was in good agreement with numerical simulation 

results (Eq. [12]), as shown in Fig. 3e, with red arrows marking analytical predictions of 

maximum inoculation distance to a nutrient point source accessible by inoculated bacteria. The 
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numerical results and more significantly the analytical predictions offer mechanistic 

explanations for established ecological principles concerning the roles of fluxes of resources or 

organisms across interfaces between interacting populations in determining community 

dynamics and composition (Knight et al., 2005).  

 

Fig. 2. Microbial grown patterns of two trophically-interacting populations on heterogeneous 

surfaces under uniform initial nutrient concentration of (a) 1.0 and (b) 0.1 mg/l, with initially 

separated microbial inoculations (red arrow in b marks inoculation position of sp1, and blue 

arrows mark inoculation positions of sp2 at distance of L to sp1, with its value of 2.0, 3.5, 6.0 and 

9.0 mm, respectively), (c) corresponding population growth curves and a schematic definition of 

trophic interactions, (d) analytical predictions (Eq. [8]) in maximum inoculation distance that 

allow successful trophic interactions between two separated inoculated species, with red ‘(a)’ and 

‘(b)’ mark initial conditions (nutrient and matric potential) for numerical simulations in a and b, 

and red ‘(4b)’ marks initial conditions for simulations in Fig. 4b 

 

6.3.3 Microbial dynamics and self-organizations with multitrophic interactions 

Figure 4 depicts simulation results characteristic to multiple trophically-interacting species 

cohabiting heterogeneous surfaces. The spatial self-organization patterns are similar to those for 

two species consortia. Similarly, a decrease in surface hydration considerably suppresses 
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Fig. 3. Microbial grown patterns of two trophically-interacting populations on (a) homogeneous 

(HM) surface under -0.5 kPa, and on heterogeneous (HT) surface under (b) -2.0 and (c) 3.5 kPa, 

with initially point nutrient sources at distance R (marked by white arrows in c) from mixed 

initial inoculation (marked by red arrow in c) of 2.5, 7.5 and 14.0 mm, respectively, with initial 

concentration of nutrient-1 of 1.0 mg/l for all simulations, (d) corresponding population growth 

curves and a schematic definition of trophic interactions, and (e) analytical predictions (Eq. 

[12]) in maximum inoculation distance that allow successful trophic interactions between 

inoculated populations and point nutrient sources, with red ‘(b)’ and ‘(c)’ mark initial 

conditions (nutrient and matric potential) for numerical simulations in b and c 

 

population growth, with no population simulated for matric potential value of -3.5 kPa. The 

suppression of microbial populations of sp2 and sp3 suggest also no successful trophic 

interactions established under dry conditions. For matric potential value of -3.5 kPa, sp2 and sp3 

went extinct about 30 hours after inoculation, whereas population of sp1 started to decline 40 

hours after inoculation (Fig. 4c). As for 2 species consortia, the potential for trophic interactions 

for 3 species is also governed by combination of diffusion, and dispersion distance predicted by 

the analytical expression as shown in Fig. 2d. For matric potential value of -0.5 kPa and initial 

nutrient concentration of 1 mg/l, the maximum inoculation separation distance is more than 9 
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mm thus enabling consortia establishment throughout the simulation domain. A decrease in 

matric potential value to -3.5 kPa resulted in microbial maximum dispersion length of around 4 

mm, which was shorter than the initial inoculation distance of 6 mm, therefore, prohibiting 

trophic interactions and consortia establishment. The results resemble macroscale observation in 

plant and large organisms regarding foraging or dispersion distances relative to resource 

heterogeneity and connectivity (Jabot and Bascompte, 2012).  

 

Fig. 4. Simulated growth 

patterns of trophically-

interacting microbial species 

on heterogeneous (HT) rough 

surface under (a) -0.5 and (b) 

-3.5 kPa, with initial 

inoculation distance of 6 mm 

among 3 species (arrows in b 

mark inoculation sites), (c) 

corresponding population 

growth curves, and (d) a 

schematic definition of 

trophic interactions and an 

example of microbial 

functional consortia (sp1: 

Variovorax sp. WDL1; sp2: 

H. sulfonivorans WDL6; and 

sp3: D. acidovorans WDL34, 

from Dejonghe et al., 2003) 

degrading a pesticide 

‘linuron’ 

 

6.4 Summary and Conclusions 

We developed a quantitative framework for systematic evaluation of trophic interactions in the 

spatial and temporal context and their impacts on microbial community dynamics and 

composition. Hydration provides the connecting agent for fluxes and dispersion pathways as 

expected in soil, and thus provide certain predictability for onset and patterns of microbial 

consortia shaped by diffusion and hierarchy of trophic interactions.   

The quantitative estimates may have significant implications for soil resource management, 

biochemical cycles, and future bioremediation activities. For example, the resulting stable and 

self-organized coexistence of multiple microbial species support complex ecological functions, 

e.g., biodegradations of complex compounds (for example, polyethyleneglycol – PEG, and 

pesticides, such as linuron) that require cooperative metabolisms of multiple populations 

(Schink, 1997; McCann et al., 1998; Woyke et al., 2006; Miller et al., 2010; Lykidis et al., 2011; 

Fuchs et al., 2011); and the nature of decreased species richness under dry conditions (common 
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in natural soil environments) likely reduces nutrient acquisitions of multi-populations resulting 

in less complete depletion of nutrient sources within an ecosystem and eventually extends 

microbial trophic processes, and thus enhance persistence of microbial communities cohabiting 

nutrient sparse soil environments essential for long-term ecosystem services (Cardinale et al., 

2006). The sensitivity of microbial growth and trophic organizations on nutrient source strength 

implies that initial inoculations and/or microbial augmentation are important for sufficient (also 

complete) biogeochemical processes in soils and other roughness systems (such as leaf surface 

or dry food materials). The initial microbial consortia construction and ongoing community 

dynamics mediated by environmental variables as predicted in this study are therefore important 

for successful bioremediation activities, and thus may play key factors for nutrient cycles at 

numerous ecosystem scales (Kato and Watanabe, 2010).    
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Chapter 7 

Summary and Outlook 

7.1 Summary 

We have successfully developed a hybrid model that couples an individual-based modeling 

approach with diffusion-consumption elements for simulating microbial growth, nutrient 

consumption, and trophic interactions on rough surfaces. The model explicitly considers surface 

geometrical features and variable hydration conditions that determine aqueous-phase 

configurations essential for microbial growth and nutrient diffusion. The model resolves spatial- 

and temporal nutrient diffusion fields defined by boundary conditions and surface heterogeneity, 

and local nutrient interception by microbial populations. It explicitly tracks motions and life 

histories of microbial cells considering primary hydrodynamic and capillary constraints to 

motility. The model enables systematic estimation of the effects of hydration status and surface 

geometrical properties on microbial cell motility and impacts on microbial colony growth and 

expansion, and the influence of variable hydration conditions on microbial population dynamics 

and species coexistence on partially hydrated rough surfaces. We also studied the effects of 

trophic interactions on shaping microbial population dynamics and community composition, and 

their impacts on microbial ecological functioning in unsaturated soils. We draw the following 

primary conclusions: 

1. Bacterial flagellar motility on unsaturated soil surfaces is severely limited due to physical 

constraints imposed by coupling surface geometrical features and hydration conditions. 

Experimental measurements of many individual cells inhabiting partially-hydrated porous 

ceramic surfaces have shown a rapid decrease in cell motility (expressed as mean cell 

velocity) with decreasing surface matric potential value; and within a few kPa of matric 

potential value, cell motility nearly ceased. The constraints on cell motility contribute to and 

control bacterial colony expansion on unsaturated rough surfaces.  

2. Our mechanistic simulation model demonstrated that capillarity and water configuration 

resulting from hydration conditions and pore space features play key roles limiting cell 

motility by imposing cell-wall hydrodynamic interactions and capillary pinning forces on 

individual cells inhabiting partially-hydrated rough surfaces. The motility constraints 

combined with nutrient diffusion limitation control bacterial growth and colony development 

on rough surfaces. The simulation results defined a surprisingly narrow range of hydration 



122 

 

conditions where motility confers an ecological advantage upon bacteria living on natural 

surfaces. 

3. Hydration variations mediate environmental conditions of microhabitats. The range of 

hydration conditions that may confer physical and ecological advantages to superior 

microbial populations and support competitive exclusion of less efficient populations is 

surprisingly narrow (within a few kPa of matric potential value). The rapid fragmentation of 

soil aqueous phase under natural conditions suppresses microbial growth and cell dispersion 

thereby balancing performance of competing populations. Additionally, hydration 

fluctuations intensify localized interactions leading to promotion of coexistence by affecting 

disproportionally densely populated regions during dry periods thereby affecting microbial 

population dynamics far beyond responses predicted from equivalent stationary hydration 

values. 

4. Based on the knowledge gained from the systematic study of microbial life on unsaturated 

rough surfaces, we have successfully developed a novel biophysically-based metric capable 

of predicting conditions suitable for microbial species coexistence and diversity in soils, 

based on solely quantifiable biophysical variables. These include aqueous-phase capillary 

retention on rough surfaces, thinning of liquid films and formation of disconnected aquatic 

clusters, along with the resulting ranges of microbial self-motion and dispersion, and 

constraints on diffusion-supported microbial growth. These biophysical ingredients are 

integrated into a novel predictive index with potentially broad applicability encompassing 

natural soil surfaces, dry food products and other partially hydrated rough surfaces. The 

model predicts a surprisingly narrow range of hydration conditions that mark a sharp 

transition from suppression to promotion of microbial species coexistence irrespective of soil 

type or details of surface roughness geometry for the onset of microbial coexistence 

consistent with limited experimental data and with individual-based simulation models. 

5. Simulation models of trophic interactions among multiple microbial populations cohabiting 

rough surfaces revealed that trophic interactions increase ecological niche dimensionality 

through spatial self-organization among microbial consortia. Spatial organization is strongly 

influenced by the geometry of primary nutrient fluxes and by the nature and rate of release of 

byproducts essential for other members in the consortium. Not surprisingly, hydration 

conditions and spatial heterogeneity impose diffusion constraints and motility limitations that 

influence levels and rates of self-organization. Concentration gradients and inhibitory 

functions of various substrates relative to species growth rates and tolerance levels are clearly 

manifested in the emerging spatial patterns of consortia.  
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The study lies at the intersection of environmental microbiology, vadose zone hydrology, and 

soil physics. The quantitative results offer a great potential for improved mechanistic 

understanding of microbiological interactions in the most active compartment of the biosphere 

by cutting across disciplinary boundaries and offering new insights into long standing 

environmental questions that are critical to soil and water resource quality, the fate of biogenic 

and anthropogenic contaminants, and global biogeochemical cycles. Specifically, the results 

shed light onto the origins of the unparalleled biodiversity maintained in soil. The proposed 

frameworks (the hybrid model and predictive coexistence index) further constitute useful 

instruments for guiding future experiments and data collection. 

 

7.2 Outlook 

An important and poorly studied aspect of soil microbial biology is its temporal components. 

Molecular-based estimates of microbial diversity in soils are likely to represent a genetic 

potential, most of which may be associated with inactive organisms. Even mild temporal 

fluctuations in hydration conditions common in many soils of temperate regions may exert 

significant influence on microhabitats and microbial functions in unsaturated soils. The range of 

water potentials (and relative humidity - RH) supporting growth and activity of microbial life is 

surprisingly narrow. Desiccation extremes require significant physiological adjustments and 

adaptation strategies. The present consensus is that under extreme desiccation conditions the 

best survival strategy is for microorganisms to completely abolish their metabolism during the 

most unfavorable period, and switch into a dormant state until conditions improve. 

Consequently, many microorganisms developed resting stages or spores. In the dormant state, 

spores undergo no detectable metabolism and exhibit a higher degree of resistance to 

inactivation under extremely stressed conditions. Sporulation is genetically expensive and 

misses growth opportunities even at low resource levels. Commitment to the spore stage occurs 

at some point but seems to be a progression of events which, once completed, prevents reversion; 

the point of no return is the accumulation of successive survival events – Roszak and Colwell, 

1987. There are microorganisms that neither sporulate nor encyst, and yet can be isolated from 

unfavorable environments. Such microorganisms persist as vegetative (dormant) cells but use up 

their energy reserves slowly due to reduced metabolic activity. Establishing quantitative links 

between survival strategies in soils subjected to different frequencies and extremes (magnitude) 

of desiccation stress and the corresponding microbial population dynamics and coexistence of 

multiple strategies remains unexplored at the process level. It is also at the core of the idea of a 

“flickering” active diversity and is thus intimately linked to the temporal dimension of 
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ecological niche. Another most common microbial response to extreme environmental 

fluctuations is formation of biosynthesized extracellular polymeric substances (EPS) in which 

cells are embedded, forming aggregates or sessile colonies attached to solid surfaces. Soil 

bacterial aggregation and pooling of resources prove a successful adaptation to variations in 

hydration status and in nutrient availability, and enhances cooperative genetic and metabolic 

exchanges. The ubiquity of such microbially excreted EPS across many different environmental 

conditions and habitats is attributed to its key role in environmental adaptation in particular 

anchoring, nutrient entrapment, and maintenance of favorable hydration conditions. EPS support 

higher water retention and consequently higher nutrient diffusion rates within EPS-rich 

microenvironments relative to surrounding soil under dry conditions. Given the ecological 

importance of this ubiquitous modification of microbial immediate environment, information 

regarding the role and function of EPS in the vadose zone that supports much of the microbial 

diversity, plant life, and nutrient cycling, is limited. In particular, quantitative description of 

mechanisms by which EPS confers desiccation resistance or enhances recovery following 

desiccation for a diverse group of prokaryotes in partially-saturated terrestrial habitats remains 

obscure (especially at the scale of a microbial aggregate or colony attached to soil surface). 

Particularly important is the link between EPS hydro-chemical characteristics that make it a 

“universal” interface between microbes and their environments, and its capacity to improve 

microbial existence under transient desiccation conditions in the vadose zone. 

Based on these open research questions, we propose the following steps in future research: 

1. To extend our modeling framework for elucidating long term bacterial survival strategies in 

response to extreme hydration dynamics associated with different climatic regions in the 

world. Specifically, to quantify success of sporulation vs. temporary dormancy strategies in 

response to exposure to prescribed patterns of desiccation conditions with variable extent 

and duration (climatic data derived) on simulated microbial population size and composition. 

2. To integrate physical aspects of EPS production and resulting interfacial hydration and 

transport properties into modeling microbial function and survival in unsaturated soil 

subjected to dynamic hydration patterns. 
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