
16 

Contents

Resumen .................................................................................................................................... 3 

Abstract ..................................................................................................................................... 8 

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

Land Degradation in Drylands .......................................................................................................... 20 

Nature-Based Solutions for Sustainable Soil Restoration ................................................................. 21 
Increasing Nutrients and Water Availability for Dryland Ecosystem Restoration ........................................ 21 
Role of Organic Amendments in Soil Restoration ........................................................................................ 22 
Biofertilizers: Harnessing Microorganisms for Soil Health Recovery ......................................................... 23 

Biocrust-Forming Cyanobacteria: Functions and Benefits ............................................................... 25 

Challenges and Opportunities in Using Cyanobacteria for Soil Restoration .................................... 27 
Combining Cyanobacteria Inoculum with Organic Amendments for Soil Restoration ................................ 27 
Scaling Up Cyanobacteria Inoculum: Challenges in Production and Application........................................ 27 
Promoting Biocrust-Vegetation Interactions for Enhancing Soil Fertility and Water Availability ............... 29 

Hypothesis ............................................................................................................................... 31 

Aims ......................................................................................................................................... 32 

General Methodology ............................................................................................................. 33 

Study Sites ........................................................................................................................................ 33 

Monitoring of Cyanobacteria Inoculum ............................................................................................ 36 

Analysis of Soil Physico-Chemical Properties ................................................................................. 37 

Chapter I: Coupling Sewage Sludge Amendment with Cyanobacterial Inoculation to 
Enhance Stability and Carbon Gain in Dryland Degraded Soils ...................................... 39 

Abstract ............................................................................................................................................. 40 

Introduction ....................................................................................................................................... 40 

Material and Methods ....................................................................................................................... 43 
Sewage Sludge Collection ............................................................................................................................ 43 
Soil Collection .............................................................................................................................................. 43 
Culture of Cyanobacterial Inoculants ........................................................................................................... 44 
Experimental Design .................................................................................................................................... 44 
Assessing Inoculum Growth ......................................................................................................................... 45 

Chlorophyll a Content ............................................................................................................................. 45 
Soil Spectral Response Measurements .................................................................................................... 45 



Contents 
 

17 

Influence on Soil Properties ......................................................................................................................... 46 
Soil Stability Measurements .................................................................................................................... 46 
Exopolysaccharide and Soil Organic Carbon Content ............................................................................. 46 

Inoculation of Saline Soils with Native Cyanobacteria ................................................................................ 47 
Statistical Analyses ....................................................................................................................................... 47 

Results ............................................................................................................................................... 48 
Cyanobacterial Inoculum Viability Assessment ........................................................................................... 48 
Effects on Soil Physico-Chemical Properties ............................................................................................... 49 

Soil Stability ............................................................................................................................................ 49 
Total Organic Carbon and EPS Content................................................................................................... 51 

Cyanobacterial Effects in Saline Soils .......................................................................................................... 53 
Discussion ......................................................................................................................................... 54 

Inoculum Viability and Effects on Soil Properties in Soils Amended with Different SS Doses ................... 54 
Effect of Cyanobacteria Inoculum on Salt Immobilization in SS-Amended Soils ....................................... 56 

Conclusion ........................................................................................................................................ 57 

Acknowledgments ............................................................................................................................. 58 

References ......................................................................................................................................... 58 

Chapter II: Paper Waste as Organic Amendment and Supporting Vehicle for 
Cyanobacterial Inoculation to Restore Dryland Soils......................................................... 69 

Abstract ............................................................................................................................................. 70 

Introduction ....................................................................................................................................... 70 

Material and Methods ....................................................................................................................... 73 
Microcosm Experiments ............................................................................................................................... 73 

Soil and Paper Characterisation ............................................................................................................... 73 
Experimental Design ............................................................................................................................... 74 
Monitoring of Cyanobacterial Inoculum Evolution ................................................................................. 76 

Surface Spectral Response .................................................................................................................. 76 
Chlorophyll a Extraction and Quantification ..................................................................................... 77 

Analysis of Soil Properties ...................................................................................................................... 77 
Organic Carbon and Nitrogen Content ............................................................................................... 77 
Soil Surface Stability ........................................................................................................................... 78 
Soil Water Retention ............................................................................................................................ 78 

Field Application of Paper and Cyanobacterial Inoculum ............................................................................ 78 
Site Preparation ........................................................................................................................................ 78 
Sampling and Monitoring ........................................................................................................................ 78 
Next-Generation Sequencing ................................................................................................................... 79 

Statistical Analysis........................................................................................................................................ 80 



Contents 
 

18 

Results ............................................................................................................................................... 81 
Microcosm Experiments ............................................................................................................................... 81 
Field Application .......................................................................................................................................... 83 

Discussion ......................................................................................................................................... 89 

Conclusion ........................................................................................................................................ 92 

Acknowledgments ............................................................................................................................. 92 

References ......................................................................................................................................... 93 

Supplementary Materials ................................................................................................................ 102 

Chapter III: Optimizing Cyanobacterial Pelletization to Enhance  
Dryland Restoration ............................................................................................................. 109 

Abstract ............................................................................................................................................ 110 

Introduction ...................................................................................................................................... 110 

Material and Methods ...................................................................................................................... 113 
Experimental Design .................................................................................................................................. 113 

Stability Tests ......................................................................................................................................... 115 
Inoculum Storage ................................................................................................................................... 116 
Soil Application ..................................................................................................................................... 117 

Data Analysis .............................................................................................................................................. 118 

Results .............................................................................................................................................. 118 
Influence of Pellet Composition on Stability .............................................................................................. 118 
Influence of Pellet Composition on Inoculum Survival and Growth .......................................................... 120 
Influence of Pellet Composition on Inoculum Transfer and Soil Colonization .......................................... 122 

Discussion ....................................................................................................................................... 124 

Conclusion ...................................................................................................................................... 127 

Acknowledgments ........................................................................................................................... 128 

References ....................................................................................................................................... 128 

Chapter IV: Design Optimization of Biocrust-Plant Spatial Configuration for Dry 
Ecosystem Restoration using Water Redistribution and Erosion Models ...................... 135 

Abstract ........................................................................................................................................... 136 

Introduction ..................................................................................................................................... 136 

Material and Methods ..................................................................................................................... 139 
Study Area .................................................................................................................................................. 139 
Slope Selection and Topography Characterization ..................................................................................... 140 

Model Selection and Input Variables .............................................................................................. 141 
Model Selection .......................................................................................................................................... 141 

Input Variables ....................................................................................................................................... 141 



Contents 
 

19 

Rainfall Data ..................................................................................................................................... 141 
Vegetation Related Variables ............................................................................................................ 141 
Infiltration Related Variables ............................................................................................................ 142 
Soil Surface Properties ..................................................................................................................... 142 

Model Calibration and Simulation Scheme ................................................................................................ 144 

Results ............................................................................................................................................. 147 
Limburg Soil Erosion Model Calibration and Validation ........................................................................... 147 
Vegetation Spatial Configuration Effects on Runoff and Erosion .............................................................. 148 
Biocrust Effects on Runoff and Erosion ..................................................................................................... 152 

Discussion ....................................................................................................................................... 154 

Conclusion ...................................................................................................................................... 158 

Acknowledgments ........................................................................................................................... 158 

References ....................................................................................................................................... 159 

General Discussion ............................................................................................................... 169 

Role of Organic Amendments in Dryland Soil Restoration ............................................................ 169 

Cyanobacterial Growth with Organic Amendments ....................................................................... 170 
Viability of Cyanobacteria Pelletized with Organic Amendments ............................................................. 172 

Synergistic Effects of Cyanobacterial Inoculation and Organic Amendments  
on Soil Improvement ....................................................................................................................... 172 

Integrating Cyanobacterial Inoculation and Vegetation in Landscape-Scale Restoration............... 174 

General Conclusions ............................................................................................................ 176 

References ............................................................................................................................. 177 

Publications derived from the thesis ................................................................................... 193 

Journal articles ................................................................................................................................ 193 

Conference contributions ................................................................................................................ 193 

Other related publications ................................................................................................... 195 

Journal articles ................................................................................................................................ 195 

Conference contributions ................................................................................................................ 195 


