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Abstract 12 Cover crops (plants grown in an agricultural rotation between cash crops) can significantly improve 13 soil quality via sequestering carbon, retaining nutrients, decreasing soil erosion, and maintaining 14 belowground biodiversity. However, little is known about the effects of such plants upon soil structure. 15 The aim of the study was to assess the impact of four species typically used as cover crops and which 16 have contrasting root architecture (namely white clover, black oat, phacelia, tillage radish) on soil 17 structural genesis and the associated modification of microbial community structure in a clay soil. The 18 four plant species were grown in a replicated pot experiment with sieved clay soil(<2 mm), with 19 unplanted soil as control for 8 weeks. X-ray Computed Tomography was used to quantify the 20 formation of pore networks in 3D and phospholipid fatty acid analysis was performed to study the 21 microbial community phenotype. Black oats developed a greater pore-connectivity than the other 22 species throughout the growth period, whereas phacelia decreased the porosity and pore-connectivity. 23 The microbial community phenotype under phacelia was notably different from the other species, with 24 a greater proportion of fungal markers. Thus different plant species have differential effects upon soil 25 
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structural genesis and microbial community phenotype, which provides evidence that certain species 26 may be more suitable as cover crops in terms of soil structural conditioning depending upon specific 27 contexts.  28  29 
Key words 30 
Raphanus sativus L. cv. “Mimo”, Avena strigosa L. cv. “Prate”, Trifolium repens L. cv. “Galway”, Phacelia 31 
tanacetifolia Benth. cv. “Angelia”, X-ray Computed Tomography, soil structure, porosity, microbial 32 community phenotype 33  34 
Introduction 35 Soil structure is an important factor affecting crop production, primarily due to the characteristics of 36 the soil pore network impacting on root growth, soil fauna, nutrient, water and gas exchanges1. Soil 37 quality can be defined as the capacity of soil to maintain or enhance plant and organism development, 38 air and water quality, and support human health and habitation2,3. Soil structure is considered an 39 effective indicator of soil quality1.  40 Moreover, plants are known to contribute to the structuring of soil via enmeshing and binding soil 41 particles4 and to break down larger aggregates via root penetration5. The genesis of soil structure is 42 dynamic and requires energy, which can be provided by plant roots and fauna. Furthermore, root 43 system architecture plays a critical role in soil structure formation. Plants producing large quantities of 44 fine roots appear to be more effective in soil aggregate formation compared to fibrous roots which can 45 be less effective in fracturing soil aggregates6. The presence of roots increases aggregate stability, the 46 permeability of soil7, soil porosity and pore connectivity8, and asserts a great influence on microbial 47 community structure in terms of both richness and diversity9,10.  48  49 In agricultural systems, cover crops are increasingly sown between main crops11 because they 50 sequester carbon3,12, decrease soil erosion3, increase soil macro-porosity13,14, and increase microbial 51 diversity and richness15,16. Cover crops are also associated with increased abundance of saprophytic 52 and mycorrhizal fungi in the microbial community structure10,17,18.  However, the effect of cover crops 53 on soil structural genesis is poorly understood. Most recent studies in this area have focused on the 54 
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role of cover crops in terms of remediating compacted soils or upon the soil microbial 55 communities9,12,14,16,18. 56  57 The aim of the study was to assess the impact of four species of plants commonly grown as cover crops 58 in the UK (white clover, black oat, phacelia, tillage radish) on soil structural genesis and modification of 59 microbial community structure. These plants were selected for their contrasting root morphologies in 60 terms of tap root formation, vigorous deep-rooting and fibrous multi-branching root systems. We 61 hypothesised that different root morphologies would influence soil structural genesis dependent upon 62 the root phenotype: for example, tap root species may initiate concentric compaction surrounding the 63 primary root growth which decreases porosity and diversity of pore sizes, compared to fibrous root 64 species which may create a greater diversity of pore sizes positively impacting on porosity and pore-65 connectivity. X-ray Computed Tomography (CT) was used to quantify the formation of pore networks 66 in 3D and phospholipid fatty acid (PLFA) analysis was performed to study the microbial community 67 phenotype. 68  69 
Results 70 
Characteristics of the pore architecture 71 As hypothesized, the different plant species had contrasting affects on soil structure, as apparent from 72 visual observation of the X-ray images (Fig. 1). Formal quantification of soil structural parameters 73 confirmed this. There was a significant treatment x time interaction with respect to porosity (P<0.001; 74 Fig. 2). The porosity of unplanted soil remained constant over the 8 weeks of the experiment with only 75 slight increases at Weeks 2 and 6. In the presence of black oat, the porosity increased significantly at 76 Weeks 2 and 6, but was similar to the control for Weeks 4 and 8. Whilst for clover, phacelia and radish, 77 the porosity was essentially constant up to Week 6 and then decreased at Week 8 drastically (Fig. 2).  78 There were significant treatment x time interactions with respect to cumulative pore size distribution 79 at Week 8 (Fig. 3c), and pore-connectivity at Weeks 2 and 8 (Fig. 3e, f; P<0.001). At Weeks 0 and 2, the 80 pore size distribution was essentially congruent for all treatments with approximately 50% of pore 81 sizes <0.25 mm and 80% of pore sizes <0.4 mm (Fig. 3 a-c). At Week 8, phacelia increased the 82 
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proportion of the smaller pore sizes with approximately 50% of pore sizes <0.16 mm and 80% of pore 83 sizes <0.31 mm (Fig. 3c). 84 At Week 0, the control columns had low pore connectivity displayed by a small Euler number for pores 85 <0.09 mm (Fig. 3d). At Week 2, the overall pore connectivity had increased from Week 0. Soil planted 86 with black oat had the greatest pore-connectivity, whilst the soil planted with phacelia was the least 87 connected pore-system (Fig. 3e). At Week 8, the pore connectivity decreased for all treatments with 88 the same pattern as Week 2: black oat soil had the greatest pore connectivity and phacelia the lowest 89 pore-connectivity (Fig. 3f). There was a gradual evolution of pore size distribution and pore 90 connectivity during the 8 weeks, and the data of Week 4 and 6 are shown in Supplementary Fig. 1 but 91 omitted from Fig 3 for clarity. At the aggregate scale, there were no significant differences in porosity, 92 pore size distribution and pore connectivity between any of the treatments (Supplementary Fig. 2). 93  94 
Aggregate size distribution 95 At Week 0, the aggregate size distribution of the control showed an increase in size. This trend was not 96 consistent for the size classes (425- 500 and 715-100 µm), where these sizes contained a significantly 97 smaller proportion than neighbouring ones (Fig. 4a). This basic pattern persisted at Week 8 with a 98 substantial increase in proportion of aggregates for the size class >2,000 µm. Planted soils with black 99 oat and phacelia had a significantly greater proportion of aggregate between 2,000-300 µm than the 100 control and the planted soil with clover and radish, but this trend was reversed for aggregates >2,000 101 µm (Fig. 4b). 102  103 
Microbial phenotypic profiles 104 There were significant plant effects upon microbial community phenotypic structure with respect to 105 PC1 and PC3 (both P<0.001), which collectively accounted for 61% of the variation (Fig. 5). Microbial 106 community phenotype profiles differed significantly between both planted and unplanted soils, and 107 between plant species. There was a significant effect of the plant species upon the microbial 108 community phenotype apparent via PC1 and PC3 (P < 0.001 and P = 0.012 respectively) which 109 together accounted for 61% of the variance. Community structure associated with phacelia was 110 notably distinct from the other treatments apparent via PC1, and communities associated with black 111 
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oat distinct from those of clover, with black oat communities intermediate between these (Fig. 5a). PC3 112 discriminated communities associated at Week 0 (control) with those present at Week 8 in all cases 113 (Fig. 5a).  The loadings associated with PC1 were predominantly two fungal markers (18:2n6,9; 114 18:3n9) and one Gram negative marker (16:1n9; Fig. 5b). Markers associated with Gram positive 115 bacteria contributed large loadings to PC3 (Fig. 5b).  116 The nature of the effect was due to an increase of the proportion of fungal markers and a decrease in 117 the proportion of Gram positive bacterial markers for phacelia compared to the other treatments (Fig. 118 6).  119  120 
Discussion 121 After 8 weeks of growth, black oat and phacelia columns contained substantial root materials, 122 suggesting that visualisation of effects beyond this point would be inappropriate, and that any effects 123 of the plants upon soil structure would be particularly manifest. The apparently limited effects on soil 124 structure of white clover and tillage radish might have been due to a lesser development of root 125 systems, as both plant species grew much more slowly than black oat and phacelia. After 8 weeks, the 126 increase in proportion of the largest aggregates (>2,000 µm) for the control, the white clover and 127 tillage radish might be caused by the high concentration of clay particles4,19,20. For black oat and 128 phacelia treatments, the presence of plant roots decreased the proportion of the largest aggregates 129 (>2,000 µm) by maintaining a greater proportion of aggregate sizes of 1,000-2,000 µm compared to 130 the control. Therefore, the high proportion of roots decreased the proportion of larger aggregates 131 (>2,000 µm), and increased the proportion of aggregate sizes from 1,000-2,000 µm (Fig. 4). The 132 greater presence of roots in black oat and phacelia columns could have induced the breakdown of the 133 larger aggregates, i.e. penetration roots through existing pores can destabilise macro-aggregate 134 resulting in an increase in proportion of aggregate sizes from 2,000-1,000 µm5,6.   135  136 The growth of Black oats did not significantly alter the soil porosity (Fig. 2). Between Week 2 and 8, 137 black oat had decreased pore connectivity (Fig. 3b, c). However, for Week 2 and 8, black oat had the 138 greatest pore connectivity compared to all treatments (Fig. 3b, c). Therefore, black oats maintained a 139 greater porosity and pore-connectivity contrary to phacelia which significantly decreased porosity and 140 
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pore-connectivity at Week 8 (Fig. 2 and 3c) and increased the proportion of smaller pores compared to 141 all treatments at Week 8 (Fig. 3f). This formation of pore sizes (between 0.05 to 0.16 mm) facilitates 142 the flow path of water, gas and nutrients21, however, the decrease in pore connectivity might 143 counteract this shift in the pore sizes22,23. Thus, the formation of new pores, smaller than 0.3 mm, with 144 a poor-connection might be involved in the creation of water storage pores24,25. At Week 8, black oat 145 and phacelia columns were root bound, notwithstanding that the nature of inherent pore network was 146 drastically different for both these treatments. Root biomass could not be determined since aggregate 147 sampling precluded this. Thus, different modifications of pore networks were implemented by the 148 inherent nature of root systems and not by the extent of rooting. Therefore, after 8 weeks of growth, 149 black oat and phacelia showed evidence of impacting the pore network differently by modifying its 150 characteristics in very different ways.   151 The non-significant impact of the plant at aggregate scale (Supplementary Fig. 2) might be influenced 152 by the water regime, which was kept constant during the experiment. Wet and dry cycles are 153 important for the modification of soil structure24. Notably by the disruption of aggregation due to clay 154 particles swelling in the presence of water and the compression of trapped air in capillary pores which 155 could lead to the creation of new pores26,27. The presence of plant applies local wet and dry cycles at 156 the immediate root surface leading to a greater cohesion of root exudates and clay particles28,29. Hence 157 the non-significant impact of plants on the micro-structure might be due to a lack of wet and dry 158 cycles.  159 Principal component analysis (PCA) discriminated the microbial community at Week 0 compared to all 160 the treatments at Week 8 along the y-axis, meaning microbial community evolved during the 161 incubation period and was not discriminated by PC3 (Fig. 5a). This discrimination was associated with 162 a shift of the bacterial community between both time points (Fig. 5b). Notwithstanding this, PCA 163 distinctly discriminated phacelia in relation to PC1, which was associated with the saprophytic fungal 164 marker 18:2n3,6 and 18:3n9 and Gram-negative bacteria 16:1n9 (Fig. 5)30–33. Moreover, phacelia 165 showed a greater proportion of fungal marker compared to all treatments which revealed that phacelia 166 increased the presence of saprophytic fungi (Fig. 6). Such microbes were likely utilising rhizodeposits 167 as Gram-negative bacteria and fungi have been described to be involved in immediate assimilation of 168 rhizodeposit carbon in grassland soils33,34. Another study showed that approximately two months after 169 
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sowing, fungi were an important factor, especially the non-mycorrhizal fungi, to discriminate microbial 170 community structure between different cover crops18. Phacelia has been described as forming 171 mycorrhizal associations35–37, but there is no record in UK soils of mycorrhizal formation. A 172 quantification of the mycorrhizal infection was performed on the phacelia root (Supplementary 173 material and methods 2), which revealed no colonisation of roots by mycorrhizal hyphae 174 (Supplementary Fig. 3). The discrimination of black oat and tillage radish via PC1 between control and 175 clover treatments (Fig. 5a), showing that both plant species impacted slightly microbial community 176 structure but not to the same extent as phacelia, which could be due to the nature of root 177 characteristics38.  178  179 
Methods 180 
Preparation of soil columns  181 Soil from the Worcester series, a clay soil (clay: 43.3%, silt: 28.4%, sand: 28.3%) was collected from 0-182 50 cm depth from an arable field situated at the University of Nottingham experimental farm in Bunny, 183 Nottinghamshire, UK (52.52 °N, 1.07 °W). The soil was air-dried for 2 days, and passed through a 2 mm 184 mesh sieve, to provide a homogenised structure. To re-activate the microbial community, the soil was 185 re-wetted to 15% moisture content and incubated in bulk in black plastic bags slightly opened in a 186 dark room at room temperature and then passed through a 10 mm sieve to ensure effective 187 homogenisation. Polypropylene tubes (170 mm height x 68 mm diameter) with a 0.1 mm mesh 188 adhered to the bottom were packed with the moist soil to a bulk density of 1 g cm-3. Columns were 189 saturated for 24 h and left to drain for 48 h to reach field moisture capacity (approximately 20%). Four 190 cover crop species were selected for their contrasting root morphologies: a tap root species, tillage 191 radish (Raphanus sativus L. cv. “Mimo”), a vigorous deep-rooting species, black oat (Avena strigosa L. 192 cv. “Prate”), and two fibrous multi-branching species, white clover (Trifolium repens L. cv. “Galway”) 193 and phacelia (Phacelia tanacetifolia Benth. cv. “Angelia”). These species are commonly used as cover 194 crops in arable systems. Pre-germinated seeds were sown into individual columns and adjusted to 195 contain one emergent plant per column. Twenty replicates of each plant species, and of an unplanted 196 (control) soil, were allocated in a random block design to allow for four replicates of each treatment to 197 
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be sampled after 0, 2, 4, 6 and 8 weeks. Columns were maintained in a growth chamber set at 16:8 h 198 light:dark cycle, 21:15 °C respectively and 70% humidity.  199  200 
X-ray Computed Tomography (CT)  201 Homogenisation of column packing was checked by X-ray CT. Planted and unplanted columns were 202 scanned using Phoenix v⏐tome⏐x M scanner (GE Measurement and Control solution, Wunstorf, 203 Germany) set at a voltage of 180 kV with a current of 180 μA and at voxel resolution of 40 μm. A 204 multiple scan was performed for 1 h 29 s, with a total of 2160 projection images taken at a 250 ms 205 period using an averaging of 3 images and a skip of one. Longer scanning than might be routinely 206 employed was favoured to obtain the enhanced image contrast for thresholding. Columns were 207 destructively harvested after being scanned, and from the air-dried soil, three aggregates were 208 randomly selected per column (Supplementary Materials and Methods 1). 209 Scanned images were reconstructed using Phoenix datos⏐x2 rec reconstruction software. The scanned 210 images were optimised to correct for any sample movement during the scan and to reduce potential 211 noise using the beam hardening correction algorithm, set at 8. As a multi-scan routine was performed 212 on the soil column samples, VG StudioMax® 2.2 was used to merge the top, middle and bottom scans to 213 obtain a single 3D volume for the complete column. Image sequences of 40 x 40 x 120 mm were 214 extracted for image analysis from the columns. 215  216 
Image analysis 217 Image manipulation was performed using Image J39. Quantification of 3D pore characteristics was 218 processed using QuantIm40 following a standard method8. The 3D characteristics of pores quantified 219 were: (i) percentage of pores with a size greater than the scanning resolution (40 µm), hereafter 220 referred as porosity; (ii) pore size distribution, viz. the proportion of each pore size class within the 221 range 0.05 – 1.1 mm (for the columns) normalised by the total pore volume, expressed as a cumulative 222 value; (iii) pore-connectivity, determined by the Euler number normalized to the total volume40: the 223 more negative the Euler number, the greater the pore-connectivity. 224  225 
Sampling and measurement 226 
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On each sampling occasion, the columns were scanned as above and then destructively harvested. 227 Subsamples (c. 20 g) of the moist soil were stored at -82 °C and then freeze-dried; the rest of the soil 228 was air-dried for further analysis. The freeze-dried and air-dried soils were stored in the dark at room 229 temperature. 230  231 
Aggregate size distribution 232 Aggregate size distributions were determined by passing 250 g of air-dried soil through a series of 233 sieves sized 2000, 1000, 850, 500, 425, 300, 212 and 53 µm, via horizontal shaking for 3 minutes at 234 300 rotation.min-1 on a horizontal KS 500 shaker (Janke & Kunkel, Staufen, Germany). The mass of soil 235 retained on each sieve was determined and normalized by the total mass of the sieved soil.  236  237 
Microbial community phenotype profiling 238 The microbial community phenotypic community structure was profiled using the phospholipid fatty 239 acid (PLFA) technique41. PLFA were extracted from 2 g of freeze-dried soil following a method derived 240 from41,42. The lipid classes were separated using a solid phase extraction (SPE) column using Hypersep 241 SPE column containing 50 mg of silica per 1 mL column. The extracted lipids were methyled via a 242 transesterification process to convert them into dried fatty acid methyl ester. The fatty acids were 243 disolved in 75 µL of hexane, for gas chromatography (GC) analysis. The GC analysis was performed 244 using a GC and a DSQII mass spectrometer (Thermo Electron Corporation®), equipped with a Zebron 245 capillary ‘ZB-FFAP’ column from Phenomex®. The dimensions of the column were 30 m length x 0.25 246 mm inner diameter x 0.25 µm film thickness. The method was 1 µL of the sample was injected in the 247 column maintained at a constant temperature of 250 ºC, the carrier gas was helium set at 12.4 x 104 Pa. 248 For each sample, a chromatogram was obtained with the retention time of each compound and the ion 249 profile provided by the mass spectroscopy.  250 The markers were associated to different microbial groups as follows: Gram positives: i-15:00, a-15:00, 251 i-16:00, a-17:00, 10me-16:00, 10me-18:00; Gram negatives: 16:1n9, 16:1n7, cy17:00, 18:1n7, cy19:00; 252 saprophytic fungi: 18:1n9, 18:2n6,9, 18:3n9; and non-specific: 14:00, i-14:00, 16:00, 18:00, 18:1n1630–253 
32,43. The percentage of the fatty acid indicators was used to analyse the proportion of microbial 254 groups. The proportion of the microbial groups were calculated by the sum of all markers. 255 
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 256 
Statistical analysis 257 For the pore characteristics, two-way analysis of variance (ANOVA) was conducted using Genstat v 258 17.1 (VSN International Ltd 2014), performed on all primary variables using a split-plot design with 259 the plant treatments and size classes of pores as factors and for the total porosity, time was added to 260 the factor list. 261 PLFA profiles were analysed by principal component (PC) analysis and resultant PCs analysed by 262 ANOVA.  263  264 
Conclusions 265 These results revealed a contrasting effect of the root morphologies on the soil structure genesis, 266 which validated our hypothesis. Vigorous deep-rooting species (represented by the black oats) 267 maintained the porosity and pore connectivity whereas one of the fibrous multi-branching root species 268 (phacelia) decreased porosity and pore-connectivity and enhanced the proportion of smaller pore 269 (<0.31 mm). The tap root species (represented by tillage radish) and the second species of the fibrous 270 multi-branching root species (white clover) decreased the porosity but had no significant impact on 271 the pore connectivity. Therefore, the nature of the root architecture of these plant species likely 272 modified the soil pore characteristics differently depending on the growth strategy of the plants. 273 Moreover, the microbial community phenotype was also modified by the presence of plants.  274 These results confirmed that the diversity of root morphology and higher-order interactions between 275 plant and soil biota impact soil structural genesis and dynamics44. This has practical and ecological 276 implications since the nature of root morphology can have different effects upon soil structure. What is 277 unclear is the extent to which such effects occur where plants are growing in combination, which 278 occurs in natural systems, and can be prescribed in cover-crop mixtures. This warrants further 279 investigation,    280  281 
References 282 1. Pagliai, M. & Vignozzi, N. The soil pore system as an indicator of soil quality. Adv. GeoEcology 283 

35, 69–80 (2002). 284 



11  

2. Karlen, D. L. et al. Soil Quality: A Concept, Definition, and Framework for Evaluation. Soil Sci. 285 
Soc. Am. J. 61, 4 (1997). 286 3. Reicosky, D. C. & Forcella, F. Cover crop and soil quality interactions in agroecosystems. J. Soil 287 
Water Conserv. 53, 224–229 (1998). 288 4. Tisdall, J. M. & Oades, J. M. Organic matter and water-stable aggregates in soils. J. Soil Sci. 33, 289 141–165 (1982). 290 5. Materechera, S. A., Kirby, J. M., Alston, A. M. & Dexter, A. R. Modification of soil aggregation by 291 watering regime and roots growing through beds of large aggregates. Plant Soil 160, 57–66 292 (1994). 293 6. Chan, K. Y. & Heenan, D. P. The influence of crop rotation on soil structure and soil physical 294 properties under conventional tillage. Soil Tillage Res. 37, 113–125 (1996). 295 7. Vergani, C. & Graf, F. Soil permeability, aggregate stability and root growth: a pot experiment 296 from a soil bioengineering perspective. Ecohydrology 9, 830–842 (2015). 297 8. Bacq-Labreuil, A. et al. Effects of cropping systems upon the three-dimensional architecture of 298 soil systems are modulated by texture. Geoderma 332, 73–83 (2018). 299 9. Ashworth, A. J., DeBruyn, J. M., Allen, F. L., Radosevich, M. & Owens, P. R. Microbial community 300 structure is affected by cropping sequences and poultry litter under long-term no-tillage. Soil 301 
Biol. Biochem. 114, 210–219 (2017). 302 10. Duchene, O., Vian, J. F. & Celette, F. Intercropping with legume for agroecological cropping 303 systems: Complementarity and facilitation processes and the importance of soil 304 microorganisms. A review. Agric. Ecosyst. Environ. 240, 148–161 (2017). 305 11. Lehman, R. M. et al. Soil biology for resilient, healthy soil. J. Soil Water Conserv. 70, 12A–18A 306 (2015). 307 12. Scott, D. A., Baer, S. G. & Blair, J. M. Recovery and Relative Influence of Root, Microbial, and 308 Structural Properties of Soil on Physically Sequestered Carbon Stocks in Restored Grassland. 309 
Soil Sci. Soc. Am. J. 81, 50 (2017). 310 13. Abdollahi, L., Munkholm, L. J. & Garbout, A. Tillage System and Cover Crop Effects on Soil 311 Quality: II. Pore Characteristics. Soil Sci. Soc. Am. J. 78, 271 (2014). 312 14. Burr-Hersey, J. E., Mooney, S. J., Bengough, A. G., Mairhofer, S. & Ritz, K. Developmental 313 



12  

morphology of cover crop species exhibit contrasting behaviour to changes in soil bulk density, 314 revealed by X-ray computed tomography. PLoS One 12, 1–18 (2017). 315 15. Fernandez, A. L. et al. Structure of bacterial communities in soil following cover crop and 316 organic fertilizer incorporation. Appl. Microbiol. Biotechnol. 100, 9331–9341 (2016). 317 16. Patkowska, E. & Konopiński, M. The role of oat, common vetch and tansy phacelia as cover 318 plants in the formation of microorganisms communities in the soil under the cultivation of root 319 chicory (cichorium intybus var. sativum bisch.) and salsify (tragopogon porrifolius var. sativus 320 (Gat. Acta Sci. Pol., Hortorum cultus 12, 179–191 (2013). 321 17. Six, J., Frey, S. D., Thiet, R. K. & Batten, K. M. Bacterial and Fungal Contributions to Carbon 322 Sequestration in Agroecosystems. Soil Sci. Soc. Am. J. 70, 555 (2006). 323 18. Finney, D. M., Buyer, J. S. & Kaye, J. P. Living cover crops have immediate impacts on soil 324 microbial community structure and function. J. Soil Water Conserv. 72, 361–373 (2017). 325 19. Dexter, A. R. Advances in characterization of soil structure. Soil tillage Res. 11, 199–238 (1988). 326 20. Oades, J. M. Soil organic matter and structural stability: mechanisms and implications for 327 management. Plant Soil 76, 319–337 (1984). 328 21. Rabot, E., Wiesmeier, M., Schlüter, S. & Vogel, H. J. Soil structure as an indicator of soil functions: 329 A review. Geoderma 314, 122–137 (2018). 330 22. Luo, L., Lin, H. & Schmidt, J. Quantitative Relationships between Soil Macropore Characteristics 331 and Preferential Flow and Transport. Soil Sci. Soc. Am. J. 74, 1929 (2010). 332 23. Paradelo, M. et al. X-ray CT-Derived Soil Characteristics Explain Varying Air, Water, and Solute 333 Transport Properties across a Loamy Field. Vadose Zo. J. 15, 0 (2016). 334 24. Bronick, C. J. & Lal, R. Soil structure and management: A review. Geoderma 124, 3–22 (2005). 335 25. Pires, L. F. et al. Soil structure changes induced by tillage systems. Soil Tillage Res. 165, 66–79 336 (2017). 337 26. Denef, K. et al. Influence of dry-wet cycles on the interrelationship between aggregate, 338 particulate organic matter, and microbial community dynamics. Soil Biol. Biochem. 33, 1599–339 1611 (2001). 340 27. Grant, C. D. & Dexter, A. R. Air entrapment and differential swelling as factors in the mellowing 341 of moulded soil during rapid wetting. Aust. J. Soil Res. 28, 361–369 (1990). 342 



13  

28. Reid, J. B. & Goss, M. J. Interactions Between Soil Drying Due To Plant Water-Use and Decreases 343 in Aggregate Stability Caused By Maize Roots. J. Soil Sci. 33, 47–53 (1982). 344 29. Six, J., Bossuyt, H., Degryze, S. & Denef, K. A history of research on the link between (micro) 345 aggregates, soil biota, and soil organic matter dynamics. Soil Tillage Res. 79, 7–31 (2004). 346 30. Frostegård, A. & Bååth, E. The use of phospholipid fatty acid analysis to estimate bacterial and 347 fungal biomass in soil. Biol. Fertil. Soils 22, 59–65 (1996). 348 31. Stahl, P. D. & Klug, M. J. Characterization and differentiation of filamentous fungi based on Fatty 349 Acid These include : Characterization and Differentiation of Filamentous Fungi Based on Fatty 350 Acid Composition. Appl. Environ. Microbiol. 62, 4136–4146 (1996). 351 32. Zelles, L. Phospholip fatty acid profiles in selected members of soil microbial communities. 352 
Chemosphere 35, 275–294 (1997). 353 33. Denef, K., Roobroeck, D., Manimel Wadu, M. C. W., Lootens, P. & Boeckx, P. Microbial community 354 composition and rhizodeposit-carbon assimilation in differently managed temperate grassland 355 soils. Soil Biol. Biochem. 41, 144–153 (2009). 356 34. Treonis, A. M. et al. Identification of groups of metabolically-active rhizosphere microorganisms 357 by stable isotope probing of PLFAs. Soil Biol. Biochem. 36, 533–537 (2004). 358 35. Casanova-Katny, M. A., Torres-Mellado, G. A., Palfner, G. & Cavieres, L. A. The best for the guest: 359 High Andean nurse cushions of Azorella madreporica enhance arbuscular mycorrhizal status in 360 associated plant species. Mycorrhiza 21, 613–622 (2011). 361 36. Neagoe, A., Iordache, V., Bergmann, H. & Kothe, E. Patterns of effects of arbuscular mycorrhizal 362 fungi on plants grown in contaminated soil. J. Plant Nutr. Soil Sci. 176, 273–286 (2013). 363 37. Cripps, C. L. & Eddington, L. H. Distribution of Mycorrhizal Types among Alpine Vascular Plant 364 Families on the Beartooth Plateau, Rocky Mountains, U.S.A., in Reference to Large-Scale 365 Patterns in Arctic–Alpine Habitats. Arctic, Antarct. Alp. Res. 37, 177–188 (2005). 366 38. Chan, K. Y. & Heenan, D. P. Microbial-induced soil aggregate stability under different crop 367 rotations. Biol. Fertil. Soils 30, 29–32 (1999). 368 39. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of image 369 analysis. Nat. Methods 9, 671–675 (2012). 370 40. Vogel, H. J., Weller, U. & Schlüter, S. Quantification of soil structure based on Minkowski 371 



14  

functions. Comput. Geosci. 36, 1236–1245 (2010). 372 41. Buyer, J. S. & Sasser, M. High-throughput phospholipid fatty acid analysis of soils . Appl. Soil 373 
Ecol. 61, 127–130 (2012). 374 42. Buyer, J. S., Teasdale, J. R., Roberts, D. P., Zasada, I. A. & Maul, J. E. Factors affecting soil microbial 375 community structure in tomato cropping systems. Soil Biol. Biochem. 42, 831–841 (2010). 376 43. Zelles, L. Identification of single culutured micro-organisms based on their whole-community 377 fatty acid profiles, using an extended extraction procedure. Chemosphere 39, 665–682 (1999). 378 44. Ehrmann, J. & Ritz, K. Plant: Soil interactions in temperate multi-cropping production systems. 379 
Plant Soil 376, 01-29 (2013). 380  381 

Acknowledgments 382 We thank Paul Brown for supplying the seeds of white clove, black oats, phacelia and tillage radish, and 383 Pr. Hu Zhou for his assistance with the software QuantIm. This study was performed at the Hounsfield 384 facility from the University of Nottingham. The University of Nottingham Hounsfield Facility receives 385 funding from BBSRC (Swindon, UK), and The Wolfson Foundation (London, UK).  386  387 
Author contributions statement  388 A.B.L. led and conducted the experimental work, analysed the experimental results, drafted the 389 manuscript and coordinated the revisions. K.R., S.J.M., and A.N. contributed advice on the analyses. All 390 authors contributed to the revision of the manuscript. K.R. and S.J.M. supervised the overall project. All 391 authors give final approval for publication. 392  393 
Additional information  394 
Supplementary information associated with this paper at … 395 
Competing interests: The authors declare that they have no competing interests.  396 
  397 



15  

 398 
Figure 1: 2D images of cores (40 μm resolution) at Week 8, displayed as greyscale images denoting 399 Hounsfield attenuation (darker shades relate to lower attenuation), region of interest: (a) white clover; 400 (b) black oat; (c) Phacelia; (d) tillage radish; and (e) unplanted soil (S: soil matrix, P: pore, R: root).  401 
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 402 

 403 
Figure 2: Porosity in relation to the planted treatment over the 8 weeks of growths expressed as 404 percentage of relative pore to the total volume. Bars indicate means and whiskers denote pooled 405 standard errors.  406  407  408  409 
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 410 
Figure 3: Minkowski functions of treatments at core scale (40 μm resolution) at three time points, 411 week 0 (a, d) week 2 (b, e) and week 8 (c, f): (a - c) cumulative pore size distribution; (d - f) pore-412 connectivity of cores. Points show means, whiskers denote pooled s.e. 413  414 
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 415 
Figure 4: Aggregate size distribution displaying the starting condition at Week 0 (a) and the effect of 416 different plant species at Week 8. Bar charts represent means expressed as percentage of aggregates 417 relative to the total volume, and whiskers are pooled standard errors. 418  419 
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 420 
Figure 5: Effects of plant species upon microbial community phenotypes. (a) Principal component 421 (PC) ordination of first and third PCs (T0: control at week 0, CON8: control at week 8, CL: white clover, 422 BO: black oat, PH: Phacelia, TR: tillage radish; points show means, whiskers denote pooled s.e) and (b) 423 associated loading (◊ Gram positive ∆ Gram negative ○ fungi □ non-specific markers). 424  425 

 426 
Figure 6: Proportion of PLFA divided per group of community: T0: control at week 0; after 8 weeks of 427 incubation: Con8: control; CL: clover; BO: Black oat; PH: phacelia and TR: Tillage radish 428 














