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Abstract     17 

A key finding in soil carbon studies over the past decade is that soil organic carbon (SOC) 18 

stabilization is not controlled by its molecular complexity or adsorption to clay, but by its 19 

physicochemical protection including occlusion in aggregates and sorption/precipitation with 20 

organo-mineral associations. The organo-mineral complexes and the adsorbed SOC can be 21 

dissolved microbially under anoxic conditions, which is an important pathway in carbon cycle 22 

but has been overlooked by most carbon models. As organo-mineral associations are 23 

reported to form in aerobic conditions and can be lost under anaerobic conditions, there 24 

should be a positive correlation between SOC and ability of the aggregates to transport 25 

dissolved oxygen. We develop a simulation model to test this using soil structural data from 26 

two long-term experiments which naturally created a SOC gradient: One is a winter wheat 27 

experiment established in 1843 to compare the effects of different fertilizations on the yield 28 

of winter wheat and the other one is a ley-arable experiment established in 1948 to 29 

investigate the consequence of cropping system changes for ecological yield. Aggregates 30 

from different treatments on the two experiments were scanned using X-ray Computed 31 

Tomography to simulate oxygen transport using a pore-scale model. We compared porosity 32 

and diffusion coefficient of all aggregates and linked them to soil organic carbon measured 33 

from the two experiments. The agronomic practice changes which occurred 67 or 172 years 34 

ago substantially reshaped the intra-aggregate structure (<2mm), and the accrual of SOC is 35 

positively correlated with diffusion coefficient of the aggregates to transport oxygen. 36 

However, the diffusion coefficient increases with SOC asymptotically, plateauing when SOC 37 

exceeds a threshold value. We also found the diffusion coefficient of the aggregates in 38 

chemically fertilized soils trended with their porosity approximately in the same way, 39 

deviating from those for other non-cropped treatments or fertilized with farmyard manure. 40 

Key words: Rothamsted long-term experiments; soil organic carbon; aggregates, transport 41 
properties; pore-scale simulation.       42 
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1. Introduction   43 

Hydrological and biogeochemical functions of terrestrial ecosystems are modulated by 44 

their hierarchically structured soils (Young and Crawford, 2004). Although the feedbacks 45 

between soil structure and biogeochemical reactions have been well documented (Young 46 

and Crawford, 2004; Rabot et al., 2018), the underlying mechanisms are not well understood 47 

due to the opaque nature of the soils (Baveye et al., 2018). Application of imaging 48 

technologies over the past decades has helped break this barrier, finding, for example, 49 

exoenzymes are not uniformly distributed but clustered around a specific range of pores 50 

(Guber et al., 2018; Kraychenko et al., 2019; Lucas et al., 2020). As enzyme diffusion in soil 51 

is slow (Rothman and Forney, 2007; Boudreau et al., 2008), these findings indicate that soil 52 

organic matter (SOM) decomposition is limited to the regions proximal to these pores, which 53 

has important implications for soil carbon modelling (van Groenigen et al., 2017; Poulton et 54 

al., 2018; Chenu et al., 2019; Soussana et al., 2019; Sykes et al., 2020). This is also 55 

corroborated by recent findings that soil carbon depends only weakly on clay content while is 56 

correlated significantly with Fe and Al across a wide range of ecosystems (Rasmussen et al., 57 

2018).  58 

SOM retained in soil is the consequence of a multitude of interactive physicochemical 59 

and biological processes mediated by soil structure (Six et al., 2002). Since a large fraction 60 

of soil pores are devoid of microbes and SOM (Nunan et al., 2003; Li et al., 2018), carbon 61 

metabolization is controlled by its accessibility to microbes rather than by its chemical 62 

complexity as biogeochemical reactions proceed only at hydrated sites with microbes and 63 

substrates coexisting (Schmidt et al., 2011; Dungait et al., 2012; Sulman et al., 2014; 64 

Lehmann and Kleber, 2015). This implicates that using effective reaction rates by averaging 65 

the microscopic processes out, as being used in most pool-based models, is inadequate to 66 

describe the volumetric-average biogeochemical reactions (Manzoni et al., 2012; Chakrawal 67 

et al., 2020), and improved models are needed to reduce the uncertainties in predicting the 68 

feedbacks between SOM and climate change (Schmidt et al., 2011; Lehmann et al., 2020). 69 

One such approach is the reactive continuum model by representing the decay rate of the 70 
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chemically and spatially heterogeneous SOM as a random number rather than constant 71 

(Bolker et al., 1998; Rothman and Forney, 2007).  72 

Both pool-based and reactive continuum models oversimplify the extremely complex 73 

system with the aim of predicting long-term soil organic carbon (SOC) change. They 74 

describe the combined impact of climatic and edaphic factors collectively using a moisture 75 

function and a temperature function assuming the impacts of soil water and temperature are 76 

multiplicative (Skopp et al., 1990; Davidson et al., 2006; Davidson et al., 2012; Moyano et 77 

al., 2013). They do not, however, explicitly consider constraints of nutrients and soil 78 

structure, despite the consensus that a change in soil structure reshapes soil 79 

physicochemical environments, thereby altering the reactivity continuum (Baldock and 80 

Skjemstad, 2000). This in one reason behind the uncertainties in predicting the feedback 81 

between soil carbon and climate change (Luo et al., 2016). Improving SOM modelling thus 82 

requires a better understanding of the underlying mechanisms (Luo et al., 2020; Smith et al., 83 

2020), and one approach is to incorporate the microscopic processes (Ebrahimi and Or, 84 

2016; Yan et al., 2018; Ghezzehei et al., 2019).  85 

A key finding over the past two decades is that SOM persistence in soil is not controlled 86 

by its chemical complexity but by its protection in the heterogeneous physical and chemical 87 

environments (Schmidt et al., 2011; Yu et al., 2017). Large and complex macromolecules 88 

recalcitrant to microbial decomposition are found to account for only a small fraction of SOM, 89 

and the majority of stable SOM are small molecules occluded in aggregates and sorbed by 90 

metal oxides, especially iron and manganese oxides (Sutton and Sposito, 2005; von Lutzow 91 

et al., 2006; Kogel-Knabner et al., 2008; Jones and Singh, 2014). Organo-mineral 92 

complexities are normally formed under aerobic conditions (Chen et al., 2020; Yuan et al., 93 

2020), and they can be dissolved microbially when the soils become anaerobic (Knorr, 2013; 94 

Zhao et al., 2017). This is an important pathway in carbon cycle and has significant 95 

implications for long-term stability of SOM (Hemingway et al., 2019). It contradicts the 96 

traditional view of the pool-based models that oxygen limitation suppresses SOM 97 

decomposition due to the kinetic and thermodynamic constraints on microbial metabolism 98 
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(Freeman et al., 2001; LaRowe and Van Cappellen, 2011; Huang et al., 2020). Increasing 99 

evidence over the past few years has shown that, while anaerobic conditions reduce 100 

decomposition of organic litter (Zhao et al., 2020), microbial dissimilatory reduction could 101 

dissolve the organo-mineral associations and mobilize the older carbons as a result (Knorr, 102 

2013; Chen et al., 2020). When soil becomes aerobic, such carbon can be quickly oxidized 103 

microbially, increasing gas emissions as a result (Wang et al., 2017; Chen et al., 2020).  104 

The effects of oxygen limitation on SOM in wetlands and marine sediments have been 105 

well documented (Freeman et al., 2001; Arndt et al., 2013), but it is less known that anoxia is 106 

also prevalent in dry soil due to the hierarchical structure of soils (Keiluweit et al., 2016). For 107 

example, it was found in a tropical upland soil that carbon mobilised from iron oxide 108 

dissolution following microbially-mediated reduction accounted for more than 40% of total 109 

oxidized carbon (Dubinsky et al., 2010). Even in partly saturated rhizosphere, an increase in 110 

microbial consumption of oxygen could make the rhizosphere increasingly anoxic, dissolving 111 

the organo-mineral complexes (Keiluweit et al., 2015). Therefore, there is a trade-off 112 

between aerobic and anaerobic conditions in their impacts on SOM. The imbalance between 113 

microbial consumption of oxygen and the limited ability of soil to dissolve and transport 114 

oxygen could lead to prevalent development of anoxic spots, particularly inside soil 115 

aggregates. This could have a profound consequence for SOM dynamics (Sexstone et al., 116 

1985; Hall and Silver, 2015; Keiluweit et al., 2016; Huang et al., 2020; Neal et al., 2020), and 117 

has been postulated one of the mechanisms underlying the surprising acceleration of N2O 118 

emissions over the last 10 years (Harris et al., 2021).  119 

Organo-mineral associations are formed under aerobic conditions and are the dominant 120 

carbon stock in some systems (DeGryze et al., 2004; Chen et al., 2020). Hence, we 121 

conjecture that there should be a positive correlation between stable SOM and the ability of 122 

soil aggregates to transport oxygen as long-term stabilization of the organo-mineral 123 

complexities needs the aggregates to be more aerobic. Testing this, however, needs long-124 

term experiments with SOM gradients as carbon stabilization in soil is a slow process and 125 
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could take centuries to reach new equilibria following agronomic practice changes (Poulton 126 

et al., 2018; Totsche et al., 2018).  127 

In this paper, we calculate the relationship between soil organic carbon (SOC) and the 128 

ability of aggregates to transport dissolved oxygen based on two long-term experiments at 129 

Rothamsted Research. Aggregates in soil cores taken from plots under different treatments 130 

were scanned using X-ray Computed Tomography (CT), and their effective diffusion 131 

coefficient for dissolved oxygen was calculated based on pore-scale simulations assuming 132 

the aggregate was saturated as this is the most anoxic condition. We then compared how 133 

the agronomic management changes made 67 or 172 years ago reshaped the intra-134 

aggregate structure and its consequence for SOC stabilization.  135 

2. Materials and methods  136 

2.1. The long-term experiments  137 

The experiments, established from the 1840s onwards, at Rothamsted Research in the 138 

UK are the longest-running agricultural experiments in the world that are still in operation. 139 

Details of all experiments are available online at the Electronic Rothamsted Archive (e-RA) 140 

website (http://www.era.rothamsted.ac.uk). We focused on the two experiments described in 141 

the following two sections. Soil type and texture on the two experiments are the same, being 142 

predominantly clay loam and classified as Chromic Luvisol (FAO classification). The mean 143 

annual rainfall and temperature on the two sites are 701 mm and 10.1 °C respectively. The 144 

top 0-23 cm soil contains 25% sand, 50% silt and 25% clay, and the average particle density 145 

was 2.56 g/cm3 (Gregory et al., 2010). We used data on soil organic carbon from the e-RA. 146 

2.1.1 The Broadbalk Winter Wheat experiment    147 

The Broadbalk Winter Wheat experiment started in 1843 (Latitude 51° 48’ 34.44” N; 148 

Longitude 0° 21’ 22.76” W) aiming to compare the impact of different chemical fertilizations 149 

and farmyard manure on the yield of winter wheat, with an unfertilized treatment as the 150 

control (Figure S1). There have been a few changes since its inception to represent the 151 

changes to farming in the UK, and further details are available in the literature (Blair et al., 152 

2006; Watts et al., 2006) and online via the above link. The supplementary materials depict 153 

http://www.era.rothamsted.ac.uk/
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the site layout and the fertilization history. In brief, the initial arrangement of the experiment 154 

was in 19 strips with each associated with a specific fertilization; a small part on the west 155 

edge of the site was taken out of cultivation in 1882 and has since returned to woodland. 156 

The pH is controlled by liming to stay at 7-7.5. 157 

Soil samples were taken from four plots (Figure S1). One plot is applied with farmyard 158 

manure since 1843 at an annual rate of 35 t/ha (referred as to FYM hereafter); one plot is 159 

applied with inorganic fertilizers (144 kg/ha nitrogen, 35 kg/ha phosphorus, 90 kg/ha 160 

potassium and 12 kg/ha magnesium, annually) since 1852 (referred as to N3 hereafter); one 161 

plot is fertilized annually with 192 kg/ha of N (96 kg/ha of N 1906–2000), 90 kg/ha of K and 162 

12 kg/ha Mg since 1906 but without P (referred as to No P hereafter); one plot is a control 163 

without any kind of fertilization since 1843 (CK). All plots are tilled conventionally. Samples 164 

were also taken from the woodland (referred as to woodland hereafter). 165 

2.1.2. The Highfield Ley-Arable experiment 166 

The Highfield Ley-Arable experiment is approximately 500 m south of the Broadbalk 167 

experiment (Figure S2), and the site had been under permanent grass at least since 1838. It 168 

was established in 1948 to examine the impact of land management on soil carbon and 169 

ecological yield (Gregory et al., 2016). There are six ley-arable treatments, comprising 170 

treatments under permanent grass, permanent arable and ley-arable treatments, each in a 7 171 

m × 50 m plot, arranged in a randomly designed block (with four blocks). After a ploughing in 172 

1959, a plot of land of approximately 900 m2 on the edge of the site has remained 173 

permanent bare fallow since by mouldboard ploughing and cultivating annually the top 23 cm 174 

of soil 2-4 times annually. Detailed description of the experiment was available online via the 175 

above link and in the literature (Gregory et al., 2016; Jensen et al., 2019; Redmile-Gordon et 176 

al., 2020). The treatments we studied are permanent grass (predominantly rye grass, Lolium 177 

perenne L.), continuous arable (winter wheat, Triticum aestivum L.) and bare fallow.   178 

2.2. X-ray Computed Tomography imaging 179 

Three or four soil cores , 12 cm high and 6.8 cm in diameter, were taken in October 180 

2015 from each treatment on the two experiments. Following a pre-treatment and X-ray 181 
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imaging (data not presented here), each core was manually broken and passed through 182 

sieves (2mm-0.71mm) by horizontally shaking (see Bacq-Labreuilet al (2018) for details). 183 

Three aggregates were randomly selected from those retained in the sieves and they were 184 

then scanned at resolution of 1.5 μm using the Phoenix Nanotom® (GE Measurement and 185 

Control solution, Wunstorf, Germany) under 90 kV and 65 μA. Overall, there were at least 186 

nine aggregate replicates for each treatments.  187 

Each image was reconstructed using the datos|x software and then analysed using 188 

Image J (Schneider et al., 2012), in which a region of interest (ROI) was cropped out for 189 

ease of analysis. As the aggregates were geometrically irregular, the ROI taken from all 190 

aggregates was cuboid consisting of 400 x 480 x 650 voxels. The ROIs were segmented 191 

using the threshold method presented in Vogel and Kretzschmar (1996); for further details of 192 

the imaging processing see Bacq-Labreuilet al al (2018).  193 

2.2. Pore-scale simulations  194 

The ability of aggregates to transport oxygen was calculated numerically by mimicking 195 

oxygen movement in the pore space. Considering aggregates are mostly anaerobic under 196 

saturated conditions, we simulated oxygen diffusion assuming the pore space in each 197 

aggregate was fully saturated. We acknowledge that by this approach we do not consider 198 

pores smaller than 1.5 μm in the aggregates due to the voxel size. In terms of microbial 199 

activity, pores smaller than 1.5 μm are not accessible to microbes (or are severely limited) 200 

and their role in microbial reductions is hence insignificant as microbial reductions proceed 201 

only at sites with coexistence of cells and substrates. Furthermore, as pore size decreases, 202 

the Knudsen number increases and the frictions caused by oxygen collisions with pore walls 203 

also increase (Li et al., 2017). Therefore, the pores captured in the images are 204 

representative of the ability of the aggregate to transport oxygen and other dissolved 205 

substrates which are relevant to microbial activity.  206 

The oxygen movement was simulated using the lattice Boltzmann model developed 207 

previously (Zhang et al., 2016b; Li et al., 2018). Details of the method are given in the 208 

appendix. In short, for each sample, a concentration gradient was generated in one direction 209 
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by imposing a high constant concentration on one side and a low constant concentration on 210 

its opposite side to drive the oxygen to diffuse; the other four sides were treated as periodic 211 

boundaries. Once the diffusion was deemed to have reached steady state, oxygen 212 

concentration and diffusive flux in all voxels were sampled, and they were then 213 

volumetrically averaged across each section perpendicular to the concentration gradient 214 

direction. These bulk average concentrations and diffusive fluxes were assumed to follow 215 

Fick’s law. For example, when the concentration gradient was generated in the z direction, 216 

this means   217 

z e
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Q D
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= −


 (1)    218 

where Qz is the average diffusive flux in the z direction, C is the average concentration and 219 

De is the effective diffusion coefficient describing the average ability of the aggregate to 220 

transport oxygen in the z direction. At steady state, the mass balance requires Qz 221 

independent of z, and the effective diffusion coefficient can thus be calculated from the pore-222 

scale simulation as follows:  223 
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where N is the total number of pore voxels, L is the length of the image in the z direction, 225 

( , , )z i i ij x y z  is the diffusive flux component in the z direction at the voxel with coordinate 226 

( , , )i i ix y z , and C1 and C0 are the two constant concentrations imposed on the two sample 227 

sides in the z direction. For each sample, we calculated its effective diffusion coefficient in 228 

three orthogonal directions aimed to examine anisotropy.  229 

2.3. Statistical analysis   230 

Difference in the mean of the variates (n=9-12) between the treatments in each of the 231 

two experiments was assessed by analysis of variance (ANOVA). The post-hoc pairwise 232 

comparisons of the treatment-means were performed using the Duncan's multiple range test 233 

with the difference considered significant at p < 0.05. All data were analysed using Matlab.      234 
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3. Results 235 

Figure 1 shows representative images for aggregates taken from the seven plots and 236 

the woodland to visually illustrate how changes in agricultural management and fertilizations 237 

have reshaped the intra-aggregate structure. All aggregates show anisotropy to some 238 

extent, with the ratio of the least effective diffusion coefficient in one direction to the highest 239 

effective diffusion coefficient in other direction varying between aggregates and treatments. 240 

However, for all aggregates such ratios were greater than 80%. From the way the 241 

aggregates were sampled and scanned, it was impossible to keep their orientation in the 242 

field. For each aggregate, we thus used the average of the effective diffusion coefficients in 243 

the three orthogonal directions to represent its ability to transport dissolved oxygen. Diffusion 244 

of dissolved oxygen in water depends on temperature, and its diffusion coefficient is thus not 245 

constant but varies with temperature. To highlight the impact of intra-aggregate structure, in 246 

what follows we will normalise the effective diffusion coefficient of all aggregates by diffusion 247 

coefficient of dissolved oxygen in water under the same temperature D, i.e., D’=De/D. Such 248 

normalization also enables us to extrapolate the results to calculate effective diffusion 249 

coefficient of other dissolved substrates in the aggregates. Since the inception of the ley-250 

arable experiment, SOC content in the soil has not yet reached new equilibria with SOC in 251 

the arable treatment still steadily declining while in the grassland it is asymptotically 252 

increasing; we thus analysed the results obtained from the two experiments separately. 253 

Since geometrical results of the images, including the pore-size distributions, Euler numbers 254 

and critical pore diameters, have been presented previously (Bacq-Labreuil et al., 2018; 255 

Zhang et al., 2021), in what follows we only show the porosity and transport coefficient.     256 

3.1. The Broadbalk winter wheat experiment   257 

Figure 2 compares the porosity and diffusion coefficient (average + SE) of the 258 

aggregates under different treatments. The most intriguing result is that the porosity and 259 

diffusion coefficient of the aggregates in the plot fertilized with farmyard manure were very 260 

close to the aggregates taken from the naturalized woodland. In contrast, for chemically 261 

fertilized and unfertilized plots, the porosity and diffusion coefficient of their aggregates were 262 
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comparable. Compared with chemical fertilizations, fertilizing with farmyard manure or 263 

returning the soil to natural woodland increased the aggregate porosity and diffusion 264 

coefficient by 73% and 159%, and 53% and 115%, respectively.    265 

Aggregates taken from the same plot were heterogeneous, with their effective diffusion 266 

coefficient increasing with their porosity approximately in a power law. A visual examination 267 

found that the change in diffusion coefficient with porosity for all aggregates can be roughly 268 

divided into two groups: one for aggregates taken from unfertilized and chemically fertilized 269 

plots, and the other group for those taken from the farmyard manure and the woodland plots. 270 

Instead of fitting the porosity-diffusion coefficient relationship for each treatment separately, 271 

we fitted the data in the two groups into two power-law functions as shown in Figure 3. The 272 

diffusion coefficient increased with porosity faster for aggregates taken from the woodland 273 

and farmyard manure plots than for those sampled from the unfertilized and chemically 274 

fertilized plots. 275 

3.2. The Highfield Ley-Arable experiment  276 

Figure 4 shows the porosity and effective diffusion coefficient of the aggregates sampled 277 

from the three plots under different cropping systems. Conversion to arable and bare fallow 278 

from a previous grassland changed the intra-aggregate structures and their ability to 279 

transport dissolved substrates. The conversion also rendered the aggregates more 280 

heterogeneous, especially the bare fallow as the standard errors of the porosity and effective 281 

diffusion coefficients of its aggregates are both higher than that for the arable and the 282 

grassland. Removing vegetation in the bare fallow developed aggregates which were less 283 

porous and permeable. Compared to the continuing grassland, fallowing the soil reduced the 284 

porosity and effective diffusion coefficient of the aggregates by 58% and 67% respectively.  285 

As in the wheat experiment, both porosity and effective diffusion coefficient of the 286 

aggregates taken from the same plot varied between the aggregate. We fitted the porosity-287 

diffusion coefficient relationship for the aggregates taken from the same plot to a power-law 288 

function to elucidate if they trend in the same way (Figure 5). It is manifest that the diffusion 289 

coefficient of the aggregates in the arable and grassland plots increased with their porosity 290 
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approximately in a similar way, deviating from that for the bare fallow plot. As the diffusion 291 

coefficient of a soil is modulated by its pore geometry, the above deviation implies that 292 

evolution of the intra-aggregate structure is strongly affected by plant-induced microbial 293 

activity because the opportunity for roots to penetrate into the aggregates was low.   294 

3.3. Diffusion coefficient and soil organic matter   295 

The initial aim of imaging the soils was to investigate their structural change, and soil 296 

organic carbon content in each aggregate was not measured. As an approximation, we used 297 

the bulk soil total organic carbon (SOC) content from the e-RA database 298 

(http://www.era.rothamsted.ac.uk) in the following analysis. We pooled the results for all 299 

treatments on the two experiments. In the Broadbalk experiment, the SOC in the top 0-23 300 

cm in 1884 was approximately 30 Mg/ha. Following the fertilization changes, the SOC 301 

stabilized approximately 100 years after inception of the experiment. The SOC in the 302 

farmyard manure treatment increased to 75 Mg/ha while in the unfertilized treatment, it 303 

decreased to 25 Mg/ha, with SOC in plots with chemical fertilizations not showing noticeable 304 

changes. In the ley-arable experiment, the SOC under bare fallow, arable land and 305 

grassland was 1.34 Mg/ha, 3.42 Mg/ha and 5.8 Mg/ha, respectively.  306 

The SOC content in each treatment was an average (Gregory et al., 2016; Poulton et 307 

al., 2018), and Figure 6 plots its relationship with the effective diffusion coefficient of the 308 

associated aggregates in all treatments. A positive correlation exists between them, with 309 

effective diffusion coefficient of dissolved oxygen in the aggregates increasing with SOC 310 

asymptotically - plateauing when SOC exceeds a threshold. Their relationship can be fitted 311 

to ( )' 1.0 expD SOC=  − −   , where SOC represents the SOC content, and α and β are 312 

fitting parameters. The results in Figure 6 are bulk soil SOC rather than SOC in the 313 

aggregates. Since the litter content in the woodland is greater than that in other plots, 314 

including the woodland aggregates (the blue line) or excluding them (the black line) results in 315 

two different fitting curves as shown in Figure 6.  316 

4. Discussion  317 

http://www.era.rothamsted.ac.uk/
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Changes in agronomic practices disturb microbial metabolisms and reshape soil 318 

structure, thereby altering SOM as a result. While abiotic and biotic factors influencing this 319 

alternation have been intensively studied, their inadequate representation in carbon models 320 

is believed to be one reason behind the uncertainties associated with their prediction of the 321 

feedback between terrestrial systems and climate change (Tang and Riley, 2015; Koven et 322 

al., 2017). Particularly, the microscopic soil structure is crudely parameterized in these 323 

models despite its imperative role in biogeochemical processes which underpin carbon cycle 324 

(Mueller et al., 2017; Kraychenko et al., 2019). Based on X-ray CT imaging and pore-scale 325 

simulation, our results showed how changes in fertilization and cropping system have 326 

reshaped intra-aggregate structure, its ability to transport oxygen, as well as the 327 

consequence for SOC stabilisation (Figure 6).   328 

We did not measure SOM and organo-mineral complexes in the scanned aggregates 329 

because the initial purpose was to investigate soil structural change; we hence used bulk 330 

SOC as a proxy. While this is a shortcoming, it is a rational approximation as aggregates are 331 

formed microbially in the proximity of plant residuals (Mueller et al., 2017), and around 90% 332 

of SOC is found inside the aggregates (Totsche et al., 2018). For organo-mineral complexes, 333 

there is mounting evidence that they are proportional to total SOC at a high significant level 334 

(Cornelis et al., 2018; Yu et al., 2020).  335 

4.1. Intra-aggregate structure 336 

Since the history of the two experiments differs, we analysed their results separately 337 

rather than pooling them, however, some common phenomena emerged. Adding organic 338 

matter to soil via manure application or plant residues enhanced soil aggregation, but the 339 

relative significance of one over the other is largely elusive. Our results showed that planting 340 

with or without fertilization increases intra-aggregate porosity and its transport ability 341 

compared to the long-term bare fallow (Figures 2-5), especially when fertilized with farmyard 342 

manure. This is consistent with some recent findings (Lu et al., 2019; He et al., 2020) but 343 

contrary to one (Yu et al., 2020) which showed that long-term manure application densified 344 

soil and reduced its transport ability. One possible reason is that the organo-mineral 345 
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complexes from manure application in the experiment of Yu et al (2020) increased short-346 

range-ordered (SRO) minerals by 20 times, compared to the two-fold increase in SRO 347 

minerals in our FYM plot (Yu et al., 2017). Aggregates formed by adsorption and co-348 

precipitation of carbon with SRO minerals appear to be denser than those formed by 349 

decomposed organic matter (Crawford et al., 2012; Rabbi et al., 2020).               350 

Effective diffusion coefficient of aggregates depends on how pores of different sizes are 351 

spatially arranged, and the way their effective diffusion coefficient trends with their porosity 352 

can be used to differentiate aggregates between the treatments (Li et al., 2017). Based on 353 

this, we classified the aggregates in each of the two experiments into two groups: bare-354 

fallow group and planting-group for the Highfield ley-arable experiment (Figures 2-3), and 355 

FYM-woodland group and chemical fertilization group (including zero-fertilization) for the 356 

Broadbalk winter wheat experiment (Figures 4-5). For each experiment, the two groups 357 

differed from each other significantly (p<0.05). Since roots prefer to go through loose soil 358 

and/or large pores (Atkinson et al., 2020; Zhou et al., 2020), they were less likely to have 359 

penetrated the aggregates. Therefore, the difference in intra-aggregate structures between 360 

the treatments is likely to be dominated by microbial processes. The similarity between intra-361 

aggregate structures and their ability to diffuse substrates for the group under chemical 362 

fertilization implies that the intra-aggregate structure was impacted by the quality of roots 363 

and root exudates more than by their quantity as wheat biomass under chemical fertilization 364 

was much higher than that under the unfertilized treatment (Jenkinson, 1991). This is also 365 

corroborated by the results in the ley-arable experiment, where the porosity-diffusion 366 

coefficient relationship for the arable and grassland treatments trends more closely than for 367 

the bare fallow treatment (Figure 3), although their absolute values differ (Figure 2). 368 

Deviation of the porosity-diffusion coefficient relationship for the FYM treatment from 369 

those for the chemical fertilizations means that the manure introduces other mechanisms 370 

that helped reshape the intra-aggregate structure. The increased organo-mineral complexes 371 

and microbial activity are two of the mechanisms that are already known (Clark et al., 2012; 372 

Yu et al., 2017), while others, if there are any, remain obscure.                    373 
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4.2. Soil structure and organic matter  374 

Increasing organic matter input and keeping soil aerobic have been found to enhance 375 

soil aggregation and carbon content in aggregates in a wheat-rice rotated paddy field 376 

(Huang et al., 2018), but how redox fluctuation impacts aggregate turnover and SOM in soils 377 

is less understood. Experiments reported in the literature showed that manure application 378 

and conversion to grassland increase SOM, but there is no consensus on their consequence 379 

for intra-aggregate structure (Poulton et al., 2003; Poulton et al., 2018). Manure application 380 

in our experiment increased transport ability of the aggregates and SOC (Figures 4-5). A 381 

decrease in transport ability means it is difficult for substrates and enzymes to move in the 382 

aggregates, which would slow down metabolic reactions and lead to carbon accumulation as 383 

a result (Davidson et al., 2006). This can account for the results of Yu et al (2020) but is 384 

inconsistent with ours and others (Lu et al., 2019; He et al., 2020), which reveal that SOC 385 

increased with transport ability of the aggregates. 386 

Traditional pool-based carbon models such as RothC implicitly represent the impact of 387 

soil structure using, for example, clay content (Guo et al., 2007). They use a humified SOM 388 

pool to collectively describe the organo-mineral complexes and other less-accessible SOM 389 

(Guo et al., 2007). Such approaches mathematically capture the reduced decomposition due 390 

to the increased inaccessibility, but miss the underlying mechanisms as the carbon 391 

immobilised in organo-mineral complexes might become mobile again for microbes to 392 

assimilate and respire when the surrounding physicochemical environment in soil changes 393 

by, for example, microbial dissimilatory reduction or root exudates (Keiluweit et al., 2015; Yu 394 

et al., 2017). Using a humified pool is thus unable to describe this reversible pathway; this is 395 

consistent with meta-analysis that SOC depends weakly on clay content but is correlated 396 

strongly with Fe and Al (Rasmussen et al., 2018).  397 

SOC in the chemically fertilized arable plot in the ley-arable experiment was greater 398 

than that in the chemically fertilized plots in the wheat experiment although the soil texture 399 

on the two sites is the same. This is because SOC in the former has not yet reached new 400 

equilibria with SOC in the arable plot continuing to decline while that in the grassland is 401 
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asymptotically increasing. This implicates that aggregate reconstruction following an 402 

agronomical practice change is a slow process, corroborated by other research (Totsche et 403 

al., 2018; Bacq-Labreuil et al., 2020). Notwithstanding this, metagenomics analysis for the 404 

ley-arable experiment indeed found that aerobic-related genes are most abundant in the 405 

aggregates taken from the grassland and least in the aggregates taken from the bare fallow, 406 

with the arable treatment in between (Neal et al., 2020). This again proves that the transport 407 

ability of the aggregates and SOC are positively correlated in the soils. 408 

Our findings suggest that the aggregate transport ability increases asymptotically with 409 

SOC, which is consistent with the C-saturation conjecture (Six et al., 2002) although the 410 

plateau does not show if the woodland data is excluded. The C-saturation concept is based 411 

on an assumption that the reactive mineral surfaces are limited (Six et al., 2002). However, 412 

recent work found that SOM between the organo-mineral interface and the organo-organic 413 

interface is layered with the organo-mineral interface adsorbing more nitrogen-enriched 414 

organic molecules (Possinger et al., 2020). If this is generally true for all mineral soils, the 415 

potential capacity of soil minerals to immobilize carbon could be much higher than predicted 416 

from the reactive mineral surfaces.     417 

5. CONCLUSIONS 418 

Changes in agricultural management and fertilizations had reshaped the intra-aggregate 419 

structure and altered SOC content of soil aggregates. Intra-aggregate structures in soil 420 

fertilized with farmyard mature were comparable to that in the naturalized woodland, while 421 

chemical fertilization did not result in a noticeable change in intra-aggregate structure 422 

compared to no-fertilization. Aggregates under the same treatment are heterogeneous, and 423 

effective diffusion coefficient of the aggregates in vegetated soils trends with their porosity 424 

much differently from that for the bare fallow soil. 425 

A positive correlation was found between SOC and effective diffusion coefficient of the 426 

aggregates, proving our conjecture that enhancing stable SOC in unsaturated soils needs 427 

the aggregates to be more aerobic. However, the effective diffusion coefficient increases 428 

with SOC asymptotically, plateauing when SOC content exceeds a threshold. This is 429 
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consistent with the C-saturation theory although the plateau does not appear in our results if 430 

the woodland data is excluded.               431 

Appendix A 432 

Dissolved oxygen diffusion through water in the pore space was simulated using the 433 

lattice Boltzmann (LB) model we previously developed (Zhang et al., 2016b; Li et al., 2018) 434 

by tracking the movement and collision of a number of fictitious particles. Unlike for fluid 435 

flow, the LB model for oxygen diffusion only considers mass balance and we hence use the 436 

following single-relaxation approach(Zhang et al., 2016a):  437 

( ) ( ) ( ) ( )
1

, , , , ,x e x x x
eq

i i i i if t t t f t f t f t +  +  = + − 
 (A1) 438 

where ( ),xif t is the distribution function for particles at location x and time t moving with 439 

lattice velocity ei, δx is the side-size of the voxels, δt is a time step, ( ),x
eq

if t  is the 440 

associated equilibrium distribution function, and τ is a relation parameter controlling the 441 

collision between the particles and is therefore related to the diffusion coefficient. Since 442 

oxygen diffusion in water is isotropic, we use the D3Q7 lattice restricting particles to move in 443 

seven directions: ( )0, 0, 0  , ( )/ , 0, 0  x t  and ( )0, 0, / x t  . The equilibrium distribution 444 

function associated with each direction is defined by ( ) ( ), , / 7,x x
eq

if t c t= where ( ),xc t  is 445 

the concentration at voxel located at x and is calculated during the simulation from  446 

( ) ( ) ( )
6 6

0 0
, , , .x x x

eq

i ii i
c t f t f t

= =
= =    (A2) 447 

The molecular diffusion coefficient of the dissolved oxygen is associated with the relaxation 448 

parameter τ in ( )22 0.5 /7D x t=  −   449 

In the LB simulation, advancing one time-step needs two stages. The first one is to 450 

calculate the collision part as ( ) ( ) ( )* 1, , ,x x x
eq

i i i if f t f t f t−  = +  −  , and the second one is to 451 

move the post-collision result *

if  to x eit+  to become ( ),x ei if t t t+  +  . In the second stage, 452 

whenever a particle hits a pore wall, it is bounced back to where it emanates to reflect that 453 
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the pore wall is impermeable. In the above LB model, the diffusive flux vector of the oxygen 454 

in each voxel is calculated from  455 

( ) ( ) ( )
7

0
, 1- 0.5/ , .j x  = x ei ii

t f t
=

   (A3) 456 

Oxygen diffusion through the water in the pore space is driven by a concentration 457 

gradient generated in one direction by imposing a high and a low concentration on the two 458 

opposite sides of the sample respectively. The constant concentration boundary is solved 459 

using the method we previously proposed (Zhang et al., 2002). The diffusion was simulated 460 

to steady state - deemed to have reached once the relative errors between diffusive fluxes 461 

calculated at two time points spanning 300 time-steps was less than 10-6 for all voxels. 462 

When diffusion was at steady state, both concentration and diffusive flux at all voxels were 463 

sampled to calculate the effective diffusion coefficient as detailed in the main text.     464 
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Figure 1. Representative aggregate images for soils taken from different treatments. Bare 733 

fallow (a), arable (b) and grassland (c) in Highfield Ley-Arable experiment; full chemical 734 

fertilization(d), chemical fertilization without P (e), no-fertilization (f), farmyard manure 735 

fertilization (g), and Woodland (h) in Broadbalk Winter Wheat experiment.  736 
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 739 

Figure 2. Change in average porosity (a) and normalised average effective diffusion 740 
coefficient of the aggregates with treatment: Full chemical fertilization (N3), chemical 741 
fertilization without P (No P), no-fertilization (CK), Woodland, and farmyard manure 742 
fertilization (FYM) in Broadbalk Winter Wheat experiment. 743 
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 747 

Figure 3. Change in the normalised effective diffusion coefficient with porosity for all 748 
aggregates taken from soils under full chemical fertilization (N3), chemical fertilization 749 
without P (No P), no-fertilization (CK), Woodland and farmyard manure fertilization (FYM) in 750 
Broadbalk Winter Wheat experiment (the two solid lines are power-law fitting for woodland + 751 
FYM and all other treatments, respectively).  752 
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 757 
 758 
Figure 4. Change in average porosity (a) and normalised average effective diffusion 759 
coefficient (b) of the aggregates with treatment in Highfield Ley-Arable experiment. 760 
 761 
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 762 

Figure 5. Change in normalised effective diffusion coefficient with porosity for all aggregates 763 
taken from soils under the three treatments in Highfield Ley-Arable experiment. The solid 764 
lines are power-law fitting for each treatment.  765 
 766 
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 773 

 774 

Figure 6. Change in normalised effective diffusion coefficient of the aggregates with bulk 775 
SOC, with results for Broadbalk Winter Wheat and Highfield Ley-Arable experiments pooled.  776 
The blue line is the fitting considering the woodland aggregates and the black line is the 777 
fitting without considering them.  778 


