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Abstract (250 words, currently 232)

Agricultural practices can have significant effects on the physical and biological properties of
soil. The aim of this study was to understand how the physical structure of a compromised
soil, arising from long-term bare-fallow management, was modified by adopting different
field management practices. We hypothesised that changing agricultural practice from bare-
fallow to arable or grassland would influence the modification of pore structure via an
increase in porosity, pore connectivity, and a more homogenous distribution of pore sizes;
and that this change exerts a rapid development of soil structure following conversion. Soil
aggregates (< 2 mm) collected in successive years from field plots subjected to three
contrasting managements were studied; viz. bare-fallow, bare-fallow converted to arable, and
bare-fallow converted to grassland. Soil structure was assessed by X-ray Computed
Tomography on the aggregates at 1.5 pm resolution, capturing detail relevant to soil
biophysical processes. The grassland system increased porosity, diversity of pore sizes, pore-
connectivity and pore-surface density significantly over the decade following conversion.
However, measured at this resolution, the development of most of these metrics of soil
structure required approximately 10 years post-conversion to show a significant effect. The
arable system did not influence soil structural development significantly. Only the pore size
distribution was modified in grassland in a shorter time frame (2 years post-conversion).
Hence development of the soil structural characteristics appears to require at least a decadal

timescale following conversion to grassland.

Key words:
Soil structure, 3D pore characteristics, agricultural management practices, X-ray Computed

Tomography, porosity
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44

45  Highlights:

46 - The physical structure of a compromised soil was modified by adopting plant-based
47 field management practices.

48 - Conversion to grassland increased pore size diversity after 2 years.

49 - Porosity, pore connectivity and pore surface density showed a significant

50 modification between 7 to 10 years after conversion.

51 - Bare fallow soil management for this extreme period (> 50 years) is detrimental to
52 physical soil properties and the regeneration of the soil structure requires more than
53 10 years after being reconverted to arable and grassland.

54

55 Introduction

56  Agricultural practices can have beneficial or detrimental effects on soil functions when

57  applied for decades, depending on the nature of such practices (Ashworth et al., 2017;

58  Bronick and Lal, 2005; Denef et al., 2009; Pagliai et al., 2004). Agricultural management

59  generally aims to increase - or at least stabilise - crop yield, but intensive farming can lead to
60  soil degradation, erosion, compaction and pollution (Bronick and Lal, 2005). Conventional
61 tillage can lead to a decline in soil aggregation and soil structure (Watts et al., 2001), as well
62  as depletion of nutrients and organic carbon within soil (Coleman et al., 1997). Addition of
63  organic matter or crop rotations can prevent soil disruption from tillage by improving soil

64  porosity and aggregation (Abdollahi et al., 2014; Pagliai et al., 2004). In some cases,

65  modification of crop management can have beneficial impacts on soil functions. For example,
66  after 50 years of continuous cultivation, a desert aeolian sandy soil was managed into a

67  sustainable agricultural soil by increasing silt and clay content (a determinant for aggregate

68  formation), soil organic matter and nutrient retention (Su et al., 2010). Moreover, soil
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aggregate stability is a key factor for soil fertility and physical resilience from external forces,
e.g. wind and water (Abivent et al. 2009).

Soil structure plays a fundamental role in the distribution of carbon, soil microorganisms,
water and nutrient accessibility (Rabot et al. 2018; Smith et al. 2017). Analysis of soil
structure indicates that pore size distribution, assessed by X-ray Computed Tomography
(CT), plays an important role in aggregate stability (Menon et al. 2020). Increased diversity
of pore sizes (i.e. a more homogenous distribution of pores) is associated with a more
complex pore network. This leads to an increase in the number of storage and transmission
pores resulting in greater water and nutrient flux (Kravchenko et al. 2014; 2019). The
modification of pore size distributions appears to also play a key role in the decomposition of
organic matter (Quigley et al. 2018; Smith et al. 2017; Toosi et al. 2017a; 2017b). For
example, the presence of small (13-32 um) and large (136-260 um) pores decreases organic
matter decomposition within macro-aggregates (Toosi et al. 2017b). Pore connectivity is also
one of the most important factors, alongside porosity and pore size distribution, to understand
soil functions (Rabot et al. 2018). Modification of pore connectivity can have a significant
effect upon the distribution and the transport of gas and water (Lucas et al. 2020; Miiller et al.
2019; Pires et al. 2019). Pires et al. (2017) demonstrated that pore connectivity was enhanced
in zero tillage systems over conventional tillage systems, especially in the upper 10 cm.

In the field, long-term management practices can have substantial impacts on soil structural
dynamics (Bacg-Labreuil et al. 2018; Miiller et al. 2019; Pires et al. 2019). For example, 50-
years of management of a typical silty clay loam soil as bare fallow resulted in significant
reductions of carbon and nitrogen, and in the abundance of biological communities (Hirsch et
al. 2009) with soil structure also severely compromised (Bacqg-Labreuil et al. 2018).

Conversion from bare fallow to arable or grassland increased soil organic carbon, soil
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nitrogen and the population of meso-fauna and fungi within 3 to 5 years following conversion
(Hirsch et al. 2017), although, soil structure modification was not assessed in this experiment.
The aim of this study was to establish how the micro-structure of a compromised silt-clay
loam soil is modified by altered field management over time using soil aggregates (< 2 mm
diameter). Three treatments were studied from the converted field of the long-term
experiment: continuous bare-fallow, bare-fallow converted to arable, and bare-fallow
converted to grassland. We hypothesised that: (1) plants are an active factor in increasing soil
porosity, diversity of pore sizes and pore connectivity, and (2) structural development is more
rapid in grassland than arable converted systems due to the greater and more persistent
presence of vegetation. The precise time for soil structural development is unclear a priori,
and we aimed to determine this by measuring structural properties on several successive

years after conversion.

Materials and Methods

Soil aggregate sampling

Samples were obtained from conversion plots of the long-term Highfield Ley-Arable
experiment at Rothamsted Research, Harpenden, UK (LATLONG 51.8103 N, -0.3748 E).
The soil is a silty-clay loam (clay: 27%, silt: 58,4, sand: 14.6%; Jensen et al. 2020b)
developed on clay-with-flints over Eocene London Clay (Batcombe series), classified as
Chromic Luvisol by FAO criteria (Avery and Catt, 1995; FAO, 2006, Watt and Dexter,
1997). In October 2008, plots of soil managed as bare-fallow by regular tillage to remove any
plants since 1952, were converted to arable and grassland managements. The conversion
plots had similar soil characteristics. The conversion of the plots from bare-fallow to arable
and grassland is explained in details in Hirsh et al. (2017). Arable soil was placed under

continuous wheat rotation (winter wheat, Triticum aestivum L., c.v. ‘Hereward’ seed coated
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with Redigo® Deter® combination insecticide/fungicide treatment, Bayer CropScience)
receiving ammonium nitrate fertilization to provide approximately 220 kg-N ha! y-!. For the
arable and grassland plots additional fertilizers 250 kg-K ha! and 65 kg-P ha! was added
every three years. Grassland plots were maintained as a managed sward of mixed fescue
(Festuca pratensis L.), Timothy grass (Phleum pratense L.) and white clover (Trifolium
repens L.) (30 kg ha'!). To remove weeds, bare-fallowed plots were maintained with regular
tillage or rotavation at least four times per year. Arable and bare-fallowed plots were tilled to
a standard depth of 23 cm. Plots have been sampled annually using cores (10 cm height and 3
cm diameter) in October, except in 2018 where the plots were sampled in June. Following
sampling, soil was air-dried and sieved at 2 mm before being archived at room temperature.
Aggregates (< 2 mm diameter) from continuous bare fallow (bare-fallow), bare fallow
converted into arable (arable) and bare fallow converted to grassland (grassland) were
randomly selected from samples collected in 2008, 2010, 2012, 2015 and 2018, representing
0-, 2-, 4-, 7- and 10- years post conversion. The replication of treatments was a total of 9
scanned aggregates (< 2 mm) per year and per treatment where randomly selected from 3
independent plots per treatment and 3 aggregates (< 2 mm) per plot (i.e. 3 replicates per plot)

to be X-ray CT scanned.

X-ray Computed Tomography

Aggregates (< 2 mm diameter) were scanned using a Phoenix Nanotom® (GE Measurement
and Control solution, Wunstorf, Germany) set at a voltage of 90 kV, a current of 65 pA and

at a resolution of 1.50 um (thus pores below this size were not considered) at the Hounsfield
Facility at The University of Nottingham. A total of 1,440 projection images were taken at a
500 ms period using an averaging of 3 images and skip of 2. The total scan time per sample

was 60 minutes. Scanned images were reconstructed using Phoenix datos | x2 rec
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reconstruction software. They were optimised to correct for any movement of the sample
during the scan and subjected to noise reduction using the beam hardening correction

algorithm, set at 8.

Image analysis

Image analysis was performed using two software packages, ImageJ (Schneider et al., 2012)
and QuantIm (Vogel et al., 2010) following the method from Bacqg-Labreuil et al. (2018).
Briefly, all the images were thresholded using the bin bi-level threshold developed by Vogel
and Kretschmar (1996). Quantlm was used to output the 3D characteristics of the pore
network calculated from the Minkowski functions where the total porosity (referred to as
porosity from here) is the percentage of all the pores >1.5 um; pore size distribution is the
proportion of each size class in the volume normalised to the total pore volume, expressed
here as a cumulative value; pore connectivity was calculated from the Euler number and
normalised to the total volume (the more negative the Euler number, the greater the pore-
connectivity); the pore surface density represents the roughness of the surface of pores: a
lower surface density means a lower roughness, i.e. less surface to be colonised by living
organisms (Vogel et al., 2010). The Gini-coefficient (G), a statistical measure of distribution,
was also determined. It is commonly applied in economics research to estimate the statistical
dispersion of income or wealth, and commonly used as a measurement of inequality (Bellu
and Liberati, 2006). Here, G was applied to measure the distribution of pore size classes as an
indicator of the equality of the pore size distribution. G = 0 represents an equitable
distribution of pores amongst all pore size classes meaning that the soil pores have a
homogenous distribution of the pore sizes. G = 1 represents a heterogeneous distribution of

pores which means that a majority of pores have the same sizes.
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Statistical analysis

A standard analysis of variance (ANOV A) was performed using Genstat v 17.1 (VSN
International Ltd., 2014) on the porosity. A two-factor ANOVA was conducted on each
Minkowski function divided by year using a split plot design with the treatment and the
diameter of pores as factors. For total porosity, G, the connected porosity and pore surface
area, an analysis of co-variance (ANCOVA), was also performed between the arable and
grassland with years’ post-conversion as a co-variate using SigmaPlot for Windows ver. 14.0
(Systat Software Inc., San Jose, CA). In the case of pore surface area, pore diameter was
employed as a second covariate. Parameters were tested following either square root or log;,
transformation where necessary to conform to model assumptions of normality (tested using
the Shapiro-Wilk test) and homogeneous variances (tested using Levene’s test). In each case,
ANCOVA was used to test for homogeneity of slopes associated with the change of total and
connected porosities and G with years’ post-conversion of bare fallow to either arable or
grassland management. Soil managed as bare fallow throughout the experiment was used to
account for temporal changes in soil parameters under continuous management. Post hoc
pair-wise comparisons were performed employing the Copenhaver & Holland multiple

comparisons procedure (Holland and Copenhaver, 1987).

Results

Visual appraisal of soil structures

Representative 2D images showed that after 1 and 3 years, all three treatments had similar
pore architectures in terms of size and shape (Fig. 1a-f). After 5 years, arable and grassland
started to display different pore configurations clearly manifest by a greater proportion of
larger pores (>40 um; Fig. 1g-1). The evolution of the pore characteristics over time was

apparent, after 7- and 10-years post conversion for the arable and grassland treatments
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especially for vugh (i.e. irregular) and crack shaped pores (Fig. 1j-0). In contrast the size and

distribution of pores was relatively consistent over time.

Total Porosity

Before the conversion (in 2008) and after 2 and 4 years, there were no significant treatment
effects on porosity (P>0.05; Fig. 2a-c) compared to 7- and 10-years post conversion
(respectively P=0.029 and P=0.002; Fig. 2d, e). After 7 years, the porosity in the grassland
soil was greater than in bare-fallow or arable soils which were similar (Fig. 2d). However,
after 10 years, porosity increased in the presence of plants according to the ranking; bare-
fallow < arable < grassland (Fig. 2e). No significant change in log;, total porosity was
observed in the continuous bare-fallow soil over the 10 years (slope = 0.026, t=0.104, p =
0.917) (Supplementary Fig. 1). However, total porosity in soils converted to arable (slope =
0.713,¢t=3.4, p=0.0014) and grassland (slope = 0.41, t = 3.7, p < 0.001) managements
increased over the same period (Fig. 1f). ANCOVA comparing the arable and grassland soils
identified a significant time response in log;o porosity (#; s¢=31.0, p <0.001) but no
significant difference in the rates of change (slope) in total porosity () gs = 0.8, p = 0.36).
The resulting equal slopes model identified a significant difference in the adjusted mean log;,
total porosity of each treatment (F g; = 23.5, p < 0.001) with grassland accumulating
significantly greater log; porosity (0.985 £ 0.025, equivalent to 9.66 =+ 1.05%, adjusted mean

+ standard error of the mean) than arable soil (0.848 = 0.021, equivalent to 7.05 + 1.05%)

Pore size distribution
Before the conversion (in 2008), there was no significant treatment effect on the cumulative
pore size distribution (P>0.05; Fig. 3a). Between 2- to 10-years post conversion, there was a

significant diameter by treatment interaction with respect to the cumulative pore size
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distribution (2 and 7 years: P<0.001; 4 and 10 years: P<0.05; Fig. 3b-e). After 2 years post
conversion, there was a greater proportion of smaller pores under bare-fallow and arable
treatments than grassland: for bare-fallow and arable, approximately 50% of pores were
smaller than 3.56 um and 70% of pores smaller than 5.97 pym compared to grassland where
50% of pores were smaller than 5.97 um and 70% smaller than 14.9 pm. Moreover, the
proportion of pores larger than 42 um was greater under grassland (13% of pores) than bare-
fallow and arable (respectively 1% and 2% of pores; Fig. 3b). After 4 years, this trend was
not apparent: the difference between grassland compared to bare-fallow and arable was less
significant than after 2 years. The proportion of pores smaller the 9.26 um was greater under
bare-fallow and arable compared to grassland but the proportion of pores larger than 42 um
was not significant between all treatments (Fig. 3c). After 7 years, the trend observed after 2
years was more apparent: the proportion of pore sizes smaller than 14.9 um was greater
ranking from bare-fallow > arable > grassland and the proportion of pore sizes over 42 um
was greater under arable and grassland (respectively 7% and 10% of pores) than bare-fallow
(2% of pores; Fig. 3d). After 10 years post conversion, this trend was also observed, but only
for pores smaller than 9.26 um, where the proportion of pores followed the ranking; bare-
fallow > arable > grassland (Fig. 3¢). Beyond this pore size, the proportion of pore sizes was
not significantly different between bare-fallow and arable. The proportion of pore sizes
greater than 42 pm was highest under grassland (15% of pores) than bare-fallow and arable
(respectively 4% and 2% of pores; Fig. 3e).

The general trend in all three treatments was a shift to a more even distributions of pore sizes,
manifest as a decrease in G over time (Fig. 3f). ANCOVA indicated equal rates of change of
G between treatments (F,,129= 0.18, p = 0.834). Using an equal slopes model, there was a
significant effect of land management upon G (F5,131=9.1, p <0.001) with grassland having

a significantly lower adjusted mean G (0.420 £ 0.033) than either bare-fallow (adjusted mean
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G =0.566 +0.028; t=3.6, p <0.001) or arable (adjusted mean G = 0.571 +0.024; t=3.7,p
<0.001). There was no significant difference in adjusted mean G between arable and bare-

fallow (z=0.13, p = 0.900).

Pore connectivity

Before the conversion (in 2008) and after 7-years post conversion, there was no significant
pore diameter by treatment interaction with regards to pore connectivity (P= 0.05; Fig. 4a, d).
However, there was a significant pore diameter by treatment interaction after 2-, 4- and 10-
years (with 2- and 10-years: P<0.001; 4-years: P<0.05; Fig. 4b, c, e). After 2- and 4- years,
the difference was significant only for the pore sizes smaller than 3.56 um. After 2-years,
pore connectivity was greater ranking from bare-fallow > grassland > arable (Fig. 4b) and
after 4-years, pore connectivity was greater under arable and grassland than bare-fallow (Fig.
4c). After 10-years post-conversion, the same trend as after 4-years was shown with a greater
difference in the values (Fig. 4¢). There was no significant trend in square root transformed
connected porosity (Supplementary Fig. 2) in bare-fallow (slope =-0.00023, t = 0.051, p =
0.959). However, both arable (slope =0.017, t = 4.0, p = 0.0002) and grassland (slope =
0.022, t=5.3, p <0.0001) showed increases in connected porosity with time. ANCOVA
comparing arable and grassland indicated a significant influence of time post conversion
upon square root transformed connected porosity (F; gs=43.9, p <0.001) but no significant
heterogeneity of slopes (£ 35 = 0.98, p = 0.326). Using an equal slopes model, a significant
effect of management was detected (F, g5 = 4.4, p = 0.039): grassland was associated with
greater connected porosity (0.048 + 0.0002%, adjusted mean + standard error) than arable

(0.011 % 0.0002%).

Pore surface density
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Before the conversion (in 2008) and at 4- and 7-years post conversion, there was no
significant pore diameter by treatment interaction with regards to pore surface density
(P>0.05; Fig. 5a, c, d). There was a significant diameter by treatment interaction after 2- and
10-years (respectively P<0.05 and P<0.001; Fig. 5b, e). After 2-years, the difference in pore
surface density was greater ranking from bare-fallow > arable > grassland for the pore sizes
equal to 1.86 um, and the difference between arable and grassland was not significant for the
pore sizes equal to 3.56 um. Beyond this pore size, there was no significant difference
between treatments (Fig. 5b). Ten years post conversion, pore surface density was greater
ranking from grassland > arable > bare-fallow, for all pore sizes smaller than 14.9 um, there
was no significant difference beyond this pore size (Fig. 5¢). Years post-conversion and pore
diameter were both used as covariates in ANCOVA analysis of pore surface area.
Accounting for these two covariates, an equal slopes model identified a significant effect of
land management upon pore surface area (F,2020= 9.1, p <0.001). Post hoc pair-wise
comparison of adjusted means indicated that grassland supported a greater pore surface area
(0.00784 + 0.000493 pm? um) than either arable (0.00617 = 0.000452 um? um; difference
=0.00167, t=3.4, p=0.001) or bare-fallow (0.00593 £ 0.000443 pm? um3; difference =
0.00191, t=3.9, p <0.001). There was no significant difference in pore surface area between

arable and bare-fallow (difference = 0.000240, t = 0.495, p = 0.621).

Discussion

The plots studied here were derived from long-term bare-fallow management converted to
arable and grassland. A lack of a significant treatment effect on porosity until 7-years post
conversion suggests that modification of micro-porosity takes several years (Fig. 2). Another
study on the same soil 2 and 4 years post conversion found some recovery of meso-faunal

populations after 2-years of conversion and an increase in soil organic matter and microbial
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abundance after 4- and 2-years respectively (Hirsch et al., 2017). However, our study showed
that development of micro-scale porosity apparently takes longer. This might be related to
carbon cycling processes which are modified by the microbial communities and plants (via
decomposition of organic matter and rhizodeposition). This is likely to affect soil structure at
the micro-scale, but not instantaneously. Increased pore formation under grassland compared
to arable is consistent with a previous study, which showed greater resistance to, and
development from physical stresses of soil structure from grassland (Gregory et al., 2009).
They posited that the greater proportion of organic matter enhanced the elastic recovery of
soil structure (Gregory et al., 2009).

Pore size distributions showed a more rapid response to altered management than porosity for
the grassland treatment: after only 2-years of conversion (in 2010), a greater diversity of pore
sizes was observed, and this trend was also recorded in the data after 7- and 10-years (Fig. 3).
The Gini-coefficient indicated that soil converted to grassland established a more even
distribution of pore sizes than the other treatments, meaning that grassland treatment had a
greater diversity of pores after 2-, 7- and 10-years post conversion (Supplementary Fig. 2)
leading to enhanced functionality. This increase in pore size diversity might be due to the
increase of presence of plants, active organisms and organic matter (Hirsch et al., 2017) as
well as the absence of tillage. A study focused on the soil organic carbon on the same
experiment found that the conversion of the bare-fallow soil to grassland led to an increase of
soil organic carbon (+46 %) 7-years post conversion (Jensen et al. 2020a). There is no data
regarding the conversion from bare-fallow to arable. Thus, the increase of organic matter in
the converted soil may play a role in the more homogenous distribution of the pore sizes.
Indeed, in a silty clay soil, the greater organic matter content increases the proportion of
pores between 0.5 to 500 um (Metzger and Yaron, 1987; Watts and Dexter, 1997) leading to

a more equitable distribution of pore sizes, i.e. a greater diversity of pore sizes. The greater
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diversity of pore sizes under soil converted to grassland was consistent with a previous study
describing the long-term effect of grassland management on the same field experiment
(Bacg-Labreuil et al., 2018). After 4-years the pore size distribution did not follow this trend
(Fig. 3c), which could be due to weather conditions prior sampling in that year. Indeed, 2008
and 2012 (at the start and 4-years post conversion respectively) were the wettest years during
the experimental period (Supplementary Fig. 3). In the presence of water, clay particles can
swell, and the compression of entrapped air in capillary pores can disrupt the pore
architecture, and affect the pore size distribution (Denef et al., 2001; Grant and Dexter,
1990). Pore networks are re-structured upon re-wetting due to the nature of soil particles.
Changes in pore size between 2-, 4- and 7-years post-conversion raises the question of the
dynamics of this mechanism. The pore size distribution may have had a heterogeneous
response over time due to the impact of the wet year 4-years post-conversion, which shows
the rapid development of the pore size distribution after a sustained wet period compared to
the impact of agricultural practices (Supplementary Fig. 3). For the arable treatment, this
trend was not observed even 10-years post conversion, which might be due to the associated
tillage practices.

For pore connectivity, the conversion to grassland had a small effect after 2- and 4-years
compared to after 10-years post conversion (Fig. 4 b, c, €). However, pore connectivity data
after 10-years post conversion, for both arable and grassland converted soils (Fig. 4e),
suggested the pore network was less connected compared to Bacq-Labreuil et al., (2018).
This indicated that a longer time may be required to develop the connectivity of a pore
network than the overall porosity. Increased connectivity of pores promotes water, gasses and
nutrient flows within the pore structure (Dexter, 1988; Tisdall and Oades, 1982). Therefore,
subtle increases in pore connectivity might increase water, gas and nutrient flux within the

soil. As well as the pore connectivity, the pore surface density was significantly increased in
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the grassland and arable 10-years post-conversion (Fig. 5e). Our results are congruent with
Bacg-Labreuil et al. (2018), which showed grassland managed consistently for over 200 years
has an increased pore surface density compared to arable and bare-fallow soils i.e. the pore-
solid interface which led to a greater surface of the pore where micro-organisms and plant
roots can colonise and water films can develop. A greater pore surface density in the
converted plot means that the grassland and the arable have a more complex structure of
pores than the bare-fallow soil (Miiller et al. 2019). The greater surface density for the
grassland compared to the arable might be induced by the greater SOC content and the
absence of tillage for this treatment (Hirsch et al. 2017; Jensen et al. 2020a). This can lead to
the formation of new habitats and niches which can be beneficial for microbial community
diversity (Holden, 2011). The greater pore surface area might increase water and nutrient
uptake by the microbial community and plants.

This study suggests that conversion of degraded bare-fallow soil to grassland requires at least
10-years after conversion before being effective in terms of significant development of soil
structure at aggregate scale, as assessed by the overall and connected porosity. Moreover, the
conversion from bare-fallow to arable had no significant effect on soil structural properties
after a decade. In general, the recovery of meso-fauna and organic matter (Griffiths et al.,
2000; Hirsch et al., 2017) were more rapid than the recovery of soil structure (Gregory et al.,
2009). The pore size distribution was the only characteristic which was more sensitive to

changes induced by wetting and drying cycles and living organisms.

Our first hypothesis was supported since porosity, pore size diversity, pore connectivity, and
pore surface area density were all enhanced in grassland soil. Moreover, the conversion to
arable management did not affect soil structural development significantly. The conversion to

grassland increased the range of pore sizes after 2-years, consistent with our second
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hypothesis. However, all other Minkowski functions (porosity, pore connectivity and pore
surface area density) responded to change more slowly. The mechanisms behind the
development of pore sizes appeared to be dynamic and possibly dependent upon weather
conditions before sampling. Apart from the pore size distribution, the magnitude of the
grassland effects on all other Minkowski functions was lower than the difference observed
after a minimum of 50 years of management (Bacq-Labreuil et al., 2018). In this study, the
effect of grassland upon porosity and pore connectivity were two-fold greater than bare-
fallow management. Here, the difference was significant but not as major. Bare-fallow soil
management for this long period (> 50 years) is detrimental to both physical and biological
soil properties and the development of the soil structure after this requires more than 10 years

after the conversion the grassland

Conclusions

The soil structural development of a degraded silt-clay loam soil, as quantified by micro-scale
topological metrics, requires at least 10-years of a grassland management before showing any
significant effects.. These observations raise the question on the application to certain
managements in agricultural practices. For example, instead of applying a bare-fallow
treatment in a crop rotation, it would be beneficial for the soil characteristics to apply a
vegetation cover i.e. cover crops which increase organic matter inputs and influence soil
structure, leading to a ‘conditioning’ of soil physical and biological characteristics for the
next crop. This would prevent further degradation of soil and help its development if the soil
characteristics were compromised. Moreover, the development of soil structure is apparently
a long process in the context of current agricultural practices and perceived imperatives.
Thus, a modification of cropping managements should be anticipated to require some time

before the observation of beneficial impacts on soil structural dynamics.



Page 17 of 60

393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416

417

European Journal of Soil Science

Acknowledgements

Work at Rothamsted is supported by the BBSRC-funded Soil to Nutrition strategic
programme (BBS/E/C/00010310) and jointly by the Natural Environment Research Council
and BBSRC as part of the Achieving Sustainable Agricultural Systems research programme
(NE/NO18125/1 LTS-M). Access to the Highfield Ley-Arable experiments is supported by
the UK’s Long-Term Experiment National Capability, funded by a Biotechnology and
Biological Sciences Research Council Grant (BBS/E/C/000J0300). We thank two anonymous
reviewers for their insightful scrutiny of manuscripts and suggestions for improvement of this
paper. The data support the findings of this study are available from the corresponding author

upon reasonable request.

References

Abdollahi, L., Munkholm, L. J., and Garbout, A. (2014). Tillage System and Cover Crop
Effects on Soil Quality: II. Pore Characteristics. Soil Science Society of America Journal
78, 271. doi:10.2136/sss2j2013.07.0302.

Abiven, S., Menasseri, S., Chenu, C., 2009. The effects of organic inputs over time on soil
aggregate stability — a literature analysis. Soil Biology and Biochemistry 41, 1-12.
doi:10.1016/j.s0ilbio.20 08.09.015

Ashworth, A. J., DeBruyn, J. M., Allen, F. L., Radosevich, M., and Owens, P. R. (2017).
Microbial community structure is affected by cropping sequences and poultry litter
under long-term no-tillage. Soil Biology and Biochemistry 114,210-219.
doi:10.1016/j.50i1bi0.2017.07.019.

Avery, BW., Catt, J.A., 1995. The Soils at Rothamsted. Lawes Agricultural Trust, pp. 1—



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

European Journal of Soil Science Page 18 of 60

44 Bacqg-Labreuil, A., Crawford, J., Mooney, S. J., Neal, A. L., Akkari, E., McAuliffe,
C., et al. (2018). Effects of cropping systems upon the three-dimensional architecture of
soil systems are modulated by texture. Geoderma 332, 73—83.
doi:10.1016/J.GEODERMA.2018.07.002.

Bellu, L. G., and Liberati, P. (2006). Inequality Analysis: The Gini Index. EASYPol Module
040. FAO, Agricultural Development Economics. Pp 30. doi:10.1016/0306-
4573(92)90089-I1.

Bronick, C. J., and Lal, R. (2005). Soil structure and management: A review. Geoderma 124,
3-22. doi:10.1016/j.geoderma.2004.03.005.Coleman, K., Jenkinson, D. S., Croker, G. J.,
Grace, P. R., Klir, J., Korschens, M., et al. (1997). Simulating trends in soil organic
carbon in long-term experiments using RothC-26.3. Geoderma 81, 29—44.

Denef, K., Roobroeck, D., Manimel Wadu, M. C. W., Lootens, P., and Boeckx, P. (2009).
Microbial community composition and rhizodeposit-carbon assimilation in differently
managed temperate grassland soils. Soil Biology and Biochemistry 41, 144—153.
doi:10.1016/j.5011bi0.2008.10.008.

Denef, K., Six, J., Bossuyt, H., Frey, S. D., Elliott, E. T., Merckx, R., et al. (2001). Influence
of dry-wet cycles on the interrelationship between aggregate, particulate organic matter,
and microbial community dynamics. Soil Biology and Biochemistry 33, 1599—-1611.
doi:10.1016/S0038-0717(01)00076-1.

Dexter, A. R. (1988). Advances in characterization of soil structure. Soil and Tillage
Research 11, 199-238. FAO (2006) World reference base for soil resources. FAO, No.
World Soil Resources Reports No. 103, Rome.

Grant, C. D., and Dexter, A. R. (1990). Air entrapment and differential swelling as factors in
the mellowing of moulded soil during rapid wetting. Australian Journal Soil Research

28,361-369. doi:10.1071/SR9900361.



Page 19 of 60

443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466

467

European Journal of Soil Science

Gregory, A. S., Watts, C. W., Griffiths, B. S., Hallett, P. D., Kuan, H. L., and Whitmore, A.
P. (2009). The effect of long-term soil management on the physical and biological
resilience of a range of arable and grassland soils in England. Geoderma 153, 172—185.
doi:10.1016/j.geoderma.2009.08.002.

Griffiths, B. S., Ritz, K., Bardgett, R. D., Cook, R., Christensen, S., Ekelund, F., et al. (2000).
Ecosystem Response of Pasture Soil Communities to Fumigation-Indicuded Microbial
Diversity Reudctions: An Examination of the Biodiversity - Ecosystem Function
Relationship. Oikos 90, 279-294. doi:10.2307/3547138.

Hammer, @., Harper, D. A. T., and Ryan, P. D. (2001). PAST: Paleontological statistics
software package for education and data analysis. Palaeontol. Electron. 4 Hirsch, P. R.,
Jhurreea, D., Williams, J. K., Murray, P. J., Scott, T., Misselbrook, T. H., et al. (2017).
Soil resilience and recovery: rapid community responses to management changes. Plant
Soil 412, 283-297. doi:10.1007/s11104-016-3068-x.

Holden, P. A. (2011). How do the microhabitats framed by soil structure impact soil bacteria
and the processes that they regulate? Eds K. Ritz I. Young. Archit. Biol. Soils Life Inn.
Sp. Chapter 7, 118-148.

Holland, B. S., and M. D. Copenhaver. (1987). An improved sequentially rejective
Bonferroni test procedure. Biometrics 43, 417-423Jensen, J. L., Schjenning, P., Watts,
C. W., Christensen, B. T., Obour, P. B., and Munkholm, L. J.. (2020a). "Soil
degradation and recovery - Changes in organic matter fractions and structural stability"
Geoderma 364, 114-181. doi: 10.1016/j.geoderma.2020.114181

Jensen, J. L. Schjenning, P., Watts, C. W., Christensen, B. T., and Munkholm, L. J.. (2020b).
Short-term changes in soil pore size distribution: impact of land use. Soil and Tillage
Research 199, 1-7. doi: 10.1016/j.sti11.2020.104597

Kravchenko, A. N., Negassa, W. C., Guber, A. K., Hildebrandt, B., Marsh, T. L., Rivers, M.



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

European Journal of Soil Science Page 20 of 60

L., (2014). Intra-aggregate pore structure influences phylogenetic composition of
bacterial community in macroaggregates. Soil Science Society of America Journal 78,
1924. doi: 10. 2136/sss2j2014.07.0308.

Kravchenko, A. N., Guber, A. K., Razavi, B. S., Koestel, J., Quigley, M. Y., Robertson, G.
P., and Kuzyakov, Y. (2019). Microbial spatial footprint as a driver of soil carbon
stabilization. Nature communications 10, 3121, 1-10. doi: 10.1038/s41467-019-11057-4

Lucas, M., Vetterlein, D., Vogel, H.-J., Schliitter, S. (2020). Revealing pore connectivity
across scales and resolutions with X-ray CT. European Journal of Soil Science, 1-15.
doi: 10.1111/ejss.12961

Menon, M., Mawodza, T., Rabbani, A., Blaud, A., Lair, G. J., Babaei, M. et al. (2020). Pore
system characteristics of soil aggregates and their relevance to aggregate stability.
Geoderma 366, 1-11. doi: 10.1016/j.geoderma.2020.114259

Metzger, L., and Yaron, B. (1987). “Influence of sludge organic matter on soil physical
properties,” in Advances in Soil Science Vol 7, ed. B. A. Stewart (Springer-Verlag, New
York Inc.), 141-163.Miiller, K., Dal Ferro, N., Katuwal, S., Tergurtha, C., Zanini, F.,
Carmignato, S. et al. (2019). "Effect of long-term irrigation and tillage practices on X-
ray CT and gas transport derived pore-network characteristics," Soil Research 57, 657-
669. doi: 10.1071/SR18210

Pagliai, M., Vignozzi, N., and Pellegrini, S. (2004). Soil structure and the effect of
management practices. Soil and Tillage Research 79, 131-143.
doi:10.1016/;.sti11.2004.07.002.Pires, L. F., Borges, J. A. R., Rosa, J. A., Cooper, M.,
Heck, R. J., Passoni, S., Roque, W. L. (2017). Soil structure changes induced by tillage
systems. Soil and Tillage Research 165, 66-79. doi: 10.1016/j.5ti11.2016.07.010Pires, L.
F.,Roque, W. L., Rosa, J. A., and Mooney, S. J. (2019). 3D analysis of the soil porous

architecture under long term contrasting management systems by X-ray computed


https://doi.org/10.1016/j.still.2016.07.010

Page 21 of 60

493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516

517

European Journal of Soil Science

tomography. Soil Tillage Res. 191, 197-206. doi: 10.1016/j.st111.2019.02.018

Quigley, M. Y., Negassa, W. C., Guber, A. K., Rivers, M. L., and Kravchenko, A. N. (2018).
Influence of pore characteristics on the fate and distribution of newly added carbon.
Frontiers in Environmental Science 6, 51. doi: 10.3389/fenvs.2018.00051

Rabot, E., Wiesmeier, M., Schliiter, S., & Vogel, H.-J. (2018). Soil structure as an indicator
of soil functions: A review. Geoderma, 314, 122—137. doi:
10.1016/j.geoderma.2017.11.009

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImagelJ: 25 years
of image analysis. Nature Methods 9, 671-675.

Smith, A. P., Bond-Lamberty, B., Benscoter, B. W., Tfaily, M. M., Hinkle, C. R, et al.
(2017). Shift in pore connectivity from precipitation versus groundwater rewetting
increases soil carbon loss after drought. Nature communications 8, 1335. doi:
10.1038/s41467-017-01320-x

Su, Y. Z., Yang, R., Liu, W. J., and Wang, X. F. (2010). Evolution of soil structure and
fertility after conversion of native sandy desert soil to irrigated cropland in arid region,
China. Soil Science 175, 246-254. doi:10.1097/SS.0b013e3181e04a2d.

Tisdall, J. M., and Oades, J. M. (1982). Organic matter and water-stable aggregates in soils.
Journal of Soil Science 33, 141-165.

Toosi, E. R., Kravchenko, A. N., Guber, A. K. and Rivers, M. L. (2017a). Pore characteristics
regulate priming and fate of carbon from plant residue. Soil Biology and Biochemistry
113, 219-230. doi: 10.1013/j.s0ilbi0.2017.06.014

Toosi, E. R., Kravchenko, A. N., Mao, J., Quigley, M. Y. and Rivers, M. L. (2017b). Effect
of management and pore characteristics on organic matter composition of
macroaggregates: evidence from characterization of organic matter and imaging.

European Journal of Soil Science 68, 200-211. doi: 10.1111/ejss.12411



518

519

520

521

522

523

524

525

526

527

528

529

European Journal of Soil Science Page 22 of 60

Vogel, H. J., Kretzschmar, A., 1996. Topological characterization of pore space in soil -
sample preparation and digital image-processing. Geoderma 73, 23-38. doi:
10.1016/0016-7061(96)00043-2.Vogel, H. J., Weller, U., and Schliiter, S. (2010).
Quantification of soil structure based on Minkowski functions. Computer Geoscience
36, 1236—-1245. doi:10.1016/j.cageo.2010.03.007.

Watts, C. W., and Dexter, A. R. (1997). The influence of organic matter in reducing the
destabilization of soil by simulated tillage. Soil and Tillage Research 42,253-275.
doi:10.1016/S0167-1987(97)00009-3.

Watts, C. W., Whalley, W. R., Longstaff, D., White, R. P., Brooke, P. C., and Whitmore, a
P. (2001). Aggregation of a soil with different cropping histories following the addition

of organic materials. Soil Use Management 17, 263-268. doi:Doi 10.1079/Sum200189.



Page 23 of 60

530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553

554

European Journal of Soil Science

Figure 1: Representative 2D X-ray attenuation images of soils subjected to different forms of
management over 10-years following conversion to each treatment. Base resolution is 40 um;
(P) pores are the darker shades and (S) soil matrix are the lighter shades which relate to the
attenuation of the X-ray (a sharpening algorithm has been passed over these images to
increase contrast of features); (a, d, g, j, m) bare-fallow; (b, e, h, k, n) arable; and (c, f, 1, 1, 0)

grassland.

Figure 2: Porosity (based on resolution of 1.5 um) in bare fallow, arable and grassland soils
in the years following: (a) 0-year; (b) 2-years; (c) 4-years; (d) 7-years; (e) 10-years. Bars are
means (n = 9) expressed as the percentage of pores relative to the total volume, whiskers
denote pooled standard errors. (f) Porosity evolution 0- to 10-years post conversion, data
points represent means (n = 9), whiskers denote pooled standard errors for clarity and trend

lines are linear regressions.

Figure 3: Cumulative pore size normalized to the total volume in relation to bare-fallow,
arable and grassland in the years following conversion: (a) 0-year; (b) 2-years; (c) 4-years;
(d) 7-years; (e) 10-years. Data points indicate means (n=9), whiskers denote pooled standard
errors. (f) Gini coefficient development 0- to 10-years post conversion, data points represent
means (n = 9), whiskers denote pooled standard errors for clarity and trend lines are linear

regressions.

Figure 4: Pore connectivity normalized to total volume in continuous bare fallow, arable and
grassland soils following conversion: (a) O-year; (b) 2-years; (c) 4-years; (d) 7-years; (e) 10-

years. Data points indicate means (n=9), whiskers denote pooled standard errors.
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Figure 5: Pore surface density in continuous bare fallow, arable and grassland soils following
conversion: (a) 0-year; (b) 2-years; (c) 4-years; (d) 7-years; (¢) 10-years. Data points indicate

means (n = 9), whiskers denote pooled standard errors.
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Appendix

Significant structural development of a long-term fallow soil in
response to agricultural management practices requires at least 10
years after conversion

NAME(S) OF AUTHOR(S): A. BACQ-LABREUIL®", A. L. NEALY, J. CRAWFORD*, S. J.
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List of figures

Supplementary Figure 1: Log,, total porosity, points represent the adjusted means generated
from an analysis of covariance, employing time pos¢ conversion (years) as the covariate.
Errors represent the 95% confidence intervals associated with the adjusted means

Supplementary Figure 2: Square root transformed connected porosity: points represent the
replicates and the lines are a linear regression for each treatment.

Supplementary Figure 3: Cumulative rainfall (mm) on the Highfield from (a) September to
October for 2008 to 2015; and (b) May to June for 2018, as the sampling time were different.
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Supplementary Figure 3: Cumulative rainfall (mm) on the Highfield from (a) September to
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Representative 2D X-ray attenuation images of soils subjected to different forms of management over 10-
years following conversion to each treatment. Base resolution is 40 um; (P) pores are the darker shades and
(S) soil matrix are the lighter shades which relate to the attenuation of the X-ray (a sharpening algorithm
has been passed over these images to increase contrast of features); (a, d, g, j, m) bare-fallow; (b, e, h, k,
n) arable; and (c, f, i, |, 0) grassland.
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Abstract (250 words, currently 23023312)
Agricultural practices can have significant effects on seil-the physical and biological seil

properties_of soil.

soilstrueture—The aim of this study was to understand how the physical structure of a

compromised soil, arising from a-long-term bare-bare-fallow periedmanagement, was

modified by adopting different field management practices. Seil-agsregates-collected-on

grasstand—We hypothesised that a-changeing efplantinputsagricultural practices from bare-

fallow to arable andor grassland would influence the modification of pore structure via an

increase ef-in porosity, pore connectivity.; and a more homogenous distribution of pore

sizes:diversity-of pore-sizes-and-pore-conneetivity; and that thise effeet-of plantschange exerts
a rapid reecovery-development of soil structure after-following conversion. Soil aggregates (<

2 mm) collected ein successive years from field plots subjected to three contrasting

managements were studieds; viz. bare-fallow, bare-fallow converted to arable, and bare-

fallow converted to grassland. -Soil structure was assessed by X-ray Computed Tomography

of 2-mmon the aggregates at 1.5 um resolution, te-captureing detail relevant to key-soil
biophysical processes. The-greatest-presence-of-plants;-hererepresented-bytThe grassland
system; increased signifieanthy-porosity, diversity of pore sizes, pore-connectivity and pore-
surface density significantly over the decade following conversion. -However, measured at
this resolution, the recovery-development of most of these metrics of soil structure required

approximately 10 years post-conversion to show a significant effect-ef plantpresenceatter-the

conversionto-erassland. The arable system did not affeetinfluence the-soil structureal

development significantly. Only the pore size distribution was modified in grassland in by
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plants-in-a shorter time frame (2 years post-conversion). Ful-dDevelopmentreeovery
of the soil structural characteristics;-therefore; appears to require at least a decadal time-

sealetimescale after-beineconvertedfollowing conversion to grassland.

Key words:

Soil structure, seil-recovery-3D pore characteristics, eropping systemsagricultural

management practices, X-ray Computed Tomography, porosity

Highlights:
- Hew-tThe physical structure of a compromised soil was modified by adopting
different-plant-based field management practices.

- Thepresence-ofplantseConversion to grassland increased the-pore size diversity ef

pore-sizes-after enby-2 yearss-post-conversion.
- Porosity, pore connectivity and pore surface area-density showed recovery-a

significant modification between 7 to +1-10 years pest-after conversion.

- Bare fallow soil management for this extreme period (> 50 years) is detrimental to
beth-physical and-bielegical-soil properties and the recevery-regeneration of the soil

structure requires more than 10 years after being reconverted to arable and grassland.

Introduction

When-applied-for decades-to-seil-aAgricultural practices can have beth-beneficial or

detrimental effects on soil functionpreperties; when applied for decades, depending on the
nature of such practices (Ashworth et al., 2017; Bronick and Lal, 2005; Denef et al., 2009;

Pagliai et al., 2004). Agricultural management generally aims to increase - _ - or at least
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stabilise - . crop yield, but intensive farming can lead to soil degradation, erosion,
compaction and pollution (Bronick and Lal, 2005). Conventional tillage can lead to a decline
ofin soil aggregation and soil structure (Watts et al., 2001), as well as a-depletion of
nutrients and organic carbon within soil (Coleman et al., 1997). Fhe-aAddition of organic
matter or crop rotations can prevent soil disruption from tillage by improving soil porosity

and aggregation (Abdollahi et al., 2014; Pagliai et al., 2004). In some cases, mModification

of cropping management can have beneficial impacts on soil prepertiesfunctions. For
example, after 50 years of continuous cultivation, a desert acolian sandy soil was managed

into a sustainable agricultural soil by increasing silt and clay content -whieh-was-(a

determinant for aggregate formation), soil organic matter and the-centent-ef silt-and-elay

satiennutrient retention (Su et al., 2010).

Moreover, soil aggregate stability is a key factor for soil fertility and physical resilience from

external forces, e.g. wind and water (Abivent et al. 2009).

Soil structure plays a fundamental role in the distribution of carbon, soil microorganisms,

water and nutrient accessibility (Rabot et al. 2018; Smith et al. 2017). Fhe-aAnalysis of soil

structure Jed-te-suggestindicates that pore size distribution, assessed by X-ray Computed

Tomography X—ay-(CT), plays an important role in aggregate stability (Menon et al. 2020).

The-greaterIncreased diversity of pore sizes diversity (i.e. a more homogenous distribution of

pores) ereatesis associated with a more complex pore network. This might-leads to an

increase of thein the number of storage and transmission pores resulting in an-inerease

efgreater water and nutrient flewsflux (Kravchenko et al. 2014; 2019). The modification of

the-pore size distributions appears to also play alse-a key role in the decomposition of organic

matter (Quigley et al. 2018; Smith et al. 2017; Toosi et al. 2017a; 2017b). For example, the

presence of small (13-32 um) and large (136-260 um) pores decreases-the organic matter

decomposition within macro-aggregates (Toosi et al. 2017b). Fhe-pPore connectivity is also
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one of the most important factors, alongside-with porosity and pore size distribution, to

understand soil functions (Rabot et al. 2018). Fhe-mModification of pore connectivity can

have a significant effect upon the distribution and the transport of gas and water (Lucas et al.

2020: Miiller et al. 2019; Pires et al. 2019). Pires et al. (2017) demonstrated that pore

connectivity was enhanced in zero tillage systems over conventional tillage systems,

especially in the upper 10 cm.

In the field, long-term

mMmanagement practices can have a-substantial impacts on soil structural -dynamics (Bacq-

Labreuil et al. 2018; Miiller et al. 2019; Pires et al. 2019). For example, After-50--years uvnder

aof management of a typical silty clay loam soil as bare fallow treatmentresulted in

significant reductions of carbon and nitrogena-was-markedbyrredueed, and in thethe

abundance of biological communities -was-redueed-(Hirsch et al. 2009) —and-sSwith soil
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structure was-also severely compromised (Bacq-Labreuil et al. 2018). Conversion from bare
fallow to arable or grassland increased soil organic carbon, soil nitrogen and the population
of meso-fauna and fungi within 3 to 5 years after-following conversion (Hirsch et al. 2017), -
Heweveralthough, soil structure modification was not assessed in this experiment.

The aim of this study was to establish how the micro-structure of a compromised silt-clay

loam soil is modified by altered field management over time using soil aggregates (<2 mm

diameter). Three treatments were studied from the converted field of the long-term
experiment: continuous bare-bare-fallow, bare--fallow converted to arable, and bare-bare-
fallow converted to grassland. We hypothesised that: (1) plant are an active factor in
the-medification-of seil perestrueture-vig-an-increaseing nsoil porosity, diversity of pore
sizes and pore connectivity, and (2) structural recevery-development weuld-beis more rapid
in grassland than arable converted systems due to the greater and- presenee-efmore persistent
. The precise time for recovery-soil structural
development is unclear a priori, and we aimed to determine this by measuring structural

properties on several successive years after conversion.

Materials and Methods

ggregat- - sampl
Samples were obtained from conversion plots of the long-term Highfield Ley-Arable
experiment at Rothamsted Research, Harpenden, UK (LATLONG 51.8103 N, -0.3748 E).

The soil is a silty-clay loam (clay: 27%, silt: 58.4. sand: 14.6%: Jensen et al. 2020b)

developed on clay-with-flints over Eocene London Clay (Batcombe series), classified as

Chromic Luvisol by FAO criteria (Avery and Catt, 1995: FAO, 2006; Watt and Dexter
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conversion plots hadse similar soil characteristics. The conversion of the plots from bare-

fallow to arable and grassland iwas explained in details in Hirsh et al. (2017). Arable Briefly:

aArable soil was placed under continuous wheat rotation (winter wheat, Triticum aestivum L.,
c.v. ‘Hereward’ seed coated with Redigo® Deter® combination insecticide/fungicide
treatment, Bayer CropScience) receiving ammonium nitrate fertilization to provide

approximately 220 kg-N ha'! annumy l-and. For the arable and grassland plots additional

fertilizers 250 kg-K ha'! and 65 kg-P ha'! wais added every three years.;-and grassland
Grassland plots weare maintained as a managed sward of mixed grasses-and-forbsfescue

(Festuca pratensis L.), tTimothy- grass (Phleum pratense L.) and white clover (Trifolium

repens L.) (30 kg ha'!). To remove weeds, bare-fallowed plots weare maintained with regular

pleughedtillage andor rotavatedion at least four times per year. Arable and bare-fallowed

plots weare tilled withto a standard depth of 23 cm. Plots have been sampled annually using

cores (10 cm height and 3 cm diameter) in October, except in 2018 where the plots were

sampled in Junee2048;. Following sampling, usine-cores{10-em-heishtand 3-em-diameter);

the-and-soil was air-dried and sieved {(<at 2 mm) before being archived at room temperature.

Aggregates (< 2 mm diameter) from continuous bare fallow (bare-fallow), bare fallow
converted into arable (arable) and bare fallow converted to grassland (grassland) were

randomly selected from the-years:samples collected in 2008, 2010, 2012, 2015 and 2018,

representing +0-, 32-, 54-, 8-7- and +1-10-years post- conversion. The replication of

treatments was: a total of 9 scanned aggregates (< 2 mm) per years and per treatments where

randomly selected from 3 independent plots per treatments and 3 aggregates (< 2 mm) per

plots (i.e. 3 replicates per plot)-wererandombyselected to be X-ray CT scanned;-therefore-a

X-ray Computed Tomography
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Aggregates (< 2 mm diameter) were scanned using a Phoenix Nanotom® (GE Measurement
and Control solution, Wunstorf, Germany) set at a voltage of 90 kV, a current of 65 pA and
at a resolution of 1.50 um (thus pores below this size were not considered-in-this-study) at the
Hounsfield Facility at the-The University Ofof Nottingham. A total of 1,440 projection
images were taken at a 500 ms period using an averaging of 3 images and skip of 2. The total
scan time per sample was 60 minutes. Scanned images were reconstructed using Phoenix
datos | x2 rec reconstruction software. They were optimised to correct for any movement of
the sample during the scan and subjected to noise reduction using the beam hardening

correction algorithm, set at 8.

Image analysis
Image analysis was performed using two software packages, ImageJ (Schneider et al., 2012)
and QuantIm (Vogel et al., 2010) following the method from Bacq-Labreuil et al. (2018).

Briefly, all the images were thresholded using the bin bi-level threshold developed by Vogel

and Kretschmar (1996). Quantlm was used to output the 3D characteristics of the pore

network calculated from the Minkowski functions where the total porosity (ealled
herercferred to as porosity from here) is the percentage of all the pores >1.5 um; pore size
distribution is the proportion of each size class in the volume normalised to the total pore
volume, expressed here as a cumulative value; pore connectivity was calculated from the
Euler number and normalised to the total volume (the more negative the Euler number, the
greater the pore-connectivity); the pore surface density represents the roughness of the
surface of pores: a lower surface density means a lower roughness, i.e. less surface to be
colonised by living organisms (Vogel et al., 2010). The Gini-coefficient (G).s a statistical

measure of distribution, was also determined. It is commonly applied in economics research

to estimate the statistical dispersion of income or wealth, and commonly used as a
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measurement of inequality (Bellu and Liberati, 2006). Here, G was applied to measure the
distribution of pore size classes as an indicator of the equality of the pore size distribution.: G
~ 0 represents an equitable distribution of the-pores amongst all pore size classes meaning

that the soil pores have a homogenous distribution of the pore sizesand. G = 1 represents a

heterogeneous distribution of pores which means that a majority of pores haves the same

sizes.

Statistical analysis

A standard analysis of variance (ANOVA) was performed using Genstat v 17.1 (VSN
International Ltd., 2014) on the porosity. A two-factor ANOVA was conducted on each
Minkowski function divided by year using a split plot design with the treatment and the
diameter of pores as factors. For total porosity, G, the connected porosity and pore surface
area, an analysis of co-variance (ANCOVA), was also performed between the arable and
grassland with years’ post-conversion as a co-variate using SigmaPlot for Windows ver. 14.0
(Systat Software Inc., San Jose, CA). In the case of pore surface area, pore diameter was
employed as a second covariate. Parameters were tested following either square root or logy
transformation where necessary to conform to model assumptions of normality (tested using
the Shapiro-Wilk test) and homogeneous variances (tested using Levene’s test). In each case,
ANCOVA was used to test for homogeneity of slopes associated with the change of total and
connected porosities and G with years’ post-conversion of bare fallow to either arable or
grassland management. Soil managed as bare fallow throughout the experiment was used to
account for temporal changes in soil parameters under continuous management. Post hoc
pair-wise comparisons were performed employing the Copenhaver & Holland multiple

comparisons procedure (Holland and Copenhaver, 1987).
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Results
Visual appraisal of soil structures
Representative 2D images showed that after 1 and 3 years, all three treatments had similar

pore architectures in terms of size and shape (Fig. 1a-f). After 5 years, arable and grassland

started to display different pore configurations clearly manifest by a greater proportion of
larger pores (>40 um; Fig. 1g-i). The evolution of the pore characteristics over time was
apparent, after 8-and-H-years87- and 104-years post- conversion for the arable and grassland
treatments especially for vugh (i.e. irregular) and crack shaped pores (Fig. 1j-0). In contrast

the size and distribution of pores relatively stable-consistent over time.

Total Porosity

Before the conversion (in 2008) and aAfter-+ 3-2 and 5-4 years, there were no significant

treatment effects on porosity (P>0.05; Fig. 2a-c) compared to 8-and-H-years87- and 140-
years post-_conversion (respectively P=0.029 and P=0.002; Fig. 2d, ¢). After &7 years, the
porosity efin the grassland soil was greater than the-peresity-ofin bare-fallow and-or arable
soils which were similar (Fig. 2d). However, after +1-10 years, porosity increased in the
presence of plants according to the ranking; bare-fallow < arable < grassland (Fig. 2e). No
significant change in log, total porosity was observed in the continuous bare-fallow soil over
the +1-10 years (slope = 0.026, t = 0.104, p = 0.917) (Supplementary Fig. 1). However, total
porosity in beth-soils converted to arable (slope = 0.713, t = 3.4, p = 0.0014) and grassland
(slope=0.4 ", t=3.7, p <0.001) managements increased over the same period (Fig. 1f).
ANCOVA comparing the arable and grassland soils identified a significant time response in
log) porosity (£ gs=31.0, p <0.001) but no significant difference in the rates of change
(slope) in total porosity (¥ s, = 0.8, p = 0.36'). The resulting equal slopes model identified a

significant difference in the adjusted mean log;, total porosity of each treatment (¥ g; = 23.5,
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p <0.001) with grassland accumulating significantly greater log; porosity (0.985 + 0.025,
equivalent to 9.66 + 1.05%, adjusted mean + standard error of the mean) than arable soil

(0.848 +£ 0.021, equivalent to 7.05 + 1.05%)

Pore size distribution

After1yearl-—year postBefore the- conversion (in 2008), there was no significant treatment

effect on the cumulative pore size distribution (P>0.05; Fig. 3a). Between 32- to +110--years
post-_conversion, there was a significant diameter by treatment interaction with respect to the
cumulative pore size distribution (3-2 and -7 years: P<0.001; 45 and +1-10 years: P<0.05;
Fig. 3b-e). After 3-2 years post- conversion, there was a greater proportion of smaller pores
under bare-fallow and arable treatments than grassland: for bare-fallow and arable,
approximately 50% of pores were smaller than 3.56 um and 70% of pores smaller than 5.97
um compared to grassland where 50% of pores were smaller than 5.97 um and 70% smaller
than 14.9 um. Moreover, the proportion of pores larger than 42 pm was greater under
grassland (13% of pores) than bare-fallow and arable (respectively 1% and 2% of pores; Fig.
3b). After 5-4 years, this trend was not apparent: the difference between grassland compared
to bare-fallow and arable was less significant than after 3-2 years. The proportion of pores
smaller the 9.26 pm was greater under bare-fallow and arable compared to grassland but the
proportion of pores larger than 42 nm was not significant between all treatments (Fig. 3c).
After 8-7 years, the trend observed after 3-2 years was more apparent: the proportion of pore
sizes smaller than 14.9 um was greater ranking from bare-fallow > arable > grassland and the
proportion of pore sizes over 42 pm was greater under arable and grassland (respectively 7%
and 10% of pores) than bare-fallow (2% of pores; Fig. 3d). After +1-10 years post-
conversion, this trend was also observed, but only for pores smaller than 9.26 um, where the

proportion of pores was-followed the ranking;-frems bare-fallow > arable > grassland (Fig.
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3e). Beyond this pore size, the proportion of pore sizes was not significantly different
between bare-fallow and arable. The proportion of pore sizes greater than 42 pm was highest
under grassland (15% of pores) than bare-fallow and arable (respectively 4% and 2% of
pores; Fig. 3e).

The general trend in all three treatments was a shift to_a more equitable-even distributions of
pore sizes, manifest as a decrease in G over time (Fig. 3f). ANCOVA indicated equal rates of
change of G between treatments (F5 129 =0.18, p = 0.834). Using an equal slopes model,
there was a significant effect of land management upon G (£33 =9.1, p <0.001) with
grassland having a significantly lower adjusted mean G (0.420 + 0.033) than either bare-
fallow (adjusted mean G = 0.566 + 0.028; t = 3.6, p <0.001) or arable (adjusted mean G =
0.571 £ 0.024; t=3.7, p <0.001). There was no significant difference in adjusted mean G

between arable and bare-fallow (= 0.13, p = 0.900).

Pore connectivity

Before the conversion (in 2008) and Aafter +-and-8-yearsi—and-87-years post- conversion,

there was no significant pore diameter by treatment interaction with regards to pore
connectivity (P= 0.05; Fig. 4a, d). However, there was a significant pore diameter by
treatment interaction after 32-, 5-4- and +1-10-years (with 3-2- and +1-10-years: P<0.001; 5
4-years: P<0.05; Fig. 4b, c, e). After 3-2- and 5-4- years, the difference was significant only
for the pore sizes smaller than 3.56 um. After 3-2-years, pore connectivity was greater
ranking from bare-fallow > grassland > arable (Fig. 4b) and after 5-4-years, pore connectivity
was greater under arable and grassland than bare-fallow (Fig. 4c). After 11-10-years post-
conversion, the same trend as after 5-4-years was shown with a greater difference in the
values (Fig. 4e). There was no significant trend in square root transformed connected porosity

(Supplementary Fig. 2) in bare-fallow (slope = -0.00023, ¢t = 0.051, p = 0.959). However,
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both arable (slope = 0.017, t = 4.0, p = 0.0002) and grassland (slope = 0.022, =53, p <
0.0001) showed increases in connected porosity with time. -ANCOVA comparing arable and
grassland indicated a significant influence of time pos#-_conversion upon square root
transformed connected porosity (F; gs=43.9, p < 0.001) but no significant heterogeneity of
slopes (F g5 = 0.98, p = 0.326). Using an equal slopes model, a significant effect of
management was detected (F g5 = 4.4, p = 0.039): grassland was associated with greater
connected porosity (0.048 + 0.0002%, adjusted mean + standard error) than arable (0.011 +

0.0002%).

Pore surface density

Before the conversion (in 2008) and After-Aat +—-5-and-8-years54- and &7-years post-

conversion, there was no significant pore diameter by treatment interaction with respeet
regards to pore surface density (P>0.05; Fig. 5a, ¢, d). There was a significant diameter by
treatment interaction after 3-2- and +-10-years (respectively P<0.05 and P<0.001; Fig. 5b,
e). After 3-2-years, the difference in pore surface density was greater ranking from bare-
fallow > arable > grassland for the pore sizes equal to 1.86 um, and the difference between
arable and grassland was not significant for the pore sizes equal to 3.56 um. Beyond this pore
size, there was no significant difference between treatments (Fig. 5b). AfterHElevenTen
years post-_conversion, pore surface density was greater ranking from grassland > arable >
bare-fallow, for all pore sizes smaller than 14.9 um, there was no significant difference
beyond this pore size (Fig. 5e). Years post-conversion and pore diameter were both used as
covariates in ANCOVA analysis of pore surface area. Accounting for these two covariates,
an equal slopes model identified a significant effect of land management upon pore surface
area (F22020=9.1, p <0.001). Post hoc pair-wise comparison of adjusted means indicated

that grassland supported a greater pore surface area (0.00784 + 0.000493 pm? um->) than
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either arable (0.00617 £+ 0.000452 um? um3; difference = 0.00167, t = 3.4, p = 0.001) or
bare-fallow (0.00593 =+ 0.000443 pm? pm3; difference = 0.00191, = 3.9, p < 0.001). There
was no significant difference in pore surface area between arable and bare-fallow (difference

=0.000240, t = 0.495, p = 0.621).

Discussion

The eenversion-plots studied here were derived from long-term bare-fallow management
converted to arable and grassland. A Elack of a significant treatment effect on porosity until &
“7-years post- conversion suggests that modification of micro-porosity at-this-seale-takes

several years (Fig. 2). DespiteAnother study on the same soil realised-after2 and 4 years post

conversion found thatthesome recovery of meso-faunal populations after 3-2-years of

conversion and an increase ofin soil organic matter and microbial abundance after 5-4- and 3

2-years respectively (Hirsch et al., 2017). However, our study showed that; recevery

development of micron-scale porosity apparently takes longerehanges-mere-slowly. This

might be related to carbon cycling processes which are modified by the microbial
communities and plants (via decomposition of organic matter and rhizodeposition). This is
likely to affect soil structure at the micro-scale, but not instantaneously. Greater-Increased
pore formation under grassland compared to arable is consistent with a previous study, which
showed greater resistance to, and recevery-development from physical stresses of soil
structure from grassland (Gregory et al., 2009). They posited that the greater proportion of
organic matter enhanced the elastic recovery of the-soil structure (Gregory et al., 2009).

Pore size distributions showed a more rapid response to altered management than tetal

porosity for the grassland treatment: after only 3-2-years of conversion (in 2010), a greater

diversity of pore sizes was observed-underthe-grassland-treatment, and this trend was also

recorded in the data after &-7- and +1-10-years (Fig. 3). The Gini-coefficient indicated that
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soil converted to grassland established a more eguitable-even distribution of pore sizes than
the other treatments, meaning that grassland treatment had a greater diversity of pores after
32-, 8-7- and +H-10-years post- conversion (Supplementary Fig. 2) leading to enhanced
functionality. This increase in pore size diversity might be due to the increase of presence of
plants, active organisms and organic matter (Hirsch et al., 2017) as well as the eessatien

absence of tillage. A study leeking-atfocused on the soil organic carbon on the same

experiment plet found that the conversion of the bare-fallow soil to grassland led to an

increase of soil organic carbon (+46 %) after-7-years post conversion (Jensen et al. 2020a).

There is no data regarding the conversion from bare-fallow to arable. Thus, the increase of

organic matter in the converted soil sight-havemay play a role in the more homogenous

distribution of the pore sizes. Plants-inerease-aggregationthroughroet-action-and-exudation

Chenv-et-al5-2000)-Indeed, in a silty clay soil, Fhe-addition-of organic-mattercaninerease-the

33 F 2 13 - e

PMWWM%—WWWW i S i i i g S t‘h’%eﬂ’eﬂ—e‘t g
plants-and-the inerease-greater ef-organic matter content increases the proportion of pores
between 0.5 to 500 um (Metzger and Yaron, 1987; Watts and Dexter, 1997) leading to a
more equitable distribution of pore sizes, i.e. a greater diversity of pore sizes. The greater
diversity of pore sizes under soil converted to grassland was consistent with a previous study
describing the long-term effect of grassland management on the same field experiment

(Bacg-Labreuil et al., 2018). After 5-4-years post-conversion;-the pore size distribution did
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not follow this trend (Fig. 3¢), which could be due to the-weather conditions prior sampling in
that year. Indeed, 2008 and 2012 (4-at the start and 5-4-years post- conversion respectively)
were the wettest years during the experimental period (Supplementary Fig. 3). In the presence
of water, clay particles can swell, and the compression of entrapped air in capillary pores can

disrupt the pore architecture, and-in-turn;-ageregation-which-mightand affect the pore size

distribution (Denef et al., 2001; Grant and Dexter, 1990). Fherefore;-the-pPore networks
beeene-are re-structured upon re-wetting due to the nature of soil particles. Changes in pore
size between 32-, 5-4- and &-7-years post-conversion raises the question of the dynamics of
this mechanism. The pore size distribution may have had a heterogeneous response over time
due to the impact of the wet year 5-4-years post-conversion, which shows the rapid recevery

regenerationdevelopment of the pore size distribution after a sustained wet period compared

to the impact of plant-growthagricultural practices (Supplementary Fig. 3). For the plet

converted-to-arable treatment, this trend was not observed even after-10-years post-

conversion, which might be due to the associated tillage practices-en-the-arable-plots.

For pore connectivity, the magnitade-of the-plantconversion to grassland-effeet after 3-and-5

years-was-had a small effect after 2- and 4-years compared to after +1-10-years post-

conversion (Fig. 4 b, c, ¢). However, pore connectivity data after +1-10-years post-
conversion, for both arable and grassland converted soils (Fig. 4¢), suggested the pore
network was less connected compared to a-previeus-study(Bacq-Labreuil et al., (2018).; This
indieating-indicated that a longer time may be required to recever-develop the connectivity of
a pore network than tetal-the overall porosity. Increased connectivity of pores promotes
water, gasses and nutrient flows within the pore structure (Dexter, 1988; Tisdall and Oades,
1982). Therefore, the-subtle increases in the-pore connectivity might increase the-water, gas
and nutrient mevement-flux within the soil. As well as the pore connectivity, the pore surface

density was significantly inflaeneed-by-the-presence-ef plantsncreased in the grassland and
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arable +1-10-years post-conversion (Fig. 5e). Our results are congruent with Bacq-Labreuil et

al. (2018), which showed plants-grassland managed consistently for over 200 years has an

increased pore surface density compared to arable and bare-fallow soils; i.e. the pore-solid

interface which led to a greater surface of the pore where micro-organisms and plant roots

can colonise and water films can develop. A greater pore surface density in the converted plot

means that the grassland and the arable have a more complexed structure of pores than the

bare-fallow soil (Miiller et al. 2019). The greater surface density for the grassland compared

to the arable might be induced by the greater SOC content and the absence of tillage for this

treatment (Hirsch et al. 2017; Jensen et al. 2020a). This can lead to the formation of new

habitats and niches which can be beneficial for microbial community diversity (Holden,
2011). The greater pore surface area might increase water and nutrient uptake by the

microbial community and plants.

This study suggests that the-overall-impaet-oftheconversion fremof degraded bare-fallow soil
to presenee-of plantsgrassland -requires at least 10-10-years after conversion before being
effective in terms of significant recevery-development of soil structure at aggregate scale, as

assessed by tetal-the overall and connected porosity. Moreover, the conversion from bare-

fallow to arable had no significant effect on soil structural properties after a decade. In

general, the recovery of meso-fauna and organic matter (Griffiths et al., 2000; Hirsch et al.,
2017) were more rapid than the recovery of soil structure (Gregory et al., 2009). The pore
size distribution was the only characteristic which was more sensitive to ehanges-changes

induced bysueh-as wetting and drying cycles and s-living organisms.
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Conclusions
The Ssoil structural recovery-development of the-a eempromised-degraded silt-clay loam soil,

as quantified by micro-scale topological metrics-related-to-detail-capture-at-+-5-pmresolution,

requires at least +0-10-years of a new-grassland management before showing any significant

effects-ol the presenec-of plants.
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A56  Theseis observations raises the question on the application to certain managements in

457  agricultural practices. For example, instead of applying a bare-fallow treatment in a crop
458  rotation, it would be beneficial for the soil characteristics to apply a vegetation cover i.e.
459  cover crops which increases the-organic matter inputs and impaet-influence en-soil structure,
460 leading to a ‘conditioning’ of soil physical and biological characteristics for the next crop.
461  This would prevent the-further degradation of the-soil and alse-help for-its recovery

462  development if the soil characteristics were compromised. Moreover, the recevery

463  development of the soil structure is a long precess;process
464 ~thus | ‘hus, a modification of
465  cropping managements require some time before the

466  observation of beneficial impacts on soil structural dynamics. Fherefore;-this-should-be

467  accounted-forthe future rescarch-and-conclusions:

468
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Figure 1: Representative 2D X-ray attenuation images of soils subjected to different forms of
management over +0-10-years after-pest-following conversion to these-each treatments. Base
resolution is 40 pm; (P) pores are the darker shades and (S) soil matrix are the lighter shades
which relate to the attenuation of the X-ray (a sharpening algorithm has been passed over
these images to increase contrast of features); (a, d, g, j, m) bare-fallow; (b, e, h, k, n) arable;

and (c, f, i, 1, 0) grassland.

Figure 2: Porosity (based on resolution of 1.5 um) in relation-te-bare fallow, arable and
grassland soils inregards-tein the years pest-converstonfollowing: (a) +-0-year; (b) 3-2-years;
(c) 5-4-years; (d) 8-7-years; (e) +1-10-years. Bar-ehasts were-are means (n = 9) expressed as
the percentage of pores relative to the total volume, whiskers denote pooled standard errors.
(f) Porosity evolution frem-1+0- to ++10--years post- conversion, with-the-points-weredata
points represent means (rn = 9), whiskers denote pooled standard errors for clarity and trend

lines wwere-are linear regressions.

Figure 3: Cumulative pore size normalized to the total pere-volume in relation to bare-
fallow, arable and grassland in regards-te-the years post-_following conversion: (a) +-0-year;
(b) 3-2-years; (c) 5-4-years; (d) 8-7-years; (e) +1-10-years. Data Ppoints indicate means (n=9),
whiskers denote pooled standard errors. (f) Gini coefficient evelation-development from-+0-
to +110--years post- conversion, with-thedata points were-represent means (n = 9), whiskers

denote pooled standard errors for clarity and trend lines were-are linear regressions.

Figure 4: Pore connectivity normalized to total volume in continuous bare fallow, arable and

grassland soils inregards-te-the-years-pest-following conversion: (a) +-0-year; (b) 3-2-years;
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(c) 5-4-years; (d) 8-7-years; (e) +-10-years. Points-Data points indicate means (n=9),

whiskers denote pooled standard errors.

Figure 5: Pore Ssurface density in relation-te-continuous bare fallow, arable and grassland
soils inregards-to-the-years-post-following conversion: (a) +-0-year; (b) 3-2-years; (c) 5-4-
years; (d) 87-years; (e) +1-10-years. Data Ppoints indicate means (n = 9), whiskers denote

pooled standard errors.
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