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Abstract
Background: Soil structure is a key indicator of the functioning of soil processes
in grasslands, which is influenced by site conditions and management.
Methods: In this study, we investigated soil structure and its relationship with
root growth in 31 Leptosols under different grassland management intensities
using X‐ray microcomputed tomography. A close relationship between land
use intensity, soil structure, and root growth was observed.
Results: Our results show that land use type affects root development and soil
structure. Pastures had more developed roots and more structured soils than
meadows and mown pastures. However, all pastures were unfertilized, while
meadows and mown pastures had both fertilized and unfertilized plots. Although
no significant differences were found in the unfertilized plots, sample size was
limited. In particular, fertilization negatively affected root growth and soil
structure, resulting in significant differences between fertilized and unfertilized
grasslands. Mowing frequency also had an effect on soil physics, but to a much
lesser extent than fertilization.
Conclusions: Increased land use intensity, characterized by increased
fertilization and more frequent mowing, reduces root growth and adversely
affects soil structure. Therefore, X‐ray microcomputed tomography is a
suitable method to investigate the relationship between soil structure and
roots in the soil.

KEYWORDS
land use intensity, meadow–mown pasture–pasture, soil structure, root–soil interaction, X‐ray
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INTRODUCTION

Optimal grassland management is imperative for optimiz-
ing plant productivity, soil fertility, nutrient and water
cycling, soil fauna, and regulation of pests and diseases—
integral components of soil health (Doran & Zeiss, 2000).
Root development and soil structure are intricately linked
to both grassland management and each other. Soil
structure can strongly influence plant root growth and vice
versa (Pagliai & Nobili, 1993). Soil structure affects the
cycling of air, water, and nutrients in the soil and provides
habitat for soil biota. Preserving intact soil structure is
fundamental for fostering a vital root system (Tracy et al.,
2012), while compromised soil structure, like compaction,

can inhibit root growth (Carminati et al., 2009). This can
result in reduced plant growth and increased vulnerability
to environmental threats.

Root development, in turn, contributes to soil structure
dynamics. As roots grow and penetrate the soil, they create
channels and spaces that enhance soil aggregation, thereby
improving soil structure (Shi et al., 2021). Moreover, plant
roots generate organic compounds and enzymes that aid in
binding soil particles, forming stable soil aggregates, and
facilitating carbon sequestration in the soil (Rillig
et al., 2002). The relationship between root development
and soil structure is complex and dynamic. Healthy soil
structure is important for promoting root growth and their
function, while, reciprocally, root development positively
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influences soil structure over time. Understanding this
relationship is important for optimizing soil health and
promoting sustainable agricultural practices (Bronick &
Lal, 2005; Mayel et al., 2021).

X‐ray microcomputed tomography (µCT) is a powerful
imaging technique that can be used to study the interaction
between soil and plant roots (Hou et al., 2022). Due to the
different X‐ray absorption properties of materials with
different densities, pores, roots, and soil compartments can
be simultaneously visualized and quantified after a single
scanning procedure. µCT scans of undisturbed soil cores or
plant pots provide detailed three‐dimensional (3D) gray‐
scale images enabling precise analysis of root architecture,
including the distribution of roots, the extent of root
branching and the diameter of individual roots, and soil
structure parameters, such as porosity and aggregate
density (Heijs et al., 1995). This information helps to
understand how roots interact with the soil and how soil
properties affect root growth and function. In contrast to
conventional root washing methods, µCT provides non-
destructive 3D imaging that preserves plant integrity and
allows repeated measurements, for example, to study
juvenile root development in pots (Blaser et al., 2020).
µCT also has advantages compared to the determination of
soil physical parameters using soil cylinders, particularly
with regard to the visibility of whether the sample is really
undisturbed (Amelung et al., 2023). Disadvantages of µCT
compared to conventional methods can include limited
sample size due to the complexity and cost of the
measurement and limited sample volume due to the size
limitation, which is device‐specific, and there is also a trade‐
off between resolution and sample volume (Zhang
et al., 2023).

The potential of simultaneous analysis of soil and roots
has been investigated by several authors (Blaser et al., 2020;
Perret et al., 2007; Pierret et al., 1999; Schmidt et al., 2012;
Tracy et al., 2012). However, studies on the root–soil
relationship in soils managed at different intensities are
scarce. The root–soil relationship could be an excellent
indicator for evaluating management systems on soil
structure, which is an important aspect of soil quality
(Bronick & Lal, 2005) and soil health since it determines
several biological (Chenu & Stotzky, 2002; Hassink
et al., 1993) and biogeochemical processes (Juma, 1993;
Six et al., 1999; Strong et al., 2004), while roots are of
paramount functional importance for plant productivity.

As a first step toward this goal, the relationship
between morphological properties of soil structure and
root parameters was successfully identified (Kuka
et al., 2013). This preliminary study found a positive
correlation between soil surface density, a morphological
measure of aggregation, and both root volume and root
surface density. This was the first time that soil
morphology was quantitatively related to root biomass
in field soils. Therefore, this method is a good tool to test
the effect of soil management on soil quality and soil
health (effect on soil structure and effect on root
development simultaneously). Results from a preliminary
study with a limited data set of three plots (Kuka
et al., 2013) further suggested that increasing land use
intensity in grassland decreased soil surface density and
root biomass. The land use gradient in this previous study

ranged from an unfertilized, extensively grazed plot to a
fertilized, mowed pasture. The aim of this study was
therefore to apply the above approach to a larger data set.

The relationship between soil structure and root
growth in differently managed grassland soils was
investigated within the Biodiversity Exploratories Pro-
gram in the Swabian Alps (Fischer et al., 2010). By
focusing on one soil type, Leptosol, we aimed to
minimize variation in soil properties that could confound
management effects.

By applying µCT to undisturbed soil cores from
grasslands to simultaneously quantify soil structure and
root morphology, we tested the following hypotheses:
(1) Root development is closely related to soil structure in
differently managed grassland sites. (2) Soil parameters are
influenced by land use type (pasture, meadow, and mown
pasture). (3) Increased land use intensity, characterized by
increased fertilization and mowing frequency, reduces root
growth and negatively affects soil structure.

MATERIALS AND METHODS

Study area

This study was conducted in the Biodiversity Explora-
tory “Swabian Alps” (AEG region) in southwestern
Germany (Fischer et al., 2010; http://www.biodiversity-
exploratories.de). The bedrock in the Swabian Alps
consists of Jurassic limestone, which explains the
relatively high pH between 5 and 7 of the mostly shallow
soils. The predominant soil type in the region is the
Leptosol. The mean annual temperature is between 6°C
and 7°C, and the mean annual precipitation is between
700 and 1000 mm. Out of a total of 50 experimental
plots, the 31 grassland (AEG) plots on the predominant
Leptosol soil type were selected to ensure comparability
and, in particular, to study the management effect on soil
structure and root development using µCT. All experi-
mental plots are 50 m× 50m in size and are normally
cultivated by farmers in the same way as the surrounding
grassland. Grassland management types ranged from
extensively to intensively managed pastures, meadows,
and mown pastures (Gilhaus et al., 2017). To compare
different plots with respect to different grassland uses
and their land use intensities, Blüthgen et al. (2012)
developed the Land Use Intensity Index (LUI index),
which can be calculated annually based on annual
nitrogen fertilization, mowing frequency and livestock
density standardized relative to its mean value (MV)
within the AEG model region using Equation (1):

= + +−LUI
Fe

Fe
M

M
G

G
,(2006 2011)

AEG AEG AEG
(1)

where Fe is the fertilization level (kgN ha−1 year−1), M is
the mowing frequency per year and G is the grazing
intensity, reflected by the density of livestock (livestock
units [LU] days of grazing ha−1 year−1) on each site for a
given year and FeAEG, MAEG, and GAEG their respective
mean within the AEG region for that year (i.e., the mean
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across all 50 experimental plots in the AEG region). Due
to the standardization by ratios, LUI is dimensionless. To
determine the land use intensity over a longer period of
time before sampling, the LUI index for this study was
calculated annually from 2006, the start year of the
biodiversity exploratories, to 2011, the year of sampling,
to calculate the mean LUI (2006–2011) as well as the
increase or decrease of the LUI (LUI slope, LUIs) and
the starting LUI level (LUI intercept, LUIi). To calculate
the linear regression coefficients LUIi and LUIs in the
linear function Equation (2), the calendar years 2006–2011
were normalized to the period from 0 to 11 years and
adjusted with a linear regression model

= + ×LUI LUI LUI year.i s (2)

Table 1 shows the management parameters and basic
soil data and their variation according to grassland use
types. Detailed information about management data and
site characteristics and all used data (IDs 31514, 14686,
14447, 14446, 16566, 16586) for analysis in this study can
be found under https://www.bexis.uni-jena.de/.

Soil sampling

Soil sampling was conducted in May 2011, extracting one to
three undisturbed soil samples (12 cm in height and
diameter) from the topsoil within an assigned 1m2 square
of the experimental plots. The accessibility of the experi-
mental plots and the stone content of the soil determined the
amount of samples, which were collected using an
automated sampling device (Kuka et al., 2013). To ensure

high‐resolution µCT analysis in the laboratory, an adequate
sample size is crucial. Therefore, smaller undisturbed soil
cores (1–3) of 3 cm height and diameter were collected from
the larger soil cores using a second sampling device (Kuka
et al., 2013). The different number of samples taken from the
field and the different number of smaller sample cores result
in a different number of sample replicates (n).

X‐ray µCT

All smaller soil cores were scanned with a resolution of
40 μm using the 225 kV µCT scanner at BAM (Bundesan-
stalt für Materialforschung und ‐prüfung in Berlin,
Germany). This resolution allowed the quantification of
roots and solid patterns with individual object sizes >70 μm
(Kuka et al., 2013). The analyses were performed with
scanner settings of 210 kV and 12W emission power in the
microfocal range of the tube for a detection time of 1 h.
The scanner design was described by Illerhaus et al. (2002).

Quantification of soil structure and root system
parameters for all undisturbed soil samples with a sample
size of 30mm in diameter and height was performed using
VG StudioMax® version 2.1. The analysis method is a
combination of histogram analysis (gray values between
0 and 250) and spatial transformation to distinguish
between solid, pore and root phases (Kuka et al., 2013).
The routine consists of seven steps:

(1) Remove the acrylic cylinder to obtain only the soil
information in the histogram.

(2) Segmentation of solid part voxels from the histogram
(gray values > 81).

TABLE 1 Characterization of grassland land use types in terms of management (LUI, Land Use Intensity Index; G, grazing intensity; M,
mowing frequency; Fe, fertilization level) and basic soil data (clay, silt, sand content, PD, pH, Ctot, Ntot, and CN) on the basis of the BEXIS
database (https://www.bexis.uni-jena.de/).

Meadow Mown pasture Pasture

Parameter MV Min Max SD MV Min Max SD MV Min Max SD

LUI 1.9 0.9 2.8 0.5 1.8 1.0 3.5 0.7 0.8 0.6 1.3 0.3

LUIi 2.0 0.9 2.9 0.6 1.7 0.6 3.4 0.9 0.8 0.5 1.3 0.4

LUIs 0.0 −0.2 0.1 0.1 0.0 −0.2 0.2 0.1 0.0 0.0 0.1 0.0

G (LU d ha−1 year−1) 0 0 0 0 239 21 1034 284 90 35 198 66

M 2.3 1.0 3.0 0.6 0.9 0.2 2.0 0.5 0.0 0.0 0.0 0.0

Fe (kgN ha−1 year−1) 90.9 0.0 243.4 66.4 37.8 0.0 135.2 42.0 0.0 0.0 0.0 0.0

Clay (%) 59.9 43.6 67.2 7.4 56.6 36.5 70.8 10.1 52.0 38.5 59.9 8.3

Silt (%) 36.6 29.8 51.2 6.4 39.3 27.0 55.4 8.3 41.4 38.5 46.6 2.7

Sand (%) 3.5 1.7 7.7 1.8 4.1 0.8 11.7 3.2 6.6 1.4 18.8 6.9

PD (g cm−3) 2.4 2.3 2.4 0.0 2.4 2.3 2.5 0.0 2.4 2.3 2.5 0.1

pH 6.4 5.5 6.9 0.5 6.1 5.1 6.6 0.4 6.3 5.3 7.1 0.6

Ctot (g kg
−1) 75.2 61.8 99.3 11.6 72.5 46.5 95.3 17.0 73.6 43.8 104.7 23.4

Ntot (g kg
−1) 7.4 6.0 9.6 1.2 7.1 4.9 9.2 1.5 5.8 4.1 8.1 1.5

CN 10.0 9.5 10.4 0.3 10.2 9.2 11.2 0.6 11.2 10.6 11.9 0.5

Note: The numbers of plots for meadow, mown pasture, and pasture are 12, 12, and 7, respectively.

Abbreviations: CN, carbon:nitrogen ratio; Ctot, total carbon; i, intercept; LU, livestock unit; max, maximum; min, minimum; MV, mean value; Ntot, total nitrogen;
PD, particle density; s, slope; SD, standard deviation.
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(3) Spatial transformation (dilatation of the solid
space +1 voxel and inversion) to obtain the spatial
information of the pore/root space −1 voxel without
histogram information, followed by liquidation of
the root/solid mixed voxels.

(4) Copying the spatial information of the whole sample
to obtain the histogram information of the pore/root
space (size −1 voxel).

(5) Root selection (size −1 voxel).
(6) Dilatation of the root space +1 voxel to obtain the

correct root space size.
(7) Estimate the pore space as the difference between the

total volume and the combined volume of solids and
roots.

The segmentation method is described in detail in Kuka
et al. (2013). The method determined the following
parameters: pore volume (PV, %), solid volume (SV, %),
root volume (RV, %), solid surface (SSurf, m2m−3 soil),
root surface (RSurf, m2m−3 soil) and SSurf (m2)/volume
(m3) ratio equal surface density (SDen, m−1).

Statistics

All statistical analyses were conducted using the open‐
source software R version 4.1.3 (R Core Team, 2021). We
investigated the effects of land use types (pasture, meadow,
or mown pasture) and its intensity, such as fertilization
(unfertilized and fertilized plots) and mowing frequency (0–3
cuts per year), on soil and root parameters determined by
µCT by plotting the data as boxplots using ggplot2
(Wickham et al., 2016) and testing for significant differences
using a post hoc test using the emmeans function
(Russell, 2023). The function ggplot2 (method lm) was used
to represent the relationship between the soil and root
parameters determined by µCT separately for the utilization
types and unfertilized and fertilized plots by means of a
regression. Linear models (LMs) were compared to analyze
which of the grassland management practices Fe, M, and/or
G influence the soil and root parameters determined by µCT
and how LUI, LUIi, and LUIs as integrating parameters of
Fe, M, and G influence them. First, the MVs of Fe, G, M,
and LUI between 2006 (start of biodiversity exploratories)
and 2011 (time of sampling) were calculated for each plot to
take into account the long‐term effect of management
measures. For the LUIi and the LUIs, there is only one
value for each plot. Then, MVs of Fe, G, and M as
predictor variables were square root‐transformed for use in
the LMmodels. All dependent variables PV, SV, RV, SSurf,
Rsurf, and SDen were log‐transformed. The LM models
were generated separately for Fe, G, and M, as well as for
LUI, LUIi, and LUIs and fitted with main effects and two‐
way interactions using the function glmulti (Calcagno,
2013). All candidate models were ranked according to the
corrected Akaike information criterion (AICc), where lower
AICc values indicate a better trade‐off between model fit
and complexity (Akaike, 1973). Additionally, we used the
difference in AICc (dAICc), which was calculated by
subtracting the AICc of the model with the lowest AICc
from the AICc of each model. Smaller differences (closer to
zero) indicate a better‐performing model. However, models

with a dAICc of <2 are often considered comparatively
good. The best models for all dependent variables were
interpreted using the effects function (Fox, 2003) and the
ggfortify function (Tang et al., 2016). Because LUI is an
integrating parameter for Fe, M, and G, we also interpreted
these LM models.

RESULTS

Qualitative µCT results

Figure 1 shows a representative example from each plot,
with a two‐dimensional µCT image of the soil next to the
corresponding 3D µCT image of the roots. Figure S1
shows two additional replicates for each of the specified
land use types, highlighting visual similarities between
replicates from an unfertilized pasture, an unfertilized
meadow, a fertilized meadow, an unfertilized mown
pasture and a fertilized mown pasture. Initial observa-
tions suggest a potential relationship between soil
structure and rooting pattern. Notably, plots AEG02,
04, 07, 08, 09, 10, 22, 24, 27, 28, 30, and 32, characterized
by highly structured soils, show a dense root system. In
contrast, compacted soils in plots AEG03, 05, 06, 11, 15,
and 34 display a sparse root system. In some samples,
such as AEG04, 05, 14, 31, and 33, the presence of root
nodules is observed.

Quantitative µCT results

The µCT parameters, including SV, RV, PV, SSurf,
RSurf, and SDen, were determined for all the plots
(Table 2). Notably, plot AEG25, an unfertilized pasture
with a relatively low LUI, has the lowest percentage of SV
and the highest percentage of RV, as well as the highest
SSurf, RSurf, and SDen. Conversely, plot AEG15, a
fertilized meadow with a relatively high LUI, has the
highest percentage of SV, coupled with the lowest RV and
RSurf. Plot AEG05, a fertilized mown pasture with a
medium LUI, records the lowest SSurf and SDen. Plot
AEG11, a fertilized meadow with relatively high LUI, has
the lowest PV, while plot AEG27, an unfertilized pasture
with a moderate LUI, has the highest PV.

Impact of grassland management on soil and
root parameters

In some cases, significantly different µCT parameters were
determined for different land use types (Figure 2). The
post hoc tests revealed that pastures have a significantly
higher mean SSurf of 3844m2m−3 soil (p: 0.028,
residual standard error: 557.2 with 28 degrees of freedom,
F: 4.10, R2: 0.23), a significantly higher mean SDen of
8.25 × 104m−1 (p: 0.032, residual standard error: 23.1 with
28 degrees of freedom, F: 3.92, R2: 0.22), a significantly
higher mean RV of 14% (p: 0.020, residual standard error:
3.9 with 28 degrees of freedom, F: 4.49, R2: 0.24) and a
significantly higher mean RSurf of 1694m2m−3 soil
(p: 0.029, residual standard error: 503.8 with 28 degrees
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of freedom, F: 4.03, R2: 0.22). The model assumptions for
the analysis of variance (ANOVA) (homogeneity of
variance and approximately normal distribution of the
residuals) were checked visually in each case. This implies

that pasture has a significant influence on root develop-
ment and soil structure. However, when focusing on
unfertilized plots from Table 1, no significant differences
are observed between meadows, mown pastures and

FIGURE 1 Two‐dimensional microcomputed tomography (µCT) soil and three‐dimensional µCT root images of all AEG Leptosol plots
including information on fertilization, land use, and land use intensity.
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pastures. The limited number of samples, with only one
unfertilized meadow, may contribute to this lack of
significance. Therefore, we present results for all plots
together, regardless of their fertilization status.

In comparing the measured µCT parameters for
fertilized and unfertilized plots (Figure 3), all parameters,
except PV, are significantly different. The post hoc tests
revealed that unfertilized plots have a significantly lower

FIGURE 1 (Continued)
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mean SV of 52.8% (p: 0.012, residual standard error:
9.6 with 29 degrees of freedom, F: 7.23, R2: 0.20), a
significantly higher mean SSurf of 3696m2m−3 soil
(p: 0.002, residual standard error: 529.4 with 29 degrees
of freedom, F: 11.1, R2: 0.28), a significantly higher mean
SDen of 7.48 × 104 m−1 (p: 0.008, residual standard error:
22.7 with 29 degrees of freedom, F: 8.26, R2: 0.22), a
significantly higher mean RV of 12.66% (p: 0.006,
residual standard error: 3.9 with 29 degrees of freedom,
F: 8.99, R2: 0.24) and a significantly higher mean RSurf
of 1526 m2m−3 soil (p: 0.006, residual standard error:
492.4 with 29 degrees of freedom, F: 8.76, R2: 0.23). The
model assumptions for the ANOVA (homogeneity of
variance and approximately normal distribution of the
residuals) were checked visually in each case. This
analysis indicates a significant increase in root growth
in the unfertilized plots, which is associated with a higher
degree of soil structural organization.

Mowing frequency has an effect on soil and root
parameters and there is a tendency that more cuts per year
are correlated with a lower soil structure and lower root
development (Figure 4). However, the post hoc test showed
that only the SV was significantly higher (p: 0.07595,
residual standard error: 9.857 with 27 degrees of freedom,
F: 2.559, R2: 0.2214), with a mean of 68.2% at a mowing
frequency of three times per year compared to less frequent
mowing. The model assumptions for the ANOVA
(homogeneity of variance and approximately normal
distribution of the residuals) were checked visually.

Relationship between soil structure and root
development

The relationships between various soil structure and
root parameters show significant variations across

FIGURE 1 (Continued)
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different land use types (Figure 5). Although SV
increases with decreasing PV in all cases, the correlation
is significantly closer for meadows and mown pastures
compared to pastures. The relationship between RV
and SV also differs significantly among land use types.
Meadows show no correlation, while on mown pastures
and pastures, RV decreases with increasing SV or vice
versa. In pastures, the relationship between root
development and soil structure is more pronounced.
Increased RV and RSurf lead to a significant increase
in SDen.

The relationship between root and soil parameters
shows differences between fertilized and unfertilized plots
(Figure 6). In fertilized plots, there is a strong negative
correlation between PV and SV, while there is no
discernible relationship between RV and SV or SDen.
Although there is also a negative correlation between PV
and SV in unfertilized plots, it is lower than that in fertilized
plots. Conversely, a negative correlation between RV and
SV and a positive correlation between RV and SDen are
observed in unfertilized plots, along with a very close
positive correlation between RSurf and SDen.

TABLE 2 Results of µCT analysis for SV, RV, PV, SSurf, RSurf, and SDen (surface density).

Plot

SSurf SD SSurf RSurf SD RSurf

SV
(%)

SD SV
(%)

RV
(%)

SD RV
(%)

PV
(%)

SD PV
(%)

(m2 m−3

soil)
(m2 m−3

soil)
(m2 m−3

soil)
(m2 m−3

soil)
SDen

(103 m−1)
SD SDen
(103 m−1) n

AEG01 42.3 7.2 11.0 4.8 46.7 3.2 3341 173 1750 789 81 19 3

AEG02 58.5 7.4 9.4 1.7 32.1 8.0 2824 358 1216 209 49 8 7

AEG03 68.1 7.6 7.6 2.0 24.3 8.9 2759 267 971 245 41 3 6

AEG04 66.8 16.4 10.3 6.2 22.9 10.6 2421 691 921 114 37 8 4

AEG05 70.5 11.2 6.0 1.5 23.5 12.5 2096 330 590 84 30 7 5

AEG06 63.4 5.2 9.8 3.5 26.8 7.4 2640 362 928 207 42 6 7

AEG07 49.0 3.0 16.4 1.2 34.6 4.1 4344 290 1972 58 89 10 3

AEG08 49.1 4.6 11.5 3.7 39.4 6.0 3084 536 1378 219 63 8 8

AEG09 56.1 6.1 15.6 4.2 28.3 6.0 3335 705 1539 330 61 18 6

AEG10 52.1 2.9 10.5 0.9 37.3 2.2 3975 260 1442 180 77 10 3

AEG11 77.4 3.9 11.5 3.1 11.1 1.9 2978 735 777 218 39 11 6

AEG12 55.6 3.8 7.2 0.8 37.2 4.6 3144 282 1037 90 57 3 3

AEG13 56.7 8.0 9.1 1.4 34.2 6.8 3311 323 1221 263 59 3 3

AEG14 54.9 1.9 6.0 1.0 39.1 0.9 3159 402 836 214 58 9 2

AEG15 82.7 0.8 4.6 1.1 12.7 1.8 2910 177 385 34 35 2 3

AEG16 60.2 8.3 6.9 2.6 32.9 6.1 3275 114 884 334 55 9 3

AEG17 59.9 7.1 9.3 0.5 30.8 7.1 3935 212 1018 56 66 6 3

AEG18 62.6 3.9 5.4 0.6 32.0 4.4 3292 90 749 60 53 4 3

AEG19 58.4 9.7 8.3 2.4 33.3 8.1 3203 83 1057 295 56 9 3

AEG21 55.7 12.2 11.8 2.1 32.5 14.3 3469 790 1267 110 62 1 2

AEG22 63.0 1.7 10.0 0.2 27.0 1.5 3655 154 1140 73 58 1 2

AEG23 53.4 11.0 35.6 3168 1557 59 1

AEG24 73.4 4.6 6.8 0.8 19.8 3.8 3049 351 761 109 41 2 2

AEG25 32.8 1.8 27.1 6.4 40.1 7.6 5568 459 3388 329 170 8 3

AEG27 41.4 3.4 11.7 3.1 46.9 6.5 3813 486 1625 316 92 6 3

AEG28 56.3 1.7 9.3 2.0 34.5 2.2 3328 376 1234 303 59 8 3

AEG30 41.2 2.6 15.4 2.6 43.3 3.6 3564 225 1938 233 86 1 3

AEG31 59.8 5.2 13.7 5.6 26.5 0.4 3492 743 1333 202 58 7 2

AEG32 60.6 2.7 7.8 1.0 31.6 1.9 3331 117 948 87 55 1 3

AEG33 62.0 7.5 10.1 4.3 27.9 9.5 3189 195 1153 296 52 4 3

AEG34 63.0 2.1 5.4 0.7 31.5 1.8 3371 372 752 84 54 8 3

Abbreviations: n, number of replications; PV, pore volume; RSurf, root surface; RV, root volume; SD, standard deviation; SDen, surface density; SSurf, solid surface;
SV, solid volume; µCT, microcomputed tomography.
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Impact of land use intensity on root development
and soil structure

To test which grassland management measures influence
the soil and root parameters determined by µCT and to
what extent, different LM models with the parameters G,

Fe, M, or LUI, LUIi, and LUIs were compared as
candidate models. Except for PV, Fe was the most
important predictor variable for all µCT parameters
(Table 3). Fe alone explains 18% to 27% (see R2 in
Table 4) of the variance of the dependent variables. Fe has
a particular effect on root growth. As Fe increases, RV

FIGURE 2 Boxplots of all the measured microcomputed tomography parameters, subdivided for different types of grassland management.
Grassland use types that do not share a letter are significantly different (p< 0.05).

FIGURE 3 Boxplots of measured microcomputed tomography parameters, divided into unfertilized and fertilized plots, which are significantly
different if the letters differ (p< 0.05).
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and RSurf decrease significantly (p< 0.01). Looking at the
results of the RV–LM model (Figure 7 and Table 4), the
RV of the unfertilized plots is about 12%, with an Fe of
50 kgN ha−1 year−1 on average only 9% (RV decrease
compared to unfertilized plots by 24%) and with an Fe of
200 kgN ha−1 year−1 on average only 7% (RV decrease

compared to unfertilized plots by 43%). The RSurf LM
model also predicts similar percentage decreases, which
are 27% for an Fe of 50 kgN ha−1 year−1 and 46% for an
Fe of 200 kgN ha−1 year−1 of the average RSurf of
approximately 1400m2m−3 soil for unfertilized plots. Fe
also has a negative effect on soil structure, with a decrease

FIGURE 5 Relationship between soil structure and root development depending on grassland use as regression lines with 95% confidence
intervals.

FIGURE 4 Boxplots of all measured microcomputed tomography parameters according to mowing frequency (0 = all pastures without cuts),
which are significantly different if the letters differ (p< 0.05).

180 | KUKA and JOSCHKO

 27701743, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glr2.12077 by L

eibniz Institut Für A
grarlandschaftsforschung (Z

alf), W
iley O

nline L
ibrary on [22/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



in SDen (p< 0.01) and SSurf (p< 0.05) and an increase of
SV (p< 0.05) as Fe increases. According to the LM
models, SDen and SSurf decrease by about 20% and 11%,
respectively, and SV increases by 12% compared to the
unfertilized plots when only 50 kgN ha−1 year−1 is
applied. In contrast, PV appears to be most affected by
M (Table 3), whereas the model explains only 13%
(p< 0.05) of the variance of the dependent variable
(Table 4). However, Figure 7 clearly shows that the PV
decreases with increasing M. The second best model with
PV as the dependent variable is also the model with Fe as
the predictor variable (Table 3), so it can be assumed that
fertilization also has an effect on PV. The LMs with the
LUI parameters as predictor variables were not among the
best candidate models, but since LUI is an integrating
parameter for Fe, M, and G together, these models were
also interpreted, as they all had a dAIC> 2 (Table S1).
With the exception of PV LM, all models with LUI are
also significant (p< 0.05) (Table S2). Figure S2 shows that
SSurf, SDen, RV, and RSurf decrease with increasing
LUI, while SV increases.

DISCUSSION

µCT is a very suitable method for simultaneous root and
soil analysis in undisturbed soil cores (Helliwell
et al., 2013; Mooney et al., 2012; Zhou et al., 2021).
Figure 1 presents representative soil and root structures,
combining two‐dimensional µCT soil images with corre-
sponding 3D µCT root images for a visual assessment of
their spatial relationship. This visualization is crucial for
comprehending belowground interactions, complement-
ing the study's quantitative data. Figure S1 extends the

visual analysis with two additional replicates for each
land use type, highlighting visual similarities. These
consistent patterns support findings' validity and empha-
size the importance of visual analysis. Initial observa-
tions hint at a potential link between soil structure and
root patterns. The identification of root nodules in some
samples adds intrigue, possibly indicating an active
nitrogen‐fixing process affecting nutrient availability
(Mylona et al., 1995). These visual insights enhance our
understanding of root–soil dynamics, adding a qualita-
tive dimension to quantitative results. For instance,
despite the potential exclusion of µCT‐derived parame-
ters as outliers in plot AEG25, both visual representa-
tions and quantitative data in Table 2 underscore its
remarkably dense root network and well‐structured soil.
The data set consistently confirms these characteristics,
demonstrating its reliability.

The measured µCT parameters (PV, SV, RV, SSurf,
RSurf, and SDen) allow conclusions to be drawn
for individual plots, for different land use types, for
management differences such as M and Fe and for LUI
with respect to root–soil characteristics. It seems that the
different land use types and their land use intensity as
meadow, mown pasture, or pasture play a crucial role in
root development and soil structuring. The analysis of µCT
parameters across different land use types revealed
remarkable differences, especially in pastures, where root
development and soil structure were significantly affected.
It is also known that biodiversity is often higher on
extensive pastures due to patch formation (Isselstein et al.,
2005; Ludvíková et al., 2015), which could explain the
significantly higher values for RV and RSurf. However,
when focusing only on unfertilized plots, no significant
differences were observed between meadows, mowed

FIGURE 6 Relationship between soil structure and root development depending on fertilization as regression lines with 95% confidence
intervals.
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pastures and pastures. The limited sample size, especially
the missing multiple unfertilized meadows, may contribute
to the lack of statistical significance in this subset. By
simply applying a straightforward approach of identifying

the maximum and minimum values of µCT parameters,
coupled with their corresponding plots, a discernible
pattern was elucidated indicating the influence of land
use intensity, as determined by the LUI, on both root

TABLE 3 Ranking of best linear models with Akaike information criterion corrected for small sample size (AICc) differences of AICc (dAICc)
for all µCT parameters, that is, SV, RV, PV, SSurf, RSurf, and SDen.

Parameter Linear models AICc dAICc

PV lg(PV) ~ M −32.77 0.33

lg(PV) ~ Fe −31.36 0.16

+lg(PV) ~ G M −30.92 0.13

lg(PV) ~ 1 −30.69 0.12

SV lg(SV) ~ Fe −66.14 0.30

lg(SV) ~ M −65.52 0.22

+lg(SV) ~ G M −64.30 0.12

lg(SV) ~ 1 −62.32 0.04

RV lg(RV) ~ Fe −28.43 0.43

+lg(RV) ~ G Fe −26.31 0.15

+lg(RV) ~ M Fe −26.18 0.14

lg(RV) ~ 1 −21.12 0.01

SSurf lg(SSurf ) ~ Fe −73.29 0.42

lg(SSurf ) ~ LUI −72.23 0.24

+ +lg(SSurf ) ~ LUI LUI LUI : LUIi i −72.14 0.23

lg(SSurf ) ~ 1 −68.68 0.04

RSurf lg(RSurf ) ~ Fe −23.34 0.42

+lg(RSurf ) ~ M Fe −21.17 0.14

lg(RSurf ) ~ LUIi −20.85 0.32

lg(RSurf ) ~ 1 −15.84 0.01

SDen lg(SDen) ~ Fe −33.65 0.41

lg(SDen) ~ LUI −31.90 0.28

lg(SDen) ~ LUIi −31.80 0.27

lg(SDen) ~ 1 −28.14 0.03

Abbreviations: Fe, fertilization level; i, intercept; lg, logarithm to the base 10; LUI, Land Use Intensity Index; M, mowing frequency; PV, pore volume; RSurf, root
surface; RV, root volume; SDen, surface density; SSurf, solid surface; SV, solid volume; µCT, microcomputed tomography.

TABLE 4 Regression data of best LM for all µCT parameters, that is, SV, RV, PV, SSurf, RSurf, and SDen.

LM lg(PV) ~ M lg(SV) ~ Fe lg(RV) ~ Fe lg(SSurf ) ~ Fe lg(RSurf ) ~ Fe lg(SDen) ~ Fe

Intercept 1.542 1.721 1.066 3.550 3.146 1.831

Intercept SE 0.037 0.020 0.037 0.018 0.040 0.034

Slope −0.048* 0.007* −0.017** −0.007* −0.019** −0.014**

Slope SE 0.023 0.002 0.005 0.003 0.005 0.004

R2 0.13 0.18 0.27 0.20 0.27 0.23

F 4.58 6.51 10.74 7.43 10.98 8.50

p 0.041 0.016 0.003 0.011 0.003 0.007

Abbreviations: Fe, fertilization level; lg, logarithm to the base 10; LM, linear models; PV, pore volume; RSurf, root surface; RV, root volume; SDen, surface density;
SE, standard error; SSurf, solid surface; SV, solid volume; µCT, microcomputed tomography.

*p< 0.05, **p< 0.01.
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growth and soil structuring. The comparative analysis
between fertilized and unfertilized plots (Figure 3) reveals
notable differences in µCT parameters, except for PV.
Unfertilized plots show a significant increase in root
growth and an increased level of structural organization
within the soil. This observation is supported by the
application of LMs (Table 3), which indicate that Fe
emerges as a central predictor for most parameters,
explaining a considerable part of the variance. Increased
Fe is associated with decreased RV and RSurf. The
influence of Fe extends to soil structure, correlating with a
decrease in SDen and SSurf and an increase in SV
(Figure 7). These changes highlight the multifaceted effects
of fertilization on both root and soil parameters. Similar
results were found in a study by Holub et al. (2013), where
increasing fertilization and especially N dosage generally
led to better growth of aboveground plant parts, but not of
underground roots. Contrasting studies have reported
increased above‐ and belowground biomass in response to
fertilization (Leuschner et al., 2013; Tomaškin et al., 2013).
The specific factors contributing to this variation, such as
experimental design, soil types or experiment duration,
remain unclear and necessitate further investigation. It is
crucial to note that our study exclusively focused on
permanent grassland, which is commonly managed by
farmers.

In our study, we also observed that as root
development increased, the correlation between
PV and SV decreased, while the relationship between
root development and soil structure increased. Roots
not only occupy PV but also actively contribute to
soil lifting and loosening. Despite potential impedi-
ments such as soil compaction, our results suggest an

inverse relationship: improved soil structure is signif-
icantly associated with increased fine root develop-
ment, particularly evident in a higher ratio of RSurf
to RV.

The effects of fertilization on root development and
soil structure in grasslands represent an important aspect
of soil ecosystem dynamics with significant implications
for ecosystem services (van Eekeren et al., 2010). The
observed phenomenon that unfertilized grasslands show
improved root development and soil structure compared
to fertilized counterparts underscores the complex
relationship between land management practices and
soil health. Unfertilized grasslands show a notable
advantage in root development. This phenomenon is
likely due to the absence of external nutrient inputs,
forcing plants to expand their root systems in search of
essential nutrients (Hodge et al., 2009; Reynolds &
D'Antonio, 1996). As a result, increased root biomass
contributes to improved soil stability and structure
(Angers & Caron, 1998; Bergmann et al., 2016).
Increased root biomass leads to better soil aggregation
(Graf & Frei, 2013), which facilitates better water
infiltration and nutrient retention (Franzluebbers, 2002).
In addition, the increased presence of roots stimulates
microbial activity that promotes organic matter decom-
position and nutrient cycling, thereby enhancing soil
fertility (Cheng & Kuzyakov, 2005). The observed
improvements in soil structure in unfertilized grasslands
can be attributed to the interplay between root growth
and soil stability. Exudates from roots act as binding
agents, holding soil particles together and forming stable
aggregates (Goss & Kay, 2005). This aggregation
increases soil porosity, allowing for better air and water

FIGURE 7 Relationship between dependent variables (all microcomputed tomography parameters) and its predictor variable from the best
linear model (Table 3). Lines depict model predictions with 95% confidence intervals obtained from the best fitting.
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movement, which is critical for nutrient availability and
plant growth (Bronick & Lal, 2005). In addition,
improved soil structure in unfertilized grasslands con-
tributes to erosion control and reduces the risk of soil
degradation. Conversely, fertilizer application alters this
delicate balance by providing plants with external
sources of nutrients. While this addition increases
aboveground biomass and yield, it often comes at the
expense of root development and soil structure (Holub
et al., 2013). In fertilized grasslands, plants rely less on
extensive root systems because readily available nutrients
reduce the need for deep exploration. This can result in
reduced root biomass and less developed root networks.
In addition, overfertilization can lead to soil compaction
and nutrient imbalances that negatively affect soil
microbial communities and overall soil health. Mowing
frequency also has an impact on soil compaction, as
significantly higher SV was found for three cuts per year
compared to pastures. However, three cuts per year is
only an intermediate land use intensity that needs to be
verified with higher numbers of cuts, since a trend but no
significant differences could be found compared to one
and two cuts per year. To study the impact of mowing
frequency on soil and root parameters in more detail,
further µCT studies should be carried out on plots with
up to six cuts per year on intensively managed plots. Our
research findings notably support our third hypothesis,
indicating that heightened land use intensity, marked by
increased fertilization and mowing frequency, leads to
diminished root growth and adverse effects on soil
structure.

This study demonstrates the excellent suitability of
µCT for investigating the relationship between soil
structure and root development, but also offers further
potential for investigating soil as a habitat for soil
organisms. These relationships make µCT an objective
and standardizable method to quantify soil quality and
soil health. In addition, AI can play an important role
in future work in the analysis of µCT data, for which
basic principles have already been developed (Wieland
et al., 2021).

Future µCT analyses will be conducted on other
soil types to investigate the dependence of root
development and soil structure on site‐specific soil
parameters such as clay and carbon content. In
addition, µCT will be used to study the soil as a
habitat for soil organisms, for example, to elucidate
relationships between microbiology or edaphon and
soil structure and their influence on soil turnover
processes and carbon sequestration.

CONCLUSIONS

The analysis of the µCT parameters in relation to
grassland management practices provides valuable in-
sights into the soil and root characteristics. The
comparison of data reveals distinct differences between
various land uses and fertilizer applications, mowing
frequency and in general depending of land use intensity.
In summary, these findings suggest that grassland
management practices, particularly fertilization and

mowing frequency, significantly influence soil structure
and root development. Fertilization appears to notably
affect root growth and soil structure, while mowing
frequency correlates with soil structure changes. Under-
standing these relationships can aid in formulating more
effective land management strategies tailored to specific
soil and root characteristics. In conclusion, the contrast-
ing effects of fertilization on root development and soil
structure in grasslands illustrate a critical trade‐off
between immediate productivity gains and long‐term
soil health and ecosystem services. Unfertilized grass-
lands show superior root growth and enhanced soil
structure, fostering a healthier soil ecosystem that
supports various ecosystem services. Understanding
these dynamics is essential for developing sustainable
land management practices that prioritize soil health
while optimizing agricultural productivity. This insight
can guide policies and practices aimed at balancing
productivity goals with the preservation and enhance-
ment of soil ecosystem services and soil health.
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