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Macropores are an important part of soil structure. However, in alpine regions,
the effects of soil macropores on soil properties and vegetation growth are not
clear. We used the X-ray computed tomography (CT) method to obtain 3D images
and visualize the distribution and morphology of soil macropores. By combining
principal component analysis (PCA) and stepwise regression methods, we studied the
relationships between soil macropores and both soil properties and vegetation growth
in three types of grassland [alpine degraded steppe (ADS), alpine typical steppe (ATS),
and alpine meadow steppe (AMS)] on the Tibetan Plateau. More tubular and continuous
macropores occurred in the soil profiles of the AMS and ATS than in that of the
ADS. In addition, the AMS soil had the highest macropore number (925 + 189), while
the ADS soil had the lowest macropore number (537 4+ 137). PCA and correlation
analysis suggested that macroporosity (MP) has significant positive correlations with
the contents of soil organic matter, total nitrogen (TN), available phosphorus (AP) and
total phosphorus (TP) (p < 0.05). The two parameters with the greatest influence on
aboveground and belowground biomass were the shape factor (p < 0.05) and MP
(o < 0.05), respectively. However, there was no significant correlation between plant
diversity and soil macropores. We conclude that the irregularity of soil macropores
restricts the growth space of roots and causes plants to sacrifice the accumulation
of aboveground biomass for that of roots to find suitable sites for nutrient and
water absorption.

Keywords: soil macropore, biomass, plant diversity, alpine stony soil, X-ray CT

INTRODUCTION

Soil structure can regulate biophysical and chemical processes and properties in soil that are
associated with soil function and plant growth, such as water retention and infiltration, gas
exchange, soil organic matter and nutrient dynamics, root penetration and sensitivity to erosion
(Bronick and Lal, 2005; Guimardes et al., 2017; Rabot et al., 2018). Soil structure and its effects
on soil function deserve further research because soil structure affects soil water dynamics and
nutrient cycling and thus is of great significance for understanding the relationship between soil
and plant growth (Kuka et al., 2013). The term soil structure refers to the spatial arrangement
of solids and voids across different scales without considering the chemical heterogeneity of the
solid phase (Rabot et al., 2018). From the pore perspective, the soil structure is defined as the
combination of different types of pores, where the surfaces of soil particles are assumed to be

Frontiers in Ecology and Evolution | www.frontiersin.org 1

September 2021 | Volume 9 | Article 678186


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.678186
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.678186
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.678186&domain=pdf&date_stamp=2021-09-23
https://www.frontiersin.org/articles/10.3389/fevo.2021.678186/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Zheng et al.

Soil Macropores Affect Plant Biomass

the pore wall (Pierret et al., 2002; Jarvis, 2007; Colombi et al.,
2017; Rabot et al,, 2018). According to pore size, pores are
generally divided into macropores, mesopores and micropores.
Due to inconsistent classification criteria for macropores, the
definitions of the equivalent pore size of macropores are
somewhat vague in the literature, with some being greater than
1 mm and some greater than 3 mm (Iversen et al., 2012), although
macropores are usually defined as pores having an equivalent
diameter greater than 0.5 mm (Hlavacikova et al., 2019).

Macropores are free spaces in the soil, and they form through
plant root decay, soil faunal and microorganism activities,
erosive processes and wetting and drying of the soil (Beven
and Germann, 2013). Macropores are not only physically but
also chemically and microbiologically different from the soil
and may be rich in pathogenic or symbiotic microorganisms
or depleted in nutrients (Passioura, 1991). In structural soils,
macropore flow is the main process underlying priority flow;
moreover, preferential flow pathways are considered biological
hotspots, with a concentration of active microbial biomass (Jarvis,
2007, Jarvis et al., 2016; Zwartendijk et al., 2017; Fuhrmann
et al., 2019). Beven and Germann (2013) suggested that during
extreme rainfall, water flow is dominated by macropores, with
the remaining pores being either dry or reached by only a small
amount of water. Soil with macropores is highly aerated, and
the body mucous of soil animals such as earthworms easily
attaches to macropore walls; thus, the macropores represent
a potential nutrient-rich area for plants (Kuka et al., 2013;
Kautz et al., 2013, 2014).

In addition, macropores can affect root growth into the subsoil
and allow the root system to pass through otherwise impermeable
soils and access a larger pool of water and mobile nutrients
(Hodge et al., 2009). Soil macropores play important roles in
plant growth; in the subsoil, plant roots preferentially grow in
macropores, which may have been formed by worms or by the
roots of previous plants (biopores) or by gross movement of
the soil to form slickensides and similar fissures (Hamblin and
Hamblin, 1985; Athmann et al., 2013; Han et al., 2015). Regardless
of the additional nutrient incentives of the macropore linings,
root growth along macropores can improve plant access to
subsoil areas with sufficient nutrient resources (Bauke et al., 2017;
Landl et al., 2017). The effects of macropores on the hydrological
process and nutrient cycle remain unclear, although it has been
proposed that macropores represent hotspots of hydrological
processes and nutrient cycles related to vegetation growth in
alpine soil (Hu et al., 2020; Maier et al., 2020).

The Tibetan Plateau is characterized by low temperatures,
dryness, ultraviolet radiation, freeze and thaw cycles and a short
growing season, and the alpine grassland on the plateau is one
of the most sensitive and vulnerable ecosystems to regional
climate change and human activities (Xu et al., 2010). The soil
structures under alpine vegetation can differ from those in non-
alpine areas that contain fewer rock fragments (Gao et al., 2020);
alpine grassland soil exhibits obvious stony characteristics, and
the soil macropore size is different from that in non-alpine areas
(Wang et al,, 2011; Qin et al., 2015). Therefore, the vegetation
in alpine areas grows under unique soil conditions and harsh
climate conditions.

Due to differences in water and temperature conditions,
soil animals, plants, etc., different grassland types vary in their
influences on soil pore structure (Hu et al., 2016, 2020; Gao
et al., 2020; Meurer et al., 2020); however, the effects of different
soil macropore structures on soil properties and vegetation
growth are not yet clear. Additional research is needed to
clarify whether soil macropores have important influences on
soil physicochemical properties and plant growth in alpine stony
soils and to assess their ecological function in maintaining the
sustainable development of natural grassland ecosystems. We
hypothesized that (1) soil macropore structure differs among
the three grassland types on the Qinghai-Tibet Plateau and (2)
the differences indirectly affect the growth of vegetation through
their effects on soil physical and chemical properties (Leue
et al,, 2016; Zhang et al.,, 2017). Therefore, the objective of this
study was to quantify the soil macropore features of three types
of alpine grasslands using X-ray computed tomography (CT)
imaging techniques and provide a better understanding of the
interactions between soil properties and plant growth on the
northeastern Tibetan Plateau.

MATERIALS AND METHODS
Study Area

This study was performed on the northeastern edge of the Tibetan
Plateau in the Tianzhu alpine steppes of Gansu Province, which
has a typical continental plateau climate (Figure 1). The Tibetan
Plateau has a mean elevation of more than 4,000 m, and the
high altitude leads to harsh climate conditions, including low
temperatures, low moisture levels, high ultraviolet radiation,
freeze and thaw cycles and a short growing season. Between
1957 and 2015 in the Jingiang River watershed, the mean annual
temperature was —0.1°C, and the annual mean precipitation
was 400 mm. Approximately 70-80% of the annual precipitation
occurs from June to September (Wang et al., 2019). Winters are
cold and dry, and summers are warm and wet.

To investigate the differences in the features of soil
macropores among different grassland types, we selected three
typical grassland types in the region: alpine degraded steppe
(ADS), alpine typical steppe (ATS) and alpine meadow steppe
(AMS) (Sun et al, 2016). The dominant plant species are
Agropyron cristatum Linnaeus, Achnatherum splendens Trin. and
Stipa capillata Linnaeus in the ADS; Stipa capillata Linnaeus,
Artemisia frigida Willdenow, and Euphorbia fischeriana var.
komaroviana (Prokhanov) in the ATS; and Potentilla bifurca
Linnaeus, Kobresia myosuroides (Villars) Fiori and Carex
moorcroftii Falconer ex Boott Trans in the AMS. Detailed
information can be found in Table 1.

Field Vegetation Investigation and Soil
Sampling

A soil survey and a sampling campaign were carried out during
the active vegetation growth period (July) on the northeastern
Tibetan Plateau in 2019. We selected three typical grassland types
(ADS, ATS, and AMS) to investigate the vegetation and soil
physiochemical properties in forbidden grazing areas. In each
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steppe (ATS) and alpine meadow steppe (AMS).

FIGURE 1 | Study area (red circle) and sampling sites (orange unfilled dots). Landscapes of the field sampling sites of alpine degraded steppe (ADS), alpine typical

TABLE 1 | Site information for the three grassland types.

Type Latitude°N Longitude’E Elevationm Soil layercm Slope position Slope aspect Slope°
ADS 37.08 103.43 2675 0-30 Middle Southeast 4
ATS 37.20 102.78 2858 0-30 Middle Southeast

AMS 37.29 102.43 3641 0-20 Middle Southeast 10

ADS denotes alpine degraded steppe, ATS denotes alpine typical steppe, and AMS denotes alpine meadow steppe.

grassland type, three small plots (with 50 m between adjacent
plots) of 50 cm x 50 cm were set up to investigate the abundance
of plant species and calculate the plant diversity (Simpson’s
index) (Fayiah et al., 2019); then, the aboveground part of each
plant was cut off as close to the ground as possible to calculate
the aboveground biomass, and the soil under each plot was
sampled to determine the belowground biomass in the depth
range of 0-30 cm. Next, a standard ring cutter with a volume
of 100 cm?® (50.46 mm in diameter and 50 mm in height) (Yang
et al., 2008) was used to collect samples along the soil profile
at 0-10, 10-20, and 20-30 cm to calculate the soil bulk density
(BD), field water capacity (FC), and soil porosity (SP). At the
same position the cutting ring was employed, we used a small
shovel to collect approximately 200 g of soil, which was air dried
at room temperature and sieved to measure the soil particle
composition (clay, silt and sand contents) and soil nutrients
[soil organic carbon (SOC), total nitrogen (TN), nitrate nitrogen

(N-NO;37), ammonium nitrogen (N-NH4"), total phosphorus
(TP), available phosphorus (AP), total potassium (TK), and
available potassium (AK)].

For the collection of undisturbed soil columns for X-ray 3D
scanning, we used polyvinyl chloride (PVC) cylinders (3 mm
thick walls, diameter 11 cm, length 30 cm) with beveled edges
at the bottom to house the soil columns. Before sampling the
original soil column, we carefully picked up and moved shrubs
and grass from the ground to minimize disturbance. First, each
plot was prepared to collect six replicate samples. Because of the
high content of rock debris in the soil of the Qilian Mountain
area, sampling was difficult and sometimes resulted in the rupture
of the PVC cylinders, and the soil column could not be used
in the later stage. Ultimately, only three replicates were selected
for each grassland type. Because of the high number of rocks
in the AMS soil, which was highest among the three grassland
types, only 0-20 cm soil columns were obtained. Soil column
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sizes of soil macropore surface area (F).

FIGURE 2 | Processing steps of the scanned images of the soil column using Avizo 2019.1 software: 3D imaging of the original soil column (A), top view (B) and
lateral view (C) of ROI (cylinder), cross-section of interactive thresholding segmentation (D), 3D reconstruction of soil macropores (E), and different colors for different

extraction followed the procedure of Sammartino et al. (2012).
The soil column was sealed with gauze and plastic film, wrapped
in sponge, packed in wheat straw, and transported carefully to
avoid compaction and evaporation. We randomly selected three
undisturbed soil columns (as replicates) for each grass type and
obtained a total of 9 soil column samples for the analysis of soil
macropore properties.

Laboratory Analysis

Plant samples and roots were carefully washed, dried in an oven
at 65°C for 72 h, and then weighed with an electronic scale. Soil
samples used for the determination of soil chemical properties
were air dried and passed through a 2 mm sieve. We used
the dichromate oxidation method to determine the content of
SOC; the micro-Kjeldahl method to determine TN; the alkali
diffusion method to determine TP, TK and available nitrogen
(N-NH,4 Tt and N-NO3™); and the sodium bicarbonate (NaHCO3)
digestion-Mo-Sb colorimetry method (NaHCO3) to measure AP
(Nelson and Sommers, 1982; Jackson, 2005; Bhattacharyya et al.,
2006). The soil samples collected with the cutting ring were dried
ina 105°C oven for 48 h to a constant weight and used to measure
BD, FC, and SP (Zhen et al., 2017).

Quantification of Soil Macropores Using
Computed Tomography Scanning

Undisturbed soil columns were scanned by a helical medical
CT device (SOMATOM Definition Flash, SIEMENS, Germany)
with an excitation voltage of 140 kV at 300 mA at the First
Hospital of Lanzhou University. The scanning produced images
with 512 pixels x 512 pixels per slice, and the voxel resolution
was 0.236 mm x 0.236 mm x 0.6 mm in each reconstructed
image. Each column was scanned vertically and generated more
than 500 slices, and invalid top and bottom images were removed.
Approximately 500 images were used for subsequent analysis.
Avizo 2019.1 (FEL, 2016) software was used for all of the
image processing and parameter calculation of the CT images.

First, a cylindrical cropping tool was used to obtain the region
of interest (ROI): the images were cropped to exclude the area
outside the soil column, and all images were carefully examined
to identify any soil columns with obvious unnatural macropore
morphology caused by the sampling. The edge of each soil
column was cut to reduce any possible sampling interference
along the edge, and the diameter of each soil column was
reduced to 90 mm (Figures 2B,C). Second, to improve the
image quality, a median filter (radius of 3.0 pixels, a commonly
used image-processing method) was used to minimize the noise
from all the reconstructed volumes (Hu et al., 2019). Then,
a Plexiglas cylinder (0.9 cm in diameter) was inserted into
the soil core and removed, its diameter was measured with a
digital caliper, and the core was scanned using a helical medical
CT device. We assumed an initial threshold to calculate the
macropore size when using Avizo 2019.1 software and compared
the calculation result with the measured size obtained with
a digital caliper. If the difference between the calculated and
measured sizes was significant, another threshold was applied to
continue the calculation; therefore, the difference was less than
1% (Li et al., 2013; Hu et al., 2016).

After segmentation, the soil macropore networks were
reconstructed, and the 3D distribution along the column depth
and size distribution [sorted by macropore surface area (SA)]
were visualized (Figure 2). Since macropores are randomly
distributed throughout the soil body, they are sheet-like rather
than cylindrical (De Las Cuevas, 1997). The shape of the
macropores was irregular and interpreted in three dimensions
using Avizo software; therefore, the macropore size was sorted by
SA instead of the equivalent radius in this study. According to SA,
the macropores were divided into four categories and assigned
different colors: 3.14 < SA < 25 mm? (yellow), 25 < SA < 50
mm? (green), 50 < SA < 100 mm? (blue) and SA > 100 mm?
(red). According to Poesen and Lavee (1994), macropores are
defined as soil pores with an equivalent radius larger than 0.5 mm,
and the SA of a sphere with a radius of 0.5 mm is 3.14 mm?.
Thus, macroporosity (MP) in this study specifically refers to the
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volumetric fraction of pores with an SA > 3.14 mm? (Poesen
and Lavee, 1994). In addition, the overall MP, mean number,
shape factor (a parameter that describes the shape of an object
and equals 1 for a perfect sphere, SF = SA®/36V?) and volume
were calculated using Avizo 2019.1. Typically, macropores are the
pathways for the movement of water, air and chemicals in soil.
However, the equivalent diameter and shape factor of macropores
affect their function, since not all macropores are cylindrical
(Poesen and Lavee, 1994; Hillel, 1998).

Statistical Analysis

We analyzed the differences in the number, volume, equivalent
radius, SA, shape factor and porosity of soil macropores
among the three grassland types using one-way ANOVA
followed by multiple comparisons performed using Tukey’s
post hoc test. Differences obtained at a level of p < 0.05
were considered significant. To identify the effects of soil
macropores on soil physiochemical properties, a principal
component analysis (PCA) was conducted to reveal the relations
between the distributions of soil physiochemical properties of
different grassland types and soil macropore parameters and
the contribution of each macropore parameter (Sharifzadeh
et al., 2017). The differences in soil physiochemical properties
among different grassland types were compared using the one-
way ANOVA method as a supplementary method. Finally, a
regression analysis was performed to determine the effects of
MP and the shape factor on plant communities. We selected
a stepwise regression method to reduce the collinearity among
the parameters of soil macropores. One-way ANOVA and
stepwise regression analysis were performed using SPSS 20.0
software (IBM SPSS version 20, Chicago, IL, United States). PCA
and graphing were performed using Canoco 5.0 software, and
regression analysis graphs were generated using Origin 2017. As
this study is an exploratory study, we here report uncorrected P
values (Roback and Askins, 2005; Jischke et al., 2020).

RESULTS

Soil Characteristics of Different
Vegetation Types

A variance analysis of the soil properties of the 0-30 cm soil
profile at the three sites (ADS, ATS, and AMS) revealed the main
differences among the locations (Table 2). Soil BD exhibited the
order ADS > ATS > AMS, but the difference between ADS and
ATS was not significant. The difference in total porosity between
ADS and AMS was not significant, and the values in both of these
grassland types were higher than that in ATS. The field water
holding capacity of AMS was higher than that of ADS and ATS.
The contents of SOC and TN differed among the sites (p < 0.05,
Table 2). In addition, the TP content of AMS was much higher
than that of ADS and ATS, but there was no significant difference
in the distribution of TK in the soil at 20~30 cm among the sites,
whereas the TK contents in the 0~10 and 10~20 cm soil layers
were much higher in ATS than in ADS and AMS. In terms of the
available nutrients, the N-NH4+ and N-NOj levels in ATS and

TABLE 2 | Physical properties of soil under the three grassland types.

AK
(g9kg™")

N- NH4* N-NO3~ ™ AP TK
(g kg™") (g kg™") (9kg™)

™
(9kg™)

soc
(9 kg™")

Total porosity Field capacity

Type Depth Bulk density

(9kg™)

(9kg™)

(cm3cm~3) (%)

(g em~3)

(cm)

0.09 =+ 0.00ab
0.08 £ 0.00a

5.43 £0.15a

0.59 &+ 0.05a 0.0015 =+ 0.00a
0.62 £ 0.02a 0.0009 + 0.00a

0.63 £ 0.03a 0.0007 + 0.00a
0.61 4+ 0.03a 0.0010 =+ 0.00a

2.27 £0.12a 0.0054 + 0.00a 0.0077 =+ 0.00a
210+ 0.17a 0.0035 £ 0.00a 0.0039 + 0.00a

2.00 £ 0.21a 0.0022 £+ 0.00a 0.0041 + 0.00a

22.59 + 0.87a
18.561 £1.73a
16.32 £ 2.43a
18.81 £2.31a

4218 £ 0.47a

52.12 + 5.42a

113+ 0.02a
1.11 £ 0.04a

1.00 £ 0.01a

0-10
10-20
20-30

0-30

ADS

5.567 £ 0.20ab
5.65 £ 0.19a

55.52 + 14.53a 42.80 £ 6.73a

52.87 + 8.34a
53.50 + 6.93a

0.08 £ 0.00a

52.16 + 3.30a
45.71 + 2.86a

0.08 + 0.00a

5.55 +0.18a

212 £0.14a 0.0037 + 0.00a 0.0234 + 0.00a
3.43 £0.090 0.0074 +0.00a 0.0129 £ 0.00b

1.08 + 0.02a
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AMS were much higher than those in ADS, and AP in AMS was
much higher than that in ADS and ATS. The differences in the
distribution of soil AK in the 10~30 cm layer were not significant.

Macropore Characteristics
The 3D visualizations of the macropore networks in the soils at
the ADS, ATS, and AMS sites are shown in Figure 3. Overall, the
number of macropores in the soil profile gradually increased from
ADS to ATS and from ATS to AMS, and the numbers of red and
blue macropores increased significantly. The red macropores in
the ADS were mainly concentrated at the depth of 10 cm, and
the macropores of the other three levels were evenly distributed
in the soil profile. The ATS soil had the largest number of
blue macropores among the grassland soils, which were evenly
distributed throughout the soil profile (Figure 3). The AMS soil
had the most abundant macropores (925 =+ 189), and macropores
of all levels were evenly distributed in the AMS soil, in contrast to
the distributions in the ADS and ATS soils.

Macropore number was significantly greater in the AMS
than in the ADS and ATS, which is consistent with the 3D
visualizations of the soil columns. Significant differences in mean

macropore volume or equivalent diameter among the three types
were not observed (Table 3). Without stratification to describe
the soil structure, significant differences among the soil types
were not observed in mean SA, while at the depth of 0-10 cm,
macropore SA was larger in the AMS than in the ADS and ATS,
and at 20-30 cm depth, macropore SA was larger in the ATS than
in the ADS (p < 0.05). The mean shape factor followed the order
ADS > ATS > AMS. In contrast, the mean MP followed the order
AMS > ATS > ADS (p < 0.05) (Table 3).

Effects of Macropores on Soil

Physicochemical Properties

The results showed that PC1 and PC2 accounted for 83.37% of
the explainable variance (Figure 4). As shown in Figure 4, the
contribution of MP was greatest (22.1%), followed by that of the
macropore number (18.8%) and shape factor (12.8%).

The PCA results showed that MP was positively correlated
with SOC, TN, TP and AP (p < 0.001) and that macropore
number was significantly correlated with SOC (p < 0.001), TN
(p < 0.001) and AP (p < 0.05). Soil BD had significantly negative

Soil depth (mm)

Alpine degrade steppe

Alpine typical steppe

FIGURE 3 | 3D visualization of soil macropore networks in the soil columns of the ADS, ATS and AMS. Yellow represents the surface area (SA) range
0.5 < SA < 25 mm?; green represents the range 25 < SA < 50 mm?; blue represents the range 50 < SA < 100 mm?; and red represents the range SA > 100 mm?.

Alpine meadow steppe

TABLE 3 | Macropore characteristics under the three grassland types.

Type Soil layer (cm) MN MV (mm?3) Md. (mm) MSA (mm?2) MSF MP

ADS 0-10 202 + 62a 4.67 + 0.26a 1.87 £ 0.02ab 16.27 £ 0.72a 2.20 £ 0.07a 0.0018 + 0.0002a
10-20 201 + 56a 6.57 £ 0.58a 1.98 + 0.03a 21.97 + 1.45a 3.06 £ 0.13a 0.0024 + 0.0002a
20-30 134 + 35a 7.63 £ 1.62a 1.96 + 0.04a 23.89 + 3.49a 3.02 £0.17a 0.0015 + 0.0001a
0-30 537 £ 137a 6.12 £ 0.47a 1.93 +£ 0.02a 20.30 £+ 1.06a 2.73+£0.07a 0.0019 + 0.0005a

ATS 0-10 541 £ 176b 4.50 £0.17a 1.83 +£ 0.02a 156.89 £ 0.47a 2.19 £ 0.05a 0.0051 + 0.0005b
10-20 363 + 65a 5.52 +£0.32a 1.90 + 0.02b 19.14 £ 0.91a 2.51 £ 0.09p 0.0039 + 0.0005b
20-30 116 + 67a 21.08 £ 8.51b 2.14 +0.08b 54.41 £ 18.69b 4.46 + 0.85a 0.0015 + 0.0002a
0-30 1020 £+ 100b 6.75 £ 0.98a 1.89 £ 0.01a 21.43 £ 2.37a 2.56 £ 0.11a 0.0035 + 0.0010b

AMS 0-10 531 £+ 82b 6.74 £ 0.74b 1.90 + 0.02b 20.59 + 1.54b 2.26 +0.08a 0.0050 + 0.0005b
10-20 394 + 136a 6.36 + 0.44a 1.91 £ 0.02b 20.96 + 1.14a 2.45 + 0.08b 0.0044 + 0.0009b
0-20 925 + 189b 6.58 + 0.46a 1.90 + 0.02a 20.75 + 1.01a 2.34 £ 0.06b 0.0047 + 0.0014b

All data are expressed as the mean + standard error (SE) of the mean. MN, mean number; MSA, mean surface area of all macropores;, MSF, mean shape factor; MV,
mean macropore volume; Mde, mean equivalent diameter; MP, mean macroporosity. Different lowercase letters within a column indicate significant differences among

the three grassland types in the same soil layer (P < 0.05).
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relationships with macropore SA, volume and the shape factor model. The regression analysis revealed that the macropores
(p < 0.05, Figure 4). had a great impact on the belowground biomass of the
three types of grassland communities (Figure 5A, R? = 0.562,

. . < 0.05). Similarly, only one parameter, the macropore
Relationships Between Macropores and Is)hape factor, was ezteredyinto tﬁ)e model of abovegrorzlnd
Plant Growth biomass, and it was shown to affect the aboveground biomass
Stepwise regression reduced the collinearity among the soil of each grassland type community (Figure 5B, R*> = 0.47,
macropore parameters such that only MP was input into the p < 0.05). However, none of the macropore parameters were
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input into the model of vegetation diversity of the three
grassland types.

DISCUSSION

Alpine steppe soil contains many rock fragments; thus,
quantifying macropores via traditional methods leads to
inaccuracies, overestimating or underestimating the effects of
macropores on soil properties and vegetation growth (Bauke
et al,, 2017; Ilek et al,, 2019). Using X-ray CT technology, soil
macropores can be visualized and quantified in undisturbed
soil columns. The results of the 3D visualization of the soil
macropore network showed that the soil MP in the AMS was
larger than that in the ATS and that the macropore content
was smallest in the ADS (Figure 3 and Table 3), which may
be related to the location of the northeastern Tibetan Plateau
in an arid area of northern China and the limited precipitation
received by degraded grasslands. The ADS is located in the arid
and semiarid region of northern China and has a lower altitude
than the other two steppe regions, which leads to lower activity
levels of soil animals (e.g., earthworms) and plant roots that
promote the formation of macropores in this region than in
typical grasslands and alpine meadows. Generally, low macropore
contents are observed in degraded grasslands (Hu et al., 2020).
Kravchenko et al. (2015) proposed a feedback process in which
more pores lead to stronger microbial activity, which promotes
soil animal and plant activities and leads to the production of
more pores (Meurer et al., 2020). In the 3D visualization, the
ADS soil had almost no tubular or highly continuous large pores,
while the other two grassland types exhibited many pores of
this type (Figure 3); the pattern in ADS soil was caused by the
reduced activities of soil animals and plant roots. This finding is
consistent with the work of Luo et al. (2010), who demonstrated
that highly continuous, tubular soil macropores are formed by
earthworm activity and root decay. Hu et al. (2020) reached a
similar conclusion in their study of typical meadow soil types on
the Tibetan Plateau.

Although significant differences in macropore volume,
equivalent diameter and SA in the 0-30 cm soil profile were not
observed among the three steppes, macropore volume, equivalent
diameter and surface area in the 0-10 cm surface soil were
significantly larger in the AMS than in the ATS and ADS
(Table 3), which may be related to the mostly cold-tolerant
plant species with well-developed root systems that occur in the
AMS. The main roots and coarse roots of meadow plant species
are mainly distributed in the topsoil (Hu et al., 2019). The soil
moisture contents of the ADS and ATS are low, and most of the
plant roots have to extend to great soil depths to absorb water and
nutrients (Cai and Shen, 2002; Wu et al., 2011; Zhang et al., 2017).
Hu et al. (2019) used X-ray tomography to study the relationship
between the root system and macropores in undisturbed soil
under different shrubs in northern China and found that the
soil MP and mean macropore volume showed significant positive
correlations with the root network.

The PCA results showed that the first two principal
components explained 69.46% of the variation in soil physical

and chemical properties, of which soil MP accounted for
approximately one-third, at 22.1%. These findings suggest
that the soil macropore structure can determine the soil
physicochemical properties to large extents. The correlation
analysis results also showed that soil MP had significant positive
correlations with the SOC, TN, AP and TP contents (Figure 4),
which may be related to the large amounts of organic coatings
attached to the soil pore wall in structural soil (Gerke et al,
2012; Leue et al, 2016). These findings are consistent with
the results of Zhang et al. (2017), who reported that soil
macropores increase soil aeration, which enhances the microbial
activity in the macropores, the decomposition of dead animal
and root litter, and the release of organic matter (Luo et al,
2010). Previous studies have shown that soil macropores can
be regarded as biogeochemical hotspots because the biopores
formed by biological activities (earthworm and root activities) are
rich in various microorganisms, and the aeration of macropores
accelerates the turnover rate of nutrients, such as N and P,
and thus increases the supply of soil and plant root nutrients
(Bundt et al., 2001; Kuzyakov and Blagodatskaya, 2015).

The effects of soil macropores on nutrient contents impact
plant growth (Passioura, 1991). Our results showed that among
the studied factors, the macropore shape factor had the greatest
impact on the aboveground biomass of the three grasslands. As
the macropore shape factor increased, the aboveground biomass
declined (Figure 5A), which may have been related to the more
irregular shape and poorer connectivity of macropores with a
larger shape factor. Under such conditions, plant roots cannot
easily extend into the soil, which leads to insufficient nutrients
and water for plant growth and a decline in aboveground
biomass. Similarly, the belowground biomass increased with
soil MP, indicating that the soil macropores provide enough
space for root organisms to obtain nutrients and water. Previous
studies suggest that an increase in MP allows more P to be
transported from the surface soil to the root systems for root
system construction and that the presence of macropores leads
to a higher growth rate of the root system (Athmann et al., 2013;
Gaiser et al., 2013; Han et al., 2015).

CONCLUSION

In this study, the characteristics of soil macropores in three alpine
grasslands in the northeastern Tibetan Plateau were visualized
and quantitatively analyzed using the X-ray CT technique. The
results showed that the macropores were significantly different
among the three grasslands and that the vertical distribution of
macropores in the soil profile also differed among the different
types of grassland soil. The AMS soil had more macropores
than the other soil types, and the relatively increased macropore
content in the AMS promoted the turnover of soil nutrients;
thus, the AMS aboveground biomass was higher than that of
the other two steppes. However, the impact of macropores on
biodiversity in the three grasslands (Simpson’s index) was not
statistically significant. We conclude that macropores in alpine
stony soils can increase soil nutrients, improve soil conditions,
and provide space for plant root growth, thereby promoting
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plant biomass. However, this promotion effect does not vary with
plant species. These findings deepen our understanding of the
effects of soil macropores on the physiochemical properties of soil
and plant growth in alpine stony soils and provide a theoretical
basis for maintaining the sustainable development of natural
grassland ecosystems.
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