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Abstract: Understanding the relationship between root systems, soil macropore networks, and soil
hydraulic properties is important to better assess ecosystem health. In this study, treatments were
performed in forested wetland soils with different vegetation densities, i.e., large (LWa) and small
communities (LWb) of reed (Phragmites australis (Cav.) Trin. ex Steud.). At each plot, three undisturbed
PVC cylinders (10 cm in diameter and 50 cm in height) were obtained, and X-ray microtomography
(µCT) scanning was used to determine the root and macropore architectures. Results showed that
the values of total root length and total root volume at LWa were significantly larger than those at
LWb (p < 0.05). Imaged macroporosity, macropore volume, macropore length density, macropore
node density, macropore branch density, mean macropore surface area, mean macropore diameter,
and mean macropore volume at LWa were significantly larger than those at LWb (p < 0.05), whereas
mean macropore length, mean macropore branch length, and mean macropore tortuosity at LWb
were larger than those at LWa. Total root length and total root volume were positively correlated with
soil saturated hydraulic conductivity. Imaged macroporosity, macropore volume, macropore length
density, macropore node density, macropore branch density, mean macropore surface area, mean
macropore diameter, and mean macropore volume were positively correlated with soil saturated
hydraulic conductivity, whereas mean macropore length, mean macropore branch length, and mean
macropore tortuosity were negatively correlated with soil saturated hydraulic conductivity. In
conclusion, root systems and soil macropore networks constitute a complex synthesis inside soil
environments, and together affect soil hydrological responses.

Keywords: root systems; soil macropores; soil saturated hydraulic conductivity; Yellow River Delta

1. Introduction

The Yellow River Delta is one of the most active deltas in China [1]. Forested wetland
is an important component in this area, which shows positive influences on soil and water
conservation, ecological functions, and vegetation interactions with soil erodibility [2,3].
However, during the last several decades, the delta has experienced environmental changes,
such as agricultural exploration, expansion of the urban residential area, vegetation degra-
dation, and petroleum refining, which result in deterioration of the structure and function of
the wetland ecosystems [4]. For example, the overexploitation of petroleum in the delta can
cause a series of environmental problems. The petroleum that is retained in the soils cannot
be removed by the power of nature. Further, it can be transported efficiently through soil
macropores to the groundwater levels. In particular, more soil fissures could be developed
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due to the serious degradation of forested wetland. Therefore, it is vital to develop a com-
mon method to restore the degraded wetland. Reed is one of the most widely distributed
dominant species in the Yellow River Delta. Reed community is widely distributed in
coastal marshes with shallow groundwater depth. It can withstand and present different
ecological characteristics with different water and salt habitat conditions. Reed plays an
important role in forested wetland ecosystems [5] due to its purification of wastewater and
its accumulation of nutrients. Reed is used in the restoration and reconstruction of wetland
ecosystems. Root systems of reed are the interface between aboveground vegetation and
belowground soils. They can not only support vegetation growth by absorbing water,
minerals, and nutrients from the soils, but they also form more root channels during their
decomposition. However, in different stages of wetland restoration, how the root systems
of reed community interact with the surrounding soils (i.e., soil macropores) is still unclear.

Soil macropores formed by root systems are a major factor influencing water flow
and solute transport [1]. The interaction between root systems and soil macropores is
increasingly studied [4,6–8]. Most studies quantifying the interaction between root systems
and soil macropores have shown that root systems can promote the formation of soil
macropores and increase soil microporosity [7]. For example, Bodner et al. [9] concluded
that coarse root systems increased macroporosity (larger than 37.5 µm in diameter) by 30%,
and root biomass increased soil macropore area and length. Hu et al. [7] found that a large
number of soil macropores in soils can be attributed to the greater development of root
systems. Root systems affect soil macropore architecture through mechanical intercalation
and by squeezing the surrounding soils during the intercalation processes [10]. Therefore,
understanding the interaction between root systems, soil macropores, and soil hydrology
could provide more information for the development of degraded wetlands. Root systems
and soil macropore networks play crucial roles in soil hydrological responses, such as soil
hydraulic conductivity [11]. Soil hydraulic conductivity, which determines the ability of soil
to conduct water, is an important soil hydraulic property influencing water flow and solute
transport [12]. Soil hydraulic conductivity is of ecological and hydrological significance.
Soil hydraulic conductivity is strongly dependent on root systems and soil macropores [13].
Previous studies have been designed to confirm soil hydraulic conductivity by characteriz-
ing the geometry of soil macropore spaces including macropore distribution, macropore
tortuosity, and other macropore attributes [13]. For example, the impact of soil macrop-
ores on soil hydraulic conductivity depends on their arrangement and 3D characteristics
including macropore length, volume, surface area, and mean tortuosity [14,15]. Despite
there being some research available about soil hydraulic conductivity development under
different land uses, such as grassland, cultivated lands, shrub areas, and forest-covered
soils [13,16–18], there are very limited data about the development of soil hydraulic con-
ductivity in degraded soils. There exists a large body of evidence that wetland degradation
can promote soil fissure development. Soil fissures such as soil macropores can impact
hydrological responses. Particularly, pollutants and other contaminants carried by water
can be transported from the soil surface to groundwater levels via those soil fissures, which
further threaten soil ecology and hydrology [19]. We hypothesize that the density of root
systems can lead to different attributes of soil macropores, and they can together impact soil
hydrological responses. However, less explored is the relationship between root systems
and soil macropores, and their joint effects on soil hydraulic conductivity in degraded soils.
In this study, we mainly evaluated (1) the visualization of the three-dimensional structure
of root systems and soil macropore networks, (2) the correlation between root systems and
soil macropore parameters (imaged macroporosity, macropore volume, macropore length
density, macropore node density, macropore branch density, mean macropore surface area,
mean macropore diameter, mean macropore volume, mean macropore length, mean macro-
pore branch length, and mean macropore tortuosity), and (3) the effects of root systems
and soil macropores on soil saturated hydraulic conductivity.
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2. Materials and Methods
2.1. Study Area

The study area is located in the Yellow River Delta National Natural Reserve
(118◦32.981′–119◦20.450′ E, 37◦34.768′–38◦12.310′ N) in northeastern Shandong Province,
China (Figure 1). The Yellow River Delta National Natural Reserve covers an area of
153 km2. The main landform types in the study area comprise a land zone, tidal flat
zone, and subtidal zone. The climate is warm-temperate continental with a mean annual
precipitation of 576.7 mm, mean annual potential evapotranspiration of 1962 mm, and
mean annual temperature of 12.1 ◦C. The frost-free period is 196 d [20]. The study area’s
main soil texture is determined by soil particle size classification developed by the U.S.
Department of Agriculture (USDA). Based on the USDA system, soil particle sizes in the
study area are divided into three groups: sand, silt, and clay. Soil texture in the area is
sandy silt, and soil types are fluvo-aquic and saline soils formed by the Yellow River’s
alluvial deposits (Table 1). The three main vegetation types are deciduous broad-leaved
forests, marsh vegetation, and salt-bearing vegetation. The dominant vegetation is locust
(Robinia pseudoacacia L.) in the deciduous broad-leaved forest communities, reed in marsh
vegetation communities, and tamarisk (Tamarix chinensis) and seepweed (Suaeda glauca) in
the salt-bearing vegetation communities [20].
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Table 1. Soil properties at each soil depth at LWa and LWb.

Plots
Soil

Depth
(cm)

Total
Soil

Porosity
(%)

Soil
Capil-
lary

Porosity
(%)

Soil
Non-

Capillary
Porosity

(%)

Sand Silt Clay

Soil
Bulk

Density
(g/cm3)

Soil
Organic
Matter
(g/kg)

Soil
Total Ni-
trogen
(g/kg)

Soil
Total
Phos-

phorus
(g/kg)

Soil
Available
Phospho-

rus
(mg/kg)

LWa

0–10 0.563 ±
0.024

0.520 ±
0.049

0.043 ±
0.037

0.211 ±
0.082

0.563 ±
0.115

0.226 ±
0.044

0.912 ±
0.094

21.039
± 9.265

1.345 ±
0.631

0.614 ±
0.033

3.927 ±
1.933

10–20 0.483 ±
0.011

0.468 ±
0.010

0.014 ±
0.008

0.170 ±
0.041

0.623 ±
0.123

0.207 ±
0.135

1.304 ±
0.052

5.050 ±
0.503

0.358 ±
0.043

0.569 ±
0.055

2.398 ±
1.031

20–40 0.479 ±
0.016

0.471 ±
0.012

0.009 ±
0.005

0.327 ±
0.120

0.561 ±
0.122

0.112 ±
0.032

1.384 ±
0.002

3.857 ±
1.257

0.270 ±
0.094

0.538 ±
0.045

1.792 ±
0.111

40–60 0.464 ±
0.029

0.454 ±
0.021

0.011 ±
0.015

0.521 ±
0.130

0.413 ±
0.127

0.067 ±
0.006

1.427 ±
0.177

2.692 ±
0.709

0.183 ±
0.039

0.518 ±
0.038

1.655 ±
0.231
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Table 1. Cont.

Plots
Soil

Depth
(cm)

Total
Soil

Porosity
(%)

Soil
Capil-
lary

Porosity
(%)

Soil
Non-

Capillary
Porosity

(%)

Sand Silt Clay

Soil
Bulk

Density
(g/cm3)

Soil
Organic
Matter
(g/kg)

Soil
Total Ni-
trogen
(g/kg)

Soil
Total
Phos-

phorus
(g/kg)

Soil
Available
Phospho-

rus
(mg/kg)

LWb

0–10 0.478 ±
0.016

0.472 ±
0.015

0.006 ±
0.002

0.202 ±
0.053

0.669 ±
0.069

0.129 ±
0.019

1.406 ±
0.061

11.244
± 2.839

0.694 ±
0.038

0.694 ±
0.073

3.576 ±
0.279

10–20 0.468 ±
0.017

0.463 ±
0.016

0.004 ±
0.001

0.193 ±
0.071

0.688 ±
0.077

0.113 ±
0.007

1.388 ±
0.021

2.781 ±
0.693

0.200 ±
0.033

0.582 ±
0.003

1.749 ±
0.181

20–40 0.468 ±
0.013

0.461 ±
0.018

0.007 ±
0.005

0.387 ±
0.067

0.542 ±
0.060

0.071 ±
0.010

1.418 ±
0.039

2.535 ±
1.072

0.159 ±
0.073

0.584 ±
0.021

2.552 ±
0.746

40–60 0.491 ±
0.006

0.490 ±
0.005

0.001 ±
0.001

0.243 ±
0.172

0.656 ±
0.145

0.101 ±
0.036

1.467 ±
0.058

2.126 ±
1.340

0.188 ±
0.052

0.576 ±
0.027

2.781 ±
0.292

2.2. Soil Sampling

In the wet season of July 2017, the reed treatment was conducted at the sampling
plots. In addition, all the plots for the LWa (large) and LWb (small) communities of reed
treatments were located at the same plot and had similar soil properties. Due to alluvial
deposits from the upstream of the Yellow River, there is no soil spatial variability in the
sampling plots, and we therefore excavated a total of 6 PVC samples across plots. In our
study, LWa represents areas with high vegetation cover (98%) and height (2.0 m), whereas
LWb represents areas with low vegetation cover (30%) and height (0.6 m). Soil sampling
locations were randomly selected at each treatment due to few spatial variabilities in soil
properties. Undisturbed soil columns using PVC cylinders (4 mm wall thickness, 10 cm
in diameter, and 50 cm in height) with three replicates were extracted vertically from the
soil profiles at the depths of 0–50 cm at each sampling plot. We moistened the soils with
water before sampling [7]. The excavation procedure of those undisturbed soil columns,
using PVC cylinders to avoid damage to the soil structure during soil sampling, was as
follows: (1) the aboveground reeds were carefully clipped and the litter was completely
removed carefully with minimal disturbance; (2) a large pit was dug in the experimental
plots using a pick; (3) the soil clod was carved carefully with small shovels and hand tools,
and the roots were cut with pliers; (4) four vertical lateral sides were excavated, and then
cylindrical-shaped soil sides were excavated with small shovels; (5) the top surfaces of the
PVC cylinders were prepared carefully with a knife and cleaned with a brush to remove
loose soil particles resulting from digging; (6) the soil column was trimmed at the bottom,
and the bottom was sealed with plastic film and cloth; and (7) the soil column excavated
by the PVC cylinders was tightened with iron wire and then transported carefully [21].
The cylinders were placed into a box and wrapped with sponge to prevent crushing. Six
soil columns were collected in this study and transported from the field to the laboratory
for X-ray CT scanning. Soil water content of the undisturbed soil columns can influence
the threshold values used for the image segmentation. The soil columns from different
experimental plots were taken at different times with different initial soil water content.
Therefore, each soil column must be wetted before X-ray CT scanning to minimize the
variability of initial soil water content. By ponding water at the top surface of each soil
column and draining with the bottom of the column open to the atmosphere for 3 days, we
made the initial soil water content more consistent [22].

2.3. CT Scanning and Macropore Data Acquisition

The industrial CT has a higher resolution compared with the medical CT. The undis-
turbed soil columns were scanned with an industrial X-ray CT. The scanning parameters
were as follows: resolution of 0.05 mm, voltage of 150 kV, and current of 480 µA. The CT
scanning mode was sequential, the scanning spacing between projections was 0.1 mm,
and 4200 slices were obtained from each soil column (Figure 2). VGStudio MAX (software
VGStudio MAX 2.2, Volume Graphics company, Germany) was utilized to reconstruct the
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scanned images. All images were transformed from 16-bit images to 8-bit images for later
processing. The region of interest was selected to exclude the voids near the soil column
walls and to minimize the effects of beam hardening [22].
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Figure 2. Slices obtained from whole soil columns.

To reduce the negative influences of noise and brightness variation before image
segmentation, the normalize and the 3D median filter plugins were activated in the ImageJ
software. The normalize plugins recalculate the grey levels of images to make the brightness
of the grey images consistent. The 3D median filter can reduce the noise of the grey
images [23]. Afterwards, all CT images were resampled using Avizo (software Avizo 9.0,
the Victor Smorgon Group company, Australia). We determined the threshold values of the
soil macropores to a depth of 50 cm in the sampling sites to acquire some binary images
using a manually created macropore [7]. The threshold values of soil macropores (larger
than 0.05 mm in diameter) were obtained following Hu et al. [7] (Figure 3). A manually
created macropore (Plexiglas cylinder) with a known diameter measured by a digital caliper
was inserted into an undisturbed soil column and then removed from the column. The
column was then scanned by X-ray CT. We selected the upper, middle, and lower parts of
the Plexiglas cylinder, respectively. First, we assumed a threshold value for the thresholding
sample, and then calculated the soil macropore size based on the image analysis [7]. Then,
we compared the calculated size of the soil macropore with the actual macropore size
determined by a digital caliper. If the difference was >1%, the threshold value was reset
until the calculated and actual size of the soil macropore were the same [7]. If the difference
between the calculated and actual diameters of the soil macropores was within 1%, it was
regarded as the threshold value. Using the threshold value, the images were translated into
binary images. In the binary images, the black areas are soil macropores, and the white
areas are the soil matrix [7].
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Figure 3. The process of reconstruction and visualization of soil macropores [22].

After segmentation, three-dimensional architectures of soil macropores were recon-
structed by Avizo 9.0 software [7]. Soil macroporosity, mean diameter, mean surface area,
network density, length density, node density, branch density, mean length, and mean
branch length were determined using the Avizo 9.0 software module ‘Label Analysis’.
The mean tortuosity was evaluated using the Avizo 9.0 software module ‘Centroid Path
Tortuosity’. The volume (Vp) was evaluated using the Avizo 9.0 software module ‘Volume
Fraction’ [24]. Since soil macropores are three-dimensional, the skeletonization of soil
macropores was considered to determine the topology and length of the soil macropores
and to reconstruct the soil macropore networks. A network of one soil macropore may
include several branches of connected soil macropores or just one individual soil macrop-
ore [25]. The specific procedures used in this study for characterization of soil macropore
networks are referenced to Luo et al. [25] and Hu et al. [7].

P =
Vp

Vt
(1)

where P(%) is soil macroporosity, Vp is the soil macropore volume of the region of interest
(mm3), and Vt is the total sample volume of the region of interest (mm3).

ρd =
Nd
Vt

(2)

where ρd is the soil macropore network density (number, mm−3), and Nd is the number of
soil macropore networks.

ρn =
Nn

Vt
(3)

where ρn is the soil macropore node density (number, mm−3), and Nn is the number of soil
macropore nodes.

ρt =
Lt

Vt
(4)

where ρt is the soil macropore length density (mm, mm−3), and Lt is the total actual length
of soil macropores (mm).

Lt =
Vp

S
(5)

where S is the soil macropore surface area (mm2).

τ =
Lt

Ll
(6)
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where τ is the soil macropore tortuosity, and Ll is the total straight-line distance of all the
soil macropores in the total sample (mm).

τ =
∑n

i=1 Lti

∑n
i=1 Lli

(7)

where τ is the mean soil macropore tortuosity, i is the index of a soil macropore branch,
and n is the total number of soil macropore branches [25].

2.4. Root Systems Data Acquisition

The threshold values were considered to distinguish among soil macropores, root
systems, and solid phases. In order to avoid selecting most of the impurities (i.e., soil
mineral particles, soil organic matter, and microorganisms), we took advantage of the
magic wand tool in the Avizo 9.0 software to select roots in the two-dimensional images
(Figure 4). The tool was also applied to all slices. Meanwhile, the visualization of root
systems was shown in the visual window [13]. If the selected root space did not match
the measured root volume and surface, we enlarged the selected area to make it match
better. If the enlarged root area of a two-dimensional slice included unnecessary parts at
the edge of the root systems, all slice voxels were shrunk until the selected area reached a
reasonable area [13]. If a root was not continuous in a single soil column sample, another
root spot was selected in the two-dimensional slice until all root systems were traced. After
segmentation and binarization, the visualization of root systems was obtained. Since root
systems are 3D, skeletonization of root systems is necessary to effectively visualize the
root networks in 3D [26] and accurately calculate the root system parameters (i.e., total
root length and total root volume) [7]. Skeletonization of 3D root networks can improve
the quantification of length-based root system parameters [25] and show the connectivity
among root systems [27]. Many root systems in large soil columns may have dead ends;
therefore, the skeletons of root systems with dead ends could be accurately calculated. The
skeleton of a root is its central line, from which the distance is the closest to more than one
boundary point [25].
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2.5. Determination of Soil Saturated Hydraulic Conductivity (Ks)

Using a ring knife at different soil depths (0–10, 10–20, 20–40, and 40–60 cm), undis-
turbed soil columns were excavated from the soil profiles and placed in water for 24 h.
During soaking, the water surface was kept level with the upper mouth of the ring knife,
and water was not allowed to flood the soil surface of the upper mouth of the ring knife.
The ring knife was removed at a predetermined time, an empty ring knife put on, and
the ring knife placed on the funnel, which was covered with a beaker. Water was added
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to the empty ring knife above, so the water surface was 1 mm lower than the ring knife
edge, and 2 cm below the water layer. After adding water, a stopwatch was used to time
the first drop of water from the funnel. The beaker under the funnel was replaced every
1, 2, 3, 5, and 10 min. The interval time depended on the speed of water infiltration. A
measuring cylinder was used to measure the amount of water seepage. The test lasted until
the amount of water outflow was equal in unit time.

Darcy’s law was used to determine Ks, as below [28].

Q = Ks × i× A (8)

where Q is the flow rate at steady conditions in ml/min, Ks is the soil saturated hydraulic
conductivity in cm/min, A is the cross-sectional area of the soil column in cm2 (equal to
38.5 cm2 for a soil column of 7 cm diameter), and i is the hydraulic gradient as follows:

i =
∆H

L
(9)

where ∆H is the difference between the soil hydraulic head on the soil surface and bottom
of the soil column in cm, and L is the length of the soil column in cm. In this study, the
value of L was 10 cm. The flow rate was the effluent volume divided by time. Finally, soil
saturated hydraulic conductivity was calculated as follows:

KS =
∆V

∆T × i× A
(10)

where ∆V is the volume of the outflow, and ∆T is the time step.

2.6. Statistical Analysis

All statistical analyses were conducted using SPSS 22.0 software. Differences among
the measured root and soil macropore parameters between the different sampling sites
were analyzed using the least significant difference (LSD) test. Statistical significance
was determined at p < 0.05 level to quantify the relationship between root systems, soil
macropores, and soil saturated hydraulic conductivity.

3. Results
3.1. Characterization between Root Systems and Soil Macropores

The 3D visualizations of root and macropore networks in sampling sites are shown
in Figure 5. The total root length and volume in the region of interest at the depths of
0–50 cm were 15,100 ± 3125 mm and 78,100 ± 2136 mm3 at LWa and 8900 ± 921 mm
and 12,800 ± 3162 mm3 at LWb. The correlations between the estimated total root length
and total root volume determined by X-ray CT and those determined by the standard
root systems washing method are shown in Figure 6. The results showed that X-ray CT
is a suitable method for root system characterization. Root system density in LWa non-
compacted soils was distinctly richer than that in LWb compacted soils (p < 0.05) (Figure 7).
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The number of soil macropores was considerably higher at LWa than at LWb (Table 2).
The LWa in the region of interest at the depths of 0–50 cm had a comparatively higher
imaged macroporosity (larger than 0.05 mm in diameter) (0.021± 0.007 mm3 mm−3), macro-
pore total volume (10.3 × 104 ± 6132 mm3), length density (45.5 × 104 ± 11,026 mm m−3),
node density (11.3 × 104 ± 4031 number m−3), branch density (10.2 × 104 ± 5121 number
m−3), mean surface area (32.1 ± 10.2 mm2), mean diameter (2.9 ± 0.8 mm), and mean
volume (5.6 ± 1.3 mm3) than LWb (0.005 ± 0.002 mm3 mm−3, 1.5 × 104 ± 3021 mm3,
1.8 × 104 ± 2957 mm m−3, 0.7 × 104 ± 1275 mm m−3, 0.08 × 104 ± 215 number m−3,
14.7 ± 3.6 mm2, 1.5 ± 0.6 mm, and 3.6 ± 1.1 mm3). In contrast, the LWa in the region
of interest at the depths of 0–50 cm had a comparatively lower macropore mean length
(180.3 ± 36.2 mm), branch length (205.2 ± 70.2 mm), and tortuosity (1.1 ± 0.5) than LWb
(416.9 ± 120.1 mm, 444.5 ± 90.5 mm, and 1.2 ± 0.5).

Table 2. Number of soil macropores in entire soil columns at LWa and LWb.

Plots Equivalent Diameter (mm) Number of Soil Macropores

LWa

0.05 < D < 0.5 7072 ± 562 aA

0.5 < D < 1 6502 ± 783 aA

1 < D < 3 2837 ± 612 aB

3 < D < 5 772 ± 122 aC

D > 5 505 ± 101 aC

LWb

0.05 < D < 0.5 280 ± 92 bC

0.5 < D < 1 454 ± 68 bB

1 < D < 3 3383 ± 534 aA

3 < D < 5 84 ± 10 bD

D > 5 22 ± 12 bE

Lowercase letters represent the significant difference in number of soil macropores with the same diameter
between LWa and LWb; capital letters represent the significant difference in number of soil macropores between
different diameters at the same site.

The results of the correlation analyses between root systems and soil macropores are
shown in Figure 8. Total root length and total root volume were positively correlated with
imaged macroporosity, macropore volume, length density, node density, branch density,
mean macropore surface area, mean macropore diameter, and mean macropore volume,
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whereas they were negatively correlated with mean macropore length, mean macropore
branch length, and mean macropore tortuosity.
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3.2. Quantification between Root Systems, Soil Macropores, and Soil Saturated
Hydraulic Conductivity

Of all the soil columns studied, soil saturated hydraulic conductivity at each soil
depth was significantly greater at LWa (7.38 ± 2.28 cm/h at 0–10 cm, 0.72 ± 0.60 cm/h at
10–20 cm, 0.54 ± 0.48 cm/h at 20–40 cm, and 0.42 ± 0.36 cm/h at 40–60 cm) than that at
LWb (0.29 ± 0.35 cm/h at 0–10 cm, 0.60 ± 0.46 cm/h at 10–20 cm, 1.20 ± 0.67 mL/min at
20–40 cm, 0.26 ± 0.40 cm/h at 40–60 cm).

Figure 8 depicts the relationship between root systems, soil macropores, and soil satu-
rated hydraulic conductivity. The correlation analysis results shown in Figure 8 indicate
that total root length and total root volume are positively correlated with soil saturated
hydraulic conductivity. The correlation analysis results indicated in Figure 8 show that
imaged macroporosity, macropore volume, macropore length density, macropore node
density, macropore branch density, mean macropore surface area, mean macropore diame-
ter, and mean macropore volume are positively correlated with soil saturated hydraulic
conductivity, whereas mean macropore length, mean macropore branch length, and mean
macropore tortuosity are negatively correlated with soil saturated hydraulic conductivity.
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4. Discussion
4.1. Effects of Forested Wetland Conditions on Root Systems Distribution

More roots were located at LWa than at LWb. This is in contrast to research suggesting
that increased soil bulk density in compacted soils can increase total root length due to the
increased production of fine root systems to facilitate the acquisition of soil resources [29].
However, some studies indicated that soil compaction can generally have a negative
effect on total root length and elongation [30,31]. Compacted soils at the LWb site may
increase root systems penetration resistance [32] and affect their clustering [33]. Root length
decreased in compacted soils [32–34]. This is because root system growth can be restricted
by the penetration resistance of soils [35]. Furthermore, low soil nutrients at LWb also
restrict root development [36,37]. For LWa with non-compacted soils, the root systems were
thicker and more fibrous (Figure 5), which is consistent with the results of Kristoffersen
and Riley [38]. This is because non-compacted soils at LWa have a large number of coarse
soil macropores (Figure 5). Those walls of soil macropores are richer in soil nutrients than
the surrounding soil matrix. Root systems can grow into those soil macropores or along
the walls of soil macropores without any resistance [39]. However, this is in contrast to
the study by Wang et al. [40]. They confirmed that soil compaction increased the average
diameter of root systems, indicating that soil compaction made root systems thicker. In our
study, a better soil physical-chemical condition at LWa can provide a suitable environment
for the balance and development of forested wetland ecosystems. It can be regarded as a
sink of soil nutrients and water resources, which can be beneficial for the root systems.

4.2. Effects of Forested Wetland Conditions on Soil Macropores

Values of most attributes of soil macropores were richer at LWa than at LWb. The
findings could be explained by the fact that the presence of abundant root systems at LWa
improved soil macropore structure and increased macropore density [7,11,27]. In contrast,
the few root systems at LWb would not protect soil macropore structure, which results in
higher macropore tortuosity at LWb [7] and decreased macroporosity and number of soil
macropores [27]. Higher soil bulk density at LWb leads to the loss of soil macropores [41].
There is a complex relationship between root systems and soil macropores. These results are
consistent with those of Hu et al. [13]. In their study, they confirmed that root density was
significantly and positively correlated with imaged macroporosity, macropore surface area
density, length density, node density, and branch density [13]. In another study, Kochiieru
et al. [1] also confirmed that root volume is significantly correlated with the volume of fine
and very fine soil macropores, but they concluded that root length density is positively
correlated with the volume of very fine soil macropores. A positive correlation between
root system parameters and most attributes of macropores was revealed in our study, which
indicates that root systems have a significant effect on soil macropore development [42].
Root systems with high total length and volume have a high degree of lignification [43].
The surface of root systems may have been sufficiently rough, which can result in the
formation of soil macropores between the rough root surface and surrounding soils. The
rough convexity of root systems’ surface increased the disturbance to the surrounding soils
during the stretching and thickening processes of root systems [43]. It is possible that root
systems with high total length and volume may generate large air gaps between the root
and surrounding soils [9]. Root systems with high stiffness induce strong movement of soil
particles, which can increase the interaggregate void space [43]. In addition, the disruption
of macroaggregates due to the shifting of root systems may also form new pores inside the
aggregate, which can increase the number and volume of soil macropores as well as other
attributes of soil macropores. Root systems can modify soil macropore networks by different
mechanisms, such as translocating soil aggregates, increasing soil aggregation through root
exudates and related biological activities, and root decomposition [42]. However, there
remains many soil macropores that do not contain root systems in our experimental data
(Figure 5). It is possible that soil macropores are not continuously connected to the soil
surface or that root system architecture in the soil surface cannot facilitate soil macropore
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location [42,44]. Therefore, a healthy forested wetland ecosystem can make the soils more
ventilated. The favorable environments in the forested wetland can facilitate the turnover
process of soil nutrients and cycling of other organisms in the ecosystems. The beneficial
environments can also increase the connectivity of soils so as to make soil pores more
effective in soil functions.

4.3. Effects of Forested Wetland Conditions on Soil Saturated Hydraulic Conductivity

In the LWb soil depth 20–40 cm, the sandy loam layer is characterized by higher soil
saturated hydraulic conductivity compared with other soil layers, which is consistent with
the results of Jiang et al. [45]. In the LWb soil depth 20–40 cm, the sand content dramatically
increases, and the silt content reduces compared with other soil layers. With an increase in
sand content, the number of soil macropores will increase, which results in increased soil
saturated hydraulic conductivity [16].

In our study, total root length and volume are positively correlated with soil saturated
hydraulic conductivity. These results are consistent with Shi et al. [46] and Zhu et al. [47].
Soil hydraulic conductivity is altered particularly within soils where root systems are
concentrated. Specifically, root length and median root radius are the best predictors for
soil hydraulic conductivity changes [48]. A close positive relationship between total root
length and soil hydraulic conductivity was observed, indicating that higher soil hydraulic
conductivity could be attributed to larger total root length [49]. The positive correlation
between root volume and soil hydraulic conductivity suggests that root volume is also
important in increasing soil hydraulic conductivity [16]. Coarse root systems are likely to
increase soil saturated hydraulic conductivity via the formation and development of soil
macropores through the amalgamation of soil particles into soil aggregates and root chan-
nels during their decomposition [47,50]. Furthermore, the expansion of coarse root systems
is likely to cause compression of soil particles [50], which also promotes the formation of
soil macropores and increased soil saturated hydraulic conductivity [47]. However, fine
root systems at low density can clog soil pores during their growth, whereas fine root sys-
tems at high density tend to eliminate soil macropore volume, so both fine root systems can
lead to reduced soil saturated hydraulic conductivity [50]. For example, Archer et al. [16]
confirmed that coarse root systems can promote soil hydraulic conductivity. This is because
coarse root systems are older than fine root systems, and they will shrink and expand their
root branching with time [51]. Such physical movement can create conduits for preferential
water flow and solute transport [48]. The presence of such conduits could increase soil
hydraulic conductivity [52]. During the establishment of root systems, soil hydraulic con-
ductivity can decrease as root systems fill the soil macropores. Over time, soil hydraulic
conductivity can increase as root systems begin to die back. Finally, an equilibrium point
is reached when root systems fill those old root channels, which results in higher soil
hydraulic conductivity [16]. However, some studies confirmed that root systems within a
specific range of diameters from 0.5 mm to 2 mm played an important role in soil hydraulic
conductivity, whereas root systems with notably smaller or larger diameters may have less
effect on soil hydraulic conductivity [46]. Furthermore, the enhancement of soil saturated
hydraulic conductivity because of root systems can be expected in fine-textured soils [50].
Overall, the positive correlation between total root length, total root volume, and soil satu-
rated hydraulic conductivity may be attributed to two aspects. Firstly, due to root system
growth and decomposition, well-connected large soil macropores or root channels were
formed, which can directly increase soil saturated hydraulic conductivity [53,54]. Secondly,
root systems can increase total soil porosity via binding and bonding soil particles [55], and
can also improve soil structure by releasing soil exudates and increasing soil organic matter
content by root systems decomposition [54], thereby indirectly increasing soil saturated
hydraulic conductivity [47].

In our study, most of the attributes of soil macropores can positively influence soil
hydraulic conductivity. This is because soil macropores can cause water to flow mainly
through those macropores [56]. Previous studies confirmed that the most important prop-
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erties of soil macropores explaining soil hydraulic conductivity are (1) the volume of
percolating macropores, (2) the diameter of macropores, and (3) the number of macrop-
ores [57]. Hu et al. [13] and Borges et al. [58] revealed that soil macropore length density
was significantly and positively correlated with soil hydraulic conductivity. Furthermore,
soil hydraulic conductivity was also directly influenced by soil microporosity [13]. De-
creased soil macroporosity and increased macropore tortuosity can cause decreased soil
hydraulic conductivity [41]. High macropore volume confirmed that more water can flow
through those macropores without any resistance—this is because soil macropores with
high macropore volume can effectively discharge the air in soils and reduce the inhibition
of air pressure on soil infiltration [59]. Meanwhile, soil macropores also increase lateral
permeability and vertical infiltration, thus affecting soil hydraulic conductivity [59].

5. Conclusions

The values of total root length and total root volume were significantly larger at the
large communities of reed than those at the small communities of reed (p < 0.05). Imaged
macroporosity, macropore volume, macropore length density, macropore node density,
macropore branch density, mean macropore surface area, mean macropore diameter, and
mean macropore volume at the large communities of reed were significantly larger than
those at the small communities of reed (p < 0.05), whereas mean macropore length, mean
macropore branch length, and mean macropore tortuosity were the opposite. Total root
length and total root volume were positively correlated with soil saturated hydraulic con-
ductivity. Imaged macroporosity, macropore volume, macropore length density, macropore
node density, macropore branch density, mean macropore surface area, mean macropore
diameter, and mean macropore volume were positively correlated with soil saturated
hydraulic conductivity, whereas mean macropore length, mean macropore branch length,
and mean macropore tortuosity were negatively correlated with soil saturated hydraulic
conductivity. This study was conducted using a small sample size, so future studies should
be carried out on a larger-scale area and sample size both in space and time. Further,
different soil types should also be considered in a future study.
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