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ARTICLE INFO ABSTRACT

Handling Editor: Alberto Agnelli Available knowledge about the exact impact of plant growth on the properties and functioning of no-till soils is
somewhat limited, especially in tropical and subtropical regions. The starting hypothesis for this work was that
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functioning in surface and subsurface soil layers by playing different, complementary roles in a previously
degraded subtropical Acrisol. The hypothesis was checked by examining the results of a 34-yr field experiment
Soil self-organization involving five different cropping systems, namely: bare soil (BS), perennial pasture (PAST), oat/maize (O/M),
Cropping systems oat + vetch/maize (O + V/M) and oat + vetch/ maize + cowpea (O + V/M + C). The soil was supplied with
No-till APBIs varying from 0.13 to 1.48 kg dry matter ha~! yr~1. The APBIs for each cropping system were very low
(BS), low (O/M), medium (O + V/M), high (O + V/M + C), and very high (PAST). The surface (0-5 cm) and
subsurface (5-15 cm) soil layer were analyzed for static and dynamic properties of the pore system including
bulk density; total, macro, and microporosity; the ability of the system to conduct air and water; continuity in soil
pores; and plant-available water capacity. Micromorphological images of the soil revealed a complex pore
network whose structure and functioning were both improved by the action of plants. In the surface soil layer,
very high APBIs from pasture and high inputs from O + V/M + C increased total porosity by 11 and 14 %,
respectively; pore continuity (Neont) by 11 and 40 %, respectively; and microporosity by 31 and 23 %, respec-
tively —all relative to bare soil. In the subsurface soil layer, pasture, and O + V/M + C decreased N¢ont by 44 and
40 %, respectively, but increased water permeability (k,,) by a factor of 6.5 and 7, respectively. In addition, very
high APBIs increased continuity and permeability to air in macropores relative to BS. Organized large macro-
pores in the subsurface soil layer efficiently conducted water and air from the soil surface and acted as bridges
between the surface and subsurface soil layer. Overall, our findings suggest that APBIs helped develop a pore
system with differential properties and complementary functions that influenced water infiltration and air fluxes
in the surface soil layer, and water availability to crops in the subsurface soil layer, through long-term self-

Abbreviations: APBIs, active plant biomass inputs; BS, bare soil; O/M, oat/maize; O+V/M, oat+vetch/maize; O+V/M+C, oat+vetch/maize+cowpea; PAST,
perennial pasture; BD, bulk density; TP, total porosity; €, air filled porosity; MACso0), aeration porosity (pores with an equivalent diameter > 300 um); MACs),
macroporosity (pores with an equivalent diameter >50 pm); MIC, microporosity; p, gravimetric water content; 0, volumetric water content; ka3o0), intrinsic
permeability to air in pores with an equivalent diameter > 300 um; ka(s0), intrinsic permeability to air in pores with an equivalent diameter > 50 pym; k,(0.¢), intrinsic
permeability to air in pores with an equivalent diameter > 0.6 pm; kg, saturated hydraulic conductivity; K'g,, saturated hydraulic conductivity corrected to 20 °C;
k., intrinsic permeability to water; k1 (300), pore organization index (kq300)/€) With an equivalent diameter > 300 um; k1 (s0), pore organization index (kqsoy/€) with
an equivalent diameter > 50 um; k;q.6), pore organization index (kq(.6)/€) With an equivalent diameter > 0.6 um; ka(300), pore organization index (kq(so0)/e%) with an
equivalent diameter > 300 um; ky(so), pore organization index (ka(so)/ez) with an equivalent diameter > 50 pum; ky(.6), pore organization index (ka(o_f,)/sz) with an
equivalent diameter > 0.6 pm; Nop¢, Overall pore continuity index; €y, blocked porosity to aeration; PAWC, plant-available water capacity; RD, root density; SOC, soil
organic carbon; SWRC, soil water retention curve.
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organization in the system. Future research with a view to understanding the influence of species richness and
roots on physical quality in no-till soils is recommended.

1. Introduction

Plants are known to strongly influence the properties and func-
tioning of soil (Goebes et al., 2019; Zhang and Peng, 2021). The influ-
ence has evolved since soil formed about 460-470 million years by effect
of microbes (Brundrett, 2002) and primitive plants colonizing and
transforming rocks through rhizoids, rhizomes, and other structures
(Pawlik et al., 2016). The presence of vegetation with a wide variety of
plant species is essential to maintain a permanent cover over soil in
order to protect it, preserve ecosystem functions, and sustain life (Lab-
riere et al., 2015). Thus, complex, diversified cropping systems with a
high plant richness (Altieri, 1999; Gamboa et al., 2020) have been
shown to facilitate ecological restoration (Barral et al., 2015), and in-
crease self-organization and quality in agricultural soils (Anghinoni and
Vezzani, 2021). The self-organization entails soil changes promoted by
interactions of plants with biota and minerals, and its intensity depends
on energy and C fluxes generated by developing plants (Anghinoni and
Vezzani, 2021; Vezzani and Mielniczuk, 2011a). Self-organization pro-
cesses are evidenced in the formation of stable aggregates (Vezzani and
Mielniczuk, 2011b), the increase of C and N in microbial biomass (Chen
et al., 2020), and the accumulation of soil organic matter (Veloso et al.,
2019).

The interaction of plant biomass with soil biota (Brundrett, 2002)
influences the physical and chemical properties of soil, and also the
formation of pore networks. The primary action of roots is mechanical
and results in soil deformation around growing roots, relocate of ma-
terial and formation of a complex pore network (Cui et al., 2019; Keyes
et al., 2016; Tisdall and Oades, 1982) that facilitates access to resources
such as water, air, and nutrients (Pawlik et al., 2016; Pierret et al.,
2007).

As regards soil formation, plants promote the differentiation of sur-
face and subsurface soil horizons or layers (Brimhall et al., 1991; Goebes
et al., 2019; Pawlik et al., 2016) with distinct yet integrated pore sys-
tems that play complementary roles (Minasny et al., 2016). The soil pore
system affects dynamic processes including water infiltration and stor-
age, and gas fluxes (Reynolds et al., 2009), which are essential for biota
to function properly and also for soil preservation, root growth, and
plant production (Pagliai and Vignozzi, 2002). Rhizodeposition of
organic compounds from roots also impacts soil during their life cycle
(Jones et al., 2009). The effect of the root system continues well after
plants have died or been harvested as a result of soil biota decomposing
roots, and biopores remaining in soil influencing nutrient, air, and water
movement across the soil profile (Lavelle et al., 2006). In addition to the
presence of plants, the minimal mechanical disturbance in no-till soils
preserves the connected pore network, thus helping increase below-
ground water and nutrient use efficiency (FAO, 2020; Oberc and Arroyo
Schnell, 2020).

Aboveground plant shoot biomass per unit surface (Westlake, 1963),
which is referred to as “Active Plant Biomass Inputs” (APBIs) and
expressed in kg dry matter (DM) per m? here, can be used to indicate the
magnitude of energy and C flows in soil. Flows come mainly from plant
rhizodeposition and deposition of residues onto the soil surface. High
energy and C flows have a favorable effect on the interactions of min-
erals, organic matter and microbes that influence physical, chemical and
biological properties of soil; also, they promote a complex process of soil
self-organization (Anghinoni and Vezzani, 2021). The effect can be
ascribed to changes in physical-hydraulic attributes of soil, as well as to
the functioning of its pore system. Analyzing the self-organization effect
of plants requires examining attributes that influence dynamic processes
in soil (Poulsen, 2013). For example, air permeability (Ball and
Schjgnning, 2002) is a measure of the ability of soil to conduct gases

(Dorner and Horn, 2006), when related to air-filled porosity it allows to
assess the organization in terms of continuity (Groenevelt et al., 1984).
Similarly, measurements of soil water fluxes including saturated hy-
draulic conductivity (Ellies Sch et al., 1997) and intrinsic water
permeability (Reeve, 1953) can be directly related to the geometry of
the pore system (Whelan et al., 1995) and its ability to conduct water.

The importance of plants for soil quality has traditionally been
assessed mainly by examining physical degradation in soils under native
vegetation following agricultural use (Alvarez et al., 2018; Kravchenko
et al., 2011; Mudgal et al., 2010). However, recent studies have evi-
denced the influence of plants in a gradual, cumulative quality
improvement in no-till soils remaining undisturbed for an extended
period (Calonego and Rosolem, 2010; da Silva et al., 2021). Such studies
have provided evidence for the positive impact of plants on the physical
properties of no-till soils, especially in the form of a decreased bulk
density (Bertollo et al., 2021; Sequinatto et al., 2014); an increased
saturated hydraulic conductivity (ksar) and water infiltration rate (Da-
Silva et al., 2012; Singh et al., 2020); also increased water retention
(Burgos Hernandez et al., 2019; Lawal and Lawal, 2017); and improved
larger pores (Farahani et al., 2022) and kg, in subsurface layers (Silva
et al., 2008).

The primary aim of this work was to understand how plants, as a
source of energy and C flows for soil, improve pore system functioning in
the surface and subsurface layers of a no-till soil that had previously
been degraded by inappropriate management for almost two decades.
The starting hypothesis was that APBIs from no-till cropping systems
would improve the pore system in the two layers and that the two sys-
tems would play different, complementary roles. Thus, we reasoned that
the pore network in the surface soil layer acts mainly in the infiltration
and conduction of water and air fluxes, whereas that in the subsurface
layer influences water storage and availability to crops by preserving the
ability of the soil to mobilize air and water, albeit to a lesser extent.

2. Material and methods
2.1. Site description

This work was based on a long-term (34 yr) field experiment estab-
lished in 1983 on a sandy clay loam Acrisol at the Experimental Station
of the Universidade Federal do Rio Grande do Sul, Eldorado do Sul, RS,
in southern Brazil. Until 1969, the soil was covered by natural pasture
typical of the Pampa biome (Brandao et al., 2007), with Paspalum,
Andropogon, and Desmodium as the prevailing species. Then, the native
vegetation was replaced with small grain crops and the soil intensively
managed with plowing, harrowing, and removal of crop residues for
about 14 years (until 1983). In that period, the soil was compacted (bulk
density 1.68 Mg m™>) and had a low macroporosity [4 % in the sub-
surface soil layer (10-30 cm); Pedo, 1986]. The initial organic matter
content was 2 % (Bayer et al., 2000). Table 1 summarizes the properties
of the soil and the regional climate.

2.2. Field experiment

Although the ongoing experiment involves ten cropping systems
grown on no-till soil, only five were used here to assess the influence of
APBIs on the pore system (Fig. 1). Thus, three of the treatments involved
maize as summer crop plus one (oat/maize, O/M), two (oat + vetch/
maize, O + V/M) or three cover crops (oat + vetch/maize + cowpea, O
+ V/M + C) for increased APBIs (Fig. 1). The other two treatments were
bare soil (BS) and perennial pasture (PAST), which had very low and
very high APBIs, respectively. The characteristics of the cropping
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Table 1
Main soil and climate features at the experimental site in southern Brazil.

Geographic coordinates 30° 51'S, 51° 38 W

Altitude (m) 96

Koppen’s climate class Cfa

Mean annual precipitation (mm) 1440

Soil classification®

FAO (WRB) Acrisol

US taxonomy Typic Paleudult
Grain size distribution 0-20 c¢m (clay, silt and sand, g kg 1P 220, 240, 540
Main minerals in clay fraction®

Kaolinite (g kg™) ® 720

Total iron oxides (g kg ~") 11.8
Low-ordered iron oxides (g kg ™) 0.9
Low-ordered/total iron oxide ratio 0.1
Goethite/(Goethite + Hematite) 4 0.1

Soil Bulk Density (Mg m~3)° at start of experiment (1983)

0-5 cm layer 1.56

5-15 cm layer 1.68

@ IUSS FAO Working Group WRB (2015) and USDA-NRCS (2014) b Bayer et al.
(2000) 9 Inda Junior et al. (2007) © Pedé (1986)

systems are illustrated in Fig. 1.

The specific crops used were oat (Avena strigosa Schreb), vetch (Vicia
sativa L.), cowpea (Vigna unguiculata L. Walp), maize (Zea mays L.), and
Pangola grass (Digitaria decumbens L.). A few plants of Commelina ben-
ghalensis, Conyza spp, Eleusine indica, and Lolium multiflorum were
sporadically encountered in the BS treatment despite chemical and
manual control of weeds. The field experiment followed a randomized
complete block design with three replications, and plot size was 4 x 5 m
(Fig. 2).

Winter cover crops (oat and oat + vetch consortium) were sown by
direct drilling in April each year, using a distance of 0.17 m between
rows and a seed density of 70-80 kg ha~!. Maize was also sown by direct
drilling from September to November (spring in the southern hemi-
sphere), using a distance between rows of 0.90 m from 1983 to 2015,
and 0.45 m afterwards. Cowpea was sown manually between maize
rows approximately 20-30 days after maize, using a distance of 0.40 m
between plants. Thus, with provision for machine traffic on the soil, it
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involved three operations each year, namely: (1) sowing of winter crops
in autumn; (2) chemical desiccation of winter cover crops; and (3)
sowing of maize. These operations were performed with a Valtra tractor
Mod. 125i weighing 6.3 Mg, which, with provision for tire pressure,
resulted in a final contact pressure of 144-149 kPa on soil.

The crops were supplied with water by sprinkler irrigation in the
summer if needed. The fertilizer used consisted of 50 kg KoO ha™! and
50 kg P05 ha™!, and was applied in the spring — summer season to the
maize sowing rows. Fig. 1 shows further details of the cropping systems.

Aboveground plant shoot biomass per unit surface (kg DM m 2 yr 1)
of cover crops, maize, pasture, and weeds, called here as active plant
biomass input (APBI), was determined in the five treatments (BS, O/M,
O + V/M, O + V/M + C, and PAST). The average input from each
cropping system was obtained from the experiment dataset. A total of 11
measurements of plant biomass (shoots only) at the stage of maximal
vegetative growth of the cover crops, maize (flowering) and Pangola
grass, and also of weeds in the BS system, were made. These plant shoot
measurements were made in 1985, 1986, 1988, 1989, 1993, 2008,
2010, 2011, and 2012. The average APBI for each cropping system was
classified as very low (BS), low (O/M), medium (O + V/M), high (O + V/
M + C), or very high (PAST). For this purpose, an input of 0.97 kg DM
m~2yr~! was taken to be the minimum needed to maintain the organic C
stock in the subtropical soil studied (Bayer et al., 2006), and the crop-
ping system closest to that value was taken to represent a medium APBIs.

2.3. Soil sampling

Soil samples from the five cropping systems were collected in
October 2017, which coincided with the end of the cycle of winter cover
crops in O/M, O + V/M, and O + V/M + C. This evaluation at the end of
the winter season was used to assess the cumulative effect of 34 years of
no-till cropping rather than the short-term effect of the last cycle of
winter cover crops. A total of 9 undisturbed soil samples were collected
in volumetric rings 5.0 cm high and 5.66 cm in diameter (125.8 cm?®) for
each treatment and soil layer. Therefore, 3 sub-samples per plot were
collected from the surface layer (0-5 cm), and three others from sub-
surface layer (5-15 cm), between rows of the winter crops (Fig. 2). After

Cropping system (winter/summer)

Bare soil Oat/Maize Oat+Vetch/Maize  Oat+Vetch/Maize-+Cowpea P;;:::'r':'
Y +V/M -FV/M-+
(BS) (O™ (O+V/M) (O+V/M+C) (PAST)
Active plant biomass inputs
Very low Low Medium High Very High
0.13 0.66 0.93 1.10 1.48
kg DM m™ year?! kgDM m™ year! kg DM m year?,) kg DM m year! kg DM m™ year!

)
/ ﬁ%ﬁ R y

S

s
Y \
f“\"fh? o TNt

Ipk
Nk
1‘1

Fig. 1. Cropping systems (winter/summer species) and active plant biomass inputs (in Dry Matter). Characteristics of the crop and management systems: (BS) Bare
soil, where spontaneous weeds were manually and mechanically managed or eventually desiccated with herbicide — except with maize under no-till in the 1988/89,
1993/94 and 1994/95 seasons. BS was not disturbed and there was no machine traffic at any time during the experimental period; (O/M) Oat/Maize, (O + V/M)
Oat + Vetch/Maize, (O + V/M + C) Oat + Vetch/Maize + Cowpea, winter and summer crops seeded with direct drilling machine — cowpea was seeded by hand
between maize rows. Winter and summer crops were terminated with a roller crimper. Weeds were controlled mechanically in the first 10 years and then by chemical
desiccation with glyphosate-based herbicides; (PAST) Perennial pasture, under no machine traffic in the experimental period —excep maize was grown under no-
till in the 1988/89, 1993/94, and 1994/95 summer seasons; pasture subjected to mowing by hand each spring/summer season. ND = not determined (weeds were
mechanically managed or desiccated with herbicide). Active plant biomass input levels: very low, low, medium, high, and very high, defined in relation to the critical
threshold needed to preserve the initial C stock in no-till soils: 0.97 kg m? (Bayer et al., 2006).
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—_— > Soil
Incubaufm for soil saturation
respiration

(five weeks).

-6 kPa

« water content

« ka

. « the air-filled porosity (€)
In each matric

potential, until
-500 kPa

SN * pore organization index (k; = k,/€)

* pore organization index (k, = k,/€2)

(Sb). PT, MAC(goo) (*1 kPa), MAC(So) (-6 kPa), I\/HC.
Plant-available water capacity (PAWC), equivalent
pore diameter (except -1500 kPa), and bulk density.

Fig. 2. Physico-hydric analysis. Phat of the undisturbed soil sample contained in the volumetric ring starting with the field sampling and the set of physical-hydraulic
analyzes performed, for the quantification of the variables: BD (Mg m~3), bulk density; TP (m® m), soil total porosity; MAC(sog) (m® m™3), porosity of soil macropore
domain; MAC(s0) (m® m™), soil macroporosity; MIC (m® m™), soil microporosity; Kq300), Ka(s0)> Ka(0.6) (pmz), soil intrinsic permeability to air in pores with equivalent
diameter > 300, > 50, and > 0.6 pm, respectively; ksat (mm h™1), saturated hydraulic conductivity; kw (pmz), soil intrinsic permeability to water; k300, k1(50),
ki1c0.6) (um? m~3 m®), pore organization indices with equivalent diameter > 300, > 50, and > 0.6 um, respectively; ka00), k2s0)» k2(0.6) [um? (m~ m*)?], pore
organization indices with equivalent diameter > 300, > 50, and > 0.6 um, respectively; Ncont, overall pore continuity; Eb (%), blocked porosity to aeration; PAWC

(mm), plant-available water capacity;

careful removal of bulk soil around the cylinders, the collected samples
were sealed with plastic film and transferred to the laboratory in closed
containers for refrigeration at 4 °C until analysis.

2.4. Root parameters and soil organic carbon content

Root systems were examined by using the drill sampling method
(Atkinson, 2000; Bohm, 1979). For this purpose, soil cores 133 and 267
em? in volume were collected from the surface and subsurface soil layer,
respectively, between rows of the winter crops. The samples were placed
on sieves of 2.1 and 0.25 mm mesh, and jet water was gently applied to
separate the soil from the roots. Then, the roots were dried at 40 °C to a
constant mass and weighed. Root density was calculated as the ratio of
soil dry mass to volume and expressed in kg m~* soil.

Additional soil samples were collected from the two soil layers for
measurement of soil organic carbon (SOC). The samples were air-dried,
ground, and passed through 2-mm mesh before grinding in an agate
mortar. SOC was determined by dry combustion on a FlashEA 1112
elemental analyzer from Thermo Electron Corp. (Milan, Italy).

2.5. Physical-hydraulic analyses

Fig. 2 shows the path followed by the undisturbed soil samples
contained in the volumetric rings from collection to analysis.

2.5.1. Soil saturated hydraulic conductivity

This parameter (ksat, m/s) was determined by using the falling head
soil core method (Reynolds and Elrick, 2002) and calculated from the
following equation:

= ()

@

where a (m?) is the cross-sectional diameter of the volumetric ring
without soil, As (m?) that with soil, H (m) the height of the volumetric
ring with soil, hp (m) the initial hydraulic head, h; (m) the final hy-
draulic head, and t (s) the time required for the hydraulic head, hy, to
equal h;.

The ksq values thus obtained were adjusted to a water temperature of
20 °C by using eq. (2),

(k:al measured ) ﬂf

K sar =
n

2
where /syt is the soil saturated hydraulic conductivity as corrected to
20 °C; Ksat(measured) the laboratory value of kg nt (N s m2) the water
dynamic viscosity at the temperature kg, was measured and n that at
20 °C.

The intrinsic permeability of the soil to water, ky, (m?), was calcu-
lated from Darcy’s equation (Reeve, 1953):
ke = K n

sat

pg

3

where k', is the saturated hydraulic conductivity, n the water dynamic
viscosity, p the specific mass of water, and g the acceleration of gravity
(m s~2). Henceforth, k'sy will be called ksa.

2.5.2. Soil water retention curve

Once kg, was determined, the soil water retention curve (SWRC) was
obtained by using a tension table at high matric potentials (0, -1, -3, -6,
and -10 kPa), Richards’ pressure plate apparatus at -33, -100 and -500
kPa with the volumetric ring containing the soil sample, and a Decagon
Devices WP4-C psychrometer at the matric potential —-1500 kPa with
disturbed soil samples (Campbell, 2010). Once equilibrium at the
different matric potentials was reached, each soil sample was weighed to
calculate its volumetric water content (0, m3 m’3; Libardi, 2016). SWRC
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Cropping system (winter/summer)

Fig. 3. Soil water retention curves and thin-section micromorphological images of the surface (0-5 cm) and subsurface layer (5-15 cm) of a no-till subtropical Acrisol
with variable active plant biomass inputs (APBIs) for 34 years (BS, bare soil; PAST, perennial pasture) and improved APBIs + crop richness (O/M, oat/maize; O + V/
M, oat + vetch/maize and O + V/M + C, oat + vetch/maize + cowpea). The blue color in the micromorphological sheets are pores filled by epoxy resin.

data were fitted by using the bimodal model of Seki (2007) with the aid
of the software SWRC Fit (Seki, 2007):

In(55)

-
Se = wiQ/ In () —

1 +(1-wl)Q

C))

where S, is the effective saturation, given by (6 —6.)/(65—6;) [so, 0 =0, +
(05— 0,)Sel; Q' (x) is the complementary normal distribution function [1-
®(x), ®(x) being a normalized form of the cumulative normal distribu-
tion function]; wj is the subcurve weighting factor; 6, and oy are
dimensionless fitting parameters generated by the model; h is the water
potential; and hm; and hm; are two fitting parameters.

2.5.3. Soil intrinsic permeability to air

All samples were weighed after reaching equilibrium at each matric
potential (viz., -1, -3, -6, -10, -33, -100, and -500 kPa; Fig. 2). Air
permeability was determined by using a constant head method (Pre-
vedello and Armindo, 2015) involving application of an air flow
(volumetric flow) at a gradually increasing constant rate to the samples
in order to generate a potential difference. This way of determining k,
holds under a laminar flow regime of gases through the sample (Rey-
nolds number < 2000) (Ball and Schjgnning, 2002; Silva et al., 2009).
The intrinsic permeability to air, k, (m?), was calculated from eq. (5),
using the air flow rate through an area perpendicular to the fluid di-
rection (Q) and the resulting potential difference (dP/dz), and assuming
the air density to have a negligible influence:

_On dz
k. = A, (ﬁ) %)

where Q is the air flow rate (m®/s), As (m?) the cross-sectional area of the

volumetric ring containing the sample through which air flows, n (N s/
m~3(— [-)) the air dynamic viscosity, dz (m) the distance in the direction
air moves across the soil sample (i.e., the height of the volumetric ring),
and dP (Pa) the differential pressure obtained by subtracting the final
pressure generated by air flow in the soil from the initial atmospheric
pressure. The k, values obtained from eq. (5) were converted into pm?
units.

2.5.4. Soil density: Characterization and functioning of the pore system

Bulk density (BD) was calculated as the ratio of soil dry mass at
105 °C to the internal volume of the volumetric ring (vg), and total
porosity (TP) was determined by measuring the moisture content of
saturated soil (Fig. 2). The volume of water (v,) was calculated by
assuming a density p = 1000 kg m~> and substituted into the following
equation:

P =" 6)
VS

The air-filled porosity (¢) at each matric potential was also deter-
mined. The porosity of the soil macropore domain [MAC(300), m® m™]
was calculated from the aeration porosity at -1 kPa, microporosity (MIC,
m3 m‘g) as the volumetric water content of the soil at -6 kPa, and
macroporosity [MACs), m? m] as the difference between TP and MIC
(Reynolds et al., 2009) (Fig. 2).

The equivalent pore diameter at each matric potential was calculated
from the capillarity equation (Libardi, 2016) and found to be>300, 100,
50, 30, 8.5, 3, and 0.6 pm at -1, -3, -6, -10, -33, 100, and -500 kPa,
respectively.

The equivalent pore diameter for the soil macropore domains
MAC300) (-1 kPa), MAC(s0) (-6 kPa) and MIC was 300, 50 and < 50 pm,
respectively.

The k, and € values previously obtained at each matric potential
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were used for indirect calculation of the geometric characteristics
related to level of -organization and connectivity of the air-filled pore
space (ky = k,/€) and (ky = ka/SZ) (Groenevelt et al., 1984). Since k; and
ko were associated with the equivalent pore diameter at each matric
potential, for example, kj 300y and ka(so0) are indicators of how gas-filled
pores (with an equivalent diameter > 300 pym) are organized and con-
nected in the pore system of the soil (Poulsen, 2013).

Overall pore continuity (N¢opnt) Was calculated by linear regression of
the relation between soil permeability to air (k,) and € (Ball et al., 1988;
Poulsen, 2013):

logk, = logM + N-loge @)

where N, called N¢on here, is the angular coefficient of linear regression
and a measure of overall pore continuity —the higher N¢qp, the greater
pore continuity (Ball et al., 1988). The linear regression coefficient M,
which is designated €}, here, represents the blocked porosity to aeration
(i.e., pores not contributing to convective air flow), the proportion of
which was calculated as follows (Ball et al., 1988):

£, = 10C1°8/N 5 100 (8)

Plant-available water capacity (PAWC, mm), which is a measure of
water storage, was calculated as the difference between the volumetric
water content (m® m™>) at field capacity (matric potential -10 kPa) and
that at the permanent wilting point (-1500 kPa), multiplied by the depth
(mm) of the soil layer (Reynolds et al., 2009).

2.6. Micromorphological analysis

After the physical-hydraulic analyses, but before the samples were
oven-dried, one sample per treatment and soil layer was subjected to
micromorphological analysis (Cooper et al., 2018; Teixeira et al., 2017)
to obtain qualitative information about particle arrangement and pore
characteristics (Cooper et al., 2018). For this purpose, undeformed soil
samples contained in the volumetric rings were air-dried to a constant
weight for 30 days and then in a forced ventilation oven at 40 °C for a
further 48 h. Next, the samples were removed from the rings and
embedded in blue orthophthalic resin to preserve the original soil
structure. Finally, thin (0.3 mm) sections obtained according to Cooper
et al. (2018) and Teixeira et al. (2017) were analyzed in terms of pore
morphology and various characteristics (de Castro, 2008).

To better expose the effects of APBIs on the organization and func-
tioning of the pore system in the surface and subsurface soil layer, the
previously determined physical-hydraulic attributes were classified into
three groups, namely:

(a) General properties of the pore system as defined by soil
mass—volume relationships and including bulk density (BD), total
porosity (TP), porosity of the macropore domain [MAC300)],
macroporosity [MACsg)], microporosity (MIC), soil water
retention curve (SWRC), and micromorphological characteristics.
Properties associated with the ability of the pore system to
conduct air and water, which is governed by dynamic variables
including saturated hydraulic conductivity (ksat), and intrinsic
permeability to air (k,) and water (ky,).

Continuity of soil pores, water availability to plants and root-
related properties, which depend on soil attributes such as con-
tinuity(Ncont), geometric characteristics related to level of -or-
ganization and connectivity-of the air-filled pore space (k; and
ko), blocked porosity (€p), and various other variables associated
with plant-available water capacity (PAWC) and root density
(RD).

(b

=

(c

—

2.7. Statistical analyses

The experimental results were checked for normality and variance
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homoscedasticity with the Shapiro-Wilk and Levene’s test, respectively.
When necessary, data were transformed for better fitting to a normal
(Gaussian) distribution. All soil attributes related to water and air flows
were log transformed.

The effects of the cropping systems (APBIs) on the soil parameters of
each of the three groups of physical-hydraulic attributes, and their dif-
ferences between the surface and subsurface layer, were assessed by
factorial multivariate analysis of variance (MANOVA) with Wilks’
lambda test (p < 0.05).

The effects of APBIs on each soil parameter in the surface and sub-
surface soil layer were assessed by ANOVA. The differences in each soil
parameter between the surface and subsurface layer were assessed by
factorial ANOVA with soil layer as one of the factors.

When the ANOVAs were significant (p < 0.05), the soil parameters
for the surface and subsurface layer were subjected to orthogonal
contrast analysis (t-test, p < 0.05) in order to assess the influence of
APBIs from the different cropping systems. The contrasts were defined as
follows:

— C1. Very low (BS) vs increasing APBIs (O/M, O + V/M and O + V/M
+ Q).

— C2. Very low (BS) vs very high APBIs from pasture (PAST).

— C3. Low (O/M) vs high APBIs (O + V/M + C) from the cropping
systems.

The ANOVAs and contrast analyses were performed with the soft-
ware SPSS v. 21 (Norris et al., 2014). The relationship of APBIs with soil
parameters (SOC, TP, MIC, N;opn, and PAWC) was assessed through the
significance of Pearson’s coefficient as determined by regression anal-
ysis with SigmaPlot v. 12.0.

3. Results
3.1. Active plant biomass inputs (APBIs)

The historical dataset (34 years) revealed large differences in APBIs
among no-till cropping systems, with values 5.1 to 11.4 times greater
than in BS (Fig. 1). APBIs ranged from 0.13 kg m 2 yr™! (i.e., very low)
in BS with a few weeds growing, through 0.66 kg m2 yr’1 (low) with
two (O/M), three (O + V/M), or four species (O + V/M + C) each year,
to 1.10 kg m~2 yr ! (high). Perennial pasture (PAST) supplied 1.48 kg
m~2 yr‘l (i.e, a very high APBI) with a single species —which, however,
grew throughout the year and at especially high rates in the spring/
summer period.

Table 2 shows the average value for each physical-hydraulic
parameter in each cropping system and soil layer. Parameters such as
kq ksas k1, and kz exhibited a high variability, however.

The MANOVA results revealed that the three groups of physical-
hydraulic parameters differed highly significantly (p < 0.001) between
the surface and the subsurface soil layer. Such parameters were associ-
ated with (1) porosity; (2) air and water flows; and (3) continuity of the
pore network, water availability for plants and root growth. Also, with
the exception of group (2) (p < 0.052), the parameters differed signifi-
cantly (p < 0.05) between APBI levels (Table 3).

The ANOVA applied to the results for the surface and subsurface
layer of the soil showed some physical-hydraulic parameters to differ
between APBI levels (Table 3). Differences in TP, MIC, k2(06), Ncont, €D,
and SOC were significant (p < 0.05) in the surface layer, as were those in
BD, MAC(300), ka(300)> ksat and k, in the subsurface layer. On the other
hand, all parameters except ka(300), k1(s0) and ko) differed significantly
between the surface and subsurface soil layer (p < 0.01; Table 3).

3.2. General attributes of the pore system in the surface and subsurface
layer

As can be seen from Table 3, TP and MIC in the surface layer, and BD
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Table 2
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Mean values (n = 9, + SD) of general attributes related to the soil pore system; water and air fluxes; and pore continuity, plant-available water capacity, and root
density, in the surface (0-5 cm) and subsurface layer (5-15 cm) of a sandy clay loam Acrisol under no-till with variable active plant biomass inputs (APBI) for 34 years.

Soil Cropping system
attribute Very low APBIs Low APBIs Medium APBIs High APBIs Very high APBIs
BS O/M 0+ V/M O0+V/M+C PAST
surface subsurface surface subsurface surface subsurface surface subsurface surface subsurface
General attributes of the soil pore system
BD 1.54 1.68 (+0.04) 1.56 1.77 (+0.05) 1.5 (+£0.06) 1.69 (+0.04) 1.39 1.7 (£0.05) 1.46 1.76 (+£0.04)
(£0.07) (40.09) (+0.06) (+0.18)
TP 0.44 0.37 (+0.02) 0.46 0.36 (+0.02) 0.47 0.37 (+0.02) 0.5 (£0.02) 0.38 (+0.03) 0.49 0.36 (+0.02)
(£0.01) (£0.01) (£0.02) (£0.02)
MAC300) 0.06 0.03 (+0.01) 0.07 0.04 (+0.01) 0.07 0.03 (+0.01) 0.08 0.03 (+0.01) 0.09 0.03 (+0.00)
(£0.01) (£0.01) (+0.01) (+0.02) (£0.03)
MACs0) 0.17 0.1 (£0.00) 0.15 0.09 (+0.02) 0.16 0.08 (+0.02) 0.19 0.1 (£0.02) 0.15 0.07 (+0.02)
(£0.01) (£0.03) (£0.01) (£0.03) (£0.04)
MIC 0.26 0.27 (+0.02) 0.31 0.28 (+0.01) 0.31 0.29 (+0.01) 0.32 0.28 (+0.02) 0.34 0.3 (£0.01)
(£0.02) (£0.02) (+0.02) (+0.01) (£0.02)
Attributes related to water and air fluxes
*ka300) 0.6 (+£0.2) 0.7 (+0.3) 0.8 (+0.6) 0.6 (+£0.3) 0.5 (+0.1) 0.6 (+0.3) 0.6 (£0.2) 0.9 (+£0.3) 1.1 (+£0.2) 1.4 (+£0.6)
*Kas0) 1.5 (+£0.3) 1.2 (+0.3) 1.4 (+0.4) 1.2 (+£0.2) 1.4 (+0.0) 0.8 (£0.2) 1.5 (+0.2) 1.1 (+0.18) 1.7 (+£0.4) 1.1 (+£0.2)
*Ka(o.6) 1.9 (+0.0) 2 (+0.2) 2.0 (£0.1) 1.8 (+£0.3) 2.0 (+0.0) 1.6 (+£0.2) 2 (+0.1) 1.8 (+£0.1) 2.1 (+£0.3) 2.0 (+£0.2)
*Ksat 2.1 (£0.2) 0.7 (£0.4) 1.4 (£0.7) 1.5 (£0.1) 2 (+0.1) 0.8 (£0.3) 2.2 (+0.1) 1.7 (£0.1) 2.2 (+0.7) 1.5 (+£0.4)
kw 4.0 (£1.7) 0.2 (+0.1) 1.7 (£2.4) 1 (+0.3) 3 (+0.4) 0.2 (£0.1) 5 (+1.6) 1.4 (+£0.2) 10 (£11.9) 1.3 (+£0.9)
Attributes related to organization in soil pores, plant-available water capacity, roots and soil organic carbon
*k1(300) 1.8 (+£0.2) 2.1(+0.2) 1.9 (+£0.5) 2.1 (£0.2) 1.7 (£0.2) 2.1 (£0.3) 1.7 (£0.2) 2.4 (£0.2) 2.2 (+0.4) 2.6 (£0.1)
*k1(50) 2.3 (£0.2) 2.2 (+£0.2) 2.2 (£0.3) 2.1 (£0.1) 2.2 (+0.0) 1.9 (+£0.1) 2.2 (£0.1) 2.2 (+0.1) 2.4 (£0.2) 2.3 (£0.1)
*k1(0.6) 2.5 (£0.0) 2.7 (£0.1) 2.6 (£0.1) 2.6 (£0.3) 2.6 (+£0.0) 2.4 (£0.2) 2.7 (£0.0) 2.5 (+£0.1) 2.8 (£0.3) 2.8 (+£0.1)
*ka(300) 3.1 (£0.1) 3.7 (£0.4) 3.1 (+0.5) 3.5(£0.2) 2.9(+0.2) 3.7 (£0.3) 2.8 (£0.2) 4 (+0.2) 3.3(£0.3) 4.2 (£0.2)
*kas0) 3.1 (£0.2) 3.2 (+£0.2) 3.0 (£0.2) 3.2 (£0.1) 3 (£0.0) 3.1 (+£0.0) 2.9 (£0.1) 3.4 (+£0.3) 3.2 (£0.2) 3.5 (+£0.0)
*Ka0.6) 3.1 (£0.1) 3.5 (+£0.1) 3.2 (£0.0) 3.5 (£0.3) 3.2 (£0.1) 3.2 (+0.2) 3.3 (£0.1) 3.3 (+£0.1) 3.5 (£0.2) 3.6 (+£0.0)
Neont 1.8 (£0.1) 1.8 (£0.25) 2.3 (+0.3) 2.2 (+0.2) 2.1 (£0.3) 1.3 (£0.2) 2.5 (+0.28) 1.1 (£0.52) 2 (40.2) 1(+0.3)
€ 2.0 (£0.5) 2 (4+0.92) 4 (+0.8) 2 (4+0.3) 3 (£1.0) 2 (+0.4) 5 (+0.6) 1 (+0.7) 3 (+1.1) 0.3 (+0.4)
PAWC 7.0 (£1.0) 11 (+1.88) 8 (+1.1) 13 (+1.0) 9 (+1.2) 14 (£0.7) 8 (+0.2) 13 (+2.1) 10 (+£0.9) 14 (+1.1)
RD 1.7 (+£0.4) 0.4 (+0.1) 0.7 (+0.6) 0.1 (+0.4) 1.6 (+0.3) 0.3 (£0.0) 0.9 (+£0.4) 0.2 (+0.0) 1.8 (£2.0) 1.3 (£1.2)
SOC 12 (+£1.1) 8 (+0.6) 13 (+0.8) 8 (+0.3) 16 (+0.7) 9 (+1.3) 17 (£1.2) 10 (+0.4) 17 (£1.7) 9 (4+0.2)

BS, bare soil (APBIs = 0.13 kg DM m? year’l); PAST, perennial pasture (APBIs = 1.48 kg DM m? year’l); O/M, oat/maize (APBIs = 0.66 kg DM m? year’l); O+ V/M,
oat + vetch/maize (APBIs = 0.93 kg DM m? year’l); O + V/M + C, oat + vetch/maize + cowpea (APBIs = 1.10 kg DM m? year’l); BD (Mg m’3), bulk density; TP (m®
m™3), soil total porosity; MAC(so0) (m® m™®), porosity of soil macropore domain; MACsg) (m® m™3), soil macroporosity; MIC (m® m™3), soil microporosity; * values
expressed in Log (10); kac300)> Ka (50> Ka (0.6) (um?), soil intrinsic permeability to air in pores with equivalent diameter > 300, > 50, and > 0.6 um, respectively; ks, (mm
h™1), saturated hydraulic conductivity; k,, (um?), soil intrinsic permeability to water; ki(so0), k1503 K1(0.6) (um? m ™~ m®), pore organization indices with equivalent
diameter > 300, > 50, and > 0.6 um, respectively; ka(300), k2(50), k2(0.6) [pm2 m3m®?, pore organization indices with equivalent diameter > 300, > 50, and > 0.6
um, respectively; Neont, Overall pore continuity; €, (%), blocked porosity to aeration; PAWC (mm), plant-available water capacity; RD (g kg’l), root density; SOC (g
kg’l) Soil Organic Carbon. MAC 3g0): critical < 0.04 m? m’3, Good: > 0.07 m® m’3; and MACs0) good: > 0.1 m®m3 (Reynolds et al., 2009). BD: critical > 1.67 Mg

m~3 (Reichert et al., 2009).

and MAC 3o in subsurface layer, were the individual parameters most
strongly influenced by APBI level. Also, the results confirmed the
marked differences in pore system between the two layers (p < 0.001;
Table 3, Fig. 4). Thus, TP and MIC in the surface layer averaged at
0.44-0.5 and 0.26-0.34 m> m™3, respectively, with high and very high
APBI levels (O + V/M + C, PAST) exhibiting the highest averages. TP
and MIC in the subsurface layer averaged at 0.36-0.38 and 0.27-0.30
m® m3, respectively. Therefore, TP and MIC were 22 and 8 % lower in
the subsurface layer than they were in the surface layer (Table 2).

BD in the subsurface soil layer ranged from 1.68 to 1.77 Mg m ™ and
peaked with O/M and PAST. This parameter was 15 % higher on average
in the subsurface layer. Also, MAC(300) was 33 % greater with the O/M
treatment than with the others (Table 2).

The contrast analysis showed that increasing APBIs in no-till soil (BS
vs O/M, O + V/M and O + V/M + C — Contrast C1, and BS vs PAST —
Contrast C2) increased TP in the surface soil layer by 8 and 11 %,
respectively, relative to very low APBI levels (BS). MIC in that layer was
23 and 31 % with high (O + V/M + C) and very high (PAST) APBIs,
respectively, relative to BS [p < 0.001; Table 2, Table 4 (C1, C2), Fig. 4].

APBIs affected BD differently. Based on the C3 contrast, the cropping
system comprising four species (O + V/M + C) significantly decreased
BD relative to the cropping system involving only two species (O/M):
from 1.56 to 1.39 Mg m™° in the surface soil layer and 1.8 to 1.7 Mg m >
in the subsurface layer (p < 0.05; Table 2, Table 4 (C3)]. In the C2
contrast, PAST significantly increased BD in the subsurface soil layer:

from 1.68 to 1.76 Mg m~3 [p < 0.05; Table 2, Table 4 (C2)].

Applying the bimodal model of Seki (2007) to the results revealed
differences in SWRC between cropping systems (Fig. 3). In the surface
soil layer, PAST, O + V/M + C, and O + V/M differed in SWRC from BS
at matric potentials from 0 to -60 hPa and -60 hPa to -10000 hPa, the
two curve segments being primarily governed by MACg) and MIC,
respectively. In the subsurface soil layer, the curves discriminated be-
tween O + V/M and PAST at matric potentials from —60 to —-5000 hPa, a
range governed by MIC (Fig. 3).

The micromorphological images of the surface and subsurface layers
revealed the presence of channels, biopores, and fissures forming a
complex network of interconnected pores (blue in the micromorpho-
logical sheets, Fig. 3). Based on the images, the pore network expanded
in response to the gradient of APBIs in both soil layers. Also, the effects
of high (O + V/M + C) and very high APBIs (PAST) on the pore network
were more apparent in the surface soil layer than they were in the
subsurface layer.

3.3. Capacity of the pore system to conduct air and water

As can be seen from Table 3, the water conduction characteristics of
pore system also differed markedly between soil layers. Differences in
the capacity of the pore system to conduct air and water between APBI
levels were significant (p < 0.05) but only in the subsurface layer
(Table 3).
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Table 3
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Summary of results of statistical analysis on the long-term effect (34 yr) of no-till cropping systems on attributes of the soil pore system in the surface (0-5 cm) and

subsurface layer (5-15 cm) of a subtropical sandy clay loam Acrisol.

Statistical test Soil Parameter MANOVA (Wilks’ lambda) ANOVA
Cropping Soil layers (L) APBIs APBIs surface APBIs subsurface Soil layer (L)
system (APBIs) x L
p p p p p p
General attributes of the soil pore system
BD 0.018 < 0.0001 0.446 0.293 0.029 <0.000
TP 0.009 0.888 <0.000
MAC 300 0.450 0.031 <0.000
MACs0) 0.496 0.171 <0.000
MIC 0.007 0.204 <0.000
Attributes related to water and air fluxes
kaz00) 0.052 < 0.0001 0.015 0.235 0.047 0.477
kaso) 0.803 0.205 0.0035
kaco.6) 0.687 0.158 0.044
Ksat 0.270 0.009 <0.000
kw 0.532 0.026 0.015
Attributes related to organization in soil pores, plant-available water capacity, roots and soil organic carbon

k1300 0.002 <0.0001 0.036 0.191 0.041 0.001
kis0) 0.657 0.051 0.142
ki(0.6) 0.102 0.101 0.694
k2(300) 0.147 0.045 <0.001
ka0 0.216 0.128 <0.001
k2(0.6) 0.039 0.036 0.004
Neont 0.021 0.010 <0.001
€p 0.024 0.020 <0.001
PAWC 0.106 0.081 <0.001
RD 0.390 0.204 0.004
soC 0.004 0.01 <0.001

BD (Mg m™>), bulk density; TP (m®m %), soil total porosity; MAC(300) (m®m3), porosity of soil macropore domain; MACsg) (m®m %), soil macroporosity; MIC (m®m ),
soil microporosity; kacs00), Ka(s0), Ka(o.6) (pmz) soil intrinsic permeability to air in pores with equivalent diameter > 300, > 50, and > 0.6 pm, respectively; ks, (mm h™,
saturated hydraulic conductivity; k (pmz), soil intrinsic permeability to water; k1(300), k1(s0), k1(0.6) (pm2 m~3m?), pore organization indices with equivalent diameter
> 300, > 50, and > 0.6 um, respectively; ka(300), K2(50)> K2(0.6) [um? (m~> m®)?], pore organization indices with equivalent diameter > 300, > 50, and > 0.6 um,
respectively; Neont, Overall pore continuity; €, (% v/v), blocked porosity to aeration; PAWC (mm), plant-available water capacity; RD (g kg’l), root density; and SOC (g

kg™1) Soil Organic Carbon.

The permeability to air, kg, ranged from 0.5 to 2.1 pm? (in log units)
and 0.6 to 2 pmz in the subsurface soil layer (Table 2). Also, ka(3o0) in the
subsurface soil layer differed significantly between APBI levels, with
values ranging from 0.6 to 1.4 um? (p < 0.05; Table 2).

Air flow in macropores [kqcs0)] and micropores [kq06)] was 27 and 8
% lower, respectively, in the subsurface soil layer (Table 2). Water fluxes
as measured in terms of saturated hydraulic conductivity (ksat) and
intrinsic permeability to water (k) averaged at 0.7-1.7 mm mm h~! (in
log units) and < 0.01-0.1 um?, respectively, in the subsurface layer
(Table 2). Finally, the water flux-related parameters kg, and k,, were 36
and 83 % lower, respectively, on average in the subsurface layer
(Table 2).

The contrast analyses revealed that the set of cropping systems (low,
medium and high APBIs) [Table 4 (C1)], and the very high APBIs
[Table 4 (C2)] significantly increased the capacity of pores to conduct
water in the subsurface soil layer (ks ky) relative to BS: by 84 and 114
%, respectively (p < 0.05; Tables 2 and 4). As revealed by C2, air
permeability in kq(300) macropores in PAST was twice higher than in BS
(Table 4).

3.4. Pore system organization, available water, and root density

The geometrical indices related to level of organization and con-
nectivity of the air-filled macropores [ki300) and kazoey] differed
significantly between APBI levels but only in the subsurface soil layer (p
< 0.05; Table 3). By contrast, geometrical indices of air-filled micro-
pores [ka(o.6)], overall pore continuity (Ncont) and air-blocked porosity
(&p) differed in both the surface and the subsurface layer (p < 0.05;
Table 3, Fig. 4). The differences between the two layers occurred in all
parameters relating to pore system organization except ki (so) and ki(e)
(p < 0.01; Table 3, Fig. 4).

Pore organization and connectivity indices (k; and kz) by 300 to 0.6
um diameter range in the surface soil layer increased as the soil samples
were drained. In the subsurface it was different for the parameter k; over
the previous diameter range. In BS, O + V/M + C, and PAST k_ decreased
5.4, 17.5 and 14.3 %, respectively (Table 2).

k1(300) and ko(so0) averaged at 2.1-2.6 pmz m~3m® and 3.5-4.2 pmz
(m’3 m3)2, respectively, in the subsurface soil layer (Table 2). Overall
pore continuity (Nont) and air-blocked porosity (€p,) spanned the range
1.8-2.5 and 2-5 %, respectively, in the surface layer, and 1.1-2.2 and
0.3-2 %, respectively, in the subsurface layer (Table 2).

As regards cropping systems, PAWC in the surface soil layer
accounted for 7-10 mm of available water, and RD ranged from 0.7 to
1.8 g roots kg ! soil. In the subsurface soil layer, PAWC was 11-14 mm
and RD 0.1-1.3 g roots kg~ soil (Table 2).

The contrast analyses revealed that Ncon: and €, in the surface soil
layer increased by 28-100 % relative to BS with increasing APBI in all
cropping systems [p < 0.05; Table 2, Table 4 (C1)]. As can be seen in
Fig. 4, the relationship was linear. The very high APBI levels of PAST
significantly increased pore organization and connectivity in micropores
[k2(0.6)] relative to BS: by 16 % [(p < 0.02; Table 2, Table 4 (C2)].

In the subsurface soil layer, PAST significantly increased kj(300) and
ka(3o0) relative to BS: by approximately 24 and 13,5%, respectively [p <
0.05; Table 2, Table 4 (C2)]. By contrast, in subsurface layer, PAST and
O + V/M + C significantly (p < 0.01) decreased N.opnt and €, relative to
BS: by 44, 85 %, respectively (Table 4, C2) and relative to O/M: by 52
and 50 % respectively (Table 4, C3) (Tables 2 and 4, Fig. 4). PAWC
increased by 21 % (p < 0.05) with increasing APBI in the annual crop-
ping systems [O/M, O + V/M, O + V/M + C; Table 4 (C1), Table 2].
Also, perennial pasture increased PAWC by 27 % [Table 4, Table 2 (C2)].
PAWC was linearly related to the APBIs supplied by the cropping sys-
tems (Fig. 4).
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Fig. 4. Relationship between characteristics of the soil pore
system in the surface (0-5 cm) and subsurface layer (5-15
cm) of a subtropical Acrisol and active plant biomass inputs
(APBIs) from plants in different no-till cropping systems: BS,
bare soil; PAST, perennial pasture; O/M, oat/maize; O + V/
M, oat + vetch/maize; and O + V/M + C, oat + vetch/
maize + cowpea. Each of the three points represents one of
the blocks evaluated in the experiment. The value for each
block was obtained from n = 9 evaluations conducted over
the 34 years of the experiment.
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Table 4

Summary of results of the contrast analysis between no-till cropping systems and
changes in attributes of the soil pore system in the surface (0-5 cm) and sub-
surface layer (5-15 cm) of a subtropical sandy clay loam Acrisol.

Contrast C1 Cc2 C3
BS vs (O/M, O + V/M, O + V/ BS vs PAST O/Mvs O + V/M
M+ C) +C
General attributes of the soil pore system
Surface TP **1 TP **1 BD *|
MIC **t MIC **t TP *1
Subsurface BD *t BD *|
Attributes related to water and air fluxes
Subsurface ksat **1 ksat **1 Ky
1
kw *1 kaczo0) *1
Attributes related to organization in soil pores, plant-available water capacity, and
roots
Surface Neont *1 kaq.6) **1
& *1
Subsurface PAWC *1 ki(z00) *1 Neont **1
PAWC #1 & *
kaeo0) *1
Neont ** |
& ¥l

BS, bare soil; PAST, perennial pasture; O/M, oat/maize; O + V/M, oat + vetch/
maize; O + V/M + C, oat + vetch/maize + cowpea; TP, soil total porosity; MIC,
soil microporosity; BD, bulk density; ks,, saturated hydraulic conductivity; k,
soil intrinsic permeability to water; kj(sq0), organization index in pores with
equivalent diameter > 300, respectively; ka300), k2(0.6) [pm2 (m 2 m%?, orga-
nization indices in pores with equivalent diameter > 300,and > 0.6 pm,
respectively; Neont, Overall pore continuity; €;,, blocked porosity to aeration;
PAWG, plant-available water capacity; RD, root density. Up- and down-pointing
arrows indicate an increase or decrease, respectively, from the first to the second
component (cropping systems) in each contrast. Statistical significance: * p <
0.1,% p < 0.05, ** p < 0.001.

Soil organic carbon (SOC) was also dependent on APBI level, and on
the soil surface and subsurface conditions (p < 0.01; Table 3). Thus, SOC
was 12-17 g kg™ ! in the subsurface soil layer but lower (8-10 g kg™1) in
the surface layer. Overall, average SOC values were 41 % higher in the
surface layer than they were in the subsurface layer.

Fig. 4 illustrates the effects of APBIs on pore attributes such as TP,
MIC, Ncont, PAWC, and SOC in the two soil layers. Plants affected the
pore system and SOC in the two layers differently. Thus, they increased
SOC, TP, MIC, Ncont, in the surface layer, but only MIC and PAWC in the
subsurface layer —where N¢on: Was decreased and total porosity unaf-
fected (Fig. 4).

4. Discussion

4.1. Active plant biomass inputs (APBIs) and changes in the soil pore
system

The results of the ANOVA (Table 3), contrast analysis (Table 4) and
regression analysis (Fig. 4) exposed the long-term effects (34 years) of
APBI gradients on no-till soil in the target subtropical ecosystem. The
effects on the pore system and SOC were especially apparent in both the
surface (0-5 cm) and the subsurface soil layer (5-15 cm) (Table 4,
Fig. 4). This result confirms that no-till soils must be cropped with a
large number of annual or perennial species in order to maintain func-
tional porosity so as to allow growing plants to ensure adequate soil
energy and C fluxes. APBIs from plants impacted soil parameters asso-
ciated to the pore system, water and air fluxes; also, they related to
continuity in soil pores and to SOC (Tables 3 and 4; Fig. 4).
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4.1.1. Effects of APBIs on the soil pore system in the surface layer

Based on the results for the surface soil layer and, especially, the
increased porosity and continuity of pore system (TP, MIC, N¢op), and
organization/connectivity in micropores [kzw.6)] (Table 3, Table 4,
Fig. 4), APBIs helped construct a pore system that facilitated water
storage and gas exchange. The presence of channels, biopores, and fis-
sures resulting from root growth, in conjunction with soil biota, facili-
tated the formation of a highly complex pore network in the soil surface
layer (Fig. 3). These soil conditions ensure effective water infiltration,
and also efficient air and water conduction to subsurface soil (Pires
et al., 2017; Rabot et al., 2018; Weiler and Naef, 2003).

Roots were previously found to facilitate the formation of large,
functional pores called “biopores” in legume- and grass-bearing systems
compared to bare soil (Carof et al., 2007; Obi, 1999). According to
Fischer et al. (2015), and Weisser et al. (2017), soil porosity is affected
by plant diversity and soil biota. This was very consequential for our
results since Almeida et al. (2016) detected an impact of no-till cropping
systems on two Isoptera groups (termites), which are known to influence
the formation of pore networks by connecting cavities and vesicles in the
soil surface (Barros et al., 2000).

Plant-biota interactions in the studied no-till soil were confirmed by
micromorphological analyses (Fig. 3), which revealed a prevalence of
fine to medium macropores (0.75 to > 2 mm in diameter) of primarily
biological origin (de Castro, 2008) as result of the combined action of
roots and soil biota (Cooper et al., 2018; Pires et al., 2017), and of
increasing APBI levels. In the surface, the pore system promotes
capturing, conduction and storage of resources such as water. This role
of the pore system can be interpreted as one of the results of self-
organization in no-till soils under the influence of growing plants
(Fig. 5). Thus, the presence of growing plants increases energy and
matter inputs, thus increasing pore connectivity (Ncont) and helping
develop a micropore network highly organized [ky(o.6)], all of which
facilitates storage of available water for use by plants and soil biota
(Vezzani and Mielniczuk, 2011a), and boosts biogeochemical processes
as a result (Smucker et al., 2007).

SWRC (Fig. 3) was also consistent with a pore system that facilitated
water storage and gas exchange, with an increased TP in the surface soil
layer. The differences in SWRC were observed between the cropping
systems O + V/M + C, PAST and BS, especially, both in the macropore
and in the micropore range (matric potentials from 0 to — 60 and — 60
to — 10 000 hPa, respectively). These differences in SWRC were
confirmed by the contrasting sinuosity between curves and quality pa-
rameters in the multimodal model of Seki (2007), R®> 0.98, and by the
low dispersion of data in all curves. Therefore, multimodal SWRC
models are suitable for soils with a heterogeneous pore system (Durner,
1994), which is the case with tropical soils (Omuto, 2009).

Increasing APBIs promoted retention of energy and matter in the
form of soil organic carbon (Table 4). The increase in SOC can be
ascribed to microbially produced organic compounds from the decom-
position of plant residues covering the soil (Cotrufo et al., 2013), and
also to rhizodeposition products.

4.1.2. Effects of APBIs on the soil pore system in the subsurface layer
High APBI levels in the subsurface soil layer (5-15 cm) enabled the
development of a pore system differing from that in the surface layer
(0-5 cm). Such a system increased water fluxes (ksat, kw), decreased pore
connectivity (Ncont), and increased water availability (PAWC) (Tables 3
and 4). The improved water fluxes may have resulted from the formation
of an increased number of connected pores of equivalent diameter >
300 pm [kj(300)] (Tables 3 and 4), probably by effect of root growth
establishing preferential channels for water infiltration (Nicoloso et al.,
2008) and of the activity of earthworms constructing continuous vertical
channels (Blouin et al., 2013; Langmaack et al., 1999). Root mass in the
subsurface soil layer was 3 times greater with PAST than it was with the
other treatments (Table 2), which probably facilitated the development
of a more continuous pore network —and hence boosted water and air
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3. The pore networks in the surface and subsurface layers are different and
complementary. In the surface, processes such water infiltration and storage, gas
exchange, and water fluxes to deeper layers are facilitated. In the subsurface, the
large connected pores act as bridges between the surface and subsurface, ensuring
complementariness by facilitating fluxes between a soil layer largely functioning
to capture and store resources including water and SOC, and another storing such

Geoderma 434 (2023) 116477

Macropores

Micropores

1. Surface layer: active plant biomass inputs help
build a network of connected macropores and
micropores, enabling processes such as air flow,
and water infiltration, movement, and uptake.

Large macropores

Micropores

2. Subsurface layer: active plant biomass inputs help build a
network of large macropores enabling air flows and water
movement from the surface to the less continuous pore
network in the subsurface, where water is stored and available
to plants.

resources.

Fig. 5. Active plant biomass inputs affect functioning of the pore network in the surface and subsurface layers of soil.

fluxes as a result (Table 4). Some authors (e.g., Obi, 1999) have found
pasture to increase kg, relative to bare soil, but others have not (Carof
et al., 2007). According to Weisser et al. (2017), ksa is influenced by
crop growth stage and root development; thus, a low growing root
system takes little pore space and leaves many free pores that facilitate
water fluxes in no-till soils. At the time of soil sampling here (late
winter), when oat and vetch were senescent and PAST resulted in little
plant growth, roots must have stopped growing or even died, and part of
the pore space been freed, thereby boosting water fluxes in the subsur-
face layer as a result.

Some studies have shown that the presence of legumes in cropping
systems acts as a source of nitrogen, thus promoting earthworm activity
(Almeida et al., 2016) and biopore formation (Blouin et al., 2013;)—and
hence increasing water fluxes (Fischer et al., 2014; Langmaack et al.,
1999; Weisser et al., 2017). These conditions may have prevailed with O
+ V/M + C and the system promoted the formation of the many chan-
nels and connected pores observed in the micromorphological images of
the subsurface soil layer (Fig. 3).

Macropore continuity in subsurface soil strongly influences water
storage by facilitating water transfer from macropores to the bulk soil in
no-till systems (Weiler and Naef, 2003). Based on the results, this
functionality of macropores (viz., mobilizing water to the soil matrix)
resulted from self-organization of the soil in the subsurface layer by
effect of the plants —in fact, kst and PAWC increased with increasing
APBIs (Table 4, Fig. 4). The increasing PAWC values of Table 4 and Fig. 4
may have resulted from decreased N¢qn¢ values (Fig. 4) leading to slower
movement of water in the soil matrix, and hence to increased storage.

4.1.3. In what way are the pore systems in the surface and surface soil layer
complementary?

The data in Tables 3 and 4, and those in Figs. 4 and 5, strengthen our
hypothesis that APBIs promote the formation of a pore network differing
in their characteristics and playing complementary roles in the surface
and subsurface layer of a no-till soil. The functional complementariness
of the two layers is a result of the compleX arrangement and connection
of macropore and micropore networks (Fig. 5). The increased continuity
of the pore system in the surface layer facilitates water infiltration and
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storage, gas exchange, and water fluxes to deeper layers (Fig. 5). Like-
wise, the connected large macropores in the subsurface layer efficiently
conduct water from the soil surface. The large connected pores act as
bridges between the surface and subsurface soil layers (Weiler and Naef,
2003), thereby ensuring complementariness by facilitating fluxes be-
tween a soil layer largely functioning to capture and store resources
including water and SOC (Table 4), and another storing such resources.
Blackwell et al. (1990), Schéffer et al. (2008), and Holthusen et al.
(2018), found vertically oriented biopores to be less prone to degrada-
tion —which is important for air and water conduction to the soil sub-
surface— and also to be facilitators of root growth in deep layers (de
Moraes et al., 2018) and of soil functioning (Weiler and Naef, 2003).

4.2. Functionality of the pore systems in response to crops

The effect of APBIs on soil parameters was quite apparent from our
results. The positive effect of APBIs on functionality the pore system
overshadowed potentially adverse effects of machine traffic on the soil.
Comparing the results for bare soil (BS, which was not subjected to
machine traffic) with the set of crops used in the cropping systems (O/M,
O + V/M, and O + V/M + C) the crops increased porosity TP, micro-
porosity MIC, and air fluxes [ka.6)] in the surface layer, as well as
permeability to water fluxes (ky,) in the subsurface layer [Table 4 (C1)].

The improved functionality and quality of the pore system resulting
from APBIs is apparent from the average values of kazo): 4-9 pm?
(Table 2). When the soil contained more moisture (matric potential = -1
kPa) and internal air fluxes stopped, the treatments exceeded the critical
limit 1 pm2 (Ball et al., 1988; Poulsen, 2013). Also, k,(s0) increased to
20-34 pm2 (Table 2) when all macropores were water-free (i.e., at a
matric potential of -6 kPa). These results suggest that increased APBIs
improve the quality of the pore system even with machine traffic. Some
studies have found heavily restricted soil aeration in no-till soils (Betioli
Junior et al., 2014; Holthusen et al., 2018). Such studies, however, were
conducted in areas with a long-term use of soybean monocultures and a
high frequency of winter fallow, which led to low APBIs.

The results of contrast C3 (viz., O/M vs O + V/M + C) illustrate the
effects of high APBIs on the development of a better pore system
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(Table 4). Although these cropping systems involved similar machine
traffic, the soil exhibited smaller BD, and greater TP, under O + V/M + C
than it did under O/M. The increased resistance of the pore system with
O 4+ V/M + C here may have been a consequence of the increased SOC
resulting from the treatment (Fig. 4) (Veloso et al., 2020, 2019). Thus,
the O + V/M + C treatment decreased BD in the soil surface by 11 %:
from 1.56 Mg m~ in the 0-10 cm layer in 1983 (i.e., before the
experiment was started; Pedd, 1986) to 1.39 Mg m™° in the 0-5 cm layer
(Table 2). Moreover, O + V/M + C increased TP by 47 %: from 0.34 m®
m~3 (Pedd, 1986) to 0.50 m*® m™ (Table 2).

PAST and O + V/M + C resulted in soil macropore domain values
above the critical threshold [MAC3g0) < 0.04 m®m3; Reynolds et al.,
2009] in the surface layer (Table 2), the increase relative to BS being 50
and 33 %, respectively. In contrast, MAC(so0) in the subsurface layer fell
below the critical threshold with all treatments. Although MAC 300y was
below the threshold under PAST and O + V/M + C, these two treatments
increased water fluxes (ksat, kw), which are MAC(sg) -dependent, in the
soil subsurface (Table 4), thus reflecting the increased organization of
the pore system.

The mean BD value in the subsurface layer with PAST, 1.76 Mg m ™,
exceeded the critical threshold [viz., 1.67 Mg m™> as determined by
Reichert et al. (2009) for a soil containing 220 g clay kg~']. However,
extensive development of the pore system in the subsurface layer under
PAST increased water conductivity (ksy¢ and ky); also, it increased
macropore continuity [ki300)], and air flux in macropores [kacz00)]
[Table 4 (C2)], which testifies to the quality of the pore system in
contrast to the potential deterioration of the soil suggested by the BD
critical threshold.

Air capacity values above 0.10 m® m? represent the proportion of
pores at a matric potential of —~10 kPa above which the susceptibility of
soil to deficient aeration starts to decrease (Reynolds et al., 2009).
Although MAC(s0) was determined at a matric potential of -6 kPa —and
hence in wetter soil —, here it exceeded 0.10 m® ™" (by a factor of up to 2
with O + V/M + C; Table 2) in the surface layer and was close to this
threshold in the subsurface layer. These results suggest that the pore
system in soils under no-till receiving very high (PAST) or high APBIs (O
+ V/M + Q) enables efficient gas exchange in the rhizosphere even
under wetter conditions.

5. Conclusions

The impact of crops on the pore system reflects the fluxes of energy
and matter through active plant biomass inputs in a soil self-organizing
process. Plants facilitate the development of resistant pore networks
with different, complementary functions in the surface (0-5 cm) and
subsurface layer (5-15 cm) of no-till soil. Increasing the input of active
plant biomass (shoot biomass) by growing a large number of annual or
perennial species improved total soil porosity and led to a more
continuous pore system that facilitated water storage and gas exchange
in the surface soil layer. Also, the action of plants in the subsurface soil
layer facilitated the development of interconnected macropores that
boosted water and air fluxes in the soil in addition to a less continuous
network of pores which, in combination with micropores, increased
water storage and availability to plants. Our results highlight the role of
active plant biomass inputs in developing a soil pore system with
improved functionality in no-till soils. However, the treatment design
does not allow us to draw solid conclusions on the influence of species
richness on the soil pore system because this parameter was analyzed
together with plant biomass in cropping systems. Furthermore, the
specific role of the root system in the development of the pore system
should be examined in future research.
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