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Abstract. In the natural environment, soils undergo wetting and drying (WD) cycles due to precipitation and
evapotranspiration. The WD cycles have a profound impact on soil physical, chemical, and biological properties
and drive the development of structure in soils. Degraded soils are often lacking structure, and the effect of
organic amendments and WD cycles on structure formation of these soils is poorly understood. The aim of this
study was to evaluate the role of biotic and abiotic factors on aggregate formation and stabilization of sodic soils
after the addition of gypsum and organic amendments (feedlot manure, chicken manure, lucerne pallets, and
anionic poly acrylamide). Amended soils were incubated at 25 °C over four WD cycles, with assessment of soil
microbial respiration, electrical conductivity, pH, sodium adsorption ratio (SAR), aggregate stability in water
(ASWAT), aggregate size distribution, and mean weight diameter. Our results demonstrate that WD cycles can
improve aggregate stability after the addition of amendments in sodic Vertisols, but this process depends on the
type of organic amendment. Lucerne pellets resulted in highest soil microbial respiration, proportions of large
macroaggregates (>2000 um), and mean weight diameter. In contrast, dispersion was significantly reduced when
soils were treated with chicken manure, whilst anionic polyacrylamide only had a transient effect on aggregate
stability. When these organic amendments were applied together with gypsum, the stability of aggregates was
further enhanced, and dispersion became negligible after the second WD cycle. The formation and stability
of small macroaggregates (2000-250 um) was less dependent on the type of organic amendments and more
dependent on WD cycles as the proportion of small macroaggregates also increased in control soils after four
WD cycles, highlighting the role of WD cycles as one of the key factors that improves aggregation and stability
of sodic Vertisols.

1 Introduction

Soils are subjected to seasonal and daily variations of water
and temperature. These variations effect the physical, biolog-
ical, and chemical properties of soils. Natural variations in
soil water content can lead to wetting and drying (WD) cy-
cles, which are affected by rainfall, solar radiation, capillar-
ity, wind, condensation (Utomo and Dexter, 1982), and evap-
otranspiration. In most terrestrial ecosystems, surface soils
experience rapid changes in soil water content with a longer
dry period followed by a relatively rapid rewetting (Borken
and Matzner, 2009). Southern Queensland (Australia) usu-

ally has hot wet summers with cool dry winters, and soils of
this region and other semi-arid areas are particularly suscep-
tible to drying and rewetting stresses due to the infrequency
of rainfall. In the field, most soils experience more than one
WD cycle throughout the year. These WD cycles have a sub-
stantial influence on soil aggregation and structure stabiliza-
tion because of its direct effect on hydration of minerals, and
an indirect effect on plant ecology and soil microbial activity
(Denef et al., 2001; Cosentino et al., 2006).

Soil aggregation is an important mechanism for stabiliza-
tion of soil organic matter (Six et al., 2000a). Furthermore,
it also supports soil fertility, as it reduces soil erosion and
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controls soil aeration, water infiltration, hydraulic conduc-
tivity, and nutrient cycling (Oades, 1984; Six et al., 2000b).
Soil aggregation is caused by various aggregate stabilizing
compounds, which work together at different spatial scales
(Tisdall and Oades, 1982). Aggregate formation also depends
on soil microbial activity, since the latter influences the pro-
duction of binding materials such as microbial exudates and
hyphae (Rahman et al., 2017). Aggregate stability often ex-
hibits seasonal and inter-annual variability that is controlled
mainly by rainfall, temperature, humidity, insolation, and or-
ganic matter (Perfect et al., 1990).

Sodic soils are generally characterized as soils with poor
structure, which makes those soils difficult to work with
when wet or dry (Rengasamy and Olsson, 1991). Poor struc-
tural stability of sodic soils restricts seedling emergence and
root growth, which directly limits crop growth and develop-
ment and indirectly affects plant nutrition by limiting water
infiltration, nutrient uptake, and gaseous exchange (Curtin
and Naidu, 1998). Rehabilitation of sodic soils requires an
understanding of the complex interactions between biologi-
cal and physico-chemical factors that contribute to soil struc-
ture formation and stability (Oades, 1993; Nelson and Oades,
1998). Traditionally the management practices used to im-
prove the structure of sodic soils involve the displacement
of Na ions from the soil exchange complex with the help of
divalent cations such as Ca or increasing the ionic strength
of soil solution (Ghosh et al., 2010), both of which can be
achieved by the application of gypsum to these soils. The
effect of gypsum on increasing ionic strength is immediate
but short-lived. In contrast, the effect of gypsum for provid-
ing the counter ion (Ca to replace Na) is permanent unless
additional Na is added to system (e.g., using poor quality ir-
rigation water). Another frequently-used management prac-
tice to ameliorate sodic soils is the use of organic amend-
ments. The addition of organic matter affects aggregate sta-
bility within a period of days to weeks due to the stimulation
of microbial activity (Six et al., 2004), depending upon the
quality and quantity of organic matter (Monnier, 1965 cited
in Abiven et al., 2009). While organic matter increases soil
microbial respiration resulting in the formation of extracel-
lular polysaccharides which help in the formation of soil ag-
gregates (Bossuyt et al., 2001), studies investigating the ef-
fect of organic amendments in improving the soil structure
are inconclusive. For instance, the extracellular polysaccha-
rides and large polyanions can bind clay particles into stable
macroaggregates. On the other hand, organic anions can en-
hance dispersion by increasing the negative charge on clay
particles and by complexing calcium and other polyvalent
cations (such as those of aluminium), hence reducing their
activity in soil solution (Ghosh et al., 2010)

Apart from the changes in soil structure due to the addi-
tion of different ameliorants, WD cycles can lead to more in-
tensive changes in the structure of soils dominated by smec-
titic clays (Vertisols) through physical processes (Utomo and
Dexter, 1982; Denef et al., 2001). These soils are generally
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characterized as self-mulching soils, as they exhibit shrink—
swell properties imposed by the WD cycles (Pal et al., 2012).
Vertisols cover a total of an estimated 340 million ha in the
world (Australia, Asia, Africa, and America), out of which
approximately 150 million ha is potential crop land. How-
ever, the physical properties and moisture regimes of Ver-
tisols represent serious management constraints (Pal et al.,
2012). Sodic Vertisols are common in arid parts of the world.
The effect of sodicity on the physical properties of Verti-
sols is still a subject of debate. For example, Rahman et
al. (2018) reported that WD cycles improved (increased) the
mean weight diameter (MWD, a proxy of aggregate stabil-
ity measurement) of Vertisols when treated with maize straw
after four WD cycles. In a similar manner, WD cycles also in-
creased the proportion of large macroaggregates of smectite
Vertisols (Bravo-Garza et al., 2009). Peng et al. (2011), com-
paring swelling and non-swelling soils, reported that WD cy-
cles decreased the MWD of swelling soils but not of non-
swelling soils. However, Six et al. (2000b) found that re-
peated WD cycles decreased the MWD due to physical dis-
turbance of aggregates, with this being related to the loss of
soil organic matter. These apparently contradictory results
can potentially be explained on the basis of the initial con-
ditions of the soil, such as the physical conditions of aggre-
gates, organic matter content and quality, and the intensities
and duration of the WD cycles (Cosentino et al., 2006).

Similarly, studies investigating the effects of WD cycles
on microbial activity were inconclusive, with results differ-
ing due to varying experimental designs, incubation period
and temperatures, soil properties, and treatments applied. Xi-
ang et al. (2008) found that multiple WD cycles increased
the microbial respiration of grassland soils up to 6-fold when
compared to the soil that remained wet. Drying and rewet-
ting of these soils gave a new pulse of respiration with each
WD cycle, but when these soils were kept at constant water
content, microbial respiration decreased to almost zero. An
increase in cumulative respiration from forest soils of China
was also observed when these soils experience a WD cy-
cle compared to constant moisture conditions (Zhang et al.,
2022). In contrast however, Rahman et al. (2018) reported
that repeated WD cycles in Vertisols decreased soil respira-
tion significantly but that the magnitude of this decrease be-
came smaller over the time. Similarly, Yu et al. (2014) found
that repeated WD cycles decreased the cumulative soil respi-
ration compared to constant moist conditions in a loamy sand
soil.

Although the interaction of biotic and abiotic factors and
its effect on aggregate stability and formation is complex
and inconsistent, little effort has been put into studying the
underlying mechanisms, particularly in sodic Vertisols. Fur-
thermore, there is little information available on the rela-
tionship between aggregate formation and stability follow-
ing repeated WD cycles after addition of gypsum and or-
ganic amendments. Thus in the present study we used two
sodic Vertisols, with the aim to: (i) determine the role of gyp-
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sum and different organic amendments on aggregate forma-
tion and stability, (ii) explore the combined effect of gypsum
and organic amendments on soil physico-chemical and mi-
crobial properties, (iii) investigate the effect of WD cycles
on microbial respiration, (iv) assess the effects of WD cycles
on aggregate formation and stability, and (v) determine how
many WD cycles are needed to improve aggregate stability.
We hypothesized that (i) organic amendments will increase
the microbial respiration and improve the formation of large
macroaggregates and MWD, (ii) gypsum will improve ag-
gregate stability due to increases Ca concentration and ionic
strength, (iii) organic amendments act synergistically with
gypsum on aggregation, and (iv) repeated WD cycles will
increase the process of aggregate formation and stability.

2 Materials and methods

2.1 Soils

The two soils used in this experiment were collected
from a farm located in southern Queensland near Goondi-
windi (28.54° S, 150.30° E), Australia. The soils were being
cropped using a maize (Zea mays) and wheat (Triticum aes-
tivum) rotation system. Both soils were classified as sodic
Vertisols according to the FAO World Reference Base (2015)
(Vertisols in the Australian Soil Classification). Soils were
collected with a shovel to a depth of 10 cm at two locations
from the cropped land. These sites were selected as they were
in close proximity to each other but were slightly different in
regard to their physical properties (Table 1), with Soil 1 be-
ing more dispersive than Soil 2. Three core samples were also
collected for the measurement of bulk density from each site
(Soil 1 and Soil 2) and dried at 105 °C for several days. Af-
ter collection, soils were air dried, and the larger clods gen-
tly broken into smaller aggregates by hand. The soils were
then passed through a 10 mm sieve to remove stones, Visi-
ble roots, and plant litter. For chemical analysis, a portion
of each soil was sieved to <2 mm. Soil pH (ISO, 2005) and
electrical conductivity (EC) (ISO, 1994) were measured in
1:5 soil : water suspension. Particle size analysis was per-
formed using the pipette method (Day, 1965), and field wa-
ter capacity (—10kPa) was measured using a pressure plate
apparatus (Cassel and Nielsen, 1986). Exchangeable cations
(Ca>*,Mg”+, Nat, K*) and effective cation exchange ca-
pacity were determined after pre-washing with 60 % ethanol
and then leaching with non-alcoholic 1 M NH4Cl solution at
pH7 (Tucker, 1985). The exchangeable sodium percentage
was calculated as exchangeable Na concentration divided by
the effective cation exchange capacity. Total organic C and
total N analyses were conducted using a LECO TruMac in-
strument using the Dumas method (Nelson and Sommers,
1996). The electrochemical stability index was used as an
indication of the potential for soil dispersion. The threshold
electrochemical stability index below which structural break-
down occurs is 0.05 (McKenzie, 1998). The dispersion index
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(DI), another measure of soil structural stability, is defined as
the amount of dispersed silt + clay expressed as a percentage
of the total silt 4 clay of the soil (see Sect. 2.3) (Mustafa and
Letey, 1969). Soil dispersion assessed by aggregate stability
in water (ASWAT) is described in detail in Sect. 2.3.

2.2 Collection of different organic materials used as
amendments

Four different organic amendments were used for this study,
viz. feedlot manure (FLM), chicken manure (CM), lucerne
pellets (LP), and polyacrylamide (PAM). The FLM and CM
were collected from a cattle feedlot and chicken sheds, re-
spectively, located at The University of Queensland (Gatton,
Australia) before being air dried, whilst the LP was a com-
mercial animal feed product. The four organic amendments
were chosen for three reasons: (1) they were easily available
and are used by farmers, (2) LP is used as green manure and
studies have shown it is effective in ameliorating sodic soils,
and (3) PAM is used in mining and construction to treat sodic
dispersive soils. Furthermore, these amendments were dif-
ferent in terms of their chemical properties (Table 2) and C
functional groups (Niaz et al., 2022) and may give a good
contrast between the amendments. All organic amendments
were ground and sieved through a 0.5 mm sieve in order to
minimize the effect of different size particles and to create
a homogenized sample. Anionic PAM Flobond L33 liquid
(SNF Australia) had a charge density of 30 % and the molec-
ular weight was 12—15 million Dalton (as per product specifi-
cations). Gypsum (CaSOy - 2H;O) was laboratory-grade ob-
tained from Sigma Aldrich.

A chemical analysis of the organic amendments was per-
formed before mixing with the soils (Table 2). Total C and
N analyses were performed using the LECO TruMac instru-
ment with the Dumas method (Nelson and Sommers, 1996).
The major cations, including Nat, Ca?>* Mg?>*t, and K¥,
were quantified by inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES) after nitric acid microwave di-
gestion (Kovécs et al., 1996). The pH and EC of organic
amendments were measured in (1 : 5) water suspensions after
shaking for 1 h.

2.3 Incubation experiment

An incubation experiment was conducted using a complete
randomized design. The treatments consisted of the five
amendments (gypsum (G), PAM, FLM, CM, and LP) plus
an unamended control. In addition, the FLM, CM, LP, and
PAM were also applied in combination with G in order to
check for synergistic effects between gypsum and organic
amendments. This yielded a total of 10 treatments, each with
three replicates, totaling 60 experimental units. Soil sam-
ples (300 g) were mixed with the respective organic amend-
ments (Table 3) added at rates that were commercially feasi-
ble (10 Mgha~!), except PAM which was added at 1 kgha~!.
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Table 1. Physico-chemical properties of soil samples.

Soil 1 Soil 2

pH (1:5 water) 7.07 7.03

EC(1:5dSm™") 026 0.2

Sand (%) 34 37

Silt (%) 17 17

Clay (%) 49 46

Bulk density (g cm™3) 1.29 1.29

Field capacity (%) 33 29

Total organic C (g kg_l) 8.8 9.8

Total N (gkg™1) 090  0.90

Effective cation exchange capacity (cmol™P) kg_]) 23 24

Exchangeable sodium percentage 15 16

Electrochemical stability index 0.02 0.01

ASWAT 15 11

DI (%) 48 28

Table 2. Chemical properties of organic amendments.
pH(1:5 EC(1:5 TC TN C:N Ca*t Nat Mg2+ K+
@sm™hH (%) (%) kg™ (gkg™ (gke™h) (gke™)
FLM 8.4 30 149 14 10:1 18.1 4.2 12.8 12.5
CM 8.2 10.7 260 2.6 10:1 179.0 4.7 9.7 29.7
LP 5.6 57 438 3.1 141 13.8 2.9 3.7 12.8
PAM 49.7 09 56:1

The gypsum requirement of both soil samples was calculated
based on the formula given by Oster and Jayawardane (1998)
as follows:

gypsum requirement (GR) = 0.00086 x F x D x db
x (CEC) x (ESPi-ESPf), (1)

where F' is exchanged efficiency of Ca—Na and for this case
considered equal to 1, D is the depth of soil to be reclaimed
(cm), 9b is soil bulk density (g cm’3), CEC is cation ex-
change capacity (cmolt kg~!), ESPi is initial soil exchange-
able sodium percentage, and ESPf is final or desired ex-
changeable sodium percentage. For simplicity, a single gyp-
sum rate of 2.5 Mgha~! was selected for both soils

The experiment was performed with jars 12 cm in diameter
and 15 cm in height, and the soil was packed to a height of 3—
5 cm. The soil water content at field capacity (—10kPa) was
~0.30 g water g~ ! soil. The WD cycles were imposed as fol-
lows. First deionized water was added to the soils (0.30 g g~
for Soil 1 and 0.31 gg_1 for Soil 2) at 25 °C, and after 1d,
the lids were removed and soils were allowed to dry at 25 °C
during which the soil water content decreased to air-dry con-
ditions (~ 0.1 g water g~! soil). The dry-down was typically
completed in 14 d. The WD regime was applied 4 times, with
the total duration of the experiment being 60 d. Although the
WD regime might not entirely represent the field conditions
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Table 3. Treatments and their application rates.

Treatments  Application rates
1 Control No amendment
2 G 2.5Mgha~!
3  FLM 10Mgha~!
4 CM 10Mgha™!
5 LP 10Mgha™!
6 PAM 1kgha™!
7 G+FLM 2.5+ 10Mgha™!
8 G+CM 2.5+ 10Mgha™!
9 G+LP 2.5+ 10Mgha~!
10 G+PAM  2.+1kgha~!

due to lack of plant growth, it is representative of the mean
temperature and the field water content.

Soil solutions (~ 3-5 mL) were extracted using polyacry-
lonitrile hollow fibre samplers (Menzies and Guppy, 2000)
embedded in the jars containing the treated soils. Soil solu-
tion was collected 4 times at the start of each WD cycle after
the water was added to soils. Soil solution pH, EC, NHZ{-
N, NO; -N, dissolved organic carbon (DOC), Na, Ca, Mg,
and K were measured as follows: NHZ-N by the phenate
method (Rice et al., 2017), NO5-N by cadmium reduction
(Rice et al., 2017) using a segmented flow analyzer (SEAL
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AA3), DOC using a total organic carbon liquid analyzer (Shi-
madzu, Japan), and the cations using ICP-OES. The sodium
adsorption ratio (SAR) was calculated from the soil solution
concentrations of Na*, Ca’T, and Mg?+.

Soil dispersion was determined using the ASWAT test
(Field et al., 1997) and DI (Mustafa and Letey, 1969). Air-
dried aggregates from each sample after completion of each
cycle were placed in a Petri dish filled with deionized wa-
ter. A visual assessment of aggregate dispersion was made
after 10 min and 2h, assessing dispersion on a scale of 0-
4. The scores were as follows: 0 — no dispersion, 1 — slight
dispersion (slight milkiness adjacent to aggregates in water),
2 — moderate dispersion (obvious milkiness), 3 — strong dis-
persion (considerable milkiness with about half of the mate-
rial dispersed in water), and 4 — complete dispersion (leav-
ing sand particles in a cloud of dispersed clay). Dispersion
scores that were determined after 10 min and 2 h were added
together and then added to 8, thus giving a range of val-
ues from 9-16. Aggregates which were not dispersed after
2h were remolded, submerged in water, and dispersion re-
assessed again after 10 min and 2 h. Scores were given from
0—4 for both times and added (giving values from 0-8). Thus,
aggregates were considered stable if they had a low ASWAT
score, and the higher the ASWAT score, the more unstable
the aggregate.

For the measurement of DI, 15 g of air-dry soil (<2 mm)
was placed in a sedimentation cylinder with an approximate
volume of 1.2 L. Deionized water was added to the cylinder
to bring the volume to 1 L. The suspension was then shaken
for 30 min on an end-over-end shaker. The suspension was
then stirred with 10 strokes of a plunger. The temperature
was noted, the suspension was allowed to settle, and after an
appropriate time (8 h) the percentage of clay was measured
with a hydrometer. The measurements were done after the
first, second, and fourth WD cycles. Results were expressed
as DI (Mustafa and Letey, 1969) as follows:

silt + clay (easily dispersed, %)

DI(%) = 100 x — —— - . 2)
silt 4- clay (particle size analysis, %)

Aggregate size distribution was also determined to quan-
tify changes in large and small aggregates with WD cycles.
Air-dried soil samples (25g) were broken gently to pass
through a 10 mm sieve and then slowly wetted up in water for
5min (Hernandez et al., 2017). They were then wet-sieved
for 5 min at 33 oscillations min~! (Cook et al., 1992) using
the following set of sieves: 2000, 250, and 53 um (Kemper
and Rosenau, 1986). Three replications were made of each
sample. The water level was adjusted so that the aggregates
on the upper sieve were submerged in water at the highest
point of the oscillation. The material retained on each sieve
and the fraction passing through after wet sieving was col-
lected, dried at 40 °C, and weighed (Kemper and Rosenau,
1986). Measurements were made after the first, second, and
fourth WD cycles. The >2000 um aggregates hereafter are
referred to as large macroaggregates, 2000-250 um as small
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macroaggregates, 250-53 um as microaggregates (MIC), and
<53 um as silt+clay fraction. The MWD was calculated
from the aggregate fractions obtained after wet sieving on
each sieve size as follows:

MWD =" x'w', 3)

where x' is the mean diameter of each fraction and w' is the
proportion of the total sample weight in the corresponding
size fraction (Kemper and Rosenau, 1986).

2.4 Soil microbial respiration

The biolability (susceptibility to microbial decomposition) of
the organic amendments was determined by measuring CO,
release over a 60d incubation period comprising four WD
cycles. Briefly, 50 g of each soil sample was added to 250 mL
jars with the relevant amendments (Table 3) and covered with
lids having two 5 mm holes. All the treatments were repli-
cated 3 times and randomized. The soils were wetted to field
capacity on the first day of incubation using deionized water
and incubated at 25 °C. After the first day of soil incubation,
the jars were left open to allow the soil to dry at 25 °C. For the
microbial respiration measurements, rubber tubes with Luer
locks were inserted into the holes and connected to a CO,
analyzer (WMA-4 CO; analyzer, John Morris USA). The
lids were kept closed for 1h prior to the measurement be-
ing taken. The readings were then converted in g C-CO, kg ™!
of soild~!. Cumulative CO» produced was calculated as the
sum of the daily rate and the interval days between the two
measurements (by linear extrapolation) for the incubation pe-
riod. The measurements were taken daily for the first 7d.
Thereafter, there was no significant change in microbial res-
piration, so the measurements were performed after 10 and
15 d of each WD cycle.

2.5 Statistical analysis

Statistical analyses were performed using R x64 3.3.3 statis-
tical software (R Core Team, 2020). Histograms were plot-
ted to check the normality of each parameter separately, and
it was found that the transformation of data was not nec-
essary. Soil microbial respiration was recorded on a daily
basis; hence, respiration data were subjected to analysis of
variance with days as the repeated measures (mixed effect
model). All the remaining parameters including EC, pH,
NHI-N and NO; -N, SAR, ASWAT, DI, aggregate size dis-
tribution, and MWD were measured after each WD cycle.
Hence, these data were analyzed using a two-way analysis of
variance (ANOVA), taking treatments and WD cycles as two
factors. The ANOVA for each soil was conducted separately
using a general linear model. Tukey’s honest significant dif-
ference was used for pairwise comparisons between treat-
ment means. After checking the significance of data, mean
data were graphed using Sigma Plot v14.0 (Systat Software
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Inc., 2017). Principal component analyses (PCAs) were per-
formed to identify the roles of microbial, chemical and phys-
ical properties after the addition of different treatments in
each WD cycle.

3 Results

3.1 Soil aggregation dynamics measured by aggregate
size distribution and mean weight diameter

A significant (p<0.001) interaction between WD cycles and
amendments was found for all the aggregate sizes in both
soils except for the proportion of large macroaggregates and
silt 4- clay fraction in Soil 2 (Fig. 1), although the main ef-
fects of treatments and WD cycles were highly significant
(p<0.001) in Soil 2. The finding of a significant interaction
between amendments and WD cycles indicates that although
aggregate size distribution changed with the WD cycles, the
pattern of change depended on the amendment. Overall, the
proportion of large macroaggregates decreased after the first
WD cycle and increased by the end of the fourth WD cy-
cle. Among the various amendments, the LP and G+ LP
treatments had the highest proportion of large macroaggre-
gates, whereas PAM, FLM, and CM had little or no ef-
fect on large macroaggregates for either soil. We also ob-
served changes in the small macroaggregate fraction, with
this markedly decreasing by the second WD cycle but greatly
increasing by the fourth WD cycle. In contrast to the changes
in small macroaggregates, the proportion of microaggregates
increased considerably (ca. 2-fold) by the second WD cycle
and greatly decreased by the fourth WD cycle in both soils.
The silt + clay fraction slightly increased by the end of sec-
ond WD cycle and again decreased slightly by the fourth WD
cycle in both soils.

The MWD of both soils was calculated from the aggre-
gate size distribution. The main effects of amendments and
WD cycles were found to be highly significant (p<0.001) in
both soils; however, the interaction between amendments and
WD cycles was significant only for Soil 1. It was observed
that MWD decreased after the second WD cycle (Fig. 2) and
increased after the fourth WD cycle, irrespective of amend-
ments or soil, reflecting the changes in actual aggregate sizes
(see Fig. 1). Expressing changes in MWD relative to the
control or gypsum-treated soil showed that LP increased the
MWD in both soils over the four WD cycles (Fig. S1), with
PAM being less effective than LP, whereas the other amend-
ments had no significant effect.

3.2 Soil dispersion dynamics as measured by ASWAT
and DI

We assessed soil dispersion using both the ASWAT test
(Fig. 3) and DI (see Supplement data, Fig. S2), with
good agreement between the DI results and ASWAT scores
(Fig. S3). Overall, we observed that soil dispersion decreased
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with WD cycles in both soils. Although Soil 1 was more dis-
persive than Soil 2, both soils showed a similar decrease in
dispersion with WD cycles. The addition of gypsum signifi-
cantly decreased dispersion in all WD cycles, and this effect
of gypsum was greater than the effect of organic amendments
in decreasing soil dispersion. PAM had only a short-term ef-
fect, with PAM decreasing dispersion for the first WD cycle
but not thereafter. Of the organic amendments, only CM de-
creased the dispersion in both soils, but FLM and LP did not
decrease dispersion in both soils in the first and second WD
cycles. Given that both EC (Fig. S4) and SAR (Fig. S5) are
known to affect soil dispersion, it was not surprising that the
ASWAT scores were negatively correlated with EC (Fig. S6)
and positively correlated with SAR (Fig. S7). However, the
ASWAT scores became less affected by SAR after the sec-
ond WD cycle, with this highlighting the importance of WD
cycles on structure improvement.

3.3 Soil microbial respiration

Soil WD cycles impose a significant stress on the soil mi-
crobial community. The addition of treatments resulted in
a significant increase (p<0.001) in soil microbial respira-
tion for both the soils (Fig. 4). Rewetting of the dried soils
caused a transient increase in microbial respiration (Fig. 4),
with respiration being highest during the first WD cycle and
decreasing during subsequent WD cycles. The lowest micro-
bial respiration rates were observed in the fourth WD cycle
in both soils (Fig. 4). The highest microbial respiration rates
were observed in soils amended with LP or CM in the first
WD cycle, whereas FLM had little effect on microbial respi-
ration, whilst PAM and gypsum had no effect on microbial
respiration.

3.4 Relationship between soil physical, chemical, and
microbial properties

Soil properties determined for both soils after the first, sec-
ond, and fourth WD cycles (Fig. 5) were used to examine
inter-relationships by PCA. Overall, the PCA biplots indi-
cated that soil microbial respiration, MWD, and the propor-
tion of large macroaggregates were positively correlated with
each other. A positive correlation between ASWAT and DI
with SAR was observed in both soils, whereas EC had a
negative correlation with ASWAT and DI. Surprisingly, there
was not a strong correlation between silt 4 clay and DI or
ASWAT scores. The effect of SAR and EC on soil dispersion
decreased after the second WD cycle (Fig. 5), underlining the
importance of WD cycles on structure formation and stabil-
ity, which offsets the detrimental effects of SAR on stability.
Obvious treatment effects on different soil properties could
also be seen in each WD cycle (Fig. 5). The G+ LP and LP
treatments were positively correlated with microbial respira-
tion, the proportion of large macroaggregates, and MWD in
all the cycles. The gypsum added with and without organic
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omitted to improve readability.

amendments produced the highest EC in all the cycles. The
control soils had highest SAR, ASWAT scores, and DI fol-
lowed by FLM and LP. It was also observed that the propor-
tion of large macroaggregates and the MWD were negatively
correlated with the silt 4 clay fraction in each WD cycle.

4 Discussion

The results of this experiment showed clear differences in the
role of organic amendments, gypsum (Ca), and WD cycles on
the formation and stabilization of soil aggregates. We showed
that the formation and stability of large macroaggregates was
controlled by the type of organic amendments, whereas the
WD cycles increased the formation and stability of small
macroaggregates. Formation of microaggregates is beneficial
in that it decreases dispersion, but microaggregates may not
be sufficient to improve soil water infiltration (Collis-George
and Greene, 1979; Nemati et al., 2002). Regardless, even
a small increase either in large macroaggregates and small
macroaggregates may increase infiltration, with this facilitat-
ing the leaching of excess Na. Here we discuss the impor-
tance of each factor (WD cycles, organic amendments, and
Ca) individually.
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4.1 The relative role of WD cycles on aggregation

The WD cycles result in rearrangement of pores and soil
particles and may lead to increased rigidity and stability of
soil aggregates (Horn et al., 2014). We observed a marked
change in aggregate size distribution with repeated WD cy-
cles (Fig. 1), from macroaggregates (large macroaggregates
and small macroaggregates) at the completion of the first
WD cycle, to microaggregates at the completion of the sec-
ond WD cycle, and back to macroaggregates (large macroag-
gregates and small macroaggregates) at the completion of
the fourth WD cycle. We suggest that extracellular polysac-
charides formed by microbial activity (indicated by soil mi-
crobial respiration, Fig. 3) are responsible for the forma-
tion of large macroaggregates at the completion of the first
WD cycle. After the second WD cycle, the microbial ac-
tivity greatly decreased (Fig. 3) and macroaggregates (large
macroaggregates and small macroaggregates) were broken
down into microaggregates and silt + clay. This allowed the
soil particles to settle into tightly packed configurations, re-
sulting in stronger interconnections upon WD cycles (Kem-
per and Rosenau, 1984). Macroaggregates were more sus-
ceptible to disintegration during wet sieving compared to
microaggregates at the completion of second WD cycle. By
the fourth WD cycle, some rearrangements of soil particles
likely occurred, facilitated by soil drying, thereby rebuild-
ing macroaggregates. The decrease in large macroaggregates
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among cycles.

(Fig. 1) at the completion of the first WD cycle is also con-
sistent with the findings of Denef et al. (2001), Rahman et
al. (2018), and Zhang et al. (2022). Macroaggregates are ex-
pected to be more susceptible to disintegration due to water
content changes, because of the large number of planes of
weakness and greater angular momentum (Kay, 1990; Denef
et al., 2001; Zhang et al., 2022).

The changes observed in the proportion of small macroag-
gregates followed the same pattern as large macroaggregates,
with an initial increase in the proportion of small macroag-
gregates when the soils were treated with organic amend-
ments. In contrast to these results, no significant differences
were observed when the same soils were treated with or-
ganic amendments under continuous wet conditions (Niaz et
al., 2022). Also, the increase in proportion of larger aggre-
gates (large macroaggregates and small macroaggregates) is
2 times greater when the same soils were exposed to WD cy-
cles as compared to constant wet regime (Niaz et al., 2022).
In this study, the proportion of small macroaggregates did
not increase after the second WD cycle, but the proportion of
microaggregates and silt 4- clay fraction increased, suggest-
ing that upon repeated WD cycles, large macroaggregates
break down into microaggregates and silt 4 clay fractions.

SOIL, 9, 141-154, 2023

These observations support the finding that macroaggregates
are composed of microaggregates (Six et al., 2000a). In ad-
dition, we observed that the control soils (where no amend-
ments were added) also showed an increase in the proportion
of small macroaggregates with WD cycles. This highlights
the importance of WD cycles and suggests that the formation
of small macroaggregates is less dependent on the organic
matter content, in agreement with the PCA biplots (Fig. 5).
The significant increase in the proportion of small macroag-
gregates in control soils after the fourth WD cycle also in-
dicates that there could be an increase in interparticle bond
strength with aging or time (Utomo and Dexter, 1982; Dex-
ter, 1988; Kong et al., 2005; Bravo-Garza et al., 2009).

4.2 The role of organic amendments on soil respiration
and aggregation

The addition of organic amendments provided an energy and
nutrient source for microorganisms and resulted in increased
respiration rates, although we observed that the respiration
rate decreased with repeated WD cycles (Fig. 4), presumably
due to depletion of easily metabolizable organic compounds
(Harrison-Kirk et al., 2013; Yu et al., 2014; Rahman et al.,
2018; Fraser et al., 2016; Brangari et al., 2022; Zhang et al.,
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Figure 3. The ASWAT scores of soils after the addition of amendments during four wetting and drying (WD) cycles, Soil 1 (a, ¢) and
Soil 2 (b, d). The amendments are C: control, G: gypsum, PAM: anionic polyacrylamide, G +PAM: gypsum + anionic polyacrylamide,
FLM: feedlot manure, G + FLM: gypsum + feedlot manure, CM: chicken manure, G + CM: gypsum + chicken manure, LP: lucerne pellets,
and G + LP: gypsum + lucerne pellets. Vertical bars represent Tukey’s honest significant difference (HSD) values at p = 0.05 for pairwise

comparisons among cycles.

2022). In contrast to LP, CM had a modest effect on micro-
bial respiration, whereas FLM had no significant effect on
microbial respiration as it was already decomposed. Rewet-
ting of dry soil led to immediate flush of microbial respiration
(Fig. 4), similar to the results of Brangari et al. (2022). This
could be attributed to the slaking of larger aggregates (Fig. 1),
thereby exposing some occluded organic matter, or due to the
utilization of substrates that become available upon rewetting
(Wu and Brookes, 2005; Borken and Matzner, 2009; Yu et al.,
2014; Zhang et al., 2022). These available (labile) substrates
after rewetting include remnants of the added organic mat-
ter and microbial biomass (Wu and Brookes, 2005; Zhang et
al., 2022). Over time, with successive WD cycles, it is likely
that the labile organic C pool was either exhausted or be-
came physically protected within aggregates, and hence be-
came less accessible to microbial degradation (Zhang et al.,
2022).

For the LP and G +LP treatments, where the increase
in respiration rate was ~ 4-fold greater in Soil 1 and ~ 2-
fold greater in Soil 2 than for any other treatment (Fig. 4),
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we observed that the soils also had a significant increase in
the proportion of large macroaggregates (Fig. 1) and MWD
(Fig. 2), suggesting that labile organic compounds are impor-
tant for structure formation (also confirmed by PCA biplots,
Fig. 5). The formation of large macroaggregates after incor-
poration of organic amendments, as observed here for LP,
has also been reported by Denef et al. (2001), Bravo-Garza
et al. (2009), and Rahman et al. (2018). Although the maxi-
mum respiration rate was observed during the first WD cycle
for LP and G + LP, the proportion of large macroaggregates
and MWD increased at the end of the fourth WD cycle. Dur-
ing later WD cycles, it is likely that the conversion of read-
ily metabolizable organic compounds (e.g., microbial poly-
mers) to more resistant forms resulted in the formation of
macroaggregates (large macroaggregates and small macroag-
gregates), but in this case, aggregation may have been caused
by more hydrophobic compounds. However, the proportion
of large macroaggregates did not increase much as compared
to the first WD cycle, likely because microbial activity was
lower. One of the possible reasons of increased MWD could
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be the accumulation of microbial binding agents over time
that are released continuously from microbial activity due to
organic matter decomposition (Rahman et al., 2018).

When the soils were treated with organic amendments, a
decrease in dispersion was observed but was not significantly
different from control except in CM-treated soils. The pos-
sible reason for increased stability in CM-treated soils was
its higher Ca content (Table 2), increased EC (Fig. S4), and
decreased SAR (Fig. S5). For the remaining organic amend-
ments, viz. FLM, LP, and PAM, an improvement in aggre-
gate stability was observed after the second WD cycle. Al-
though LP had the highest MWD, it still did not reduce dis-
persion in the first WD cycle. We suggest that high MWD in
itself is a misleading measure of soil stability, since only a
few large aggregates can result in a high MWD (Niaz et al.,
2022). Some dispersion can occur in parallel, which is sen-
sitively detected by the ASWAT test but not by the MWD.
Both assays detect different physical processes; hence, a high
MWD (Fig. 1) and dispersion (Fig. 2) are not mutually exclu-
sive (Niaz et al., 2022). Organic amendments rich in aliphatic
compounds or waxes can lead to hydrophobicity of aggregate
surfaces during the drying step which slows down the wetting
of aggregate surfaces, reducing the disruption caused during
rewetting (Piccolo and Mbagwu, 1999; Borken and Matzner,
2009). Monnier (1965) proposed that fresh organic amend-
ments can increase aggregate stability in the time frame of
weeks and months as compared to already decomposed sta-

SOIL, 9, 141-154, 2023

ble organic amendments. But in our study we found no sig-
nificant differences in dispersion after the addition of LP
(fresh) and FLM (partially decomposed). These findings sug-
gest that there might be some other mechanisms which are
responsible for the binding of organic matter with clay par-
ticles to control dispersion, such as the size of the organic
matter molecule and charge density. This requires further in-
vestigation.

4.3 The relative role of Ca (gypsum) in improving
aggregate stability

The results of this experiment showed that addition of gyp-
sum (Ca) significantly reduced soil dispersion and increased
aggregate stability. This improvement in aggregate stabil-
ity is because of the increased EC (ionic strength, Fig. S4)
and decreased SAR (Fig. S5) after the addition of gyp-
sum. The increased EC likely resulted in the flocculation
of soil particles by reducing the diffuse double layer (van
Olphen, 1977; Ghosh et al., 2010; Bennett et al., 2015).
Improved stability was also observed when organic amend-
ments were applied with gypsum, especially in G + PAM-,
G + LP-, and G + FLM-treated soils. The PAM had an initial
positive effect but led to decreased stability at completion of
the second WD cycle. Although the addition of gypsum in-
creased aggregate stability, it was observed that the addition
of gypsum did not affect the proportion of large macroaggre-
gates and MWD. However, when organic amendments were
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added with gypsum, an improvement in proportion of large
macroaggregates and MWD was observed in G 4 LP-treated
soils. This can be explained as a Ca-bridging effect through
which clay particles are attached to organic matter and poly-
valent cations, resulting in the formation of macro- and mi-
croaggregates (Wuddivira and Camps-Roach, 2007).

5 Conclusions

The stability of dispersive sodic Vertisols was improved by
the application of organic amendments and gypsum, which
was further enhanced by WD cycles. Gypsum reduced soil
dispersion but did not affect the proportion of large macroag-
gregates and MWD. We observed that not all organic amend-
ments were equally beneficial in improving soil aggregation
and aggregate stability. LP significantly increased the propor-
tion of large macroaggregates compared to FLM and PAM.
In contrast, CM significantly reduced soil dispersion, as it
had higher calcium content. It was also found that PAM only
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had a transient effect in controlling dispersion. In the absence
of organic amendments, repeated WD cycles reduced the dis-
persion of sodic soils, but when organic amendments were
added (with or without gypsum), soil aggregation and soil
stability was improved even more. It is likely that soil micro-
bial activity contributed to the aggregate formation. Imple-
mentation of these findings in the field would favor the use
of organic amendments with gypsum to improve the physico-
chemical properties of sodic soils, which is further enhanced
by WD cycles. The aim should be initially to prevent soil
dispersion which can be achieved by the application of Ca
(through the application of gypsum), and then to build larger
aggregates which can be achieved by the application of or-
ganic amendments.

Data availability. The data used in this paper are available on
Zenodo at https://doi.org/10.5281/zenodo.7646256 (Niaz and Wehr,
2023).
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