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Temperate grasslands are called the breadbaskets of the world. Due to most continental
climate conditions, humus-rich soils have been developed. These soils are very well suited
for grain production. This is why extensive conversions from natural steppe to arable land
have been implemented in this biome. The Kulunda Steppe, in Southwest Siberia and
Central Asia, occupies large parts of the driest regions of the Eurasian Steppe Belt. It was
one of the sites of the Virgin Land Campaign realized in the former Soviet Union in the
1950s and 1960s. Intensive agricultural practices have caused significant soil degradation,
mainly through humus loss and soil erosion. This results in the degradation of organic
carbon, altering the physical and chemical structure of the chestnut soils and impacting
their water storage capacity. Against the background of climatic changes, a further
intensification of these processes and conditions is to be expected. To stabilize soil
carbon and optimize moisture utilization, it is necessary to extensively introduce worldwide
experiences in conservation cropping technologies (such as no-till, min-till, and direct
seeding) in the area. This study aimed to determine the effects of different cropping
systems on soil water storage and water availability. The study’s initial hypothesis was that
the soil conservational cropping system has advantages against the traditional deep tillage
(24 cm). This hypothesis was based on extensive global experience studying the effects of
different agricultural management systems on soil-water balance. In 2013-2016, an
experiment was conducted for the first time in the Kulunda steppe to instrumentally
measure soil moisture and matrix potential at 30-60-120 cm depth under traditional and
conservation technology using innovative meteorological and soil hydrological stations.
Statistically significant advantages of no-till over deep tilage (24 cm) in terms of moisture
retention were found, confirming the hypothesis of this study. Besides, this
groundbreaking study reveals new possibilities for soil monitoring in the region. The
acquired data are applicable for predictive models using remote sensing. Moreover,
the results on the management effects for the soil water balance provide basic
approaches to soil water monitoring, offering important data for evaluating model
results and remote sensing products for the region.
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INTRODUCTION

Temperate grasslands are known as the breadbaskets of the world.
They play an increasing role in sustainable grain production and
global food security. Naturally, temperate grasslands are of global
importance as carbon sinks. Due to land conversion and intensive
agricultural management practices, the soils of this region are
affected by severe degradation processes. Conventional, intensive
management increases dehumidification and the risk of soil
erosion by wind and water. This affects greenhouse gas
emissions and, as a result, increases surface air temperature,
with a worst-case scenario in 2047 (Mora et al.,, 2013; FAO,
2021). According to various estimates, agriculture accounts for
30%-35% of global greenhouse gas emissions (Foley et al., 2011;
Shukla et al., 2019). These problems are particularly acute within
drylands, where the growing season is less than 179 days due to
water scarcity (FAO, 2000; Bodner et al., 2015). Of the total
amount of degraded land in the world of 1,660 million ha (34% of
all agricultural land), 733 million ha are in drylands (FAO, 2021).
For the same regions, a high level of “water stress” from 35% to
70% (for comparison, the European average is 8.3%) is also
observed (FAO, 2021).

Some authors estimate the world’s historical loss of soil
organic carbon (SOC) due to agricultural activities and soil
degradation at 133 billion tons (Lal, 2020). At the regional
level, the catastrophic consequences of conversion of natural
grassland to arable land on an area of 266 million ha (present-
day arid regions and edges of Kazakhstan and Russia) occurred
during the “virgin land campaign” in the USSR in 1954-1963,
which resulted in the loss of 1.6 billion tonnes of SOC. The total
loss of soil organic carbon from arable land in the Altai region
from 1953 to 2003 from 143.8 million tonnes, with 36.6 million
tonnes in the dry steppe zone (Kulunda plain) (Rolinski et al.,
2021). Scenario modelling has shown that converting 266 million
ha of arable land to fallow land by 2050 could sequester 1.8 billion
tonnes of soil carbon (Rolinski et al., 2021).

Conversion of arable land to fallow land is a radical measure.
Because of its spatial dimension, the Soviet Virgin Land
Campaign is of global significance. Soil degradation and
greenhouse gas emissions associated with conversion require
solutions for adapted agricultural soil management and soil
protection. One of the solutions to stabilize soils is the
introduction of conservation agriculture (CA), which is
opposed to traditional technologies (Conventional tillage—CT)
(Smith, 2004; Blanco-Canqui and Ruis, 2018; Kassam et al., 2019;
Wu et al,, 2022). Primarily, this refers to “direct seeding” (No-
Tillage hereinafter NT), synonymous with “zero-tillage” (Zero-
Tillage hereinafter ZT), strip-till seeding (ST), rotational tillage
(RT), and minimum tillage (Mini-Till, hereinafter MT) (Baig and
Gamache, 2009; Soane et al., 2012; Kassam et al., 2019; Wang
et al., 2022). The main focus of research for application of
conservation agriculture are in two areas that complement
each other: reducing greenhouse gas emissions and increasing
water use efficiency (WUE). The studies of water use efficiency
are focusing on soil water retention or soil water capacity.

A 10-year study on three tillage technologies (MT, NT, CT)
and three fertilizer application rates in winter wheat (Triticum
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aestivum)—spring wheat (T. aestivum)—maize (Zéa mays)
rotation at a Loess Plateau in China revealed that MT showed
the highest yield and NT was more optimal in terms of soil
moisture management (Zhang et al., 2018).

A field experiment was conducted on a Mollisol to determine
the soil water retention curves (SWRC) dynamics of conventional
tillage, no-till, and rotational tillage in the maize growing season
of 2018 (Huang et al., 2021). The experiment was conducted in
Lishu, China. The site has a moderate-temperate and sub-humid
monsoon climate. The annual average air temperature is 5.9°C,
and the annual mean precipitation is about 556 mm. The maize
growing season at the study site is from April to September, with
an average air temperature of 18°C and a mean precipitation of
470 mm. The high rigidity of the soil pore system and straw
mulch on the soil surface in NT maintained a relatively higher soil
water retention capacity. It reduced the temporal variation of
SWRC in the maize growing season (Huang et al., 2021).

Changes of soil structure have been assessed by bulk density
(BD), penetrometer resistance (PR), water retention curve, least
limiting water range, and X-ray computed tomography under
different tillage management (NT, CT) in Hebei Province, China
(Tian et al, 2022). The average annual temperature and
precipitation at the test area are 12.5°C and 494 mm, the
texture of topsoil (0-20 cm) is silt loam, with 13.8% sand,
66.3% silt, and 19.9% clay. A crop rotation with Winter wheat
(Triticum aestivum), followed by summer maize (Zea mays L.)
was established. The experiment showed that NT retained more
water, which may offset the higher PR caused by higher BD in the
soil-wet condition (Tian et al., 2022).

Results of another field experiment near the town of Jevicko,
Czech Republic are published (Vlcek et al., 2022). The average
annual temperature at this site equals 8.4°C, and the yearly
precipitation is 550-650 mm. The soil was classified as
Chernozem. The applied management practices encompassed
NT, RT, and CT methods. The plots where reduced tillage was
applied were the most beneficial treatments for sustainable water
management (Vicek et al., 2022).

Near Raasdorf east of Vienna, Austria, a further study was
conducted in 2020 at a long-term field trial and a conventionally
managed field (48°14' N, 16°35’ E; 156 m elevation a.s.l.). The
region is characterized by a flat topography and has an annual
precipitation of 523 mm and an average temperature of 10.8°C
(2000-2019) (Liebhard et al, 2022). The soil type in the
experimental field and the conventionally managed field was
classified as Chernozem. The yields in this agricultural region
are generally restricted by water shortage and heat stress. Results
from a field campaign with soybean at a long-term tillage
experiment, including partitioning of evapotranspiration with
stable isotope technique, show the best crop water productivity
for low tillage intensity systems. For the given silt-loam soil and
water-limited conditions, NT and RT have higher crop yields
than CT. Crop water productivity is best for NT and worst for CT.
Furthermore, compared to NT, CT and RT lose more water
unproductively by evaporation. The temporal evolution of
transpiration rates shows the tillage-induced differences in
canopy development with time-delayed development under
NT (Liebhard et al., 2022).
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A meta-analysis of 147 publications on various (CA) in the
world through 2021 found that MT increases N,O and CH,
emissions by 31.0% and 24.7%, respectively, and reduces yield by
17.4% without affecting CO, emissions or CH, uptake, while NT
reduces CO,, N,O, and CH4 emissions by 15.1%, 7.5%, and
19.8%, on average, without affecting either CH, uptake or yield
(Yue K et al,, 2023). A 2-year study in the context of carbon
neutrality, water scarcity, and high fertilizer costs conducted in
arid northwest China showed that in wheat (Triticum aestivum)
cultivation, the minimum greenhouse gas emissions were
observed with low irrigation and low nitrogen application
rates, but at the expense of significant yield reduction
(Kamran et al.,, 2023). A meta-analysis of publications on the
Loess Plateau in China showed that factors that increase WUE
ranked in the following order of importance: nitrogen fertilizer
use, mulching, drip irrigation, crop residue return, and
conservation tillage (Zhang et al., 2023).

Field measurements of the soil water content and matric
potential were conducted in 2020 and 2021 in Slovenia
(average July temperature 23, rainfall from May to September
668 mm), a depth of 20 cm (TDR - sensors, Delta-T Devices, Ltd.,
Cambridge, United Kingdom) on Mollic Gleysol on Soybeans
[Glycine max (L.) Merr.] and maize (Zea mays L.) with the
construction of a soil water retention curve (SWRC).
Measurements were made in two growing seasons at different
spatial locations on plots with different tillage systems: NT and
CT. In both growing seasons, SWRCs reached lower pF values
under the NT than under the CT (Pecan et al., 2023).

At the experimental site of Obersiebenbrunn in Lower Austria,
ca. 35km east of Vienna combinations of water content and
isotope analysis in soil profiles were performed for 16 plots
(Canet-Marti et al., 2023). The plots were planted with winter
wheat (Triticum aestivum) and managed with different tillage
(CT), (RT), (MT), (NT) and irrigation systems [hose reel boom
irrigation with nozzles (BI), sprinkler irrigation (SI), drip
irrigation (DI) and no irrigation (NI)]. Annual average
precipitation, air temperature and potential evapotranspiration
(ETO) were 540 mm, 10.5°C, and 626 mm. The soil was classified
as Chernozem, with 4% of organic carbon content in the topsoil.
The results indicated that the more intense the tillage, the lower
the water content. The resulting evapotranspiration within tillage
and irrigation variants decreased in the order CT > RT > MT >
NT and SI > BI > DI > NI (Canet-Marti et al., 2023).

However, there are studies that indicate an ambiguous
positive effect of the implementation of conservation
agriculture on soil physicochemical properties and yields
under drought conditions. For example, one study in North
China evaluated the effects of three tillage practices (no-till;
subsoil tillage—SS and deep tillage—DT) over 5 years on soil
physicochemical properties (Yan Q et al., 2023). The results
indicated that SS and DT improved grain yield, straw biomass
and straw carbon return of wheat compared with NT.
Compared with DT, soil available nutrients improved under
NT and SS in the 0-20 cm layer (Yue K et al., 2023). There are
earlier works that have identified various effects of NT. On the
other hand NT systems showed some negative effects,
particularly due to soil compaction in different layers
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(Kotovrasov and Pavlovsky, 1989; Andreini and Steenhuis,
1990; Pikul et al., 1993).

Some studies do not reveal any differences or consider that
differences in the dynamics of soil agrophysical properties
according to tillage systems are non-significant (Glukhikh and
Sobyanin, 2000; Mukherjee and Lal, 2015; Lozano et al., 2016;
Soracco et al., 2018). Therefore, it is particularly important to
study the management opportunities that help improve the water
capacity of soils in relation to plant growth and yields. This study
supplements the comprehensive analysis of conditions and
barriers to sustainable farming practices adoption in the
Kulunda steppe, implemented in 2012-2016 within the
Kulunda Project (KULUNDA, 2020) and provides a basis for
research within the ongoing East Kazakhstan project started in
2021 (Nugumanova et al., 2021). It has been shown that there was
a lack of knowledge regarding the possible benefits of no-till as
well as its disadvantages and advantages, which influence farmers’
confidence in the technology’s performance. Thus, our
investigation provides scientific support for the adoption of
conservation tillage systems in the Kulunda steppe of cross-
border Altai under worsened climate aridity, considering
environmental factors.

Based on in situ measurements with soil-hydrological
measuring stations (SHMS) installed in two adjacent fields,
our study investigated 1) the short-term effects of NT and CT
cropping systems on soil moisture and 2) the effects of the two
different cropping systems on water availability for plant
nutrition. Special focus was taken on the comparison of
conventional tillage operations (CT), prevalent in the area
under the study, and the soil conservation tillage operation
(NT) on the potential of water-holding capacity as a steering
factor for crop yield and having a high impact in crop production
systems in the marginal ecosystems of the Kulunda Steppe. We
followed the hypotheses that 1) water capacity in the root zone is
under conservational cropping systems higher than under
conventional and 2) under conservational cropping systems,
soils provide water for plant nutrition during the vegetation
period longer than wunder conventional systems. The
hypothesis of our study and conducting direct measurements
of soil volumetric moisture (%) and matrix potential (pF) during
the growing seasons of 2013-2016 was based on the fact that
implementation of CA in the arid zone on sandy loam and light
loam soils over time changes the physical properties of soil and
helps to increase soil moisture and water holding capacity.
Further studies in different rainfall-deficient countries of the
temperate Eurasian belt have shown that the introduction of
CA has resulted in improved water retention, reduced
evapotranspiration, reduced greenhouse gas emissions, and
stabilized yields independent of the moisture content of the
growing seasons (Blanco-Canqui and Ruis, 2018; Zhang et al,,
2018; Huang et al., 2021; Tian et al., 2022; Vl¢ek et al., 2022; Wang
et al., 2022; Canet-Marti et al., 2023; Kamran et al., 2023; Pe¢an
etal, 2023; Yan Q et al,, 2023; Zhang et al., 2023). The study was
the first to investigate complex cropping systems with regard to
their effects on soil water balance parameters by means of
continuous soil water investigations under field conditions in
the region.
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FIGURE 1 | Crop growing in the tested plots in August 2016. Spring
wheat in the CT plot (SHMS 1) (A) and peas in the NT plot (B) (SHMS 2).
Source: A.A. Bondarovich (2016).

MATERIALS AND METHODS

Investigation Area
To determine soil water under different tilling methods, a pedo-
hydrological measuring network was installed in the Kulunda
steppe in Southwestern Siberia. The tested field was selected on a
farm near to the village Poluyamki in Mikhaylovsky district in
Altai Krai. Two adjacent plots were selected from the field, which
were managed according to the conventional mode in previous
years. The trail plots had an equaled size of 12 m x 30 m with a
distance between them of 6 m. Thus, two tested plots had similar
soil types and experienced similar climate conditions. In
September 2012, one weather station (WS) was installed in the
territory of a farm in the village Poluyamki (WS—E 79°42.786' N
52° 03.959'). At the same time, two soil-hydrological measuring
stations (SHMS) were installed in the trial plots (SHMS 1—N52°
04.180" E79°54.014'; SHMS 2—N 52° 04.128' E 79° 54.006'). The
entire description of the trial field design is presented in (Belyaev
etal., 2020). The tested plots were located at 12 km distance from
the village Poluyamki.

The investigated soils are Calcic Chernozems (FAO, 2005),
with a 25 cm thick humic horizon (plough zone) and an AC-
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horizon until a depth of 50 cm below ground level. The subsoil
C-horizon is parent material (loess-like calcareous deposits). The
grain size distribution (after German soil taxonomy) in the upper
part of the profile (0-50 cm) is sandy loamy silt, beneath silt loam
and below 70 cm loamy sand occurs (Ad-hoc-AG Boden, 2005).
The site has been under intensive agricultural use for 60 years
(Balykin et al., 2016).

The Monitoring Network and Experimental
Design
The weather station was equipped with a radiometer,
multisensory “VAISALA,” measuring wind speed, wind
direction, air temperature, air humidity, barometric pressure,
and rainfall. Additionally, a standard rain gauge was installed.
The soil-hydrological measuring stations were equipped with
sensors ~ measuring soil  water content  (volumetric
percentage—Vol. %), soil temperature, osmotic pressure, and
electric conductivity at depths of 30, 60, and 120 cm logging
data automatically. Measurements of WS were registered in 60-
min intervals while SHMSs recorded in 6-h intervals.
Supplementary Appendix SA summarizes the specification of
installed equipment.

At the experimental plots, the effects of the following tillage
operations were analyzed:

a) the conventional technology (CT)—tillage with deep loosener
(PG-3-5—"“ploskorez glubokorykhlitel”) at 22-24 cm depth
and crop rotation was spring wheat (2013)—fallow (2014)—
spring wheat (2015)—spring wheat (2016).

b) the no-till technology (NT)—no tillage and the crop rotation
were spring wheat (2013)—rape (2014)—spring wheat
(2015)—peas (2016).

In the plot under conventional technology, SHMS 1 was
installed, while other plot was managed in the NT mode with
SHMS 2 installed (Figure 1).

Analysis of Soil Water Availability

It is known that there is a relationship between the water holding
capacity of soils and the soil type, especially to the grain-size
distribution and porosity of soils (Ehlers, 1996). Thus, the values
for field capacity (FC) are different for sandy, loamy, and clayey
soils and depend on regional characteristics. The pF values from
1.8 to 2.5 refer to the relatively constant soil water content
reached after 48h drainage of water from a saturated soil
(Ganjara, 2001). The value of 4.2 pF marks the border of
water availability to plants, or the permanent wilting point
(PWP), in which plant roots are not able to create proper
osmotic pressure to the water tension and the plants lose
turgor (Haertge and Horn, 2016). pF values between 4.2 and
2.5 describe the area of plant available water capacity. Available
Water Capacity (AWC) is the water available for plant growth
held between Field Capacity (FC) and Permanent Wilting Point
(PWP) (Ehlers, 1996). With a deep groundwater table, AWC is
the maximum possible capillary-suspended moisture. Thus,
AWC is the most important soil hydrological quantity
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TABLE 1 | pF—classes to assess the effects of tillage operations on soil water availability.

The form of moisture Matrix potential of soil suction (pF)

PwWpP pF > 4.2
rFk 3.0<pF<42
nFk 1.8 <pF<30
G pF < 1.8

The pF class name Availability to plants

PWP Sustainable wilting (unavailable water)
AWC The reduced water availability

FC The optimal water availability

G Excess moisture (available)

Notes: PWP, the permanent wilting point; rFk— reduced water availability; nFk— optimal water availability; G— gravitational water. Source: According to Ehlers (1996) and Ganjara (2001);

modified.

characterizing the ability of the soil to accumulate moisture and
hold it in the field of gravitational forces (Ganjara, 2001).

According to Ehlers (1996), we assume that it is necessary to
allocate a subclass of pF with limited availability of moisture for
loamy and humic soils, such as Luvic Chernozem. Ehlers (1996)
revealed that for loamy soils, in which “medium pores” occupy a
large share (about 18%) of the soil profile, the values of pF
2.0-3.0 correspond to the optimal suitability of water for
plants. The study (Ganjara, 2001) on loamy soils showed that
FC with optimal water supply corresponds to the value of pF 2.3.
There is a small number of studies, showing results of
instrumental field observations of soil water-holding capacity
under different farming strategies. Therefore, our study firstly
allows the discussion of the question of limits of optimal water
availability according to pF within territory of the Kulunda plain.

Existing water retention curves that were revealed in
laboratory conditions describe, as usual, some ideal soils. We
tried to combine the published approaches of water retention and
water availability and set the limit of optimal water availability as
1.8-3.0 pF, including the values from 1.8 to 2.5 pF, when water
moves slightly and is still available. Furthermore, due to the logic
and technique of measurements we supposed that water was
going on to the PWP (pF > 4.2), the content of water could not be
optimally available on all measurements. In this case, we revealed
the limit of “reduced availability” of pF 3.0-4.2. This scale can
help on a respectively short row of observations to reveal some
differences in the trends between tillage systems. Therefore, we
propose the classification, shown in Table 1, to assess the
availability of soil moisture for plant nutrition under different
tillage operations.

Data Availability

Hourly measurements were registered during vegetation periods
(May-September) in 2013-2016. We obtained the full time series
of climatic data for the whole period of the study, but the datasets
for SHMSs had some data gaps due to different technical reasons.
We obtained the longest time series without data gaps from 3 May
to 30 September in 2013 for both SHMSs (604 observations). The
shortest series of measurements was received for CT technology
(SHMS 1) in 2014 from 7 to 30 September (60 observations) while
for NT we had a relatively complete dataset from 1 May to
30 September (608 observations). In 2015 and 2016, time series of
both CT and NT technologies were relatively complete. There
were some data gaps in the time series of CT in May-June-July in
2015 and 2016. Totally, we obtained 369 and 612 hourly
observations in 2015, and 201 and 592 measurements in
2016 for CT and NT, respectively. Thus, to compare soil

properties under conventional and conservation farming
systems we used joint time series from both SHMSs matched
by date and time of data registration. Nonetheless, the separated
data for CT and NT are also of interest in the study of dynamics of
soil hydrological parameters under different farming strategies.

Data Preparation and Statistical Analysis
The general principles of data preparation for WS and SHMSs were
similar. First, we converted the precipitation cumulative data of
multisensor “Vaisala” (WS) into absolute values per hour. Second,
we removed erroneous data due to system error or noticeable
outliers from the raw data. We prepared two datasets for CT and
NT separately to analyze soil parameters under the studied farming
practices during the experiment (2013-2016). Additionally, we
joined two hourly time series (SHMS 1 and 2) by the date and
the time of observation registration to find out differences of agri-
important soil-hydrological parameters under CT and NT and their
statistical significance.

Quantification of effects of the conservation farming system
was conducted through estimation of differences in probability
distribution of the studied parameters between two independent
samples for CT and NT based on joint dataset. As both the soil
moisture content (Vol. %) and the Matrix potential (pF) were not
normally distributed, we employed the two-sample Wilcoxon
Rank Sum Test with continuity correction (equivalent to the
Mann-Whitney U test) (Haertge and Horn, 2016). Using joint
hourly time series, we tested the null hypothesis that distributions
of a soil parameter for both samples were identical with equal
medians. According to Hollander and Wolfe (Hollander and
Wolfe, 1999) and the algorithm described in (Haertge Bauer,
1972), we estimated a median and a mean of differences in the
studied soil properties (CT-NT) and its 95% confidence interval.
The data processing was performed in R using “Google
Colaboratory” tools (RDocumentation, 2020).

RESULTS

Climate Situation

Climate conditions of the Kulunda plain are semi-arid, with
average annual precipitation from 220-250 mm in the South-
West plains to 350 mm in the North-East (KULUNDA, 1972).
The climatic parameters measured through the WS in the village
Poluyamki during vegetation periods of 2013-2016 showed
general agreement and statistically significant correlation
(Schmidt et al., 2016) with the data measured by Roshydromet
for the territory of Altai Krai (ROSHYDROMET, 2020). Based on
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TABLE 2 | Quantification of the differences in soil moisture content (Vol. %) in two adjacent trial plots, managed according to CT and NT modes, May-September

2013-2016, Poluyamki, Altai Krai.

Parameters 2013
Crops
CT Wheat
NT Wheat
30 cm
Median (CT) 16.6
Median (NT) 15.8
Median/Mean of diff. (CT-NT) 1.5/1.7
95% confidence interval (1.4 +2.0)
p-value <0.001
60 cm
Median (CT) 24.9
Median (NT) 171
Median/Mean of diff. (CT-NT) 2.6/3.6
95% confidence interval (2.3+27)
p-value <0.001
120 cm
Median (CT) 26.2
Median (NT) 14.9
Median/Mean of diff. (CT-NT) 3.4/3.9
95% confidence interval (2.8 + 3.6
p-value <0.001
Observation number 604

2014 2015 2016
Fallow Wheat Wheat
Rape Wheat Peas
20.0 14.2 11.6
12.0 12.6 16.4
8.2/8.2 -0.6/0.6 -4.6/-4.3
(8.1 +8.3) (-1.8 +1.0) (-4.8 + -4.5)
<0.001 0.54 <0.001
20.9 12.9 13.7
145 14.4 15.0
6.6/6.5 -1.5/-1.6 -1.4/-1.4
(6.3 + 6.6) (1.7 + -1.4) (-1.56+-1.3)
<0.001 <0.001 <0.001
20.1 144 16.5
11.8 12.6 12.3
8.3/8.3 1.71.8 4.1/3.7
(8.2 +8.4) (1.6 +1.7) (4.0 +4.2)
<0.001 <0.001 <0.001
60 369 201

Notes: The available joint data in 2013—from 03 May to 30 September, in 2014—07-30 September; in 2015—from 25 June to 30 September and in 2016—from 23 July to
10 September. Source: Author’s calculation based on the hourly joint time series measured by SHMSs 1 and 2 in 2013-2016.

Separate calculations were done for 30, 60, and 120 cm soil depths.

the WS daily data in the village Poluyamki, dates of the start and
the end of growing seasons in 2013-2016 were identified. The
start and the end of vegetation periods were set at the date when
daily average temperature passed +5°C. The longest vegetation
period with 202 days was in 2014, and the longest period with a
temperature higher than +10°C was in 2015. The summary of
weather information for the growing seasons of the experiment is
provided in Supplementary Appendix SB.

In “dry years” we observed a more consistent distribution of
precipitation from May to September, when in the “provided
moistening” years almost half of the precipitation happened in
July. Thus, the share of precipitation in July in total sum of May-
September in 2013 was 31%, 2015—37%, 2014—46% and in
2016—49%. Dry hot winds in Kulunda steppe continue to
reinforce the evaporation effect in May and June. It was
associated with an increased solar radiation and higher wind
speed in these months. The proportion of precipitation in May-
June ranged from 29% in 2014 to 38% in the moistest year 2016.
2014 was the least favorable in this respect, when high solar
radiation and minimum rainfall in June were reported for the
whole period of the study. According to experts’ opinions
(ROSHYDROMET, 2020), the most favorable period for crop
production was in 2016, when the proportion of precipitation in
May-June was 37.7%, July—49.2% and
August-September—13.1%.

Soil Moisture Content
Using the separated daily datasets for CT and NT farming
practices, the descriptive statistics of soil moisture content

(Vol. %) was computed for 2013-2016 (Supplementary
Appendix SC). In the first year of the experiment (2013),
differences in the soil water regime between the compared
tillage methods could be caused by different soil textures of
the tested plots. Moreover, the entire area had been cultivated
in conventional mode and the same crop rotation was applied in
previous years. The maximum amount of water contained in the
soil (34.0 Vol. %) was measured at the depth of 60 cm in the CT
plot (22 June 2013). Under NT, at the depth of 60 cm the
maximum volume (33.5 Vol. %) had been observed earlier
(3 May 2013). However, the maximum values at the depth of
30 cm were recorded on 3 May for both technologies. Minimum
values at different depths for both options were registered in
20-27 September 2013. Comparison of medians showed that at
the depth of 30 cm there was a higher daily amount of soil
moisture under NT (19.3 Vol. %) than under CT (17.1 Vol
%). However, the amplitude had the highest value at the depth of
30 cm under CT (20.0 Vol. %), but under NT it was achieved at
the depth of 120 cm (20.4 Vol. %).

The low amplitude usually indicates a more even distribution
of the moisture through the season. Generally, the soil moisture in
the CT plot was significantly higher than in the NT plot in 2013.
The testing of the null hypothesis regarding differences in soil
moisture distributions under tested technologies found out that
there were positive shifts of medians at each of the depths
(Table 2). The medians of differences in soil moisture (CT-
NT) were 1.5, 2.6, and 3.4 Vol. % at the depths of 30, 60, and
120 cm, respectively. Thus, the CT plot had statistically
significant higher soil moisture content compared to the NT
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TABLE 3 | Soil water storage (mm) in 1 m depth in the tested plots in the first ten
days of May and its dynamics during the experiment, Poluyamki, Altai Krai.

Tillage method 2013 2014 2015 2016
CT 195.1 140.9 176.7 208.7
NT 197.8 177.5 179.4 148.3
Index (CT) 1.0 0.72 0.91 1.07
Index (NT) 1.0 0.90 0.91 0.75

Notes: Soil water storage was measured by the express method annually with layer by
layer 10 cm step to the 1 m depth. The index computed as ratio of soil water storage in
given year and in 2013 according to the formula: Index = WG, / WCsp13, where WG,
water storage measurement (mm) in year i (i = 2013, 2014, 2015, 2016). Source:
Authors’ calculations based on the results (Beliaev et al., 2016).

plot. This fact was also confirmed by positive values of differences
within 95% confidence intervals.

We should note, for the next periods from 2014 to 2016, we did
not observe soil moisture as high as in 2013. Such large amounts
of water measured at different depths in 2013 is not characteristic
of the dry steppe generally. The soil moisture content varied from
13 to 34 Vol. % in the CT plot and from 11.9 to 33.5 Vol. % in the
NT plot, which can be explained by some natural and artificial
reasons. Some of the natural causes were stocks of winter
moisture. Thus, water content measurements in the soil by the
express method (Table 3) at the sites showed that in early May of
2013 the amount of water was higher than in other years. The
exception was May 2016 when the CT field had a water content
higher by 7% than in 2013. It is important to note that after the
hot and dry season in 2012 from September of 2012 to April of
2013, 232mm of precipitation fell in this area
(ROSHYDROMET, 2020). It is more than usual. Additionally,
for better connection with soil, according to the installation
guideline, the sensors of both SHMSs were covered with wet
clay during the installation process in May 2013. That might have
led to inflated values on the first days after sensors installation.
The consequences of installation lasted until mid-June 2013.
However, we decided to use most of this data in the analysis,
because such effects were observed while using both technologies.

In the second year of the experiment, comparisons of tilling
methods could be made only at the end of growing season
(September 2014) because of a large data gap in SHMS
1 measurements. However, daily data of soil moisture content
under no-till are of interest in terms of soil property reactions to
this conservation tillage system. The highest value of soil moisture
for NT was observed on 4 May at the depth of 120 cm with
23.2 Vol. %, on 4 July at the depth of 30 cm with 16.7 Vol. %, and
on 21 July at 60 cm with 22.6 Vol. %. The minimum values were
reported in September. The maximum amplitude for NT
(11.7 Vol. %) was observed at the depth of 120 cm as well as
maximum of the standard deviation, the same as in 2013. At the
depths of 60 and 120 cm the distribution became less even and the
average values were higher than medians. Testing the differences
between soil moisture content of the two farming systems based
on joint hourly data showed that in September 2014 water
content at all the depths under CT was significantly higher
than under NT (Table 2). Most likely, it was not an effect
caused only by tilling systems but also by the used crop

Agriculture’s Impact on Soil Water

rotations. There was mechanical fallow in the CT plot and
rape in the NT plot. Thus, there were both moisture
accumulation in fallow field and high-water consumption in
rape field (Beliaev et al., 2016), that led to the decrease of soil
water under NT especially at the depth of 30 cm.

In 2015, the cropped species were identical on both plots
(spring wheat). The weather conditions were hotter than in the
previous growing seasons with lower amount of precipitation
(244.6 mm). In general, NT system showed higher daily values of
soil moisture in comparison with CT. The maximum water
content (23.9 Vol. %) under NT was on 8 May at the depth of
120 cm. Mean and median daily values for NT were higher than
for CT at both 30 and 60 cm depths. In the third year of the
experiment, difference in soil water content between CT and NT
technologies at 30 cm depth was insignificant and varied from
negative to positive effects (from —1.8 to 1.0 Vol. %). However,
there was a significantly higher water storage under NT at the
depth of 60 cm with 1.5 Vol. % of mean value of difference (CT-
NT). The opposite effect was at the depth of 120 cm where at the
same time hourly data indicated positive both median and mean
values of differences in soil moisture between CT and NT.

In the fourth year of the experiment, the difference of soil
moisture content became more evident, even though cultivated
crops (peas and spring wheat) vary widely in water consumption.
According to Geisler (1988) the soil moisture consumption for
peas is about 600-700 L/kg of dry mass and for soft wheat—about
500-600 L/kg of dry mass. The NT system showed higher average
values of the moisture content at 30 and 60 cm depths with
18.3 and 18.6 Vol. % than CT with 11.9 and 13.0 Vol. %,
respectively. The average values were relatively similar for both
systems at 120 cm depth with 16.6 and 16.7 Vol. %. Importantly,
measurements of soil moisture under CT showed higher standard
deviations at the depth of 30 cm compared with NT, the same as
in 2013, 2015, and 2016. It was probably caused by a faster
movement of water and an increase of evapotranspiration under
deep tillage in 30 cm upper layers of soil. At the depths of 60 and
120 cm, the standard deviations of soil moisture were
significantly higher under no-till compared to conventional
tillage and can indicate, as a proxy indicator, the more
intensive water movement. Statistically significant differences
in soil moisture content (CT-NT) reached —4.6 and —1.4 Vol.
% of median values at the depths of 30 and 60 cm, respectively.
Notably, in deep soil layers in the NT field the accumulation of
soil water was smaller than in the CT field and median of
difference was 4.1 Vol. %.

Matrix Potential (pF)

The most important indicator in crop production, measured by
the soil hydrological measuring stations, is soil moisture
availability (Matrix potential, pF). To study dynamics of pF
during the experiment, we computed the descriptive statistics
based on daily data for CT and NT separately (Supplementary
Appendix SD). According to mean values of pF, both tillage
systems showed basically optimal water availability at all soil
layers. However, transitions to the reduced water availability were
observed in the NT plot at 30 cm depth in 2014 (3.13 pF) and in
2016 (3.25 pF), at 60 cm depth—in 2015 (3.18 pF). Under CT,
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Conventional tillage No-till
G FC awc  pwp |PEmead | o FC awc  pwp | Phmean
(st. dev.) (st. dev.)
30 cm
May F 13 T o 0 [2.1(020) o BN o 0 22(0.12)
June S e 0 0 |1.9(0.18) 0 [ 9% 1 4 0 2.3(0.27)
July (. 36 0 [29(0.26) o M 2 3 1 2 3.4(0.51)
August o W u 89 0 |32(024) o W 2 PO | 3.6 (0.69)
September | o S 47 0 |27(042) o W n 4 T 35 (0.56)
Observations, N (%) 63(5.4) 611(52.3) 495(423) 0  [1169 (100) 0 1244 (51.3) 824 (34.0) 357 (14.7)] 2425 (100)
Soil moisture (Vol. %).
mean (st. dev.) 30(1.8) 205(7.1) 121(1.9) - . - 183(5.1) 142(2.1) 13927 .
60 cm
May o IEEN' ¢ 0 [24025) [INGHN DA o 0 2.0 (0.16)
June o NG 0 |22(.04 NN o 0 1.9 (0.09)
July o e 24 0 |2.8(025) o IS 47 0 2.9 (0.58)
| August o N33 67 0 [3.1(020) o | 1 s I« 3.7 (0.40)
September o M 3o 70 0 |3.0(0.40) 0 0 73 T 35035
Observations, N (%) 0 620 (53.0) 549 (47.0) 0 [1169(100)| 57 (2.4) 1178 (48.6) 997 (41.1) 193 (8.0) | 2425 (100)
Soil moisture (Vol. %).
mean (st. dev.) - 242(8.6) 157(34) - = 229(03) 23(44) 152(1.0) 13.6(2.3) -
120 cm
May 0o [ o 0 [25(0.08) o IHEEN 0 2.2(0.29)
June o | 100 | 0 |24(.04) (ITNINSTEN o 0 2.1(0.19)
iy o [es 31 0 [2.7(041) o IEEN 9 0 2.3(0.35)
August o N33 67 0 |32(035) o s 46 0 2.9 (0.40)
September o IS 44 0 |2.9(043) 0 .60 40 0 2.9(0.25)
Observations, N (%) 0 703 (60.1) 466 (39.9) 0 [1169 (100)] 7(0.3) 1957 (80.7) 461 (19.0) 0 2425 (100)
Soil moisture (Vol. %).
mean (st. dev.) - 232(55) 151(12) - - 26.8(0.2) 18.5(5.8) 12.8(1.7) - .
FIGURE 2 | Distributions of hourly measurements of water holding capacity (pF) under tested tillage operations during the vegetation periods of 2013-2016,
Poluyamki, Altai Krai. A separate analysis was done for the 30, 60, and 120 cm soil depths. Source: Authors’ calculation based on hourly data measured by SHMSs for
2013-2016.

there was 3.25 pF in 2016 at the depth of 30 cm, 3.06 pF in 2015 at
60 cm depth and 3.57 and 3.18 pF at 120 cm depth in 2015 and
2016, respectively. Maximum values of pF, which correspond the
soil water unavailability (crossing the limit to “permanent
wilting”), were also reported mostly under NT at 30 cm depth
4.44 pF (11 September 2014), 4.6 pF (15 August 2015) as well as
4.6 pF (25 September 2016). The pF values of more than 4.2 were
also recorded at the 60 cm depth under NT at the end of growing
seasons—4.46 pF (27  September 2015) and 4.24 pF
(25 September 2016). Besides, there were no pF-values higher
than the limit of sustainable wilting under CT.

To improve understanding of dynamics of soil water
availability during vegetation seasons for different farming
systems, we classified pF measurements according to the pF
classes (Table 1). Totally, we obtained 2,425 hourly
measurements of pF in the NT plot and 1,169 measurements
in the CT plot for the vegetation seasons of 2013-2016. Based on
hourly data, we calculated means and standard deviations of
measured water holding capacity as well as observation
distributions according to pF-classes through months
(Figure 2). The class FC (1.8 < pF < 3.0) represents the
favorable water regime of biomass growth, AWC (3.0 < pF <
4.2) associates with the maximum potential of soil water-holding
capacity and, the limits of unavailable water are presented by

classes G and PWP related with pF < 1.8 and pF > 4.2,
respectively.

Over the period of the experiment, the NT system had some
advantages in the first months of growing seasons
(May-June-July). Importantly, in the NT plot, no observation
with low limit of unavailable water (the pF-class G) was registered
at the depth of 30 cm, but there were 13% of all measurements in
May and 38% in June in the CT plot. It is probably due to spring
gravitational water registered by SHMS 1 in May-June of 2013.
However, this happened only after deep autumn tillage, which
definitely increased the water absorption. In the meantime, at
60-120 cm depths there was no gravitational water under CT.
Both farming systems almost did not show the transition through
the PWP (pF > 4.2) from May to July. The main share of
measurements was in the classes FC and AWC for both
technologies at all depths. In August-September, when rainfall
was not intensive, the pF distributions shifted to AWC and PWP
classes that were related with the process of crop water
consumption and transpiration. Transition through the PWP
at the depth of 30 cm was found out under NT in August-
September for 27%-46% of all measurements with average soil
water 13.9 Vol. %. It was an effect of the farming systems, namely,
crop rotations. In 2014 there was fallow in the CT plot considered
as a method of soil water conservation, and rape in the NT plot. In
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TABLE 4 | Quantification of the differences in Matrix potential (pF) in two adjacent trail plots managed according to CT and NT modes, May-September 2013-2016,

Poluyamki, Altai Krai.

Parameters May June
30 cm
Median (CT) 2.1 1.9
Median (NT) 2.3 2.3
Median/Mean of diff. (CT-NT) -0.27/-0.27 -0.40/-0.39
95% conf. int. (-0.4 =+ -0.2) (-0.5 + -0.4)
p-value <0.001 <0.001
60 cm
Median (CT) 2.4 2.2
Median (NT) 2.1 2.0
Median/Mean of diff. (CT-NT) 0.27/0.28 0.21/0.20
95% conf. int. 0.2+0.3 0.19+0.2)
p-value <0.001 <0.001
120 cm
Median (CT) 25 2.4
Median (NT) 2.4 2.3
Median/Mean of diff. (CT-NT) 0.05/0.02 0.12/0.11
95% conf. int. (0.02+0.06) (0.09+0.1)
p-value <0.001 <0.001
Observation number 126 122

July August September
3.0 3.2 25
3.3 3.9 3.6
-0.31/-0.38 -0.77/-0.66 -1.06/-0.99
(-0.6 + -0.3) (-0.8 + -0.6) (1.1 +-0.9
<0.001 <0.001 <0.001
2.8 3.1 3.1
3.0 3.9 3.9
-0.41/-0.24 -0.80/-0.70 -0.77/-0.87
(-0.6 + -0.2) (-0.8 + -0.7) (-0.8 + -0.6)
<0.001 <0.001 <0.001
25 3.3 2.7
2.3 3.1 3.0
0.17/0.25 0.16/0.22 -0.19/-0.02
(0.1 +0.2 (0.2 + 0.3 (-0.2 + -0.18)
<0.001 <0.001 0.0002
234 372 313

Source: Author’s calculation based on the hourly joint time series measured by SHMSs in 2013-2016.

Separate calculations were done for 30, 60, and 120 cm soil depths.

2016, it was spring wheat in the CT plot and peas in the NT plot,
which has higher water consumption compared to spring wheat.

We should note that at the depth of 60 cm there was 6% of
observations in May and June under NT in the pF-class G as well
as 1% of observations at the depth of 120 cm. We also observed
the shifting of measurement distribution during vegetation
seasons to AWC and PWP classes in the NT plot at the 60 cm
depth. It was getting lower with the depth of soil. There was no
observation in G and PWP classes in the CT plot. The share of
observations with water content in AWC (3.0 < pF < 4.2) under
CT was 47% with an average soil water 15.7 Vol. %, and in the NT
plot in this class was registered 41% of measurements with an
average soil water of 152 Vol. %. Using NT, the share of
observations in the class PWP (pF > 4.2) was 8% with an
average soil water of 13.6 Vol. %.

The water at 120 cm depth was better to be considered as a
potential storage, which is hardly available for the main crops
(FAO, 2005). At the same time, the analysis of soil water
content at such depth allows to improve knowledge about the
regime and movements of soil water in terms of infiltration
and water rising under different tillage systems. Using NT, the
share of observations in the FC class (1.8 < pF < 3.0) was
significantly higher (81%) with an average soil water of
18.5 Vol. % than under CT—60% with an average soil water
of 23.2 Vol. %. In the pF-class AWC (3.0 < pF < 4.2), 40% of
observations for CT with an average soil water 15.1 Vol. %, and
19% of pF measurements for NT with an average soil water of
12.8 Vol. % were reported. At the depth of 120 cm there were
no measurements in pF-classes G and PWP for CT and only
1% of observations under NT in June.

To quantify the differences between cropping systems in the
soil water availability during vegetation periods, we tested

hypotheses about equal distribution of measurements based on
joint hourly time series (Table 4). We found out that differences
in mean values of pF and shifting of medians for CT and NT were
statistically significant. The mean of pF difference (CT-NT) was
reduced through the deepness of soil layers. We also observed
increasing differences in pF during a vegetation season.

DISCUSSION

The study attempts to quantify the short-term benefits of no-till
compared with conventional tillage on the soil water content and
plant water availability in the dry steppe of the Kulunda plain.
The short-term analysis is important to find out the effects of the
first stage of conservation tillage adoption especially from the
point of view of managing small farms. As shown (Bavorova et al.,
2018; Bavorova et al., 2019; Bavorovd et al., 2020), the adoption of
a no-till system in Altai Krai demands large investments and
small-scale agricultural business faces limitations of financial
sources and needs to shorten the period of payback.
Additionally, it is well known that no-till requires
accumulation of residues on a field that is difficult to achieve
in mixed farm specialization combined crops and livestock
production. Small-scale farms cultivated 31.4% of arable land
in Altai Krai, most of them practice only crop production
(Geisler, 1988). In this point of view, understanding short-
term differences in soil properties under the compared
farming strategies is an essential factor which influences
farmers’ attitude to conservation tillage systems. Revealing
possible benefits of no-till will be able to enhance farmers’
confidence and further shape farmers’ intentions to adopt no-
till. In general, that point is important for wide spreading and
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adoption of conservation soil tillage systems in the region and
small farms may represent an “engine” of this process.

In our study two adjacent fields, which had a similar soil
type and experienced similar climatic conditions, were
managed according to no-till and conventional tillage in
parallel during the 4-year experiment. The soil hydrological
measuring stations and the weather station continuously
measured climatic and soil parameters with a time
resolution of 60 min. To our knowledge, there are no such
comparative studies in the Kulunda plain.

The short-term experiment revealed statistically significant
differences in both the soil moisture content and the water-
holding capacity between the studied technologies.
Comparative analysis was based on joint hourly
measurements for the vegetation periods in 2013-2016. The
received hourly measurements agreed with existing
experimental models which describe the relationships of the
water-holding capacity and soil types as well as soil texture
(Ehlers, 1996; Ganjara, 2001). At the depth of 30 cm, mean soil
water for FC class (1.8 < pF < 3.0) was 20.5 Vol. % for CT and
18.3 Vol. % for NT. At the 60 cm depth, it was 24.2 and 23 Vol.
% for CT and NT, respectively. These values correspond to the
soils with light loamy physical structure. The soils of
investigated plots are the light loamy and medium-humified
Luvic Chernozem (Balykin et al., 2016).

Importantly, at the fourth year of the experiment the
differences in the soil water regime became more evident
despite the different crop rotations in the tested fields.
Tested CT system implied the monoculture with spring
wheat and fallow while the NT system supposed rotational
cropping (with spring wheat, rape, and peas). The significantly
higher standard deviation of both water content and pF under
NT compared to CT indicates, in our opinion, an accelerated
water movement in the soil layer from 0-120 cm. This can be
caused by higher preferential flow. As a result of the greatly
reduced mechanical stress at NT, the habitat of soil organisms
is less disturbed. Thus, the proportion of preferential flow
paths in the form of animal passages in the pore space can
increase. Tested conventional tillage system, supposed deep
tilling, showed significantly lower standard deviation and soil
water dynamics in the deep soil layers (60-120 cm).
Nonetheless, analysis of pF values showed that CT had a
slight advantage at the 30-60 cm soil layer. It is probably
because deep ploughing intensifies water movement
(infiltration). That fact was proved by presence of the
gravitational water measured in the CT plot at 30 cm depth
in May 2013.

Both systems showed the decreasing soil water availability
during the vegetation seasons, but the most negative trend was
observed for NT. In July “reduced availability of soil water” (from
3.0 to 4.2 pF) was reported even at 73% of all measurements
under NT, for CT there was only 36%. At 60 cm depth the share
of such measurements was also higher for NT (47%) than CT
(24%). In August and September, at 30 cm soil layer the share of
observations in PWP class was 27% and 46% for NT, at 60 cm
depth it was 14% and 27%, while for CN there were no such
measurements.

Agriculture’s Impact on Soil Water

Some confirmations of our findings we found out in previous
studies which were conducted in Kulunda plain and areas had
similar soil and climatic conditions. Belyaev et al. (2017) revealed
higher soil water content at the start of vegetation season in CT
fields than in NT fields for 2013-2015, that was due to tested
autumn tillage operations for soil moisture conservation. They
used soil water measurements according to the express method
(the TDR-sonde, Eco-Tech) in the 1 m soil depth in sunflower
fields. They also showed that at the end of the vegetation period
(August) in NT fields the water storage was higher compared to
CT fields. According to the latest results (Belyaev et al., 2022), the
moisture consumption per one unit of crop productivity (in the
case of sunflower) for NT was 1.5 times lower than for CT that
reflected the crop yield which was much higher for CT by
5.2 dt/ha.

Bakirov and Petrova (2014) investigated the effects of NT
technology on the southern chernozem in Orenburg region
(foothill of Ural Mountains) during the dry weather
conditions in 2012 for different crops (spring wheat, barley,
chickpea, sun-flower and rape). They found out that mulch
(MT) and conventional (CT) technologies have some
advantages of the water content in a 1 m soil layer compared
to NT. They also showed that the differences among technologies
were decreased during the vegetation period. Significant
differences in the crop productivity in relation to the tillage
systems were not revealed.

Interestingly, some studies showed that in Kastanozems in dry
years, the amount of water was higher for NT than for CT, but in
wet years it was opposite (Gavrilov et al., 2001; Korchagin and
Novikov, 2009). We could not make final conclusions based on
our measurements about this effect because 4-years experiment.
We should note that there was a drought in 2012 with 104 mm of
precipitation for May-August (Russian Federation, 2013;
ROSHYDROMET, 2020). Unfortunately, we set up the
experiment later, perhaps we could reveal apparent effects of
NT even at the start of the experiment (2012-2013). However, at
the fourth year of the experiment (2016, was the wet season), the
soil moisture was higher under CT (20.8 Vol. %) than under NT
(17.7 Vol. %) at the 30 cm depth in the start of vegetation period
(May 1, 2016). At the 60 and 120 cm soil layers we had the
opposite results—21.3 and 23.0 Vol. % at 60 cm depths, and
20.6 and 23.0 Vol. % for CT and NT, respectively. Despite the
starting soil moisture shortage advantages of CT at 30 cm soil
depth, the NT system showed positive moisture conservation
effects. Reduction of soil moisture during the vegetation period
(from 1 May to 1 September 2016) was —9.6 and —2.0 Vol. % at
30 cm depth for CT and NT, correspondingly. Moreover, NT
reported higher average soil moisture content in all soil layers
during the vegetation period of 2016 (Supplementary Appendix
SC). Decreasing of soil moisture at 60 cm depth was similar, but
at 120 cm soil depth it was 11.0 Vol.% for NT and only 3.9 Vol. %
for CT. The findings within our experiment support the positive
effects of moisture conservation for NT stated in hypothesis
1 even in wet years.

In the NT field the soil moisture is distributed more
equally throughout depth and the storage of “optimally
available soil water” is formed at 100-120 cm. This finding
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is confirmed in our experiment. In deep soil layers, 81% of
measurements in the 120 cm soil layer were classified as
optimally available soil water while it was reported at only
60% for CT. Probably because in dry seasons the water is
rising from deep soil layers that makes the NT system more
resilient during droughts.

Several studies of NT systems in different territories revealed
both positive influences of NT to soil properties and
disadvantages—lower crop yield compared to other
conventional technologies. In Stavropol region of Russia, it
noted that in temperate-humid zones (Leached
Chernozem) a positive effect of NT appeared only at
4-5 years, namely, NT showed better water conservation than
others, but this advantage did not provide higher wheat
productivity (Wolters et al, 2001; Drepa and Golub, 2014).
Slyusarev et al. (2017) revealed the influence of NT on the
physicochemical properties of leached Chernozem in the
territory of Prikubanskaja lowland (Russia) in 2014-2016. The
crop rotation in their experiment was 1) spring wheat 2)
sunflower 3) maize with different fertilizer schemes. Their
findings highlighted a positive effect of NT on
physicochemical properties of soil, but, at the same time, they
obtained a low crops productivity and high production costs
(Slyusarev et al., 2017) that has high impact in terms of NT
adoption. We can make comparisons of crop yield within our
experiment only in the first and third years of the experiment
(2013 and 2015) when a similar crop was grown. In 2013 the
spring wheat yield was 2.69 and 2.61t/ha for CT and NT,
respectively, while in 2015, the wheat yield was reported to
1.41 and 1.47t/ha (Beliaev et al, 2016). Thus, 4years of
experiment did not reveal differences in crop yields.

The advantage of NT that relates to more sustainable water
movements during the vegetation period is discounted by the
decrease of water availability during the vegetation period,
which in turn leads to lower crop productivity. Regarding
hypothesis 2 our study showed that water in NT becomes
hardly available or not available only in the end of the growing
season, basically in August-September. This period is not that
important for crop production in the conditions of dry steppe,
as almost no winter crops are cultivated. Here, soil water
capacity is not directly connected to crop productivity, but
to study this relationship is not possible even in experiments
conducted under the same climatic conditions. Thus, the
results of investigating maize in NT and CT in the
Argentine pampa in 2014-2015, demonstrate that many
agrophysical properties show temporary changes and
different trends during the vegetation period depending on
the tillage system (Soracco et al., 2018). But availability of
moisture was rather low in both options in the preplanting and
growth periods. Also, the authors gave other examples where
the productivity was higher when using CT or it was equal in
NT (Soracco et al., 2018). Vague results were obtained for
winter wheat (Triticum aestivum L.) by NT and in Oklahoma
(Omara et al, 2019). Obviously for the revelation of
advantages according to the water balance and crop
productivity much more time for observations is needed.
Thus, a 31-year experiment in the Canadian prairie showed

was
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the advantages of NT against other treatment systems. They
mentioned that the yield increased due to an increase in soil
water in the 0-30 cm soil layer with NT and MT (Lafond et al.,
2011).

The decrease of water availability in our experiment with
NT at 30-60 cm depth could depend on the gradual soil
compaction and density. It was noticed that MT and NT
lead to soil compaction (and higher bulk density) in
comparison to ploughing and a decrease of water
infiltration and root penetration of cultures in the deeper
layers (Pikul et al., 1993; Medvedev, 2009; Tolon-Becerra
et al, 2011). That is why some studies support the NT
treatment but recommend using a plough once every several
years (Haertge Bauer, 1972; Derpsch et al., 2010; Lafond et al.,
2011; Zhang et al., 2023). Some authors support the solution of
this problem in the production of a maximum quantity of field
residues, and in a combination of crops that together lead not
only to a decrease of loss of water through evaporation but also
to the decompaction of upper soil layers (Gavrilov et al., 2001;
Slyusarev et al., 2017; Schmidt et al., 2018). Crop residues in
the NT treatment was not measured in our experiment. Four
years is a too short period for accumulation of optimal field
residues in the conditions of dry steppe, considering that rape
(2014) was applied in the crop rotation which leads to poor
residue production.

In our experiment, data were obtained for a rather short
observation period. Therefore, the influence of crops noted by
individual authors on the agrophysical properties of the soil and
the water content (Schmidt et al., 2018; Soracco et al., 2018) was
not observed. However, according to our measurements, the
smallest amount of unavailable water (PWP class) of 12%-
14% was observed in rapeseed in September 2014 and with
pea 16%-18% in August and September 2016 in the NT plot.
It is well known that rape and pea have a high level of water
consumption (Geisler, 1988).

CONCLUSION

Our research shows that adapted cropping systems can contribute
to an improvement in soil water balance and water supply for
plant growth in arid regions. With the results of our field
experiments the research hypotheses could be confirmed.
Despite the differences in crop rotations, the revealed effects
were statistically significant. The main limitation of the study was
the short-term period of the experiment. However, we discovered
significant differences in soil water regime between conventional
and conservational cropping systems. This result represents
important evidence of possible short-term benefits of the
conservation tillage system under the dry climate conditions of
southwestern Siberia.

The authors believe that long-term studies are needed to
confirm the findings. Thus, the effects of crop rotation can be
neglected for the measurement results.

To sum up, the study contributed to a better understanding of
the advantages of conservation tillage in comparison with
conventional modes in marginal steppe areas of Eurasia
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concerning implementation of sustainable food production
practices.
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