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Abstract: Soil turning during pre-seeding preparation is meant to loosen and promote physical
characteristics responsible for the development of crop roots in soil. In this study, we demonstrate
effects of three methods of pre-seeding preparation at two depths of irrigation on carbon dioxide
(CO2) efflux as well as the temporal variability in the distribution of soil carbon. This experiment
was conducted at the rural cooperative extension research station in Tangará da Serra, Mato Grosso,
Brazil, for two wheat production years in 2011 and 2012. The experimental design was randomized
in strips, with four repetitions. Wheat was irrigated during the June to early October dry season. The
treatments include two methods of soil preparation: traditional preparation with one plowing and
two disc harrowings and minimal preparation with one seed bed conditioner pass. A third treatment
of direct seeding was also evaluated. Soil CO2 efflux, soil temperature, air-filled soil porosity, and
labile carbon were measured. We found soil preparation affects CO2 efflux in irrigated cultivation
systems within Brazil’s Cerrado savannah, with conventional tillage having greater CO2 emissions
than either reduced tillage or direct seeding. Soil CO2 emissions were lower at 508 mm versus
698 mm irrigation depth, but wheat yields were significantly lower.

Keywords: cultivation; carbon emissions; dry season; labile carbon; savannah; South America;
watering; yield

1. Introduction

Long-term sequestration of carbon dioxide (CO2) within agricultural systems has
focused on soil organic matter [1] where cereals such as wheat (Triticum aestivum L.) can
transfer 20–30% of assimilated carbon into soils [2]. Short-term emphasis has been focused
on quantifying greenhouse gas (GHG) emissions from agriculture and developing recom-
mendations to reduce such emissions such as CO2, methane, and nitrous oxide. The CO2
emissions from soils can be 11 times those from combustion of fossil fuels [3]. Soil turning
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during pre-seeding preparation (e.g., plowing, tillage) is meant to loosen and promote
physical attributes responsible for aeration, water filtration, and development of roots in
soil [4,5]. However, such soil preparation for crops such as wheat combined with adequate
soil temperature and/or moisture can increase GHG emissions from soil [6–9], though see
Eshel et al. [10].

In addition to damaging soil structure, soil preparation prior to planting crops can
increase the efflux (i.e., emission) of soil carbon dioxide (CO2) from agriculture. By breaking
soil aggregates some of the labile organic carbon that was protected within the interior
of the aggregate is exposed to micro-biotic degradation, and stocks are reduced over
time [11,12]. The efflux of CO2 caused by soil turning may reach metric tons over the span
of weeks [13,14]. Prior research also showed that the husks of sugar cane incorporated into
soil, together with the breakage of soil aggregates with a rotary hoe, may lead to an increase
in the efflux of CO2 equivalent to 3% of the total carbon of the residue incorporated [15].

Alterations in other soil variables such as soil temperature [16,17], soil moisture [18,19],
soil aeration porosity [20], or labile carbon [21], may determine the quantity of carbon
emitted by agriculture. In tropical soils, soil temperature is not always the controlling factor
for carbon efflux. This is due to the effect of soil moisture on CO2 efflux, as soil moisture
and soil temperature are interdependent variables that simultaneously vary [22]. Moreover,
in tropical regions, soil temperature is near ideal for micro-biotic activity [23]. This may
explain why various research papers on agricultural systems have reported soil moisture
as the principal factor in soil CO2 emissions [13,24,25].

In irrigated systems, soil water can be controlled through irrigation frequency, which
is dependent on the physiological characteristics of the irrigated culture (related to water
consumption), the preparation of soil, climate, and soil type [26]. Soil moisture as a
controlling factor important to the loss of soil C is a given based on the knowledge that
varying methods of pre-seeding soil preparation promote varying impacts on the amount
of carbon emitted from soil, through both efflux and leaching. Corroborating this point,
Moitinho et al. [27] describe how increasing the soil water content through irrigation, leads
to the significant removal of CO2 when the water enters into the soil pore space. Regarding
the leaching of soil dissolved organic carbon (DOC) in agriculture, Beesley [28] shows high
mobility of DOC until 0.3 m, and many peaks of DOC production throughout the year that
may contribute to leaching. Leaching of DOC accounts for approximately 25% of the net
loss of carbon in agriculture and pasture ecosystems, when losses from harvesting and fire
are excluded amongst others [29].

Understanding the effects caused by different soil preparation techniques on irrigated
agricultural systems is important for understanding their impacts on agro-ecosystems.
These impacts include GHG emissions such as CO2 efflux from soil, which can be evaluated
to help select cropping systems that balance crop production with environmental sustain-
ability for a given area. As such, the impact of three methods of pre-seeding preparation
and two irrigation depths on the efflux of CO2 and the temporal variation of labile soil
carbon stocks were investigated for wheat grown during a third potential cropping window
within a given calendar year in Brazil’s Cerrado biome.

2. Materials and Methods

This experiment was conducted during the 2011 and 2012 dry seasons at the Empresa
Mato-Grossense de Pesquisa, Assistência e Extensão Rural (EMPAER) research station
in Tangará da Serra, Mato Grosso (MT) (14◦40′ S and 57◦25′ W), Brazil. The climate of
the region has a Köppen classification of ‘tropical-Am’, with two distinct periods, a rainy
period between November and March and a dry period between April and October. The
pluviometer-measured mean annual precipitation is 1830.8 mm, and the mean annual
temperature is 25.2 ◦C [30].

The soil was classified as typical Dystrophic Red Latosols, following the Brazilian Soil
Classification System [31] with clayey texture, which along with physical and chemical
attributes during the two years of cultivation are presented in Tables 1 and 2. Analysis of
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soil samples was conducted in three separate laboratories. Soil chemical attributes were
analyzed in Agroanalysis, a commercial laboratory in the city of Cuiabá in the state of
Mato Grosso (MT), Brazil. Soil physical characteristics were measured in the soil physics
laboratory at the Universidade Federal do Mato Grosso (UFMT) campus in Cuiabá, MT,
Brazil. Soil labile carbon content was analyzed in the soil chemistry laboratory also located
at the UFMT campus in Cuiabá.

Table 1. Chemical attributes a of soils with different preparations under the cultivation of irrigated
wheat in 2011 and 2012 in Tangará da Serra, Mato Grosso state, Brazil.

Preparation Depth (m) pH H2O P K Ca+Mg SB CEC7 BS SOM

mg dm−3 cmolc dm−3 % g dm−3

2011

Implementation 0.0–0.1 6.2 3.8 2.5 7.5 8.2 14.3 57.5 51.2
0.1–0.2 6.1 1.7 2.2 6.8 7.4 13.3 55.4 48.0

2012

Soil Preparation

Conventional
0.0–0.1 5.9 7.8 2.4 7.5 8.2 17.3 47.7 55.8
0.1–0.2 6.1 1.5 2.5 7.1 7.8 14.4 53.9 52.7

Minimal
0.0–0.1 5.7 5.2 2.4 6.3 7.0 16.0 43.9 54.2
0.1–0.2 5.8 3.2 2.6 6.0 6.6 14.3 46.0 51.2

Direct Seeding 0.0–0.1 5.9 2.2 2.2 7.4 8.1 17.0 47.6 57.4
0.1–0.2 6.2 2.2 2.8 7.2 7.7 14.0 55.3 52.7

Woods
0.0–0.1 6.3 2.8 2.3 10.8 11.6 19.5 59.3 59.2
0.1–0.2 6.2 1.2 2.5 10.3 10.9 18.3 59.5 55.8

a Soils from experimental treatments tested for pH, phosphorus (P), potassium (K), calcium (Ca+), magnesium
(Mg), sum of exchangeable bases (SB), cation exchange capacity at pH 7.0 (CEC7), base saturation (BS), and soil
organic matter (SOM).

Table 2. Physical attributes a of soils with different preparations under the cultivation of irrigated
wheat in 2011 and 2012 in Tangará da Serra, Mato Grosso state, Brazil.

Preparation
Layer Sand Silt Clay BD MaP MiP TP SRPfc

cm g kg−1 Mg m−3 m3 m−3 m3 m−3 m3 m−3 Mpa

2011

Implementation 0.0–0.1 84 218 698 1.09 0.14 0.43 0.57 0.94
0.1–0.2 66 199 699 1.12 0.11 0.45 0.56 0.97

2012

Soil Preparation

Conventional
0.0–0.1 123 195 682 1.07 0.16 0.42 0.58 0.92
0.1–0.2 107 202 691 1.12 0.11 0.45 0.56 0.86

Minimal
0.0–0.1 156 179 665 1.06 0.17 0.42 0.59 1.34
0.1–0.2 156 182 662 1.12 0.11 0.45 0.56 0.75

Direct Seeding 0.0–0.1 123 195 682 1.13 0.11 0.44 0.56 1.47
0.1–0.2 90 222 688 1.11 0.12 0.44 0.57 1.00

Woods
0.0–0.1 223 184 593 0.85 0.22 0.46 0.68 1.05
0.1–0.2 190 178 632 0.87 0.21 0.44 0.65 1.13

a Soils from experimental treatments were measured for soil particle content and for soil Bulk Density (BD), soil
Macroporosity (MaP), soil Microporosity (MiP), soil Total Porosity (TP), and Soil Resistance to Penetration at field
capacity (SRPfc).
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Wheat was planted using a grain drill in the June to early October dry season which
represents the third possible cropping window in Brazil following soybeans-corn (Figure 1).
Before planting in both years, 350 kg of the 22-04-12 nitrogen-phosphorus-potassium (NPK)
formulation was applied in the sowing row for fertilization. Wheat was planted on 4 June
2011 and on 25 June 2012. Planting was delayed in 2012 due to initial poor establishment
necessitating re-planting. Topdressing fertilization was applied 18 days after planting using
the same amount as pre-plant fertilization. According to the recommendations made for
the crop, in the vegetative stages V1 and V2, the commercial products RoundUp® WG
(2.0 kg ha−1), Sovereign (0.2 L ha−1), Hero (0.2 L ha−1), and Primóleo (5.0 L ha−1) were
applied as agricultural pesticides. In stage V4, commercial products Hero (0.2 L ha−1)
and Exalt (0.1 L ha−1) were applied. All crop protection materials were purchased at
Agrounidos, located at Av. Miguel Sutil, 14372 Coopamil, Cuiabá, MT, Brazil 78025-700.

Figure 1. Typical annual triple-crop rotation for irrigated crops in Cerrado, Brazil.

The experimental design was of randomized strips, with four repetitions (Figure 2).
Our treatments consisted of three soil preparation methods: conventional with one plowing
followed by two passes with a disc harrow with soil turning to ± 0.2 m (CP); minimal
preparation with one pass using a seed bed conditioner turning approximately the top
0.1 m of soil (MP); and direct seeding (DS). DS was completed with a seeder equipped
for 15 lines spaced 0.17 m apart and a seeding density of 350 seeds m−2, and the BRS-264
cultivar (non-transgenic). Fertilization at seeding consisted of 500 kg ha−1 of NPK 04-30-16
plus application of 10 kg ha−1 of FTE Borogran 10 (8% boron) to control the sterility of male
grains. For fertilization after germination, 60 kg ha−1 of nitrogen (N) from urea (45-0-0)
was applied using a tractor pulled spin spreader.

Two watering depths were applied, 508 and 698 mm, for experiments on cultivated
wheat in 2011 and 2012. The sprinkler irrigation (Figure 2) frequency was controlled
using two tensiometers installed at 0.2 and 0.4 m, distributed throughout the experimental
plots, aiming to always keep the pore water potential at the optimal value for wheat
production, −40 Kpa within the top 0.2 m of the soil column [32]. Rainfall was limited
since wheat was grown during the dry season. During the 2011 crop season, there was
only 0.03 mm measured at the WatchDog 2000 series meteorological station installed in the
experimental area during the entire study period. Since the 2012 crop was re-planted, there
was more recorded precipitation from 7 June to 8 September 2012 (8 mm) and 9 September
to 7 October 2012 (80 mm) as grain ripening was pushed closer to the start of the wet season.
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Figure 2. Experimental design field map and irrigation for cultivation of wheat in 2011 and 2012 in
Tangará da Serra, Mato Grosso state, Brazil. Photo: Thales A.D. Daniel, 2011.

Variables evaluated were CO2 efflux, soil temperature, soil moisture, and labile carbon
content during six phases of the development of the wheat culture. Soil efflux was mea-
sured using an EGM-4 gas analyzer (PP Systems International, Inc., Amesbury, MA, USA)
that includes an internal humidity sensor fixed to a closed chamber (PPS-SRC-1 Soil Respi-
ration Chamber) and a soil temperature sensor (STP-1 Soil Temperature Probe). Three soil
respiration chambers were installed to measure CO2 efflux per parcel with 0.5 m between
chambers. Measurements were taken between 10:00 am and 12:00 pm in six periods over
the course of the experiment in two growing years (2011 and 2012).

Soil samples (n = 24) were collected for the two soil preparation treatments and the
direct seeding treatment for two irrigation depths. The net CO2 efflux from soil during the
study period was calculated integrating the area under the efflux curve as measured over
time (during six phases of wheat development), as shown in Equation (1):

E f ac =
n

∑
k=1

E fk + E fk−1
2

× I j (1)

where Efac is the net efflux of CO2 (Mg ha−1); Ef is the efflux of CO2 (Mg ha−1); k is the
moment of measurement of efflux; n is the number of the measurement; j is the time interval
(in days) between the measurements.

Concurrently with measurements of soil CO2 efflux were measurements of soil tem-
perature, made with the sensor attached to the EGM-4, and soil water volume, measured
through undisturbed samples [31] collected at the 0–0.1 m layer. The air-filled soil porosity
(AFSP in m3 m−3) was calculated as the difference between the soil porosity (TP in m3 m−3)
and the soil water volume [33]. Labile soil carbon was determined in the 0–0.2 m layer and
quantified by oxidation with KMnO4 (33 mmol L−1), as proposed by Blair et al. [34] and
modified by Shang and Tiessen [35]. As data collection were collected in similar periods
between the two years of experimental evaluation, samples were tested to see if data from
the two years could be combined. Data were combined when the quotient between the
highest and lowest mean residual of the individual analysis of variance for each experiment
was less than seven [36].

After this analysis, a second analysis of variance of the sub-divided plots was com-
pleted to determine the treatment effect. Treatment means were separated by bootstrapping
1000 random samples with replacement, following the methodology of [37]. From the
1000 values, upper and lower limits of the 95% confidence interval around the mean were
calculated, and used to compare means [38]. In this manner, means with common values
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within the confidence intervals do not show a difference, and means without common
values within the confidence intervals show significant differences (using Tukey’s test with
95% probability).

Wheat was damaged by capybara (Hydrochoerus hydrochaeris) nocturnal grazing in both
years impacting 60% of plantings in 2011 despite use of a perimeter fence. In 2012 even after
upgrading to an electric fence, capybara damage was still 40%. While not a preferred food
source [39], our planting of irrigated wheat was attractive to these herbivores during the
dry season. Wheat yield was sampled on 9 September 2011 and 7 October 2012. Sampling
was focused as much as possible in the center of plots and involved three transects per plot
with each transect measuring 3 m × 6 m = 18 square meters. Plots for each soil preparation
system were averaged and then converted to yield per hectare (1 ha = 10,000 square meters).
The average moisture content of harvested wheat grain was 13%. Random transects of
whole wheat plants were sampled for counting (plants m−2) and grain yield measurement
in areas within plots that were not damaged from capybara grazing in order to estimate
crop yields per ha for experimental treatments.

3. Results and Discussion
3.1. Soil Carbon Dioxide Emissions

The emission of CO2 varied across all soil preparation methods between 0.74 and
3.22 g m−2 h−1 with a mean of 1.52 ± 0.48 for the irrigation depth of 508 mm (L508) and
between 0.78 and 2.95 g m−2 h−1 with a mean of 1.77 ± 0.47 for the 698 mm irrigation
depth (L698). As shown in Table 3, deeper irrigation was associated with significantly
more CO2 efflux even for direct seeding. Soil CO2 emissions for both years for all three soil
preparation method are shown in Table 3, where soil CO2 efflux was significantly greater
for conventional tillage (1.81 to 2.01 g m−2 h−1) compared to minimal tillage (1.51 to
1.66 g m−2 h−1) or direct seeding (1.24 to 1.64 g m−2 h−1). There were no statistically
significant differences in soil temperature nor labile carbon content across treatments. Air-
filled soil pore space was significantly greater for plots with soil preparation compared to
those that were direct seeded (Table 3).

The analysis of variance showed significant interaction between the soil preparations
and irrigations depths, with the highest CO2 emissions for the conventional preparation
(CP) for both irrigation depths analyzed. This result is consistent with assertions made
in other studies that postulate that greater soil mobilization leads to greater impacts on
CO2 emissions [13,14,40]. The absence of soil turning led to a reduction in the emission of
CO2 and demonstrated a significant effect of irrigation depth on efflux to the atmosphere.
Soil moisture is considered the most important controlling factor in tropical soil CO2
emissions [24,41,42]. This is corroborated by past research [27,43] which suggests that
irrigation can cause significant CO2 emissions when water enters into soil pore space,
stimulating microbial activity, increasing microbial productivity and resulting atmospheric
emissions [13,41]. Moreover, the presence of wheat further increases the CO2 emission
upon irrigation through the liberation of root exudates that also stimulate soil microbial
activity [44,45].

Mean values of CO2 emission for conventional preparation are higher than those
reported by [46] in an irrigated eutrophic Red Latossol in Jaboticabal, São Paulo with clayey
texture. That study showed that for an area cleared of vegetation, disc plowed and harrow-
levelled (conventional preparation) the mean emission is 1.88 µmols m−2 s−1. Similar
emission rates as found in the current study were reported by Silva-Olaya et al. [24], who
relate mean emission of 1.89 g m−2 h−1 for conventional soil preparation (one plow and
two harrows) 13 days after first tillage operation and after a rainfall event of 25 mm. The
same authors report a 93% increase from the day prior to the rainfall event (0.98 g m−2 h−1)
in the treatment with conventional preparation and 50% increase in the no-till treatment.
This reinforces the importance of soil moisture in increasing CO2 emissions from soil and
the reduction of soil disturbance during preparation as a strategy to mitigate such emissions
under irrigated conditions.
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Table 3. Descriptive statistics a of CO2 efflux, soil temperature, air-filled soil porosity and labile
carbon in the 0–0.20 m soil layer for irrigation depths of 508 and 698 mm and differing soil preparation
methods averaged over 2011 and 2012 wheat crop dry seasons.

508 mm Irrigation Depth 698 mm Irrigation Depth

Preparation b Mean c SD Min Max UL LL Mean c SD Min Max UL LL

Soil Prep. CO2 emission (g m−2 h−1)

Conv. 1.81 aA 0.54 0.79 3.10 0.22 0.20 2.01 aA 0.47 1.04 2.70 0.18 0.21
Minimal 1.51 abA 0.56 0.84 3.22 0.25 0.20 1.66 bA 0.44 0.83 2.41 0.17 0.18

Direct Sd. 1.24 bB 0.33 0.74 1.97 0.13 0.12 1.64 bA 0.56 0.78 2.95 0.21 0.22

Soil Prep. Soil Temperature (◦C)

Conv. 21.33 n.s. 1.46 21.33 26.67 0.54 0.57 24.50 n.s. 2.77 21.00 31.00 1.17 1.04
Minimal 21.33 n.s. 1.31 21.33 26.33 0.54 0.51 24.25 n.s. 1.89 22.00 28.00 0.88 0.67

Direct Sd. 21.00 n.s. 1.10 21.00 25.00 0.39 0.44 24.13 n.s. 2.03 22.00 29.00 0.79 0.71

Soil Prep. Labile Carbon (mg g−1 soil)

Conv. 2.04 n.s. 0.30 1.75 2.34 0.12 0.13 1.97 n.s. 0.31 1.62 2.36 0.18 0.16
Minimal 2.04 n.s. 0.35 1.50 2.42 0.12 0.13 2.03 n.s. 0.25 1.75 2.41 0.21 0.18

Direct Sd. 2.02 n.s. 0.28 1.70 2.30 0.11 0.12 1.98 n.s. 0.36 1.64 2.55 0.09 0.10

Soil Prep. Air-filled Soil Pore Space (m3 m−3)

Conv. 0.21 aA 0.07 0.05 0.34 0.02 0.03 0.19 aA 0.05 0.11 0.31 0.02 0.02
Minimal 0.20 aA 0.07 0.04 0.32 0.03 0.03 0.18 abA 0.05 0.11 0.29 0.02 0.02

Direct Sd. 0.18 bA 0.09 0.06 0.39 0.03 0.04 0.14 bA 0.05 0.07 0.22 0.02 0.02
a Summary statistics include SD = Standard Deviation, Min = Minimum value, Max = Maximum value, LL and
UL = Lower Limit and Upper Limit of the confidence interval, respectively. b Soil preparation (Prep.) included
Conv. = Conventional preparation, Minimal = Minimal preparation, while Direct Sd. = Direct Seeding. c Lower
case letters in columns and upper case letters in rows indicate significant differences between mean values for soil
preparations and irrigation depths according to Tukey tests at 95% confidence. Means that are not significant (n.s.)
are also indicated.

3.2. Contrast with and Context within Prior Research

This variability of CO2 efflux between production systems with similar soil prepara-
tion methods reinforces the complexity of this phenomenon and highlights the importance
of region and cultivation conditions. Despite their variability, the controlling variables of
the production and emission process are dependent on temporary, local edaphoclimatic
conditions [40]. There was no effect of soil preparation or irrigation depth on soil temper-
ature or labile carbon. However, a significant effect was observed on air-filled soil pore
space depending on soil preparation method. Specifically, increasing the intensity of soil
preparation increased the soil air-filled pore space (CP > MP > DS). In this way, the increase
in pore space opens pathways for greater gas exchange between the soil-atmosphere system,
and leads to greater net losses of carbon from the soil via CO2 efflux. When separated by
growth phase, there was no significant effect of soil preparation or irrigation depth on soil
air-filled pore space (PPar) from 0 to 0.2 m (Figure 3a,b).

The results shown in Figure 3 suggest that soil preparation, irrigation, and the growth
of wheat significantly affect the dynamics of CO2 efflux and its controlling variables.
During the planting stage until elongation (40 days after seeding), which is the daily
irrigation period, there was a significant effect of soil preparation (CP and MP) on the
increase in CO2 efflux (Figure 3a). Significant increases in CO2 efflux have been shown
after soil preparation in both short-term and long-term in experiments [13,47–51]. Past
research [40] reports significantly higher CO2 efflux from conventional soil preparation,
when compared with conventional subsoiling and localized subsoiling 17 days after soil
movement, corroborating the results of the current study. Further corroborating our results
are other studies [13,14] that report tons of CO2 emitted over a few weeks in tilled versus
untilled soil plots. This occurs due to the loosening of soil that leads to increases in the
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decomposition rate of labile C (constant-K), in turn due to the increased oxygenation and
transport of gasses [52,53].

Figure 3. (a,c,e,g) Effect of Soil Preparation, Growth Stage of Wheat; (b,d,f,h) Effect of Irrigation
Depth, Growth Stage of Wheat; (a,b) ECO2 (g m−2 h−1); (c,d) Soil Temperature (◦C); (e,f) Labile
Carbon (g kg−1 soil); (g,h) AFSP (m3 m−3); (a–h) Mean CO2 Efflux (ECO2), soil temperature, labile
carbon, and Air-Filled Soil Pore (AFSP) space in response to variable soil preparation and irrigation
depth, throughout six stages of development of wheat collected over 2 years (2011 and 2012) of
measurements: Prep = soil Preparation (measurement made 4 h after soil turning); SG = Seedling
Growth; Till = Tillering; SE = Stem Elongation; BE = Booting Emergence; Rip = Ripening.
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During the elongation stage of wheat, which coincides with the interruption in daily
irrigation and the implementation of tensiometer controlled irrigation frequency, the effect
of soil preparation on CO2 efflux is no longer present. This result shows that from this
stage onward, wheat begins to control CO2 emission independent from the soil preparation.
This is due to factors such as increased soil shading from plant above-ground biomass [54],
rapid soil drying through plant water absorption [55], and increasing destruction of soil
aggregates from root growth and dry-wet cycling of the soil [56,57].

When there is root growth of plants, there is a resulting breakage of soil aggregates
that exposes labile carbon that had been protected by minerals and stimulates microbial
activity through the release of root exudates [44]. This process of breakage is also intensified
through cycles of wetting and drying of the soil that is related to the irrigation frequency,
and the associated contraction and expansion of the soil [58]. This is especially true in clay-
rich soils [59], such as those studied here, and results in greater carbon losses. The higher
irrigation depth caused greater efflux of CO2 in the final growth stages of wheat (booting
and flowering), after periodic irrigation is established (Figure 3b). This result collaborates
those of many studies in tropical soils that show the greater importance of soil moisture as
the key variable influencing CO2 efflux when compared to soil temperature [25,27,60].

Soil temperature did not show any correlation with variations in soil air-filled pore
space (p > 0.05) during the same period of evaluation (Figure 3c,g). Only during the tillering
stage was there a significant effect of soil preparation on the soil temperature (p < 0.05), with
higher temperatures observed in plowed or harrowed soil as compared to those the direct
seeding (Figure 3c). In this case, it is likely that there was an effect of the incorporation of
organic residues from the surface during preparation that helps protect the soil from direct
sunlight. This result highlights the importance of soil cover with vegetative residues for
the maintenance of soil temperature [26], a technique that reduces evapotranspiration in
irrigated areas and contributes to the efficient use of water in irrigated production systems.

Temporal variation in soil temperature and labile carbon (Figure 3c,e) are independent
of the preparation method, and show strong correlation (R = 0.75; p < 0.05). This explains
the tendency for increased labile carbon when soil temperatures reach or surpass 25 ◦C
that coincide with reduced ground cover (soil preparation and ripening). A number of
studies show that 25 ◦C is considered optimal for microbial activity in soil [61–63]. Within
this context, Huang et al. [64] showed that in controlled conditions within incubation
chambers labile carbon increased 100% when soil temperatures were maintained between
15 and 25 ◦C, and when temperatures were increased to between 25 and 35 ◦C, the increase
was 30%.

Temporal variations in soil air-filled pore space (AFSP) were significantly lower for
the greater irrigation depth (p < 0.05) in 80% of measurements during the growth of wheat
(Figure 3g). The lower PPar for the greater irrigation depth is associated with the higher
values of CO2 efflux after the establishment of periodic irrigation (elongation stage) can
be seen in Figure 3b, and reinforces the assertion that irrigation may cause greater carbon
losses through the removal of CO2 from soil pore space [27]. Both soil preparation and
irrigation depth showed significant effects on the efflux of CO2 from soil (Figure 4).

The results of this study corroborate previous research concluding that soil prepa-
ration as well as irrigation influence soil CO2 emissions [6,41]. Greater soil disturbance
during preparation induced higher emissions under conventional preparation, whereas the
emissions of the minimal preparation were not different from those of direct seeding. This
suggests that minimal preparation may be an alternative preparation method that would
reduce compaction in irrigated areas of the Cerrado without resulting in large impacts in
the loss of soil carbon. The greater cumulative emission for the 698 mm irrigation depth
indicates that more research is needed to find irrigation depths that are both economically
and environmentally sustainable for irrigated crops in the Cerrado, given that the decision
to increase the irrigation depth will impact soil carbon losses. Efficient irrigation manage-
ment based on lower irrigation depths can contribute to reduction in CO2 emissions from
agriculture [65].
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Figure 4. (a) Effect of Soil Preparation; (b) Effect of Irrigation Depth; (a,b) Cumulative CO2 efflux
(Cumulative ECO2 (t ha−1)) across the stages of development of irrigated wheat with varying
soil preparation methods and irrigation depths, Tangará da Serra, 2012; SG = Seedling Growth;
Till = Tillering; ST = Stem Elongation; BE = Booting Emergence; Rip = Ripening.

Our study is the first to measure CO2 efflux for wheat grown in tropical climates.
Most prior measurements of CO2 efflux in tropical agricultural systems have been for
sugar cane [25,27,33,46,60]. Research on increased CO2 efflux for wheat from tillage has
been predominantly from temperate climates such as China [6–8] and the USA [9]. Future
research should verify if CO2 efflux can be reduced with shallower irrigation while not
impacting wheat yields. In our study, we did not vary rates of fertilization nor lime and we
did not measure greenhouse gases other than CO2 such as methane (CH4) and nitrous oxide
(N2O). Past research suggests that higher rates of fertilization for winter wheat in northern
China can increase N2O efflux [3,66] while not impacting CO2 nor CH4 emissions from
soil [66]. Furthermore, a lab study suggests that use of lime can increase CO2 efflux [67] so
this could be verified in-field.

Plant density and estimated yield are contrasted in Table 4 for soil preparation/planting
and irrigation treatments. Wheat plant density was not significantly different between
soil preparation and/or seeding treatments for both experimental years. Estimated wheat
yield (kg/hectare) was significantly greater for more irrigation (698 mm) compared to less
(508 mm) with the exception of for direct seeding in 2011. Yields were not significantly
different between conventional and minimal soil preparation and direct seeding in 2011.
However, after a second year, yields for conventional tillage was significantly lower than
the treatments with less soil disruption. Thus, there appears to be an interaction effect of
irrigation depth and soil tillage on wheat yield, with greater crop yield with more irrigation
and direct sowing of the crop.

Our yields with 698 mm of irrigation were within the range of yields for 76 trials in
the Cerrado from 2004 to 2013 [68]. Although >90% of Brazil’s wheat is grown southern
Brazil [69] and Mato Grosso was responsible for only 0.7% from 2000 to 2005 [70], genetic
improvement for drought tolerance in the Cerrado is a priority [69]. Irrigated wheat here
can be higher yielding [68] with better seed quality [71], especially if evapotranspiration
losses from the crop do not exceed 15% [72]. However, the 6.766 kg ha−1 higher yield
for each additional mm of irrigation water from 508 mm to 698 mm applied (Table 4)
comes at the expense of increasing CO2 efflux by 15.2 t ha−1 over the entire cropping season
(Figure 4). Brazil’s wheat production has shifted from conventional tillage to reduced tillage
and no-till in both rainfed and irrigated areas [73]. If this trend of reduced soil disturbance
continues, our results show that this is favorable in terms of both productivity (Table 4)
and reduction in CO2 emissions from soil (Figure 4). However, the results from our study
suggest further reductions in CO2 efflux come at the expense of potentially reducing wheat
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yield in irrigated systems in Brazil’s Cerrado. Future research can determine if farm profits
from wheat production is consistent with longer term yield differences between systems by
including the costs of irrigation and cultivation in enterprise budget calculations.

Table 4. Plant density and estimated irrigated wheat yield with different soil preparations in 2011
and 2012 in Tangará da Serra, Mato Grosso state, Brazil.

Soil Preparation 508 mm Irrigation Depth 698 mm Irrigation Depth

and/or Planting Plants m−2 a Est. Yield
(kg ha−1) b Plants m−2 a Est. Yield

(kg ha−1) b

2011

Soil Preparation

Conventional 52 n.s. 3764.24 aB 57 n.s. 4243.47 aA
Minimal 48 n.s. 3401.98 aB 57 n.s. 5627.66 aA

Direct Seeding 64 n.s. 4604.56 aA 53 n.s. 4666.89 aA

2012

Soil Preparation

Conventional 58 n.s. 3055.90 bB 56 n.s. 4101.53 bA
Minimal 61 n.s. 3532.63 abB 56 n.s. 4688.31 abA

Direct Seeding 59 n.s. 4066.52 aB 59 n.s. 5352.06 aA
a Differences between means for plant density not significant (n.s.). b Lower case letters in columns and upper
case letters in rows indicate significant differences between mean values for estimated wheat yield according to
Tukey tests at 95% confidence.

4. Conclusions

Soil preparation is directly related to CO2 efflux in irrigated crop systems for wheat in
the Cerrado, with greater emissions associated with greater soil disturbance. Increasing the
irrigation depth leads to greater cumulative CO2 efflux from the soil. Our data show that
the choice of soil preparation technique and irrigation depth, as well as the development
of the crop itself, cause variability in the CO2 efflux and related controlling variables,
including stocks of labile carbon in the soil. Despite Brazil’s shift to no-till annual cropping
systems for soybeans, corn, cotton, and other crops (e.g., wheat) which may reduce CO2
efflux, tillage is used for deep phosphorus application and for crops that are not genetically
modified for herbicide resistance. Our results demonstrate that reduced tillage and no-till
irrigated wheat systems in Brazil’s Cerrado can be both higher yielding with lower CO2
emissions than conventional tillage. We also show that irrigation can be managed for
more shallow application to reduce CO2 emissions from soil but at the expense of lower
wheat yield.
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