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• The field experiment combined regulated
deficit irrigation (RDI) with zero tillage
with surface residues (ZTR).

• RDI was effective in conserving water, but
did not affect soil CO2 efflux.

• ZTR reduced cumulative CO2 emissions
by almost half during the maize season.

• Soil CO2 efflux in the crop rows was dou-
bled than between the rows.

• CO2 daily curves showed the representa-
tive measuring hours of the 24-hour emis-
sion.
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Conservation tillage is promoted as a potential agriculture practice to reduce carbon dioxide (CO2) emissions but little
is known on its impact in irrigatedMediterranean conditions, and particularly, when combinedwith controlled traffic,
adopted to avoid soil compaction effects on the crops, and with regulated deficit irrigation (RDI), adopted to conserve
water. CO2 effluxes were measured during the 2016/2017 and 2017/2018 irrigated maize-cropping and fallow pe-
riods on a long-term tillage experiment established in Cordoba (Spain) in which two tillage systems, conventional
with residues incorporated (CTR) and zero tillagewith surface residues (ZTR), are compared, both combinedwith con-
trolled traffic. Additionally, two irrigation treatments were introduced: full irrigation (FI) and RDI. We hypothesized
that ZTR paired with RDI wouldmake this irrigation strategymore effective for reducing CO2 emissions. Although till-
age and traffic affected CO2 effluxes, RDI did not in spite of saving 100 mm of water. Frequent irrigations maintained
similar superficial soil conditions in FI and RDI. In the short term, soil CO2 effluxes were higher in CTR than in ZTR
after soil preparation and during crop growth, although only significantly in the first case. However, accumulated
CO2 emission during the cropping period (163 days) was 1.8 times higher for CTR than ZTR (2126 and
1177 g m−2, respectively). The accumulated emission during the fallow period (202 days) was less relevant and sim-
ilar for both systems (628 gm−2). Spatially, crop lines emitted the double CO2 than furrows during the cropping period
in both tillage systems, and in ZTR during the fallow, showing the relevance of the measuring point locations. Three
diurnal soil CO2 efflux curves supported the results. In irrigated Mediterranean maize crops, ZTR combined with con-
trolled traffic can be an efficient soil management system to reduce CO2 emissions, and can be paired with RDI for
water saving.
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1. Introduction

Substantial reductions in agricultural greenhouse gases emissions are
considered by numerous countries for complying with the Paris Agreement
of the UnitedNations Framework Convention on Climate Change (Richards
et al., 2016). Although the agriculture sector contributes a higher percent-
age of methane and nitrous oxide anthropogenic emissions than of carbon
dioxide (CO2), the long-lasting effect of the last makes imperative to reduce
its balance to net zero by 2050 (IPCC, 2018; Lynch et al., 2021). The Cli-
mate Change and Land IPCC (2019) Special Report identifies reducing till-
age as a key potential agriculture practice for reducing CO2 emissions while
capturing it in the soil as organic carbon. This view is supported by the sci-
entific community (e.g. Paustian et al., 2016) and it is reflected in part in
international initiatives like the “4 per 1000” initiative (www.4p1000.
org) or the Global Soil Partnership (www.fao.org/global-soil-partnership).
Tillage is in the spotlight because it puts at risk the large potential of the
soil as a carbon sink. When soil is tilled, pores are disrupted and the CO2 oc-
cupying this space is liberated resulting in pick emissions of this gas
(Reicosky and Archer, 2007), but more importantly, the disruption of soil
aggregates and increase in soil porosity promotes the degradation of incor-
porated crop residues and accelerates the oxidation of soil organic carbon
(Plaza-Bonilla et al., 2013; Mehra et al., 2018).

The potential of eliminating tillage of field operations for soil conserva-
tion is clear but its potential for climate change mitigation may be
overestimated, in part due to methodological limitations when estimating
carbon sequestration in the soil (Powlson et al., 2014; Palm et al., 2014;
Govaerts et al., 2009), in part to the effects on the emissions of nitrous
oxide (Van Kessel et al., 2013). Reviews on the impact of reducing tillage
on reducing soils CO2 emissions shows highly variable results, its effective-
ness depending on the agroecological conditions, including the manage-
ment of residues and fertilization, and the duration of the no-till
conditions (Abdalla et al., 2016; Plaza-Bonilla et al., 2014; Sanz-Cobena
et al., 2017; Huang et al., 2018). The soil CO2 emissions in no-till systems
will also depend on the evolution of soil compaction due to machinery traf-
fic to carry out other field operations. Soil compaction reduces air diffusiv-
ity and blocks release pathways (Ball et al., 1999), and although it can
hinder roots and above-ground crop growth in no-till systems, these nega-
tive effects can be minimized by confining the traffic into permanent traffic
lanes (Boulal et al., 2012; Cid et al., 2014). The resulting spatial differences
in soil compaction under controlled traffic will also result in spatial differ-
ences in the emission of greenhouse gases from the soil (Cid et al., 2013;
Antille et al., 2015).

Irrigation can affect soil CO2 emissions in cropping systems by promot-
ing crop growth and thus roots respiration, by producingmore residues that
can feed microorganisms, and by increasing soil moisture and improving
the conditions for soil organic matter (SOM) mineralization, particularly
in summer when temperatures are high, however, there has been little re-
search on the effect of varying rates of irrigation (Sapkota et al., 2020).
This is particularly relevant in Mediterranean conditions where the limited
availability of water for irrigation has promoted regulated deficit irrigation
(RDI), i.e. to reduce applied water only during the least drought-sensitive
crop phenological periods (Fereres and Soriano, 2007). This strategy has
been proven effective to save water without yield penalty in diverse
crops, including maize (Domínguez et al., 2012), and few recent studies
have shown its potential to reduce soil CO2 emissions in orchards and
vineyards (Zornoza et al., 2016, 2018) and wheat (Hou et al., 2019).

Under conservation tillage systems, crop residues aremaintained on the
surface and soil is not disturbed except for the narrow openings to place
seeds, and probably fertilizers, during the sowing operation (Baker and
Saxton, 2007). Maintaining residues in no tilled systems can increase
water availability for crops by increasing water infiltration into the soil
and by reducing soil water evaporation and runoff (Lampurlanés and
Cantero-Martínez, 2006; Brouder and Gomez-Macpherson, 2014), particu-
larly in semi-arid environments (Pittelkow et al., 2015; Lampurlanés et al.,
2016). Under irrigated conservation tillage, an extra 60 to 120mmof avail-
able water was estimated compared to a conventionally tilled system in an
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experimental farm (Van Donk et al., 2010). In this study we hypothesized
that conservation tillage in combination with RDI will make this irrigation
strategy more effective for reducing CO2 emissions in irrigated Mediterra-
nean cropping systems. The main objective of this study was to evaluate
the impact of the combination of conservation tillage with RDI on soil
CO2 emissions in irrigated maize crops profiting of the availability of a
long-term trial in which zero tillage with surface residues has been com-
pared to the conventionally tilled system with residues incorporation,
both systems applying controlled traffic. Our goal included deepening on
the spatial variability of soil CO2 emissions, as well as on the temporal var-
iations associated to crop and fallow management.

2. Materials and methods

2.1. Experimental site

The experimental site is located at the Alameda del Obispo experimen-
tal farm (latitude 37° 51′ 36.9″N, longitude 4° 47′ 43.9″W, altitude 110m)
in Córdoba, Spain. The climate in the area is hot-summer Mediterranean-
type climate (Csa) in Köppen–Geiger climate classification system (Kottek
et al., 2006). The site has annual average rainfall of 598 mm concentrated
from early autumn to mid-spring, reference evapotranspiration of
1408 mm (ETo, FAO-Penman-Monteith method; Allen et al., 1998), and
monthly mean temperatures for the coldest and warmest month of 8.4 °C
in January and 27.8 °C in August (2001−2020). Fig. S1 shows weekly av-
erage of daily minimum and maximum air temperatures, and weekly-
accumulated rainfall and ETo during the two agricultural seasons of this
study (2016/17–2017/18). Accumulated rainfall from sowing to harvest
in 2016 and 2017 seasons (Table 1) was 172 and 129 mm, respectively,
and accumulated ETo for the same periods was 896 and 934 mm. All
weather data were obtained from an agrometeorological station located
about 600 m from the experimental plot. The soil was classified as Typic
Xerofluvent (Natural Resources Conservation Service Soil Survey Staff,
2010) or Eutric Fluvisol (according to the world reference soil groups;
IUSS, 2015). The soil has a loam texture, practically uniform up to 0.75 m
deep (mean values of 13.7% clay and 45.4% sand, for the top 0.30-m soil
horizon; and 12.6% clay and 47.1% sand for the 0.30–0.75 m horizon),
without restriction for root growth up to 2-m depth. Volumetric soil
water content (SWC) at the field capacity and at the permanent wilting
point were estimated as 0.286 and 0.133 m3 m−3, respectively.

2.2. Treatments and farming operations

The field experiment was conducted for two consecutive agricultural
seasons (2016/17 and 2017/18) in a long-term trial set up in 2007 to com-
pare two tillage-planting systems: conservation and conventional irrigated
maize (Zea mays L.)-cotton (Gossypium hirsutum L.) rotation systems, both
with residue retention, controlled traffic and crops grown over beds
(Boulal et al., 2012; Cid et al., 2014). In the last three years (2015–2017),
maize was grown consecutively, keeping the two planting systems and
the controlled traffic, but without forming the beds, therefore being
named conventional tillage with residue incorporation (CTR) and zero till-
age with surface residues (ZTR) treatments. At the beginning of the 2016
cropping season (April 2016), the average soil organic carbon concentra-
tion in the top 0.05 m layer was higher in ZTR (p < 0.001): 6.50 and
9.59 g kg−1 in CTR and ZTR respectively (soil bulk density of 1.46 and
1.44 Mg m−3 respectively). Below 0.05 m, there were no significant differ-
ences in soil organic carbon between planting systems.

Tillage operations in CTR system consisted of subsoiling (at
0.50–0.70 m depth) followed by two shallow-passes with a disc harrow
(at 0.15-m depth) and a vibro-cultivator (at 0.10-m depth) prior to sowing
(Table 1), while weed control in both tillage treatments was carried out
using herbicides. Maize (cv. LG 30.600) was sown on April 8 in 2016,
and on April 6 in 2017, in 0.86 m spaced crop-rows with an intra-row
plant spacing of 0.085 m. The seedlings emerged 8–12 days after sowing,
and maize ears were harvested on September 2, 2016, and September 1,
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Table 1
Farming practices performed at the experimental plot during 2016 and 2017.
Note: during the 2017/18 fallow period, no herbicides were applied.

Farming operation Year

2016 2017

Herbicide application Feb. 3rd Jan. 13th
Mar. 2nd

Apr. 8th Mar. 29th (ZTR)
May 9th
May 16th

Subsoiling in CTR; 0.6-m depth Mar. 30th Mar. 16th
Disk harrow pass in CTR; 0.15-m depth
Vibro-cultivator in CTR; 0.10-m depth
Basal NPK (15-15-15; 750 kg ha−1)
Maize sowing. Soil insecticide application Apr. 8th Apr. 6th
Fertilization N (Urea; 46%N) May 24th (150 kg ha−1) May 17th (200 kg ha−1)

Jun. 7th (175 kg ha−1) May 30th (200 kg ha−1)
Irrigation period May 6th–Aug. 18th Apr. 18th–Aug. 10th
Regulated deficit irrigation (RDI) period Jun. 7–28th Jun. 6–22th

Jul. 12th–Aug. 18th July 6th–Aug. 10th
Harvest Sept. 2th Sept. 1th
Mowing of maize stalks Oct. 10–11th Oct. 5–9th
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2017. The farming operations carried out in the two treatments are listed in
Table 1.

The experimental plot was irrigated by a 54.8 m linear move sprinkler
system (Valley Linear 8120; 1.52 bar of linear pressure) in which a variable
rate irrigation (VRI) system (Valmont Irrigation, Valley, NE, USA) was
installed. During the two maize growing-cycles, two irrigation
(I) treatments were applied: full irrigation (FI), in which 100% of the crop
irrigation water requirement was supplied, and regulated deficit irrigation
(RDI), in which only 75% of FI was applied, except during early stages of
crop establishment and from the early-tasseling to the beginning of grain
filling in which FI was applied. Different doses in FI could be obtained by
changing the speed of the linear system. A prescription was prepared for
turning the electric solenoids valves on and off in the RDI treatment to re-
duce the applied water to 75% while in FI the valves were always open.
An internal GPS indicated the exact location of the linear system in the
plot. The irrigation doses for FI were established weekly from the crop ET
and effective rainfall, following the FAO methodology (Allen et al., 1998),
in order to bring the soil water content near field capacity to the rooting
depth, and irrigation water was applied once or twice a week throughout
the crop cycle. As commonly done in the region, less water was applied to-
wards the end of the maize growth cycle, to deplete the available soil water
and to facilitate harvest. The total amount of irrigation water applied dur-
ing the irrigation period (Table 1) was 589 and 480 mm in 2016, and 583
and 482 mm in 2017, for FI and RDI respectively. During the irrigation pe-
riod, accumulated precipitation and ETowere 92 and 687mm, respectively,
in 2016 (104 days) and 122 and 753 mm in 2017 (114 days) (Fig. S1). The
periods of application of irrigation and RDI are shown in Table 1, and the
number of biweekly irrigations and the corresponding amount of water
for FI and RDI treatments are shown in Table S1.

The experimental plot covered 0.8 ha divided into three blocks. Each
block was randomly subdivided into two tillage (T) plots, consisting of
ten 0.86-m-spaced rows by 140 m in length, with either CTR or ZTR treat-
ment, maintained since 2007. Thanks to the VRI system, each block could
be irrigated independently with seven sprinklers: two part-circle (model
Nelson PC-S3000) at both sides of each block, and five full circle (model
Senninger I-Wob-UP3) in between. After the VRI installation at the start
of this study in 2016, each block was again randomly subdivided into two
irrigation (I) plots (20 rows by 70 m) with either FI or RDI treatment. The
resulting experimental design was a strip-plot (or split-block) design with
four T × I treatments (10 rows by 70 m per elementary plot or T × I sub-
plot) replicated three times (Fig. S2A). Sprinklers were approximately
3.0 m above the ground. High irrigation uniformity was confirmed by
installing 60 rain gauges, 20 per block, in five irrigations early in the two
seasons (before the crop covered the rain gauges). Traffic was controlled
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throughout the experimental plot, and furrows with tractor wheel traffic (F
+) alternated with furrows without traffic (F−). The separation between
two contiguous trafficked furrows (1.72 m) was imposed by the width of
the tractor used (model ME9000 DTL, Kubota Corporation, Thame, UK;
2.9 Mg of weight and tires of 0.38 mwidth). In CTR, traffic was random dur-
ing tillage for soil preparation but controlled at and after sowing. Sowing and
mowing operations affected every single F+ furrow, but only some of these F
+ furrows (one third) were trafficked by tractor for agrochemical applica-
tions during the crop growth. Maize ears were hand-harvested.

2.3. Soil-surface CO2 efflux measurement

CO2 emissions from soil were measured using an infra-red gas analyzer
(IRGA; LI-COR model LI-820) connected to a portable PVC flow-through
non-steady-state (FT-NSS) chamber equipped internally with a fan, a tem-
perature sensor and a pressure relief vent, as described in Cid et al.
(2013). During each measurement, the chamber (internal diameter of
0.153m, and internal volume of 6.33×10−3m3)wasfitted to a PVC collar
(0.16 m internal diameter and 0.06 m height), which were previously
inserted 0.03m into the soil in order to avoid soil disturbance and the asso-
ciated undesirable emissions. Air was circulated from the chamber to the
IRGA and back by a pump system governing the chamber's mixing fan at
flow rate of 1 Lmin−1 over a sampling period of 3min. The CO2 concentra-
tion was registered every second by a data-logger (CR-1000, Campbell Sci-
entific) connected to the IRGA, and the efflux was calculated from the
concentration increase over time. Before each flow measurement, the
chamber was waggled for several seconds until the air inside it reached
the ambient CO2 concentration.

Soil CO2 efflux was regularly measured during the two maize cropping
and fallow periods, and just before and after the first autumnal rainfall
event in 2016 and 2017. The number of days of soil CO2 efflux measure-
ment was 12 and 24 in the 2016/17 and 2017/18 cropping years, respec-
tively, and, on each date, soil CO2 efflux was measured on three PVC
collars per elementary plot: in F+, crop-line (L) and F−, in consecutive po-
sitions (measuring site; Fig. S2B). Measurements started in-between 7:15
and 8:30 GMT; exceptionally, the day before and just after tillage of CTR
plots in 2017 (Table 1) measurement started around 10:00 and 12:00
GMT, respectively. In CTR, the collars were removed prior to soil prepara-
tion in 2017, and then repositioned into the soil just after tillage (F−)
andmaize sowing (F+ and L positions); whereas collars' position remained
unchanged throughout the experiment in ZTR (although the L and F+ col-
lars were removed for sowing). None of the F+ furrows with collars was
trafficked by the tractor for application of agrochemicals during the
maize growth cycle.
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Additionally, on three dates, several measurements per collar were
made throughout the day (starting at sunrise and finishing at dawn) in
order to estimate diurnal cycles of CO2 emissions, as well as the daytime pe-
riod when the soil's CO2 efflux was equivalent to the daily/hourly mean
CO2 efflux. This diurnal cycles were carried out on June 2, 2016 (seven
measurements), on October 27, 2016 (five measurements) and on July
31, 2017 (six measurements), dates that corresponded to the vegetative
phase, fallow period and reproductive phase of maize. Measurements
were made only in two of the three blocks, due to the time required for a
full round of measurements (approximately 120 min for 24 collar posi-
tions), which meant four replications for each tillage treatment (CTR or
ZTR).

2.4. Hourly and seasonal soil C-CO2 emissions calculation

For NSS chambers, CO2 efflux (FC) estimation requires determining the
rate of CO2 accumulation within the chamber. Fc was calculated using the
following equation (Rochette and Hutchinson, 2005):

Fc ¼
∂C
∂t

V
A

� �

Mv

where: FC is the soil CO2 efflux (μmol m−2 s−1), V (m3) is the chamber
enclosed space volume, A (m2) is the enclosed soil area, Mv (m3 mol−1) is
the molar volume of air at chamber air temperature and pressure (approx.
22.4 × 10−3 m3 mol−1 for ideal gas; and is thus equal to
0.0821 × 10−3 × [T(K)/P(atm)] m3 mol−1), and ∂C/∂t (μmol mol−1 s−1)
is the rate of the CO2 accumulation within the chamber (determined from
the slope of the linear concentration increase). Soil CO2 efflux (μmol m−2

s−1) was converted into C-CO2 efflux (mg C-CO2 m−2 h−1) by multiplying
it by the molar mass of C (12.01 μg C/μmol CO2) and applying the corre-
sponding corrections for units.

The hourly soil C-CO2 efflux for each tillage system (CTR and ZTR) was
calculated byweighing the hourly values (mg C-CO2m−2 h−1) obtained for
each of the three collars in consecutive positions (F+, L, and F− in a mea-
suring site) by the fraction of the surface area they represent (L = 0.5, F+
and F− = 0.25 each). To compare the C-CO2 effluxes from the crop-line
(L) and the furrow (F), the values for the trafficked (F+) and non-
trafficked (F−) furrows in each measuring site were averaged resulting in
a single traffic treatment, which corresponds to the mean furrow (F).

From the three diurnal cycles of CO2 emissions, nocturnal emissions
were estimated by assuming a linear decrease between the last diurnalmea-
surement just before nightfall and the first diurnal measurement just after
dawn. The average daily/hourly CO2 efflux (mg CO2 m−2 h−1) was esti-
mated by dividing by 24 the result of the integration of each daily CO2 emis-
sion curve (mg CO2 m−2 day−1).

To estimate seasonal cumulative soil C-CO2 emissions during maize
cropping and fallow periods, the measured hourly effluxes were first con-
verted into daily C-CO2 emissions. Seasonal C-CO2 emission was then calcu-
lated for each collar as the area under its corresponding curve of data
points, after filling the gaps by linear interpolation, for the periods: from
soil preparation to harvest (the maize cropping period) and from harvest to
the eve of soil preparation (the fallow period). In 2016,measurements started
few days after soil preparation, so degassing emissions due to soil disturbance
were not characterized. However, to estimate the effect of soil preparation in
2016, we decided to carry out the same tillage operations sequence in spring
2018, andmeasured soil CO2 effluxes in collars following the samedesign, ex-
cept that the number of collars was doubled and therefore resulting in eight
replications for each tillage treatment. Seasonal integrations were made for
each tillage system (CTR and ZTR) and for each tillage system× crop-line/
furrow position (CTR L, CTR F−, CTR F+, ZTR L, ZTR F− and ZTR F+).

2.5. Soil temperature and moisture measurements

Soil temperature (Ts, °C; Testo 106 digital thermometer) and volumetric
soil water content (SWC, m3 water per m3 total soil volume) were recorded
4

concurrently to the soil CO2 efflux measurement, down to 0.05 m and to
0.075–0.15 m depth respectively, with three measurements in the proxim-
ity of each collar position (F−, L and F+). Average values per tillage sys-
tem (CTR and ZTR) were calculated by weighing according to the area
they represented (L= 50%, F+ and F−=25% each). SWCwasmeasured
using a time domain reflectometry device (TDR,Model 6050X1 TRASE Sys-
tem I) calibrated previously in the same experimental plot.

2.6. Statistical analysis

Treatments' effects on soil CO2 emissions, Ts and SWC were compared
by analysis of variance (ANOVA). Soil C-CO2 efflux data were analysed as
a strip-plot design for the effects of tillage system (T) and irrigation strategy
(I) factors. Thus, differences in CO2 efflux between the crop-lines (L) and
the furrows (F) were analysed as a strip-split-plot design, where the levels
of each T and I factor were randomized over the main plots, and the collars
position factor was assigned to the subplots within each main plot. How-
ever,when irrigation treatments (FI and RDI) did not have a statistically sig-
nificant differential effect on soil CO2 efflux, differences in C-CO2 fluxes
were analysed as a split-plot design, with T factor (CTR and ZTR levels) ap-
plied to themain-plots, and collar position or traffic (L and F, or F− and F+
levels) to the sub-plots. The same procedures were used to analyse the Ts
and SWC data.

Differences in seasonal soil C-CO2 emissions between CTR and ZTR
treatments, or between L, F−, and F+ within each tillage system, were
analysed as a randomized complete block design, with four replications.
Mean values were separated using the Tukey's HSD test with a significance
level of 5%, as it is a conservative test that allows comparing each treatment
with all the others in pairs when there is the same number of repetitions per
treatment. All statistical analyses were performed using Statistix 10 (Ana-
lytical Software, FL; USA).

3. Results

3.1. Effect of irrigation strategy on soil CO2 emissions

Relative to the FI treatment in which irrigation was applied to cover the
full water demand, reducing the applied water in the RDI treatment re-
sulted in a water saving of 108 and 101 mm for the 2016 and 2017 maize
irrigation seasons, respectively, without affecting the soil CO2 efflux. We
did not find any significant difference(p > 0.05) in soil CO2 efflux between
FI and RDI treatments in any of the measuring days during the periods in
which the RDI treatment was applied (from June 7 to August 18, 2016,
and from June 6 to August 10, 2017; Table 1). The interaction between ir-
rigation and tillage treatments was also not statistically significant. Further-
more, soil temperature (Ts) and soil moisture (SWC) in the top horizon did
not differ either between FI and RDI treatments (p > 0.05) during the RDI
periods. Also crop growth was not significantly affected by the irrigation
treatment: the average maximum LAI was 4.68 and 4.33 m2 m−2 in FI
and RDI, respectively, in 2016, and 4.93 and 4.89 m2 m−2, respectively,
in 2017; (p > 0.05). Similarly, no significant effect of the irrigation treat-
ment was found on final above ground-biomass (2621 and 2395 g m−2 in
FI and RDI treatments, respectively, in 2016, and 2581 and 2616 gm−2, re-
spectively, in 2017; p> 0.05). Taking into account that therewere no differ-
ences in soil CO2 efflux, topsoil temperature and moisture, and crop
growth, between both irrigation treatments (and interactions), the irriga-
tion main treatment (I) was not considered in the analysis of CO2 emissions
between tillage systems during the crop cycle.

3.2. Spatial variability in soil CO2 efflux by tillage systems: crop line vs. furrow
positions

Differences in soil CO2 efflux due to tillage treatment (CTR vs. ZTR) and
spatial variation in collar position (L, crop line vs. F, furrow) were analysed
first for each of the 36 measuring dates separately. Except for the dates fol-
lowing tillage, in general, the ANOVA showed no significant differences
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between tillage treatments but it did between collar positions and for the
tillage by collar positions interactions. Regarding the interactions, there
was a clear tendency for having the highest soil CO2 efflux in the L location
in CTR (CTR-L) and the lowest in the F location in ZTR (ZTR-F), but these
differences were significant in two dates only, one in 2016 and another in
2017 (Fig. 1: different capital letters show significant differences between
CTR-L, CTRF, ZTR-L and ZTR-F), in part due to the high variability of the
efflux values in CTR. For example, in seven other measurement dates, the
efflux was significantly higher in ZTR-L than in ZTR-F, but they did not dif-
fer from the efflux in CTR positions. Furthermore, in four other days, the
soil CO2 efflux was significantly higher in ZTR-L than in ZTR-F indepen-
dently of CTR results (Fig. 1: different lower case shows significant differ-
ences between L and F within ZTR and/or within CTR). Regarding the
Fig. 1. Soil C-CO2 efflux from the crop-lines (L) and the furrows (F) for the conventional
seasons. Error bars represent standard error. Different capital letters indicate differences b
while different lowercase letters indicate differences between L and F within each tillag
indicate the level of significance of the differences between L and F for the collar positi
were not significant. In x-axe: T = tillage, S = sowing, E = crop emergence, N = N
mowing, R = first autumn rainfall. Arrow indicates the first irrigation application in ea
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differences between collar positions (L vs. F), these were statistically signif-
icant in most dates (28 out of 36; Fig. 1) with emissions clearly higher in L
than in F. However, during the maize flowering periods, when soil CO2 ef-
flux reached maximum values, individual values varied largely and the dif-
ferences between L and F positions were not significant. Additionally,
differences between L and F were also not significant in few sporadic
days with low CO2 efflux values during the fallow periods.

Data of the two seasons were combined, and the average soil CO2 efflux
was calculated for the maize cropping period (i.e., from soil preparation to
harvest; n=21 measuring dates) and for the fallow period (i.e., from crop
harvest to the eve of soil preparation; n= 15 measuring dates) for L and F
positions in each tillage treatment (Fig. 2). During the cropping period, the
average soil CO2 efflux was significantly higher from the CTR-L (738 mg C-
(CTR) and the conservation (ZTR) tillage systems in the a) 2016/17 and b) 2017/18
etween the treatments of the interaction of tillage system×collars' position factors,
e system, according to Tukey's HSD test. *(P < 0.05), **(P < 0.01), ***(P < 0.001)
on factor. On the dates without ANOVA results, the differences between treatments
-urea application, RDI = RDI period, FS = flowering stage, H = harvest, M =
ch season.



Fig. 2. Average soil C-CO2 effluxes from the crop-lines (L) and the furrows (F) for CTR and ZTR tillage systems during a) the maize cropping period (n=21measuring days,
from tillage to harvest) and b) the fallow period (n=15measuring days), averaged for 2016/17 and 2017/18 seasons (error bars represent standard error). Different letters
within each period indicate significant differences between the treatments of the interaction of tillage system × collars' position factors (Tukey HSD test; P < 0.05).
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CO2 m−2 h−1) than from the rest of the positions. On the other hand, dur-
ing the fallow period, only in ZTR the efflux was significantly higher from L
than from F position (155 and 101mgC-CO2m−2 h−1 in ZTR-L and ZTR-F,
respectively; Fig. 2). Combining both tillage treatments, the average soil
CO2 efflux was significantly higher in L than in F position for both periods
(596 and 279mg C-CO2m−2 h−1, and 148 and 108mg C-CO2m−2 h−1, in
L and F, for cropping and fallow, respectively; p < 0.001 and p < 0.01,
respectively).

Average soil CO2 effluxes from trafficked (F+) and non-trafficked (F−)
furrowswere also calculated separately for the cropping and fallow periods,
and compared (Table 2). During the cropping period, average efflux from
F− furrows in CTRwas significantly higher than from F+ for this tillage
system and than from F− and F+ for ZTR. During the fallow period,
average soil CO2 efflux from F− and F+ furrows were similar in both
tillage systems.

3.3. Temporal variation in soil CO2 efflux within the season

The evolution of soil CO2 efflux during the two studied seasons showed
four peaks related to crop management or specific environmental condi-
tions, and theywere particularly clear during themore thoroughly followed
season 2017/2018 (Fig. 1), namely: soil preparation in CTR, application of
N fertilizers, crop rapid growth, and first rains in autumn long after the last
irrigation.

In the CTR treatment, and as expected, a burst of threefold increase in
soil CO2 effluxwas observed immediately after tillage operations compared
Table 2
Soil C-CO2 effluxes from the trafficked (F+) and non-trafficked (F−) furrows for
CTR and ZTR tillage systems during the maize cropping period (n = 21 measuring
days, from tillage to harvest) and the fallow period (n = 15 measuring days), for
2016/17 and 2017/18 seasons (average± SD). Different letters within each period
indicate significant differences (Tukey HSD test; P < 0.05).

Tillage system Furrows traffic Soil C-CO2 efflux (mg m−2 h−1)

Cropping period Fallow period

CTR F− 500 ± 98 a 126 ± 9 a
F+ 256 ± 62 b 104 ± 20 a

ZTR F− 196 ± 52 b 101 ± 22 a
F+ 163 ± 22 b 102 ± 17 a
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to the previous day (Fig. 1B). Following this early burst, CO2 effluxes pro-
gressively declined until around crop emergence in mid-late April when
they reached similar values to those obtained before tillage. After crop
emergence, soil CO2 effluxes followed a similar trend in both tillage systems
increasing with time and with peaks after the broadcast applications of the
N-fertilizer (urea). The effect of these urea applications was followed in de-
tail in 2017 (Fig. 1B). Compared to the previous day of the application, soil
CO2 effluxes more than doubled their values, and the impact was higher in
CTR than in ZTR after the second application, but the difference between
the two tillage systemswas not significant. Fromend-Mayon, a rapid increase
in the soil CO2 efflux occurred (Fig. 1), coinciding with the period of maxi-
mum rate of maize dry-matter accumulation, to reach a plateau at late-
June/early-July, and then decrease after the flowering period. In general,
soil CO2 efflux increased to or decreased from the plateau at a faster rate
for CTR than for ZTR, and the resulting average soil CO2 efflux measured
from emergence to harvest was higher for CTR than for ZTR (94% and 42%
in 2016 and 2017, respectively, for 7 and 11 measurement dates, respec-
tively), although the differences were non-significant (p > 0.05).

During the fallow period, the values of the soil CO2 effluxes and their
evolution were similar for both tillage treatments (Fig. 1). After the maize
harvest there was a progressive decline that lasted until the first autumn
rainfalls, which occurred on late October in both years. Thisfirst rainfall re-
sulted in a pulse of CO2 efflux that was characterized in detail in 2017
(Fig. 1B): compared to the previous day of the rainfall event, there was a
fourfold increase passing from 54 to 213 mg C-CO2 m−2 h−1 measured
two days after the event. For the same dates, the 0.1-m depth SWC in-
creased from extremely dry soil, 5.8%, to approximately soil field capacity,
28.6%. A rapid decay in soil CO2 effluxes followed afterwards at an
exponential-like rate, and reached the lowest emission levels approximately
two weeks after the peak. For the rest of the fallow period (late autumn–
winter), values remained low (28–42 mg C-CO2 m−2 h−1; Fig. 1B) and
no extreme dry/wet cycles were observed again.

The impact of soil moisture (SWC) and temperature (Ts) on the evolution
of the soil CO2 efflux with time was examined during the fallow period after
the CO2 burst due to the first autumn rainfall event. Using data after this
event, an exponential correlation was found between soil C-CO2 efflux and
SWC (R2 = 0.62; p < 0.01) and Ts (R2 = 0.75; p < 0.001) for ZTR and
CTR treatments (8-dates×2-tillage treatments), with Ts and SWC ranging be-
tween 3.5–17.4 °C and 9.9–30.8%, respectively. However, during the maize
cropping period no correlations (p > 0.05) were found between the soil



Table 3
Accumulated soil C-CO2 emissions for CTR and ZTR tillage systems during the
maize cropping period (from tillage to harvest) and the fallow period, for the
2016/17 and 2017/18 seasons (average ± SD).

Tillage
system

Accumulated soil C-CO2 emissions (g m−2)

Maize cropping period
(163 days)

Fallow period
(202 days)

Cropping
+ fallow
(365 days)

CTR 2126 ± 654 639 ± 71 2765 ± 721
ZTR 1177 ± 105 617 ± 97 1794 ± 152
P-value 0.0449 (⁎) 0.7539 (ns) 0.0595 (ns)

ns: not significant.
⁎ P < 0.05.

C. Salamanca-Fresno et al. Science of the Total Environment 813 (2022) 152454
CO2 efflux and Ts or SWC. Regarding soil moisture, frequent application of ir-
rigation (once or twice aweek) allowedmaintaining relatively high soil mois-
ture throughout the crop cycle, even in the RDI treatment (e.g., topsoil SWC
during the RDI periods ranged from 14.5 to 30.4% for RDI and from 18.1 to
31.8% for FI), without differences in CO2 efflux between both irrigation treat-
ments. Regarding topsoil temperature, it stayed in a relatively narrow range
of moderate temperature (19–25 °C) during the crop cycle.

3.4. Diurnal patterns and seasonal soil CO2 emissions

Diurnal curves of soil CO2 emission were carried out on three different
dates during this study, in order to characterize the daily emission cycles
and determine the measuring time that is representative to the total emis-
sion of soil CO2 in one day. For the three daily emission curves, both CTR
and ZTR tillage treatments had similar 24-h mean soil CO2 efflux and sim-
ilar maximum and minimum diurnal/hourly values (Table S2), although
CTR had the highest daily mean and diurnal maximum value for the
three dates. In relation to the 24-h mean soil CO2 efflux, we found that
the relative difference (RD) for themaximumandminimumdiurnal/hourly
measurements of CO2 effluxes showed maximum biases from −18.8 to
+17.5% in the CTR treatment and of −18.7 to +13.1% in the ZTR treat-
ment. In general, themean RD values for the three diurnalmeasuring cycles
were close to zero and had similar variability in both tillage systems:
−0.3 ± 8.5%, 1.9 ± 11.3% and 0.7 ± 15.2% (median ± SD) in CTR,
and 1.9 ± 10.6%, 1.9 ± 7.4% and−1.6 ± 3.9% in ZTR, on June 2, July
31 and October 27 hourly-diurnal curves, respectively. The diurnal varia-
tion in CO2 efflux resulted in general limited, and most measured values
at any given hour were not very far to the 24-h mean (Fig. 3).

Diurnal cycles of soil CO2 efflux had their lowest values before sunrise,
increasing through the morning until later afternoon, and then decreasing
in the afternoon and into the night (Fig. 3), although the decreasing values
were not reached in the autumn curve where the maximum average hourly
efflux was measured near sunset. Soil temperature followed a similar diur-
nal trend to the effluxes for the three dates, reaching its maximum value be-
tween 12:30–15:30 h (solar time), depending on day of the year (Fig. 3).
Soil temperature curves showed a smaller diurnal amplitude, and lower
maximum and higher minimum values on July 31, when the crop covered
the soil completely (LAI = 4.5), than on June 2, still with incomplete soil
cover (LAI = 1.1). Colder topsoil temperatures were recorded on October
27 under lower levels of incident radiation. The daily curves confirm an
Fig. 3.Relative difference (mean values±SE;%) of soil C-CO2 efflux for eachmeasuring
averaged for the CTR and ZTR tillage systems, and corresponding soil temperature. GM
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interval in mid-morning hours, approximately from 7:20 to 12:30 GMT,
in which measuring soil CO2 efflux can be a good estimate of the 24-h
mean at our experimental site. During our two-season study, we have
been measuring soil CO2 efflux within this interval of time.

Once the measurements time were confirmed to reasonably mimic the
mean hourly CO2 efflux for the day, in our conditions, accumulated soil
CO2 emissions were calculated for the cropping and fallow periods
(Table 3). The accumulated soil CO2 emissions were significantly higher
in the cropping than in the fallow period (p< 0.01) for both tillage systems,
in spite of the shorter duration of the cropping period (163 vs. 202 days, re-
spectively, averaged for the two seasons). Furthermore, the emissions were
significantly higher for CTR than for ZTR (p< 0.05) for the cropping period,
while there were no differences between the two treatments for the fallow
period. Themean daily emissionswere 13.1 and 7.2 g C-CO2m−2 day−1, in
CTR and ZTR respectively, during the cropping period, and 3.2 and 3.0 g C-
CO2 m−2 day−1, respectively, during the fallow period. Combining both
periods (Table 3), the annual accumulated CO2 emissions were 54% higher
for CTR than ZTR (27.6 ± 7.2 and 17.9 ± 1.5 Mg C-CO2 ha−1 respec-
tively), although this difference was not significant (p = 0.0595).

4. Discussion

4.1. Impact of regulated deficit irrigation and soil moisture on soil CO2 efflux

We had anticipated that, in RDI, lower soil moisture during specific pe-
riods of the crop cycle would limit soil microbial activity and root
time in relation to their corresponding 24-hmean of three diurnalmeasuring cycles,
T = local time - 2 h (i.e. solar time - 20 min).



Fig. 4. Soil C-CO2 efflux from the crop-lines (L) versus the furrows (F) for all
measurement days during the 2016/17 and 2017/18 seasons, separately for CTR
and ZTR tillage systems. The two slopes were statistically similar; being the
regression equation for the data set: y = 2.0256x (R2 = 0.9222; n = 69).
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respiration, and the resulting CO2 fluxes would be reduced (e.g., Davidson
et al., 1998; Curiel Yuste et al., 2003; Luo and Zhou, 2006). However, the
100 mm reduction in applied irrigation water in the RDI treatment did
not affect soil CO2 emissions. Although there is extensive research on RDI
and its impact on crop yields (Fereres and Soriano, 2007), relatively few
studies address its impact on soil CO2 emissions. The conclusions of these
studies are inconsistent but some show that the emissions decrease with
RDI, for example, Zornoza et al. (2016, 2018) in drip-irrigated fruit or-
chards and vineyards, and Hou et al. (2019) in flood irrigated wheat stud-
ies. In the first case, they apply frequent irrigations but using a
considerably more severe deficit (50% of FI) than in our study (75% of
FI). In the second case, flood irrigations took place after prolonged dry pe-
riods that stimulated CO2 efflux. We did not find any study on RDI impact
on soil CO2 emissions in irrigated maize but there are a few on non-
regulated deficit irrigation, i.e. sustained deficit irrigation. Hou et al.
(2020) found that, compared to full irrigation, deficit irrigation treatment
reduced significantly soil CO2 emissions, however, as for the study on irri-
gated wheat mentioned before (Hou et al., 2019), they applied spaced
flood irrigations that probably stimulated CO2 efflux by increasedmicrobial
activity and crop root respiration. In contrast, Li et al. (2020) found that dif-
ferent applied irrigation depths did not influence significantly the accumu-
lated CO2 emissions from soil, in drip or flood irrigation systems. In our
case, the frequent irrigation and the leaf area covering the ground during
the RDI periods, which reduced solar radiation incident on the soil surface,
resulted in similar topsoil SWC and temperature in both treatments. Fur-
thermore, the implemented water deficit in RDI periods was not severe
enough to cause differences in crop growth and therefore in plant roots res-
piration, or in the resulting amount of produced crop residues that would be
degraded later in the season. Our results agree with Fares et al. (2017), who
did notfind statistically significant differences in soil CO2 emissions in drip-
irrigated sweet maize between a moderate deficit irrigation (75% of FI; not
regulated, i.e., the reduction was applied during the whole season) com-
pared to fully irrigation treatment. In the studied conditions, moderate
RDI with frequent irrigations was effective to conserve water but did not re-
duce CO2 emissions.

The key role of water in the C dynamics in the plant-soil-atmosphere
continuum is described in detail by Brüggemann et al. (2011) or by
Kuzyakov (2006). However, in our conditions, during the maize cropping
period no correlations (p > 0.05) were found between the soil CO2 efflux
and top-soil moisture (or temperature) since CO2 emissions were signifi-
cantly influenced by farming operations, like tillage and N application, as
well as directly by the crop via roots-rhizosphere respiration. During the
steady-state conditions of the fallow period,when heterotrophic respiration
prevailed, we have found a relationship between the soil CO2 efflux and
top-soil moisture (or temperature), except when the soil passed from ex-
tremely dry to wet conditions with the first autumn rains. Sudden wetness
of extremely dry soil, as with the break of rains in Mediterranean condi-
tions, results in a pulse of CO2 emission, also known as “Birch effect”, orig-
inated by a rapid response of bacterial activity (Birch, 1958; Jarvis et al.,
2007). This response can contribute significantly to the annual CO2 emis-
sion in semiarid ecosystems, particularly in rainfed conditions (Xu et al.,
2004; Jarvis et al., 2007; Rey et al., 2017) and also in flood irrigated sys-
tems with long periods between water additions (Hou et al., 2020). How-
ever, in our irrigation scheduling and with the residues-mulch covering
the ground until soil preparation in spring, the “Birch effect” had a minor
impact and it was not observed again during the fallow period. Interest-
ingly, the effect was significantly larger in the L than in the F positions
(Fig. 1), probably due to higher amount of dead roots and porosity in the
L position, as discussed later.

4.2. Short term effects of tillage system on CO2 efflux

Our study showed higher soil CO2 fluxes than other studies in maize in
Mediterranean conditions (e.g., Guardia et al., 2017; Pareja-Sánchez et al.,
2019; Franco-Luesma et al., 2020), but similar to results obtained in the
same field in a previous study (Cid et al., 2013) in which measurements
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were also taken within plant rows (L) and in between rows (F). In our
study, the soil CO2 efflux was larger in L than in F in all measuring days
(Fig. 4) and, in most occasions, this difference was significant. When all
measurements done during the cropping period (including soil prepara-
tion) were averaged, the soil CO2 emission was approximately the double
in L than in F positions in CTR and 2.5 times more in ZTR (Fig. 2). For
the fallow period, the averaged soil CO2 emission was 24% and 53% higher
in L than in F in CTR and ZTR, respectively, but significantly higher only in
the ZTR treatment (Fig. 2). Our results agree with other studies in which
within/between rows spatial variation was considered (e.g., Amos et al.,
2005). The larger soil CO2 emissions in the crop rowswere probably the re-
sult of havingmore root density growing below during the cropping period,
andmore root biomass to decompose during the fallow period. In ZTR, con-
sidering that we have followed controlled traffic since the trial establish-
ment in 2007, and therefore, that crop rows have always been located in
the same L positions, the soil belowwill probably have a higher porosity de-
veloped by the roots of previous crops, and higher dead root biomass,
which could also explain the significant higher CO2 emissions in L during
the fallow period.

During the cropping period, farm operations and crop growth affected
largely soil CO2 efflux. As expected, tillage in CTR resulted in a burst of
CO2 emission (Fig. 1) due to passive degassing following soil disturbance
(Reicosky and Lindstrom, 1993; Rochette and Angers, 1999), then followed
by a fast decline in efflux in agreement with Cid et al. (2013) in the same
experimental trial, and with Forte et al. (2017) in otherMediterranean con-
ditions. Tillage also broke soil macro-aggregates, increasing soil porosity
and accessibility to oxygen and previously protected soil organic matter
(SOM), and it incorporated plant residues into the soil, thus stimulating mi-
crobial activity that decomposes the SOM and the residues. Thus, in gen-
eral, tillage in CTR would result in higher CO2 efflux than in no-tilled
treatments during several weeks (Dao, 1998; Abdalla et al., 2013) and bur-
ied maize residues will decompose faster than surface residues (Parker,
1962; Burgess et al., 2002). In our conditions, only four weeks after tillage
the CO2 efflux in CTR had already decreased to similar levels than in ZTR
(Fig. 1B). All residues were on the surface during autumn and winter and,
by the time they were incorporated into the soil in spring in CTR, most res-
idues were probably quite degraded and decomposing slowly (Sokol and
Bradford, 2019).



Table 4
Relative accumulated soil CO2 emissions (%) from the L, F− and F+positions com-
pared to the accumulated emission from each tillage system (CTR and ZTR) for the
cropping period (from tillage to harvest), fallow period and the sum of both (aver-
aged for the 2016/17 and 2017/18 seasons). Different letters indicate significant
differences within each tillage system and column (Tukey HSD test; P < 0.05).

Tillage × crop-line/furrow
positions

Relative CO2 emission to the tillage system emission
(%)

Cropping
period

Fallow
period

Cropping
+ fallow

CTR L +31.3 a +13.0 a +27.1 a
F− −9.7 ab −1.4 a −7.8 ab
F+ −54.4 b −24.6 a −47.5 b

ZTR L +41.4 a +21.4 a +34.5 a
F− −35.2 b −21.8 b −30.6 b
F+ −50.0 b −20.9 b −40.0 b
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Crop emergence was approximately four weeks after soil tillage opera-
tions and the effect of root-rhizosphere respiration (autotrophic) was
added to the decomposition rate of soil organic matter and plant residues
(heterotrophic), with an initial tendency of having higher soil CO2 efflux
in CTR than in ZTR. These differences in emissions between tillage systems
increased during the fast growth period of the crop in spite of having a sim-
ilar crop growth rate and final aboveground biomass, in agreement with
Franco-Luesma et al. (2020) for sprinkler irrigated maize under similar
CTR and ZTR conditions in northern Spain. Additionally, when urea was
broadcasted, both tillage systems responded with a quick increase in soil
CO2 efflux, in agreement with Snyder et al. (2009) who described how de-
composition of urea in soil also produces bicarbonate and this leads to CO2

emission. In our conditions, as maize residues have high C:N ratio, their de-
composition would have been promoted by the application of the N-
fertilizer (Green et al., 1995), as shown before in a similar environment
(Maris et al., 2018). The high soil temperature and moisture at the time
of N-application in our Mediterranean conditions probably also stimulated
heterotrophic respiration (Forte et al., 2017), in addition to contributing to
fast crop growth and high autotrophic soil respiration (this was supported
by our finding of higher efflux from crop-rows compared to furrows, as
discussed earlier). The autotrophic soil respiration is closely coupled
to (canopy) carbon assimilation and crop growth; thus, it will depend
on its phenological development and on C allocation within plants
(Brüggemann et al., 2011). In general, soil CO2 efflux increases fast with
the fast crop growth in maize, during stem elongation, to start leveling
after tasseling, and to decrease with grain maturity and the senescence of
leaves (Rochette et al., 1999) as also observed in Mediterranean conditions
(Forte et al., 2017; Pareja-Sánchez et al., 2019; Franco-Luesma et al., 2020).
After maize flowering, roots growth is reduced greatly (Mengel and Barber,
1974; Gregory and Kirkegaard, 2017) and, consequently, their respiration
rate (Granato and Raper, 1989; Brüggemann et al., 2011). Nevertheless,
soil CO2 emissions in CTR remained slightly higher than in ZTR until
soon after harvest, possibly due to higher soil porosity (and therefore gas
conductance) in CTR. From there on, soil CO2 efflux remained similar in
both tillage treatments, while the decline in the soil CO2 efflux continued,
as did soil temperature and moisture, probably limiting the organic matter
mineralization.

Although there was a tendency for soil CO2 efflux to bemore responsive
to farm operations and crop growth in CTR than in ZTR, practically only
after soil tillage the CO2 effluxwas significantly higher in CTR (Fig. 1). Sim-
ilarly, the diurnal CO2 emission curves showed a clear tendency towards
higher effluxes in CTR than in ZTR (Table S1) but the differences were
not significant. This lack of significance was due to the large variation
among the values of soil CO2 efflux measured in CTR collars during the
cropping period, in part related to the high spatial variability in the distri-
bution and incorporation of plant residues across field with the tillage,
which may have a stronger effect on differential soil microbial activity
than the tillage system itself (Spedding et al., 2004), and in part related to
the non-homogenous distribution of roots (Han et al., 2007), that, in a
more gas-conductive medium like a tilled soil may increase the point-
source emission effect. Spatial differences in plant litter distribution and as-
sociated microbial activity affect CO2 emissions across the field (Parkin,
1993; Loecke and Robertson, 2009), as supported by our findings. On aver-
age, the coefficient of variation (CV) of daily CO2 measurements in CTR
during the fallow period was similar to that in ZTR, but it increased by
62.6% during the cropping period, while for ZTR this increase was
13.1%. Furthermore, in 2018 we doubled the repetitions in the measure-
ments of soil CO2 efflux after tillage operations, and the CV of the CTRmea-
surements was, on average, 47.2% lower than in 2017 (average CV of 13.6
vs. 25.7% over a one-week period following the tillage operations). This in-
dicates that to analyse and compare soil CO2 efflux between different soil
management systemsmore precisely, a higher number of repetitions should
be considered if tilled soil with incorporated residues is involved. On the
other hand, it is very difficult to find a balance between the number of rep-
etitions and the feasibility of manually measuring them on the same day
and under the same conditions.
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The daily curves showed a time frame from 7:20 to 12:30 GMT inwhich
measurements of CO2 effluxwill represent the average emission (±10%) of
the day (Fig. 3), confirming that our single measures were carried out
within an interval in which they were good estimates of the 24-h mean in
our conditions, in agreement with Davidson et al. (2002) and Gana et al.
(2018). Within a day, CO2 efflux varied mostly associated to soil tempera-
ture, although both were out-phased, with soil temperature reaching the
maximum value earlier than the CO2 efflux, contrary to the results of
Parkin and Kaspar (2003). These authors found that CO2 efflux was more
related to air temperature as a significant part was originated from surface
residues. However, the differences in CO2 emission between tillage treat-
ments in our study were not significant, and the delay in maximum CO2 ef-
flux compared to soil temperature probably reflects the diffusion from
deeper soil.

4.3. Long term effects of tillage system on CO2 efflux

The effects observed in the short term resulted in significantly larger ac-
cumulated CO2 emission in CTR than in ZTR for the cropping period (p =
0.0449). However, when adding the accumulated values during the fallow
period to those of the cropping period, the difference in CO2 emissions be-
tween CTR and ZTR for the whole year was not significant (p=0.0595) in
spite of being the emission in CTR 54% higher (Table 3). The high variabil-
ity in CO2 emission between repetitions in CTR during the cropping period,
together with similar emissions in CTR and ZTR during the longest fallow
period, led the not significant difference for the annual accumulated CO2

emission. For the cropping season (from tillage to harvest), accumulated
CO2 emission in CTR was 1.8 times that of ZTR (an extra 950 C-CO2 g
m−2 over a 163 days period in CTR compared to ZTR). The differential ef-
fect of tillage on CO2 emission was slightly larger than that found in other
studies in irrigated-maize in Mediterranean conditions: 1.4 times higher
emissions in conventionally tilled compared to no-tilled and minimum
tilled systems, in sprinkler irrigated systems in northern Spain (Franco-
Luesma et al., 2020) and in drip-irrigated systems in southern Italy (Forte
et al., 2017), respectively, for the maize growing season. Our results also
contrast with those of three other studies in irrigated Mediterranean condi-
tions, where the no- or reduced-tilled system emittedmore or the same CO2

than the conventional system (Pareja-Sánchez et al., 2019, in northern
Spain; Oorts et al., 2007, in France; Lee et al., 2009, in California, USA).

In absolute values, CTR accumulated an extra emission of 9.7Mg C-CO2

ha−1 yr−1 compared to ZTR, while in Franco-Luesma et al. (2020) and
Forte et al. (2017) the additional emission in the conventional tillage sys-
tem was on average 1.1 and 1.3 Mg C-CO2 ha−1 yr−1 more, respectively.
Apart from using a different chamber and equipment, the larger difference
in our study (and the larger accumulated CO2 emissions for both tillage
treatments) compared to these studies was probably the result of including
measuring pointswithin themaize crop rows. In general, collars are located
in between crop rows to facilitate their management and the GHGs mea-
surement. We determined the bias we would have had in our estimates of
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seasonal accumulated CO2 emissions if we had the collars either between
rows or within the crop lines (Table 4). Compared to the tillage system
emissions, having only collars in the crop lines would have overestimated
the system emission by 31% and 41% in CTR and ZTR, respectively, during
the cropping period, and 13% and 21%, during the fallow period (27 and
35% for both periods combined). On the other hand, having the collars in
the furrows without traffic (F−) would have underestimated the emission
by 10% and 35% in CTR and ZTR, respectively, during the cropping period,
and by 1% and 22% during the fallow period (8% and 31% for both period
combined). The underestimation could be much higher if the collars were
to be placed only in the furrows with traffic (F+) and slightly more in
CTR. Our results show the importance of the collars location in the field
so that the cropping systems is fully represented in the study. This is partic-
ularly relevant during the cropping period as the accumulated emission
during this period was significantly higher than the accumulated emission
during the fallow period in spite of the shorter duration: 4 and 2.5 times
in CTR and ZTR, respectively. Larger values during the maize cropping pe-
riod than during the fallow is a common finding in semiarid irrigated con-
ditions as the most active period of the crop growth coincides with higher
temperatures and no moisture limitation (being irrigated). Additionally,
we have carried out the CTR tillage for soil preparation in spring before
sowing and have included its impact in the cropping period.

5. Conclusions

Under irrigated Mediterranean conditions, our results indicate that RDI
in maize using frequent sprinkler irrigations did not reduce soil CO2 emis-
sions nor did change topsoil abiotic factors for either CTR or ZTR during
the RDI periods. In general, during the cropping season, measured soil
CO2 efflux tended to be higher in CTR than in ZTR but the values obtained
in the collars of the tilled system were highly variable and differences be-
tween treatments seldom significantly (e.g. after tillage in CTR). The vari-
ability was probably caused by the random distribution of incorporated
residues and of crop roots. This was supported by the consistent differences
we have found between the measurements in the crop rows and furrows.
During the fallow period, this variability did not exist: CO2 efflux values
for both tillage systemswere low and similar as the amount of produced res-
idues covering the soil were similar and the temperatures low during the
winter. The daily curves also showed the variability along the day and
helped to confirm the representativeness of the punctual measurement as
an estimated of 24-day emission.

The daily variations were minimized by calculating the accumulated
CO2 emissions for periods. For the cropping period (from soil preparation
to harvest), the accumulated CO2 emissions was significantly higher in
CTR than in ZTR showing the mitigation potential of the last. Interestingly,
the emission due to tillage in CTR was a minor contribution for this period
compared to crop growth and residues degradation questioning the studies
that assume large differences between tillage systems based only in moni-
tored short periods after tillage operations. The accumulated CO2 emission
in CTR during the cropping and fallow periods were 1.8 and 1.5 times that
of ZTR, respectively. Our results also show the relevance of the location of
measuring sites, particularly during the cropping period, as the crop lines rep-
resented the bulk of the release paths compared to the furrows. The obtained
CO2 emissions can be underestimatedwhen estimated frommeasurements in
furrows only, even more if any traffic of machinery had taken place before.
The relevant contribution of the crop lines was also evident in ZTR during
the fallow period. In our long term experiments with controlled traffic, CO2

emissions from sites were crop rows were established in ZTR during few
years was also significantly higher than from furrows.

Although RDI did not lead to lower soil CO2 emissions for ZTR com-
pared to CTR, contrary to our hypothesis, both RDI and ZTR can be com-
bined to save water and reduce soil CO2 emissions of irrigated maize in
our conditions. However, the few available studies show the high depen-
dency on the applied deficit and irrigation system, on timing and depth of
tillage in CTR, and on management of residues. Further work is needed
for deepening on these aspects and arriving to more general conclusions.
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