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RESEARCH HIGHLIGHTS
We studied permanent (PB) and conventional (CB) bed systems, and controlled traffic
Crops in CB, PB and decompacted PB (DPB) behaved similarly above ground
In PB and DPB, compaction by traffic reduced root density in the 0.6-m topsoil
Root density below 0.6 m depth was higher in PB than in CB despite topsoil compaction

After 6 years, SOC stock (top 0.5-m layer) was 5.7 Mg ha™ higher in PB than in CB

ABSTRACT

Under irrigated Mediterranean conditions, no-tillage permanent bed planting (PB) is a
promising agriculture system for improving soil protection and for soil carbon
sequestration. However, soil compaction may increase with time up to levels that reduce
crop yield. The aim of this study was to evaluate the mid-term effects of PB on soil
compaction, root growth, crop yield and carbon sequestration compared with
conventionally tilled bed planting (CB) and with a variant of PB that had partial subsoiling
(DPB) in a Typic Xerofluvents soil (Soil Survey Staff, 2010) in southern Spain. Traffic was
controlled during the whole study and beds, and furrows with (F+T) and without traffic (F-

T), were spatially distinguished during measurements. Comparisons were made during a
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crop sequence of maize (Zea mays L.)—cotton (Gossypium hirsutum L.)-maize,
corresponding to years 4-6 since trial establishment. After six years, soil compaction was
higher in PB than in CB, particularly under the bed (44 and 27% higher in top 0.3- and 0.6-
m soil layers, respectively). Around this time, maize root density at early grain filling was
17% lower in PB than in CB in the top 0.6-m layer. In DPB, the subsoiling operation was
not effective in increasing root density. Nevertheless, root density appeared to maintain
above-ground growth and yield in both PB and DPB compared to CB. Furthermore, at the
end of the study, more soil organic carbon was stocked in PB than in CB and the difference
increased significantly with a depth down to 0.5 m (5.7 Mg ha™ increment for the top 0.5-
m soil layer). Residues tended to accumulate on furrows, and this resulted in spatial and
temporal differences in superficial soil organic carbon concentration (SOC) in the
permanent planting systems. In PB, SOC in the top 0.05-m layer increased with time faster
in furrows than on beds, and reached higher stable values (1.67 vs. 1.09% values,
respectively). In CB, tillage homogenized the soil and reduced SOC in the top 0.05-m layer

(average stable value of 0.96% on average for beds and furrows).

Keywords: Conservation agriculture, No-tillage, Root density, Crop residue

1. Introduction

Maize is the most important irrigated cereal crop in southern Europe in terms of surface and

production (IEEP, 2000). The development of sprinkler and drip irrigation has resulted in an

expansion of maize cultivation on a hilly terrain and, with this expansion, the risk of soil erosion

has increased thus becoming a major environmental concern. Conservation tillage and residue

retention are expected to protect the soil and reduce its erosion (Brouder and Gémez-
Macpherson, 2014). However, adoption of any form of conservation agriculture is minimal in
irrigated cereal-based systems in Mediterranean environments, mostly because of soil

compaction and difficulties in managing crop residues (Gémez-Macpherson et al., 2009).
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Irrigated, permanent bed planting (PB) is a form of conservation tillage that could help to
manage the large amount of crop residues (Boulal et al., 2012). PB has been studied in
Australia (Hulugalle et al., 2010), China (He et al., 2008), India (Ram et al., 2012), Mexico
(Verhulst et al., 2011a,b) and Uzbekistan (Ibragimov et al., 2011; Devkota et al., 2013) although
its impact on crop yield is not clear. In previous studies, positive, negative or no effects have
been reported (Devkota et al., 2013; Boulal et al., 2012; Ibragimov et al., 2011; Govaerts et al.,
2005; Ram et al., 2012).

Compared to conventional systems, where crop residues are baled, burned or buried during
soil preparation, managing the large amount of residues produced in irrigated PB systems is a
challenge, particularly at sowing. On one hand, crop residues decrease soil temperature at
emergence and may result in poorer crop establishment (Ibragimov et al., 2011; Ram et al.,
2012). On the other, the maintenance of residues is a key element in conservation tillage
systems because crop residues directly protect the soil and reduce soil erosion (Boulal et al.,
2011b) while promoting SOC accumulation (Verhulst et al., 2010), which, in turn, may increase
soil carbon sequestration (Palm et al., 2014). Some authors have argued, however, that
incorporating crop residues into the soil in conventional systems would result in increasing SOC
in deeper soil layers, and, thus, deeper samplings are needed to detect differences between
tillage systems (Baker et al., 2007; Blanco-Canqui and Lal, 2008; Govaerts et al., 2009). In Spain,
most studies on soil carbon sequestration have been carried out under rainfed conditions and
for shallow horizons (Alvaro-Fuentes and Cantero-Martinez, 2010; Gonzalez-Sanchez et al.,
2012). Nevertheless, differences would be expected in irrigated systems because of the larger
amount of crop residues produced and the higher soil moisture and temperature during
summer.

PB may also result in greater soil compaction (Verhulst et al., 2011b; Ram et al., 2012)
although, when combined with controlled traffic, compaction can be confined successfully to
certain furrows (Chamen et al., 1992; Li et al., 2007). Controlled traffic results in spatial

variations in soil water infiltration and other soil properties (Blanco-Canqui et al., 2010; Gasso
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et al., 2013; Cid et al., 2013) but it is not clear how soil properties will evolve in the long-term
and how these properties will affect crop performance (Botta et al., 2007). Soil compaction
may reduce root growth without affecting above-ground growth or yield (Busscher and Bauer,
2003; Moreno et al., 2003), provided water and nutrient availability is adequate and there is a
minimum root density (Guan at al., 2014). Other authors, however, suggest that soil strength
directly induces a hormonal signal that reduces shoot growth without decreases in water or
nutrient availability, at least in early stages (Masle and Passioura, 1987).

PB combined with controlled traffic in an irrigated maize-cotton rotation has resulted, in the
short-term, in being a successful practice for protecting the soil and increasing superficial SOC,
while maintaining crop yields (Boulal et al., 2012). Our working hypothesis is that this success
can be sustained in the mid-term and, in the case of carbon sequestration, confirmed with
deeper soil sampling. Although PB planting systems have been developed and tested around
the world, we have not identified any studies under Mediterranean conditions, and we are not
aware of any example in which PB has been associated with controlled traffic. The objective of
this study was, therefore, to compare mid-term effects of PB and conventional bed plantings,
both combined with controlled traffic, on soil compaction, SOC, and on below- and above-
ground crop performance. Additionally, a decompaction treatment in PB was also evaluated as

a complementary management practice for the system.

2. Materials and methods

2.1. Experimental site, planting systems, and farming operations

The study was conducted at Alameda del Obispo experimental farm (37° 51’ N, 4° 47° W;
altitude 110 m), in Cérdoba, Spain. The climate is Mediterranean with a mean annual
temperature of 17.6 °C and mean annual rainfall of 536 mm, most of which is concentrated
between late autumn and early spring. Figure 1 shows daily temperature and precipitation
(rainfall and irrigation) during the study. The soil is a loamy alluvial, Typic Xerofluvents (Soil

Survey Staff, 2010), of negligible shrinkage and without any apparent restriction to root growth



110 to a depth of 3m. Particle-size distribution consisted of 390, 470 and 140, and 470, 410 and 120
111  gkg™ sand (0.05-2 mm), silt (0.002-0.05 mm) and clay (<0.002 mm), in the 0-0.5 m and 0.5-1.0
112 m soil layers, respectively. Estimated water storage at field capacity was 0.24 m®>m™3, and at
113 wilting point, 0.12 m*m™.

114

115 Figure 1 about here

116

117  This study was conducted during three years (2010-2013) as part of a long-term trial set up in
118 2007 to compare no-till bed planting (conservation tillage) and mulch-till conventional-bed
119 planting systems (ASABE Standards, 2005), both combined with controlled traffic, in a maize—
120  cotton rotation. Details of land previous history are available in Boulal et al. (2012). In 2010,
121  part of the PB plots was modified to add a third treatment (Fig. 2). The three studied bed

122  planting systems were: (i) conventional beds with plant residues incorporated during soil

123  preparation and beds formed every year (CB); (ii) permanent beds with crop residues retained
124  onthe surface (PB); and (iii) a variant of PB in which a subsoiling operation was carried out
125  before sowing (decompacted permanent-bed planting system, DPB).

126

127 In 2007, the experiment was laid out in a randomized complete block design with three

128  replications, covering 0.8 hain all (Boulal et al., 2012). From 2007 to 2009, the three blocks had
129  two plots, each of them consisting of ten 0.85-m-spaced furrow—bed sets with either CB or PB
130  established. Furrows were 144 m long and had an average slope of 0.4%. In March 2010, the
131 three plots devoted to PB treatment were subdivided, and DPB was established in one side,
132  occupying four furrow—bed sets (Fig. 2). The remaining six furrow—bed sets continued as PB.
133  The separation between two contiguous trafficked furrows (1.7 m) was imposed by the space
134 within the wheels of the tractor used (model ME9000 DTL, Kubota Corporation, Thame, UK).

135 Beds in both PB and DPB were not reshaped since they were formed in 2007.
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Traffic was controlled in the whole experiment, and furrows with wheel traffic (F+T) alternated
with furrows without traffic (F-T). In CB, traffic was random during tillage for soil preparation
but controlled after the beds were formed. Sowing and slashing operations affected every
single F+T furrow. Although the application of fertilizers and pesticides had wider operating
widths and affected a fewer number of F+T furrows, these operations started at different
points in the plot to equalize, as much as possible, the number of passes per F+T furrow. In
DPB, one extra wheel pass was implemented in F+T during the subsoiling operation. For a given
season, wheel passes affected F+T furrows five to seven times (one more in DPB), depending
on the crop. All operations were applied at the same time except subsoiling in DPB and primary
and secondary tillage in CB.

Details on planting systems, farming practices, and machinery traffic from 2007 to 2009 can be
consulted in Boulal et al. (2012). Features of the main farming operations carried out from late
2009 to late 2012 are shown in Table 1. Maize was cultivated in 2010 and 2012 and cotton in
2011. In 2010, maize sowing density was increased to reduce bird damage at emergence while,
in 2012, protective nets allowed the use of conventional seed density. All operations except
harvesting (done manually) were performed with a tractor. The main tractor used was the
Kubota MES000 (2.9 Mg in weight; 61 kW; front wheel: radial, 11.2R20, 190 kPa inflation
pressure, 81 kPa ground pressure, 9.1 kN axle load; rear wheel: 380/85R28, 150 kPa inflation
pressure, 70 kPa ground pressure; 23.7 kN axle load). A second tractor (Kubota M120 DT; 4.1
Mg in weight; front wheel: radial, 420/70R24, 190 kPa inflation pressure, 64 kPa ground
pressure; rear wheel: 480/70R38, 150 kPa inflation pressure, 80 kPa ground pressure) was used

during CB subsoiling, disc ploughing, and harrowing.

Figure 2 about here

Soil water storage was monitored with a neutron probe (503DR Hydroprobe, CPN International

Inc., Martinez, USA) before sowing, one day prior to each irrigation, and at harvest. Five access
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tubes (1.95 m) per plot were installed in the centre of beds of two blocks (30 tubes total). Plot
soil was homogeneous, and the number of tubes was considered adequate for estimating soil
moisture. Additionally, this number made it possible to complete all measurements in one day.
Crops were irrigated with a sprinkler system. The amount of water to be applied per irrigation
was calculated according to Allen et al. (1998) using the average calculated requirement of the
three tillage treatments, and corrected by weekly measured plant height and canopy coverage
in four sites per plot. Different water application per treatment was not possible because of

restrictions associated with the irrigation system design.

Table 1 about here

2.2. Crop and residue measurements

Every season, four manual samplings of crop plants were carried out to determine above-
ground dry matter (AGDM). In each sampling (17 May, 1 June, 22 June, and 24 July in 2010; 17
June, 11 July, 1 August, 22 August, in 2011; and 10 April, 10 May, 29 May, and 25 June in 2012),
plants in 1.7 m” were collected in four sites per plot. No border was considered between PB
and DPB. Maize grain yield was determined from hand-harvested samples (8.5 m?) in five sites
per plot. In each sampling, one fifth (1.7 m?) was harvested separately to determine the
harvest index (ratio of grain dry mass and above-ground biomass), the number of ears per
plant, number of kernels per ear, and 1000-kernel weight. AGDM was estimated from grain
yield and harvest index. Yield of cotton seed (including the lint) was determined by hand
picking (9.4 m?) in four sites per plot. In one-fourth (2.35 m?), above-ground matter and yield
components were also determined. The above ground parts were dried at 75 °C to constant
weight.

Maize root density was measured at the early grain-filling period in late July - early August

in 2012. The study was carried out following the trench-excavated method (van Noordwijk

et al., 2000) using a backhoe loader that opened a single trench perpendicular to crop



190 rows in blocks 1 and 3. A metal grid (0.9 m wide by 1 m high divided into 0.1 by 0.1 m

191  cells) was placed on the wall of the trench under one crop row per planting treatment and
192 block for root counting cell by cell. The column of cells under the crop row was assigned

193 position 0. Adjacent columns of cells were assigned positions 1-4 in F+T and -1 to -4 in F-T,
194  with positions 4 and -4 corresponding to the centre of the furrows. Before root counting,

195  approximately 0.03 m of the vertical soil profile was scraped using a small rake to expose

196  maize roots and facilitate their visualization. A soil core (0.05 m in height, 0.05 m in

197  diameter) was taken horizontally using a soil corer in seven cells of the grid of contrasting

198  rootintersections in PB and CB transects (n=28). Roots contained in soil cores were gently
199  washed using 0.063-mm-size sieve to remove mineral particles and plant debris. Roots

200  were stained with a 1% aqueous solution of congo red to facilitate the identification of

201  living roots during their software-assisted quantification. WinRHIZO (Regent Instruments

202 Inc., Quebec, Canada) was used to quantify the total root length in each root sample. The

203  relationship obtained between root frequency and root density was used to transform

204  root frequency into root density values.

205  The weight of plant residues in F+T and F-T furrows (0.59 m x 0.50 m) and on the bed (0.26 m
206  x0.50 m) was determined from four sites per plot using a rectangular frame. After removing
207  the attached soil, the samples were washed under a spray nozzle at the lowest force without
208  splashing. Samples were dried at 75 °C to constant weight and mass per unit area was

209  calculated. Samplings took place on 13 May and 22 October in 2011, and 30 March and 20
210  Novemberin 2012. Digital photos of the framed area were taken before collecting the residues.
211 The photos were processed with ENVI 4.7 software (Environment for Visualizing Images,

212 Research Systems. Inc, CO, USA) to determine the percentage of soil covered by residues.

213

214  2.3. Soil physical and chemical measurements

215 Soil cone index (Cl) was measured with a penetrometer (model HINKA-2010 v1.0, Agrosap S.L.,

216  Spain) with a 30° steel cone with a base diameter of 0.01283 m (ASAE Standard S313 [ASABE
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Standards, 1999]) coupled to a portable computer. Cl was measured in beds and adjacent
trafficked and untrafficked furrows in three sites per plot (five measurements per site) in May,
August, and December 2011, and in November 2012. Cl was also measured in bed shoulder
positions, i.e., in between the centre of the bed and the centre of the furrow, in the November
2012 sampling. Measurements were taken to a depth of 0.6 m, except in August 2011 (0.3 m)
due to excessive soil strength, in all cases with readings in 0.05 m increments. Volumetric soil
water content (SWC) of the top 0.6-m layer (0.3 m in May 2011) was measured concurrently in
all sites, with a time domain reflectometry (TDR) device (MiniTrase System; SoilMoisture
Equipment Corp., Santa Barbara, USA).

Soil bulk density (p) was measured in the centre of beds and adjacent furrows, at three sites
per elemental plot, for the depth layers 0.05-0.1, 0.2-0.25, 0.35-0.4, 0.5-0.55, and 0.65-0.7 m,
using a cylinder 0.05-m in diameter 0.05-m high. Samples were oven-dried at 105 °C for 48 h.
Samplings were carried out in June 2011 and January 2012,

Soil samples for determining SOC concentration were taken in the 0—0.05, 0.05-0.10, and 0.10—
0.30m layers, in the beds and their adjacent F+T and F-T furrows. Six samples were taken in
each elemental plot to form a composite sample. Sampling was done on 19 April 2011, 23
January 2012 and 22 November 2012. A second sampling was conducted in CB on 6 June 2011
(40 days after tillage). Samples were air-dried and passed through a 2-mm sieve. SOC
concentration was determined according to Walkley and Black (1934).

In the last sampling at the end of the study (November 2012), soil sampling was carried out
down to 1-m depth in PB and CB treatments only. SOC concentration was determined for each
0.1-m layer. SOC concentration was converted into SOC stock per unit area (SOCs) considering p
and the thickness of the horizons. The global amounts of SOCs expressed in Mg ha™ were

obtained by adding values of layers (Schwager and Mikhailova, 2002).
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2.4. Statistical analysis

Data for yield and yield components were analyzed by ANOVA considering a randomized block
design in spite of DPB being nested in PB. Data for soil p, Cl and SOC concentration were
analyzed within bed or furrows positions and soil layers. SOCs corresponding to a certain
planting system was calculated by weighing the values obtained in bed, and furrows (bed 50%
and F+T and F-T furrows 25% each). Mean values were separated using the Tukey’s HSD means
comparison test with a significance level of 5%. Statistical analyses were carried out using

Statistix 9.0 (Analytical Software, Tallahassee, FL, USA).

3. Results

3.1. Soil compaction

Differences in Cl with soil depth and treatments were relatively consistent over time. Data are
presented for the last sampling (November 2012) only (Fig. 3) as the soil would show the
accumulated effects of all traffic operations during the study. This sampling also included
additional measurements in the bed shoulder (S), an intermediate position between the bed
and the furrow. In general, Cl was lower in CB than in PB. Average Cl for the 0.6-m profile in the
bed positions was 27% lower in CB than PB (44% lower for the top 0.3 m). Except in F+T, the
soil profile also tended to be less compacted in CB than in PB in the rest of positions: 21, 9 and
15% less in S+T, S-T and F-T, respectively, for the 0.6-m profile (38, 25 and 20% less for the top
0.3-m layer). Soil moisture (0-0.6 m) measured the same day in bed and furrows positions did
not differ between treatments or positions (Fig. 3).

Wheel traffic increased Cl in F+T and adjacent S+T shoulder (Fig. 3). In DPB, subsoiling was
effective in decompacting F+T soil down to 0.30 m depth, although this operation created a soil
pan below this depth and did not have any effect on loosening the shoulder soil.

Soil bulk density (p) measurements greatly varied between samples and significant

differences were hardly detected (data not shown). In general, p was lower in CB than in

PB, particularly in beds and for the top 0.3 m layer (1.36 and 1.45 g cm, respectively, in

10



269 the last sampling in January 2012). In furrows, wheel traffic increased p significantly in the
270  top 0.3-m layer, but no differences were detected between PB and CB: 1.59 g cm™ and

271 1.49 g cm™ average for both plantings in F+T and F-T, respectively. In DPB, subsoiling

272 resulted in 7% lower p in the F+T top 0.15 m layer compared to PB.

273

274 Figure 3 about here

275

276  3.2. Crop growth and yield

277 In the maize crop, AGDM tended to accumulate faster in CB than in PB or DPB at the

278  beginning of the cropping season (data not shown). These differences were maintained

279  over time until maturity in 2010 but disappeared in 2012 (Table 2). Similarly, in 2010, grain
280  yield was significantly higher in CB (and DPB) than in PB but did not differ between

281  planting systemsin 2012. Compared with CB, PB plots at maturity in 2010 had a lower

282  plant height and grain biomass per ear but a similar kernel weight.

283 In the cotton crop, AGDM accumulation during the 2011-growing season did not differ

284  between planting systems (data not shown) except at harvesting, when AGDM was significantly
285  higher in DPB than in CB, with no differences between them and PB (Table 2). The higher

286  biomass did not result in a higher seed yield (seed plus lint) or yield components.

287

288 Table 2 about here

289

290  Below-ground crop growth was studied only in the 2012 maize crop, at the early grain-filling
291  period (milk dough stage). Contrary to above-ground crop growth, root density differed

292 between planting systems (Fig. 4). CB had 7% higher root density than PB for the whole studied
293  profile (from the centre of a furrow with traffic to the centre of the adjacent furrow without
294  traffic by 1 m depth). Differences were mostly observed in the upper 0.6-m layer (17% higher

295 density), particularly at positions in furrows without traffic (Fig. 4a). Root density decreased

11
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with depth, and more markedly in CB than in PB, particularly at the same positions without
traffic influence (Fig. 4b). Root density in the deeper 0.6-1.0-m layer was 14% higher in PB than
in CB.

Root density was highest under the plant row and decreased with distance towards the centre
of furrows. Wheel traffic had a greater effect on root density in PB than in CB (on average, 26%
lower density for positions 0 to +4 in the top 0.6-m layer), and more in DPB than in PB (29%

lower density on average for the same section).

Figure 4 about here

3.3. Crop residues and ground coverage

The evolution of crop residue biomass in bed/furrow positions by PB and DPB planting
systems since the trial’s establishment in 2007 is presented in Fig. 5. A larger amount of
plant residues accumulated in furrows relative to bed positions, except when most crop
residues were still standing, as in October 2009 and March 2010, when standing cotton
stalks represented approximately 85% of crop residues, or immediately after slashing
maize stalks, as in November 2012 when the stubble was homogeneously dispersed
across positions. After six years of no-tillage, the bed shape had practically disappeared,
and crop residues were displaced into furrows mostly during the sowing operation.
Regarding wheel traffic, no clear effect was observed on the amount of crop residues on
the ground when F+T and F-T were compared; nor was any significant effect observed of
the subsoiling operation on F+T in DPB relative to the equivalent undisturbed F+T furrows
in PB.

In CB, crop residues were on the ground between harvest and soil preparation so that
they protected the soil during autumn and most of the winter. Crop residues were

incorporated with tillage into the soil during soil preparation in early spring.

12
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Soil protection depends more on the ground surface covered by crop residues than on
their biomass. We did not find any relationship between the amount of plant residues and
ground covered except in the March 2010 sampling in the CB system when ground cover
was lower than 30%, and soil preparation had not taken place yet (Fig.6). In autumn,
ground cover was always above 50% in PB and CB and crop residue biomass varied from 3
to 12 Mg ha™. In spring, the percentage decreased to less than 50% although, in the case
of the PB system, values remained above 30% with crop residue biomass that varied from
2.8t0 9 Mg ha™. In DPB, subsoiling in F+T reduced the surface covered below 30% on

some occasions (six out of 18 points) with biomass of above 3 Mg ha™.

Figure 5 about here

Figure 6 about here

3.4. Soil organic carbon

Soil organic carbon concentration (SOC) was measured down to 0.3 m twice a year, except
for the last sampling, in which the depth was 1 m. Most differences between planting
systems or bed/furrow positions were found in the top 0.05-m layer. Therefore, we have
presented the evolution of SOC concentration with time for this top layer only. The stock
of soil organic carbon (SOCs), and estimated soil carbon sequestration, is given for deeper
layers in the last sampling to show the accumulated effect with time.

SOC concentration in the top 0.05-m soil layer (SOCqs) increased with time since the
beginning of the experiment in 2007, but it did so differently depending on planting
systems and bed/furrow positions (Fig. 7). During the first four years, SOCy s increased
faster in PB furrows (both with and without traffic) than in beds, 0.326 and 0.120% y ™,
respectively, (F+T is shown only for easier comparison with subsoiled F+T in DPB).
Furthermore, SOC, o5 in furrows became stabilized at significantly higher concentrations

than in beds: 1.67% and 1.09% concentrations, respectively, on average for the last three

13



349 samplings. The average SOC, o5 value for the last three samplings in decompacted F+T

350 (DPB)was 1.52%.

351 SOCo,s also increased in CB during the first four years (0.096 % y™*) at a similar rate to that
352 in PB beds, to reach a relatively stable value of 0.96% (averaged for bed and furrow

353 positions in the last three samplings in CB). In spring 2011, the effect on SOC

354  concentration of disturbing and mixing the soil during its preparation in CB was

355  determined by carrying out an additional sampling 40 days after soil tillage and bed

356  formation (data not shown). SOC had decreased 27%, on average for all positions and soil
357 layers, compared with SOC determined on 19 April 2011 (eight days before soil tillage and
358  bed formation).

359

360 Figure 7 about here

361

362 Stock of soil organic carbon (SOCs) was also calculated in PB and CB down to 1 m (Fig. 8)
363  using soil p and SOC concentration determined at the end of the study. Rather than being
364  diluted, significant differences in SOCs between PB and CB increased as thicker soil layers
365  were considered, e.g. SOCs was 4.7, 5.4 and 5.7 Mg ha™ higher in PB than CB in the top
366 0.1-, 0.3- and 0.5-m soil layers, respectively. Differences continued to increase with thicker
367 layers but not significantly. Considering the entire 1-m profile, SOCs was 74 and 66 Mg ha™
368 in PB and CB, respectively.

369

370 Figure 8 about here

371

372 4. Discussion

373  4.1. Effect of planting systems on soil compaction and crop growth and yield

374  The absence of tillage in PB resulted in higher cone index (Cl) values in PB than in CB,

375 particularly in bed and shoulders (Fig. 3), most probably as a result of soil compaction, as there
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were no differences in soil moisture between treatments (Mulqueen et al., 1977). The higher Cl
values in PB, followed by DPB and then by CB, led us to believe that no-tillage had reached
compaction levels in 2010 that limited crop growth and yield in PB (Table 2). However, no
differences in cotton seed yield (seed plus lint) were observed between planting systems in the
following season, in spite of the high susceptibility of the root system of this crop to soil
compaction (Materechera et al., 1991), nor were there any differences in maize yield in 2012
despite differences in CI.

The reasons for the low values of AGDW and yield in PB in 2010 are not clear. Slow early crop
growth in no-tilled systems has been observed by others but crops often recover to match or
surpass grain yield obtained in conventionally tilled crop systems (Cassel et al. 1995; Verhulst et
al., 2010). At maturity, PB plots had one plant less per unit area and lower total plant biomass,
biomass per ear, and plant height compared with CB, but similar kernel weight (Table 2). These
differences indicate that the source of variation most probably occurred before grain filling and
in association with water or nutrient stress. The water balance calculated for irrigation
scheduling suggests that crops in PB plots did not suffer drought during the season. On the
other hand, unusual heavy rainfalls from December 2009 to March 2010 (747 mm
accumulated) before maize sowing could have resulted in considerable nitrate leaching in this
soil type (Moreno et al., 1996), particularly in PB because of its higher soil water infiltration
(Boulal et al. 2011b), and this deficit might not have been compensated for with applied
fertilizers.

In 2012, planting systems did not differ in maize grain yield (Table 2), which is in keeping with
other studies in southern Europe that have compared conservation agriculture systems
(Khaledian et al., 2010; Salmerdn et al., 2011). The planting systems assessed here, however,
differed in root system development. Compared with in CB, soil was more compacted in PB,
and this resulted in a lesser root density, particularly under furrows with traffic (F+T) and beds
and the intermediate shoulder (S+T) (Fig. 4). In the case of cotton, root growth is reduced with

values of above 0.3 MPa and stops at 2.5 MPa for medium to coarse soil textures (Taylor et al.,
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1966). In the case of maize, root growth decreases drastically with increasing Cl values of above
0.9 MPa and it practically stops at 3 MPa for a wide range of soil textures from sandy loam to

silty clay loam (Imhoff et al., 2010). The maximum recorded Cl value in this study was under 1.8
MPa, but measurements were taken at high soil moisture either during the irrigation campaign
or during the wet winter. High soil moisture contents are typical in irrigated crops in this region,

particularly in maize as it is cultivated for maximum production.

PB tended to have fewer roots than CB in the upper soil layers and more roots in deeper layers
in agreement with other irrigated maize studies (Guan et al., 2014) but contrary to the most
general findings in no-tilled rainfed systems, where more maize roots are observed in the top
soil than in tilled soil, probably favoured by higher superficial soil moisture compared with
tilled soil (Cassel et al., 1995; Dwyer et al., 1996). In irrigated systems, this advantage does not
apply. In deeper layers, root growth was probably facilitated by macropores created by
previous crops in PB. Up to 40% of total roots have been observed recolonizing previous pores
in no-tilled maize plots (Rasse and Smucker, 1998). On the whole, root development under the
crop row and F-T in PB appeared, nevertheless, to be sufficient for maintaining nutrient uptake
and for sustaining similar above-ground growth and grain yield in agreement with Moreno et
al. (2003).

Subsoiling in DPB did not help to substantiate if crop production in PB was limited by soil
compaction. Subsoiling was effective in reducing Cl in the centre of the trafficked F+T furrow
down to 0.3 m but it resulted in a plough-pan at 0.3-0.4 m soil depth and it had no effect on
the shoulder (5+T) compaction (Fig. 3). Since no benefits were derived from DPB (Fig. 4),
another type of zone-tillage rather than the subsoiling carried out in this study may be more
successful, for example, a paraplough with legs angled at 45° to the side in the seed row
(Lopez-Fando and Pardo, 2012). Further research is required to evaluate options that loosen

soil and improve root growth to test if any yield improvement is possible compared to
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conventional systems as in Box and Langdale (1984), particularly if the adoption of controlled

traffic is not possible.

4.2. Effect of planting systems on crop residues and soil organic carbon

Most crop residues in a bed planting system with widely separated crop rows (0.85 m) tended
to fall onto the bottom of the furrows, particularly after slashing or sowing as has happened in
the PB system since its establishment (Fig. 5). With time, beds faded in PB and crop residues
were displaced towards furrows with the drill tines at sowing. Residues on the ground
degraded during the relatively mild Mediterranean autumn and winter, yet, in the spring
samplings, the average amount of residues during the last three seasons (2010-2012) in PB was
6.2 Mg ha™, which generally ensured values of ground cover of above 30% in the early stages of
crop growth (Fig. 6). This percentage of ground cover is considered to be the minimum for
protecting the soil from rainfall impact (Hobbs et al., 2008) but no specific research has been
carried out for local conditions and prevailing slopes.

Although we did not find any clear relationship between crop residue biomass and the
percentage of ground covered by this biomass, crop residues of above 3 Mg ha™ would cover
30% or more soil ground in most cases (Fig. 6). In DPB, subsoiling had little effect on reducing
crop residue biomass and soil protection was generally ensured in agreement with Cassel et al.
(1995) and Lépez-Fando and Pardo (2012). By contrast, in CB, all crop residues were
incorporated into the soil during bed preparation in late winter leaving loose soil devoid of
protective cover and with a high risk of water erosion at this time (Boulal et al., 2011a). Earlier
in the autumn and winter, crop residues covered more than 50% ground surface in CB,
particularly after the maize harvest.

The spatial and temporal differences in crop residue accumulation on the ground resulted in
differences in soil organic concentrations in the top 0.05-m (SOCy ¢s) soil layer (Fig. 7). In PB,
SOC, s accumulated faster in furrows than in beds and was stabilized at higher values: 1.67%

vs. 1.09% concentrations in furrows and beds, respectively. The difference between these
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positions in PB is due to the larger amount of crop residues on the furrows and the slightly
more favourable micro-environmental conditions (higher soil moisture, lower soil temperature
during the day, and higher soil temperature at night) for microorganism activity as shown for
this same site (Panettieri et al., 2013). There is a close link between the amount of crop
residues and soil organic carbon provided humidity and temperature do not limit the biological

processes (Karlen et al., 1994).

Wheel traffic did not affect SOCy os. In DPB, subsoiling practically did not affect SOCq s in the
centre of F+T contrary to other studies in Spain in sandy clay loam soils (Lopez-Fando et al.,
2007). In CB, tillage reduced SOCy s by mixing the soil within the profile, by incorporating the
stubble and favouring its decomposition, and by enhancing mineralization of organic matter
(Govaerts et al., 2009). Nonetheless, since the establishment of the experiment, SOCy o5 in CB
has increased to reach a similar stable value to that in undisturbed PB beds (Fig. 7). This
increase was partly due to the large amount of crop residues incorporated into the soil in the
maize-cotton irrigated system compared with previous rainfed clean fallow (Boulal et al., 2012),
in agreement with Wu et al. (2008), and partly due to the time of sampling, which mostly took
place several months after soil preparation giving soil organic carbon an opportunity to build
up in the temporarily undisturbed soil (Carter, 2002).

At the end of our study, six years after establishing the experiment, differences in SOC
concentration between PB and CB were significant for the superficial soil layers only, in
agreement with other local studies in rainfed cereal-based systems for a range of soil textures
(Murillo et al., 2004; Hernanz et al., 2009; Madején et al., 2009).0n the other hand, soil organic
carbon expressed as stock carbon (SOCs) was higher in PB than in CB and this difference
increased significantly as thicker soil layers were considered, rather than being diluted. The

maximum detected difference was 5.7 Mg ha™ for the top 0.5-m soil layer (Fig. 8).
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The difference in SOCs between PB and CB was eight times greater than that found in a short
duration experiment comparing no-tilled with conventional irrigated maize in a loam soil in the
region (Mufioz et al., 2007), but less than half the increment estimated by Boulal and Gomez-
Macpherson (2010) for a similar PB system (maize-cotton rotation, central pivot irrigation,
permanent beds and controlled traffic) compared to CB in a nearby commercial farm. The
commercial plots, however, had clay loam soils with a clay content of 38%, more than double
that in our study (14%). Soils with a higher clay content increase the potential to protect
organic matter from microbial decomposition (Weil and Magdoff, 2004). The difference in SOCs
between PB and CB was also nearly double that found, on average, in Spanish studies
comparing no-tilled and inversion tillage in rainfed cereal-based systems (Alvaro-Fuentes and
Cantero-Martinez, 2010). Longer-term experiments may be needed to reach saturated SOC
under rainfed conditions, e.g. some local examples showed similar or even higher levels of
carbon sequestration after 11 years since the systems’ adoption: 8.3 Mg ha™ (top 0.9-m layer)
(Lépez-Bellido et al., 2010) and 10.4 Mg ha™ (top 0.52-m layer) (Ordéfiez-Fernandez et al.,
2007), although both studies were carried out in vertisol soils with clay content of around 70%.
The fast SOC accumulation under no-tillage observed under our irrigated conditions compared
with rainfed systems is possible due to the higher biomass input probably overriding fast
decomposition of residues expected in high moisture (irrigation) and temperature conditions
during summer. Further SOCs increase may be possible by changing crops in the rotation, e.g. a
low (cotton) for a high (wheat) biomass producer crop (Govaerts et al., 2009), or by increasing
cropping intensity with a double crop system (Luo et al., 2010), provided N, P, and S are not
limiting soil organic matter formation (Kirkby et al., 2013). The problem will lie in how to
handle such large amounts of residues. Vertical tillage without soil inversion or superficial
rolling harrow tillage carried out every 2-3 years may then be considered for reducing crop

residue biomass.
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5. Conclusion

Six years of PB resulted in higher soil compaction than CB but, by maintaining controlled traffic,
compaction was mostly confined to furrows with traffic and neighbour shoulders. As a result,
root density was lower in PB than in CB although not to the extent of reducing crop yield.
Hence, PB combined with controlled traffic appears, in the mid-term, to be a promising
conservation agriculture system in irrigated Mediterranean environments. Should compaction
reach limiting levels for crop production in the future, alternative strategies to DPB would be
needed.

Crop residues tend to be deposited on furrows. In PB, this spatial variation resulted in a faster
increase of SOCy s with time and higher saturated values in furrows than in beds. In CB, soil
disturbance eliminated any spatial variation in SOCy o5 and resulted in significant lower values
than in PB furrows. Regarding SOC stock, deep soil sampling has shown that PB soil had 5.7 Mg
ha™ more C than CB for the top 0.5-m soil layer. Compared to rainfed conditions, this value is
twice the values obtained for a similar duration and soil texture, but lower than in longer
duration studies in soils with a high clay content. Some issues have thus to be addressed in
order to understand the full potential of irrigated PB and controlled traffic in soil carbon
sequestration. Irrigation, in principle, enables cropping intensification and higher residue
production, but a better spatial and temporal characterization of soil carbon accumulation and
factors limiting or promoting it, e.g. soil texture and root biomass contribution to that organic

carbon accumulation, is needed for Mediterranean conditions.
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Figure captions

Fig 1. Monthly cumulative precipitation (rainfall and irrigation) and average maximum
and minimum temperature from September 2009 to September 2012 at the experimental

site in Cordoba (Spain).

Fig. 2. Scheme of planting systems (PB, permanent bed planting; DPB, decompacted
permanent planting; CB, conventional planting) and furrows with traffic (+T) and without
traffic (-T) in one block. Vertical arrows indicate decompacted furrows.

Fig. 3. Soil cone index in the permanent (PB), decompacted permanent (DPB; italic)
and conventional (CB; bold) bed planting systems in bed, shoulder (S) and furrow (F) sites,
with (+T) and without (-T) traffic, in November 2012. SWC (%) indicates volumetric soil
water content (0-0.6 m layer) by planting in beds and furrows. Asterisks and different
letters within the same depth and position indicate significant differences at p < 0.05.

Fig. 4. Root length density (cm cm™) in soil layers 0-0.6 m (a) and 0.6-1.0 m (b) in the
permanent (PB), decompacted permanent (DPB) and conventional (CB) bed planting
systems. Positions 0,4 and -4 correspond to plant row, and centre of furrows with and
without traffic, respectively. Other positions are intermediate. For each soil layer and
planting system, positions with different lower case letters differ at p < 0.05; for each soil
layer and position, planting systems with different upper case letters differ at p < 0.05
when indicated.

Fig. 5. Crop residues (Mg ha™) on beds and furrows with (F+T) and without traffic (F-T)
in the permanent planting system. Data from 2008 to 2010 are adapted from Boulal et al.
(2012) and Panettieri et al. (2013). Bars indicate half standard deviation. Asterisks indicate
significant differences between positions on each sampling date at p < 0.05. Values in F+T

furrows in decompacted permanent (DPB) planting system are also shown (not included
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in means comparisons). Dashed and dashed-dotted lines indicate cotton and maize
seasons; crosses mark dates of stalks slashing. Vertical arrows indicate subsoiling in DPB.

Fig. 6 Crop residue biomass (Mg ha™) and soil area covered by the biomass (%) in (a)
autumn and (b) spring samplings. Different symbols indicate different sampling dates.
Data from 2008 to 2010 have been adapted from Boulal et al. (2012) and Panettieri et al.
(2013).

Fig. 7. Soil organic carbon concentration (SOC, %) in top 0.05-m soil layer in beds and
furrows with traffic (F+T) in the permanent (PB), decompacted permanent (DPB) and
conventional (CB) bed planting systems from 2007 to 2012. Values from 2007 to 2009
were taken from Boulal et al. (2012). Bars are half standard deviations. Dashed and solid
lines indicate growing seasons for cotton and maize.

Fig. 8. Soil organic carbon stock (SOCs, Mg ha™) in 0-0.3, 0-0.5 and 0-1 m layers in the
permanent (PB) and conventional (CB) bed planting systems at the end of the study
(November 2012). Bars indicate standard deviation. Different letters within the same soil

layer indicate significant differences between planting systems at p < 0.05.
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Fig. 3. Soil cone index in the permanent (PB), decompacted permanent (DPB; italic)
and conventional (CB; bold) bed planting systems in bed, shoulder (S) and furrow (F) sites,
with (+T) and without (-T) traffic, in November 2012. SWC (%) indicates volumetric soil
water content (0-0.6 m layer) by planting in beds and furrows. Asterisks and different

letters within the same depth and position indicate significant differences at p < 0.05.

32



787

788

789

790

791

792

793

794

795

796

797

798

799

Root density {em em3)

Root density {em em3)

4,5

3,5

2,5

1,5

0,5

2,5

1,5

0,5 A

a)0-0.6m
7 A B
a
i ab B
A ECB
_ 3 abe m:
abec i
i ab ab [DPB
ab
i bc b
bc
c
b
| ] Hb
T T T T |——i 1
-4 -3 -2 -1 0 4
Position
b)0.6—1m B A
| a
b B A
| B A ab ab : 2
b abed abed
CdH bci I
-4 -3 -2 -1 0 4
Position
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systems. Positions 0,4 and -4 correspond to plant row, and centre of furrows with and

without traffic, respectively. Other positions are intermediate. For each soil layer and
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Fig. 5. Crop residues (Mg ha™) on beds and furrows with (F+T) and without traffic (F-T)
in the permanent planting system. Data from 2008 to 2010 are adapted from Boulal et al.
(2012) and Panettieri et al. (2013). Bars indicate half standard deviation. Asterisks indicate
significant differences between positions on each sampling date at p < 0.05. Values in F+T
furrows in decompacted permanent (DPB) planting system are also shown (not included
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seasons; crosses mark dates of stalks slashing. Vertical arrows indicate subsoiling in DPB.

34



810

811

812

813

814

815

816

Crop residue biomass (Mg hal)

Crop residue biomass (Mg hal)

15

12

15

12

a) Autumn
i O
m " =
oe © ©
4 O ] 5]
‘ d [ ] .. =[]
] O ®a ,
o Mol W
1 0O14-Oct-2009 O [] ] ]
©22-0ct-2011 CB U 5 oU
e N o
W22-Oct-2011 PB/DPEB
®20-Nov-2012 CB [ ]
W 20-Nov-2012 PB/DPBE
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Coverage (%)
b) Spring -
| | ]
O | ]
| ]
. B
1 i I =
| ]
# 023-Mar-2010 PB
J -3 m == g 0o Um ® ©23-Mar-2010 CB
% m13-May-2011 PB/DPB
o Cigb OO W 30-Mar-2012 PB/DPB
T T T T T T T 1
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Coverage (%)

Fig. 6 Crop residue biomass (Mg ha™) and soil area covered by the biomass (%) in (a)

(2013).

35

autumn and (b) spring samplings. Different symbols indicate different sampling dates.

Data from 2008 to 2010 have been adapted from Boulal et al. (2012) and Panettieri et al.
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829  Table 1. Farming operations performed at the experimental plot during the study (ASABE
830  Standards, 2005).

831
Date Operation System
9-Nov-09 Herbicide application: Glyphosate 36%, 7.5 L ha™ all
6-Apr-10  Cotton residues slashing. Herbicide: Glyphosate 36%, 6 L ha™ + Oxifluorfen 48%, 2 L ha™ all
7-Apr-10  Subsoiling to 0.55 m, three legs 0.675 m apart CB
8-Apr-10  Subsoiling in F+T to 0.35 m, two legs 1.7 m apart DPB
Disc plow (0.2 m); harrowing (0.25 m); bedding (0.85m bed spacing) CB
10-Apr-10 Maize cv. Sancia sowing, 120000 seeds ha; insecticide: Chlorpyrifos 5%, 4.6 kg ha™ all
12-Apr-10  Fertilization: NPK(S) 15-15-15-(15), 750 kg ha™ all
7-May-10 Herbicide: Terbuthylazine 50%, 1.9 L ha™ + Fluroxypir 20%, 1 L ha™ all
10-May-10 Fertilization: urea 46% N, 350 kg ha™ all
26-May-10  Insecticides: Chlorpyrifos-Methyl 22.4%, 2 L ha™ + Abamectin 1.8%, 1 L ha™ all
26-Sep-10 Maize harvest all
9-Feb-11 Residues processing: slashing of standing maize residues all
7-Apr-11  Herbicide: Glyphosate 36%, 7.5 L ha™ all
13-Apr-11  Subsoiling in F+T (0.35 m) DPB
27-Apr-11  Subsoiling (0.55 m); disc plow (0.2 m), harrowing (0.25 m); bedding CB
11-May-11  Cotton cv. Coko sowing, 300000 seeds ha™; insecticide: Chlorpyrifos 5%, 5 kg ha™ all
13-May-11 Herbicide: Fluometuron 50%, 3.1 L hat + Glyphosate 36%, 3.8 L ha' all
23-Jun-11 Inter row cultivation (0.05-0.1m) CB
28-Jun-11 Fertilization: urea 46% N, 150 kg ha™ all
7-Jul-11  Insecticide: Thiacloprid 48%, 0.2 L ha™ all
12-Jul-11  Fertilization: urea 46% N, 150 kg ha™ all
29-Sep-11  Cotton harvest all
18-Oct-11 Residues processing: slashing of standing cotton residues all
19-Jan-12 Herbicide: Glyphosate 36%, 6 L ha + Oxifluorfen 48%, 2 L ha™ all
23-Feb-12  Subsoiling (0.5 m); disc plow (0.2 m), harrowing (0.25 m); bedding all
7-Mar-12  Subsoiling in F+T (0.35 m) DPB
13-Mar-12  Herbicide: Terbuthylazine 21.4%, 2.5 L ha™ + Acetochlor 45%,2.5L ha™ all
14-Mar-12  Maize cv. Sancia sowing, 90000 seeds ha'l; insecticide: Chlorpyrifos 5%, 8 kg ha all
27-Mar-12  Fertilization NPK(S): 15-15-15-(15), 750 kg ha™ all
12-Apr-12  Fertilization: urea 46% N, 150 kg ha™ all
26-Apr-12  Herbicide: Terbuthylazine 50%, 2.5 L hat + Fluroxypir 20%, 0.6 L ha™ all
27-Apr-12  Insecticide: Chlorpyrifos-Methyl 22.4%, 0.6 L ha™ + Abamectin 1.8%, 1 Lha™ all
16-May-12  Fertilization: urea 46% N, 175 kg ha™ all
22-Aug-12  Maize harvest all
13-Sep-12  Residues processing: slashing of standing maize residues all
832
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837
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Table 2. Grain or seed yield, above ground dry weight (AGDW), number of plants per unit area
(# plants m™), number of ears per plant (#ears plant™), grain weight per ear, 1000 kernels
weight (1000 kn wt), number of open bolls per plant (#bolls plant™), seed+lint weight per boll
and plant height at maturity of maize (2010, 2012) and cotton (2011) in the permanent (PB),
decompacted permanent (DPB) and conventional (CB) bed planting systems.

#ears grain wt ear’ 1000 kn wt Grain yield AGDW Plant height
Maize # plants m? plant'1 (g) (g) (g m'z) (g m'z) (m)
2010 PB 96 + 10ab 09 + 0.1a 132 + 316b 286 + 21b 1042 + 250b 1965 + 449 25 + 0.2b
DPB 89 + 14b 09 + 0.0a 156 + 24l1a 304 + 25a 1249 + 152a 2218 + 260a 26 + O0.1b
cB 105 + 09a 09 + 0.1a 157 + 214a 290 + 18ab 1527 + 115a 2663 + 195a 2.7 + O0.la
2012 PB 78 + 10a 1.0 + 0.0a 194 + 30.7a 305 + 39a 1243 + 212a 2715 + 380a 28 + O0.lab
DPB 83 + 08a 1.0 + 0.0a 200 + 348a 318 + 39a 1426 + 232a 2912 + 450a 29 + O0.1la
CB 81 + 05a 1.0 + 0.0a 197 + 36.0a 310 + 42a 1272 + 220a 2592 + 438a 27 + 0.1b
# bolls seed+lint weight Seed+lint yield AGDW
Cotton # plants m? plant'1 ball™ (g) (g m'z) (g m'z)
2011 PB 108 + 29a 43 + 17a 44 + 08a 185 + 33a 503 + 90ab
DPB 112 + 27a 43 + 11a 44 + 07a 208 + 55a 569 + 148a
CB 112 + 29a 39 + 1.8a 45 + 1.0a 176 + 45a 439 + 101b
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