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Abstract: Intensification of rainfed agriculture in the Ethiopian highlafids has resulted in soil
degradation and hardpan formation, which has reduced rooting depHi, decreased deep percolation
and increased runoff and sediment transport. The main objectiv€ of this study was to assess the
potential impact of subsoiling on surface runoff, sediment, spAl water content, infiltration rate and
maize performance. Three tillage treatments were replicpfed at five locations: (i) no tillage (zcro
tillage), (i) conventional tillage (ox-driven Maresha plgs¥, up to a depth of 15 cm) and (iii) manual
deep ripping of the soil restrictive layers (deep till, o a depth of 60 cm). Results showed that the
post-treatment bulk density and penetration resistance of deep tillage was significantly lower than
in the traditional tillage and zero tillage systems. In addition, the post treatment infiltration rate for
deep tillage was significantly higher, which resulted in significantly lower runoff and sedimentation
rates compared to conventional tillage and zero tillage. Maize yields were improved by a 6%
increase under deep lillage compared to conventional tillage and a 29% increase compared to no
tillage. Overall, our findings show that, deep tillage can be cffective in overcoming some of the
detrimental effects of hardpans in degraded soils.

Key words: Restrictive soil layers; Degraded soils; Surface runoff; Sediment; Tillage

1. Introduction

The Ethiopian highlands sy suffering from extensive res degradation[1-2]. Land
degradation, hardpan formation and declining soil quality apt"together to decrease agricultural
productivity and cconomic growth in these landscapes [2{3])] According to the UN Sustainable
Development Goal 15 (Life on Land) [4] further land degradation should be prevented. To do this
information is needed on biophysical methods that will accomplish that.

Land degradation and hardpan formation in the Ethiopian highlands has been related to
repeated cross-plowing of steep slopes [5] compaction by heavy agricultural implements [6] and
cattle grazing [7]. In a recent study [8] soil degradation was strongly relaled to continuous tillage
after deforestation. Tillage increases the rate of mineralization, and the disintegration of aggregates,
which subsequently results in finer soil particles that easily move down the soil profile during rainfall
infiltration [8]. This movement accelerates hardpan formation in the upper 60 cm of the soil profile
(8, 9]. The hardpan restricts further infiltration and reduces hydraulic conductivity as large soil pores
become filled with sediment laden water [10).

Subsequently, perched water tables form when the hardpan limits deep percolation of rainfall,
causing runoff and rill erosion as the soil becomes saturated. Hardpans also restrict root growth,
reducing water and nutrient uptake by plants [11]. Most roots of agricultural crops will not grow in
soils with a penctration resistance of greater than 2 MPa [12]. Bulk densities in soils that have not
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that of conventionally tilled soils [13).

been tilled have been found to be significantly greater than
d water erosion, the timing of tillage

Farmers may opt to not till when soils are subjected to wind an
rements for tillage are too high [14].

is inconvenient, and for when time and labor requi

Solutions to svil compaction problems [15] to decrease the bulk density of the soil and incre.asc
the porosity include: adding manure or increasing the organic matter content of the soil; mechanical
loosening such as deep ripping or deep tillage; practicing crop rotation especially with a deeply

and controlled traffic and reduced livestock grazing.
eaks up soil, usually at depths of 30-45 em. This is u

order to reduce soil compaction, rip the hardpan, reduce the soil bulk density apdl soil strength
thereby encouraging deeper rooling of plants, and improving soil infiltration rates, plath‘s access to
water and minerals [16]. Conventional tillage can break up the soil from 10 to 15 cm, but it may be
inadequate where soil compaction is a problem [7). Deep tillage reduces soil bulk density and
decreases runoff and soil loss [17]. In western Iran, plowing to a depth of 30 cm and turning under
soil and crop residues resulted in longer roots, lower soil bulk density and cone index [11].

Low permeability soils are widespread in crop land areas globally, and deep plowing -
greatly increase the vertical permeability in such areas [18]. Preventing hardpans from f()rm'mg,/bo
ripping or looscning existing hardpans will allow more extensive root growth, increase water
infiltration and reduce runoff, and may result in greater water availability for the crop. Little
information is available in sub humid regions in Ethiopia on how hardpans influence hydrological
processes and crop production. Hence, the main objective of this study was to assess the impact of
degraded soils with a hardpan on surface runoff, shallow groundwater recharge,

rooted crop;
Deep tillage is a practice that br

could

decp tillage of
sediment loss and crop yield.

2. Materials and Methods

2.1 Description of}édy area
This study was conducted in the 911-ha Robit-Bata watershed, located 10 km north of Bahir Dar

near Lake Tana (Figure 1). The climate is sub-tropical (Woina Dega) with a mean annual rainfall of
1500 mm. Rural livelihoods are primarily derived from farming and rainfed agriculture and livestock
production. Rainfed crops include maize, teff, millet and barley. Soils are volcanic derived and
predominantly chromic Vertisols in the lower watershed with clay content ranging between 64 and
82% and organic matter ranging from 0.3 to 1.7% and Eutric Nitosols in the upper watershed with
clay content between 30 and 78% and organic matter from 0.6 to 2.2%.

Depending on the crop u:'u:qr,?Iand preparation generally begins in May at the start of the rainy
season with sowing in June. Land preparation was undertaken by oxen driven Maresha plough
which reaches a depth of 10-15 cm. Plots were ploughed three to five times prior to planting
depending on crop and soil type. Weed management is primarily manual, although some herbicides
may be used. Between cropping seasons, animals are allowed to freely graze, which may contribute

further to soil compaction.

2.2 Tillage treatments and monitoring

Suitable fields for this study were selected in 2014, and treatments were established in May 2015.
Data were collected during the rainy seasons from July to October 2015 and June to September 2016.
An overview of agricultural practices and monitoring conducted throughout the study is shown in

Figure 2.
2.2.1 Identification of the restrictive, hardpan, layer

Prior to the field experiment, farmer fields were surveyed using a handheld cone penctrometer
to assess the presence of a hardpan. Penetration resistance were measured 24 hours after a heavy

rainfall when the soil profile was at field capacity. The penetrometer rod was driven 60 cm into the
soil at a rate of 2.5 cm sec'. Plots where penctration resistance exceeded 2 MPa [12, 19], indicating the

presence of a hardpan restricting root growth, were selected (Figure 1). In total, five farmer ficlds
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94  with hardpans, similar slopes, topographic position along the slope, soil depth and uniform presence
95  of boulders and rocks were selected (Table 1).
96
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98 Figure 1: a) Location of Robit Bata Watershed ithin Ethiopia; b. The Robit Bata watershed and elevation
99 map with the location of the five experimental tn;lr,w ! \M
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102 Figure 2: Schematic overview of the measurements conducted throughout the rainy season in 2015 and 2016

o
103 222 Experimental set up gb\rdj/) S rMP% ‘P[Ot‘ "

104 In each of the selected fields, three ub-plots/ each 4 m wide and 30 m long, were established in
105 May, 2015. Sub-plots were separated usil cm tall 8 mm thick metal sheets. The sheets extended
106 35cm depthinto the soil profile. Downslope of each sub-plot, a drainage pipe was installed to collect
107 runoff and sediments from each treatment separately. Two barrels were installed at the outlet of each

[08  sub-plot. Plot runoff wa collected into barrel I (capacity 127 L) and 10% of the overflow from barrel /
109 I was directed to barrel Il (capacity 110 L). Ten 2.5 cm djameter holes 5 cm below the top of barrel |

110 facilitated run-off to Bafrel Il via a rubber hose. The tog$ of the barrels covered with corrugated

111 iron sheet roof to prevgnt rainfall from entering. LM
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112
113 Table 1. Plot charactenistics and penetration resistance (MPa) from 0-20, 20-40 and 40-60 cm dep prior to
114 nd after treatment implementation (deep tillage: DT; conventional tillage: CT; and no tillage: NT) atfthe end of
115 e rainy season in 2015 and 2016. Values with different superscripts along the same depth within|same year
116  showa ;igmﬁcant difference at p<0.05 between the tillage treatments and the pre-treatment value.
117
Soil | Elevat | Soil Pre- 2015 2016
Code profile } jon(m | depth | treatment DT CcT NT DT cT NT
depth | asl) (cm) resistance | (MPa) | (MPa) | (MPa | (MPa) (MPa) | (MPa)
(m) ‘1 (MPa) )
Pl 06 | 1850 | 020 | 138 030 | 076 | 141 | 012 | 024 | 028
| 2040 2.42 090 | 16 | 243 | 148 | 172 | 160
I 40-60 2.62 138 | 231 | 250 | 228 | 233 | 172
P2 535 | 1863 | 020 1.38 024 | 141 | 210 | 010 | 021 | 026
' 20-40 1.93 0.80 207 | 243 | 138 172 | 172
| 40-60 221 1.42 2.36 2.40 207 233 | 2.
P3 >35 | 1873 | 020 138 021 | 076 | 124 | 034 | 017 | 021
! 2040 207 050 | 166 | 218 | 129 | 172 | 164
l 40-60 2.42 1.45 2.29 2.53 1.81 231 ‘ 2.24
r4 >35 | 1930 0-20 NA 0.83 0.2 1.20 0.00 021 | 062
i i 2040 NA 035 | 110 | 148 | 055 | 138 | 172
i 10-60 NA 052 | 177 | 207 | 228 | 241 | 241
P5 08 | 1976 0-20 2.21 0.48 1.52 2.07 0.86 028 | 069
| 2040 2.62 073 | 19 | 214 | 095 | 152 | 207
3 40-60 2.69 1.10 2.46 2.54 224 233 | 241
All plots ‘ 0-20 1.58° 0.26° 0.93¢ 1.600 0.69° D.22% | 041
I 20-40 2.26 0.65° 1.67¢ | 213* | 113" 161* | 175
‘ 40-60 2.48 117 | 224 | 2410 | 2130 | 234 | 2210
118
119 Three tillage treatments [no tillage (zero tillage, NT), conventional tillage (CT) and decp tillage

120 (DT) deep ripping of the restrictive layer] were randomly assigned to the three sub-plots (Fig 3). Plots
121 with CT were conventionally ploughed three times to 15 cm depth with ox driven Maresha plow with
122 fifteen days interval during both the years 2015 an Deep Kllage consisted of manually digging
123 up the soil to a depth of 60 cm using a mattock i 2015 And 201$. For NT treatment, plgts were not
124 tilled, and the weeds were removed by hand duri ntir one p@( [l —’

125 On June 26, 2015, hybrid maize variety Konor wasisown each sub-plot using a spacing of 20
126  cmby 50 cm, as recommended by the farmer (Figure 3). IM’ZOIG. the sowing rate was adjusted
127  to 20 ecm by 70 cm as per the recommendation of the Office of Agricultural within the district.
128  Fertilizer was broadcast at a rate of 200 kg ha diammonium phosphate (DAP consisting of 18% N-
129 NH4+, 46% P-POs*) during sowing and 200 kg ha' urea (46% N-NH4+) 60 days after planting. Weed
130 management was done manually in all sub-plots four times from planting to harvest.

131

132 2.2.3 Datacollected

133 Soil physical and chemical properties: Penetration resistance was measured prior to field
134  experiments and in August during the rainy season in 2015 and 2016 (Figure 2) using the same
135  methodology. Bulk density was determined by taking undisturbed soil samples using a core cutter
136 of 5.1 cm diameter at 20 cm depth increments up to 60 cm after the rainy season in 2015 and 2016
137 (Figure 2). Soil samples were analyzed for cation exchange capacity (CEC), total nitrogen (N), plant
138 available phosphorus (P), available organic matter (OM) and pH. A soil suspension with a soil-water
139 ratio of 1to 2.5, stirred for 30 minutes, was used to measure pH. Soil organic carbon was determined
140 using titration with ammonium sulphate. The Kjeldahl method was used to determine total N. Plant
141 available phosphorus was obtained from extraction of acid-soluble and adsorbed phosphorus with
142 fluoride-containing solution according to the Bray I test (acid soil). Cation exchange capacity was
143 determined by usiag flame photometer method.
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3 _' Barrels for collecting discharge and sediment

145 Figure 3: a) Setup of experimental plots a) Schematic diagram of the experimental runoff plots; b) photo of
146 deep tillage (DT) with hoe; ¢) conventional till (CT) with traditional oxen drawn plough; and d) no-till (NT)
147 where seed and fertilizer are placed in locally loosened soil

148
149 Infiltration rate: Steady state infiltration rates were conducted using single ring infiltrometer

150 cm height and 30 cm diameter). Pre-treatment steady state infiltration tests were conducted in the
151  Ffive . Post-treatment steady state infiltration rate measurements were conducted in each sub-

\X& 152 plot for all the five fields after the rainy season in 2015 and 2016. In total 35 infiltration rate tests were

153 conducted throughout the experiment. <
154 Rainfall; Daily rainfall data was collected each morning at 08:00 hours from manual rain gauges

I55  installed at each plot during the 2015 and 2016 rainy seasons (Figure 2). The manual rain gauges were
156 located 2 m away from the experimental plots.

157 Runoff and sediment yield: Runoff and sediment load generated from each plot was
158 determined throughout the two rainy seasons. Surface runoff was measured using the installed
159 collection barrels each day at 08:00. The water depth in each barrel was measured using a steel ruler
160 and after thoroughly mixing, a sub sample of 150 ml was taken. Sediment concentration was
161 determined in the lab after filtration and oven drying at 105°C. Details of the calculation are givenin
162 the supplementary material.

163 Soil moisture; Soil moisture profiler (Delta-T Devices Ltd, England) with an accuracy of 4% was
164 used to determine volumetric soil moisture content at a depths of 10, 20, 30, 40, 60, and 100 cm. One
165 moisture access tube was installed at in the lower third of each sub-plot. Measurements were taken
166 twice weekly from planting to harvest. The reading obtained from the device was calibrated for each
167 depth by taking 15 undisturbed soil samples, oven drying them and determining the volumetric soil /
168 moisture content,

169 Yield: Maize was harvested from each sub-plot separately in both years. Maize yicld from each

170 sub-plot was collected and measured using a balance. The harvested maize was dried in the field MD bo FAEU s

171 prior to separating the stem, cob and grams Additionally, rooting depth was mew of
o plah o b T
OiWy p gL? . (Mﬁ Haodw 7|
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172 the scason in 2016 in cach of the treatments for all repetitions. Plant roots were carefully removed

173 from soil and root length was determined using a ruler.

174 2.4 Data analysis

175 The cffect of tillage treatment on soil physical and chemical properties was analyzed using the
176 PROC MIXED procedure in SAS for 2015 and 2016 separately with treatment and soil depth
177 designated fixed factors and plots were repeated measurements. Bulk density, available P and texture
178  data were log normal transformed (i.c. log (x+1)) to ensure homogeneity of variance and normal

179 distribution of the residuals. S e,
180 Nested design with dep (ANOVA) was conducted using SPPS version 16.0 at the 5% PTO@J&ME D,
181 level (p<0.05). In casc_the normality criteria were not fulfilled, data wcreﬂ&-ﬁr_apif_o_r_q\c_d_g.e. .
182 log(x+1)). Differences/in soil) loss following the various tillage treatments were assessed using the ——

183 (.]non-parametric](m al- Wallis test. )
o &7 bt Ak (4GS

185 - @ RESULTS
186

187 The soil physical and chemical properties after the tillage treatments are presented first
188  followed by the differences in runoff and soil loss for all the tillage treatments. The results discussed
189  are based on the data from the 2015 and 2016 rainy seasons.

190 3.1. Seil penetration resistance and bulk density

191 For all of the treatments, the lowest bulk densities were observed in the surface 0-20 cm soil
192 depth, while the highest were observed from 40-60 cm depth. Bulk density for all treatments
193 increased slightly with increasing soil depth (Table 2). Bulk density values for the DT treatment were
194 significantly less than Qu\\é

195
196 Table 2. Bulk density (g cm-3) from 0-20, 20-40 and 40-60 cm depth intervals at the end of the rainy season in ™ \ﬁﬁ

197 2015 and 2016 for deep tillage (DT), conventional tillage (CT) and no-till (NT).

oV

| matcode | Soil 2015 2016
depth
/ (i) DT cT NT DT cT NT
l)\ P 0-20 127 1.45 1.53 127 1.50 1.56
Q\\\{‘)\ 20-40 1.32 152 1.63 1.28 1.60 156
40-60 133 1.54 1.66 1.28 1.65 1.71
r2 0-20 1.23 1.57 1.55 1.21 1.53 1.68
20-40 1.26 1.38 1.67 1.28 1.54 1.67 @/Mw{ 4
40-60 1.27 1.54 1.64 13 1.59 1.70
P3 0-20 1.15 1.45 145 121 1.54 1.57 s
20-40 1.19 1.44 1.42 1.19 1.60 1.60 #
40-60 127 1.50 1.44 1.22 1.63 1.62
P4 0-20 1.05 122 1.3 1.10 1.53 1.39 fﬂh]
20-40 1.01 1.23 1.23 1.10 1.56 1.64 /]A”
40-60 1.0 1.19 1.30 1.10 1.58 1.75 !
P5 0-20 1.28 146 1.50 1.21 1.53 1.55 M%f{ﬂ
20-40 1.15 1.41 1.58 1.2 1.57 1.63
10-60 1.22 152 1.56 1.24 1.61 1.67
Allplots | 0-20 1.20¢ 143" 147 1.200 1.53 1.55"
I 040 1 20 N O N I3 L 1.210 157 1.62°
40-60 1.224 1.46" 1.526 1.23 1.61* 1.69*
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those measured in the CT and NT treatment for the three soil depths in both years (p<0.01). Almost
all deep tillage sub-plots (at all depths), showed bulk densities remained constant in 2015 and 2016.
On the other hand, in the conventional and no tillage sub-plots bulk density increased in 2016. The
higher bulk density values of the no tillage treatments, which can be assumed to represent the bulk
densities of the plots before the application of the tillage treatments is a good indication of the
presence of hardpans in the experimental agricultural plots and in agricultural fields of the wider
Robit-Bata watershed.

The penetration resistance at the onset of the experiment down the soil profile was on average
1.58 MPa (20 cm), 2.26 MPa (40 cm) and 2.48 MPa (60 cm) (Table 1). At the end of the rainy season in
2015 and 2016, the penetration resistance at the three different depths was lowest in the DT followed
by CT and NT (Table 1). As expected, soil penetration resistance was significaptly (p<0.05) lower for

_bl:)_t_]_l_._L_/CarS. For all treatments the penetration resistance values increased wi
average value was recorded in the surface 20 cm whilst the highest average value was at the depth
of 40-60 cm which is consistent with the bulk density results and shows that the restrictive, hardpan
layer is mainly located at this depth. The lower penetration values obtained for the deep tillage
treatments from 2 re oo to the-restgictive, hardpan layers being broken

Lok
/d/uow,m_

Wiy for
bl
Cedher

Ny,

7, thg SPR yalues in the deep tillage treatment
were less thariThe critical threshold value of 2 MPa\or all depths; with CT most of the sub-plots
exceeded the critical threshold value of 2 MPa at depths greater than 20 cm and for NT, the critical
threshold value of 2 MPa was exceeded in the surface 20 cin in two of the sub-plots. - 7 5

Byt 206

Medium to high variability in organic matter, sand content, total nitrogen, CEC and available

3.2. Changes in soil chemical properties

(Meamnag. >

phosphorus was observed between the five selected plots for a specific soil depth (Table S1). Overal],L M}{w “’U

soil chemical properties within the soil profile were minimal. Aside from slight increases in pI in the
surface 20 cm (p<0.05), the treatments did not have an cffect on the pH, CEC, P, clay, silt or sand
fraction along the soil profile over a two year period (Table S1). There was a slight increase in organic
matter compared to the pre-treatment measurements over two years with highest values being
reported in the CT treatment compared to the DT and NT. Total nitrogen followed similar trends for
the first two soil layers but showed slightly greater concentration in the DT treatment at the 60 cm
compared to the other treatments at the same depth.

3.3 Infiltration rate and soil moisture content

The mean infiltration rates observed for the years 2015 and 2016 were: 223 mm hr!and 262 mm
hr! (DT), 138 mm hr'and 120 mm hr' (CT) and 118 mm hr' and 115 mm hr! (NT), respectively. The
infiltration rates in DT were significantly higher in 2015 and 2016 compared to CT and NT treatments
(Figure 4).

Median soil moisture contents in 2015 and 2016 are given in Figure 5. Differences were minimal
in 2015. In 2016 svil moisture content under DT increased in the entire soil profile compared to the
NT and CT. This is most likely related to the lower bulk density and greater pore space observed in
the DT compared to the CT and NT treatments.

3.4. Runoff and soil [oss

The cumulative surface runoff fluctuated significantly between the various treatments and
replicates (Table 3, Figure 6). Runoff was the least under the DT treatment (0-65 mm in 2015 and 0-47
mm in 2016). The greatest runoff was found under the NT treatment (0-229 mm in 2015 and 0.5-233
mm in 2016). The no tillage treatment produced the highest average surface runoff (2015: 92 mm;
2016: 113 mm) while the decp tillage produced the least surface runoff (2015: 36 mm and 2016: 34
mm) (Table 3, p<0.05). The surface runoff from the deep tillage was likely significantly reduced due
to greater infiltration rates and the disruption of the hardpan from 40 to 60 cm.
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NT
Figure 4. Steady state infiltration rates before tillage and after harvest for deep tillage (DT), conventional
(CT) and no till (NT) in 2015 and 2016
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Plot 1

Plot 3

Average of all plots

NT

Table 3. Average and standard deviation of the surface runoff (mm) for the three tillage treatments (decp tillage
(DT); conventional tillage (CT) and no-tillage (NT)) for the 2015 and 2016 rainv seasons.

tillage /

Qﬂi% N

Tillage treatment 2015 2016 ~
DT 36223.80° 34+1260¢ \)wa
&7 85476.76" 82435.02¢
NT 91487 45 113270.80°

Depth (cm)

2015

100
0

Figure 5. Plot of the soil volumetric water content versus the soil depth for the three tillage treatme

and 2016.
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264  Figure 7. Rainfall and cumulative sediment loss for conventional tillage (CT),
265  in 2015 (left) and 2016 (right):

260 r&—i(}%. ) phMlSrthfﬂf‘TZOio;WHM&;—j-}plﬂw; the locations are given in Figure 1
267

268 255 Mg ha? in DT, 2.03 Mg ha
269  (Figure 7). Among the three tillage treatments NT lost m
270  loss was 42% and 54% greater in CT and 64% and 62%

271 2016, respectively.

deep tillage (DT) and no till (NT)

/

1 and 5.06 Mg ha' in CT and 2.35 Mg ha? and 6.66 Mg hat in NT
ore soil and DT lost the least (Figure 7). Soil
higher in NT compared to DT for 2015 and
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274 3.5. Agricultural productivity of maize as function of tillage treatments v dl \ﬂ}ﬂ(‘(/ e
275

276 i i 6 was Tt i 20+ i) * 1 -

277 The rooting zone in DT was almost double that in NT and CT/ Maize yield obtained for 2015 was on 7

278  average4.9+2.1 Mg ha' under DT, 4.1+ 1.6 Mg ha' under CT, and 3.4 £2.1Mg ha'* under NT. Similar uw.“ /)

279  trends were to CT and noled in 2016 (Table 4). In 2015, maize yield under DT produc
280  14% greater yields compared to conventional till and 35% compaged to the NT treatments. In 2016,

281  however, maize yields under DT declined by 2% compared to thosq observed under the CT treatment. =
282  The conventional tillage produced 23% greater maize grain yield than the no till. Q‘&’ W W M

283
284 Table 4. Measured maize yield (Mg ha"') and rooting depth observed under the various treatments deep tillage

285 (DT); conventional tillage (CT) and no-tillage (NT)).

286
Yield (Mg ha?) by treatment Root depth (cm) by
treatment
Plot 2015 2016 2016
DT CcT NT DT CT NT DT CT NT
P1 4.2 3.6 3.2 3.7 2.2 22 57 25 21
P2 6.3 5.7 6.1 28 3.8 27 52 28 28
P3 7.8 6.0 4.9 53 6.2 32 49 34 17
r4 29 2.6 1.6 35 37 2.7 56 29 25
P5 31 28 1.3 3.5 33 31 43 27 23
Average | 49421 | 4.1£1.6 | 3.442.1 | 3.8+0.9 | 3.841.5 | 2.8+0.4 5116 2943 23+4
CV% 4.1 38.8 60.6 24.7 38.0 14.5 11 12 18
287
288 4. DISCUSSION \DW
289 4.1 Effect of decpitige on soil erosion and runoff
290 The goil bulk density and penetration resistance obtained with DT is likely because of the deeper

291 ripping of the soil profile disrupting the hardpan and creating more pore space. The results are in
292 agreement with [20] who reported lower bulk density with deep tillage treatments and higher bulk
293  density with NT. Other studies such as [21] reported that deep tillage resulted in lower bulk density
294 and penetration resistance than conventional tillage. [22] also found that application of deep tillageLfd‘OUD\.
295  wp to 90 cm depth in soils with a fragipan resulted in a significant reduction in bulk density and

296  penectration resistance.
297 The positive effects of deep tillage on penetration resistance and bulk density corresponded with

Q\N‘ 298  the higher infiltration rates found with DT i both years. The infiltration rates in DT increased with
&A 299 time, butin CT and NT rates decreased. The increase in filtration rates can be attributed to the increase

300  in total pore space. Njus and Burresen ( 983 cit¢d by [23]) showed that deep ploughing resulted’in a
~_ 301 higher number of macro pores and in casld fhe total number of pore spaces to a depth of [105m.
M)\i‘ 0} 2__[] Because the restrictive soil layer disintegrated with deep tillage, more rainfall was able to ink{73)

\‘\QJ) 303 (i into the soil profile resulting in higher moisture content. This result is consistent with other studies,

(N“ ~ 304 suchas[21] in which DT resulted in a significantly higher water content at a depth of 20-30 cm than

305  CT on a loam so1l. [24] also reported that tilling soils resulted in improving water holding capacity

\\IB\S 306 and transmittivity ability of the soils and this was attributed it to high roughness and depression
307 storage.

308 The increase in pore space following the decp tillage treatment resulted in a reduction in surface

309  runoff and soil loss in the DT treatment. The reduction in soil loss for deep, tillage treatment was

310 primarily due to the reduction in surface runoff because of improved infiltghtion. This result is in

311 agreement with the findings of [17]. In addition, the r¢duction in sedimept with deep tillage could
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possibly result in the higher roughness caused by tillage at the onset of the season, which reduces the
erosive potential of raindrops.

Whilst tHe trends of the surface runoff followed those observed in soil loss, the annual surface
runoff was lower than those reported by other studies, such as [25] who reported a higher total runoff
(32% and 20% of monsoon rainfall in 2010 and 2011, respectively) in Debre Mawi watershed before
implementation of soil water conservation practices. After application of practices the reported runoff
in Debre Mawi watershed was 10% and 11% of monsoon rainfall in 2012 and 2013, respectively. In
,Lw‘se}ve I surface runoff was 3.9 and 3.6% of total rainfall for DT, 9.1 and 8.8% for CT
.L% fof NT in 2015 and 2016, respectively, primarily because of the higher infiltration
i re-treatment infiltration rate in this study was 171 mm hr' whilst (25 reported
an median infiltration rate for Debre Mawi watershed of 33 mm hrt y1in2010, 24 mm hr'in 2012 and
31 mm hrtin 2013. In st infiltration rates increased to 242 mm hr! under deep tillage, further
reducing the expected runbff and soil loss. As the sub-humid mountainous region of Amhara is
characterized by saturation\excess flow [26, 27], breaking the hardpan in the upland area could
increase sub-surface water ailability and therefore, shallow groundwater recharge by decreasing

surface runoff. S00rL, d ur &’l‘(}\d!

4.2 Effect of deep tillage on maize production

The lower grain yield in NT may have been due to unfavorable soil conditions for crop growth
such as higher bulk density, higher penetration resistance, less soil moisture content and less air
diffusivity. The results in agreement with [20]; [21] and [28] who reported that subsoiling
resulted in higher grain yi&d than NT and CT. A meta-analysis by [29] reported that deep tillage
resulted in a 6% increase in grain yicld. [30] reported that deep tillage resulted in improved seed
emergence and grain yield than CT and NT, with the improvement attributed to better drainage
during wet period.

The relatively greater soil moisture in the soil profile for decp tillage corresponded to the higher
infiltration rates. As the root zone depth was larger with DT, it is likely that the maize was able to
access more water and nutrients from the soil profile [12]. Furthermore, the lower runoff and soil loss
observed in the deep tillage treatment may have reduced fertilizer runoff. The high variability in
organic matter, sand and available phosphorus between the fields may have masked the response of
maize to increased soil moisture and available nutrients. Though the changes in hydrological
processes and maize performance showed similar trends among all the fields, results were variable.
This variation may be partially attributed to the location of the fields in the watershed. Event runoff
was higher in downslope subplots compared to upslope because ﬂigher soil moisture contents
limited infiltration. Upslope, subsurface lateral flow is higher and the soil is not saturated, thus there
is room for more water to infiltrate [31]. Saturation downslope occurs more rapidly because of rainfall
and subsurface flow from the upper or hill slopes [26], and thus will generate more runoff.

5. CONCLUSION

Based on the two years of experimental data, we conclude that in the sub humid conditions of
Robit-Bata, Ethiopia, breaking up a soil hardpan using deep tillage (60 cm depth) increased
infiltration rates and soil moisture throughout the profile whilst reducing runoff and soil loss. Pore
space was increased and both bulk density and penctration resistance decreased but soil chemical
properties were not affected significantly by deep tillage. These improvements in soil physical
properties may have influenced the higher maize yields obtained under the deep ti ompared
with the tillage with the traditional Maresha plow. No-till reduced crop yields and increase runoff,
Significant dry spells did not occur in this study. Therefore, the increased soil moisture conteht with
deep tillage most likely will have a greater effect on maize yields in semi-arid areas where the interval
between rain events is larger than in the humid areas and rainfed crops experience water stress.

Taking the results of this study together with [25] reinforce the evidence to promote
interventions relating to tillage techniques that improve livelihoods for farmers through greater
productivity. At the same time these interventions contribute to sustainable intensification (more
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produce per unit of natural resource), increasing shallow groundwater to contribute to extending
availability of water for use downstream as well as reducing negative off-site impacts through
reduction in soil loss and suspended solid loads in surface waters and meet thereby the goals of UN
Sustainable Development Goals (SDG) 15 and specifically SDG 15.3 that aims at achieving Land

Degradation Neutrality

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Text St: Calculation of
runoff: Table S1. Soil chemical properties of the top 60 cm before and after the application of the tillage
treatments; Figure S1. Bulk density at the various depths after the implementation of tillage treatments n_l_E;lSUl‘?d

after harvest in ZE—ﬁmﬁlé.
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