
Soil Use Manage. 2021;37:545–555. wileyonlinelibrary.com/journal/sum   | 545© 2020 British Society of Soil Science

1 |  INTRODUCTION

Natural gas and oil consumption are projected (U.S. Energy 
Information Administration, 2019) to increase globally and 
domestically through 2040. According to the report re-
leased by the Interstate Natural Gas Association of America 
(INGAA, 2015), extraction and transportation of natural re-
sources will require establishment of thousands of kilometres 

of new pipeline infrastructures. As an inevitable consequence, 
installation of underground pipelines implicates extensive soil 
disturbance with adverse effects on soil physical properties 
through soil compaction and mixing of topsoil and subsoil be-
cause of construction right-of-way (ROW) activities (Naeth, 
McGill, & Bailey, 1987; Shi, Xiao, Wang, & Chen, 2014; Yu 
et al., 2010). Machinery-induced excessive soil compaction 
reduces crop yield (Bell,  2010; Lowery & Schuler,  1991; 
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Abstract
Persistence of subsoil compaction in construction right-of-way (ROW) areas is a 
major cropland concern following installation of underground pipelines. Soil physi-
cal disturbance and remediation practices including removal of topsoil, subsoil till-
age and replacement of topsoil were investigated in a soybean–corn rotation field, 
which was located within a pipeline ROW. The objectives of the study were to inves-
tigate the effectiveness of subsoil tillage (300 and 450 mm) applied shortly after the 
pipeline installation used to help restore soil physical properties and to recover crop 
yields. Soil bulk density, soil cone index and crop yields (soybean and corn) from 
three ROW trafficked zones (Z1, Z2 and Z3) and adjacent unaffected zones were 
compared at one year and two years after pipeline installation. Compared to 300 mm 
of subsoil tillage in the ROW zones, 450 mm of subsoil tillage did not significantly 
improve the soil bulk density and crop (soybean and corn) yields. Compared to 
300 mm of subsoil tillage, 450 mm of subsoil tillage created significantly lower soil 
cone index values within the treated soil layer. Compared to yield data from the ad-
jacent unaffected zones, the ROW zones (Z1, Z2 and Z3) had statistically significant 
(p <  .05) crop yield declines of 25% in soybean (2017) and 15% in corn (2018). 
The near-term soil physical properties and crop yield have been improved from the 
subsoil tillage applied in the affected zones; however, their recovery to normal condi-
tions as in the unaffected areas has not been achieved within the 2-year period.
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Raper, Reaves, Shaw, van Santen, & Mask, 2005; Soon, Rice, 
Arshad, & Mills, 2000) through increases in soil bulk density 
and soil strength (Cambi et al., 2015; Kumar, Chen, Sadek, & 
Rahman, 2012; Lepilin, Laurén, Uusitalo, & Tuittila, 2019; 
Raper et al., 2005).

Restoration of soil productivity after disturbance depends 
on the severity of soil compaction, vulnerability of the loos-
ened soil conditions to re-compaction, crop type and climate 
(Batey,  2015; Batey & McKenzie,  1999; Shi et  al.,  2014; 
Spoor,  2006). However, there are still knowledge gaps in 
understanding soil structural deterioration, effectiveness of 
tillage reclamation methods and revegetation strategies in 
disturbed ROW areas during the post-construction phase 
(Batey,  2015; Brown,  2012; Noble, 2006). Field-based re-
search studies are rare that quantify soil compaction and 
recovery time in the subsequent years after installation of 
underground pipelines. Some studies have indicated the neg-
ative impacts of ROW construction activities on soil structure 
(Li, Deng, Cao, Lei, & Xia, 2013; Soon et al., 2000; Tekeste, 
Hanna, Neideigh, & Guillemette, 2019; Turney & Fthenakis, 
2011) and crop yield in highly productive farmlands of the 
US-Midwest (Olson & Doherty, 2012). Soil structural recov-
ery can be measured by spatial and temporal comparisons of 
soil characteristics, such as soil bulk density and cone pene-
tration resistance in disturbed and non-disturbed areas.

Developing effective reclamation methods for disturbed 
croplands requires an accurate determination of the soil dis-
turbance, the soil compaction and the restoration cycle of spe-
cific soil types after ROW activities. Different strategies such 
as application of subsoil tillage, alternative tillage systems 
and crop rotations can be applied during the post-construc-
tion phase. The decision on proper soil recovery management 
varies based on site-specific conditions, where the level of 
soil disturbance and environmental factors correlate with the 
intensity of site management necessary to promote soil res-
toration in cropland (Antille et al., 2016; Bolling & Walker, 
2000; Li et al., 2013).

Determination of proper subsoil tillage depth, number 
of repeated tillage passes and traffic management to avoid 
unnecessary trafficking is important factors to consider in 
developing a best management strategy (Spoor, Tijink, & 
Weisskopf, 2003). The no-tillage (NT) system has been pro-
moted to conserve soil, water and crop yields (Blanco-Canqui, 
Claassen, & Stone,  2010; Yadav, Lal, & Meena,  2019) 
and can potentially restore soil structure and productivity 
by increasing aggregate stability and soil organic matter 
(Kumar et al., 2012; Vepraskas, Busscher, & Edwards, 1995; 
Woodward, 1996).

Measurements made on an exposed subsoil after pipeline 
installation but prior to topsoil replacement at a pipeline site 
(Tekeste et al., 2019) indicated extremely high peak vertical 
soil stresses (up to 133 kPa) and bulk density (1.72 Mg m−3) 
equal to the Proctor compaction test maximum bulk density 

value. Such extreme soil compaction created during the pipe-
line construction phase and at a depth below the conventional 
deep tillage practices raised the need to investigate post-con-
struction soil recovery management practices. Our current 
study investigates the effects of subsoil tillage and surface 
tillage on soil compaction and crop yields in pipeline instal-
lation ROW zones of a field in the Midwest region of the 
U.S.A.

The specific objectives of this paper are to (a) investigate 
the near-term effects of subsoil tillage treatments and surface 
applied tillage systems on soil compaction (soil bulk density 
and soil cone index) within the ROW zones and (b) quantify 
soybean and corn yield variations related to soil disturbance 
intensity within ROW disturbed zones relative to the adjacent 
unaffected areas.

2 |  MATERIALS AND METHODS

2.1 | Description of the field site

Field plots were established on a crop farm along the Dakota 
Access Pipeline (DAPL) ROW area, which was located on an 
Iowa State University (ISU) farm in Story County, Iowa. A 
soybean (Glycine max)—corn (Zea mays L.) rotation was es-
tablished on a 2 ha area after subsoil tillage reclamation prac-
tices, and topsoil replacement was completed in the ROW. As 
explained in the DAPL agricultural mitigation plan, the main 
construction activities in the ROW included removing and 
stockpiling topsoil (approximately depth of 525 mm), trench-
ing and burying the pipeline, performing subsoil tillage to 
loosen the compaction created from the heavy machine traf-
ficking and finally replacing the topsoil. Clarion loam (fine-
loamy, mixed, super-active, mesic Typic Hapludolls) and 
Canisteo clay loam (fine-loamy, mixed, super-active, calcar-
eous mesic Typic Endoqualls) were the two dominant soil se-
ries at the site (Web Soil Survey, 2018). Tekeste et al. (2019) 
provided further details on the heavy machinery equipment 
deployed during the pipeline construction phase and tillage 
equipment used for the subsoil tillage applications. The cur-
rent study focuses on near-term soil physical properties and 
crop yield after the topsoil restoration practices of the DAPL 
agricultural mitigation plan were completed.

The field site was classified into ROW trafficked (dis-
turbed) zones and adjacent unaffected (non-disturbed) areas. 
The ROW traffic area was divided into three zones based on 
the intensity of vehicular trafficking during the pipeline con-
struction phase. Zone 1 (trench, Z1) was an area where the 
pipeline was buried, Zone 2 (Z2) was categorized as a heavy 
traffic area, and Zone 3 (Z3) was the area that received a rel-
atively light traffic intensity. Each of the zones in the ROW 
was considered as a measurement zone. Classifying the zones 
as measurement zones was essential because the variations in 
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traffic intensity among the zones were created according to 
the DAPL field operation protocol.

Prior to replacing the topsoil to the ROW area, subsoil 
tillage treatments including two levels (300 and 450  mm) 
were established using a Randomized Complete Block 
Design (RCBD). The subsoil tillage treatment levels of 300 
and 450  mm were randomly assigned on the experimental 
units within each of the zones in four replications. The sub-
soil tillage was applied directly to the exposed subsoil shortly 
after completion of the ROW construction activities and be-
fore topsoil was replaced. Each subsoil tillage plot was 7.6 m 
wide by 18.0 m long. The field plot setup also included two 
undisturbed (unaffected) zones, named control-north (CN) 
and control-south (CS), which were located on the north and 
south sides of the pipeline.

As part of the DAPL mitigation plan, the topsoil was re-
placed to the ROW zones and levelled by a Caterpillar D7E 
bulldozer (fully loaded weight was 256 kN with a track that 
had a nominal track contact length of 3.02 m and a width of 
0.76 m, Figure 1). Following the site-levelling, surface tillage 
was performed using a field cultivator with a tool depth of 
100 mm.

Post-construction phase cropping system surface soil con-
ventional tillage operations were applied perpendicular to 
the pipeline on the field plots. The conventional tillage refers 
to operation of fall disc ripping, which was applied after the 
corn cropping season. Spring seed-bed tillage was applied 
using a field cultivator prior to planting both during the corn 
and soybean cropping seasons. No-till planting plots desig-
nated as ‘no-till’ (NT) were added during the second crop 
season (2018) adjacent to the conventional tillage (CT) plots.

2.2 | Soil bulk density and soil cone index 
measurements

During the post-construction phase, soil bulk density (BD) 
and soil cone index (CI) were measured in fall 2017 and fall 
2018. In 2017, because of the limited number of field work-
ing days, soil cone index measurements were taken from the 

relatively high traffic zones in the ROW zone (Z1 and Z2) 
and in one unaffected zone (CN). Both in 2017 and 2018, soil 
core samples for BD measurements were sampled from Z1, 
Z2, Z3 and the unaffected zones (CN and CS). A Giddings 
hydraulic-driven sampling probe (Giddings Machine Co.) 
was used to collect a 76 mm diameter and 1,200 mm long 
soil core at each sampling position. Twelve soil core sam-
pling locations were taken along the centre of each zone 
within the ROW and in the unaffected crop field zones (CN 
and CS). Within each zone, three samples in two replicates 
were taken within each subsoiling depth treatment. Each tube 
sample was cut into 50 mm increments starting from the top-
soil surface. The soil core samples were oven-dried at 105°C 
for 48 hr to determine dry soil bulk density and soil moisture 
content on a dry mass basis (%, d.b.).

A tractor-mounted three-probe cone penetrometer designed 
and built at ISU (Tekeste et al., 2019) was used to measure 
the soil cone index according to ASABE standards (ASAE 
Standards, 2004a and ASAE Standards, 2004b). Within each 
top surface tillage measurement zone (9 m × 7 m), the three-
probe cone penetrometer was inserted at 30 mm s−1 (ASAE 
Standard, 2004b) on six sampling points. A total of 288 soil 
cone index measurements were taken within each zone. Cone 
penetration resistance force was measured using a Transducer 
Techniques model LPU-500 load cell transducer with 2224-N 
capacity (Transducer Techniques, LLC) and a Metromatics 
USB DEWE-43 DAQ System (Metromatics) acquiring data 
at 100Hz. Soil cone index (kPa) was calculated by dividing 
the cone penetration resistance force by the 285 mm2 ASABE 
cone base area (ASAE Standard, 2004a).

2.3 | Crop planting and harvesting

Soybean (2017) and corn (2018) were planted on 760  mm 
row-spacing using an 8-row John Deere Max Emerge 5 Planter 
model pulled by a John Deere 6170R MFWD. Planting was 
performed parallel to the pipeline. Yield from the centre four 
rows of each plot, conventional and no-till sections, was 
combine harvested using the on-board Harvestmaster system 

F I G U R E  1  (a) Topsoil pile adjacent to the ROW zones. (b) The top soil was replaced by a Caterpillar D7E bulldozer after the exposed subsoil 
was tilled. The Caterpillar D7E fully loaded weight was 256 kN. Each track had a nominal track contact length of 3.02 m and a width of 0.76 m 
(Tekeste et al., 2019) [Colour figure can be viewed at wileyonlinelibrary.com]

Top soil

(a) (b)
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HM800 grain gauge (Logan, UT) on a John Deere 9450 com-
bine harvester. Within the smallest experiment unit (post-con-
struction tillage system) of the ROW zones, there were a total of 
16 samples of crop yield (two four centre crop rows for the two 
subsoil tillage treatments (300 and 450 mm) at four replicates). 
The harvesting pattern for the CN and CS zones was similar to 
the harvesting pattern within the ROW zones.

2.4 | Data analysis

All measured data for BD, CI and crop yield were subjected to 
analyses of variance using the GLM procedure (SAS JMP Ver. 
14.JMP, 2013) and compared using Fisher's least significant 

difference (LSD) method with 95% confidence (p-value .05). 
Analyses of variance were also performed to compare the 
soil physical properties and crop yields from the individual 
zones within ROW zones and compared with the data from 
the adjacent unaffected zones (control). Improvement indi-
ces were calculated as relative changes in BD and CI from 
2017 to 2018 for the top soil layer (top layer soil restoration, 
TSR) and the subsoil layer (subsoil layer soil restoration, 
SSR). The conventional tillage operations perpendicular to 
the pipeline precluded the ability to randomize conventional 
and no-till plots with respect to each other within the two 
levels of post-construction subsoiling (300 and 450 mm) that 
were previously established. Statistical comparison between 
the two post-construction tillage systems (NT and CT) from 

F I G U R E  2  Soil bulk density profiles 
from fall 2017 within the ROW zones (Z1, 
Z2 and Z3) and the unaffected zones (CN 
and CS) [Colour figure can be viewed at 
wileyonlinelibrary.com]
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F I G U R E  3  Soil bulk density profiles 
from fall 2018 within the ROW zones (Z1, 
Z2 and Z3) and the unaffected zones (CN 
and CS) [Colour figure can be viewed at 
wileyonlinelibrary.com]
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the near-term study was not feasible because of the inability 
to randomly assign the no-till and the tilled plots within each 
of the ROW trafficked zones. In order to avoid experimental 
bias because of the placement of the no-till adjacent to the 
tilled plots, statistical comparisons of subsoil tillage impacts 
on the measured soil properties and crop yields were done 
within each of the tillage systems.

3 |  RESULTS AND DISCUSSION

3.1 | Soil bulk density

Soil bulk density profiles from the ROW zones (Z1, Z2 and 
Z3) (Figure 2, fall 2017; and Figure 3, fall 2018) indicated 
that soil compaction still persisted two years after the heavy 
equipment traffic and subsoil tillage. Differences in BD be-
tween the ROW and the unaffected zones were obvious in 
the top (0–500 mm) and deep (500–1,200 mm) soil layers. 
A summary of BD for the top soil layer (0–500 mm) and the 
deep soil layer (500–1,200 mm) is provided in Table 1.

In fall 2018, Z2 had the lowest BD in the top soil layer 
(0–500 mm) within the ROW. The mean BD of the top layer 
(fall 2018) within the ROW was 1.52  Mg  m−3, which was 
significantly larger than the BD in the unaffected zones of 
CN (1.44  Mg  m−3) and CS (1.29  Mg  m−3). For the deep 
soil layer (below 500 mm deep) from the fall 2018, no sta-
tistical differences (LSD0.05 = 0.045 Mg m−3) of BD were 
found among the ROW zones (Z1, Z2 and Z3) with 300 and 
450 mm subsoil tillage. Within the deep soil layer, the BD 
averaged over both years among the ROW zones and the two 
subsoil tillage treatments were 1.60  Mg  m−3, a value esti-
mated to be at 93% of the maximum Proctor compaction 
test value (Tekeste et  al.,  2019). The BD in the deep layer 

(500–1,200  mm) within the ROW was statistically larger 
(LSD0.05 = 0.0040 Mg m−3) than the BD in the adjacent un-
affected zones (CN = 1.48 Mg m−3 and CS = 1.39 Mg m−3).

The BD restoration (improvement index) calculated as 
percentage changes of 2018 BD data relative to the 2017 BD 
data is shown in Table  1. The BD restoration for the 0 to 
500 mm soil layer was not significant because of subsoil till-
age applied on the ROW zones (p = .196) or because of inter-
action effects of the ROW zones and subsoil tillage (p = .11). 
In the subsoil layer (500 to 1,200 mm), the BD showed sig-
nificant improvements on Z1 (SSR = 9.2) (p <  .05), which 
was better than the improvements in Z2 (SSR = 1.25%) and 
in Z3 (SSR = −0.60%). Within the ROW zones, the BD in 
the subsoil layer decreased from 1.65 Mg m−3 (fall 2017) to 
1.60 Mg m−3 (fall 2018). No statistical differences in BD re-
covery were observed in the subsoil tillage treatments within 
each ROW zone (p > .05).

3.2 | Soil cone index

Figure 4 illustrates soil cone index (CI) profiles in fall 2017 
and fall 2018 in ROW zones that received 300 and 450 mm 
subsoil tillage (Figure 4a–d). The subsoil tillage treatments in 
Figure 4 refer to the subsoil tillage treatments applied on the 
exposed subsoil prior to the topsoil replacement in fall 2016 
(Tekeste et al., 2019). Within the ROW zones (Z1 and Z2), 
two peak soil cone penetration values occurred. One peak 
was at an approximate depth of 100 mm with the mean maxi-
mum values averaged by ROW and subsoil tillage depth of 
2.06 MPa in 2017 and 1.73 MPa in 2018 (Figure 4a–d). The 
second peak in the soil cone penetration values occurred in 
the heavy equipment trafficked subsoil layer (300–600 mm 
soil layer) with mean maximum values averaged by ROW of 

Zone
Soil depth 
class (mm)

Soil bulk density (Mg m−3)

Soil bulk density 
restorationb  (%)

Fall 2017 Fall 2018

Meana SD Mean SD

Z-1 0–500 1.46 (C) 0.06 1.53 (B) 0.14 −4.6 (TSR)

Z-1 500–1,200 1.67 (A) 0.04 1.53 (B) 0.14 9.2 (SSR)

Z-2 0–500 1.42 (DC) 0.04 1.49 (C) 0.11 −4.7 (TSR)

Z-2 500–1,200 1.62 (AB) 0.08 1.60 (A) 0.11 1.3 (SSR)

Z-3 0–500 1.42 (C) 0.08 1.55 (B) 0.09 −8.4 (TSR)

Z-3 500–1,200 1.66 (A) 0.03 1.67 (A) 0.05 −0.6 (SSR)

CN 0–500 1.23 (E) 0.08 1.44 (D) 0.12

CN 500–1,200 1.41 (D) 0.03 1.48 (C) 0.06

CS 0–500 1.25 (E) 0.03 1.29 (E) 0.05

CS 500–1,200 1.31 (E) 0.05 1.39 (D) 0.04
aMean soil bulk density values followed by the same letter are not significantly different at α = 0.05. 
bTSR and SSR were calculated as relative changes in BD from 2017 to 2018. 

T A B L E  1  Soil bulk density measured 
in fall 2017 and fall 2018 in a surface soil 
layer (0–500 mm) and a subsoil layer (500–
1,200 mm) in post-pipeline construction 
right-of-way (ROW) zones (Z1, Z2 and Z3) 
and in unaffected zones (CN and CS)
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2.76 MPa in 2017 and 1.99 MPa in 2018. Even though sub-
soil tillage was used, subsoil (below 300 mm) within Z1 and 
Z2 (Figure 4a–d) had significantly larger CI values (p < .01) 
compared to subsoil (below 300 mm) in the unaffected zones 
(Figure 5). The excessive soil compaction (CI greater than 
2 MPa) in Z3 (fall 2018) occurred at a shallower depth than 
in Z1 and Z2. As part of the DAPL construction activities, the 
exposed subsoil surface in Z3 was at a higher elevation than 
the other ROW zones. Thus, the maximum CI occurred at a 
shallower depth in Z3 than in Z1 and Z2, because less topsoil 
was replaced on Z3 than on Z1 and Z2.

The TSR and SSR percent improvements from fall 2017 
data (Figure 4) were found only in Z1 and Z2. The amount of 
soil strength improvement from 2017 to 2018 (Figure 4a‒d; 
TSR vs. SSR) varied by zone and depth. Among both top- 
and subsoil layers, Z1 showed a higher recovery rate than Z2 
(Figure 4). Within the ROW (affected), the mean CI profile 
values in fall 2018 were less than those in fall 2017, indicat-
ing a temporal reduction of soil strength (ROW mean TSR 
and SSR of 7.5% and 22%, respectively).

The heavy equipment-induced subsoil compaction was 
still evident for 2  years after subsoil tillage (300  mm or 

F I G U R E  4  Soil cone penetration 
resistance profile for soils within trafficked 
ROW zones and unaffected zone from 
the fall 2017 and fall 2018 data. Within 
the ROW trafficked zones, subsoil tillage 
treatments of 300 mm (a, c) and 450 mm (b, 
d) were applied. Dashed lines (at 300 mm) 
separate the top soil layers from the subsoil 
layers. TSR and SSR (%) represent soil 
strength improvement within the affected 
zones (i.e. Z1, Z2) comparing data from fall 
2017 and fall 2018. In Z3, TSR and SSR 
were not calculated because data were not 
collected in fall 2017 [Colour figure can be 
viewed at wileyonlinelibrary.com]
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450 mm) (Figure 5), because the ROW CI values were sig-
nificantly larger (p < .01) than those in the unaffected zones. 
Significant impacts (p < .01) in reducing the mean CI were 
observed in the 300–600 mm soil layer of the subsoil tillage 
treatments. The 2017 and 2018 soil cone penetration mea-
surements (Figure 5) indicated that the 450 mm subsoil tillage 
loosened the traffick-induced deep compaction better than 
the 300 mm subsoil tillage. Relative per cent changes in CI 
from the disturbed (ROW) zones and the unaffected (undis-
turbed) zones increased by 46.2% (CT) and 54.3% (NT) in the 
300 mm, and by 31.5% (CT) and 48.3% (NT) in the 450 mm 
subsoil tilled fields, respectively (Table 2). Shi et al. (2014) 
found the values of soil properties (alkali hydrolyzable nitro-
gen (AN), available phosphorous (AP), total nitrogen (NT) 
and soil organic matter (SOM)) in the ROW areas (trench, pil-
ing and working areas, which are equivalent to Z1, Z2 and Z3) 
were lower compared to the values outside the working areas 
(20 and 50 m from the pipeline line). According to Håkansson 
(1994), subsoiling can only partially loosen compaction in 
deep subsoil layers, and in regions with high precipitation, 
it may not be practical. Lowery and Schuler (1991) reported 
that deep compaction was not removed completely by subsoil 
tillage even four years after heavy axle load traffic. The ex-
cessive subsoil compaction within the ROW in particular at 
the deeper soil layer (300–600 mm) could remain for many 
years (300–450  mm) (Raper et  al.,  2005). The presence of 
soil compaction in the topsoil layers two years after pipeline 
operations might be because of the heavy vehicle (Caterpillar 
D7E) used to bulldoze the stockpiled soil back to the ROW. 
The topsoil compaction was not entirely removed by the shal-
low tillage (100 mm field cultivation).

The per cent changes in CI between the ROW zones and 
the unaffected area by the subsoil tillage treatments are shown 

in Tables 2 and 3. No-till plots had higher CI than the CT 
plots by 4% within the ROW and 2% in the unaffected areas, 
possibly contributing to the lack of statistical significance. 
Other studies (Bueno, Amiama, Hernanz, & Pereira,  2006; 
Kumar et al., 2012; Roth, Mayer, Frede, & Derpsch, 1988) 
reported that changing a tillage system from conventional 
tillage (CT) to no-tillage (NT) could result in higher soil BD 
and CI values especially in topsoil. Lower CI values are as-
sociated with the tilled layer near the soil surface. Cavalaris 
and Gemtos (2002) reported a linear increase of CI in their 
0–200 mm soil layer, where the increase was steeper in the 
no-tillage system compared to the conventionally tilled soils. 
Radford, Yule, McGarry, and Playford (2007) reported that 
positive impacts of no-tillage (NT) were because of improve-
ments in soil structure and soil resilience capacity after a dis-
turbance, because soil organic matter increased, especially in 
the surface layer.

3.3 | Crop yields

The ROW working zones (Z1, Z2 and Z3) had statistically 
significant (p < .05) crop yield declines of 25% in soybean 
(2017) and 15% in corn (2018) in contrast to the crop yields 
from the adjacent unaffected zones (Figure 6). Yield reduc-
tion within zones (p <  .01) followed the damage from soil 
compaction as the highest soybean yield was measured in the 
unaffected zones (mean from CN and CS of 4.2 Mg ha−1), 
which had less soil compacted zones, followed by Z1 
(3.2 Mg ha−1), Z3 (3.1 Mg ha−1) and Z2 (2.9 Mg ha−1). The 
highest mean corn yield in the CT tilled zone (fall 2018) was 
observed in the unaffected zones (14.4 Mg ha−1) followed by 
the corn yield from Z1 (12.5 Mg ha−1), Z3 (11.9 Mg ha−1) 

T A B L E  2  Mean soil cone index (MPa) values from each zone 
in the ROW as influenced by subsoil tillage (300 and 450 mm) in 
conventional tillage (CT) and compared with the mean soil cone index 
(MPa) values from the unaffected zones in fall 2018. SD represents 
averaged standard deviation of means (n = 8)

Zones
Subsoil 
tillage (mm)

Soil Cone index 
(Mpa)

Relative 
changea  (%)Mean SD

Zone 1 300 1.73 0.52 33

Zone 1 450 1.63 0.26 25

Zone 2 300 1.89 0.56 45

Zone 2 450 1.47 0.42 13

Zone 3 300 2.08 0.75 60

Zone 3 450 2.03 0.63 56

Unaffected 1.3 0.4
aRelative change (%) was calculated from differences of mean soil cone index in 
each zone and subsoil depth relative to the unaffected zone. 

T A B L E  3  Mean soil cone index (MPa) values from each zone 
in the ROW as influenced by subsoil tillage (300 and 450 mm) in 
no-tillage (NT) system and compared with the mean soil cone index 
(MPa) values from the unaffected zones in fall 2018. SD represents 
averaged standard deviation of means (n = 8)

Zones
Subsoil 
tillage (mm)

Soil Cone index 
(Mpa)

Relative 
changea  (%)Mean SD

Zone 1 300 1.89 0.46 47

Zone 1 450 1.82 0.29 41

Zone 2 300 2.05 0.92 59

Zone 2 450 1.83 1.29 42

Zone 3 300 2.03 0.65 57

Zone 3 450 2.09 0.46 62

Unaffected 1.29 0.37
aRelative change (%) was calculated from differences of mean soil cone index in 
each zone and subsoil depth relative to the unaffected zone. 
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and Z2 (11.5  Mg  ha−1). In the no-tilled (NT) zones (fall 
2018), the highest mean corn yield was also observed in 
the unaffected zones (14.6 Mg ha−1) followed by the corn 
yield from Z1 (13.3 Mg ha−1), Z2 (12.6 Mg ha−1) and Z3 
(12.4 Mg ha−1). Soybean and corn yields from the highest 
trafficked zone (Z2) were statistically lower compared to Z1 
(Table 4). No statistical differences in crop yields were ob-
served for the subsoil tillage treatments within each ROW 
zone (p > .05).

For corn from the ROW, the yield from the NT system 
in the ROW was 7% larger than that for the conventionally 
tilled soil. The difference in corn yield in the unaffected 
areas between the CT and NT system was minimum (−1%). 
As shown in previous studies (Gaultney, Krutz, Steinhardt, 
& Liljedahl,  1982; Lowery & Schuler,  1991; Raghavan, 
McKyes, Taylor, Richard, & Watson,  1979; Schjonning & 
Rasmussen, 1994), heavy axle load-induced soil compaction 
showed significant crop yield declines (9%‒50%) compared 
to the control. Our study indicated that the yield depres-
sions on soybean (fall 2017) and corn (fall 2018) could be 
attributed to heavy equipment traffic-induced increases 
in soil bulk density and soil cone penetration resistance, 
which caused mechanical impedance to root growth. Raper 
et al. (2005) reported negative impacts of soil compaction on 
crop yield occurred as soil cone index exceeded 2–2.5 MPa. 
Another potential reason for crop yield depressions in the 

ROW might be because of the mixing of top- and subsoil 
layers during construction activities and replacement of top-
soil (data are not presented in this paper). Adjacent to the 
experiment site (approximately 1.6 km) along the pipeline, 
visual observations (Figure  7) were made in a soil trench 
cut perpendicular to the pipeline and across the ROW. The 
visual assessment showed that soil profiles in Z1 and Z2 
had relatively poor soil structure and stubby (thicker) roots 
compared to the soil profile in the adjacent unaffected zone. 
Such a visual assessment could potentially be integrated into 
a post-construction feasibility assessment to minimize top- 
and subsoil mixing, especially during the topsoil replace-
ment phase.

For short-term post-construction soil compaction man-
agement, application of subsoiling may be beneficial in the 
top- and subsoil layers to loosen the compacted layers that 
had soil cone index exceeding 2 MPa, a root limiting thresh-
old value (Raper et al., 2005; Taylor & Gardner, 1963). The 
improved trend on crop yield in the short-term introduction of 
the NT system might be attributed to the benefits of reduced 
tillage practices (Sommer & Zach, 1992). Sommer and Zach 
(1992) reported the benefits of non-inverting soil loosening 
conservation tillage in reducing soil erosion, which implied 
that reduced tillage practices might have potential benefits 
as a long-term reclamation management strategy at pipeline 
construction sites.

F I G U R E  6  Soybean (I) and corn (II) 
crop yields (Mg ha−1) from ROW affected 
(Z1, Z2 and Z3) and unaffected zones (CN 
and CS). Same letters assigned to the bars 
are not significantly different at the p-value 
of .05 [Colour figure can be viewed at 
wileyonlinelibrary.com]
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Zone

Crop Yield (Mg ha−1)

Soybeana Cornb 

CT CT NT

Mean SD Mean SD Mean SD

Z-1 3.2 (B) 0.57 12.5 (B) 1.50 13.3 (AB) 1.21

Z-2 2.9 (B) 0.43 11.5 (B) 2.01 12.6 (B) 1.49

Z-3 3.1 (BC) 0.32 11.9 (B) 1.57 12.4 (B) 1.88

Unaffected 4.2 (A) 0.59 14.4 (A) 1.12 14.6 (A) 0.81
aSoybean yield values followed by the same letter are not significantly different at α = .05. 
bCorn yield values followed by the same letter are not significantly different at α = .05. 

T A B L E  4  Soybean (fall 2017) 
and corn (fall 2018) yields (Mg ha−1) 
from the ROW (Z1, Z2 and Z3) and the 
unaffected zones (average of CN and CS) 
in conventional tillage (CT) system, and 
no-tillage (NT) system (fall 2018). The no-
till plots were added during the second crop 
season (2018)
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4 |  CONCLUSIONS

Pipeline construction activities and subsoil tillage remediation 
impacts on soil properties resulted in significantly (p <  .05) 
larger CI and BD within the ROW zones compared to the ad-
jacent unaffected zones. There were statistically significant 
(p < .05) crop yield declines of 25% in soybean (2017) and 
15% in corn (2018) in the ROW zones relative to the crop 
yields in the adjacent unaffected zones. Subsoil tillage of 
450 mm created statistically smaller soil cone index values in 
the 300–600 mm soil layer in the ROW, compared to the sub-
soil tillage of 300 mm (p < .05). BD and crop yield (soybean 
and corn), however, did not statistically differ for subsoil of 
300 mm and 450 mm (p > .05). Within the near-term period, 
introducing no-till resulted 7% increase in corn yield (2018).

ACKNOWLEDGEMENTS
We acknowledge DAPL for providing funding to conduct this 
study. We also acknowledge field support from Kent Berns, 
Supervisor Agricultural Station, Carl Pederson, Agricultural 
Specialist at the Department of Agricultural and Biosystems 
Engineering at Iowa State University in Ames, Iowa, and 
Kent Heikens, Agricultural Science Research Technician 
(Soils) at the National Laboratory for Agriculture and the 
Environment, USDA-ARS in Ames, Iowa.

ORCID
Mehari Z. Tekeste   https://orcid.org/0000-0003-2463-1061 

REFERENCES
Antille, D. L., Huth, N. I., Eberhard, J., Marinoni, O., Cocks, B., 

Poulton, P. L., & Schmidt, E. J. (2016). The effects of coal 

seam gas infrastructure development on arable land in south-
ern Queensland, Australia: Field investigations and model-
ing. Transactions of the ASABE, 59(4), 879–901. https://doi.
org/10.13031/ trans.59.11547

ASAE Standards (2004a). S313. 3: Soil cone penetrometer. St. Joseph, 
MI: ASAE.

ASAE Standards (2004b). EP542: Procedures for using and report-
ing data obtained with the soil cone penetrometer. St. Joseph, MI: 
ASAE.

Batey, T. (2015). The installation of underground pipelines: Effects on 
soil properties. Soil Use and Management, 31(1), 60–66. https://doi.
org/10.1111/sum.12163

Batey, T., & McKenzie, D. C. (1999). Deep subsoil compac-
tion. Soil Use and Management, 15(2), 136. https://doi.
org/10.1111/j.1475-2743.1999.tb000 78.x

Bell, L. W. (2010). Impacts of soil compaction by livestock on crop 
productivity livestock on crop productivity. Soil Tillage Research, 
113(1), 19–29. https://doi.org/10.1016/j.still.2011.02.003

Blanco-Canqui, H., Claassen, M. M., & Stone, L. R. (2010). Controlled 
traffic impacts on physical and hydraulic properties in an intensively 
cropped no-till soil. Soil Science Society of America Journal., 74, 
2142–2150. https://doi.org/10.2136/sssaj 2010.0061

Bolling, J. D., & Walker, L. R. (2000). Plant and soil recovery along a 
series of abandoned desert roads. Journal of Arid Environments., 46, 
1–24. https://doi.org/10.1006/jare.2000.0651

Brown, V. K. (2012). Establishing and maintaining enhanced infil-
tration on compacted construction site subsoils through shallow 
and deep Tillage with soil amendments (Master’s Thesis). North 
Carolina State University, Raleigh, NC. Retrieved from https://repos 
itory.lib.ncsu.edu/handl e/1840.16/7904

Bueno, J., Amiama, C., Hernanz, J. L., & Pereira, J. M. (2006). 
Penetration resistance, soil water content, and workability of grass-
lands soils under two tillage systems. Transaction of the ASABE, 49, 
875–882. https://doi.org/10.13031/ 2013.21727

Cambi, M., Cerini, G., Fabiano, F., Foderi, C., Laschi, A., & Picchio, 
R. (2015). Impact of wheeled and tracked tractors on soil physical 

F I G U R E  7  Visual observation of the soil structure from Zone 1, Zone 2 and the unaffected zone. A trench approximately 1 m wide by 2 m 
deep was excavated. Soil structure and root distribution were observed on the exposed trench face. The trench was on the DAPL pipeline, and it 
was located approximately 1.6 km east of the experimental plots [Colour figure can be viewed at wileyonlinelibrary.com]

Zone-1 Zone-2 Unaffected zone

https://orcid.org/0000-0003-2463-1061
https://orcid.org/0000-0003-2463-1061
https://doi.org/10.13031/trans.59.11547
https://doi.org/10.13031/trans.59.11547
https://doi.org/10.1111/sum.12163
https://doi.org/10.1111/sum.12163
https://doi.org/10.1111/j.1475-2743.1999.tb00078.x
https://doi.org/10.1111/j.1475-2743.1999.tb00078.x
https://doi.org/10.1016/j.still.2011.02.003
https://doi.org/10.2136/sssaj2010.0061
https://doi.org/10.1006/jare.2000.0651
https://repository.lib.ncsu.edu/handle/1840.16/7904
https://repository.lib.ncsu.edu/handle/1840.16/7904
https://doi.org/10.13031/2013.21727
www.wileyonlinelibrary.com


554 |   TEKESTE ET al.

properties in a mixed conifer stand. iForest – Biogeosciences and 
Forestry, 9(1), 89–94. https://doi.org/10.3832/ifor1 382-008

Cavalaris, C. K., & Gemtos, T. A. (2002). Evaluation of four conserva-
tion Tillage methods in the sugar beet crop. Agricultural Engineering 
International: The CIGR Journal of Scientific Research and 
Development. LW, 01–008, IV.

Dakota Access, LLC (DAPL) (2016). Agricultural mitigation plan. 
Adopted and Approved by the Iowa Utilities Board, State of Iowa.

Dexter, A. R. (1997). Physical properties of tilled soils. Soil and 
Tillage Research, 43(1–2), 41–63. https://doi.org/10.1016/S0167 
-1987(97)00034 -2

Gaultney, L., Krutz, G. W., Steinhardt, G. C., & Liljedahl, J. B. (1982). 
Effects of subsoil compaction on corn yields. Transactions of the 
ASAE, 25(3), 0563–0569. https://doi.org/10.13031/ 2013.33573

Hakansson, I. (1994). Soil tillage for crop production and for protection 
of soil and environmental quality: A Scandinavian viewpoint. Soil 
& Tillage Research, 30, 109–124. https://doi.org/10.1016/0167-
1987(94)90002 -7

Interstate Natural Gas Association of America (2015). North America 
Midstream Infrastructure through 2035- Significant Development 
Continues. Retrieved from https://www.ingaa.org/File.aspx-
?id=34748 &v=e87cdf4d

Kumar, A., Chen, Y., Sadek, A., & Rahman, S. (2012). Soil cone 
index in relation to soil texture, moisture content, and bulk density 
for no-tillage and conventional tillage. Agricultural Engineering 
International: The CIGR Journal, 14(1), 26–37.

Lepilin, D., Laurén, A., Uusitalo, J., & Tuittila, E. S. (2019). Soil defor-
mation and its recovery in logging trails of drained boreal peatlands. 
Canadian Journal of Forest Research, 751, 743–751. https://doi.
org/10.1139/cjfr-2018-0385

Li, Y., Deng, X., Cao, M., Lei, Y., & Xia, Y. (2013). Soil restoration 
potential with corridor replanting engineering in the monoculture 
rubber plantations of Southwest China. Ecological Engineering, 51, 
169–177. https://doi.org/10.1016/j.ecole ng.2012.12.081

Lowery, B., & Schuler, R. T. (1991). Temporal effects of subsoil com-
paction on soil strength and plant growth. Soil Science Society 
of America Journal, 55, 216–223. https://doi.org/10.2136/sssaj 
1991.03615 99500 55000 10037x

Naeth, M. A., McGill, W. B., & Bailey, A. W. (1987). Persistence of 
changes in selected soil chemical and physical properties after 
pipeline installation in Solonetzic native rangeland. Canadian 
Journal of Soil Science, 67, 747–763. https://doi.org/10.4141/cjss8 
7-073

Noble, B. F. (2006). An overview of environmental impact assessment 
in Canada. Introduction to environmental impact assessment (pp. 
17–26). Oxford, UK: Oxford University Press.

Olson, E. R., & Doherty, J. M. (2012). The legacy of pipeline instal-
lation on the soil and vegetation of southeast Wisconsin wetlands. 
Ecological Engineering, 39, 53–62. https://doi.org/10.1016/j.ecole 
ng.2011.11.005

Radford, B. J., Yule, D. F., McGarry, D., & Playford, C. (2007). 
Amelioration of soil compaction can take 5 years on a Vertisol under 
no till in the semi-arid subtropics. Soil Tillage Research, 72(2), 249–
255. https://doi.org/10.1016/j.still.2006.01.005

Raghavan, G. S. V., McKyes, E., Taylor, F., Richard, P., & Watson, 
A. (1979). The relationship between machinery traffic corn 
yield reductions in successive years. Transactions of the ASAE, 
1256–1259.

Raper, R. L., Reaves, D. W., Shaw, J. N., van Santen, E., & Mask, P. 
L. (2005). Using site-specific subsoiling to minimize draft and op-
timize corn yields. Transactions of the ASABE, 48(6), 2047–2052. 
https://doi.org/10.13031/ 2013.20081

Roth, C. H., Mayer, B., Frede, H. G., & Derpsch, R. (1988). Effect of 
mulch rates and tillage systems on infiltrability and other soil phys-
ical properties of an Oxisol in Parana, Brazil. Soil Tillage Research, 
11, 81–91.

Schjonning, P., & Rasmussen, K. J. (1994). Danish experiments on 
subsoil compaction by vehicles with high axle load. Soil and 
Tillage Research, 29, 215–227. https://doi.org/10.1016/0167-
1987(94)90060 -4

Shi, P., Xiao, J., Wang, Y. F., & Chen, L. D. (2014). The effects of 
pipeline construction disturbance on soil properties and restoration 
cycle. Environmental Monitoring and Assessment, 186, 1825–1835. 
https://doi.org/10.1007/s1066 1-013-3496-5

Soil Survey Staff (2018). Natural resources conservation service, United 
States Department of Agriculture. Web Soil Survey. Retrieved from 
https://webso ilsur vey.sc.egov.usda.gov/

Sommer, C., & Zach, M. (1992). Managing traffic induced soil com-
paction by using conservation tillage. Soil and Tillage Research, 24, 
319–336.

Soon, Y. K., Rice, W. A., Arshad, M. A., & Mills, P. (2000). Effect of 
pipeline installation on crop yield and some biological properties of 
boreal soils. Canadian Journal of Soil Science, 80, 483–488.

Spoor, G. (2006). Alleviation of soil compaction: Requirements, equip-
ment, and techniques. Soil Use and Management, 22, 113–122. 
https://doi.org/10.1111/j.1475-2743.2006.00015.x

Spoor, G., Tijink, F. G., & Weisskopf, P. (2003). Subsoil compac-
tion: Risk, avoidance, identification, and alleviation. Soil Tillage 
Research, 73(1–2), 175–182. https://doi.org/10.1016/S0167 
-1987(03)00109 -0

Taylor, H. M., & Gardner, H. R. (1963). Penetration of cotton seed-
ling taproots as influenced by bulk density, moisture content and 
strength of soil. Soil Science, 96, 153–545.

Tekeste, M. Z., Hanna, H. M., Neideigh, E. R., & Guillemette, A. 
(2019). Pipeline right-of-way construction activities impact on deep 
soil compaction. Soil Use and Management, 35, 293–302. https://
doi.org/10.1111/sum.12489

The Federal Energy Regulatory Commission, Strategic Plan (2017). 
Docket No. RM93-11-000. Retrieved from https://www.ferc.gov/
indus tries/ oil/gen-info/pipel ine-index.asp

Turney, D., & Fthenakis, V. (2011). Environmental impacts from the in-
stallation and operation of large-scale solar power plants. Renewable 
and Sustainable Energy Reviews., 15, 3261–3270. https://doi.
org/10.1016/j.rser.2011.04.023

U.S. Energy Information Administration (2019). Short-term energy out-
look. Retrieved from https://www.eia.gov/outlo oks/steo/repor t/

Vepraskas, M. J., Busscher, W. J., & Edwards, J. H. (1995). Residual 
effects of deep tillage vs. no-till on corn root growth and grain 
yield. Journal of Production Agriculture, 8(3), 401–405. https://doi.
org/10.2134/jpa19 95.0401

Woodward, C. L. (1996). Soil compaction and topsoil removal effects 
on soil properties and seedling growth in Amazonian Ecuador. 
Forest Ecology and Management, 82, 197–209. https://doi.
org/10.1016/0378-1127(95)03667 -9

Yadav, G. S., Lal, R., & Meena, R. S. (2019). Long-term effects of ve-
hicular passages on soil carbon sequestration and carbon dioxide 

https://doi.org/10.3832/ifor1382-008
https://doi.org/10.1016/S0167-1987(97)00034-2
https://doi.org/10.1016/S0167-1987(97)00034-2
https://doi.org/10.13031/2013.33573
https://doi.org/10.1016/0167-1987(94)90002-7
https://doi.org/10.1016/0167-1987(94)90002-7
https://www.ingaa.org/File.aspx?id=34748&v=e87cdf4d
https://www.ingaa.org/File.aspx?id=34748&v=e87cdf4d
https://doi.org/10.1139/cjfr-2018-0385
https://doi.org/10.1139/cjfr-2018-0385
https://doi.org/10.1016/j.ecoleng.2012.12.081
https://doi.org/10.2136/sssaj1991.03615995005500010037x
https://doi.org/10.2136/sssaj1991.03615995005500010037x
https://doi.org/10.4141/cjss87-073
https://doi.org/10.4141/cjss87-073
https://doi.org/10.1016/j.ecoleng.2011.11.005
https://doi.org/10.1016/j.ecoleng.2011.11.005
https://doi.org/10.1016/j.still.2006.01.005
https://doi.org/10.13031/2013.20081
https://doi.org/10.1016/0167-1987(94)90060-4
https://doi.org/10.1016/0167-1987(94)90060-4
https://doi.org/10.1007/s10661-013-3496-5
https://websoilsurvey.sc.egov.usda.gov/
https://doi.org/10.1111/j.1475-2743.2006.00015.x
https://doi.org/10.1016/S0167-1987(03)00109-0
https://doi.org/10.1016/S0167-1987(03)00109-0
https://doi.org/10.1111/sum.12489
https://doi.org/10.1111/sum.12489
https://www.ferc.gov/industries/oil/gen-info/pipeline-index.asp
https://www.ferc.gov/industries/oil/gen-info/pipeline-index.asp
https://doi.org/10.1016/j.rser.2011.04.023
https://doi.org/10.1016/j.rser.2011.04.023
https://www.eia.gov/outlooks/steo/report/
https://doi.org/10.2134/jpa1995.0401
https://doi.org/10.2134/jpa1995.0401
https://doi.org/10.1016/0378-1127(95)03667-9
https://doi.org/10.1016/0378-1127(95)03667-9


   | 555TEKESTE ET al.

emission in a no-till corn-soybean rotation on a Crosby silt loam 
in Central Ohio, USA. Journal of Plant Nutrition and Soil Science, 
182, 126–136. https://doi.org/10.1002/jpln.20180 0480

Yu, X. F., Wang, G. P., Zou, Y. C., Wang, Q., Zhao, H. M., & Lu, X. 
G. (2010). Effects of pipeline construction on wetland ecosys-
tems: Russia-China Oil Pipeline Project. Royal Swedish Academy 
of Sciences, 39(5–6), 447–450. https://doi.org/10.1007/s1328 
0-010-0055-y

How to cite this article: Tekeste MZ, Ebrahimi E, 
Hanna MH, Neideigh ER, Horton R. Effect of subsoil 
tillage during pipeline construction activities on 
near-term soil physical properties and crop yields in the 
right-of-way. Soil Use Manage. 2021;37:545–555. 
https://doi.org/10.1111/sum.12623

https://doi.org/10.1002/jpln.201800480
https://doi.org/10.1007/s13280-010-0055-y
https://doi.org/10.1007/s13280-010-0055-y
https://doi.org/10.1111/sum.12623

