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Pipeline study shows soil compaction and crop yield impacts
in construction right-of-way
Iowa State University College of Agriculture and Life Sciences
November 11th, 2021

AMES, Iowa — An Iowa State University study looking at the impacts of soil disturbance and
early remediation practices from construction of the Dakota Access Pipeline finds significant soil
compaction and gradual recovery of crop yield in the right-of-way over five years.

The research funded by Dakota Access Pipeline (DAPL) aimed to investigate construction
influences of the underground pipeline on farmland. The pipeline transports crude oil over 1,172
miles from North Dakota to Patoka, Illinois, passing through South Dakota and about 347 miles
in Iowa. The study’s primary goal was to assess the extent of soil and cropping disturbances in
the approximately 150-foot right-of-way caused by land clearing, topsoil removal and soil
mixing, pipeline trenching and backfilling during the construction process.

Researchers also wanted to evaluate the effectiveness of state-mandated remediation
requirements and a DAPL agricultural mitigation plan designed to minimize impacts to cropland.
The Iowa Utility Code requires pipeline projects to remove topsoil and apply deep tillage to
exposed subsoil before replacing the topsoil. The researchers are continuing to study the
benefits of these practices, which can be costly.

Such field-based research quantifying soil properties and recovery in the years after a pipeline
installation on farmlands is limited across the corn-soybean regions of the United States.

“Our findings show extensive soil disturbance from construction activities had adverse effects on
soil physical properties, which come from mixing of topsoil and subsoil, as well as soil
compaction from heavy machinery,” said Mehari Tekeste, assistant professor of agricultural and
biosystems engineering, director of the Soil Machine Dynamics Laboratory at Iowa State, and
leader of the project.
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Tekeste worked with a team that included: Mark Hanna, retired Iowa State Extension agricultural
engineer; Robert Horton, who holds the Charles F. Curtiss Distinguished Professorship in
Agriculture and Life Sciences in agronomy; and Elnaz Ebrahimi, research scientist in agricultural
and biosystems engineering.

After the local pipeline construction was completed in 2016, the researchers began studying the
impacts of construction and reclamation on a short stretch where the pipeline crossed an Iowa
State research farm near Ames, Iowa. They monitored soil characteristics like bulk density and
chemical properties at different depths across three zones within the right-of-way and adjacent
undisturbed crop fields. In 2017 and 2018, they analyzed yield data for corn and soybean plots
planted on the reclaimed land in the pipeline right-of-way under two tillage systems (no-till and
conventional tillage) and compared the yields to crops in the undisturbed fields with similar soils.
A peer-reviewed article in the journal “Soil Use and Management” summarizes their early
results.

“Overall, in the first two years, we found the construction caused severe subsoil compaction,
impaired soil physical structure that can discourage root growth and reduce water infiltration in
the right-of-way,” said Horton, the lead soil physicist on the project. They also found changes in
available soil water and nutrients.

Though the heavy equipment-induced compaction was still evident two years after construction,
a deep subsoil tillage treatment showed some benefit for alleviating the compaction.

The team found crop yields in the right-of-way were reduced by an average of 25% for
soybeans and 15% for corn during the first and second crop seasons, compared to undisturbed
fields.

“However, we have already started to see gradual recovery in yields from the soybean-corn
rotation re-established in the right-of-way,” Ebrahimi said. “Also, results from our tillage
comparisons suggest that use of no-till slightly improved corn production in the right-of-way
zones, especially under the unfavorable weather conditions of 2020.”

The researchers are finalizing analyses from the subsequent years of the project. What they can
say at this point is the compaction and yields are very slowly starting to recover. Ebrahimi has
simulated the impacts of the soil compaction on crop yields over time using the Agricultural
Production Systems sIMulator (APSIM). A publication on her results is in the process of review.

“We would like to continue this research -- and especially collect more years of data on corn –
and use it to provide recommendations for best management practices that can more effectively
mitigate the impacts of future pipeline installation on crop yields,” Tekeste said.
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1 INTRODUCTION 

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 (Z l , 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 (Zl , 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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corn, soil bulk density, soil cone penetration resistance, soybean, subsoil tillage, tillage systems 

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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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, Lauren, 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 ( l.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, Zl) 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 io 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 tbe 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 l). Following tbe 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, bec.1use of the limited number of field work
ing days, soil cone index measurements were taken from the 

Topsoil 

relatively high traffic zones in the ROW zone (Zl and Z2) 
and in one unaffected zone (CN). Both in 2017 and 2018, soil 

core samples for BD measurements were sampled from Zl , 
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 l,200 mm Jong 
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-d1ied at 105°C 

for 48 hr to determine dty 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 X 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 modelLPU-500 load cell transducer with 2224-N 
capacity (Transducer Techniques, LLC) and a Metromatics 
USB DEWE-43 DAQ System (Metromatics) acquiring dat.1 
at lOOHz. 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 com (2018) were planted on 7f:IJ mm 
row-spacing using au 8-row John Deere M.'.lX Eme,ge 5 Planter 

model pulled by a John Deere 6170R MFWD. Planting was 
performed parallel to tl1e pipeline. Yield from the centre foiu· 
rows of each ·plot, conventional and no-till sections, was 

combine harvested using the on-board Hruvestmaster system 

FIG URE l (a) Topsoil pile adjacent to the ROW zones. (b) Tile top soil was replaced by a Caterpillar D7E bulldozer after the exposed subsoil 
was tilled. The Caterpillo.r D7E fully loaded weight was 256 lcN. Each track bad a nominal track contact leoglb of 3.02 m and a width of0.76 m 
(Tekeste et al., 20 I 9) [Colour figure can be viewed at wileyonlinelibrary.com] 
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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 datafo.r 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 
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FIGURE 2 Soil bulk density profiles 

1.70 1.80 1.90 
from fall 2017 with.in the ROW zones (Zl, 

Z2 and Z3) and the unaffected zones (CN 

and CS) [Colour figure can be viewed at 

wileyonlfoelibrary.com] 

--+--CN 

FIGURE 3 Soil bulk density profiles 

1.70 1.80 1.90 
from fall 2018 within the ROW zones (?'.I, 

Z2 and Z3) and the unaffected zones (CN 

and CS) [Colour figure can be viewed at 

wileyonlinelibra1y.com] 

cs 

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 lay.er (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 and450 mm) that 
were previously established. Statistical comparison between 
the two post-construction tillage systems (NT and CT) from 
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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 (Z l , 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 ofBD for the top soil layer (0-500 mm) and the 
deep soil layer (500-1,200 mm) is provided in Table l. 

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 (Z l , 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 

TABLE 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 Soil depth 

right-of-way (ROW) zones (Zl, Z2 and Z3) Zone class (mm) 

and in unaffected zones (CN and CS) Z-1 0-500 

Z-1 500-1,200 

Z-2 0-500 

Z-2 500-1,200 

Z-3 0-500 

Z-3 500-1 ,200 

CN 0-500 

CN 500-1,200 

cs 0-500 

cs 500-1,200 

(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 l. The BD restoration for the O 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 Zl (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 (0) 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 (Zl 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 

Soil bulk demity (Mg m -3> 

Fall 2017 Fall 2018 
Soil bulk density 

Mean• SD Mean SD restorationb (%) 

1.46 (C) 0.06 1.53 (B) 0.14 - 4.6 (TSR) 

1.67 (A) 0.04 1.53 (B) 0.14 9.2 (SSR) 

1.42 (DC) 0.04 1.49 (C) 0.11 - 4.7 (TSR) 

1.62 (AB) 0.08 1.60 (A) 0.11 1.3 (SSR) 

1.42 (C) 0.08 1.55 (B) 0.09 - 8.4 (TSR) 

1.66 (A) 0.03 1.67 (A) 0.05 - 0.6 (SSR) 

1.23 (E) 0.08 1.44 (D) 0.12 

1.41 (D) 0.03 1.48 (C) 0.06 

1.25 (E) 0.03 1.29 (E) 0.05 

1.31 (E) 0.05 1.39 (D) 0.04 

'Mean soil bulk density values followed by the same letter are not significantly different at a = 0.05. 

'TSR and SSR were calculated as relative changes in BO from 2017 to 2018. 



~WILEY li41144i _ _______________________ 'IE_KE_ S_TE_ ET_AL._ 

300 mm subsoiling tillage depth 
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450 mm subsoiling tillage depth 

Cone Index (MPa) 

FIG URE 4 Soil cone penetration 
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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) witbinZ I 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 MP a) in Z3 (fall 20 18) occurred at a shallower depth than 
in Zl and Z2. As part of the DAPL construction activities, the 
exposed subsoil surface inZ3 was at a higher elevation than 
the other ROW zones. Thus, the maximum CI occu1Tecl at a 
shallower depth in Z3 than in Zl and Z2, because less topsoil 
was replaced on Z3 than on Z I and Z2. 

Fall 2018 

The TSR and SSR percent improvements from fall 2017 
data (Figure 4) were found only in Z I and Z2. The amount of 
soil strength improvement from 20 17 to 2018 (Figure 4a- d; 
TSR vs. SSR) varied by zone and depth. Among both top
and subsoil Layers, Zl showed a higher recovery rate than Z2 
(Figmc: 4). Within the ROW (affected), the mean CI profile 
values in fall 2018 were less than those in full 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 
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450 mm) (Figure 5), because the ROW O values were sig
nificantly larger (p < .01) than those in the unaffected zones. 
Significant impacts (p < .01) in reducing the mean O 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 0 
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 Zl, Z2 and Z3) 
were lower compared to the values outside the working areas 
(20 and 50 m from the pipeline line). According to Hakansson 
(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 

TABLE 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) 

Soil Cone index 

Subsoil 
(Mpa) 

Relative 

Zones tillage (mm) Mean SD change" (%) 

Zone 1 300 1.73 0.52 33 

Zone 1 450 1.63 0.26 25 

Zone2 300 1.89 0.56 45 

Zone2 450 1.47 0.42 13 

Zone3 300 2.08 0.75 60 

Zone3 450 2.03 0.63 56 

Unaffected 1.3 0.4 

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

in Tables 2 and 3. No-till plots had higher O 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 O values are as
sociated with the tilled layer near the soil surface. Cavalaris 
and Gemtos (2002) reported a linear increase of O 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 (Z l , 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 Zl 
(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 Zl (12.5 Mg ha- 1), Z3 (11.9 Mg ha-1) 

TABLE 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) 

Soil Cone index 

Subsoil 
(Mpa) 

Relative 

Zones tillage (mm) Mean SD change" (%) 

Zone 1 300 1.89 0.46 47 

Zone 1 450 1.82 0.29 41 

Zone2 300 2.05 0.92 59 

Zone2 450 1.83 1.29 42 

Zone3 300 2.03 0.65 57 

Zone3 450 2.09 0.46 62 

Unaffected 1.29 0.37 

'Relative 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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FIG URE 6 Soybean (I) and com (Il) 

crop yields (Mg ba-1) from ROW affected 

(Zl. 22 and Z3) and unaffected zones (CN 
:u1d CS). Sarne leners assigned to tlle bars 

are not significant'ly different at the p-value 

of .05 [Colourfigarecan be viewed at 

wileyonlinelibrary.com] 

Unaffecled Zones [CN & CS) ROW (Z-1,2,3) Unattec1ed Zooes (CN & CS) ROW (Z-1,2,3) 

and Z2 (] 1.5 Mg ha-1), In the no-tilled (NT) zones (faU 

2018), the highest mean corn yield was also observed in 
the unaffected zones (l4.6 Mg ha-1) followed by the com 
yield from ZI ( 13.3 Mg ba-1), Z2 (12.6 Mg hiC 1) and Z3 
(12.4 Mg ha-\ Soybean and corn yields from the highest 

tmffickedzone (Z2) were statistically lower compared to Zl 
(fable 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 y ield from the NT system 
in the ROW was 7% larger than that for the conventionally 
tilled soil. The difference in com 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; Schjonn.ing & 
Rasmussen, 1994), heavy axle load-jnduced soil compaction 

showed significant crop yield declines (9o/'o-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-mduced 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 occun-ed as soil cone index exceeded 2- 2.5 MPa. 
Another potential reason for crop yield depressions in the 

Cr-0p Yield (Mg ba- 1) 

Soyb ean" Com b 

CT CT 

Zone Mean SD Mean SD 

Z-l 3.2 (B) 0.57 J2.5 (B) 1.50 

-Z-2 2.9 {B) 0.43 11 .5 (B) 2.01 

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

Unaffected 4.2(A) 0.59 14.4 (A) 1.12 

ROW might be because of the mixing of top- and subsoil 
layers dw'ing construction activities and replacement of top
soil (data are not presented in this paper). Adjacent to the 

expe1i.ment 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 Zl and Z2 
bad relatively poor soil structure and stubby (thicker) roots 

compared to the soil pmfile 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 topsojJ 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 pr.actices migllt have potential benefits 
as a long-term reclamation management strategy at pipeline 
construction sites. 

TABLE 4 Soybenn (fall 2017) 

and corn (fall 2018) yields (Mg ha -J) 
from the ROW (21 , Z2 ruid 2 3) and tl:le 

NT 
unaffected zones (average of CN and CS) 

in conventional tillage (CT) system. aad 

Mean_ SD no-tillage (NT) system (falJ 2018). The no-

13.3 (AB) 1.21 
till plots were added during the second crop 

season. (2018) 
12.6 (B) 1.49 

12.4 (B) 1.88 

14.6 (A) 0.81 

•soybean yield values followed by the same letter are not significantly dlfferent at a= .05. 

bCorn yleld values followed by Ult! same Jetter are not significantly different at a= .05. 



Zone-1 Zone-2 Unaffected zone 

FIG URE 7 Visual observation of the soil structure from Zone I. Zone 2 and the unaffected zone. A trench approximately I m wide by 2 m 

deep was excavated. Soil structure and root distribution were observed on the exposed trench face. The trench was on U1e DAPL pipefu1e, and it 

was located approximately 1.6 Ian east of tl1e experimental plots [Colour figure can be viewed at wileyonlinelibrary.com] 

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 com (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 3~ 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). 
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