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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 oil layers from the subsoil 

layers. TSR and SSR (%) represent soil 

strength improvement within the affected 

zones (i .e. ZL 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 wileyonl.inelibrary.com) 
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450 mm were applied [Colour figure can be 
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2.76 MPa in 2017 and l.99 MPa in 2018. Even though sub­
soil tillage was used, subsoil (below 300 mm) within Z l and 
Z2 (Figure 4a- d) had significantly larger CI values (p < .Ol) 
compared to subsoil (below 300 mm) in the unaffected zones 
(Figure 5). The excessive soil compaction (Cl greater than 
2 MPa) in Z3 (fall 2018) occurred at a shallower depth than 
in Z l and Z2. A part of the DAPL construction activitie , 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 Z 1 and Z2, because less topsoil 
was replaced on Z3 than on Z 1 and Z2. 

Fall 2018 

The TSR and SSR percent improvements from fall 2017 
data (Figure 4) were found only in Zl 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, Zl showed a higher recovery rate than Z2 
(Figure 4). Within the ROW (affected), the mean CI profile 
values in fall 20 18 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 sub oil tillage (300 mm or 
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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) woes and the unaffected (undis­

turbed) woes 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 bulJdoze 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 iufluenced 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) 

Rel.alive 

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

Zone l 300 l.73 0.52 33 

Zone l 450 1.63 0.26 25 

Zone2 300 l.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 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 soi l 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 (Zl, 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 < .0 1) 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 soi] 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 (11 = 8) 

Soil Cone index 

Su.bsoil 
(Mpa) 

ReJative 
Zones tillage (mm) Mean SD change•(%) 

Zone l 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 

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 (II) 

crop yields (Mg ba-1) from ROW affected 

(Z I, Z2 and Z3) and unaffected zones (CN 

and CS). Same letters assigned to the bars 

are not signific.anUy different at the p -value 

of .05 [Colour figure can be viewed at 

wileyonline library .com] 
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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 ob erved in 

the unaffected zones (14.6 Mg ha- 1) followed by the com 

yield from Zl (13.3 Mg ba- 1), Z2 (12.6 Mg ha- 1) and Z3 

(12.4 Mg ba- 1 ). Soybean and corn yields from the highe t 

trafficked zone (Z2) were statistically lower compared to Z] 

(fable 4). No statistical clifferences in crop yields were ob­

served for the ubsoil 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 oil. The difference in corn yield in the unaffected 
area 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 (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-induced increases 

in soil bulk density and soil cone penetration re istance, 

which caused mechanica l 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 tbe 

Crop Yield (Mg 11a-c-l) 

Soybean• Comb 

CT CT 

Zone Mea.n SD Mean SD 

Z-1 3.2 (B) 0.57 12.5 (B) I.SO 

Z-2 2.9 {B) 0.43 ll5(B) 2.01 

Z-3 3.l (BC) 0.32 11 .9 (B) 1.57 

Ullllffected 4.2 (A) 0.59 14.4 A) 1.12 

ROW might be because of the miring of top- and ubsoil 

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, 

visua l ob ervations (Figure 7) were made in a soil trench 

cut perpendicular to the pipeline and across the ROW. Tbe 
visual asse sment showed that soil profiles in Zl and Z 2 

had relatively poor soil structure and stubby (thicker) roots 

compared to the soil profile in the adjacent unaffected zone. 

S ucb a visual asse sment could potentially be integrated into 

a post-construction feasibility assessment to minimize top­

and subsoil mixing, especially during the topsoiJ replace­

ment phase. 

For short-term post-construction soil compaction man­

agement, application of subsoifu1g 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 oil loosening 

conservation tillage in reducing soil erosion, which implied 

tha.t reduced tillage practices might have potential benefits 

as a Jong-term reclamation management strategy at pipeline 

construction sites. 

TABLE 4 Soybean (fall 2017) 

and com (fall 2018) yields (Mg ba-1) 

from the ROW (Zl, Z2 and 23) and tbe 

NI' 
unaffected zoae.s (average of CN and CS) 

iII conventional tillage (CT) system, and 

Mean SD no-tillage (NT) system (fall 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 ) l .88 

14.6 cA) 0.81 

' Soybean yield values followed by the same letter are not significantly different at ex c::c .05. 

•corn -yield values followed by lbe same letter are not significantly different at er= .05. 



Zone-1 Zone-2 Unaffected zone 

FIG URE 7 Visual observation of the soil structure from Zone I. Zone 2 and the w1affected zone. A trench approximately l m wide by 2 m 

deep was excavated. Soil structure and root distribu.tion were observed on the exposed trench face. The trench was on the DAPL pipeline, and it 
was located approximately 1.6 km east of tlie 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 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 com), however, did not statistically differ for subsoil of 
300 mm and 450 mm (p > .05). Within the near-tenn period, 
introducing no-till resulted 7% increase in corn yield (2018). 
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