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Abstract

Crop residue grazing or baling is common in the western Corn Belt. However, its
impacts on subsequent crop yields under different irrigation levels and tillage sys-
tems are unclear. We investigated the impacts of corn (Zea mays L.) residue baling
and cattle grazing on soil compaction, water content, and corn yield under full and
limited irrigated no-till in Nebraska during three years. In Years 2 and 3, an addi-
tional tillage treatment (strip till) was implemented to evaluate its effects on grain
yield under the above treatments. Residue removal effects on compaction and wa-
ter content did not vary with irrigation level. Grazing (3.68 animal units ha*) min-
imally impacted compaction and soil profile water content compared to no removal.
Baling increased cone index by 34-53% in the 0-to-12.5-cm depth and decreased
water content by 6 cm compared to no removal. Residue removal effects on yield
did not depend on irrigation. Residue removal impacts depended on tillage in Year
3 only. Full irrigation increased corn yields up to 11% compared to limited irriga-
tion. Strip till increased yield by 11% compared to no-till in Year 2 only. Baling and
grazing had no effect on corn yield in Year 1, but baling and grazing increased yield
by 9% compared to no removal in Year 2, likely due to lower water content. In Year
3, grazing and baling increased yield by 9% under no-till but not strip till. Overall,
grazing had minimal impacts while baling increased yield and compaction and de-
creased water content with few variations due to irrigation or tillage.

Abbreviations: AUM, animal unit month

Core Ideas
 Corn residue removal effects on compaction were small and below thresh-
old to restrict root growth.
« Baling, unlike grazing, reduced soil water content in 1 of 2 yr compared to
no removal.

« Baling and grazing increased corn yield in 2 of 3 yr.
 Limited irrigation reduced yield compared to full while strip till increased

yield compared to no-till.
 Residue removal effects rarely varied with irrigation or tillage.

1 Introduction

Baling and grazing corn residues from the approximately 37 million
hectares planted to corn (Zea mays L.) in the United States (USDA-
NASS, 2017) are important to meet the need for animal feed and bio-
fuel feedstocks. Corn residues are important feedstocks as pasture-
land shortages increase (Liebig et al., 2017). However, the amount of
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corn residue baled and grazed varies by region. For example, in the
western Corn Belt, including Nebraska, Kansas, and Colorado, >20%
of corn residues are utilized for livestock and biofuel (Schmer et al.,
2017). The level of utilization drops to 5-10% in the Midwest Corn
Belt and below 5% in the eastern Corn Belt (Schmer et al., 2017). The
higher utilization of corn residues in the Midwest and particularly
in the western Corn Belt is due to the increasing number of cattle in
these locations. Across the United States, the cattle population is ap-
proximately 9o million (USDA-NASS, 2012), with about 11.7 million
of those cattle grazing corn residues in 2010 (Schmer et al., 2017).
Note that corn residue grazing is more common than baling (Ruis et
al., 2018). For example, in Nebraska around 1.9 million hectares are
grazed and 48,000 ha baled (Schmer et al., 2017). Across a four-state
area with large beef cattle industry, including Nebraska, South Da-
kota, North Dakota, and Kansas, corn residues have a value of about
US$74.6 million (Redfearn et al., 2019). While corn residues have high
value potential, questions exist regarding the impact of corn residue
grazing and baling on subsequent crop yields. Does the potential im-
pact of corn residue grazing and baling depend on irrigation level or
tillage system? Two ways in which grazing and baling may adversely
affect crop yields are cattle and machine traffic-induced compaction
and reduction in soil water by removing the mulching effect that res-
idues can provide.

Corn residue removal effects on corn grain yield and related prop-
erties of compaction and water content can depend on the amount
of residue removed, animal stocking rate, and soil conditions during
grazing. For example, in Nebraska, Shaver et al. (2018) found heavy
grazing (0.8 animal unit month [AUM] ha™) increased surface com-
paction by 1.7 times compared to no removal and light grazing (0.4
AUM ha™), while baling did not affect compaction compared to no re-
moval or heavy grazing. Despite the increased compaction with heavy
grazing, there was no effect on corn grain yield. Similarly, Rakkar et
al. (2017) reported light to moderate fall grazing (4.4 to 6.2 AUM ha™)
had no effect on surface soil compaction while heavy grazing in spring
(9.3 to 13 AUM ha™) increased surface compaction by 3.4 times com-
pared to no grazing in another study in Nebraska. Two studies across
seven sites in Nebraska and a global review showed crop residue graz-
ing did not affect subsequent crop yield (Rakkar et al., 2018; Stalker
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et al., 2015; Ulmer et al., 2018), regardless of whether the site was
rainfed or irrigated (Rakkar et al., 2018).

As baling and grazing of corn residues become more common in
the Great Plains, and as water usage for agriculture becomes more
regulated, deficit irrigation levels may be needed to preserve ground-
water resources. Studies comparing residue removal effects on com-
paction, water content, and crop yield under different irrigation lev-
els are few. One of the previous studies investigating the impacts of
residue removal in irrigated and rainfed sites in Kansas reported high
rates of residue removal increased corn yield by 36% in 1 of 3 yr at
the irrigated site and by 25% in 2 of 3 yr at the rainfed site (Ken-
ney et al., 2015). By contrast, in Nebraska, Ruis et al. (2017) reported
corn residue removal had no effect on grain yield at a rainfed site in
3 yr, but at the irrigated site corn residue removal increased grain
yield in 1 of 3 yr.

Previous studies often measured water content for shallow soil
depths (up to 20 cm) or at one measurement point in spring (Clark et
al., 2004; Kenney et al., 2015; Rakkar et al., 2019; Ruis et al., 2017).
One study that evaluated water content for the entire profile in Col-
orado showed residue removal reduced water content at planting for
the 1.8-m depth and reduced overall precipitation storage efficiency
(Schneekloth et al., 2020). Another study that evaluated soil water for
the 0-to-46-cm depth suggested grazing corn residues may tend to re-
duce soil water content (Tracy & Zhang, 2008).

Studies comparing the effects of residue removal on corn yield un-
der no-till and other conservation tillage methods such as strip till are
scant. However, there are studies comparing residue removal effects
on yield under tilled and no-till systems. For example, two studies in
Nebraska and Kansas showed high rates of residue baling may increase
corn yield under no-till, but not under conventional tillage (Kenney
et al., 2015; Schmer et al., 2014). However, in lowa, grain yield re-
sponse to residue removal did not differ by tillage system (Sawyer et
al., 2017). None of these studies directly compared residue removal
impacts on soil water, compaction, and yield under no-till and strip
till, the latter of which is a method that could utilize many of the ben-
efits of both tillage and no-till.

Understanding the interactive effects of residue removal combined
with other management strategies, such as irrigation, on soil-water
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content, compaction, and crop yield are critical given the increasing
utilization of corn residues, increasing water restrictions, and deple-
tion of groundwater resources but little research exists on these inter-
actions. We investigated the impacts of corn residue baling and cat-
tle grazing on soil compaction, water content, and corn yield under
full and limited irrigated no-till in Nebraska. In Years 2 and 3, an ad-
ditional tillage treatment (strip till)was implemented to evaluate its
effects on grain yield under the above treatments.

2 Materials and methods

2.1 Description of the experimental site, treatments, and
management

To achieve our objective, we established an experiment of corn resi-
due removal in fall 2013 at the Bayer Crop Science, Water Utilization
Learning Center (40.886° N, 100.163° W; 783 masl) near Gothenburg,
NE. Treatments were no removal and corn residue removal by baling
or grazing under no-till or strip till and full or limited irrigation lev-
els. The location receives about 600 mm of precipitation annually and
has a mean annual temperature of 10.2 °C. Figure 1 reports data on
air temperature and precipitation for the duration of the experiment.
The soil was a Hord silt loam (fine-silty, mixed, superactive, mesic Cu-
mulic Haplustoll) with <1% slope.

The experimental design was a split-strip randomized complete
block with five replications. The main plot was corn residue removal
treatments of no removal, residue grazing, and residue baling. The
subplots were the two irrigation treatments (full and limited) which
were established in strips at 9o degrees to the row direction following
the linear irrigation system. In Year 1, the only tillage system was no-
till. However, in Year 2, we imposed sub-subplots of tillage (no-till and
strip till) in the same direction of the corn rows in a split-strip fash-
ion. The size of each plot was 3.33 by 20 m and treatments remained
in the same plot area each year.

The irrigation treatments were applied by a linear move sprinkler
system and scheduled based on a WaterMark granular matrix sensor
(Irrometer Co., Inc., Riverside, CA). The full irrigation treatment was
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Figure 1 Actual and 30-yr (a) mean temperature and (b) precipitation for the ex-
periment site near Gothenburg, NE

scheduled using WaterMark Soil Moisture Sensors placed in replica-
tion one of the no removal treatment. The limited irrigation treatment
was targeted to apply 5-10 cm less irrigation than full. These irriga-
tion levels were selected to understand if residue removal by baling
or grazing differently affect water content, compaction, and crop yield
when irrigation is applied at full or reduced rates. The reduced rate
may reflect future scenarios where irrigation application rates may be
limited. Rainfall during the grain-fill period (August-September) al-
lowed for irrigation differences of 1.3 cm in 2014, 2.5 cm in 2015, and
5 cm in 2016. No-till plots were left undisturbed while strip-till plots
were tilled in strips 25 cm wide and 20 cm deep in April each year, 1
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mo before planting. Corn was planted in early May at a rate of 85,000
plants ha'and fertilized at rates of 224 kg ha*for N and 67 kg ha!
for P O, each year. Corn harvest occurred in October.

Corn stalks were cut, wind-rowed, and baled between late October
and early March for the baled plots. Cattle grazed corn at 3.68 ani-
mal units ha*for about 5 d during winter (1 d per replication) for the
grazed plots. Cattle grazed corn 16-21 February in 2014, 7-12 Decem-
ber in 2014, and 21- 26 December in 2015. The stocking density was
based on the University of Nebraska Corn Stalk Grazing Calculator,
which gives a stocking rate for a given crop yield (Stockton & Wilson,
2013). Baling removed about 66% of residues while grazing removed
about 24% of residues (Ruis et al., 2018).

2.2 Assessment of compaction, water content, and corn yield

We assessed compaction as cone index at five locations in each plot
for the o-to-27.5-cm soil depth at 2.5-cm intervals using a Spectrum
Field Scout SC900 penetrometer with 0.20- cm tip (Spectrum Technol-
ogies, Inc.; Lowery & Morrison, 2002). The penetrometer had a sonar
depth sensor, allowing us to collect data at each 2.5-cm depth inter-
val for the 0-to-27.5-cm depth. Cone index data were only collected in
the no-till plots because strip till would potentially alleviate any sur-
face compaction due to baling or hoof traffic. Measurement occurred
in spring on 9 Apr. 2014, 31 Mar. 2015, and 28 Mar. 2016. Cone in-
dex is often correlated with differences in water content and adjust-
ments to common water content may be required (Blanco-Canqui et
al., 2005; Busscher et al., 1997). However, we assumed water content
was uniform at time of sampling cone index in spring because the site
received sufficient precipitation (Figure 1) to fill the soil profile in
winter and early spring. In the summer and fall months when irriga-
tion treatments were imposed, water content was assumed to differ.

Soil water content was assessed using a CPN 503DR neutron mois-
ture meter (InstroTek) in Years 2 and 3 of the study (2015 and 2016).
Neutron access tubes were installed in three of the five replications
for the irrigation and residue removal treatments. Readings were col-
lected on 8 July, 3 Aug., 20 Aug., 9 Sept., and 25 Sept. 2015 and 28
June, 12 July, 2 Aug., 17 Aug., 2 Sept., 19 Sept., and 18 Oct. in 2016. At
the time of readings, the neutron moisture meter was centered at 15,
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46, 76, 107, and 137 cm below the soil surface. The neutron moisture
meter was thermogravimetrically calibrated for the site with a result-
ing R? = .96 following Blake and Hartge (1986). Neutron counts were
converted to volumetric water content and then to soil water storage
in millimeters. The sum of water storage from all depths was the wa-
ter content for the soil profile.

Corn grain yield was determined in October of each year from the
center two rows of each plot using a New Holland TR88 Combine with
a Harvest Master high capacity grain gauge. Yield from the two row
area was then scaled up to Mg ha'. Corn residue amount (Mg ha™?)
was assessed in spring for two 0.5 m? quadrats per plot. All residues
within the quadrats were clipped, collected, dried, and weighed and
data reported by Ruis et al. (2018).

2.3 Statistical analysis

Data for yield were analyzed by ANOVA using the PROC GLIMMIX pro-
cedure in SAS 9.4 (SAS, 2020). Because 2014 did not include all treat-
ments, the PROC GLIMMIX procedure for that year was conducted
separately. For 2014, data was analyzed with irrigation and residue re-
moval as fixed effects while replication was considered random. How-
ever, for the Years 2 and 3 (2015 and 2016), the PROC GLIMMIX pro-
cedure was run by year with fixed effects of residue removal, tillage,
and irrigation; the replication was considered random. Data for cone
index were analyzed using the PROC GLIMMIX procedure by year and
depth with residue removal treatment as the fixed effects. Using the
same model, the PROC GLM procedure was also used for cone index
to obtain the LSD values for graphing purposes. Soil water storage
was assessed using the GLIMMIX procedure for each date and depth
interval and the full soil profile. Differences among treatments were
considered significant at p < .05.

3 Results

3.1 Compaction and soil water

Cone index, an indicator of compaction, was assessed under both irri-
gation levels (full and limited) under no-till only as indicated earlier.
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Figure 2 Influence of corn residue removal on cone index by soil depth in (a) 2014,
(b) 2015, and (c) 2016 for the experiment near Gothenburg, NE. Error bars are LSD
values for comparison of treatments within a depth

Residue removal including baling (66% residue removal) and graz-
ing (24% residue removal) affected cone index at most depths, but
irrigation levels had no effect. Across irrigation levels, residue baling
increased cone index by about 53% in 2014, 34% in 2015, and 38%
in 2016 in the upper 12.5-cm depth (Figure 2a-c). Below the 12.5-cm
depth, residue baling increased cone index in the Years 1 and 2 while
grazing generally had no effect. In the Year 3, below the 12.5-cm depth,
the impacts of residue removal on cone index were variable with inter-
mediate depths showing no effect and deeper depths showing higher
cone index values for baling and grazing compared to no removal.
Soil water content measurements were assessed in no-till only dur-
ing the Years 2 and 3 (2015 and 2016) years. Residue removal and irri-
gation significantly affected soil water content, but the effects varied
by year, measurement date, and soil depth. There was no interaction
of residue removal and irrigation level for any measurement date or
soil depth. In the Year 2, for the 15- and 107-cm depths, baling re-
duced water content in four of five measurement dates by an aver-
age of 1.13 cm in the 15-cm depth (Table 1) and 1.57 cm in the 107-
cm depth (Table 1). Grazing had no effect on water content compared
to no removal. Measurement depths of 46, 76, and 137 cm were gen-
erally unaffected by residue removal. Irrigation also significantly af-
fected water content (Table 1), but generally only for the 15-cm depth.
At this depth, limited irrigation had about 1 cm lower soil water con-
tent than full irrigation on three of five measurement dates. In Year 3,




10

RUIS ET AL. IN AGRONOMY JOURNAL 2021

su

su

su

Su Su Su Su Su Su Su Su Su x|
Su Su Su Su Su Su Su Su Su Su Su Su |
Su Su Su Su Su Su Su Su Su Su Su Su o
05’2 sL'g SL'g v/ 09'2 S6'8 ri'6 08’2 6€°/ 258 16'L €76 paywiI
SuU€9’/ Su S8 su0z'8 su€g/ suvy/ SUS0'6 SU €56 sug0'g sugy'L HE] SU69°/ su 08’8 1In4
uonebi|
8.9 99°/ 9’/ 889 S8'9 SL'g S0'6 LyL 799 8s’/, €L G5'g  Buieq anpisay
167, 8¢c'8 r1'8 4] 1] €06 676 9lL'g €8/ S6'8 96, 0€'6 bPuizelb anpisay
su /0’8 SU 66'8 suZ6'8 supE'g su /€8 SU 186 SU €66 susz'g sug// SU06'8 Su b8 SuU0Z6 [eAOWa1 ON
_m>OEwL w:U_mww_
wd 9/
Su Su Su Su Su Su Su Su Su Su Su Su x|
Su Su Su Su Su Su Su Su Su Su 00 Su |
su su su su su su su su su su 6000 100°0> N
79’8 r€'6 S¥6 89'6 86'8 876 9,0l 626 658 0.6 qss's SL6 paywiI
su /6’8 SUS9'6 SU 206 SU 196 su g8 suggg  sUSHFOL  SUBEOL SUGF'6  SULZOL 61’6 SULL6 1In4
uonebi|
9¢'8 v2'6 €18 86'8 06’2 L€8 266 676 ] 606 qz0'8 qes'g  Buieq anpisay
SL'6 2L6 8.6 S0l 08'8 106 850l 186 126 20l eyL'6 ez0'0L bBuizelb snpisay
SU 66'8 SU/S6 SUSZ6 SU08'6 SU 696 SUGL6  SUZELL  sugzolL SUES6  SU9YOL 206’6 ey9°0l [eAOWa1 ON
_m>OEwL w:U_mww_
un 9
Su Su Su Su Su Su Su Su Su Su Su Su x|
su su su su su su su S€0°0 100°0> €00 su su (1) uonebi)
su su su su su 9800 1600 SU090°0 €000 80°0 £00°0 (d) [erowas anpisay
67’8 126 858 186 186 189 966 qLo0l q/5’L q.26 626 LS, paywiI
suUyZ6  su9zol su g8 supzol SU00'6 SU €59 SULL6 eZ6°0l eEY'6 298’6 SU 186 Su90'g 1In4
uonebi|
L0'6 S6'6 S8 000l 68'8 aro'9 q/8'8 vL0L q/8'L qs8'8 q00'6 qes9  buieq anpisay
126 1201 9L'6 ool SE6 e/08  9e0zol 2.0l qeL/8 e/9'6 qeys6 ey0'g bBuizelb anpisey
su0S'8 SU 6’8 su9z'g SuU /86  SU600L q68's BSH'0L  SU €801 e26'8 egL ol ezLol eeg/'g [eAOWa1 ON
_m>OEwL w:U_mww_
un gL
9102 9102 9102 9102 9102 9102 9102 sLoz sLoz sLoz sLoz sLoz
POYL  Mdesel jdasz  bny /| bny z Anrei aunfgz  1daS §7 das 6 by oz bny £ Anr g Juawipall

JUd3U0D J2IDAN

‘syuswiieaJy abe|(13 Jopun Jou pue spuswleas} uonebilll pue |eAowsal
9NPISaJ JI9puUN Passasse AJUo sem JuaIU0d Ja1epn ‘IN ‘BInquaylon Jeau Juswiadxa 8y} 410} 910z PUe GLOg Ul d1ep Juswainseaw
Aq syydap BuLIBUSD SNOLIBA JB JUSIUOD JB3eM |I0S UO UOIIDeISIUL JIBY) pue ‘uoiebiul ‘jeAowal anpisal uJod jo spedw| | ajqeL



11

RUIS ET AL. IN AGRONOMY JOURNAL 2021

60" > d e Juaiayip Ajjednsniels ale Juswieal) abe||i} SWes pue uwn|od dWes ay} UIYHM SI9}113| 9Sed1aMO| JuaIalip Agq pamo||o} SUedIA e
“JUedIUBISUOU S210USP SU "230N

su

su

su
0€8¢

SU 81'6€

¢L9¢
900
suel oy

su
su

su

289
su0L9

0€9
6.9
suQcL

su

su

su

789

SU €69
129
669
suevL

su
su

su
06'Ly
sucoer

980
S6°Cr
SU 68ty

su
su

su

0L°L
sullL

169
0cL
sucL'g

su

su

su

LS,

SuU 99,
S0°L
LEL

su /28

su
su

su
1404
sugeor

GE'8¢E
(9404
sucgeer

su
su

su

60°L
sU9¥'9

€€9
S29
SU19°L

su

su

su

Le'L
suv/L
L0°L
9l'L
sueGlL'8

su
su

su
6801
suU9lL'Ly

2e8¢e
LECY
SU €9¢y

su
su

su

L9
su8s9

€29
194°)
SU gL

su

su

su

889

SU 069
€29
L0°L
su6EL

su
su

su
8¢’y
su¢eee

8¥'LE
v.6¢
SU 607y

su
su

su

vS'L
sugeL

8L
0cL
su06'L

su

su

su

SE'L

SU 669
999
269

SU 08

su
su

su
LUy
SU6L0v

[543
L2ey
SU §9¢y

su
su

su

908
suv0'8

08°L
88°L
SU /y'8

su

su

su

L0'8

SU g8
SL°L
L8

SU 98

su
su

su

L99v
SU9s9r

€0y
€S9
su 0c'er

su
su

su

0c8
su/e8

608
€08
su09'8

su

su

su

¥Z'8

SU 6498
L8
¥Z'8

su 068

su
su

su

S0y
suleer

qLy'8€
egley
elL6cr

su
su

su

8¢9

su /29

LES
069
SU 999

su

su
€00
LL9
SU 999
q9v's

qess9
€90,

su

su

5900
8/°GE

SU 86'8¢

areee
eyl'6€
€59'6€

su
su

su

¥Z9

su 8¢9

6€'S
069
sU0s9

su

su
L1000
86'G
SUGE9
qcL’s

qeey’9
€969

su

su

5500
6L'LY
SULLEr

q¢s'8e
€S0y
eLLVY

su
su

su

669
suQcL

144°)
L9,
suye/L

su

su
6500
LEL
suor'L
qss9

qeLs’/z
€008

su

su

100
gcor

SU Ly'ly

qLeLE
qel/l’ly
E9S'EY

su
su

su

[4%A
su /gL

899
L9,
su0g’L

su

su

100
0€'L
suQcL
ary'9

AA
€98’/

su

su
100°0>
L0¢y
suglLey

qec8e
ecreEy
eEL vy

su
su

su

591
SUg89'L

L'
808
su 08,

su

su

su

€6'L
SUg6'L
0s°L
L6L

su e

d x|
|
d
paywi
IIn4
uonebul|
Buijeq anpisay
Buizeb anpisay
|eAOwWal ON
|[eAOWRI BNpPISaY
a|yoid 10

d x|
|
d
paywi
IIn4
uonebul|
Buijeq anpisay
Buizeb anpisay
|eAOwWal ON
|[eAOWRI BNpPISaY

un Lgl

d x|
|
d
paywi
IIn4
uonebul|
Buijeq anpisay
Buizesb anpisay
|eAOwWal ON
|[eAOWRI BNpPISaY

wd /01



RUIS ET AL. IN AGRONOMY JOURNAL 2021 12

residue removal only affected water content for the 15-cm depth on
two of seven measurement dates. Irrigation level had no effect on soil
water content in 2016.

For the full soil profile, residue removal significantly affected soil
water content, but not irrigation level (Table 1). As shown in Table 1,
in Year 2, residue baling reduced soil profile water content by 5.96
cm compared to no removal while grazing had no effect, similar to
the surface depth. In Year 3, residue removal did not affect soil wa-
ter content, although residue baling tended to have lower water con-
tent than no removal.

3.2 Corn yield

In Year 1, residue removal and irrigation level had no effect on corn
yield (Table 2). In Year 2, the main effects of residue removal, tillage,
and irrigation affected corn yield. Residue baling increased corn yield
by 11.5% and residue grazing by 7% compared to no removal. Strip
till increased corn yield by about 11% compared to no-till. Limited ir-
rigation decreased corn yield by about 11% compared to full irriga-
tion. In Year 3, however, the main effects and the interaction of resi-
due removal x tillage significantly affected corn grain yield. Limited
irrigation decreased corn yield by about 2%. Residue grazing and bal-
ing increased corn grain yield by 9% compared to no removal under
no-till. However, residue grazing and baling did not affect corn yield
compared to no removal under strip till. Strip till increased corn grain
yield by 7% under no removal and residue grazing compared to the
same treatments under no-till. Residue baling did not differ in its ef-
fect on corn grain yield between the two tillage systems.

4 Discussion

The increase in cone index with residue baling (66% residue removal)
in all 3 yr suggests that residue baling can slightly increase compac-
tion risks under the conditions of this study (Figure 2). However, cone
index was not above the 2MPa suggested to limit plant growth (Lin
et al., 2016; Unger & Kaspar, 1994). Residue baling at low rates may
or may not have similar effects on compaction compared with high
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Table 2 Corn residue removal, irrigation, and tillage impacts on corn yield across 3
yr for the experiment near Gothenburg, NE. Note that tillage was not implemented
until Year 2 or 2015.

Treatment Yield
2014 2015 2016
Mg ha-!
Irrigation
Full 119 ns 12.6aa 12.6a
Limited 11.7 11.4b 12.3b
Tillage
No-till na 11.4b 12.2b
Strip till na 12.7a 12.6a
Residue removal
No removal 11.7 ns 11.3b 12.4b
Grazing 11.7 12.1a 12.5b
Baling 11.9 12.6a 13.0a
Residue removal x Tillage
No-till
No removal 11.6Bb®
Grazing 12.4Ab
Baling 12.8Aa
Strip till
No removal 12.6ABa
Grazing 13.0Aa
Baling 12.4Ba
p value
Residue removal (RM) ns ns <0.001
Tillage (T) <0.001 0.003
Irrigation (1) ns 0.001 0.006
RM xI| ns ns ns
RM x T ns <0.001
| xT ns ns
RM x| x T ns ns

Note. ns denotes nonsignificant.

a. Means followed by different lowercase letters within the same column and same tillage
treatment are statistically different at p < .05.

b. Means followed by different uppercase letters within the same column and residue
removal treatment are statistically different.

rates of baling depending on the site and amount of residue produced
(Kenney et al., 2015). Unlike residue baling, residue grazing (24% res-
idue removal) only increased compaction in the Years 1 and 3 in the
0-to-12.5-cm depth, suggesting that grazing may occasionally increase
compaction under no-till management. Unlike no-till, which may show
compaction increases in the short-term, strip till is expected to reduce
soil compaction. While we did not assess cone index under strip till, a
companion study for the same experiment indicated that strip till re-
duced soil bulk density (Ruis et al., 2018).
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Baling likely increased compaction due to a combination of ma-
chine traffic and reduced soil C stocks (Ruis et al., 2018). A compan-
ion study for the same experiment showed residue baling reduce soil C
stocks by 2.16 Mg ha'yr~*compared to no removal and grazing (Ruis
et al., 2018). Residue grazing probably increased compaction through
hoof traffic and wet or unfrozen soil conditions during grazing. Cat-
tle hoof traffic imparts 114 kg of pressure with each step (Rakkar et
al., 2017), thus repeated traffic can increase compaction (Clark et
al., 2004; Shaver et al., 2018). The extent of compaction depends on
stocking rate and soil water content. For example, low stocking rates
(0.4-0.8 animal unit equivalents ha *and 3.7 cows ha™') may increase
compaction in some years, particularly on unfrozen, wet soils (Clark et
al., 2004; Shaver et al., 2018). Another study with both fall and spring
grazing at two different stocking rates showed that moderate stock-
ing rates (4.4-6.2 AUM ha™) in fall may not affect soil compaction,
unlike high stocking rates (9.3-13 AUM ha™) in spring on wet, unfro-
zen soils (Rakkar et al., 2018). Thus, the minimal impacts of grazing
on compaction in our study are similar to previous work with similar
stocking rates and fall grazing.

The reduction in water content due to limited irrigation in 1 of 2
yr (2015 and 2016) was likely due to rainfall patterns. The year in
which limited irrigation reduced water content coincided with a year
of lower than average rainfall in July (Figure 1). The reduction in wa-
ter content with residue baling in both 2015 and 2016 (water con-
tent measured the Year 2 of study) and no effects of grazing (Table 1)
suggest baling can consistently reduce soil water content during the
grain-fill period unlike grazing (Figure 1). The reduction in soil wa-
ter content due to baling was probably due to the loss of corn residue
cover (Ruis et al., 2018), which increases evapotranspiration (Klocke
et al., 2009).

The limited effects of grazing on water content were likely due to
the low amount (24%) of residue removed by grazing compared with
baling (66%) (Ruis et al., 2018). Our results on residue baling effects
on water content near the soil surface are in line with others who re-
ported that residue removal by baling typically reduces soil water
content in the surface 5 cm (Kenney et al., 2015; Rakkar et al., 2019;
Shaver et al., 2018), unlike grazing (Rakkar et al., 2019; Shaver et al.,
2018). These studies (Kenney et al., 2015; Rakkar et al., 2019; Shaver
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et al., 2018) highlight the negative impacts of residue baling and the
minimal impacts of grazing on water content in the surface soil. Note
that baling at low rates (<50%) may have minimal effects on surface
(0-5 cm) soil water content (Kenney et al., 2015). Unlike the previ-
ous studies, which only assessed water content in the surface depth,
our study also shows that residue baling, but not grazing, can reduce
water content in the full soil profile.

The reduction in corn yield by 6% in 2 of 3 yr under limited irriga-
tion suggests that even small (1.3-5 cm) reductions in irrigation dur-
ing the grain-fill period can impart risk of yield losses in the climate
of this study. Studies in the region demonstrated similar reductions in
yield with reduced irrigation (Klocke et al., 2011; Payero et al, 2006;
Rudnick et al., 2016) where the greater the deficit in irrigation, the
greater the potential reduction in yield (Klocke et al., 2011; Payero et
al., 2006). For example, Payero et al. (2006) reported that replacing
about one-third of evapotranspiration instead of about 50% replace-
ment reduced corn grain yield by 19% in a dry year. Similarly, Klocke
et al. (2011) reported applying <70% of evapotranspiration losses re-
duced corn yield by 41%.

Strip till increased corn yield compared to no-till in both years of
tillage treatments, and improved yield of the control and grazing treat-
ments under no-till, which suggests it could be an alternative to baling
while achieving similar objectives. One of the objectives with tillage
is increased spring soil warming, which can enhance corn establish-
ment compared to no-till (Vetsch & Randall, 2002). Indeed, some pre-
vious studies comparing the effects between strip till and no-till on
corn yield show increases of 4-6% with strip till in Minnesota, Wis-
consin, and Illinois (Fernandez et al., 2012; Potratz et al., 2020; Vetsch
& Randall, 2002). However, the yield benefit from strip till may not be
universal, indicating that it may not be beneficial at every site (Viswa-
kumar et al., 2008). Strip till could be paired with grazing without
negative impacts to corn yield (Table 2) which means the corn resi-
due could still be used as a feedstock. As shown in another study in
the region, no-till, when paired with grazing may have no effects on
crop yields (Stalker et al., 2015). However, the negative impacts of
strip till on soil properties and long-term soil fertility must be consid-
ered. For example, as shown in a companion study, strip till reduced
soil organic C stocks, increased water erosion potential, and reduced
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microbial activity compared to no-till (Ruis et al., 2018). Thus, while
strip till may increase crop yield, its use must be balanced with the
negative impacts to soils.

5 Conclusions

This study investigating the effects of corn residue removal under
different, irrigation levels and tillage systems on soil compaction,
soil water content, and corn yield in the western Corn Belt showed
residue removal effects were generally independent of irrigation
level and tillage system. Corn residue baling (66% residue removal)
slightly increased compaction, decreased water content in the soil
profile, but increased corn yield, which suggests that during drought
periods, irrigation may be needed earlier in the season and at greater
frequency due to lower water storage. Residue grazing (24% resi-
due removal), however, had variable effects on compaction, water
content, and corn yield. Strip tillage appeared to reduce residue re-
moval effects on corn yield relative to no-till likely due possibly to
tillage-induced soil mixing. Irrigation level did not generally inter-
act with tillage or residue removal to affect compaction and water
content. Limited irrigation reduced corn yield compared to full irri-
gation. However, grazing may be an alternative to baling because it
has minimal impacts to compaction, water content, and crop yields.
Overall, the impacts of residue removal practices of baling and graz-
ing did not depend on irrigation level or tillage system, rather each
study factor typically had independent impacts on soil compaction,
water content, and crop yields.
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