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Abstract
Impacts of cover crop (CC) mixes and early CC planting on soil properties, CC

biomass production, and CC biomass C input are not well understood. We assessed CC

planting date (pre- or post-harvest) and CC type (rye [Secale cereale L.], mix of win-

ter pea [Pisum sativum L.], hairy vetch [Vicia villosa L.], rye, and radish [Raphanus
sativus L.], or no CC) effects on soil physical properties, organic matter, and CC

biomass C input under three no-till continuous corn (Zea mays L.) and corn-soybean

(Glycine max L.) sites in the eastern Great Plains after 4 yr. Across sites and years,

pre-harvest-planted CCs produced 0.81 ± 0.52 (mean ± SD), post-harvest-planted

0.59 ± 0.44, rye 0.83 ± 0.52, and mix 0.57 ± 0.42 Mg biomass ha−1. Compared to

no CC, pre- and post-harvest–planted CC effects varied by site. Pre-harvest–planted

CCs increased wet-aggregate stability by 17% and particulate organic matter by 31%

under continuous corn at one of three sites compared with post-harvest-planted CCs.

Similarly, the CC mix had variable effects on cone index but reduced bulk density

by 7% at one site under continuous corn and increased wet-aggregate stability by

21% at another site under corn−soybean. Planting date, but not CC type, effects

were slightly more evident under continuous corn than corn−soybean. Across sites

and years, pre-harvest-plant CC had 0.29 ± 0.38 Mg biomass C ha−1, post-harvest-

planted 0.22 ± 0.30, rye 0.33 ± 0.37, and the mix 0.16 ± 0.27. Low CC biomass

(<1 Mg ha−1) production may explain the limited CC effects. Overall, pre-harvest-

planted CCs and CC mixes had minimal effects on soil properties in this region after

4 yr.

1 INTRODUCTION

Cropping system intensification with CCs could lead to

improved soil properties and ecosystem services from the

estimated 34 million ha of corn and soybean planted annu-

ally in the United States (Blanco-Canqui & Francis, 2016;

Blanco-Canqui et al., 2015; USDA-NASS, 2018). Corn and

soybean crops are grown in both rainfed and irrigated crop-

Abbreviations: CCs, cover crops.
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ping systems, particularly in the Great Plains. In Nebraska

alone, an estimated 2.11 million ha of corn (of 3.7 mil-

lion ha total) and 1.11 million ha of soybean (of 2.26 mil-

lion ha total) are irrigated (USDA-NASS, 2018). Winter CC

biomass production and subsequent effects on soils may differ

due to many factors including cropping system, CC species,

CC management, and others. (Barker et al., 2018; Irmak,

Sharma, Mohammed, & Djaman, 2018; Ruis, Blanco-Canqui,

Jasa, Ferguson, & Slater, 2017; Sharma, Irmak, & Padhi,

2018; Villamil, Bollero, Darmody, Simmons, & Bullock,

2006).
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Cover crop planting date is one critical factor that may

influence CC effects on soil properties. Early CC planting

may consist of drilling following a short-season crop, broad-

cast seeding, or aerially seeding. While data on winter CC

biomass production under different planting dates are rela-

tively common (Balkcom, Massey, Mosjidis, Price, & Enloe,

2011; Duiker, 2014; Hayden, Ngouajio, & Brainard, 2015;

Lawson, Cogger, Bary, & Fortuna, 2015; Murrell et al., 2017)

published data on CC planting date effects on soil properties

are limited. For example, in Michigan, Hayden et al. (2015)

found that planting hairy vetch (Vicia villosa L.)–rye CC mix

in late August to early September increased biomass pro-

duction by 54–65% compared to planting in mid-September.

Similar increases in biomass production were observed by

Lawson et al. (2015) and Duiker (2014). Early broadcast

planting is not without challenges as increasing biomass pro-

duction could require higher seeding rates due to seed landing

in leaf whorls, loss to predation, and poor soil-seed contact

which can reduce germination. One study of early-broadcast

seeding of rye in Minnesota showed that precipitation within a

week of seeding improved CC establishment (Wilson, Baker,

& Allan, 2013). Pre-harvest drill-planted CCs, as opposed to

post-harvest drill-planted CCs, often produce more biomass

due to longer CC growing season (Duiker, 2014), as they can

establish better before winter under corn and soybean systems.

Pre-harvest planting of CCs combined with warm tempera-

tures and relatively high precipitation in fall through spring,

can improve CC biomass production compared to cold or

dry fall and spring and little snowfall (Duiker et al., 2014).

Previous studies assessing CC planting date effects mainly

focused on agronomic factors, CC biomass production, or soil

nitrate concentration and not specifically on soil properties

(Curran et al., 2018; Hashemi, Farsad, Sadeghpour, Weis, &

Herbert, 2013; Hayden et al., 2015; Liebman et al., 2018;

Parr, Grossman, Reberg-Horton, Brinton, & Crozier, 2011).

Thus, the effects of pre-harvest (broadcast seeding) and post-

harvest drill-seeded CCs on soil properties have not been

directly compared.

Mixes of CCs are often thought to have greater positive

effects on soil properties than single CC species due to the

species diversity. The diversity of CC species including warm

and cool season species, grasses, legumes, brassicas, and oth-

ers can fill different ecological niches and thus contribute

to more efficient resource use (Smith, Atwood, & Warren,

2014). These niches may include N2 fixation, differences in

root or canopy structure, residue quality, and others (Smith

et al., 2014). Due to the differences in CC functional groups

within a mixture, the enhanced resource efficiency could lead

to greater CC biomass production, which may then differ-

ently impact soil ecosystem services (Smith et al., 2014; Wort-

man, Francis, & Lindquist, 2012). Published studies com-

paring CC biomass production between single species and

mixes found no differences in biomass production (Holman

Core Ideas
• Pre- and post-harvest-planted mix and rye cover

crops (CCs) had few effects on soils.

• Pre- and post-harvest-planted mix and rye CCs had

similar effects on soils.

• Low CC biomass yield (<1 Mg ha−1) for the 4 yr

may have limited CC effects.

et al., 2018; Hunter et al., 2019; Murrell et al., 2017; Wort-

man et al., 2012), increased biomass production with mixes

compared to some single species (Murrell et al., 2017; Smith

et al., 2014), or decreased biomass production (Appelgate,

Lenssen, Wiedenhoeft, & Kaspar, 2017; Finney, White, &

Kaye, 2016; Hunter et al., 2019). Several studies evaluated CC

mix biomass production and its effects on weed suppression

and effects on main crop yields (Finney et al., 2016; Noland

et al., 2018; Smith et al., 2014; Wortman et al., 2012), but

those investigating the effects of CC mixes on soil properties

are fewer.

We reviewed studies (Table 1) in temperate regions that

investigated effects of CC mixes on soil properties. In our

review, the duration of studies with directly measured soil

properties ranged from 2 to 17 yr. Cover crop mixes increased

soil organic C content in three out of seven studies com-

pared to no CC, and in two out of six studies that com-

pared to single CC species. Two of three studies showed no

changes in total N concentration with mixes compared to con-

trol or single species. The review generally showed no CC mix

effect on bulk density, cone index, and wet-aggregate stability

(Table 1). One study in Nebraska reported CC mixes reduced

water infiltration by 64% compared to no CC (Table 1). In

summary, the review indicates that CC mixes may or may not

improve soil properties over single CC species.

Additional studies assessing effects of CC planting dates,

CC types (mixes and single species), and their interactions

on soil properties are needed. This information would allow

farmers and researchers to better manage CCs under different

cropping systems. Thus, our objective was to assess the influ-

ence of CC planting date (pre- or post-harvest) and CC type

(no CC, cereal rye, or mix) on soil properties after 4 yr, includ-

ing wet-aggregate stability, particulate organic matter, soil

organic C, total N, sorptivity, compaction, and CC biomass

C under continuous corn and corn–soybean rotations at three

sites in the eastern Great Plains. Our hypotheses were that CC

planting date would improve soil properties in this order: pre-

harvest > post-harvest > no CC and CC type in this order:

mixes > rye > no CC due to the increased biomass production

with pre-harvest planting and potential for greater biomass

production and increased species diversity with mixes.
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T A B L E 2 Site descriptions and management of cover crop (CC) planting date and type experiment at three sites in Nebraska

Site location

Haskell
Agricultural
Laboratory
(Concord, NE)

Eastern Nebraska
Research and
Extension Center
(Mead, NE)

South Central
Agricultural
Laboratory
(Harvard, NE)

Site designation 1 2 3

Soil series Coleridge: fine-silty, mixed,

superactive, mesic Cumulic

Haplustolls; Kennebec: fine-silty,

mixed, superactive, mesic Cumulic

Hapludolls, Baltic: fine, smectitic,

calcareous, mesic Cumulic Vertic

Endoquolls

Tomek: fine smectitic,

mesic Pachic Argiudolls;

Filbert: fine, smectitic,

mesic Vertic, Argiabolls

Hastings: fine,

smectitic, mesic

Udic Argiustolls

Pre-harvest-planting into

corn

18 Sept. 2014 8 Sept. 2014 18 Sept. 2014

10 Sept. 2015 3 Sept. 2015 3 Sept. 2015

8 Sept. 2016 6 Sept. 2016 30 Aug. 2016

8 Sept. 2017 11 Sept. 2017 4 Sept. 2017

Pre-harvest planting into

soybean

10 Sept. 2014 8 Sept. 2014 9 and 16 Sept. 2014

10 Sept. 2015 9 Sept. 2015 3 Sept. 2015

8 Sept. 2016 6 Sept. 2016 30 Aug. 2016

8 Sept. 2017 20 Sept. 2017 4 Sept. 2017

Post-harvest planting into

corn

28 Oct. 2014 23 Oct. 2014 21 Oct. 2014

15 Oct. 2015 14 Oct. 2015 12 Oct. 2015

11 Nov. 2016 11 Nov. 2016 14 Oct. 2016

8 Nov. 2017 22 Nov. 2017 late Oct. 2017

Post-harvest planting into

soybean

28 Oct. 2014 23 Oct. 2014 21 Oct. 2014

15 Oct. 2015 14 Oct. 2015 12 Oct. 2015

11 Nov. 2016 26 Oct. 2016 21 Oct. 2016

8 Nov. 2017 22 Nov. 2017 late Oct. 2017

Termination (before corn) 17 Apr. 2015 16 Apr. 2015 15 Apr. 2015

23 Apr. 2016 22 Apr. 2016 22 Apr. 2016

9 May 2017 25 Apr. 2017 25 Apr. 2017

27 Apr. 2018 19 Apr. 2018 16 Apr. 2018

Termination (before

soybean)

28 Apr. 2015 2 May 2015 29 Apr. 2015

22 Apr. 2016 5 May 2016 26 Apr. 2016

5 May 2017 9 May 2017 5 May 2017

24 Apr. 2018 16 May 2018 4 May 2018

Corn and soybean planting 1.5–3 wk after CC termination 2–3 wk after CC

termination

1–4 wk after CC

termination

2 MATERIALS AND METHODS

2.1 Site descriptions and experimental design

We conducted this study on three CC experiments located

in south central and eastern Nebraska after 4 yr of treatment

(Table 2). Table 2 shows the location, site designation of each

site (1, 2, and 3), soil series description, and management. Soil

texture ranged from silt loam to silty clay loam. Table 3 shows

detailed weather data by month from September to May (CC

growing period) for each site. The 4-yr mean precipitation was

similar among the three study sites (Table 3). The 30-yr mean
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T A B L E 3 Average temperature and precipitation for each site by month and year, the 4-yr mean, the cumulative rainfall during the 9-mo cover

crop period, and 30-yr means

Average temperature Average precipitation
Site 1 Site 2 Site 3 Site 1 Site 2 Site 3

Month, Year ◦C mm
2014–2015

Sept. 16.6 17.7 17.2 71 87 48

Oct. 11.1 12.1 12.2 28 38 27

Nov. –1.7 0.1 0.8 9 4 1

Dec. –3.4 –1.1 –1.5 33 36 8

Jan. –4.8 –3.2 –2.4 4 21 5

Feb. –7.6 –7.0 –5.0 1 0 1

Mar. 4.9 5.4 6.1 15 19 5

Apr. 10.6 11.5 11.0 53 80 62

May 14.5 15.6 14.9 69 161 145

2015–2016

Sept. 19.0 20.5 21.2 203 101 38

Oct. 11.8 13.2 13.2 19 10 37

Nov. 4.2 6.5 5.7 49 54 12

Dec. –2.6 0.1 –0.3 32 120 50

Jan. –7.1 –4.6 –3.1 22 18 7

Feb. –2.0 0.3 1.1 46 13 23

Mar. 4.7 7.5 7.2 67 23 0

Apr. 9.3 11.9 11.0 156 129 138

May 15.2 16.2 15.4 94 154 172

2016–2017

Sept. 18.4 19.9 19.2 58 61 67

Oct. 11.8 13.2 13.6 50 39 6

Nov. 6.2 7.2 6.9 36 19 30

Dec. –5.9 –3.9 –3.8 27 53 18

Jan. –5.6 –3.5 –3.3 20 14 27

Feb. 0.2 2.5 2.9 42 9 5

Mar. 3.2 5.5 5.5 27 55 22

Apr. 9.3 11.1 10.4 80 71 81

May 14.6 16.3 15.6 94 140 154

2017–2018

Sept. 18.2 19.8 19.6 50 125 53

Oct. 10.4 12.0 11.3 88 114 102

Nov. 2.9 3.9 4.5 0 0 0

Dec. –4.8 –3.4 –3.2 0 5 2

Jan. –7.3 –5.5 –4.5 12 8 3

Feb. –8.7 –5.5 –5.3 5 3 16

Mar. 1.6 3.9 4.1 27 48 11

Apr. 4.4 6.1 5.7 27 6 14

May 18.7 20.1 19.3 78 65 48

4-Yr mean

Sept. 18.1 19.5 19.3 95 93 52

Oct. 11.3 12.6 12.6 46 50 43

(Continues)
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T A B L E 3 (Continued)

Average temperature Average precipitation
Site 1 Site 2 Site 3 Site 1 Site 2 Site 3

Month, Year ◦C mm
Nov. 2.9 4.4 4.5 23 19 11

Dec. –4.1 –2.1 –2.2 23 53 20

Jan. –6.2 –4.2 –3.3 15 15 11

Feb. –4.5 –2.4 –1.6 24 6 11

Mar. 3.6 5.6 5.7 34 36 9

Apr. 8.4 10.2 9.5 79 71 74

May 15.7 17.1 16.3 84 130 130

9-Mo sum 423 475 360

30-Yr mean

Sept. 16.3 18.2 18.1 73 77 63

Oct. 9.4 11.3 11.2 54 52 58

Nov. 0.4 3.4 3.7 42 39 34

Dec. –5.7 –3.2 –2.4 21 24 30

Jan. –7.3 –5.2 –4.4 20 15 8

Feb. –4.4 –2.8 –1.8 20 16 16

Mar. 1.5 3.5 3.8 57 44 41

Apr. 8.1 10.2 9.9 82 72 66

May 14.7 16.1 15.7 113 111 135

9-Mo sum 482 449 450

precipitation from September to May ranged from 449 to

482 mm. We established the experiment at each site in fall

2014 using a factorial design arranged in a randomized com-

plete block with four replications at sites 1 and 3, and three

replications at site 2. The main crops were rainfed at sites 1

and 2 and sprinkler irrigated at site 3. However, CCs were not

irrigated in any year.

This study on soil properties was conducted as part of a

larger set of experiments that are described in detail by Barker

et al. (2018). Treatments used in this study were pre-harvest-

or post-harvest-seeding and CC treatments: no CC, cereal rye

(300 seed m−2) and four-way mix (188 seed m−2 in Years 1

and 2, 346 seed m−2 in Years 3 and 4). In Years 1 and 2,

the four-way mix contained winter pea (Pisum sativum L.)

(8 seeds m−2), hairy vetch (Vicia villosa L.) (10 seed m−2),

cereal rye (150 seed m−2), and radish (Raphanus sativus L.)

(20 seed m−2). In Years 3 and 4 the four-way mix contained

winter pea (16 seed m−2), hairy vetch (20 seed m−2), cereal

rye (150 seed m−2), and radish (160 seed m−2). The seeding

rate of the mix increased from Years 2 to 3 to improve stand

establishment and increase the stand of legume CC. Cover

crop planting date and type treatments were applied to the

same plots each of the 4 yr and under no-till continuous corn

and no-till corn–soybean with each phase present every year

at each site.

Corn and soybean were planted with 0.76-m row spacing.

Pre-harvest-planted CCs were broadcast by hand and post-

harvest-planted CCs were drilled with 18-cm row spacing.

Plot size was 6 by12 m at site 1, 4.5 by 9 m at site 2, and

6 by 9 m at site 3. Plot sizes differed due to land availabil-

ity. We evaluated soil properties in continuous corn and in

the corn phase of the corn–soybean rotation. The cereal rye

and four-way mix were selected because biomass production

was highest with these two CC types, rye is a common CC,

and there is strong interest among farmers and researchers in

using CC mixes.

2.2 Soil and cover crop biomass sampling and
analysis

Soil samples were collected in June 2018 from the plots under

continuous corn and the corn phase of the corn–soybean

rotation at all sites. Soil penetration resistance was assessed

using a hand cone penetrometer (Eijkelkamp Co., Giesbeek,

the Netherlands; Lowery & Morrison, 2002) at six locations

within each plot from 0–10- and 10–20-cm soil depths. Pen-

etration resistance readings were converted to cone index,

which was then adjusted to a common gravimetric water

content by site if correlation between cone index and water
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content was significant (Blanco-Canqui, Lal, Owens, Post, &

Izaurralde, 2005; Busscher, Bauer, Camp, & Sojka, 1997).

Soil sorptivity or initial water infiltration was assessed at three

locations within each plot. We recorded the amount of time

for complete infiltration of 75 ml of water applied within a

9.75 cm diam. ring inserted about 2 cm into the soil and then

computed sorptivity (Smith, 1999).

Bulk density, wet-aggregate stability, and concentrations of

particulate organic matter, soil organic C, and total N were

determined in soil samples collected from 0–5-, 5–10-, and

10–20-cm depths. Ten soil samples were collected from each

plot using a 3.1 cm diam. push probe and composited by

depth. Total sample mass was recorded and soil bulk den-

sity determined through total volume of sample (i.e., the 10

push probe cores carefully sliced at the above depth intervals)

and total sample dry mass (Blake & Hartge, 1986). A soil

subsample was dried at 105◦C for 24 h, weighted, and gravi-

metric water content calculated. The remaining soil sample

was gently crushed and air-dried in a forced-air oven at 65◦C

for 3 d.

Particulate organic matter, soil organic C, and total N con-

centrations were measured on air-dried 2-mm sieved soil. Soil

organic C and total N concentrations were determined by the

dry combustion method on a Flash 2000 C and N analyzer

(CE Elantech, Lakewood, NJ) (Nelson & Sommers, 1996).

To determine particulate organic matter concentration, 30 g of

soil were dispersed with 5 g L−1 sodium hexametaphosphate

for 24 h and the suspension sieved through 53-μm sieves.

The > 53-μm portion was dried at 60◦C and ashed at 450◦C

in a muffle furnace for 4 h. Particulate organic matter con-

centration was then calculated as the difference between sam-

ple mass after drying and after ashing (Cambardella, Gajda,

Doran, Wienhold, & Kettler, 2001).

Wet-aggregate stability was determined through wet-

sieving (Nimmo & Perkins, 2002) 50 to 51 g of 8-mm sieved

soil placed on saturated filter paper (Whatman no. 2) in a stack

of nested sieves with openings of 4.75, 2.00, 1.00, 0.50, and

0.25 mm. The sample was rewetted through capillary action

for 10 min before removing the filter paper and mechani-

cally sieving the sample in water at 30 oscillations min−1

for another 10 min. The contents of each sieve were dried at

105◦C for 48 h, weighed, and mean weight diameter of water-

stable aggregates calculated.

Cover crop biomass was assessed each spring at termi-

nation. All CC biomass within two 0.3 by 1.5 m quadrats

was clipped at soil level and dried at 60◦C until constant

weight. Samples were then weighed and biomass converted

to kg ha−1 basis. A subsample of the CC biomass was ana-

lyzed for organic C concentration by dry combustion and con-

verted to a kg ha−1 basis (Gavlak, Horneck, & Miller, 2005).

A companion paper will report crop yields and CC biomass

production in detail for each year.

2.3 Statistical analysis

Statistical analysis was conducted by site, crop rotation, and

soil depth using PROC MIXED in SAS v. 9.4 for a randomized

complete block design (SAS Institute, 2018). Fixed effects

were CC planting date and CC type while the random fac-

tor was replication. Treatment means separation was through

Least Significant Differences (LSD) at the 0.05 probability

level. For discussion purposes, we discuss treatment effects by

rotation since the three sites used in this study were located in

eastern Nebraska under similar precipitation and temperature

regimes, soil textures, and slopes (Tables 2 and 3). Only sig-

nificant (p < .05) effects of planting date or CC are discussed.

Contrasts were evaluated for the following comparisons: (a)

no CC (average of pre-harvest and post-harvest no CC) vs. all

others, (b) pre-harvest vs. post-harvest, (c) rye vs. mix, and

(d) planting date × CC type (rye or mix). Results from con-

trasts were similar to LSD pair-wise comparisons in PROC

MIXED. Thus, the LSD comparisons from PROC MIXED

using the averaged no CCs were used to compare the no CCs

to (a) pre-harvest rye, (b) pre-harvest mix, (c) post-harvest rye,

and (d) post-harvest mix, which allowed for the investigation

of the hypothesized relationship among planting treatments:

pre-harvest > post-harvest > no CC. To study relationships

among soil properties, we used PROC CORR in SAS for the

correlation analysis.

3 RESULTS

3.1 Cover crop biomass production

Mean CC biomass production across the 4 yr (2014–2018) of

study was affected by planting date in two of the three con-

tinuous corn rotations and all three corn–soybean rotations

(Table 4). Pre-harvest planting increased CC biomass produc-

tion by 1.9–3.6 times in two sites and both rotations compared

to post-harvest planting. In one site under corn–soybean, how-

ever, post-harvest planting increased CC biomass production

by 3.1 times. Cover crop type affected CC biomass production

in two sites under continuous corn where cereal rye produced

1.8–2.1 times more biomass than CC mix, which was domi-

nated by about 90% cereal rye.

3.2 Cover crop carbon dynamics

Planting date significantly affected C input from CC biomass

(mean across 2014–2018) in two sites under continuous corn

(Table 4). Pre–harvest–planted C from CC biomass ranged

from 67 to 495 kg ha−1 and post-harvest CC biomass C

ranged from 57 to 581 kg ha−1. At two sites under continuous

corn, pre-harvest-planted CCs had 132 kg ha−1 more biomass
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T A B L E 4 Influence of cover crop (CC) planting date (pre-harvest-planted or post-harvest-planted) and CC type (no, rye, or mix) on CC

biomass production and biomass C input averaged across the 4 yr of study in two rotations and at three sites in Nebraska after 4 yr. Different

lowercase letters following means within a column denote statistical significance at p < .05. No letter denotes non-significant

Treatment

Site 1 Site 2 Site 3
Continuous corn Corn–soybean Continuous corn Corn–soybean Continuous corn Corn–soybean

Cover crop biomass production, Mg ha−1

Pre-harvest–planted CC 0.66a 1.49a 0.80a 1.28a 0.24 0.44b

Post-harvest–planted CC 0.29b 0.69b 0.22b 0.66b 0.23 1.36a

Rye CC 0.55 1.27 0.66a 1.16 0.32a 1.03

Mix CC 0.40 0.92 0.37b 0.78 0.15b 0.77

Cover crop biomass C input, kg ha−1

Pre-harvest–planted CC 137.4a 494.9 261.4a 378.5 66.9 113.8

Post-harvest–planted CC 57.8b 249.4 77.5b 202.2 84.6 580.7

Rye CC 166.8a 459.4 214.4 401.3a 116.9 378.5

Mix CC 28.3b 284.8 124.6 179.40b 34.5 315.9

C input than post-harvest-planted CC (Table 4). Cover crop

type also affected C input from CC biomass in two sites

under continuous corn and corn–soybean. The CC mix C

input ranged from 28 to 316 kg ha−1 whereas cereal rye C

input ranged from 117 to 459 kg ha−1. Across the two sites

above, cereal rye CC had 180 kg ha−1 more C input than the

CC mix.

3.3 Cover crop planting dates and soil
properties

3.3.1 Comparison with no cover crop

Data using the LSD pair-wise comparisons of pre- or post-

harvest planting with no CC are presented in text due to few

significant effects. Pre- or post-harvest planting compared to

no CC had no effect on soil sorptivity (initial water infiltra-

tion), concentrations of total soil N and soil organic C at all

three sites and both rotations, but affected cone index, bulk

density, wet-aggregate stability, and particulate organic mat-

ter, although the effects varied by site and crop rotation. Under

continuous corn, pre-harvest planting of the CC mix reduced

cone index by 25% (1.29 vs. 1.03 MPa) and bulk density by

7% (1.20 vs. 1.12 Mg m−3) at one of three sites compared

to no CC. Under continuous corn, pre-harvest planting of

cereal rye increased wet aggregate stability by 27% (2.22 vs.

1.75 mm) at one site. Under corn–soybean, pre-harvest plant-

ing of cereal rye increased wet-aggregate stability by 30%

(2.03 vs. 1.56 mm) and total particulate organic matter by 46%

(15.41 vs. 10.55 g kg−1) at one of three sites. Pre-harvest-

planted CCs had no other effects on soil properties compared

with no CC.

Similar to pre-harvest planting, post-harvest-planting had

few significant effects relative to no CC. Under continuous

corn, post-harvest-planted CC mix reduced bulk density by

7% (1.12 vs. 1.20 Mg m−3) and increased cone index by 98%

(2.64 vs. 5.23 MPa) at one of three sites compared to no

CC. Under corn–soybean, the post-harvest–planted CC mix

increased cone index by 59% (2.80 vs. 4.46 MPa) at one of

three sites. Post-harvest-planted rye also increased cone index

by 40% (2.80 vs. 3.93 MPa) compared to no CC at one site

under corn–soybean and increased total particulate organic

matter by 33% (13.70 vs. 10.32 g kg−1) at one site under

continuous corn.

3.3.2 Comparison between pre- and
post-harvest planting dates

Differences in soil properties between pre- and post-harvest–

planted CCs were also few. Pre-harvest-planted CCs had no

effect on soil sorptivity and total soil N (data not shown) and

soil organic C concentrations (Table 5) compared to post-

harvest planting at all sites and rotations. Pre-harvest plant-

ing had small, but significant impacts on cone index, bulk

density, particulate organic matter concentration, and wet-

aggregate stability, expressed as mean weight diameter, com-

pared with post-harvest planting (Table 5; Figure 1). Under

continuous corn, pre-harvest-planted CCs reduced cone index

by 35% in the 0–10-cm depth at two of three sites. It also

increased particulate organic matter concentration by 31% and

wet-aggregate stability by 17% in the 0–5-cm depth at one

site. Under corn–soybean, pre-harvest-planted CCs reduced

bulk density in the 0–5-cm depth at one site. Planting date

did not affect cone index at the 10–20-cm depth except at one

site under continuous corn where post-harvest–planted CCs

increased cone index by 9% (1.93 vs. 1.77 MPa). In the 5–10-

cm depth, pre-harvest planting increased wet-aggregate sta-

bility in one continuous corn and one corn–soybean rotation.

Pre-harvest-planted CCs had no other effects on soil proper-

ties compared to post-harvest-planted CCs.
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T A B L E 5 Influence of planting date (pre-harvest-planted vs post-harvest-planted) and CC type (no, rye, or mix) on sorptivity, soil organic C

concentration, cone index, bulk density, and total particulate organic matter concentration in two rotations and at three sites in Nebraska after 4 yr.

Different lowercase letters following means within planting date or CC type in a column denote statistical significance at p < .05. No letter denotes

non-significant

Treatment

Site 1 Site 2 Site 3
Continuous corn Corn–soybean Continuous corn Corn–soybean Continuous corn Corn–soybean

Sorptivity, cm s−1/2

Pre-harvest–planted CC 0.20 0.17 0.16 0.22 0.12 0.14

Post-harvest–planted CC 0.20 0.18 0.26 0.25 0.13 0.14

No CC 0.19 0.17 0.29 0.24 0.12 0.15

Rye CC 0.19 0.18 0.13 0.26 0.11 0.13

Mix CC 0.21 0.18 0.22 0.22 0.14 0.14

Soil organic C, g kg−1

0−5-cm depth

Pre-harvest–planted CC 30.7 29.7 19.4 21.5 22.9 21.0

Post-harvest–planted CC 29.9 29.5 20.2 22.0 24.7 20.8

No CC 30.1 29.4 20.0 21.1 24.6 21.0

Rye CC 30.0 29.5 19.8 21.7 23.2 22.3

Mix CC 30.8 29.9 19.7 22.3 23.5 19.3

Cone index, MPa

0−10-cm depth

Pre-harvest–planted CC 1.21 1.13 1.56b 1.80 2.36b 3.59

Post-harvest–planted CC 1.22 1.18 2.04a 1.91 3.26a 3.26

No CC 1.29a 1.18a 1.76 1.81 2.64b 2.80b

Rye CC 1.24a 1.21a 1.74 1.83 2.01b 3.34ab

Mix CC 1.11b 1.07b 1.88 1.91 3.80a 4.14a

Bulk density, Mg m−3

0−5-cm depth

Pre-harvest–planted CC 1.10 1.08a 1.24 1.29 1.18 1.27

Post-harvest–planted CC 1.03 1.02b 1.28 1.27 1.14 1.21

No CC 1.10 1.07 1.29 1.27 1.20a 1.23

Rye CC 1.08 1.04 1.26 1.28 1.16ab 1.23

Mix CC 1.01 1.04 1.23 1.29 1.12b 1.26

Total particulate organic matter, g kg−1

0−5-cm depth

Pre-harvest–planted CC 19.7a 16.9 11.0 12.6 14.6 14.4

Post-harvest–planted CC 15.0b 20.4 12.3 11.8 14.4 13.1

No CC 16.5 17.4 10.3 10.6 15.8 15.5

Rye CC 17.8 20.9 12.6 14.7 13.4 12.4

Mix CC 17.8 17.9 12.0 11.4 14.3 13.8

3.4 Cover crop mixes and changes in soil
properties

Cover crop mixes had no effect on soil sorptivity and total soil

N (data not shown), soil organic C, and particulate organic

matter concentrations (Table 5) compared to no CC all three

sites and both rotations. Cover crop mixes did, however, influ-

ence cone index, bulk density (Table 5), and wet-aggregate

stability expressed as mean weight diameter (Figure 1) at

some sites compared to no CC. Under continuous corn, CC

mixes reduced cone index by 16% and increased it by 44% at

two sites compared to no CC at the 0–10-cm depth. In the

same rotation, mixes also reduced bulk density by 7% rel-

ative to no CC for the 0–5-cm depth. Under corn–soybean,

CC mixes reduced cone index by 10% and increased it by

48% at two sites compared to no CC. They also increased
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F I G U R E 1 Influence of (a–c) cover crop (CC) planting date (pre-harvest or post-harvest) and (d–f) CC type (no, rye or mix) on mean weight

diameter of water-stable aggregates in continuous corn and corn–soybean at three sites in Nebraska. ns denotes non-significant. Different lowercase

letters within a cropping system and depth interval denote statistical differences at p < .05

wet-aggregate stability by 21% at one site for the same

rotation.

Cereal rye had no effect on soil sorptivity and total soil N

(data not shown), cone index, bulk density, soil organic C,

and particulate organic matter concentrations (Table 5) com-

pared to no CC at all sites and rotations. Cereal rye increased

wet-aggregate stability by 20% compared to no CC at one site

under corn–soybean rotation (Figure 1). Compared to mixes,

cereal rye increased cone index by 12.5% at one site in both

rotations and reduced cone index by 89% at one site under

continuous corn. Cover crop type had no other effects on

soil properties.

4 DISCUSSION

4.1 Cover crop biomass production

Cover crop biomass production in this study was, in gen-

eral, low. The higher CC biomass production for pre-harvest-

planted CCs compared to post-harvest-planted CCs at two

sites was likely due to the longer growing season (about

1.5–2 mo), which provided more optimum temperature and

moisture conditions for growth. While pre-harvest planting

did improve CC biomass production at two of three sites

in both rotations, it was typically below 1 Mg ha−1. Other

studies in the region observed biomass production of 2.92–

4.19 Mg ha−1 depending on species (Nielsen, Lyon, Hergert,

Higgins, & Holman, 2015b), 0.26–0.51 Mg ha−1 if terminated

in mid-April, 1.60–2.85 Mg ha−1 if terminated in late April–

early May (Ruis et al., 2017), 0.80 Mg ha−1 planted following

corn harvest (Blanco-Canqui et al., 2014), and 1.47 Mg ha−1

if planted in September into corn (Blanco-Canqui, Sindelar,

Wortmann, & Kreikemeier, 2017; Ruis et al., 2019). This

means average CC biomass production in the region may be

about 1.8 Mg ha−1, which is above the CC biomass produc-

tion in our study (<1 Mg ha−1). The overall low CC biomass

was potentially due to a variety of factors including relatively

early termination and later seeding, among others.

The higher CC biomass production across the 4 yr (2014–

2018) with post-harvest planting compared to pre-harvest

planting at site 3 under corn–soybean was potentially due to

the lower amount of residue produced under soybean. Based

on grain and stover yield from a nearby experiment, corn

residue amount ranged from 11.5 to 16.0 Mg ha−1 at site 3

under continuous corn (Ruis et al., 2017), but soybean residue

amount may range from 3.7 to 6.9 Mg ha−1 (Xie, Schoe-

nau, & Warkentin, 2018). The lower residue amount under the

corn–soybean rotation may have led to warmer temperatures

(Kenney et al., 2015) for CC germination and better seed-

soil contact under drill seeding (post-harvest planting). The

overall CC biomass production among the three sites was
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similar, which reflects the similarities in climate among the

three sites.

4.2 Cover crop carbon dynamics

Despite the addition of up to 495 kg ha−1 of C from the CCs

(Table 4), pre-harvest-planted CCs did not accumulate more

soil organic C than no CCs (Table 5). This leads to the ques-

tion: What happened to the 495 kg ha−1 of C input? The C

from CC biomass was likely lost through microbial respiration

or decomposition, which may occur quickly after CC termi-

nation. Previous research on CC decomposition showed that

about 70–75% of the CC mass is lost within a 10 (Rosen-

zweig, Schipanski, & Kaye, 2017)−16-wk (Sievers & Cook,

2018) period, and about 79% after 1 yr (de Sa Pereira, Galan-

tini, & Duval, 2017). Therefore, if we assume that the high-

est C input of 495 kg ha−1 from our CCs (Table 4) decom-

posed by 75% over the course of a year, about 124 kg ha−1

C would remain. This means the maximum C increase would

be about 0.124 Mg ha−1 in a soil that already contains about

18 Mg ha−1, a negligible amount. Averaged across all pre-

harvest-planted CCs, about 0.059 Mg C ha−1 remains after

1 yr, which is about 0.32% of the soil C, indicating that the

estimated change in soil C would be very small and masked

by the inherent variability of soil.

Further, CC biomass in these no-till systems is left on

the soil surface which can lead to the stratification of C

concentration in the soil profile. We sampled the upper 0–5 cm

of the soil, but C gains due to CCs may be diluted within that

sampling depth. On a nearby experiment, after 3 yr, Blanco-

Canqui et al. (2014) reported that rye CC, which produced

0.80 Mg ha–1 of biomass across the 3 yr, increased soil organic

C in the 0–2.5 cm of the soil, but not in the 2.5–5-cm depth.

For the same experiment, Sindelar, Blanco-Canqui, Jin, and

Ferguson (2019) found that even after 6 yr, C accumulation

due to CCs was not detectable in the upper 5 cm of the soil.

4.3 Cover crop planting dates and soil
properties

The minimal differences among CC planting date treatments

could be due to low CC biomass production, even though the

mean biomass production across the 4 yr for pre-harvest plant-

ing (0.81 Mg ha−1) was about 37% higher than post-harvest

planting (0.59 Mg ha−1). A CC study on a site nearby found

that sites with similar C contents may show no effects on soil

properties after 3 yr of management even with 4.1 Mg ha−1 of

biomass (Ruis et al., 2017). These soils, with organic matter

contents near what is considered an “ideal” soil (Brady, 1990),

are generally slow to change with management. The high

organic matter content and short-term nature of the project

(4 yr) could also be potential reasons why differences in soil

properties were few. For example, a review that discussed CC

effects on soil C showed that the change in soil organic C

stocks was typically small in the first 5 yr after CC adop-

tion (Ruis & Blanco-Canqui, 2017). Similarly, changes in wet-

aggregate stability were generally lower in the first 5 yr after

no-till adoption compared to conventional tillage (Blanco-

Canqui & Ruis, 2018). Management strategies that increase

CC biomass, such as further extending CC growing seasons,

and more time with CC integrated into the cropping system,

may be required for changes to soil properties to occur.

Cover crop planting date generally had more impact in the

continuous corn than corn–soybean rotation. For example, CC

planting date improved soil properties at four site-rotations

(two for reduced cone index, one for particulate organic mat-

ter, and one for wet-aggregate stability) under continuous corn

compared to one site-rotation for corn–soybean. The greater

impacts under continuous corn were potentially due to the dif-

ference in residue quality between corn and the CCs (high

C/N ratio for corn residue and lower C/N ratio for CCs) and

subsequent changes in the microbial community. While addi-

tional data would be required to confirm this, data on diversi-

fied cropping systems suggest that the use of contrasting crops

can improve soil microbial communities (Liebig, Carpenter-

Boggs, Johnson, Wright, & Barbour, 2006).

4.4 Cover crop mixes and changes in soil
properties

The higher cone index with the mix CC at the site 3 may be

due to the lower water content (data not shown) under this

treatment. Although data on cone index were corrected for

differences in water content, the increased cone index under

the CC mix would suggest that the corrective equation may

have some limitations (Busscher et al., 1997). The minimal

effects of CC type (mix vs. single species cereal rye vs. no

CC) were not surprising because of the low biomass produc-

tion for both rye and the mix (0.57 ± 0.42 Mg ha−1) and rye

(0.83 ± 0.52 Mg ha−1). Cover crop type effects on soil prop-

erties did not generally vary between the two cropping sys-

tems (continuous corn and corn–soybean) and sites (Figure 1;

Table 5).

The lack of effects of CC mixes on soil physical properties

(sorptivity, compaction parameters, and aggregate stability)

in this study after 4 yr was not entirely surprising as physical

properties are often slow to change with management (Irmak

et al., 2018). Our results of limited changes in soil physical

properties under CC mix generally agree with previous stud-

ies summarized in Table 1. The limited effects of mixes were

potentially due to a combination of mix composition, man-

agement, and low biomass production. For example, mixing

a fibrous-rooted species such as Austrian winter pea with a
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F I G U R E 2 (a) Relationship between change in soil C (cover crop soil C minus no cover crop soil C) and cover crop (CC) biomass production

and (b) change in wet-aggregate stability and CC biomass production. Data from Blanco-Canqui et al. (2011, 2013, 2014, 2017); Kaspar et al.

(2006); Moore et al. (2014); Rorick and Kladivko (2017); Ruis et al. (2017); and Sindelar et al. (2019)

tap-rooted species such as radish may reduce soil bulk density

compared to radish alone as the roots of fibrous-rooted species

can have better contact with the soil matrix, possibly promot-

ing better aggregation (Table 1, Stavi, Lal, Jones, & Reeder,

2012). Thus, we may not have observed effects of the mix on

compaction parameters in this study as our mix was domi-

nated by cereal rye (about 90% rye), a fibrous-rooted species,

and was comparable to cereal rye alone. However, with some

soil properties, such as wet-aggregate stability, even diverse

species combinations or root architecture may not have an

impact (Table 1; Acuna & Villamil, 2014).

The findings from our study and the review in Table 1 can

have implications for CC management and suggest that the

additional seed cost of the CC mix may not be warranted as

suggested by some previous research in the region (Nielsen

et al., 2015a). Cover crop mixes may not improve soil proper-

ties more than single species if they produce similar amounts

of biomass. For instance, two studies in the region showed

that CC mixes and single species did not differ in total CC

biomass production (Nielsen et al., 2015a, 2015b; Wortman

et al., 2012) or water use (Nielsen et al., 2015a, 2015b).

4.5 Interrelationships between cover crop
biomass production and soil properties

Cover crop biomass production can be key to exerting changes

in soil properties. In this study, however, CC biomass produc-

tion was not correlated with soil properties at any site nor

across sites (data not shown). To better understand how CC

biomass input can affect soil properties, we reviewed pub-

lished studies and performed correlations of CC biomass with

select soil properties such as changes in soil C concentration

(no CC minus CC) and soil wet-aggregate stability (percent

change between no CC and CC). These results showed that CC

biomass production was strongly and linearly correlated with

changes in soil organic C concentration (r = .72; p < .001;

n = 31; Figure 2A) across 10 studies, and with changes in

wet-aggregate stability (r = .81; p < .001; n = 15; Figure 2B)

across eight studies. The relationships indicate that as CC

biomass yield increases, soil organic C concentration and wet-

aggregate stability increase. However, note in Figure 2A–2B

that when biomass production is <2 Mg ha−1, as in our study,

changes in soil organic C concentration and wet-aggregate sta-

bility may be small or not significant. The lack of change in

soil C and wet-aggregation when biomass production is low

clearly highlights the role of CC biomass amount in dictating

changes in soil properties. Increasing residue input to a crop-

ping system can improve soil aggregation and lead to greater

proportions of larger aggregates (Stetson et al., 2012). The

increased wet-aggregate stability can alter pore-size distribu-

tion leading to increased macroporosity and thus increased

infiltration and reduced compaction risks in the long-term

(Blanco-Canqui, Stone, & Stahlman, 2010).

Correlations among soil properties by site in the present

study were generally not significant. At site 1, bulk den-

sity and particulate organic matter were negatively corre-

lated (r = –.32, p = .03), and sorptivity (initial water infil-

tration) was positively correlated with both soil organic C

(r = .37, p = .01) and total N concentrations (r = .34, p = .02).

There were no significant correlations for the site 2. At the

site 3, wet-aggregate stability (r = .32, p = .03) and total
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particulate organic matter concentration (r = .30, p = .04)

were positively correlated with total N concentration. The

positive correlations between soil organic matter parameters

and wet-aggregate stability, although few, corroborate the

important role of soil organic matter in contributing to soil

aggregation (Six, Paustian, Elliott, & Combrink, 2000).

5 CONCLUSIONS

This study evaluated CC planting date and CC type effects on

soil properties in corn and corn−soybean rotations at three

sites in Nebraska after 4 yr and showed limited CC plant-

ing date and CC type impacts on soil properties. Pre-harvest–

planted CCs did not generally induce large effects on soil

properties compared to post-harvest–planted CCs or no CC.

Mixes and single species also had limited effects on soil prop-

erties, likely due to low biomass production (< 1 Mg ha−1).

Our literature review also showed that mixes generally did not

show greater improvements in soil properties compared to sin-

gle species. Relationships of CC biomass production and soil

C concentration or wet-aggregate stability across studies in

our literature review showed that CC biomass production must

be sufficiently large, likely >3 Mg ha−1, to induce detectable

changes in these soil properties. Cover crop C input to the soil,

in our study, was small compared to the total soil C. It appears

that if improvement in soil properties is desired, then alterna-

tive CC management strategies may be required to increase

biomass production. Furthermore, we suggest that, in addition

to the small or no effects on soil properties, CCs may have lim-

ited effects on delivering other ecosystem services (i.e, weed

suppression) in this region if CC biomass production is low.

Overall, pre-harvest planting and mixes, compared to post-

harvest planting and cereal rye, had limited effects on improv-

ing soil properties in three sites under similar soil and climatic

conditions in the eastern Great Plains in the short term (4 yr).
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