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Despite the potential to increase soil organic matter, cycle soil nutrients, and suppress weeds, there is a concern
that cover crops (CCs) soil water use negatively impacts subsequent crops in water-limited environments. Cover
crop management practices such as planting and termination timing may mitigate the detrimental impacts of CCs
in semi-arid cropping systems. To determine the effects of CCs under water-limited environments, we evaluated
the total CC biomass produced in the fall and spring, soil water content during the subsequent maize growing
season, weed density and biomass, crop residue, and soil nutrients at the maize V6 development stage, and maize
productivity. The experiment was conducted under a wheat-maize-fallow rotation at two sites (Grant and North
Platte, NE) during 2016− 2017 and 2017− 2018. Treatments consisted of three planting timings after winter
wheat harvest and three CC termination timings and fallow (no CCs) before maize establishment. Planting CCs
shortly after winter wheat harvest increased CC biomass in the fall and early spring compared to late planting.
Cover crops terminated early in the spring reduced weed biomass (− 70 %), while CCs terminated late in the
spring reduced both weed density (− 56 %) and biomass (− 82 %) compared to fallow. Due to above-normal
precipitation during the experiment, soil water measured at 0− 20 cm soil depth was impacted by CCs only at
Grant 2016− 2017. Cover crops terminated late in the spring increased crop residue biomass but decreased total
nitrogen at 0− 10 cm soil depth by 17 %, and decreased soil nitrate at the 10− 20 cm soil depth up to 26 %
compared to fallow. Cover crops planted late in the summer (August) and terminated late in the spring (May) had
the most detrimental impact on maize grain yield. Late termination of CCs in the spring reduced corn grain yield
by up to 20 % compared to fallow. Despite enhanced weed suppression and crop residue, CCs decreased soil
nitrogen and maize grain yield, especially when terminated late in the spring. Producers in semi-arid regions of
the Great Plains willing to incorporate CCs should use caution when selecting management strategies for their
CCs to minimize maize grain yield and economic losses.

1. Introduction

(Dunn et al., 2016). Besides an increase in crop diversity, the benefits
provided by CCs are well documented and include: protecting the soil
from water and wind erosion (Kaspar et al., 2001; Strock et al., 2004),
reducing nitrogen leaching (Meisinger and Ricigliano, 2017; Singh et al.,
2018), increasing soil organic carbon (Kaspar and Singer, 2011; Blan
co-Canqui et al., 2015), beneficial arthropods (Carmona et al., 2021),
and weed suppression (Teasdale et al., 2007; Mirsky et al., 2011; Werle

Throughout the United States (US) Midwest, producers are
increasing the incorporation of soil conservation management practices
in their cropping systems (NASS, 2017). Within the conservation man
agement options, cover crops (CCs) have become popular, particularly
as the demand for enhanced sustainability in cropping systems increases

Abbreviations: CC(s), cover crop(s); P1, first planting timing; P2, second planting timing; P3, third planting timing; WS, winter-sensitive cover crop; WHET, winterhardy early terminated cover crop; WHLT, winter-hardy late terminated cover crop; θv, soil water content; FC, field capacity; PWP, permanent wilting point; CDA,
canonical discriminant analysis.
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et al., 2018; Oliveira et al., 2019; Pittman et al., 2020). However, some
researchers and practitioners caution against CC adoption because of
soil water use (Unger and Vigil, 1998; Nielsen and Vigil, 2005) and ni
trogen immobilization concerns (McSwiney et al., 2010; Wortman et al.,
2012; Whalen et al., 2020).
In semi-arid climates (250− 700 mm annual precipitation) of the
Great Plains (Gallart et al., 2002), the no-till wheat (Triticum aestivum
L.)-maize (Zea mays L.)-fallow is a commonly adopted rotation across
rainfed areas (two grain crops in three years). This rotation has two
fallow periods: one between winter wheat harvest and maize planting,
and the other between maize harvest and winter wheat planting (Fig. 1).
Soil water conservation is the main reason for adopting this rotation
(Klein, 2012). The no-till system keeps the winter wheat residue on the
soil surface to protect soil water loss through evaporation (Nielsen et al.,
2005). Cover crops can be planted after winter-wheat harvest, filling the
fallow period before maize planting, whereas a cool-season pulse crop
such as field peas (Pisum sativum L.) can be grown in the fallow period
between maize harvest and winter wheat planting (Stepanovic et al.,
2018) (Fig. 1). The earlier the CCs are planted, the higher the probability
of greater biomass accumulation in the fall, owing to a greater growing
degree day (GDD) accumulation. This is also true for CC termination
timing, where later termination in the spring (e.g., CCs closer to the
maize planting timing) could allow more time for CC growth in the
spring. However, the CC growing season’s duration is expected to affect
several aspects of the cropping system, such as soil water content, soil
fertility, weed demographics, and subsequent crop yield.
Depending on precipitation amounts, CCs can have different impacts
on soil water content. Above-average precipitation amounts during the
CC growing season in semi-arid environments may lead to neutral to
positive effects of CCs on soil water supply (Unger and Vigil, 1998), and
consequently, increase the subsequent cash crop grain yield. However,
average and below-average precipitation may result in negative effects
of CCs on subsequent crop yield because the CCs consume soil water.
Typically, when CCs are grown, there is not enough time and precipi
tation volume to recharge the soil profile to be used by the subsequent
crop in semi-arid environments (Unger and Vigil, 1998). The extended
duration of the CC growth window may result in excessive soil water
consumption that could otherwise be available for subsequent cash
crops. Therefore, when CCs are terminated late (close to maize planting
time) in spring, those negative impacts tend to be more pronounced. In a
study evaluating water use by CCs, Nielsen et al. (2015a,b) concluded
that CC water use in a semi-arid environment increased 1.78 times, on
average, compared to a no-till fallow. Moreover, Holman et al. (2018)
reported that incorporating CCs reduced subsequent winter-wheat grain
yields by 70 % in dry years. Thus, one of the major concerns regarding
the inclusion of CCs after winter wheat harvest is the depletion of soil
water, leading to yield and economic penalties in the subsequent maize
crop. Yet, the effects of CCs on maize grain yield under rainfed semi-arid
cropping systems are not well known.
In wheat-maize-fallow rotation, CCs can grow from July (winterwheat harvest) through May (maize planting). During this period, CCs
can outcompete weeds and provide weed suppression (Osipitan et al.,
2018). A recent survey demonstrated that 93 % of the surveyed farmers
in Nebraska noticed weed suppression promoted by the incorporation of
CCs (Oliveira et al., 2019). Cover crops can help suppress summer
annual weeds indirectly through the residue left after termination
(Teasdale et al., 1991; Teasdale and Mohler, 2000). The residue of CCs

can promote soil coverage, limiting light transmission, and release
allelochemicals (Weston, 1996; Koehler-Cole et al., 2020) which
consequently may limit weed emergence. In addition, maintaining or
increasing crop residue can help reduce water evaporation (Nielsen and
Vigil, 2005; Holman et al., 2018). With limited water availability, con
servation practices such as no-till and CCs can increase crop residue on
the soil surface, decrease water loss by evaporation, and still be
competitive against weeds. However, in semi-arid environments, it is
not well known if CCs will influence soil residue coverage and whether
that would result in enhanced summer annual weed suppression and
influence soil water storage.
Besides increasing crop residue in the soil, legume CCs can fix at
mospheric nitrogen and cycle nitrate (Unger and Vigil, 1998; Blanco-
Canqui et al., 2015). Cover crops can increase soil carbon (Poeplau and
Don, 2015), especially if CCs are composed mostly of grass species (Ruis
and Blanco-Canqui, 2017). Increases in carbon sequestration in the soil
may represent an additional income source for producers if carbon
markets become a reality (Ribaudo et al., 2007). Thus, the adoption of
CCs could be advantageous for farmers looking to adopt additional
conservation practices and entering the carbon sequestration market.
Further, CCs may help nourish soil microbial communities (Finney and
Kaye, 2017), increasing their soil activity and, consequently, improving
soil physical and chemical properties (Sanchez et al., 2001). On the
other hand, due to reduced annual precipitation in semi-arid climates,
CC biomass accumulation is limited, restricting the aforementioned
advantages. In addition, the late termination of CCs may induce nitrogen
immobilization to the subsequent crop (Dabney et al., 2001; Ruis and
Blanco-Canqui, 2017). Furthermore, it is not clear how CCs influence
soil nutrient cycling in semi-arid environments of the Central Great
Plains.
Finding the best timing for planting and terminating CCs could
enhance the benefits of CCs. However, it is unclear whether growing CCs
in semi-arid rainfed cropping systems is beneficial or detrimental to the
subsequent maize crop during the early stages of CC adoption. Thus, we
hypothesized that (1) planting CCs shortly after winter wheat harvest
can produce more CC biomass both in the fall and in the spring; (2) CCs
use soil water, decreasing soil water availability for maize; (3) CCs
suppress summer annual weeds; (4) CCs decrease nitrogen availability to
maize, but can increase soil carbon and microbial activity, enhancing
soil indicators; and, (5) CC use in semi-arid regions reduce subsequent
maize grain yield. This experiment’s objective was to evaluate the
impact of CC planting and termination timing on CC biomass accumu
lation, soil water content, crop residue, soil microbial activity, and soil
nutrient content, weed demographics, maize grain yield, and yield
components during the early stage of CC adoption.
2. Materials and methods
2.1. Field sites and experimental design
Field experiments were conducted at two sites in western Nebraska
during the 2016− 2017 and 2017− 2018 cover crop-maize growing
seasons (four experimental site-years). The experiments were located at
the University of Nebraska-Lincoln (UNL) Henry J. Stumpf International
Wheat Center near Grant, NE (40◦ 51′ 15.0′′ N; 101◦ 42′ 13.9′′ W) on a
Kuma silt loam (fine-silty, mixed, superactive, mesic Pachic Argiustolls)
(Soil Science Division Staff, 2017), and at the UNL West Central

Fig. 1. Winter wheat-maize-fallow (WCF) rotation commonly adopted in rainfed areas of semi-arid western Nebraska and much of the Great Plains.
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Research and Extension Center near North Platte, NE (41◦ 03′ 13.6′′ N;
100◦ 44′ 52.8′′ W) on a Holdrege silt loam soil (fine-silty, mixed, super
active, mesic Typic Argiustolls). Each site and year were classified as one
site-year. Thus, the four site-years are referred to as Grant 2016− 2017,
Grant 2017− 2018, North Platte 2016− 2017, and North Platte
2017− 2018. The fields used in this experiment did not have a history of
CC use and had been in a no-till and winter wheat-maize-fallow rotation
whereas winter wheat was the crop harvested prior to experiment
establishment.
The experimental design was a strip-split-plot randomized complete
block with four replications. The CC treatments included three planting
timings [three (P1), six (P2), and nine weeks (P3) after winter wheat
harvest] and three termination timings [winter-sensitive mixture frostkilled (WS), winter-hardy mixture terminated two weeks before maize
planting (WHET), and winter-hardy mixture terminated at maize
planting (WHLT)] plus a control (fallow with no CC). Cover crop
planting timing was considered the strip-plot, while termination timing
was the split-plot in the experimental design. The CC mixture species
treatments and seeding rates were selected based on popularity (most
grown in the region) and represent a diversity of plant families (Poaceae,
Fabaceae, and Brassicaceae) within CC mixtures. The CC wintersensitive mixture consisted of four species: black oats (Avena strigosa
Schreb), spring barley (Hordeum vulgare L.), spring lentil (Lens culinaris
L.), and daikon radish (Raphanus sativus L. var. longipinnatus), and was
planted at a seeding rate of 70 kg ha− 1 (28.2 kg ha− 1 of black oats, 28.2
kg ha− 1 of spring barley, 11.3 kg ha− 1 of spring lentil, and 2.3 kg ha− 1 of
daikon radish). The CC winter-hardy mixture also had four species:
winter triticale (Triticosecale Wittmack), winter barley (Hordeum vulgare
L.), hairy vetch (Vicia villosa Roth.), and daikon radish, and was planted
at a seeding rate of 64 kg ha− 1 (28.2 kg ha− 1 of winter triticale, 28.2 kg
ha− 1 of winter barley, 5.3 kg ha− 1 of hairy vetch, and 2.3 kg ha− 1 of
daikon radish). Cover crops were drilled at 19 cm row spacing and 3 cm
seed depth. The individual plot size was 4.6 m wide and 15.2 m long.
The CC winter-hardy treatments were terminated in the spring with
glyphosate Roundup Powermax® (Bayer Crop Science, Saint Louis, MO)
sprayed at 2.34 L ha− 1 mixed with 453 g ha− 1 of ammonium sulfate
(KALO, Inc, Overland Park, KS). Maize was planted at 76 cm row spacing
at a targeted seed depth of 4 cm. The detailed information regarding CC
planting and termination dates, maize planting and harvest dates, maize
hybrid, and fertilization rates used in each site-year are described in
Table 1.

development stage upon which the readings were performed varied
according to the site-year because of different maize planting dates,
selected crop hybrid, and weather conditions (Table 1 and Fig. 1).
Calibration tests were conducted to evaluate the accuracy of the
FieldScout TDR 300 m. Briefly, four undisturbed soil samples, using a
round probe (10 cm diameter), were taken from 0 to 20 cm within the
area surrounding the sensor reading (within a 50 cm radius) at each siteyear four times during the year: late spring, early, mid and late summer.
The soil samples were dried in a forced-air oven at 60 ◦ C for eight days
until a constant weight was reached. The gravimetric soil water content
(θg, grams of water per grams of soil) was quantified as (Hillel, 1998):
θg = (soil wet weight – soil dry weight)/soil dry weight
Where the numerator represents the mass of water (in grams) in the soil.
The soil samples were also used to calculate soil bulk density (ρsoil,
grams of soil per cubic centimeter, the ratio of soil dry mass to sample
volume). Therefore, volumetric water content (θv, cubic centimeter per
cubic centimeter) was determined as follows (Hillel, 1998):
θv = (θg * ρsoil)/ρwater
Where ρwater is the density of water (1 g cm− 3). The sensor readings were
regressed on the measured θv from soil samples. The linear equations
obtained from the regressions were used to adjust the sensor readings.
Other researchers have used this approach (Tarara and Ham, 1997; Song
et al., 1998; Werle et al., 2014a).
2.2.3. Weed demographics
Weed species were identified, enumerated, and collected for total
aboveground biomass determination when maize reached the V6 (six
leaves with collar visible) development stage. Aboveground weed
biomass samples were randomly collected from each plot using two
0.093 m− 2 quadrats. The biomass of the combined weed species
collected from each plot was determined after drying the samples in a
forced air oven at 60 ◦ C (minimum of 6 days) and weighed when con
stant dry biomass was achieved. Weed assessment was not performed in
Grant 2016− 2017 due to a pre-emergence herbicide application at
maize planting, which resulted in complete early season weed control
across treatments. The other site-years did not receive a pre-emergence
herbicide application, allowing early-season weed establishment and
evaluation. However, a timely post-emergence herbicide application
was performed in all site-years at maize V6-V7 development stage to
minimize weed impact on maize grain yield while providing enough
time to assess weed communities across treatments (Table 1).

2.2. Data collection
2.2.1. Cover crop aboveground biomass
Cover crop aboveground biomass was collected in the fall after the
first frost event (WS, WHET, and WHLT treatments), which occurred in
early November (Grant 2017− 2018 and North Platte 2017− 2018) and
December (Grant 2016− 2017 and North Platte 2016− 2017). In the
spring, CC winter-hardy species were harvested at the time of termina
tion, being two weeks prior (WHET treatment only) and at the time of
maize planting (WHLT treatment only), according to each site-year
(Table 1). Two 0.093 m− 2 aboveground biomass samples were
randomly collected from each plot. After collection in the field, biomass
samples were dried in a forced-air oven at 60 ◦ C for a minimum of 6 days
and weighed when constant dry biomass was achieved.

2.2.4. Crop residue
Total crop residue biomass (kg ha− 1) on the soil surface was collected
when maize reached the V6 development stage. All plant residues
remaining on the soil surface, which mainly consisted of wheat stubble
and cover crop residues, were sampled. Two 0.093 m-2 aboveground
biomass samples were randomly collected from each plot. After collec
tion in the field, samples were dried in a forced-air oven at 60 ◦ C
(minimum of 6 days) and weighed when constant dry biomass was
achieved.
2.2.5. Soil indicators
A composite soil sample of eight cores using a straight tube probe
(2.5 cm diameter) was collected from 0 to 10 and 10 to 20 cm deep in
each plot when maize reached the V6 development stage. Soil samples
were sent to Ward Laboratories, Inc. (Kearney, NE, www.wardlab.com)
for the Haney test, which includes the analyses of soil organic matter,
solvita CO2-C (soil respiration), total nitrogen (organic and inorganic),
nitrate, organic carbon, total phosphorus, and organic carbon:organic
nitrogen (C:N ratio). The Haney test was chosen because of its increasing
popularity in the region, and agility of results, which made them much
adopted by farmers across the Midwest of the US. In addition, the Haney

2.2.2. Soil water content
Soil water content readings (θv, m3 m− 3) were performed using a
handheld time-domain reflectometry (TDR), FieldScout TDR 300 m
(Spectrum Technologies, Inc., Aurora, IL) with 0− 20 cm waveguides
installed vertically to average the water content over the entire soil
layer. Six readings were recorded from 0 to 20 cm depth in between
maize rows in each plot every other week starting at maize emergence
(VE development stage) and ending when maize reached the R2 (blister
stage) development stage (Abendroth et al., 2011). The maize
3
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Table 1
Cover crop (CC) planting and termination, maize planting, and fertilizer information for all research site-years. Cover crops were planted after winter wheat harvest and terminated in the fall (freeze terminated) or in the
spring (herbicide terminated). Maize hybrids, seeding rate, and fertilizer use were selected based on each site-year’s most common management practice. POST-emergence herbicides were applied to control weeds when
maize reached the V6-V7 development stage.
Site-years

Grant
2016− 2017

4
Grant
2017− 2018

North Platte
2016− 2017
North Platte
2017− 2018

CC planting date

P1: 19 Aug 2016
P2: 08 Sep 2016
P3: 28 Sep 2016
P1: 15 Aug 2017
P2: 06 Sep 2017
P3: 13 Oct 2017
P1: 17 Aug 2016
P2: 07 Sep 2016
P3: 26 Sep 2016
P1: 01 Aug 2017
P2: 22 Aug 2017
P3: 13 Sep 2017

First hard
freeze date*

CC early
termination date

CC late
termination date

Maize
planting
date

Maize V6
development stage

Weed
control
date

Maize hybrid and seeding
rate (seeds ha− 1)

DKC52-61 (102 days maturity);
38,300 seeds

09 Dec 2016

14 April 2017

24 May 2017

24 May 2017

30 Jun 2017

24 May
2017

02 Nov 2017

06 May 2018

24 May 2018

24 May 2018

27 Jun 2018

23 Jun
2018

DGVT2PRIB (101 days maturity);
37,065 seeds

09 Dec 2016

18 April 2017

02 May 2017

05 May 2017

20 Jun 2017

20 Jun
2017

Hoegemeyer 7643RR (106 days maturity);
41,018 seeds

01 Nov 2017

04 May 2018

24 May 2018

23 May 2018

29 Jun 2018

27 Jun
2018

Hoegemeyer 7643RR (106 days maturity);
41,018 seeds

Fertilizer
(time, source, rate)
Maize pre-planting:
N-K-S at 118N-59K-5.6S kg ha− 1;
Maize planting: ammonium
polyphosphate (10N-34P-0 K) at
65 kg ha− 1.
Maize planting:
ammonium polyphosphate
(10N-34P-0 K) at 65 kg ha− 1; Maize V3
development stage: UAN (32N-0P-0 K)
at 310 kg ha− 1.
Maize pre-planting : UAN (32N-0P-0 K)
at 89 kg ha− 1; Maize planting:
ammonium polyphosphate
(10N-34P-0 K) at 110 kg ha-1.
Maize pre-planting: UAN (32N-0P-0 K)
at 112 kg ha− 1; Maize planting:
ammonium polyphosphate
(10N-34P-0 K) at 110 kg ha− 1.

Maize
harvest
date
13 Oct
2017

23 Oct
2018

27 Oct
2017
17 Oct
2018

Abbreviations: P1, P2, and P3 = first, second, and third CC planting timing, respectively; UAN, urea ammonium nitrate; N, nitrogen; K, potassium; S, sulfur. *Temperature below 0 ◦ C for more than two consecutive days.
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Fig. 2. Average temperature and monthly precipitation for Grant (A) and North Platte, NE (B) during the years of 2016, 2017, 2018, and 1985-2015. Source: High
Plains Regional Climate Center at https://hprcc.unl.edu. Adapted from (Rosa et al., 2021).

test uses extractants that mimic the soil environment that has actively
growing roots (Haney et al., 2006), and its soil microbial activity rela
tionship with the water-extractable C:N ratio was comparable with soil
organic C and N (Haney et al., 2012). Soil organic matter was deter
mined by the loss on ignition method (Hoskins, 2002). The soil respi
ration represents the amount of CO2-C released in 24 h from soil
microbes after the soil has been dried and rewetted, thus, is an indicator
of soil microbial activity (Doran and Parkin, 1994). Soil respiration was
analyzed using an infrared gas analyzer (IRGA) L840A (LI-COR Bio
sciences, Lincoln, Nebraska). Water-extractable total nitrogen (organic
and inorganic nitrogen) and water-extractable organic carbon (Haney
et al., 2006) were analyzed with the weak acid H3A extract (Apollo
9000, Teledyne-Tekmar; Mason, Ohio). The H3A extract also deter
mined nitrate and total phosphorus on a Lachat 8000 flow injection
analyzer (Hach Company, Loveland, Colorado). The C:N ratio was
calculated based on the ratio of water-extractable organic carbon and
water-extractable organic nitrogen.

hundred kernels. The maize plant population was measured by counting
the number of plants in three rows of maize in each plot at the whole plot
length (15.2 m). Six maize ears were randomly selected from the
hand-harvested area for yield component estimations. The number of
kernels per ear was determined by counting the number of kernel rows
per ear (transversal count) and the number of kernels per row (longi
tudinal count). After accounting for the number of kernels per ear, all
maize ears were threshed to separate the kernels from the ear using a
stationary maize ear sheller (ALMACO, Nevada, IA). After threshing, the
total weight of one hundred kernels and the total kernel weight of each
plot was recorded. Kernel moisture was measured using a meter (Model
Dickey John GAC 2100 Agri Bench Grain Moisture Tester, Dickey-John
Corporation, Auburn, IL), and grain yield was adjusted to 15.5 %
moisture content.
2.3. Statistical analyses
Analysis of variance (ANOVA) was performed for all plant (CC
biomass, θv at maize VE-V1 development stage, weed density and
biomass, crop residue, maize grain yield, and yield components) and soil
variables (organic matter, soil respiration, total N, organic carbon, ni
trate, total phosphorus, and C:N ratio) in this experiment using the
PROC MEANS procedure in SAS 9.2 (SAS Institute, Cary, NC). The CC

2.2.6. Maize grain yield and yield components
The two center maize rows in each plot were hand-harvested (2.65 m
long per maize row), covering an area of 4.065 m− 2 (Lauer, 2002). Maize
grain yield components were estimated by counting the maize plant
population, the number of kernels per ear, and the total weight of one
5

0.0010
–
–

–
–
141
–
Planting Timing (P)
Termination Timing (T)
PxT

Fallow
WS
WHET
WHLT

–
1428 (n = 48)
1334 (n = 48)
1310 (n = 48)
p-values
<.0001
0.0141
0.6513

–
–
989 (n = 48)
–
A
B
B
–
161
173
161

145
136
38
1142 (n = 16)
1294 (n = 16)
530 (n = 16)

SE +Mean

A
B
C
137
67
27
2470 (n = 48)
1272 (n = 48)
306 (n = 48)
P1
P2
P3

SE +Mean
Treatments

termination and planting timings were considered as fixed factors
whereas the replication blocks nested within site-years were treated as a
random factor in the linear mixed model. Thus, the four site-years were
treated as a random effect in the model. We included the fallow treat
ment at first (P1), second (P2), and third (P3) planting timings because
the drill was run over these plots (no seeds were drilled). For all vari
ables in the experiment, the fallow treatment was averaged across
planting timings P1, P2, and P3 according to each replication to mini
mize the potential impact of the drill pass on those plots. The θv data
measured through the maize growing season were analyzed by site-year
as a repeated measure, where the maize development stage was
considered as time in the model. All variables, except CC early spring
biomass, C:N ratio, maize grain yield, and 100-kernel weight, were logtransformed before the ANOVA to satisfy the Gaussian assumptions of
normality (back-transformed means are presented for ease of interpre
tation). For all response variables in the experiment, the separation of
means for interactions and main effects was set at a significance level of
α = 0.05 with Tukey’s adjustment for multiple comparisons completed
using the LINES function in GLIMMIX procedure. To understand the
relationship between soil and plant variables, Pearson’s linear correla
tion tests were performed in soil and yield component variables at a 5 %
significance level using PROC CORR in SAS 9.2 (SAS Institute, Cary,
NC).
A Canonical Discriminant Analysis (CDA) was performed to provide
insight into how the CC planting and termination timing treatments
cluster according to the plant and soil variables evaluated in this
experiment and the relationships of the variables with the treatment
clusters. The objective of this analysis was to support the ANOVA results
and provide a visualization of the treatment clusters according to the
several variables evaluated in this experiment. The higher the relative
weight of the variable in the canonical variate (measured by the length
and direction of the arrows), the greater the variable contribution to the
discriminant power of the function (Villamil et al., 2008). Therefore, the
clusters in the same direction of the arrow would be positively corre
lated with the response variable. In contrast, the opposite direction of
the arrow would have a negative canonical correlation with the response
variable. Also, the arrow length approximates the variance of the spe
cific response variable. The CDA plots the canonical variates 1 and 2
(Can1 and Can2), which corresponds to the majority of the total varia
tion within the dataset. The higher the canonical score, the bigger the
vector (arrow) in the plot. All plant and soil variables were plotted in the
CDA for both CC planting and termination timing except for maize yield
components. The CC early and late spring biomass were not used for the
CDA in the CC termination timing because the CC early spring biomass
was collected only for the WHET treatment. In contrast, the CC late
spring biomass was collected only for the WHLT treatment. These two
variables were not included to avoid possible CDA data bias. The CDA
was performed using the candisc function (Friendly, 2007) in R (R
Development Core Team, 2020).

Abbreviations: P1, first planting timing; P2, second planting timing; P3, third planting timing; WS, winter-sensitive; WHET, winter-hardy early termination; WHLT, winter-hardy late termination; SE, standard error of the
mean; NS, not significant; n, number of observations.

0.1558
–
–

–
–
–
206
–
–
–
3186 (n = 48)

243
165
110
3065 (n = 16)
3525 (n = 16)
2984 (n = 16)

Mean

SE +-

NS
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A
A
B

CC Late Spring Biomass (kg ha− 1)
CC Early Spring Biomass (kg ha− 1)
CC Fall Biomass (kg ha− 1)

Table 2
Cover crop (CC) biomass during fall, early, and late spring according to CC planting and termination timing. Site-years were included as random effects in the ANOVA model. Numbers followed by different letters represent
significant differences with Tukey adjustment at p ≤ 0.05.

A.T. Rosa et al.

3. Results
3.1. Weather data
The weather patterns can justify some of the differences among
treatments found in this experiment. Precipitation and temperature of
each site-year were compared to the historical average data for Grant
and North Platte from 1985 through 2015. Although the distribution of
the precipitation over the last 30 years was similar among the sites, it is
essential to note that Grant received less precipitation than North Platte
during the years of the experiment (Fig. 2). Besides the warmer (2017)
and cooler spring (2018) of both sites compared to the 30-year average
temperature data, temperatures followed a similar trend in this experi
ment compared to the 30-year average.
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3.2. Cover crop biomass

3.2.3. Late spring biomass
Late spring biomass was collected at the time of maize planting
(early-May/late-May; Table 2). Therefore, only WHLT treatment was
sampled. Regarding CC planting timing, the P1, P2, and P3 produced
similar CC biomass (p = 0.1558) late in the spring (Table 2).

The predominant species in the CC mixtures varied according to
sampling time and site-year. In the fall, cool-season grasses were the
predominant species (black oats, spring barley, winter triticale, and
winter barley) at Grant 2016− 2017, whereas radish (daikon radish) was
the predominant species growing at North Platte 2016− 2017. The pre
dominance of grass species in the fall may be due to dry conditions
observed in the fall at Grant in 2016− 2017 (Fig. 2), which are not
favorable to radish species (Wan and Kang, 2006). In the second year of
the experiment, both Grant 2017− 2018 and North Platte 2017− 2018
site-years showed a predominance of radishes in the CC stand in the fall.
In all site-years, the predominant species in the spring were winter
barley and winter triticale. Poor growth was observed from the legumes
in the mixes (spring lentil and hairy vetch) in both fall and spring (data
not shown).

3.3. Soil water content
There were no interactions among CC termination timing and maize
development stage on the θv. On the other hand, the main effect of CC
termination timing was significant in Grant 2016− 2017 only, where the
WS and WHLT treatments decreased the θv up to 7 and 10 %, respec
tively, compared to fallow (Fig. 3). However, WHET (0.179 m3 m− 3) had
similar θv as the fallow (0.181 m3 m− 3).
Additionally, the main effect of maize development stage was
different in all site-years. Thus, as expected, the θv decreased as maize
developed from VE-V1 (average of 0.235 m3 m− 3) to R2 (average of
0.195 m3 m− 3) development stage (Fig. 3). It is important to note that θv
readings were close to the permanent wilting point (PWP) values in
Grant 2016− 2017 (especially at V6 maize development stage) and Grant
2017− 2018 (V6, V10, and R2 maize development stages).

3.2.1. Fall biomass
No differences in CC biomass were found in the interaction between
CC planting and CC mixtures (p = 0.6513, Table 2). However, there
were differences in the main effects of CC biomass between CC mixtures
(winter-sensitive and winter-hardy) (p = 0.0141) and planting timing
treatments (p < .0001). The WS treatment produced, on average, 7 %
more biomass than the WH mixture (Table 2). On the other hand, the P1
(planted three weeks after winter wheat harvest) produced the greatest
biomass among planting timing treatments (Table 2). The P1 achieved
approximately twice the CC biomass than P2 (planted six weeks after
winter wheat harvest) and eight times more than P3 (9 weeks after
winter wheat harvest). Increased biomass in P1 in the fall was expected
because of the extended growing window, and consequently, more GDD
accumulation during fall.

3.4. Weed demographics
Weed species community varied across site-years. The most common
species found by site-year were prostrate pigweed (Amaranthus blitoides
S. Watson) at North Platte 2016− 2017; carpetweed (Mollugo verticillata
L.) at North Platte 2017− 2018; and kochia (Bassia scoparia L.) at Grant
2017− 2018. In this experiment, weed density was influenced by CC
termination timing (p = 0.0033). The WHLT reduced weed density by 56
and 54 %, respectively, compared to fallow and WS treatments
(Table 3). Weed density was similar among WHLT and WHET
treatments.
Weed biomass differed among CC termination timing treatments (p <
.0001), with fallow having the greatest weed biomass. The WHET and
WHLT treatments reduced weed biomass by 70 and 82 % compared to
fallow, respectively (Table 3).

3.2.2. Early spring biomass
Early in the spring, CC biomass was collected two weeks before
maize planting (late April/early May). Therefore, only WHET treatment
was sampled. Early in the spring, the P1 (1142 kg ha− 1) and P2 (1294 kg
ha− 1) planting timings achieved similar amounts of CC biomass and
were 115 and 144 % greater than P3, respectively (Table 2).

Fig. 3. Soil volumetric water content at 0-20
cm depth at each site-year according to the
interaction of cover crop termination time and
maize development stage. Abbreviations: FC,
field capacity; PWP, permanent wilting point;
WS, winter-sensitive; WHET, winter-hardy
early termination; WHLT, winter-hardy late
termination; VE, V1, V4, V6, V8, V10, V12,
V16, R2 maize development stages. * represent
significant differences at p ≤ 0.05. FC and PWP
data were retrieved from Web Soil Survey,
https://websoilsurvey.sc.egov.usda.
gov/App/HomePage.htm.
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Table 3
Total weed density and biomass, and crop residue biomass at maize V6 development stage according to CC planting and termination timing. Site-years were included as
random effects in the ANOVA model. Numbers followed by different letters within planting and termination timings represent statistically significant differences with
Tukey adjustment at p ≤ 0.05.
Weed Density (weeds m− 2)

Weed Biomass (kg ha− 1)

Crop Residue Biomass (kg ha− 1)

Treatments

Mean

SE +-

Mean

SE +-

Mean

SE +-

P1
P2
P3

29
37
36

4
6
7

NS

88
116
92

10
24
11

NS

7748
7167
6060

519
377
300

A
A
B

Fallow
WS
WHET
WHLT

41
39
37
18
p-values
0.9365
0.0033
0.1285

7
7
8
3

A
A
AB
B

196
105
58
36

51
21
9
7

A
AB
BC
C

6398
6473
7055
8041

345
666
462
356

B
B
AB
A

Planting Timing (P)
Termination Timing (T)
PxT

0.5587
<.0001
0.0636

0.0097
<.0001
0.6740

Abbreviations: P1, first planting timing; P2, second planting timing; P3, third planting timing; WS, winter-sensitive; WHET, winter-hardy early termination; WHLT,
winter-hardy late termination; SE, standard error of the mean; NS, not significant; n, number of observations.

3.5. Crop residue

similar among the termination treatments, but the reduction in soil N
caused by CCs likely contributed to a higher C:N ratio at 10–20 cm soil
depth under WHLT and WS treatments. Furthermore, both total N (R =
0.58, p < .0001) and nitrate (R = 0.78, p < .0001) were positively
correlated with maize grain yield (Table 5). As with 0–10 cm soil depth,
there were no effects of CC planting timing on soil indicators at 10–20
cm soil depth. Moreover, soil carbon and respiration (microbial activity)
were not impacted by CCs.

The crop residue biomass was affected by CC planting (p = 0.0097)
and termination timing (p < .0001) main effects only (Table 3). The first
(P1) and second (P2) CC planting timing increased the crop residue
biomass on the soil surface by 28 and 18 % compared to the latest CC
planting timing (P3). Likewise, the latest CC termination timing (WHLT)
increased the crop residue biomass by 24 and 26 % over WS and fallow,
respectively. The WHET reached similar crop residue biomass as the
WHLT treatment.

3.7. Maize grain yield and yield components
All CC treatments reduced maize grain yield compared to fallow.
Maize grain yield was affected by the CC planting (p = 0.0256) and
termination timing (p < .0001) (Table 6). The first (P1) and second (P2)
planting reduced maize grain yield by up to 5 % over the last planting
timing (P3). On the other hand, the WS, WHET, and WHLT decreased
maize grain yield by 8, 8, and 20 %, respectively, compared to fallow.
Therefore, planting CCs early in the fall (P1 and P2) and terminating late
(WHLT) had the most negative effects on maize grain yield (Table 6).
Maize plant population was affected only by CC termination timing
(p = 0.0025) where the WHLT treatment reduced up to 8 % the number
of maize plants per hectare compared to other CC termination treat
ments (Table 6). Likewise, the number of kernels per ear (p = 0.0004)
and the 100-kernel weight (p < .0001) were only affected by CC
termination timing (Table 6). The WHLT decreased the number of ker
nels per ear up to 4 % compared to fallow, WS, and WHET. Similarly, the
WHLT and WHET reduced the 100-kernel weight compared to fallow
and WS treatments. Both kernels per ear (R = 0.28, p < .0001) and 100kernel weight (R = 0.78, p < .0001) were positively correlated with the
maize grain yield (Table 6). Thus, the 100-kernel weight was the maize
yield component that most affected grain yield.

3.6. Soil indicators
At 0–10 cm soil depth, the soil total N (p < .0001), nitrate (p < .0001)
and C:N ratio (p = 0.0492) were impacted by CC termination timing.
Cover crop WHLT reduced the available N in the soil (Table 4). Both
total N and nitrate levels in the soil were reduced up to 17 and 28 %,
respectively, by the WHLT compared to the fallow treatment. The WS
mixture terminated in the fall also showed lower nitrate levels in the soil
compared to fallow. Consequently, the WHLT and WS increased the C:N
ratio compared to fallow. Soil organic carbon was similar among the
termination treatments. Still, the reduction in soil N caused by CCs likely
contributed to a higher C:N ratio in the topsoil under WHLT and WS
treatments. Moreover, both total N (R = − 0.28, p = 0.0008) and nitrate
(R = − 0.29, p = 0.0005) were negatively correlated with crop residue
biomass, and positively correlated [(total N, R = 0.53, p < .0001), (ni
trate, R = 0.59, p < .0001)] with maize grain yield (Table 4). Thus, CC
WHLT had the most negative impact on soil nitrogen levels, probably
due to its increased biomass production (fall and spring). The CCs did
not impact soil carbon and respiration (microbial activity). Moreover,
there were no effects of CC planting timing or interactions on soil in
dicators at 0–10 cm soil depth.
At 10–20 cm soil depth, the soil organic matter (p = 0.0175), total N
(p = 0.0002), nitrate (p < .0001) and C:N ratio (p = 0.0056) were
affected by CC termination timing (Table 5). The WHLT (2.4 g kg− 1)
treatment achieved a similar value of soil organic matter compared to
fallow (2.3 g kg− 1) and WHET (2.3 g kg− 1) but higher than WS (2.1 g
kg− 1). However, there were no correlations of soil organic matter with
either crop residue biomass or maize grain yield. The WHLT and WS
treatments also reduced the available N at 10–20 cm soil depth
(Table 5). The soil total N and nitrate levels were reduced up to 14 and
26 %, respectively, by the WHLT compared to the fallow treatment. The
WS also reduced both soil total N and nitrate levels by 12 and 20 %,
respectively, compared to fallow. Consequently, the WHLT and WS
increased the C:N ratio compared to fallow. Soil organic carbon was

3.8. Canonical discriminant analysis
The CDA plot for the CC planting timing is presented in Fig. 4, and
the canonical correlation coefficients in Table 7. The canonical variates
1 (Can1) and 2 (Can2) correspond to 94.5 and 5.5 % of the total vari
ation in the data, respectively. Thus, the Can1 explained most of the
dataset variation and was the only statistically significant canonical
variate (p < 0.0001). Based on the size of the arrows in the Can1 axis
(Fig. 4) and the high canonical correlation coefficients (Table 6), CC fall
biomass and crop residue were the most important variables to char
acterize differences in planting timing (Fig. 4). Cover crop fall biomass
(R = 0.92), crop residue biomass (R = 0.33), and CC early spring
biomass (R = 0.16) were positively correlated to the first CC planting
8

1

C)
1.0
1.8
1.3
1.7

SE +-

1

A
A
A
B

N)

R= -0.28 (p = 0.0008)
R = 0.53 (p <.0001)

0.5343
<.0001
0.7930

31.2
30.0
29.8
26.0

Mean

Total N (mg kg−
2.4
3.4
3.0
2.8

SE +-

1

NS

C)

R= -0.23 (p = 0.0066)
R = 0.27 (p = 0.0001)

0.3959
0.2935
0.7950

124
129
127
130

Mean

Organic C (mg kg−
1.0
1.6
1.4
1.3

SE +-

1

A
B
AB
C

NO3-N)

R= -0.29 (p = 0.0005)
R = 0.59 (p <.0001)

0.3775
<.0001
0.8693

13.7
13.1
13.0
9.90

Mean

Nitrate (mg kg−
0.9
1.2
1.2
1.1

SE +-

1

P)
NS

R= -0.32 (p <.0001)
R= -0.42 (p <.0001)

0.5072
0.3584
0.9620

30.0
30.9
30.9
29.3

Mean

Total P (mg kg−

0.2
0.3
0.3
0.3

SE +B
A
AB
A

R = 0.12 (p = 0.1469)
R = 0.10 (p = 0.1810)

0.5673
0.0492
0.6479

9.7
10.3
10.1
10.5

Mean

C:N ratio

9
SE +-

1

C)
1.1
1.1
0.9
1.0

SE +-

1

A
BC
AB
C

N)

R= -0.12 (p = 0.1486)
R = 0.58 (p <.0001)

0.4587
0.0002
0.9751

22.5
19.8
21.0
19.3

Mean

Total N (mg kg−

2.6
2.9
2.5
2.5

SE +-

1

NS

C)

R= -0.14 (p = 0.0859)
R= -0.15 (p = 0.0404)

0.2291
0.0585
0.8797

101
105
105
108

Mean

Organic C (mg kg−

0.5
0.7
0.6
0.8

SE +-

1

A
B
A
B

NO3-N)

R= -0.13 (p = 0.1306)
R = 0.78 (p <.0001)

0.3094
<.0001
0.9632

8.7
7.0
7.6
6.4

Mean

Nitrate (mg kg−

0.3
0.4
0.4
0.8

SE +-

1

P)
NS

R= -0.11 (p = 0.1985)
R= -0.02 (p = 0.8073)

0.7101
0.5057
0.3410

9.1
9.3
9.2
10.1

Mean

Total P (mg kg−

0.2
0.3
0.3
0.2

SE +B
A
AB
A

R = 0.03 (p = 0.7219)
R= -0.14 (p = 0.0610)

0.8370
0.0056
0.9893

8.8
9.9
9.4
9.9

Mean

C:N ratio

Abbreviations: N, nitrogen; P, phosphorus; C, carbon; P1, first planting timing; P2, second planting timing; P3, third planting timing; WS, winter-sensitive; WHET, winter-hardy early termination; WHLT, winter-hardy late
termination; SE, standard error of the mean.

Crop Residue Biomass (kg ha− 1)
Maize Grain Yield (Mg ha− 1)

Planting Timing (P)
T
PxT

Mean

23
1
AB
18.3
1.0
NS
21
1
B
26.1
3.1
23
1
AB
21.7
2.4
24
1
A
23.7
2.4
p-values
0.9699
0.5463
0.0175
0.0789
0.1940
0.6034
Pearson Correlation Coefficients
R = 0.01 (p = 0.8866)
R = 0.28 (p = 0.0007)
R = 0.09 (p = 0.2068)
R= -0.52 (p <.0001)

SE +-

Mean

Fallow
WS
WHET
WHLT

Soil Respiration (mg kg−

Termination Timing (T)

Organic Matter (g kg− 1)

Table 5
Soil organic matter, soil respiration, total nitrogen, organic carbon, nitrate, total phosphorus, and carbon:nitrogen (C:N) ratio at 10-20 cm depth collected at maize V6 development stage according to CC planting and
termination timing. Site-years were included as random effects in the ANOVA model. Numbers followed by different letters represent statistically significant differences with Tukey adjustment at p ≤ 0.05. Pearson
correlation coefficients represent the relationship of the aforementioned soil indicators with crop residue biomass and maize grain yield.

Abbreviations: N, nitrogen; P, phosphorus; C, carbon; P1, first planting timing; P2, second planting timing; P3, third planting timing; WS, winter-sensitive; WHET, winter-hardy early termination; WHLT, winter-hardy late
termination; SE, standard error of the mean; NS, not significant.

Crop Residue Biomass (kg ha− 1)
Maize Grain Yield (Mg ha− 1)

Planting Timing (P)
T
PxT

SE +-

24
1
NS
38.8
1.9
NS
24
0
47.7
3.7
24
1
41.4
2.2
26
1
43.8
3.5
p-values
0.9336
0.4625
0.2009
0.1272
0.2328
0.2445
Pearson Correlation Coefficients
R= -0.08 (p = 0.3490)
R= -0.10 (p = 0.2332)
R = 0.14 (p = 0.0546)
R= -0.59 (p <.0001)

Mean

Fallow
WS
WHET
WHLT

SE +-

Mean

Soil Respiration (mg kg−

Termination Timing (T)

Organic Matter (g kg− 1)

Table 4
Soil organic matter, soil respiration, total nitrogen, organic carbon, nitrate, total phosphorus, and carbon:nitrogen (C:N) ratio at 0-10 cm depth collected at maize V6 development stage according to CC planting and
termination timing. Site-years were included as random effects in the ANOVA model. Numbers followed by different letters represent statistically significant differences with Tukey adjustment at p ≤ 0.05. Pearson
correlation coefficients represent the relationship of the aforementioned soil indicators with crop residue biomass and maize grain yield.
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Table 6
Maize grain yield and yield components (maize plant population, kernels per ear, and 100-kernel weight) according to CC planting and termination timing. Site-years
were included as random effects in the ANOVA model. Numbers followed by different letters represent statistically significant differences with Tukey adjustment at p ≤
0.05. Pearson correlation coefficients represent the relationship of maize yield components with maize grain yield.
Maize Grain Yield (Mg ha− 1)

Maize Plant Population (plants ha− 1)

Kernels per Ear

Treatments

Mean

SE +-

Mean

SE +-

Mean

SE +-

Mean

SE +-

P1
P2
P3

8.2
8.1
8.5

0.2
0.2
0.2

32,434
32,388
32,556

698
680
595

NS

684
685
696

10
10
10

NS

32.4
31.8
32.5

0.8
0.8
0.7

NS

Fallow
WS
WHET
WHLT

9.0
0.2
A
8.3
0.3
B
8.3
0.2
B
7.5
0.3
C
p-values
0.0267
<.0001
0.1564
Pearson Correlation Coefficients
R=1

32,932
33,333
32,881
30,692

606
556
760
993

A
A
A
B

698
690
694
670

10
12
12
13

A
A
A
B

33.3
32.6
31.7
31.4

0.8
0.9
0.8
1.0

A
B
C
C

Planting Timing (P)
Termination Timing (T)
PxT
Maize Grain Yield (Mg ha− 1)

B
B
A

100-Kernel Weight (g)

0.8249
0.0007
0.1247

0.1418
0.0004
0.3241

0.0650
<.0001
0.5040

R = 0.03 (p = 0.7288)

R = 0.28 (p <.0001)

R = 0.78 (p <.0001)

Abbreviations: P1, first planting timing; P2, second planting timing; P3, third planting timing; WS, winter-sensitive; WHET, winter-hardy early termination; WHLT,
winter-hardy late termination; SE, standard error of the mean; NS, not significant.
Table 7
Canonical correlation coefficients for plant variables and soil indicators ac
cording to cover crop (CC) planting and termination timing across site-years.
CC Planting Timing

CC Termination Timing

Variable

Canonical
Variate 1

Canonical
Variate 2

Canonical
Variate 1

Canonical
Variate 2

CC Fall Biomass
CC Early Spring
Biomass
CC Late Spring
Biomass
Weed Density
Weed Biomass
Crop Residue
Biomass
Maize Grain
Yield
Organic Matter
Soil Respiration
Total N
Organic C
Nitrate
Total P
C:N Ratio
Proportion of
Variance (%)
p values

0.92
0.16

0.03
0.46

0.84
NA

0.32
NA

0.03

0.14

NA

NA

− 0.06
0.15
0.33

0.19
0.12
0.35

− 0.22
− 0.49
0.25

0.40
0.12
− 0.38

− 0.11

− 0.32

− 0.43

0.44

− 0.04
0.06
− 0.01
0.10
− 0.04
0.01
− 0.02
94.5

− 0.06
0.19
− 0.35
0.08
− 0.35
− 0.10
0.02
5.5

0.08
0.01
− 0.10
0.13
− 0.09
− 0.02
0.16
72.1

− 0.35
0.13
0.19
− 0.09
0.22
0.06
− 0.06
24.8

<.0001

0.4065

<.0001

<.0001

Fig. 4. Canonical discriminant analysis of plant variables and soil indicators
according to cover crop (CC) planting timing across site-years. Abbreviations:
P1, P2, and P3 = first, second, and third CC planting timing, respectively; C,
carbon; N, nitrogen; P, phosphorus.

Abbreviations: N, nitrogen; P, phosphorus; C, carbon; NA, not available.

timing (P1), and negatively correlated with the third planting timing
(P3). Maize grain yield was negatively correlated with P1 (R = -0.11) as
its arrow is going in the opposite direction. Biologically, and according
to the ANOVA, the CDA showed that P1 was associated with more CC
biomass production in the fall and early spring and crop residue biomass
compared to the other planting timing treatments. On the other hand, P1
may be associated with lower maize grain yields as compared to P3. The
response variables that are more concentrated in the center of the plot
(C:N ratio, organic matter, and total P) were associated with the second
planting timing (P2), but their canonical correlation coefficients were
low compared to other variables. Despite the long arrow and high ca
nonical correlation coefficients for soil total N and nitrate, they were
represented by the Can2, which was not significant (p = 0.4065).
Fig. 5 is a plot of the CDA for the CC termination timing treatments.
The Can1 and Can2 correspond to 72.1 and 24.8 % of the total variation,
respectively, where both were statistically significant (p < .0001). The
Can1 explains most of the data variation, but the Can2 was also

considered for the cluster formation in Fig. 5. Based on the size of the
arrow (Fig. 5) and the high canonical correlation value (Table 7), the CC
fall biomass (R = 0.84) was the most important variable to characterize
the CC termination timing, followed by weed biomass (R = − 0.49),
maize grain yield (R = − 0.43), and crop residue biomass (R = 0.25). For
Can2, the most important variables were maize grain yield (R = 0.44),
weed density (R = 0.40), crop residue biomass (R = − 0.38), organic
matter (R = − 0.35), CC fall biomass (R = 0.32), soil nitrate (R = 0.22)
and total N (R = 0.19). The variables weed density and biomass, and
maize grain yield were positively correlated with the fallow treatment.
In contrast, the CC fall biomass was negatively correlated with fallow
since its arrow is going in the opposite direction. Therefore, the CDA
showed that fallow was associated with higher weed density and
biomass, and maize grain yield compared to the other CC termination
treatments. On the other hand, the WHLT treatment clustered towards
the organic matter, crop residue biomass, organic carbon, and C:N ratio.
Simultaneously, the WHLT may be associated with lower weed density
10
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winter-hardy species) compared to early CC planting timings (P1 and
P2). Thus, the delay in CC planting in the fall limits the CC biomass
accumulation, reducing soil protection against erosion, weed suppres
sion, and reducing the potential for grazing CCs. However, planting CCs
late in the fall may decrease the risk of excessive soil water use by CCs as
it reduces their fall growing window.
Soil water content was precipitation dependent and decreased dur
ing the maize growing season (Figs. 2 and 3) except for V16 and R2
maize development stages in North Platte 2017− 2018 and Grant
2017− 2018, respectively, as these were sampled shortly after precipi
tation events. This result was expected since maize demand for water
keeps increasing, reaching its peak at maize VT (tassel stage) and R1
(silking stage) (Kranz et al., 2008). The reduced precipitation in the fall
compared to the spring (Fig. 1) emphasizes the importance of soil water
recharge during the spring. Although the years of this experiment
received above average precipitation compared to the 30-year data in 3
out of 4 site-years (Fig. 2), θv at Grant 2016− 2017 was lower in the
WHLT than the other CC termination treatments (Fig. 3). This finding
emphasizes the importance of terminating CCs at least two weeks prior
to maize planting (Sustainable Agriculture Network, 2007). With the
adoption of CCs, there is an increased likelihood that water stored will
be used by CCs to the detriment of the subsequent crop in semi-arid
regions (Unger and Vigil, 1998; Nielsen et al., 2015a; Holman et al.,
2018). Likewise, the greater biomass accumulation by WHLT treatment
in the spring combined with below-average precipitation during fall
2016 in Grant probably resulted in the increased water consumption,
subsequently affecting soil θv measured during maize development at
Grant 2016− 2017 (Table 2).
The soil water consumption by CCs can severely affect the subse
quent cash crop, especially in drier years. A recent study conducted in
Sidney, NE, showed that wheat yield was reduced by 22 % when grown
following CCs compared to fallow (Nielsen et al., 2016). Although the
differences among CC termination timings in θv from 0 to 20 cm soil
depth throughout maize growing season were limited, it is possible that
the water consumption by CCs went deeper than 20 cm in the soil profile
measured in this experiment (Alvarez et al., 2017). Moreover, previous
research showed that for every 125 kg ha− 1 of CC biomass grown in
semi-arid central Great Plains, available soil water was reduced by 1 mm
(Holman et al., 2018). In addition, the overall lower θv in Grant
2016− 2017 and Grant 2017− 2018 compared to North Platte
2016− 2017 and North Platte 2017− 2018 was the result of lower
average precipitation received in Grant. Thus, Grant may be prone to
increased risk of reduced θv when adopting CCs.
The wetter fall in 2017 compared to 2016 may have increased water
infiltration, influencing the results for Grant 2017− 2018 and North
Platte 2017− 2018 (Fig. 3). In a wet year, CCs can increase water storage
through living roots that create channels in the soil, promoting soil ag
gregation, aeration, water infiltration, and nutrient uptake (De Baets
et al., 2011; Blanco-Canqui et al., 2015; Blanco-Canqui, 2018; Rosa
et al., 2019). Besides, the mulch effect that CC biomass residue produces
on the soil surface can decrease soil water loss by evaporation, decrease
soil temperature, and increase water capture from dew (Tolk et al.,
1999; Ji and Unger, 2001; Wells et al., 2016). It is also important to note
that even though the fallow did not have any CC planted, the winter
wheat straw residue was still present and represented the bulk of the
crop residue collected at the maize V6 development stage. Thus, the
impact of CCs on θv will depend not only on the amount of CC biomass
accumulation but also on winter wheat residue and whether the pre
cipitation amounts will replenish the soil water used by the CCs.
Cover crops negatively affected N availability to subsequent maize.
Late termination of CCs in the spring (WHLT) decreased total N and
nitrate levels in the soil, contributing to reduced maize grain yield. The
increased biomass accumulation during the spring probably induced N
immobilization by late termination of CCs (Wagger and Mengel, 1993;
Kaspar and Bakker, 2015). Moreover, our results showed a greater soil C:
N ratio under the WHLT treatment, mostly because of reduced N since

Fig. 5. Canonical discriminant analysis of plant variables and soil indicators
according to cover crop (CC) termination timing across site-years. Abbrevia
tions: WS, winter-sensitive; WHET, winter-hardy early termination; WHLT,
winter-hardy late termination; C, carbon; N, nitrogen; P, phosphorus.

and biomass, and lower maize grain yield as their arrows are going in the
opposite direction. Moreover, weed density was negatively correlated
with CC late spring biomass (R = − 0.24, p = 0.0038). Therefore, late
termination of CCs had the highest potential to suppress summer annual
weeds. Weed biomass was negatively correlated to CC fall (R = − 0.24, p
= 0.0035), early (R = − 0.28, p = 0.0007) and late spring (R = − 0.39, p
< .0001) biomass, confirming that CCs were effective in reducing weed
biomass in this experiment (Table 3). Also, there was a positive corre
lation between crop residue and CC fall (R = 0.23, p = 0.0064) and late
spring biomass (R = 0.27, p = 0.0010) (Table 3). The lack of correlation
between CC early spring biomass and crop residue is the result of low CC
biomass in those treatments (Table 2).
4. Discussion
The GDD and precipitation were key for CC growth and development
in this experiment in semi-arid western Nebraska. The earlier CCs were
planted, the longer the growing period, the more biomass accumulated
in the fall. Late summer/early fall presents higher soil and air temper
ature, which increases the GDD accumulation and consequently
increasing CC biomass (Nielsen et al., 2015b). The CC winter-sensitive
mixture reached higher fall biomass when compared to CC
winter-hardy species. The CC winter-sensitive species (black oats, spring
barley, spring lentil, and daikon radish) may be more adapted to higher
temperatures at the end of summer and beginning of fall than
winter-hardy species, producing higher fall biomass. Previous studies
conducted in Wisconsin showed that late summer (August) planted
winter-sensitive cereals produced greater forage biomass than
winter-hardy species (Maloney et al., 1999). Previous studies conducted
in Ohio also reported a similar result, where increased biomass produced
by winter-sensitive species can potentially contribute to grazing in the
fall (McCormick et al., 2006). Also, the CC winter-hardy species planted
first (P1) contributed to greater CC biomass early in the spring, taking
advantage of the increased precipitation that usually happens in the
spring (Fig. 2). The lower CC biomass early in the spring as compared to
the fall justifies by the death of brassicas species (radishes) during the
winter. The radishes were a great contributor to CC fall biomass. On the
other hand, late CC planting dates (P3) accumulated the least amount of
fall biomass (CC winter-sensitive and winter-hardy species). Still, P3
treatment contributed to similar CC late spring biomass (CC
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there were no differences in the soil organic carbon (Tables 4 and 5).
During the spring, grasses comprised most of the CC biomass. Grass-rich
CCs have a greater C:N ratio than legume and brassica species, and likely
contribute to maize early season N immobilization (Appelgate et al.,
2017; Kaye and Quemada, 2017). Therefore, CC use in semi-arid envi
ronments will likely require adjustments of N fertilization recommen
dations when growing maize following CCs. Our experiment did not
show any differences in soil carbon or soil microbial activity with the
adoption of CCs. We speculate that the WHLT residue did not have
enough time to decompose completely by the time of soil sampling (V6
maize development stage), which helped to immobilize N and did not
cycle C back to the soil (Tables 4 and 5). Increments in attributes like
organic matter, soil organic carbon, and soil respiration might need
more time (long-term effects) to show changes with the use of CCs. Soil
organic carbon, which is a component of organic matter, was found to
increase in the soil after five years of CC adoption in a winter-fallow
cropping system (Blanco-Canqui et al., 2013). The CDA (Fig. 5)
showed that late termination of CCs (WHLT treatment) was associated
with soil organic carbon and organic matter, likely due to its improved
crop residue biomass (Table 3). A previous study in the northern Great
Plains of the US concluded that soil indicators could be improved by
intensive cropping systems and reduced tillage management (Liebig
et al., 2004). Thus, in the long-term, CCs could enhance soil indicators in
semi-arid environments.
Cover crops growing in the spring (WHET and WHLT treatments)
showed potential to suppress weeds, whereas having CCs growing in the
fall only (WS treatment) did not contribute to decreasing summer annual
weed density and biomass. Most of the summer annual weeds start to
emerge in April/May/June (Werle et al., 2014b), so having a CC
growing at that period (winter-hardy species) may help reduce the
growth of early-season weeds. Weeds can take advantage of the soil light
exposure and water infiltration to germinate earlier. CCs fill the gaps
that could otherwise be occupied by weeds (Liebman and Staver, 2001)
and exudate chemicals that can reduce their emergence (Weston, 1996;
Bhowmik and Inderjit, 2003). Also, CCs can potentially help weed
management by reducing the size and population of herbicide-resistant
weeds. Planting CCs late in the summer (P1 treatment) and terminating
late in the spring (WHLT treatment) increased not only the amount of CC
biomass but also the crop residue biomass (Table 3). In semi-arid envi
ronments, the previous crop residue associated with no-till provides soil
cover, suppressing weeds, and decreasing water evaporation (Klein,
2012). Therefore, it is important to have CCs growing, especially during
the spring, to reduce summer annual weeds and increase crop residue
biomass. However, growing CCs in the spring (winter-hardy species)
was detrimental to θv at Grant 2016− 2017 (Fig. 3), nitrogen availability
(Tables 4 and 5), and to maize grain yield (Table 6).
In this first year of CC adoption in a winter wheat-maize-fallow
rotation, maize grain yield and yield components results helped
explain producers’ concerns regarding adopting CCs in semi-arid envi
ronments. All of the CC treatments reduced maize grain yield, especially
the WHLT (Table 5). In dry environments such as western Nebraska, the
recommended termination timing for CCs is at least two weeks before
subsequent crop planting (Sustainable Agriculture Network, 2007). This
recommendation aims to minimize the risk of crop yield loss due to soil
water use and nitrogen immobilization by CCs. However, our findings
showed that even growing CCs in the fall only can have a negative
impact on subsequent corn grain yield. This experiment showed that the
first (P1) and second (P2) CC planting timing and the latest CC termi
nation timing (WHLT) reduced maize grain yield the most. In addition,
maize yield components were negatively affected by WHLT treatment.
Thus, the sooner CCs are planted in summer/fall, and the longer they are
allowed to grow in spring, the more detrimental their impacts can be on
maize grain yield in semi-arid environments.

5. Conclusions
The findings from this experiment emphasize the importance of CC
planting and termination timing when adopting such soil conservation
practices. It is important to emphasize that this experiment evaluated
the effects of CCs after only one wheat-maize-fallow rotation cycle.
Under the wheat-maize-fallow rotation of semi-arid environments, CCs
can reduce summer annual weed density and biomass, and increase the
crop residue, particularly when CCs are late terminated (WHLT treat
ment) due to their high biomass production during spring. In addition,
winter-sensitive CCs could be used for grazing. By growing in the fall
only, those CCs can reduce soil water use allowing soil water recharge in
the spring. Moreover, winter-sensitive CCs do not require herbicide
termination (frost killed) and can compete with winter-annual weeds
like horseweed (Erigeron canadensis L.). Despite CC soil water use at the
time of maize planting, this experiment did not find differences in θv at
0–20 cm soil depth farther in the maize growing season. Also, CCs
reduced nitrogen availability in the soil for the subsequent maize crop,
especially the WHLT. Therefore, CCs did not contribute to any maize
grain yield gain. Instead, CCs consistently reduced maize grain yield
regardless of its planting and termination timing.
Future studies should evaluate the long-term effects of CCs, their
impact on soil water at deeper soil layers, and N fertilization on subse
quent maize performance, as well as which species (grasses, legumes,
and/or brassicas) are best suited to grow in semi-arid environments.
Although CCs can help weed management programs and increase soil
carbon and organic matter, it is imperative to say that CCs reduce
rainfed maize grain yield in western Nebraska during the initial stages of
adoption. Thus, our findings suggest that producers should use caution
when incorporating CCs in their cropping systems of semi-arid regions.
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