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Abstract: Dual-use cover crops as forage for livestock could offer ecological and economic benefits
when incorporated into rotations with corn (Zea mays L.) and soybean (Glycine max (L.) Merr) in
the Mid-South USA; however, information on implementation and impact is limited. A factorial
of sixteen cool-season species and a no-cover control by two management systems (forage harvest
and residue left in the field) was repeated under two cover crop planting/termination timings:
long-season (Oct. through May; corn/cover-crop/soybean) and short-season (Nov. through Apr.;
soybean/cover-crop/corn), two locations (Spring Hill and Knoxville, TN), and two growing seasons
(2017/2018 and 2018/2019). Data were analyzed using a mixed model ANOVA (SAS 9.4.). The
forage biomass did not differ by species within the short-season (415 to 1583 kg ha−1) but did in the
long-season (475 to 4282 kg ha−1). Within the long-season, crimson clover (Trifolium incarnatum L.)
and winter pea (Pisum sativum subsp. arvense (L.)) had crude protein and acid detergent fiber values
within the range for prime forage and were among the highest biomasses. The forage harvest did
not negatively affect soil properties or succeeding crop yield and quality. If appropriate species are
selected, cover crops within a corn/cover-crop/soybean rotation can provide quality forage, without
reducing the short term ecological benefits.

Keywords: no-tillage; integrated cropping system; soybean; corn; dual-use; biomass; livestock;
nutritive value; soil nutrients; nitrogen; oil; protein

1. Introduction

Cover crops provide numerous ecological benefits to row crop production systems,
such as reduction of soil erosion [1] and nutrient losses [2], increased soil moisture reten-
tion [3], weed suppression [4], carbon sequestration, and green manure source for nitrogen
(N) and carbon (C) [5,6]. Many of the most commonly used cover crop species are also
prominent forage crops [7]. This provides an opportunity to integrate row crop production
with forage harvest or livestock grazing of winter covers. However, questions remain when
implementing this in no-tillage systems in the Mid-South USA, including which cover
crop species provide the highest quality and quantity of forage when constrained by the
planting/termination timing dictated by accompanying row crops and what economic and
ecological impacts harvesting cover crops as forage have on subsequent row crop systems.

Limited research is available that identifies cover crop species that can optimize forage
biomass and quality within the planting/termination timing restrictions dictated by a
preceding and subsequent row crop in no-tillage systems in the Mid-South. A number of
species of cool-season cover crops could fit in this system as seed is typically inexpensive,
easily obtainable, and species provide high biomass [1,8]. Generally, cover crops in the
Mid-South fall within three categories: cereals, legumes, and brassicas. Although cereal
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rye (Secale cereale L.) is one of the most common cereal cover crops, other cereal species,
such as wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.), may be of a higher
forage nutritive value. Legumes, such as vetches and clovers, generally have a higher
forage nutritive value than cereals, fix atmospheric N, and, depending on the species, can
produce an adequate amount of biomass [9]. While crimson clover (Trifolium incarnatum L.)
and hairy vetch (Vicia villosa Roth) are some of the most widely used cover crop species, a
large number of additional legume species are being evaluated and marketed for use as
cover crops [10,11]. Brassicas produce a taproot and can scavenge N, but vary in winter
hardiness [12]. Although few studies have examined brassica species for adaptation to the
Mid-South, turnip (Brassica rapa L.) and canola (B. napus L.) have been used as cover crops
in the Midwestern US [8], and are likely suited for use in the Mid-South as winters are
generally milder.

Forage nutritive values can vary considerably among these species. The prime quality
standard of grass or legume hay is characterized by 190 g kg−1 or higher crude protein (CP),
310 g kg−1 or less acid detergent fiber (ADF), and 400 g kg−1 or less neutral detergent fiber
(NDF) [13]. It is possible to produce nutritive values in these ranges from spring grazed
or harvested dual-use cover crops. For example, August sown oat (Avena sativa L.) in the
northern US produced 180 g kg−1 CP and 521 g kg−1 NDF [14,15]. September sown rye +
oat in the Midwest produced 390 g kg−1 NDF and 837 g kg−1 in vitro neutral digestible
fiber (IVNDF) [15,16]. October sown legumes, such as crimson clover and hairy vetch, in
Spain produced averages of 195 g kg−1 CP [17]. Although information on forage quality is
available for a large number of species when grown specifically for forage, less is known
about the impacts on quality when grown within the confines of an integrated system.

Interaction among species, environment, and harvest timing can impact the suitability
of certain species to dual-use cover crop/forage systems. Harvest timing affects the forage
nutritive value due to physiological changes in the plant biomass. As forages mature, fiber
increases and protein decreases, resulting in an overall decrease in the forage nutritive
value. Iglesias and Lloveras [17] found that CP decreased by 44 g kg−1, ADF increased by
46 g kg−1, and in vitro true organic matter digestibility decreased by 49 g kg−1 between
April and May cool-season legume harvests. These harvest timings are important to the
Mid-South because the two most common crops grown in this area are corn (planted in
April) and soybean (planted in May). The cash crop preceding a cover crop can also impact
the cover crop planting timing in the fall. In Tennessee, cover crops following corn are
typically planted in October, while cover crop succeeding soybeans are generally planted a
month or more later. One of the most common rotations in the Mid-South, corn/soybean,
can create two very different cover crop growing seasons, depending on the order of the
crops. Corn followed by soybean creates a longer cover crop growing season (October to
May) compared with soybean followed by corn, which creates a shorter cover crop growing
season (November to April).

Furthermore, information is relatively limited regarding impact on the subsequent
row crop system when cover crop biomass is removed via grazing or forage harvest. Fran-
zluebbers and Stuedmann [18] found that grazing winter cover crops, specifically cereal rye
in rotation with no-tillage corn, in the southeastern United States, had no significant effect
on soil microbial C and N mineralization, while also exhibiting a positive effect on soil
microbial biomass C after three years [18]. The impact on subsequent row crop yield and
quality has been variable, with reports of no impact [19,20] or yield decreases [21]. To un-
derstand the economic and ecological impacts of dual-use cover crop/forage systems more
fully, further quantification of the impacts on soil parameters and row crop yield/quality
following a harvested/grazed cover crop are needed.

The objectives of this study were: (1) evaluate the forage yield and nutritive value of
sixteen cool season cover crop species and a no-cover control grown under two cover crop
planting/termination timings common to corn/soybean and soybean/corn rotations in
the Mid-South USA; and, (2) compare row crop yield and quality (oil and protein) and soil
nutrients, moisture, pH, and carbon in corn and soybean systems immediately following
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cover crops managed as a dual-use forage/cover crop system (cover crop residue removed)
to those following a standard cover crop system (cover crop residue left in field).

2. Materials and Methods

Materials and methods are described in Bracey [22]. In summary, plots were estab-
lished at two University of Tennessee AgResearch and Education Centers: Plant Sciences
Unit of the East Tennessee AgResearch and Education Center (ETREC) in Knoxville, TN
(35.892495, −83.959613) and the Middle Tennessee AgResearch and Education Center
(MTREC) in Spring Hill, TN (35.721164, −86.964894). Soil types differed between loca-
tions: Sequatchie loam (fine-loamy, siliceous, semiactive, thermic Humic Hapludult [23]) at
ETREC and Maury silt loam (fine, mixed, active, mesic Typic Paleudalf [23]) at MTREC.
Treatments were arranged in a factorial design with sixteen cover crop species and a no-
cover control by two management systems: single-use (cover crop chemically terminated
and left as residue before cash crop planting) and dual-use (cover crop residue mechani-
cally harvested then chemically terminated prior to cash crop planting). This was repeated
under two different cover crop planting/harvesting times (long-season: early Oct. plant-
ing/late April termination; short-season: late Oct. planting/early Apr. termination) and
over two years (2017/2018 and 2018/2019; fall planted cover crop followed by succeeding
summer cash crop were considered a single year). Species evaluated included wheat,
cereal rye, barley, oat, triticale (×Triticosecale Wittmack), crimson clover, arrowleaf clover
(Trifolium vesiculosum Savi), berseem clover (T. alexandrinum L.), red clover (T. pratense L.),
common vetch (Vicia sativa L.), hairy vetch, woolypod vetch (V. villosa Roth subsp. varia
(Host) Corb.), Austrian winter pea, canola, forage radish (Raphanus sativus L.), and purple-
top turnip (Brassica rapa L.). Cover crops were planted at rates/depths recommended by the
University of Tennessee Extension for forage production [24] (Table 1). Whenever possible,
named varieties were chosen over “variety not stated” (VNS) and kept consistent across
growing seasons.

Table 1. Cover crops, seeding rates, planting depth, and varieties by year.

Cover Crop Seeding Rate (kg ha−1) Planting Depth (cm)
Variety

2017–2018 2018–2019

Clover, arrowleaf 11.21 1.27 Yucchi VNS
Clover, crimson 28.03 1.27 Dixie Dixie

Clover, red 11.21 1.27 VNS VNS
Vetch, common 33.63 5.08 VNS VNS

Vetch, hairy 33.63 5.08 VNS VNS
Vetch, woolypod 33.63 5.08 Lana Lana

Winter pea 56.05 5.08 VNS VNS
Barley 168.15 5.08 Bob Winter Bob Winter

Oat 168.15 5.08 Arivat Secretariat
Triticale 168.15 5.08 Fridge Fridge

Cereal rye 168.15 5.08 VNS VNS
Wheat 201.78 5.08 Arthur VNS
Canola 8.97 1.27 Edimax CL Edimax CL

Forage radish 16.82 1.27 Torpedo Torpedo
Turnip 6.73 1.27 Purple top white Globe Purple top white Globe

Dates of cover crop establishment, harvest, and termination, and cash crop establish-
ment and harvest are noted in Table 2. Although every attempt was made to maintain
consistency in planting/termination timing between locations and years, some variation
did occur due to weather. Short-season cover crop plots were established in late October
of each year. Forage harvest occurred in late March to early April and was followed by
chemical termination approximately one week later. Corn was planted in mid-April to early
May and harvested in mid-September to early October. Long-season cover crop plots were
established in late September to early October. Forage harvest occurred in mid to late April
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and was followed by chemical termination approximately one week later. Soybeans were
planted in early to late May and harvested in late September to late October. Within each
cover crop growing season, cover crop species and management treatments were arranged
in a randomized complete block design with three replicates. These were repeated at two
locations over two years. The summer prior to cover crop establishment, both locations
were planted with sorghum-sudangrass (Sorghum × drummondii). In year 2, short-season
plots were established over existing long-season plots and vice versa. Plots were planted to
the same cover crop species as the previous year but were maintained under the opposite
growing season from the previous year. Plots were planted 3.1 m × 9.1 m and chemical
termination or mowing was used to trim plots to a final length of 7.5 m at ETREC and 8.2 m
at MTREC prior to evaluation.

Table 2. Plot establishment, forage harvest, and termination dates.

Cover Crops Cash Crops

Year Location Season Establishment Forage Harvest Termination Planting Harvest Crop

20
17

–2
01

8 ETREC
Short

27/10/17 11/4/18 18/4/18 7/5/18 3/10/18
CornMTREC 25/10/17 4/4/18 11/4/18 30/4/18 11/9/18

ETREC Long 25/9/17 20/4/18 30/4/18 24/5/18 9/10/18 Soybean
MTREC 25/917 18/4/18 27/4/18 11/5/18 22/10/18

20
18

–2
01

9 ETREC
Short

31/10/18 1/4/19 11/4/19 16/5/19 18/9/19
CornMTREC 24/10/18 28/3/19 2/4/19 18/4/19 19/9/19

ETREC Long 12/10/18 15/4/19 24/4/19 9/5/19 2/10/19 Soybean
MTREC 5/10/18 11/4/19 18/4/19 8/5/19 25/9/19

A 0.3 m × 0.3 m PVC square was randomly placed within the plot area. All plant
material within that square was sampled at a height of 5 cm. Within each sample, weed
and cover crop biomass were separated and bagged. Samples were dried at 55 ◦C for 72 h
and weighed to determine dry cover crop biomass and weed biomass. Collected samples
were then ground using a Wiley mill (Thomas Scientific, Swedesboro, NJ, USA) and an Udy
cyclone type grinder (Udy One Corporation, Fort Collins, CO, USA) to produce a particle
size of 1 mm or less [25]. Once ground, the samples were dried again, immediately before
analysis, to remove any potential residual moisture absorbed during storage and to provide
the best spectral analysis [25]. Samples were analyzed using near infrared spectroscopy
(NIRS) with a Foss DS2500F NIRS analyzer (Foss North America, Eden Prairie, MN, USA)
to estimate crude protein (CP), acid-detergent fiber (ADF), neutral-detergent fiber (NDF),
lignin, ash, fat, calcium (Ca), phosphorus (P), potassium (K), magnesium (Mg), digestible
neutral detergent fiber over 48 hrs (dNDF48), and in vitro total dry matter digestibility over
48 hrs (IVTDM48). Samples were scanned by species composition using the 2020 grass
hay calibration for cereals, 2020 legume hay calibration for legumes, and the 2020 mixed
hay calibration for brassicas. These calibrations were provided by the NIRS Consortium
(Berea, KY, USA) with all protocols and recommendations followed to assure accuracy of
the reported data [25]. Total digestible nutrients (TDN) were calculated using the formula
TDN = 98.625 − (ADF × 1.048) [26].

NIRS nutritive values of CP, ADF, NDF, lignin, and ash were used to derive the follow-
ing values, according to Woodruff et al. [27]: percent nitrogen (CP/6.25), carbohydrates
(NFC + CP + fat), cellulose (ADF−(lignin + ash)), and hemicellulose (NDF−ADF). These
values, along with biomass, were inputted into the University of Georgia (UGA) cover
crop nitrogen calculator [28] to estimate nitrogen release. The UGA cover crop nitrogen
calculator incorporates weather data and biomass constituents into a model to provide an
estimate of nitrogen mineralization or immobilization over the course of 12 weeks following
cover crop termination. The calculator does not currently include any Tennessee locations.
Therefore, the Walker County, Georgia location was selected as the most representative
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due to its proximity to the trial locations. Additional options selected were “no” for high
organic matter soil, and “left on surface” for cover crop residue.

Ten soil samples were taken to a depth of 15 cm from each plot two months after
cover crop termination. These samples were sent to Brookside Laboratories (New Brennan,
OH, USA) for analysis of WEC (water-extractable organic carbon), WEN (water-extractable
organic N), pH, TEC (total exchange capacity), P, K, Mg, Ca, S, Mn, B, Zn, Fe, Al, Cu,
and Na [29,30]. Soil samples were dried and ground, then sieved for <2 mm particles.
WEN and WEC were determined using samples weighing 2 g, which were extracted with
20 mL of deionized water and shaken for 10 min. Samples were then filtered through
Whatman 2 filter paper and the water extract was analyzed with a Teledyne-Tekmar Torch
C:N analyzer (Teledyne-Tekmar, Mason, OH, USA). Samples for macro- and micronutrients
were extracted with 40 mL of H3A, shaken for 10 min, then filtered with Whatman 2 filter
paper. This extract was also analyzed for NO3, NH4, and PO4 using a FIAlyzer-1000 flow
injection analyzer (FIAlab, Seattle, WA, USA). Analysis of P, K, S, Mg, Ca, B, Na, Zn, Fe, Mn,
Cu, and Al was conducted using a Thermo Scientific ICP-OES (Thermo Fisher Scientific,
Waltham, MA, USA).

Row crops were harvested with a small plot combine, which recorded total plot weight
and moisture. Yields were adjusted to kg ha−1 at standard crop moisture content (15.5%
for corn and 13% for soybean). Samples weighing approximately 0.45 kg were analyzed for
protein and oil using NIRS with a Foss Tecator Infratec 1229 grain analyzer (Foss North
America, Eden Prairie, MN, USA) using the manufacturer provided corn (AN 0434, Rev. 6)
and soybean (AN 0444, Rev. 7) calibrations.

Data were analyzed using a mixed model analysis of variance with the GLIMMIX
procedure in SAS 9.4. To determine statistical significance, a p value of less than 0.05 was
used. Assumptions of normality and homogeneity of variance were checked for each
independent variable. Data were transformed as necessary to meet the assumptions of
normality. Mean separations were performed using Fisher’s Protected LSD. Two statistical
models were used in this study. Model one was used to evaluate forage biomass and
nutritive values and included species and season as fixed effects, while location, year,
and block were considered random effects. This model was selected to provide a broader
inference space in which to determine biomass/quality potential of dual-use cover crops
across multiple potential environments within the region. Cash crop (corn and soybean)
yield, quality, and soils data were analyzed using model two, which includes species,
season, harvest, and year as fixed effects, and location and block as random effects. Year
was included as a fixed effect in this model so that potential cumulative effects from the
number of cover cropping years could be assessed.

3. Results
3.1. Forage Biomass and Nutritive Value

Forage biomass exhibited a significant season by species interaction (Table 3). The
mean biomass, following the short cover crop growing season, averaged 889 kg ha−1 DM
with a range of 415 to 1583 kg ha−1 DM (Figure 1). Within the short cover crop growing
season, cover crop biomass did not differ among evaluated species nor did any species
differ from the no cover crop control (683 kg ha−1 DM biomass from naturally occurring
weeds). The long cover crop growing season averaged 2430 kg ha−1 DM with a range of
475 to 4282 kg ha−1 DM (Figure 1). Within this system, differences were observed among
species. Turnip, red clover, common vetch, arrowleaf clover, forage radish, and berseem
clover did not differ from the no-cover control (558 kg ha−1 DM biomass); however, the
remaining ten species had a higher biomass. The species with the highest biomass included
crimson clover, wheat, oat, woolypod vetch, winter pea, hairy vetch, and canola. These
species, along with triticale and barley, also had a significantly higher biomass under the
long cover crop growing season compared with the short growing season.
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Table 3. Forage biomass and nutritive value variables and their resulting p-values from an ANOVA
using model 1, where species and season are fixed effects and location, year, and block are random
effects. Dependent variables include concentration of carbon and nitrogen, measured using dry
combustion, estimated nitrogen release over 2, 4, and 12 weeks, estimated using the UGA cover crop
nitrogen calculator, and concentrations of calcium (Ca), potassium (K), magnesium (Mg), phosphorus
(P), crude protein (CP), ash, fat, lignin, acid detergent fiber (ADF), neutral detergent fiber (NDF),
digestible neutral detergent fiber over 48 h (dNDF48), in vitro total dry matter digestibility over 48 h
(IVTDM48), and total digestible nutrients (TDN), measured using near-infrared spectroscopy. Terms
with significant p-values (<0.05) are highlighted in green.

Effect Season Species Season × Species
Cover Crop Biomass 0.05 <0.001 <0.001

Carbon 0.51 0.39 0.98
Nitrogen 0.98 <0.001 <0.001

Est. N Release—2 wks 0.07 <0.001 <0.001
Est. N Release—4 wks 0.08 <0.001 <0.001
Est. N Release—12 wks 0.10 <0.001 <0.001

Ca 0.21 <0.001 0.95
K 0.30 <0.001 0.007
P 0.31 <0.001 0.02

Mg 0.94 <0.001 0.11
CP 0.80 <0.001 <0.001
Ash 0.74 <0.001 0.02
Fat 0.41 0.21 0.81

Lignin 0.83 <0.001 0.36
ADF 0.34 <0.001 <0.001
NDF 0.13 <0.001 0.11

dNDF48 0.17 <0.001 0.13
IVTDM48 0.36 0.02 0.37

TDN 0.33 <0.001 0.007

All forage nutritive parameters, except carbon and fat concentrations, exhibited a sig-
nificant species or species by season interaction effect (Table 3). The parameters influenced
by cover crop species alone included the concentration of Ca, Mg, lignin, NDF, dNDF48,
and IVTDM48. The quality parameters tended to be similar by group (cereal, legume, and
brassica), with some exceptions (Table 4). The brassica and legume species generally had
higher Ca (9 to 12 g kg−1), Mg (2 to 3 g kg−1), and lignin (55 to 69 g kg−1) concentrations
than cereals (Ca: 4 to 5 g kg−1, Mg: 1 to 2 g kg−1, and lignin: 38 to 45 g kg−1). Exceptions
included canola, arrowleaf clover, and berseem clover, which did not differ in Mg concen-
tration from some cereal species. The cereal species generally had higher NDF and dNDF48
concentrations than legumes and brassicas, with the exception of oat. All cereal species and
the majority of legume species were statistically not different from the highest IVTDM48
concentration; however, significant variation occurred among all evaluated species. Species
that exhibited high Ca, Mg, and IVTDM48 paired with low lignin, NDF, and dNDF48
concentrations included crimson clover, hairy vetch, and woolypod vetch.

The majority of the quality parameters exhibited a significant interaction between
cover crop growing season and species (Table 3). These included concentrations of N,
K, P, ash, crude protein (CP), acid detergent fiber (ADF), and total digestible nutrients
(TDN). The performance between the short- and long-season was similar for most species,
with a few exceptions (Table 5). Among the brassica species, N, K, and ash concentrations
tended to stay the same, while P, CP, and TDN concentrations stayed the same or decreased.
Among cereal species, N, K, and P concentrations stayed the same or decreased, while ash,
CP, and TDN concentrations remained consistent. Among legume species, N, K, P, ash, CP,
and ADF concentrations stayed the same or increased, while TDN concentrations stayed
the same or decreased.
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Figure 1. Mean biomass from cover crops grown under long-season (late Sept./early Oct. through
mid/late April) and short-season (late Oct. through late Mar./early Apr.) conditions. Mean separation
letters were obtained using Fisher’s Protected LSD. Means followed by the same letter do not differ
statistically at p < 0.05. Bars indicate standard errors.

Hairy vetch and woolypod vetch were among the highest concentrations for N, P, and
K within both the short and long growing season (Table 5). No cereal species were among
the highest for N or P concentrations in either season, although short-season oat, triticale,
and wheat were among the highest for K concentrations. More species were statistically
equivalent for nutrient content within the short-season compared with the long-season.

Within both the short- and long-season, ash and ADF concentrations were lowest in
cereal rye, oat, triticale, and wheat (Table 6). Hairy vetch and woolypod vetch had the
highest CP concentration within both the short- and long-season, but they were not among
the highest concentrations for TDN (Table 7). The reverse was true for cereal rye, oat,
triticale, and wheat, which had among the highest TDN concentrations, within both the
long- and short-season, but among the lowest CP concentrations.
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Table 4. Mean concentrations of calcium (Ca), magnesium (Mg), lignin, neutral detergent fiber (NDF),
digestible neutral detergent fiber at 48 h (dNDF48), and in vitro total dry matter digestibility at
48 h (IVTDM48), measured using near-infrared spectroscopy of harvested cover crop material, by
species across long and short cover crop growing seasons. Mean separation letters were obtained
using Fisher’s Protected LSD. Within each column, means followed by the same letter do not differ
statistically at p < 0.05.

Species Ca
(g kg−1)

Mg
(g kg−1)

Lignin
(g kg−1)

NDF
(g kg−1)

dNDF48
(g kg−1)

IVTDM48
(g kg−1)

Canola 10 AB 2 EF 61 BCDE 456 DE 238 DEF 802 BCDE
Forage Radish 11 AB 3 ABC 69 A 462 CDE 239 DEF 788 E

Turnip 11 AB 3 ABCD 64 ABC 464 BCDE 243 DEF 791 DE
Barley 4 C 2 EFG 42 F 523 A 347 AB 816 ABCDE

Cereal Rye 4 C 2 FG 38 F 520 AB 356 A 832 ABCD
Oat 5 C 2 FG 39 F 449 DE 315 C 844 AB

Triticale 4 C 2 FG 40 F 515 ABC 353 AB 825 ABCDE
Wheat 4 C 1 G 45 F 494 ABCD 330 BC 821 ABCDE

Clover, Arrowleaf 10 AB 2 CD 66 AB 452 DE 246 DE 800 CDE
Clover, Berseem 10 AB 2 DE 66 AB 452 DE 229 DEF 782 E
Clover, Crimson 12 A 3 ABC 56 DE 393 F 218 F 837 ABC

Clover, Red 12 A 3 ABC 64 ABCD 413 EF 222 EF 810 ABCDE
Vetch, Common 9 B 3 ABC 58 CDE 423 EF 251 D 837 ABC

Vetch, Hairy 10 AB 3 AB 55 E 423 EF 253 D 847 A
Vetch, Woolypod 11 AB 3 A 58 CDE 426 EF 246 DE 846 A

Winter Pea 10 AB 3 BCD 56 DE 427 EF 249 D 845 AB

Mean 8 2 55 456 271 820
Standard Error 3 0 9 34 18 18

Table 5. Mean concentrations of N, K, and P measured using near-infrared spectroscopy of harvested
cover crop material, by cover crop species and growing season (long-season (late Sept./early Oct.
through mid/late April) and short-season (late Oct. through late Mar./early Apr.)). Mean separation
letters were obtained using Fisher’s Protected LSD. Within each column, means followed by the same
letter do not differ statistically at p < 0.05. Within each trait, * indicates species with means that differ
significantly between short- and long-season.

N (g kg−1) K (g kg−1) P (g kg−1)

Species Short Long Short Long Short Long

Canola 24 BCD 21 DEFG 19 AB 21 BCDE 3.0 ABC 2.3 DE *
Forage Radish 26 ABCD 24 CDE 17 AB 18 CDE 2.8 BCDE 2.6 CD

Turnip 21 DEF 17 GHI 19 AB 19 CDE 2.9 ABCD 2.3 DE
Barley 22 DE 18 FGH 16 B 17 EF 2.6 CDE 2.1 EF

Cereal Rye 23 CDE 19 EFGH 17 AB 18 DEF 2.6 BCDE 2.2 EF
Oat 16 F 7 J * 17 AB 13 FG 2.6 CDE 1.9 EF *

Triticale 18 EF 13 HIJ 18 AB 17 EF 2.5 DE 2.1 EF
Wheat 18 EF 12 IJ 18 AB 12 G * 2.4 E 1.8 F *

Clover, Arrowleaf 22 DEF 27 BCD 16 B 18 CDE 2.9 ABCD 3.1 ABC
Clover, Berseem 24 BCDE 24 CDEF 15 B 19 CDE 2.8 BCDE 2.8 BCD
Clover, Crimson 28 ABC 29 BC 17 AB 25 AB * 3.0 ABC 2.9 BC

Clover, Red 22 CDE 33 AB * 17 AB 23 ABC 3.0 AB 3.2 AB
Vetch, Common 20 DEF 28 BC * 20 AB 25 AB 3.0 AB 3.1 ABC

Vetch, Hairy 29 AB 36 A 18 AB 24 AB 3.3 A 3.4 A
Vetch, Woolypod 30 A 32 AB 22 A 26 A 3.3 A 3.4 A

Winter Pea 26 ABCD 29 BC 17 B 22 ABCD 3.0 ABC 2.9 BC

Mean 23 23 18 20 2.9 2.6
Standard Error 6 6 4 4 0 0
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Table 6. Mean concentrations of ash and acid detergent fiber (ADF), measured using near-infrared
spectroscopy of harvested cover crop material, by cover crop species and growing season (long-season
(late Sept./early Oct. through mid/late April) and short-season (late Oct. through late Mar./early
Apr.)). Mean separation letters were obtained using Fisher’s Protected LSD. Within each column,
means followed by the same letter do not differ statistically at p < 0.05. Within each trait, * indicates
species with means that differ significantly between short- and long-season.

Ash (g kg−1) ADF (g kg−1)

Species Short Long Short Long

Canola 64 CD 64 EFGH 293 BCDEF 328 ABC
Forage Radish 82 AB 80 BCD 301 ABCDE 325 ABCD

Turnip 77 ABCD 70 DEFG 277 CDEFG 350 A *
Barley 66 BCD 69 DEFG 275 CDEFG 304 BCDEF

Cereal Rye 61 D 59 FGH 243 G 276 EFG
Oat 65 CD 55 GH 242 G 250 G

Triticale 67 BCD 60 FGH 254 FG 286 DEFG
Wheat 72 ABCD 53 H 274 DEFG 268 FG

Clover, Arrowleaf 72 ABCD 82 BCD 340 A 307 BCDEF
Clover, Berseem 67 BCD 79 BCDE 319 AB 311 ABCDE
Clover, Crimson 78 ABC 87 ABC 274 DEFG 298 CDEF

Clover, Red 69 BCD 81 BCD 316 ABC 274 EFG
Vetch, Common 71 ABCD 98 A * 313 ABCD 291 CDEFG

Vetch, Hairy 87 A 87 ABC 265 EFG 320 ABCD *
Vetch, Woolypod 76 ABCD 92 AB 264 EFG 339 AB *

Winter Pea 74 ABCD 73 CDEF 268 EFG 271 EFG

Mean 72 74 282 300
Standard Error 8 8 18 19

Table 7. Mean crude protein (CP) concentration and total digestible nutrients (TDN) percentage,
measured using near-infrared spectroscopy of harvested cover crop material, by cover crop species
and growing season (long-season (late Sept./early Oct. through mid/late April) and short-season
(late Oct. through late Mar./early Apr.)). Mean separation letters were obtained using Fisher’s
Protected LSD. Within each column, means followed by the same letter do not differ statistically at
<0.05. Within each trait, * indicates species with means that differ significantly between short- and
long-season.

CP (g kg−1) TDN (%)

Species Short Long Short Long

Canola 175 BCD 131 FGHI * 66 CDEF 63 FGH
Forage Radish 168 BCDE 156 EFG 65 DEF 63 EFGH

Turnip 175 BCD 135 FGH * 67 BCD 61 H *
Barley 124 G 110 HI 70 ABC 67 BCDE

Cereal Rye 152 DEFG 123 GHI 73 A 70 ABC
Oat 129 G 101 HI 73 A 72 A

Triticale 140 EFG 110 HI 72 A 69 ABCD
Wheat 131 FG 97 I 70 AB 71 AB

Clover, Arrowleaf 149 DEFG 179 DE 61 G 64 EFGH
Clover, Berseem 165 CDEF 163 EF 63 FG 64 EFGH
Clover, Crimson 200 AB 201 CD 67 BCDEF 65 EFG

Clover, Red 165 CDEF 216 BC * 63 FG 67 CDEF
Vetch, Common 171 BCDE 210 BCD * 63 EFG 65 DEF

Vetch, Hairy 223 A 255 A 67 BCD 63 FGH
Vetch, Woolypod 217 A 237 AB 67 BCD 61 GH *

Winter Pea 193 ABC 207 BCDEF 67 BCDE 67 BCDE

Mean 167 165 67 66
Standard Error 27 27 2 2
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Species that exhibited values within the range of “prime forages” as defined by Ball,
Hoveland, and Lacefield [13] included crimson clover, hairy vetch, and woolypod vetch,
within the short growing season, and red clover within the long growing season (Table 8).
Short-season winter pea and long-season hairy vetch, crimson clover, common vetch,
and winter pea had CP and ADF values within the preferred range, but they exceeded
400 g kg−1 NDF. Although both short- and long-season cereal species were within the
preferred range for ADF, they fell short of the desired ranges for both CP and NDF. Among
these species, values for CP and NDF were closer to the desired range in the short-season
compared to the long; this therefore indicates that an earlier harvest could potentially
result in values that were closer to the ideal range. However, the biomass was significantly
reduced under the short growing season, so, while an earlier harvest may have better
nutritive value, the reduction in biomass would likely reduce the economic viability of this
system for those species. Overall, species that had both high biomass and CP and ADF
concentrations within the desired range for prime forage included long-season crimson
clover and winter pea.

Table 8. Mean crude protein (CP), acid detergent fiber (ADF), and neutral detergent fiber (NDF)
concentrations of cover crop species grown under long-season (late Sept./early Oct. through mid/late
April) and short-season (late Oct. through late Mar./early Apr.). Values highlighted in green
meet the criteria for “prime forage” as defined by Ball, Hoveland, and Lacefield [13], which are
CP > 190 g kg−1, ADF < 310 g kg−1, and NDF < 400 g kg−1.

Short-Season Long-Season

Species CP (g kg−1) ADF (g kg−1) NDF (g kg−1) CP (g kg−1) ADF (g kg−1) NDF (g kg−1)
Canola 175 BCD 293 BCDEF 415 DE 131 FGHI 328 ABC 496 DE

Forage Radish 168 BCDE 301 ABCDE 439 CDE 156 EFG 325 ABCD 484 CDE
Turnip 175 BCD 277 CDEFG 419 BCDE 135 FGH 350 A 509 BCDE
Barley 124 G 275 CDEFG 477 A 110 HI 304 BCDEF 570 A

Cereal Rye 152 DEFG 243 G 475 AB 123 GHI 276 EFG 565 AB
Oat 129 G 242 G 437 DE 101 HI 250 G 462 DE

Triticale 140 EFG 254 FG 472 ABC 110 HI 286 DEFG 557 ABC
Wheat 131 FG 274 DEFG 487 ABCD 97 I 268 FG 500 ABCD

Clover, Arrowleaf 149 DEFG 340 A 475 DE 179 DE 307 BCDEF 430 DE
Clover, Berseem 165 CDEF 319 AB 453 DE 163 EF 311 ABCDE 451 DE
Clover, Crimson 200 AB 274 DEFG 379 F 201 CD 298 CDEF 407 F

Clover, Red 165 CDEF 316 ABC 436 EF 216 BC 274 EFG 390 EF
Vetch, Common 171 BCDE 313 ABCD 440 EF 210 BCD 291 CDEFG 407 EF

Vetch, Hairy 223 A 265 EFG 392 EF 255 A 320 ABCD 455 EF
Vetch, Woolypod 217 A 264 EFG 387 EF 237 AB 339 AB 464 EF

Winter Pea 193 ABC 268 EFG 422 EF 207 BCDEF 271 EFG 432 EF

Nitrogen concentration averaged 23 g kg−1 across species in both the short and long
growing season (Table 5). Within the short-season, crimson clover, hairy vetch, woolypod
vetch, winter pea, and forage radish had the highest nitrogen concentration, while in the
long-season, red clover, hairy vetch, and woolypod vetch were highest. The nitrogen
concentration differed significantly between seasons for some species. The nitrogen concen-
tration decreased in oat and increased in common vetch and red clover between the short-
and long-season. It was expected that legumes, which reach peak nitrogen concentration
immediately prior to flowering, would increase in nitrogen concentration between the
short- and long-season, while cereals would decrease as they approached maturity and
became more lignified. Although some species followed this general trend, among most
species, the change in N concentration was not large enough to be considered significant.
This was likely due to differences in maturity among species, paired with the timing of
the short- and long-season spring harvest. A longer time between short- and long-season
harvest may have resulted in a larger number of species exhibiting differences. However,
these results illustrate that, for some species, even a difference of only two weeks can
significantly impact nitrogen content.
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The estimated nitrogen release over 2, 4, and 12 weeks was higher following the long
cover crop growing season for crimson clover, hairy vetch, woolypod vetch, and winter
pea (Table 9). This was due to an increase in both biomass and nitrogen content within
the cover crop biomass. The estimated nitrogen release was highest at each time point
for crimson clover, hairy vetch, and woolypod vetch following a long cover crop growing
season, ranging from 24 to 29 kg ha−1 over 2 weeks, 37 to 45 kg ha−1 over 4 weeks, and
50 to 63 kg ha−1 over 12 weeks. Within the short growing season, the estimated nitrogen
release did not differ among species, averaging 4, 6, and 9 kg ha−1 over 2 weeks, 4 weeks,
and 12 weeks, respectively.

Table 9. Mean nitrogen release, estimated using the UGA cover crop nitrogen calculator with
constituent input values measured using NIRS. Significant species by season interactions were
observed; therefore, means are given by species and season, along with overall mean and standard
error. Mean separation letters were obtained using Fisher’s Protected LSD. Within each column,
means followed by the same letter do not differ statistically at p < 0.05. Within each trait, * indicates
species with means that differ significantly between short- and long-season.

Est. Nitrogen Release
over 2 Weeks

kg ha−1

Est. Nitrogen Release
over 4 Weeks

kg ha−1

Est. Nitrogen Release
over 12 Weeks

kg ha−1

Species Short Long Short Long Short Long

Canola 4 A 15 B * 7 A 24 BC 10 A 35 BC *
Forage Radish 2 A 4 DE 4 A 5 EF 6 A 7 G

Turnip 3 A 7 BCDE 6 A 12 CDEF 9 A 17 DEFG

Barley 3 A 7 CDE 4 A 11 DEF 7 A 16 DEFG
Cereal Rye 4 A 8 BCDE 6 A 13 CDEF 9 A 20 CDEFG

Oat 3 A 0 E 5 A 2 F 9 A 7 G
Triticale 3 A 3 E 5 A 6 EF 9 A 11 FG
Wheat 3 A 3 E 5 A 6 EF 9 A 13 EFG

Clover, Arrowleaf 1 A 12 BCD 2 A 18 CDE 3 A 25 CDEF
Clover, Berseem 2 A 2 E 4 A 4 F 6 A 5 G
Clover, Crimson 6 A 29 A * 9 A 45 A * 13 A 63 A *

Clover, Red 2 A 15 BC * 4 A 21 CD 7 A 30 CD
Vetch, Common 3 A 14 BC 5 A 21 CD 7 A 29 CDE

Vetch, Hairy 8 A 25 A * 13 A 39 A * 18 A 52 AB *
Vetch, Woolypod 7 A 26 A * 10 A 39 A * 15 A 52 AB *

Winter Pea 6 A 24 A * 10 A 37 AB * 14 A 50 AB *

Mean 4 12 6 19 9 27
Standard Error 4 4 6 6 8 8

3.2. Cash Crop and Soil Attributes

Among the cash crop variables, yield, oil, and protein all differed by season (Tables 10 and 11).
This was expected because long- and short-season cover crops were followed by cash
crops of soybean and corn, respectively, which have differing yield potential and quality
characteristics. No significant interactions were observed for yield and oil, indicating
that cover crop species and harvest did not impact these variables for either succeeding
cash crop.

The protein concentration did exhibit a significant species effect and season by harvest
effect. Across both corn and soybean, the protein concentration was lower in cash crops
following berseem clover or turnip compared with the no cover crop control (Table 12).
None of the evaluated cover crop species increased the cash crop protein concentration
compared to the control, although oat, common vetch, and wheat did result in significantly
higher protein compared with the cash crops following berseem clover or turnip. This
was especially surprising as berseem clover and turnip had a low biomass that did not
differ significantly from the no-cover control (Figure 1). Berseem clover has been shown
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to affect secondary metabolites in cereal rye when cocultivated [31], and brassica species,
such as turnip, can exhibit allelopathic effects. Although the underlying cause of these
changes in protein may warrant greater investigation, changes in protein concentration of
3 g kg−1 or less are unlikely to make a practical impact. The cover crop harvest did not
impact protein in the succeeding corn system (Table 13). However, it did have a small but
significant impact in the soybean systems, reducing protein by 2 g kg−1 compared to the
forage systems. Again, while significant, this magnitude of change in protein is unlikely to
have practical implications.

Table 10. Cash crop and soil variables and their resulting p-values from an ANOVA using model 2,
where species, season, harvest, and year are fixed effects, and location and block are random effects.
Terms with significant p-values (<0.05) are highlighted in green. Dependent variables include cash
crop yield, oil, and protein, and soil moisture, pH, organic matter (OM), and water extractable
carbon (WEC).

Cash Crop Soil

Effect Yield Protein Oil Moisture pH OM WEC
Year 0.97 0.14 0.51 0.28 0.06 0.77 0.05

Season 0.04 <0.001 <0.001 0.007 0.11 <0.001 0.14
Year × Season 0.77 0.75 0.23 0.45 0.08 <0.001 0.16

Harvest 0.17 0.12 0.43 0.45 0.27 0.45 0.82
Year × Harvest 0.72 0.93 0.52 0.73 0.61 0.41 0.96

Season × Harvest 0.61 <0.001 0.38 0.69 0.24 0.69 0.50
Year × Season × Harvest 0.33 0.15 0.70 0.62 0.85 0.65 0.58

Species 0.81 0.02 0.59 0.03 0.01 0.48 0.86
Year × Species 0.56 0.75 0.52 0.99 0.98 0.77 0.84

Season × Species 0.94 0.32 0.39 0.82 0.70 1.00 0.92
Year × Season × Species 0.19 0.47 0.81 0.17 0.08 0.76 0.91

Harvest × Species 0.83 0.27 0.41 0.93 0.48 0.10 0.40
Year × Harvest × Species 0.93 0.59 0.72 0.93 0.98 0.98 0.37

Season × Harvest × Species 0.78 0.34 0.47 0.98 0.96 1.00 0.93
Year x Season × Harvest × Species 0.92 0.12 0.74 0.50 0.66 <0.01 0.36

Table 11. Mean values for variables that exhibited significant effects by season (cash crop yield, oil,
and protein, soil moisture and nitrate-nitrogen (NO3-N) and/or by year (water extractable carbon
(WEC), potassium (K), magnesium (Mg), and NO3-N. Overall mean and standard error are also given
for each trait. Mean separation values not given as only variables exhibiting significant effects are
listed and comparisons are only between two treatments: season (short-season (corn) vs. long-season
(soy) or year (2018 vs. 2019).

Short (Corn) Long (Soy) Mean SE

Yield (kg ha−1) 11,519 3393 7456 1451
Oil (g kg−1) 35 204 120 2

Protein (g kg−1) 78 333 206 3
Moist (%) 10.6 12.5 11.6 3.5

NO3 (mg kg−1) 26 8 17 5

2018 2019 Mean SE

WEC (mg kg−1) 145 106 126 10
K (mg kg−1) 129 76 103 7

Mg (mg kg−1) 112 78 95 6
NO3-N (mg kg−1) 24 10 17 5
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Table 12. Mean values for variables that exhibited significant effects by season and species, including
soil nitrate (NO3-N) and moisture and cash crop protein. Overall mean and standard error are also
given for each trait. Mean separation letters were obtained using Fisher’s Protected LSD. Within each
trait, means followed by the same letter do not differ statistically at p < 0.05. A significant season by
species interaction was not observed; therefore, only a single column of mean separation values are
given for each trait.

Soil
NO3-N (mg kg−1)

Soil
Moisture (%)

Cash Crop
Protein (g kg−1)

Species Short
(Corn)

Long
(Soy) MS Short

(Corn)
Long
(Soy) MS Short

(Corn)
Long
(Soy) MS

Canola 25 7 BCD 10.7 12.9 ABCD 76 333 CDE
Forage Radish 26 8 ABCD 10.6 12.3 ABCDEF 79 332 ABCDE

Turnip 27 6 CD 10.8 12.8 ABCDE 76 331 E
Barley 28 9 CD 10.0 12.6 BCDEF 77 334 ABC

Cereal Rye 24 6 CD 10.3 12.1 DEF 79 332 ABCD
Oat 26 9 D 10.9 12.9 ABC 79 334 A

Triticale 25 8 D 10.4 12.9 ABCDE 78 333 ABCD
Wheat 27 8 CD 10.3 12.0 CDEF 78 334 AB

Clover, Arrowleaf 27 8 ABC 10.4 12.0 BCDEF 78 333 ABCD
Clover, Berseem 23 5 CD 11.1 13.0 A 76 332 DE
Clover, Crimson 25 5 ABC 10.8 12.9 ABCD 77 333 CDE

Clover, Red 23 7 ABCD 10.6 11.7 EF 78 333 ABCD
Vetch, Common 24 8 ABCD 10.4 11.5 F 78 334 AB

Vetch, Hairy 28 11 AB 10.3 12.4 BCDEF 77 335 ABCD
Vetch, Woolypod 26 12 A 10.9 12.8 AB 77 333 ABCDE

Winter Pea 27 6 AB 10.4 12.9 ABCDE 78 332 BCDE
No Cover 29 11 ABC 10.4 12.5 ABCDEF 79 334 ABC

Mean 26 8 10.6 12.5 78 333
SE 5 5 3.5 3.5 3 3

Table 13. Mean values for variables that exhibited a significant harvest effect (soil water extractable
nitrogen (WEN)), harvest by season interaction (cash crop protein), or harvest by year interaction
(soil iron (Fe)). Mean separation letters were obtained using Fisher’s Protected LSD. Within each
column, means followed by the same letter do not differ statistically at p < 0.05.

WEN
(mg kg−1)

Cash Crop Protein
(g kg−1)

Fe
(mg kg−1)

Harvest Est. MS Short (Corn) Long (Soy) 2018 2019

Forage 44 A 78 A 332 B 210 A 128 A
Non-Forage 43 B 77 A 334 A 197 B 127 A

Mean 43 78 333 203 127
SE 8 3 3 43 43

Differences in season were also observed for soil moisture and NO3-N (Tables 11 and 14).
Variation in cash crop structure and nitrogen management between corn and soybean
systems likely account for these differences. The soil moisture was slightly higher in
the soybean system (12.5%) compared with the corn system (10.5%), with differences
likely due to the differences in cash crop canopy closure and water usage rather than the
season length of the preceding cover crop. Corn, which is a heavy nitrogen feeder and
received applications of synthetic nitrogen, unsurprisingly had higher NO3-N compared
with soybean, which did not receive supplemental nitrogen. In addition to the season
effects, NO3-N was also impacted by cover crop species (Table 12). It was expected that
legumes would have greater NO3-N in the soil, but this was not the case, as species within
this group generally did not differ from the no-cover control. However, oat and triticale
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did show significant reductions in NO3-N compared to the no-cover control, indicating
that these species may be immobilizing nitrogen through decomposition compared to
other cover crop species. Woolypod vetch, hairy vetch, and winter pea had higher NO3-N
compared with all the cereal species. Unlike NO3-N, no discernible trend was observed
among groups for water extractable nitrogen (WEN) (Table 15). The no-cover control had
the highest WEN, not differing from woolypod vetch, hairy vetch, oat, arrowleaf clover,
forage radish, and barley.

Table 14. Soil variables and their resulting p-values from an ANOVA using model 2, where species,
season, harvest, and year are fixed effects, and location and block are random effects. Terms with
significant p-values (<0.05) are highlighted in green. Dependent variables include water extractable ni-
trogen (WEN), nitrate-nitrogen (NO3-N), iron (Fe), potassium (K), magnesium (Mg), and sodium (Na).

Effect WEN NO3-N Fe K Mg Na P
Year 0.48 0.047 <0.001 0.007 <0.001 0.01 0.18

Season 0.08 0.02 0.07 0.54 0.86 0.17 0.91
Year × Season 0.85 0.27 0.10 0.56 0.91 0.39 0.18

Harvest 0.04 0.52 0.02 0.42 0.71 0.20 0.21
Year × Harvest 0.66 0.47 0.03 0.84 0.37 0.54 0.87

Season × Harvest 0.59 0.21 0.70 0.22 0.85 0.28 0.64
Year × Season × Harvest 0.18 0.16 0.83 0.57 0.58 0.07 0.35

Species 0.03 <0.001 0.23 0.88 0.25 0.52 0.09
Year × Species 0.60 0.46 0.49 0.98 0.94 0.69 0.99

Season × Species 0.97 0.91 0.83 0.94 0.97 0.90 0.96
Year × Season × Species 0.93 0.90 0.63 0.69 0.92 0.61 0.03

Harvest × Species 0.82 0.80 0.10 0.33 0.79 0.60 0.42
Year × Harvest × Species 0.82 0.71 0.08 0.98 0.97 0.04 0.95

Season × Harvest × Species 0.29 0.44 0.72 0.97 1.00 0.58 0.99
Year × Season × Harvest × Species 0.26 0.48 0.83 0.12 0.45 1.00 0.006

Table 15. Mean values for variables that exhibited significant species effect, including soil water ex-
tractable nitrogen (WEN) and soil pH. Mean separation letters were obtained using Fisher’s Protected
LSD. Within each trait, means followed by the same letter do not differ statistically at p < 0.05.

Species WEN
(mg kg−1) Soil pH

Canola 44 BCDE 5.8 AB
Forage Radish 43 ABCDE 5.8 ABCD

Turnip 42 BCDE 5.8 ABC
Barley 42 ABCDE 5.8 ABCD

Cereal Rye 42 CDE 5.8 ABCD
Oat 40 ABCD 5.7 DE

Triticale 41 CDE 5.7 DE
Wheat 42 BCDE 5.8 BCDE

Clover, Arrowleaf 45 ABCDE 5.8 BCDE
Clover, Berseem 42 E 5.9 A
Clover, Crimson 46 DE 5.8 AB

Clover, Red 42 CDE 5.8 ABCD
Vetch, Common 43 BCDE 5.8 ABCDE

Vetch, Hairy 46 ABC 5.7 DE
Vetch, Woolypod 47 AB 5.7 E

Winter Pea 48 CDE 5.8 ABC
No Cover 45 A 5.7 CDE

Mean 43 5.8
SE 8 0.2
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The soil pH was also significantly impacted by the cover crop species (Table 10).
Although most species did not differ from the no-cover control, berseem clover, crimson
clover, and canola did exhibit slightly higher soil pH (5.8 to 5.9) compared with the no-cover
control (5.7) (Table 15). Carbon, K, Mg, and NO3-N all exhibited a significant year effect,
with lower values in year 2 (Tables 10, 11 and 14). This was unanticipated as cover crops
were expected to increase or help to retain soil nutrients and build soil carbon. It is unclear
why these values decreased. Iron also decreased between year 1 and 2, but, additionally,
exhibited a significant year by harvest interaction (Tables 13 and 14). In year 1, forage
harvested plots had higher iron than non-forage plots, while in year 2, the values did
not differ.

A three-way interaction of year by harvest by species was observed for Na (Table 14).
In 2018, barley had higher Na (0.030 g kg−1) than crimson clover (0.027 g kg−1) within the
forage treatment, while, in the non-forage treatment, the no-cover control (0.030 g kg−1)
was higher than turnip (0.026 g kg−1). In 2019, woolypod vetch (0.028 g kg−1) was higher
than all the remaining species, while no other species differed from the no-cover control
(0.022 g kg−1). In 2019, turnip and forage radish had higher N (0.025 g kg−1) compared with
triticale (0.021 g kg−1), woolypod vetch (0.021 g kg−1), and crimson clover (0.021 g kg−1),
but no species differed from the no-cover control (0.021 g kg−1).

Four-way interactions of year by season by harvest by species were observed within
soil P and OM, indicating the sequence of long-season and short-season influenced treat-
ment effects (Table 14). Within the long/short sequence, berseem clover had higher soil P in
the forage treatment (0.104 g kg−1) compared with the non-forage treatments (0.080 g kg−1).
Within the forage treatment, berseem clover had higher soil P (0.104 g kg−1) than the no-
cover control (0.082 g kg−1). Across the remaining species in both the long/short and
short/long sequence, no differences were observed between forage and non-forage treat-
ments by species or between the no-cover control and the cover crop species.

For soil OM, no differences were observed between the long/short sequence, while
significant species by harvest interaction was observed with the short/long sequence. The
values for soil OM were higher in the forage treatment for cereal rye (2.9 vs. 2.7%), oat
(F: 2.9%, NF: 2.7%), and no-cover (F: 2.9%, NF: 2.6%), but lower for canola (F: 2.7%, NF:
2.9%) and crimson clover (F: 2.5%, NF: 2.9%). Within the forage treatment, the no-cover
control was among the highest for soil OM (2.9%), exceeding the values for crimson clover,
canola, forage radish, woolypod vetch, and arrowleaf clover, which ranged from 2.5 to
2.7%. Within the non-forage treatment, the no-cover control was among the lowest for soil
OM (2.6%), lower than barley, red clover, arrowleaf clover, berseem clover, hairy vetch,
triticale, winter pea, forage radish, woolypod vetch, canola, and crimson clover, which
ranged from 2.7 to 2.9%. The main effects and interactions were not significant for any of
the remaining soil variables: Al, B, Ca, Cu, Mn, NH4, S, TEC, and Zn.

4. Discussion

Several cover crop species were identified that provided both high quantity and quality
forage. Within the long cover crop growing season, the species that had the highest biomass
and met CP and ADF criteria for prime forage [13] were crimson clover and winter pea.
Canola, oat, wheat, hairy vetch, and woolypod vetch were also among the highest yielding,
but only met ADF or CP criteria for prime forage. These top-performing species ranged in
biomass from 3130 to 4282 kg ha−1. Previous research by Fae, Sulc, Barker, Dick, Eastridge,
and Lorenz [16] showed oat + rye and annual ryegrass yields from two grazing harvests to
be 4763 kg ha−1 and 3449 kg ha−1, respectively, with an average daily weight gain (ADG)
of livestock in the spring of 0.76 to 0.86 kg day−1. Similar ADG could be obtained from
the higher yielding cover crops in this study. Cover crop concentrations of Ca, P, K, and
Mg were generally higher in the legumes and brassicas; however, the concentrations of
these nutrients in all species were adequate to meet the mineral needs of finishing the beef
cattle weighing approximately 544 kg [32]. Although a larger number of cover crop species
met the criteria for prime forage within the short growing season, the tradeoff in biomass



Agronomy 2022, 12, 1214 16 of 19

production may not make that an economically advisable choice. Balancing quantity and
quality is an important consideration for producers wishing to implement a dual-use cover
crop/forage system, and this balance will vary by cover crop species. Mixtures of top-
performing cereal and legume species may help balance quality and quantity under these
systems and should be examined in future research.

Although these results identify cover crop species that can maximize biomass/forage
production, inferences from these results may be limited by inter-species variation. Most
species that were evaluated were not of specified genetic composition (i.e., “variety not
stated”), which is how many of the available cover crop species are sold. Using named
varieties may have yielded more consistent results, but these were not available at the time.
As breeders work to develop adapted varieties within some of these species, more options
may become available both across and within species with better adaptation to Mid-South
integrated row crop/forage systems. Cover crop variety trials, which were initiated after
the start of this study, reinforce the top-species identified in this study, but do indicate
significant inter-species variation in both quality and quantity [10,11].

Cover crop species did impact soil properties in the subsequent cash crop, with differ-
ences observed in soil NO3-N, WEN, pH, and soil moisture. Harvesting cover crops for
forage also showed slight, but significant, increases in WEN. Differences in soil nitrogen
among species were expected due to the differences in nitrogen content and estimated nitro-
gen release among species. Although differences in soil nitrogen were not as pronounced
as those observed in forage nitrogen content and release, this is likely due to the sampling
period, which was 2 months after termination. Previous research has shown that the
majority of soil nitrogen increases are expected in a period of time between 2 and 6 weeks
after termination [33–35]. An earlier sampling date would have likely yielded greater
differences. Little variation among species was observed in the remaining soil minerals and
soil carbon. This was also expected, as previous studies dealing with soil attribute changes
after cover crops concluded that changes are generally not observed after short-term use
of cover crops [19,36,37]. Changes in WEN from harvesting cover crops as forage were
less than 1 mg kg−1, making it unlikely to have practical implications on management.
However, these results do raise interesting questions regarding the availability of nitrogen
under these species and management systems throughout the growing season and the
long-term impacts after multiple cropping seasons. Long-term studies of cover crop species
and management systems would be useful in better understanding the true impacts on soil
nutrient and the carbon sequestration potential of dual-use cover crop/forage systems.

The cash crop yield exhibited no differences in species, which is consistent with
several previous studies [19,20]. Some research has concluded that the use of cover crops
could increase cash crop yield potential by providing additional N to the succeeding cash
crop [18]. Because the cash crops in this study were equally and sufficiently fertilized,
any yield benefits from additional N were not seen. Differences in nitrogen release were
observed among species and could provide additional economic advantage if credits are
used to reduce input costs. Differences in cash crop protein were observed among species
and management systems. Although these differences may warrant further investigation,
they were of a magnitude that would be unlikely to have practical implications, being
3 g kg−1 or less.

5. Conclusions

Utilizing cover crops as a spring forage before cash crop planting could be beneficial
to integrated crop/livestock producers in the Mid-South without causing any detrimental
impacts to the succeeding cash crop. The utility of this dual-use system is dependent on
selecting species best suited for specific timings dictated by the cash crops with which
cover crops are grown in rotation. Statistical differentiation in the biomass of cover crop
species was observed under the long-season (corn > cover crop > soybean), whereas this
was not true within the short-season (soybean > cover crop > corn). These results indicate
better biomass potential for dual-use cover/forage systems, in which cover crops have



Agronomy 2022, 12, 1214 17 of 19

a longer growing season, typical of that following corn and preceding soybean in the
Mid-South USA. High biomass yielding cover crop species tended to increase in biomass
with a longer growing season. Within a long growing season, the top cover crop species for
both forage quality and quantity were crimson clover and winter pea. Canola, oat, wheat,
hairy vetch, and woolypod vetch were also among the highest yielding, but only met either
ADF or CP criteria for prime forage and not both. The shorter growing season had a larger
number of species that met the criteria for prime forage; however, the reduced amount
of biomass from an earlier termination likely would not make that system economically
feasible. Harvesting cover crops as a forage did not negatively affect soil properties in
the immediately succeeding cash crop. Results from this study indicate that select cover
crop species can provide sufficient quantity and quality for forage production without
any negative impacts on the succeeding cash crops. Future research that would aid in
further refining this system includes the examination of top-performing species in mixes,
the assessment of the long-term impacts on soil and cash crop properties, evaluation under
grazing, and economic analysis, balancing input costs against expected gains.
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