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Abstract Strong interest in organic produce has
warranted great demand in organically produced
forages. However, extremely limited research has
focused on organic forage production and its eco-
logical contribution. Grass-legume biculture has been
suggested to reduce dependency on external N inputs,
control weed encroachment, and achieve better soil
health. A 2-year study was designed as a conservative
organic system with minimum tillage and no external
inputs to investigate productivity, botanical compo-
sition, nutritive value, mineral concentration, eco-
nomic benefit, and soil total carbon changes in five
certified forage biculture systems; including (1) one
annual rotation of winter wheat-Austrian winter pea
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biculture followed by sorghum-sudangrass hybrid-
cowpea biculture, and four perennial systems of (2)
bermudagrass-alfalfa, (3) tall fescue-white clover, (4)
old world bluestem-sainfoin, and (5) orchardgrass-
alfalfa bicultures. Annual systems indicated the great-
est productivity (12.7 Mg ha™!) followed by old world
bluestem-sainfoin (11.3 Mg ha~') and bermudagrass-
alfalfa (10.3 Mg ha™!) bicultures; but with very lim-
ited nutritive value advantages, low mineral concen-
tration, and poor economic return. Perennial systems,
particularly old world bluestems-sainfoin biculture,
indicated great adaptation, soil carbon enhancement
capacity. Monthly biomass production was influential
on several nutritive value indices (P <0.03, R>~0.5)
within many forage systems. No treatment effects
were detected on soil total carbon (P=0.27), but sig-
nificant year-wise increase was found under old world
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bluestems-sainfoin biculture (P < 0.05). Soil moisture
levels were affected by treatments and correlated well
to botanical composition. Path analysis indicated that
Radiation Use Efficiency is the key driver for deter-
mining forage yield in the temperate environment.

Keywords Forage - Organic agriculture - Forage
nutritive value - Soil carbon - Grass-legume biculture

Abbreviations

ADF Acid detergent fiber

NDF Neutral detergent fiber

CP Crude protein

IVDMD  In-vitro dry matter digestibility
NIRS Near-infrared spectroscopy
RUE Radiation use efficiency

GWC Gravimetric water content

Introduction

Organic farming is an alternative agricultural sys-
tem developed and adopted by producers in the early
1990s (Francis and Van Wart 2009), which encom-
passes a suite of agricultural practices designed to
eliminate inorganic chemical inputs to sustain the
Earth’s environment. Meanwhile, land used for per-
manent forage production and animal grazing has
increased dramatically in the past decade. To date,
grassland-based agriculture for forage production
and grazing livestock ranks the first among all land
uses globally (Willer and Lernound 2016). On aver-
age, ruminant animals consume more than 80% of
diet as forages or even more when managed organi-
cally (Mitchell and Nelson 2003). Additionally, many
organic program rules mandate a minimum level
(e.g.,>30% in the US) of forage-based dry matter
intake of a ruminant animal within a single grazing
season. Therefore, high-quality forage is the key com-
ponent for organic livestock/dairy production, and
there is rapidly growing demand for certified forage
products (e.g., hay, silage, etc.). However, the scar-
city of research-based information on organic forage
systems has been the major bottleneck for the devel-
opment and expansion of the production scale and
adoption by producers (Oberholtzer et al. 2012). For
example, several studies evaluated organic forage pro-
duction as a cover cropping component from a main
grain crop system, thus, providing little information
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on the establishment, productivity, and nutritive
value of the selected forage species (Delate and Cam-
bardella 2004; Cavigelli et al. 2008). Meanwhile,
many studies focused solely on a particular forage
species that is of significant importance to organic
dairy, such as alfalfa (Medicago Sativa L.; Mahoney
et al. 2004; Archer et al. 2007; Delbridge et al. 2011).
The knowledge gaps related to cool/warm season
grasses as well as grass-legume biculture selection,
management, and persistence remain large; particu-
larly in the temperate subtropical regions, where cli-
matic conditions tend to be variable and soil proper-
ties differ greatly.

One of the biggest concerns of organic forage pro-
duction is how to maintain productivity and quality
(Tu et al. 2006; Dawson et al. 2008). Previous studies
have verified that grass-legume/forb bicultures could
help enhance forage nutritive value (e.g., protein con-
tent) and biomass production through legume-asso-
ciated symbiotic N, fixation (Birkhofer et al. 2008;
Cui et al. 2013) or enhanced P availability (Hinsinger
2001). Another challenge for organic crop production
is how to control weeds with no inorganic chemical
inputs and minimized economic hardship (Francis
and Van Wart 2009; Liebman and Davis 2009). Cer-
tain small-grain annual forages such as cereal rye
(Secale cereale L.) are well known for their weed
suppression capacity through the production of allelo-
pathic secondary metabolites (Li et al. 2013). Addi-
tionally, diversified forage systems (e.g., mixtures of
grasses and legumes, cool-season and warm-season,
perennial and annual, etc.) tend to provide better weed
control than monocultures (Schoofs and Entz 2000;
Sanderson et al. 2012). However, there is almost no
published information relating to the dynamics of
botanical composition and weed suppression capacity
of organically managed perennial forage systems, and
botanical composition is usually the main driver for
changes in forage nutritive value and mineral status
(Cui et al. 2014). Furthermore, given soils in many
temperate regions are highly weathered with high
acidity, and organic nutrient sources are usually hard
to find and could incur careful scrutiny during the cer-
tifiers’ inspection process, N credit provided by leg-
umes and proper management strategy might be the
most effective way for enhancing nutrient availability
and recycling in organic forage systems (Franzlueb-
bers 2010). In a most recent transitional forage pro-
duction study, Inwood et al. (2015) found that annual
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forage systems could provide excellent productivity
and comparable soil carbon contribution compared
with perennial systems in the southeastern US. How-
ever, no information was provided regarding forage
nutritive value and radiation use efficiency, which
is a crucial index evaluating forage productivity and
cultivar selection especially in the radiation-limiting
southeastern US environment. In another study, Gel-
ley et al. (2016) systematically investigated nutritive
value of several forage systems but none of which
were managed organically. Likewise, Nave et al.
(2020) evaluated two cowpea [Vigna unguiculata (L.)
Walp.]-based grass-legume bicultures, and high-
lighted the nutritive contribution offered by legumes
while managed conventionally. Furthermore, Cui
et al. (2014) indicated that differences in root struc-
ture and root profile depth of the dominating forage
groups within grass-legume bicultures can have sig-
nificant impact on soil C and moisture status, which
could induce feedback effects on forage productivity
in water-limiting environment. However, information
relating to organically managed biculture forage sys-
tems in the temperate climate transition areas remains
scanty.

Considering the extremely limited information on
biomass production, forage nutritive value, and soil
carbon status associated with certified organic forage
systems in the temperate region, the main objectives
of this research were to investigate the responses of
different parameter groups across five grass-legume
biculture organic forage systems without exter-
nal nutrient sources during a two-year period. The
parameter groups include: (1) productivity-related
parameters, including biomass, botanical compo-
sition, radiation use efficiency (RUE); (2) quality-
related parameter-dynamics of forage nutritive value
of the mixed swards throughout the growing season;
(3) soil-related parameters, including changes in
soil moisture content and total carbon; (4) economic
responses-economic benefits, and (5) quantity-quality
interactions indicated as correlation between monthly
cutting and nutritive value indices. Particularly, four
perennial grass-legume biculture systems and one
annual biculture rotation system were selected in
this study. It was hypothesized that annual systems
should provide the most forage yield and weed sup-
pression capacity but with limited soil carbon con-
tribution and economic return due to greater labor
input and dependency on tillage. Perennial systems

are expected to provide less forage yield compared to
annual systems due to slower germination and longer
time for establishment, but their economic profit-
ability and nutritive value might outcompete annual
systems. Soil moisture and total C content should
respond differently towards different forage species,
mainly driven by root architecture and length differ-
ences of dominating forage groups. Common linear
correlations, such as monthly biomass production vs.
protein content, have been identified in many forage
systems (Philipp et al. 2005; Cui et al. 2013, 2014),
but other potential correlations (e.g. protein vs. fiber
content; digestibility vs. sugar content) and corre-
sponding levels of significance remain unclear.

Materials and methods
Site description

The study was conducted at the Middle Tennessee
State University Experiential Research and Teaching
Farm Laboratory at Lascassas, TN (35° 53’ N and
86° 16’ W). The research site at MTSU is located on
a Hillwood gravelly silt loam (25% clay, 42% of sand,
and 33% of silt on average). The middle Tennessee
region (the Koppen System Type C-moist, mid-lati-
tude climates with moist hot summers, mild winters,
and greater precipitations in spring and fall) repre-
sents a typical climate transition zone-type weather
with average long-term precipitation and daily tem-
perature of 1397 mm year™! and 15 °C, respectively
(Li et al. 2021). The entire organic field was measured
as approximately 0.61 ha (surrounded by a 20-m wide
buffering zone) with the geometric center located at
the latitude of 35° 53’ 2.45"” N and the longitude of
86° 16" 23.55" W, which is a part of a large hay field
that was originally established in 2008 and mainly
dedicated for cool-season forage hay production with-
out application of chemical fertilizers, pesticides,
or herbicides. The entire organic site (Entity ID#:
2990G) was certified in 2018 under the US National
Organic Program 7 CFR Part 205 and had remained
certified status since then. Weather conditions are
continuously monitored and recorded using a scien-
tific weather station system consisting of an HMP60
probe (Campbell Scientific, Logan, UT 84321) for
measuring relative humidity and air temperature,
a CS655 multiparameter smart sensor (Campbell
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Scientific, Logan, UT 84321) installed at 5-cm depth
for measuring soil moisture and temperature, a 014A
anemometer (Met One Instrument, Grants Pass, OR
97526) for wind speed, a TES525 tipping bucket rain
gauge (Texas Electronics, Dallas, TX 75237) for daily
precipitation, and a CR-1000 data logger (Campbell
Scientific, Logan, UT 84321) for equipment control,
data retrieval and storage purposes.

The evolution of average daily air and soil temper-
ature is depicted in Suppl. Fig. Sla. Daily cumulative
precipitation pattern and average soil moisture con-
tent are indicated in Suppl. Fig. S1b. Successful plant
establishment was observed across all plots after fall
planting (Suppl. Fig. Slc). The average daily air and
soil temperatures were 14.9 and 15.2 °C in 2018, and
15.6 and 16.0 °C in 2019; respectively. Cumulative
precipitation was 1488 mm in 2018 and 1631 mm in
2019. Soil moisture level agreed well with the precip-
itation pattern across two years.

Crop management and experimental design

This experimental layout was a randomized complete
block design with four blocks and repeated measures.
Treatments included five organic forage systems with
one annual forage crop rotation system (cool-season
and warm-season grass-legume annual bicultures)
and four perennial systems (cool-season and warm-
season grass-legume bicultures). The annual forage
crop rotation system was composed by double crop-
ping (simultaneously planting) winter wheat (7riti-
cum aestivum L.) and Austrian winter pea (Pisum
sativum L.) in the fall followed by double cropping
sorghum-sudangrass hybrid [Sorghum bicolorXS.
bicolor var. sudanense (Piper) Stapf.] and cowpea
in the summer within the same plot. The four for-
age perennial systems include: bermudagrass [Cyno-
don dactylon (L.) Pers.]-alfalfa, tall fescue (Festuca
arundinacea L.)-white clover (Trifolium repens L.),
old world bluestem [Bothriochloa bladhii (Retz) S.T.
Blake]-sainfoin (Onobrychis viciifolia Scop.), and
orchardgrass (Dactylis glomerata L.)-alfalfa bicul-
tures. Each grass-legume biculture was designed to
help address unique advantages and challenges in an
integrated forage-livestock or hay production sys-
tem. For example, the superior biomass production
of the selected annual rotation was previously docu-
mented (Inwood et al. 2015), however, the nutritive
value dynamics and economic benefit under organic
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production have not been studied yet. Bermudagrass
was used as a common warm-season forage species
for gap-filling the summer slump of cool-season for-
age production, however, its great dependency on
inorganic N inputs and vulnerability towards insect
attack make its performance questionable while man-
aged organically. Meanwhile, bermudagrass-alfala
mixtures had indicated great persistency and N credit
in the mixed sward under our climate conditions
(Quinby et al. 2020) and thus were selected for this
study. Tall fescue and white clover both have great
forage productivity during cool-weather conditions
and excellent tolerance towards continuous graz-
ing, but summer production could be greatly com-
promised by heat stress, particularly under organic
management. Old world bluestem-sainfoin biculture
was found to enhance soil carbon and adequate nutri-
tive value in a semiarid environment (Cui et al. 2013,
2014). However, their adaptation in the temperate
environment has rarely been documented. Finally,
orchardgrass and alfalfa both provide superb forage
quality, but both are not well suited for frequent defo-
liation. Thus, the changes of their productivity and
nutritive value (e.g. protein and fiber concentration)
of the sward from monthly biomass production were
of great interest particularly under organic systems.

A total of twenty individual plots (3.6x10 m?)
were established. The entire field was disk-tilled
on Oct. 13th of 2017 using a Disk Tiller (Kodiak
5800GR-72, Kodiak Manufacturing Inc. Charleston,
TN 37310, USA) to a depth of 10-15 cm. Before
seeding, all seeds of the legume species were pre-
inoculated using corresponding certified organic
Rhizobia spp. sources. A specially designed forage
drill seeder (Eco-Drill KED-72, Kasco Manufactur-
ing CO. Shelbyville, IN 46176, USA) was used for
planting. All cool-season grass perennial systems
were planted on 20 Oct. 2017 at a seeding rate of
16.8, 4.5, 13.4, and 16.8 kg ha~! for tall fescue (cul-
tivar KY-31, untreated), white clover (cultivar Alice,
certified organic), orchardgrass (cultivar Echelon,
untreated) and alfalfa (cultivar WL358LH, certified
organic); respectively. Warm-season grass perennial
systems were planted on 22 Mar. 2018 at a seeding
rate of 11.2, 16.8, 11.2, and 16.8 kg ha™! for bermud-
agrass (untreated variety), alfalfa, old world bluestem
(cultivar WW-B Dahl, untreated), and sainfoin (culti-
var Remont, untreated); respectively. For annual sys-
tems, winter wheat (cultivar L334, certified organic)
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and Austrian winter pea (untreated variety) were
planted on 31 Oct. 2017 and 17 Oct. 2018 at a seeding
rate of 134.4 and 132.3 kg ha™!, respectively; and sor-
ghum-sudangrass hybrid (cultivar AS6501, untreated)
and cowpea (cultivar Iron & Clay, untreated) were
planted on 30 May 2018 and 29 May 2019 at a seed-
ing rate of 28.0 and 16.8 kg ha™!, respectively. All
annual system plots were tilled before planting to a
depth of 10-15 cm. All seeds were either certified
organic or untreated, and cultivars were chosen based
on regional adaptation and seed availability.

The whole experiment was designed as a conserva-
tive system with minimum tillage and no external
organic inputs. The whole system solely depends on
legumes for soil N enhancement. No irrigation water
was used due to the ample precipitation in the local
environment. No herbicides or pesticides were used
during the entire experimental period. All organic
crop production management was conducted accord-
ing to the guidelines and standards established by the
USDA Organic Regulations and the National Organic
Standards Boards (https://www.ams.usda.gov/rules-
regulations/organic/nosb).

Plant sampling and processing

Forage biomass sampling schedule was organized
based on the following rationale: since all forage
treatment systems involved perennial or annual
bicultures or biculture rotations and grass compo-
nent clearly dominated the mixtures, most samples
were taken at the boot stages of grasses; which was
usually between the early-bud to bloom stages of
companion legumes, commonly adopted by forage
producers in the local region (Inwood et al. 2015;
Mitchell and Nelson 2017). Particularly, winter
wheat and Austrian winter pea bicultures were sam-
pled once per year (22 Apr. 2018 and 25 Apr. 2019).
Sorghum-sudangrass hybrid and cowpea bicultures
were sampled three times per year (7 Jul., 10 Aug.,
15 Sep., 2018; 12 Jul., 15 Aug., and 20 Sep., 2019).
All perennial bicultures were sampled monthly
from May to Sep. in each year (21 May, 10 Jun., 7
Jul., 10 Aug., and 15 Sep., 2018; 19 May, 11 June,
12 Jul.,, 15 Aug., and 20 Sep., 2019) to mimic the
common hay harvest interval adopted in our area
(29-31 days). At each sampling, above-ground
forage biomass were taken from two, 1-m? quad-
rats at a 5-cm cutting height within each treatment

replicate. Considering the fact that weeds encroach-
ment could be severe in organic systems, all bicul-
ture samples were hand separated and sorted in the
field into three groups, including sown grasses,
sown legumes, and non-sown weeds; and were
later placed in separate paper bags. Additionally,
to better evaluate weed encroachment, visual esti-
mation of main weed species was also performed
from within each quadrat at each sampling. Imme-
diately after the completion of each sampling, the
entire sampled plot was harvested for hay to induce
biomass production (a one-time cut was imposed at
the beginning of each month with biomass regrowth
evaluated in the following month). All samples were
dried in a research convection oven at 60 °C for
48 h, then recorded for forage biomass production
on a dry matter basis. Annual cumulative forage
biomass production was used for calculating total
forage yield. Specifically, for annual systems, forage
yield was calculated based on the sum of Apr., Jul.,
Aug., and Sep. forage biomass samples. For peren-
nial systems, it was calculated based on monthly
biomass samples collected from May to Sep. No
weeds were included in the yield calculation.

All dried forage samples (excluding weed sam-
ples) were recombined (grasses plus legumes)
according to plot number and ground using a Wiley
mill (Comeau Technique Ltd., Vandreuil-Dorion,
Quebec, Canada) to pass a 1-mm screen before for-
age nutritive value analysis. Ground samples were
then scanned on a Unity SpectraStar US-2600-XTR
(Milford, MA) near-Infrared Spectrometer (NIRS)
using the 2018 Grass Hay calibration model devel-
oped by the NIRS Feed and Forage Consortium
(Hillsboro, WI). The Global H statistical test com-
pared the samples against the model and other sam-
ples within the database for accurate results, where
all forage samples fit the equation with H<3.0 and
are reported accordingly (Murray and Cowe 2004).
A selected subset of samples was used for calibration
by conventional wet chemistry procedures (Van Soest
1963; Goering and Van Soest 1970). A coefficient of
determination value R?=0.90 was obtained for neu-
tral detergent fiber (NDF) calibration and R?>=0.94
was obtained for acid detergent fiber (ADF). The
in vitro dry matter digestibility (IVDMD) was cal-
culated based on ADF and NDF (Van Soest 1963).
Concentrations of Ca, P, K, and Mg were determined
using an inductively coupled plasma atomic emission
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spectrophotometer following chemical digestion
using the 3:1 HNO;:HCLO,. Accuracy was ensured
by analyzing the National Bureau of Standard Sam-
ples (Apple Leaves No. 1515 and Tomato Leaves No.
1573A) during mineral analysis.

Radiation use efficiency

Incoming solar radiation was measured using an LI-
190R Quantum Sensor (Li-Cor Inc., NE, USA) with
a CR-1000 data logger (Campbell Scientific, Logan,
UT 84321) powered by a 12-V battery every two
weeks. Six measurements (three above and three
below the canopy) were taken during the growing
season of each forage system at the noon during the
selected sunny days. The sensor placement protocol
for forage biculture systems closely followed the tech-
niques described by Coll et al (2012). Accumulated
intercepted photosynthetic active radiation (PAR) was
calculated for all treatments on the basis of daily val-
ues (Coll et al. 2012), assuming the north—south row
orientation and symmetrical west—east canopy layout
around the zenith (Tsubo and Walker 2002). Particu-
larly, the fraction of intercepted PAR was calculated as
1 — I/1,, three hours before the solar zenith (R,.pip.3 1)
and at the solar zenith (R,.;4), where I, and I rep-
resent the incident PAR above the plant canopy and
immediately above the soil horizon. Four measure-
ments were taken from each plot and averaged. Daily
weighted fraction of intercepted PAR was calculated
uSing 2Rzenilh-3 h X I0 at zenith-3 h + Rzenith X I0 at zenith* The
fraction of intercepted PAR between measurements
were calculated using linear interpolation. Cumu-
lative PAR was calculated between two adjacent
cuttings. Finally, RUE was calculated as the ratio
between above-ground forage dry matter production
and cumulative intercepted PAR.

Soil sampling and processing

Within-season soil samples were taken twice per year
(late summer and late fall) during sunny days from
each treatment plot to evaluate the soil total carbon
status. At each sampling, three soil cores (1.75-cm
internal diameter) were collected from two different
sampling depths (0-5 and 5-15 cm). The baseline soil
samples were composites of ten soil cores collected
at two different depth from the entire hay field before
imposing any treatment layout in Oct. of 2017. Soil
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inorganic N (ammonium-N and nitrate-N) was deter-
mined colorimetrically on a microplate spectropho-
tometer (Sims et al. 1995) and major plant available
nutrients were determined after Mehlich-1 extraction
on an Inductively Coupled Plasma-Optical Emission
Spectroscopy. The soil was found to be acidic, with
limiting inorganic N, low P, high K, and non-limit-
ing Ca, Mg, Mn, and Zn for supporting general for-
age production (Suppl. Table S1). All soil samples
were air dried at room temperature and then passed
through a 2-mm sieve to remove large fresh organic
plant debris. To measure total soil organic carbon
concentration, all samples were pulverized and ana-
lyzed using combustion method using a Vario MAX
cube (Elementar, Langenselbold, Germany). Final
concentration of C was calculated based on exact
weight of analyzed sample weight. Meanwhile, a dif-
ferent set of samples were taken at two depth ranges
(0-50 cm and 50-100 cm) to measure soil gravimet-
ric water content (GWC) using a 6.35-cm diameter
and 121-cm long soil auger. The wet soil weight was
measured using a digital scale immediately after sam-
pling and dry weight was recorded after drying at
105 °C for 48 h.

Statistical analysis and modeling

The MIXED procedure in SAS release 9.4 (SAS
Institute 2018) was used to analyze the treatment
effects based on a randomized complete block design
with repeated measures. Particularly, a linear mixed
effect model with different response variables (yield,
monthly production, nutritive value indices, RUE,
TOC, and Soil GWC) affected by treatment (forage
systems) with year and season as fixed effect and
block as random effect; because different weather
conditions and plant physiological conditions (e.g.
maturity and senescence) within each season were
of interest and were expected to greatly affect forage
biomass production and nutritive value. Additionally,
annual precipitation and distribution pattern tend to
vary greatly in the climate-transition zones, and this
weather pattern could have significant impacts on
the growth and interactions between grasses and leg-
umes. Thus, year was analyzed as a fixed effect. Total
forage yield was analyzed on a yearly basis, therefore,
no seasonal factor was included. The REPEATED
statement in the MIXED procedure was used to con-
trol for autocorrelation of observations over time.
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Particularly, the first-order autoregressive AR(1)
covariance structure was selected as variance—covari-
ance structure model with block factor corrected by
season nested within each year. Mean separation
was produced based on Tukey’s HSD method using
the PDMIX800 macro, which separate and label
the means using letter groupings based on pair-wise
comparison created by the PDIFF option with the
LSMEANS statement with Tukey Adjustment (Sax-
ton 1998).

The structural equation modeling (SEM), which
integrates factor and path analysis techniques based
on univariate/multivariate statistical analysis was
used for evaluating the key direct and indirect effects
of different production (RUE, grass-to-legume ratio)
and environmental (SWC) variables on biomass yield.
In particular, the “lavaan 0.6-7” version package
based on R 3.2.2 programming language was used
for this modeling task (Rosseel 2012). Model perfor-
mance was evaluated based on Chi2 statistics, Akaike
Information Criterion (AIC) values, and the Standard
Root Mean Square Residual (SRMSR) using the max-
imum-likelihood estimator embedded in the “Lavaan”
Package.

Results

Forage biomass production, botanical composition,
and forage yield

Yearly forage yield was calculated as the accumu-
lation of aboveground forage biomass production
over each year (Fig. 1). It was significantly affected
by forage systems (P<0.001), years (P<0.001),
but no two-way interactions were found (P=0.23;
Table 1). Therefore, forage yield data was later pre-
sented by the two-year averages. Forage biomass
production at each sampling date included sown
grasses and legumes. It was significantly affected by
forages system (P <0.001) but not affected by year
(P=0.13) or year-treatment interaction (P=0.46).
Date of sampling (monthly cutting) had significant
effect on biomass production and interacted with for-
age system (P<0.05). No year-by-month (P=0.41)
or three-way (P=0.31) interactions were detected,
thus, data were later presented by month but aver-
aged over years. Averaged over the years, annual sys-
tems had greater forage yield than perennial systems
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Fig. 1 Average annual forage dry matter yield as affected by
different forage systems at Lascassas, TN, reported as average
values across 2018 and 2019 growing seasons. Means without
a common letter differ at a P=0.05 significance level. Standard
errors (SE) are reported based on pooled estimates of popula-
tion standard deviation used by the Tukey’s HSD procedure

(36%). Mean April forage biomass production for
winter wheat-Austrian winter pea biculture was
around 4.0 Mg ha~! with 83.0, 12.4, and 4.5% of win-
ter wheat, Austrian winter pea, and unsown species;
respectively (Fig. 2; Table 2). For the May cutting, no
differences were detected among forage systems, and
the average biomass production across all biculture
systems was around 1.2 Mg ha~! with 65.5, 10.9, and
23.5% of average sown grasses, sown legumes, and
weeds (Table 2); respectively. Likewise, average June
production was around 1.5 Mg ha™' with 66.7, 8.9,
and 24.2% of average sown grasses, sown legumes,
and weeds; respectively. Sorghum-sudangrass hybrid-
cowpea biculture production started in July and was
significantly greater than both tall fescue-white clover
(1.0 Mg ha~! more) and orchardgrass-alfalfa bicul-
tures (0.9 Mg ha~! more). In August, bermudagrass-
alfalfa biculture yielded more biomass than sorghum-
sudangrass hybrid-cowpea (1.1 Mg ha™! more) or tall
fescue-white clover biculture (1.3 Mg ha™' more).
From July to September, annual systems as well as
tall fescue-white clover bicultures consistently had
low percentage of weeds (8.6 and 8.5%, respectively).
Bermudagrass-alfalfa biculture had high weed per-
centages in July (31.9%) and September (11.4%)
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Table 1 Repeated measures ANOVA results for different for-
age system treatments (T), years (Y) effects, monthly initia-
tions (MI) or sampling depth (D) for soil total carbon (STC) or
soil gravimetric water content (GWC) within each year, and

their interactions on total forage yield (yield), forage biomass
production (biomass), STC, radiation use efficiency (RUE),
and GWC in an organic forage experiment conducted in 2018
and 2019 seasons at Lascassas, TN

Effect

Yield Biomass STC RUE GWC

F P value F P value F P value F P value F P value
T 14.1 0.0002 38.9 <0.0001 1.46 0.27 27.67 <0.0001 36.8 <0.0001
Y 154.9 <0.0001 25 0.13 9.22 0.04 0.11 0.74 0.14 0.71
YXT 1.51 0.23 0.8 0.46 1.98 0.03 0.81 0.53 1.75 0.19
MI (D) 8.48 0.001 2155 <0.0001 14.2 <0.0001 96.3 <0.0001
MI(D)XT 3.56 0.03 5.36 0.03 9.81 0.02 1.78 0.18
MI(D)xY 1.06 0.41 1.9 0.16 0.89 0.62 1.86 0.43
MID)XYxXT 1.16 0.31 11.5 0.01 0.57 0.84 1.11 0.07

49 a
Apr. May Jun
SE=0.21 SE =0.20 SE=0.23

Total Forage Biomass (Mg ha™)

Fig. 2 Average monthly initiation of forage biomass and
botanical composition (grass, legumes, or weeds) affected by
different forage systems at Lascassas, TN. in 2018 and 2019
growing seasons. Means without a common letter differ at a

and low percentage in August (14.1%). Old world
bluestem-sainfoin biculture indicated great weed sup-
pressing capacity in July (5.2%) and August (4.0%),
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P=0.05 significance level. Standard errors (SE) are reported
based on pooled estimates of population standard deviation
used by the Tukey’s HSD procedure

but decreased in September (24.2%). The most domi-
nant weed species were evaluated according to each
treatment-year averaging over all sampling months.
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Table 2 Average monthly botanical composition (indicated by
percentages of grasses, legumes, and weeds) affected by differ-
ent forage systems at Lascassas, TN. in 2018 and 2019 grow-
ing seasons

Month Treatment % Grass % Legume % Weeds
April AS? 83 12 5
May BA® 60 16 24
WS¢ 75 15 10
0s¢ 64 2 34
OA® 63 9 28
June BA 49 12 39
™ 75 12 13
(6N 78 4 18
OA 65 7 28
July AS 78 16 6
BA 54 14 32
™ 81 10 9
(0N 92 2 6
OA 33 18 49
August AS 82 10 8
BA 76 10 14
™ 80 12 8
(O] 95 1
OA 56 18 26
September  AS 78 9 13
BA 66 14 20
™ 81 10 9
oS 75 1 24
OA 57 12 31

2AS, annual system rotation with Austrian winter wheat and
winter pea biculture followed by sorghum-sudangrass hybrid
and cowpea biculture

bBA, bermudagrass and alfalfa biculture
°TW, tall fescue and white clover biculture
408, old world bluestem and sainfoin biculture

°OA, orchardgrass and alfalfa biculture

Annual mean weed species diversity and top-three
ranking dominating species estimated using ground
coverage from each quadrat area are shown in
Table 3.

Forage nutritive value

Forage nutritive value was analyzed using the iden-
tical statistical models as for forage biomass produc-
tion, because all biomass samples (except for weeds)
were later processed for the NIRS analysis following

dry weight recording. The results were presented as
two-year average values due to the lack of year-treat-
ment interactions (P> 0.05). Mean forage CP concen-
tration of annual bicultures was close to 90.8 g kg™
in April (winter wheat-Austrian winter pea mixture),
gradually increased along the growing season after
transitioning to sorghum-sudangrass hybrid-cowpea
biculture, and peaked at the August production to
131 g kg™! (Table 4). Tall fescue-white clover bicul-
ture generally had greater CP concentration than other
bicultures (except for the September production, when
tall fescue-bicultures and annual systems showed no
differences). Annual systems consistently had similar
CP concentration to other perennial bicultures, except
tall fescue-white clover mixtures. Annual systems had
greater ADF concentration than bermudagrass-alfalfa
and tall fescue-white clover bicultures in July, and
both old world bluestem-sainfoin and orchardgrass-
alfalfa bicultures had greater ADF concentration than
tall fescue-white clover biculture. For NDF concen-
tration, bermudagrass-alfalfa and old world bluestem-
sainfoin bicultures were greater than tall fescue-
white clover and orchardgrass-alfalfa bicultures. The
IVDMD results indicated that the sward of tall fes-
cue-white clover biculture was more digestible than
orchardgrass-alfalfa biculture in both May and June;
and was more digestible than any other forage system
in July, but comparable to annual system in Septem-
ber and both the annual system and orchardgrass-
alfalfa biculture in August. Tall fescue-white clover
biculture had greater fructan concentration than all
other perennial bicultures in May and June. Lignin
concentration follows the trend of NDF and ADF pat-
tern and the detailed results are depicted in Table 4.
The correlation analysis between different nutri-
tive value indices and biomass production are pre-
sented by forage systems as depicted in Suppl. Fig.
S2 to S6. Briefly speaking, for annual systems, sig-
nificant correlation (P <0.05 and R?>~0.5) was found
between ADF and NDF, ADF and IVDMD, ADF
and fructan, ADF and lignin, NDF and IVDMD,
NDF and fructan, as well as IVDMD and lignin
(Suppl. Fig. S2). The data histogram indicated com-
plex distribution patterns. For bermudagrass-alfalfa
bicultures, except for those variable pairs including
fructan, all linearly fitted models indicated statisti-
cal significance (Suppl. Fig. S3) and the distribution
pattern for each variable was generally following the
Gaussian distribution curve. For tall fescue-white
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Table 3 Mean botanical and weed diversity evaluated as number of species with larger than 3% coverage and top-three ranking
dominating species in each treatment-year averaged across sampling months

Year Treatment Diversity Dominating species (% of coverage)

2018 AS? 0 Nimblewill-Muhlenbergia
schreberi (2)
BAP 4 Curly dock-Rumex crispus (12)
TW¢ 2 Crabgrass-Digitaria sanguinalis
(%)
os¢ 4 Henbit-Lamium amplexicaule
®)
OA° 7 Crabgrass-Digitaria sanguinalis
(22)
2019 AS 0 White clover- Trifolium repens
)
BA 7 Henbit-Lamium amplexicaule
13)
™W 2 Nutsedge-Cyperus esculentus
(6)
oS 5 Henbit-Lamium amplexicaule
N
OA 6 Nutsedge-Cyperus esculentus
(28)

White clover- Trifolium repens

Spurge- Euphorbia pubenticisma

(D (1)
Henbit-Lamium amplexicaule Crabgrass-Digitaria sanguinalis
® &)
Curly dock-Rumex crispus (4) Spurge- Euphorbia pubenticisma
C)

Nutsedge-Cyperus esculentus

©

Henbit-Lamium amplexicaule

Q)

Nimblewill-Muhlenbergia

Galium- Galium aparine (6)

Nimblewill-Muhlenbergia schre-
beri (4)

Henbit-Lamium amplexicaule (1)

schreberi (2)

Curly dock-Rumex crispus (7)

Crabgrass-Digitaria sanguinalis

&)
Crabgrass-Digitaria sanguinalis Nimblewill-Muhlenbergia schre-
“) beri (3)

Curly dock-Rumex crispus (6)

Crabgrass-Digitaria sanguinalis

@)

Marestail- Conyza canadensis (6)

Dandelion- Taraxacum officinale

®

4AS, annual system rotation with Austrian winter wheat and winter pea biculture followed by sorghum-sudangrass hybrid and cow-

pea biculture

"BA, bermudagrass and alfalfa biculture

°TW, tall fescue and white clover biculture
40sS, old world bluestem and sainfoin biculture

€OA, orchardgrass and alfalfa biculture

clover biculture, only CP-NDF model was deemed
to be significant with adequate amount of variation
explained. All nutritive value and production indices
were normally distributed (Suppl. Fig. S4). For old
world bluestem-sainfoin biculture, biomass produc-
tion measured as monthly cutting correlated strongly
with ADF and IVDMD (P<0.05 and R*~0.5), and
ADF was strongly correlated with IVDMD; with all
nutritive value indices normally distributed (Suppl.
Fig. S5). Finally, for orchardgrass-alfalfa biculture,
CP was negatively correlated with both ADF and
NDF, ADF was positively correlated with NDF but
negatively correlated with IVDMD, and both lignin
and NDF were negatively correlated with IVDMD
(P<0.05 and R?~0.5, Suppl. Fig. S6).
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Forage mineral concentration

Concentrations of Ca, P, K, Mg, as well as Ca:P
ratio were significantly affected by treatments when
evaluated at P=0.05 significance level. Interactions
between harvesting month and treatment were sig-
nificant on P, K, Mg concentration and Ca:P ratio,
except for Ca concentration (P=0.23). Year effect
slightly interacted with treatment on P concentra-
tion and C:P ratio, but was caused mainly by mag-
nitude differences across month. No year interac-
tions (P>0.05) were found in other treatments,
thus, data are presented by averaged values. As
indicated in Table 5, early-season annual systems
had lower Ca concentration than both fescue-white
clover and orchardgrass alfalfa bicultures. Likewise,
annual systems indicated lower P concentration
than orchardgrass alfalfa biculture in late season
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Table 4 Average nutritive value of monthly initiations affected by different organic forage systems across the 2018 and 2019 grow-
ing seasons at Lascassas, TN

Month Month

System Apr  May Jun Jul Aug Sep Apr  May Jun Jul Aug Sep

Crude protein (g kg™') © Acid detergent fiber (g kg™")

AS? 90.8 NA® NA 99.0a 131.0a  116.4ab 290.0 NA NA 407.4a  420.7a 386.8a,b
BA® NA 124.0a  116.7a,b 111.6a 101.8a  88.4b NA 345.5a  3554a  373.5b,c 416.3a 434.1c
TW¢ NA 177.3b  171.0c 190.5b  1942b 143.6a NA 341.8a  3453a  34477c  350.8b 370.1b
0s¢ NA 103.6a 97.7a 93.0a 99.5a 82.5b NA 354.8a  3724a  390.l1a,b 426.3a 432.2¢
OA°® NA 134.0a 126.8b 111.5a 113.1a  97.0b NA 339.2a  363.6a 382.8ab 413.7a 426.5a,c
Neutral detergent fiber (g kg™") In-vitro dry matter digestibility (g kg~")
AS 5419 NA NA 681.1a  678.3a  668.4ab 7599 NA NA 688.6a  682.7ab 705.1a
BA NA  609.6a 634.8a 656.1a  690.1a  7332a NA 776.5ab 731.1ab 6932a  643.8b 590.0b
™ NA  5274b 553.1a 541.5b  569.5b  620.7b NA 813.3a  771.0a 7243b  715.5a 684.3a
(0N NA 604.8a 638.8a  666.0a 673.0a 687.8ab NA  7719ab 724.7ab 671.1a  650.6b 595.6b
OA NA 519.1b 557.7a  609.8a,b 641.1ab 680.3ab NA  739.6b 711.2b 671.3a  654.2ab 581.3b
Fructan (g kg™") Lignin (g kg™")
AS 220 NA NA 14.7a 17.5a 17.2a 28.5 NA NA 35.3a 38.5a 34.5a
BA NA 18.0a  16.6a 16.1a,b  17.6a 18.6a NA 36.6a 39.1a 40.5a,b  47.3ab,c 58.8b,c
T™W NA  20.6b 19.6b 21.1c 21.5b 19.9a NA  45.6b 49.2b 60.0c 56.8¢c 50.7b
(0N NA 19.0a,b 17.9ab 16.9b 18.3a,b  20.2a NA 39.6a,b 41.2ab 423ab 43.2ab  56.4b,c
OA NA 18.5ab 17.7ab  17.8b 18.5ab  20.4a NA  46.9b 49.2b 49.8b,c  52.2bc  63.9c

2AS, annual system rotation with Austrian winter wheat and winter pea biculture followed by sorghum-sudangrass hybrid and cow-
pea biculture

"BA, bermudagrass and alfalfa biculture

°TW, tall fescue and white clover biculture

408, old world bluestem and sainfoin biculture

€OA, orchardgrass and alfalfa biculture

fMeans within each column (month) without a common letter differ at a P=0.05 significance level

£No samples were taken from annual systems in May and June. April samples consist of Austrian winter wheat and winter pea bicul-
ture, and July—September samples consist of sorghum-sudangrass hybrid and cowpea biculture

(September). For K, perennial systems consistently
indicated greater concentration than the annual sys-
tems in early season, but this effect was reversed
at the late harvesting season. The concentration
of Mg in forage biomass was significantly differ-
ent between treatments only in May and Septem-
ber, with the annual system having the lowest and
orchardgrass-alfalfa the greatest Mg concentration.
For the late harvesting season, orchardgrass alfalfa
bicultures had greater Mg concentration than ber-
mudagrass and alfalfa biculture. For Ca:P ratio,
perennial systems consistently had greater values
than the annual systems, except for the orchardgrass
and alfalfa biculture from May to July, as well as

bermudagrass and alfalfa biculture from May to
August. The advantage of maintaining high Ca:P
ratio from orchardgrass alfalfa bicultures was
observed through the mid-to-late growing season.

Radiation use efficiency

RUE was significantly affected by treatment (P < 0.05)
and month (P <0.05). Additionally, a two-way inter-
action was detected between month and treatment on
RUE (P <0.05), thus, RUE were presented by month
but averaged over years. System-wise RUE depended
greatly on month (Table 1). Throughout the entire
growing season, bermudagrass-alfalfa biculture con-
sistently had greater RUE than any cool-season grass
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Table 5 Monthly mean mineral concentration (% of Ca, P, K, and Mg) and Ca:P ratio of five certified forage systems (treatment-Trt)
averaged across the 2018 and 2019 growing seasons at Lascassas, TN

Mineral Month Treatment®
AS BA ™ (N OA
Ca na® 0.42a 0.48a 0.62b,c 0.52a,c 0.65b
P May*® 0.25a 0.26a,b 0.28a,b 0.26a,b 0.30b
Jun na 0.28 0.29 0.27 0.31
Jul 0.30 0.29 0.30 0.28 0.27
Aug 0.30 0.26 0.30 0.27 0.28
Sep 0.29a 0.21b 0.25¢ 0.21b 0.22b,c
K May 1.18a 1.94b 2.18b 1.85b 2.36b
Jun na 2.03 2.31 1.92 2.53
Jul 2.46a 2.17a,b 2.05a,b 1.98b 1.97b
Aug 2.09 1.78 1.97 1.59 1.99
Sep 2.4a 1.05b 1.67a,b 0.79b 0.71b
Mg May 0.17a 0.29b 0.31b,c 0.30b,c 0.39¢
Jun na 0.32 0.32 0.33 0.40
Jul 0.32 0.33 0.34 0.35 0.32
Aug 0.31 0.36 0.37 0.34 0.38
Sep 0.29a,b 0.28b 0.30a,b 0.30a,b 0.34a
Ca:P May 1.52a 1.72a,b 1.99b 1.78a,b 2.18b
Jun na 1.64a 2.07b 1.78a,b 2.17b
Jul 1.36a 1.65a 2.3b 1.76a,c 2.13b,c
Aug 1.60a 1.86a,b 2.30b 2.14b 2.37b
Sep 1.35a 2.26b 2.24b 2.68b,c 2.94c

“Treatment includes: AS, annual system rotation with Austrian winter wheat and winter pea biculture followed by sorghum-sudan-
grass hybrid and cowpea biculture; BA, bermudagrass and alfalfa biculture; TW, tall fescue and white clover biculture; OS, old world
bluestem and sainfoin biculture; and OA, orchardgrass and alfalfa biculture. Means without a common letter differ at a P=0.05 sig-

nificance level

®Indicates averaged over month due to lack of treatment-month interactions

‘Indicates that May month data from annual system was actually collected in April

legume biculture except for the September month
(Fig. 3). Likewise, old world bluestem-sainfoin bicul-
ture always had greater RUE than any other forage
system except in May (not different from bermudag-
rass-alfalfa biculture) and September (only greater
than orchardgrass-alfalfa biculture) months. Annual
systems had very similar RUE patterns compared to
both warm-season grass legume bicultures (similar
to bermudagrass-alfalfa biculture in July and August;
and similar to old world bluestem-sainfoin biculture
in September).

Soil total carbon and gravimetric water content

Soil total carbon was not affected by forage sys-
tem (P=0.27), but by year (P=0.04) and their
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two-way interactions (P=0.03); a significant depth
effect (0<0.001) was found, as well as its two-way
interaction with forage system (P<0.05) and three-
way interaction with forage system and year (P <0.01).
Thus, soil total carbon data was later presented by year
and sampling depth (Fig. 4). In 2018 fall season, annual
system had greater soil total carbon at 0—5 cm than the
5-15 cm level, and the 0-5 cm depths under perennial
forage systems. Additionally, both bermudagrass-alfalfa
and orchardgrass-alfalfa bicultures had greater soil
total carbon at the 0-5 cm than bermudagrass-alfalfa
biculture at the 5-15 cm level. In 2019 spring season,
orchardgrass-alfalfa biculture had greater soil total car-
bon than any other forage system at the 5—-15 cm level.
Additionally, the 0-5 cm soil total carbon under the
annual systems was greater than the 5-15 cm level of
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Apr.

SE=0.19

RUE (g DM MJ PAR™)

Fig. 3 Seasonal radiation use efficiency (RUE) of differ-
ent forage systems at Lascassas, TN, reported as average val-
ues across 2018 and 2019 growing seasons. Means without a

any forage system except for tall fescue-white clover
biculture. Total 0-5 cm soil carbon of tall fescue-white
clover biculture was greater than that of bermudagrass-
alfalfa, orchardgrass-alfalfa, and its own at the 5-15 cm
level. All 0-5 cm soil total carbon concentrations across
all forage systems were greater than those from the
5-15 cm depth. We also investigated the year effects
on soil total carbon separated by different forage sys-
tems. As indicated, old world bluestem-sainfoin bicul-
ture had significantly increased soil total carbon from
2018 to 2019 (Fig. 5). No treatment-by-depth interac-
tion (P=0.18) was found on soil GWC, but data were
presented by depth to better indicate moisture change
at different depths. No significant treatment-year inter-
actions were detected from soill GWC, thus, cross-
year average data were presented (Fig. 6). Consist-
ently greater soil GWC was observed from the annual
systems, tall fescue and white clover, or old world
bluestem-sainfoin biculture than bermudagrass-alfalfa
or orchardgrass-alfalfa biculture.

May.

SHE=0.19

SE=0.16

Jun,

c
SE=0.12

common letter differ at a P=0.05 significance level. Standard
errors (SE) are reported based on pooled estimates of popula-
tion standard deviation used by the Tukey’s HSD procedure

Influence of different production and environmental
variables on yield

The overall structural model yielded acceptable per-
formance value (X?=39.1, P=0.13, AIC=81.3,
SRMSR =0.04); which explained 25 and 40% of the
variation in yield and grass-to-legume ratio, respec-
tively (Fig. 7). Moreover, the direct path coeffi-
cients of RUE on yield and grass-to-legume ratio on
RUE were both significant with a value of 0.8 and
13.1, respectively. A significant covariance was also
detected between soil GWC and grass-to-legume
ratio.
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Fig. 4 Soil total carbon as affected by different forage systems
at Lascassas, TN, reported as average values across 2018 and
2019 growing seasons. Means without a common letter dif-

I 2018 SE=0.11
2019 SE=0.10
a b
a a a

Total Soil Carbon (%)
(=) — S
| 1 1
I
- §

Fig.5 Soil total carbon as affected by years within differ-
ent forage systems at Lascassas, TN, reported as average val-
ues across 2018 and 2019 growing seasons. Means without a
common letter differ at a P=0.05 significance level. Standard
errors (SE) are reported based on pooled estimates of popula-
tion standard deviation used by the Tukey’s HSD procedure
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fer at a P=0.05 significance level. Standard errors (SE) are
reported based on pooled estimates of population standard
deviation used by the Tukey’s HSD procedure

Discussion

Annual systems provided greater yield and old world
bluestem-based biculture indicated great adaptability

Higher forage yield from annual systems (Fig. 1) was
anticipated and can be partially explained by their
more rapid establishment and fast growth compared
with perennial systems. Perennial forages allocate
significant portion of energy in the first two or three
years developing root systems rather than above-
ground biomass production (Inwood et al., 2015).
Additionally, the mild temperature and ample pre-
cipitation in the winter season and hot summer in
the local environment greatly favored the production
of each annual rotation phase, including C; species
combination (e.g., winter wheat-Austrian winter pea
biculture) and C, dominated (e.g., sorghum-sudan-
grass hybrid) systems, respectively (Fribourg 1995;
MacAdam and Nelson 2018). Our average forage
yield from annual systems (12.7 Mg ha™!) is very
similar to the yield (12 Mg ha™!) of the annual sys-
tem of wheat/crimson clover (Trifolium incarnatum
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Annual Bermudagrass Tall fescue OWB Orchard grass
System /Alfalfa /White clover /Sainfoin /Alfalfa
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Fig. 6 Average soil gravimetric water content (GWC) meas-
ured at 0-50 cm and 50-100 cm as affected by different for-
age systems at Lascassas, TN, Means without a common letter
differ at a P=0.05 significance level. Error bars indicate the

=

standard deviation of the mean. The top and the bottom edge
of each box indicate the 75th and 25th percentile of the data,
respectively. The center bar indicates the mean median, and the
height indicates the interquartile range

0F X>=31.9,df=6,P=0.06

RUE

AIC=92.1, SRMSR = 0.07

G2L ———— Yield

2=0.21

GWC

Fig. 7 Proposed path analysis network indicating the hypoth-
esized inter-relationships between different production (Radia-
tion Use Efficiency, RUE; Grass to Legume ratio, G2L) and
average soil Gravimetric Water Content (GWC, 0-100 cm) on
yield. Red arrows indicate significant standardized path coef-
ficients (values on the arrow, P<0.05). Black arrows indi-

L.) and sorghum-sudangrass hybrid reported from
a study conducted at Eastern Tennessee (Inwood
et al. 2015). We used the same annual species selec-
tion/cultivation methods as Inwood et al. (2015) but

cate insignificant standardized path coefficients (values on
the arrow, P>0.05). Blue double arrows indicate significant
correlation (covariance values on the arrow, P <0.05). Num-
ber of stars indicates level of significance of each path model
((*P<0.05, **P<0.01, ***P <0.001)

without poultry litter application. Therefore, this
yield level is impressive considering no external
nutrients were added in our annual systems through-
out the entire duration of the experiment. The
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inclusion of cowpea, a warm-season subtropic/tropic
legume with enriched protein and biomass produc-
tion potential (Saidi et al. 2010; Nave et al. 2020), had
greatly improved summer forage biomass production
and overall nutritive value of the biculture. In general,
productivity of annual systems out-perform peren-
nial systems, as indicated in our results (except for
old world bluestem-sainfoin biculture). However, it is
also worth mentioning that perennial crops typically
take more than two or three years to reach their peak
production (Kering et al. 2012), thus, the results from
this two-year study might underestimate the yield
potential of some of these selected perennial systems.
To our knowledge, information relating to the produc-
tion of old world bluestem in the tropical/subtropical
environment is extremely limited, with published data
focusing on organic production even non-existent. As
a primary group of introduced C, perennial grass spe-
cies in the semiarid region, old world bluestems had
indicated excellent drought tolerant capacity and eco-
nomic return in water-limited environment (Philipp
et al. 2005, 2007; Cui et al. 2013, 2014). As indicated
in this study, it also performed very well in the humid
subtropical environment while managed organically.
It had comparable yield compared with annual forage
biculture rotation, and had significantly greater yield
than common grass-legume combinations (e.g., tall
fescue-white clover biculture; Fig. 1). Sainfoin bio-
mass remains low throughout the entire growing sea-
son (Table 2). This could be caused by that fact that
this non-bloating (Jones and Lyttleton 1971), slow-to-
establish (Cui et al. 2014) forage is better adaptable to
cooler spring and high soil pH conditions (Bolger and
Marches 1990). Thus, we speculate that old world
bluestem in conjunction with other legumes, such as
alfalfa or red clover (Trifolium pretense L.), might
serve as better alternative in warm-season perennial
systems compared to old world bluestem-sainfoin
biculture or traditional bermudagrass-based mono-
culture or biculture systems. Finally, annual systems
indicated poor economic benefit and warm-season
perennial systems yielded great economic profit cal-
culated based on production inputs and output values
(details in supplement materials, Table S2).
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Different grass-legume bicultures had different
botanical composition dynamics throughout the
growing season

Due to the lack of inorganic chemical inputs (e.g.,
herbicides), organic cropping systems are well known
for weeds evasion and pest infestation (Francis and
Van Wart 2009; Liebman and Davis 2009). We inves-
tigated botanical composition of unsown species
(weeds) in this study (Table 2). As indicated, annual
systems typically had less intensity of weeds through-
out the entire growing season (average weeds com-
position = 7.5%), which was similar to tall fescue-
white clover biculture (~ 9.7%), but much less than
other perennial biculture systems (bermudagrass-
alfalfa biculture, 25.5%; old world bluestem-sainfoin
biculture, 17.0%; and orchardgrass-alfalfa biculture,
31.8%). This was largely contributed by the greater
forage biomass yield and moderate tillage imple-
mented before each planting. Severe weed encroach-
ment was observed in both orchardgrass-alfalfa and
bermudagrass-alfalfa bicultures. The main weed spe-
cies included curly dock (Rumex crispus L.), creeping
buttercup (Ranunculus repens L.), common plantain
(Plantago major L.) and henbit (Lamium amplexi-
caule L.). Orchardgrass is a productive and highly
nutritious cool-season grass widely distributed in
North America and Europe (Xue et al. 2020). How-
ever, persistence of orchardgrass is often challenged
by selective grazing, heat stress, soil fertility, insects,
diseases, and harvesting frequency (Jones and Tracy
2015). In this study, we suspect that the limited estab-
lishment performance and severe early-season curly
dock outbreak in those plots greatly compromised the
percentage of orchardgrass. The high percentage of
weed in bermudagrass were anticipated, as late-spring
seed planting of warm-season grasses in the temper-
ate zones is often interfered by severe spring weed
outbreak (Inwood et al. 2015), thus asexual propaga-
tion of bermudagrasses such as sprigging is usually
preferred due to its rapid establishment and ease of
operation (de Barreda et al. 2013). This issue could
be exacerbated by the fact that, certified organic/
untreated sprigs for bermudagrass were extremely dif-
ficult to locate and even unavailable in many regions.
Both tall fescue-white clover and old world bluestem-
sainfoin bicultures indicated satisfactory capacity
in controlling weed encroachment (<20%). Again,
information relating to these forage systems based on
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organic management practices is extremely limited,
thus, there are no existing data to compare with. The
excellent performance of tall fescue and white clover
could be attributed to the fact that both species are
well-adapted to this region and the endophytic toxins
associated with tall fescue (Sleper and Buckner 1995)
greatly enhanced its persistency as noted in many pre-
vious studies (Chamblee and Lovvorn 1953; Sheaffer
1989).

For grass-legume mixtures, botanical composition
is well known for impacting forage nutritive value,
because of the significant differences in chemical com-
position between grass and legume leaf tissues (Col-
lins and Newman 2017). However, the interactions and
behaviors on a system level were rarely focused, par-
ticularly under organic practices. Legumes are well-
known for providing N credit through symbiotic N,
fixation (Westhoff 2009), but could also cause great
domination (Muthukumar et al. 2017) in mixtures caus-
ing bloat hazard while improperly managed (Jones and
Lyttleton 1971). All forage systems had shown rela-
tively high grass-to-legume ratios (>5:1) throughout
the duration of this experiment. Again, the limited sain-
foin production had resulted in extremely high grass-to-
legume ratios. It was expected that legume domination
will increase over time, particularly without any inor-
ganic N fertilizer input. Thus, two-year duration might
not be long enough for detecting this legume domina-
tion, long-term organic forage production should be an
important future research direction.

Radiation use efficiency was largely influenced by
dominant forage species

Radiation use efficiency is an important ecophysi-
ological index for crop production in the temper-
ate regions, where ample precipitation and frequent
cloudy conditions greatly limit radiation availability.
Particularly, RUE of organic grass-legume biculture
systems, has been largely under-investigated. Gener-
ally speaking, C; species, such as cool-season grasses
and legumes are well known for having poor RUE
compared with C, plants (Giunta et al. 2009; Sandafa
et al. 2012). Although lack of year-treatment interac-
tions, our study indicated that RUE of various for-
age biculture systems had a strong seasonal variabil-
ity (Fig. 3), which was similar to what was reported
by Ojeda et al. (2018). Additionally, as expected,
C,-dominated systems generally had greater RUE

than cool-season grass-legume bicultures during
most of the time throughout the growing season. We
observed that old world bluestem-sainfoin constantly
had the greatest RUE, indicating its great adaptabil-
ity and performance potential for dry summer sea-
sons. The RUE of tall-fescue-based systems were low
(ranging from 1.8 to 2.3 g DM MJ~!), but was gener-
ally in agreement with the results reported by Ojeda
et al. (2018).

Forage nutritive value exhibited complex responses
towards maturity and botanical composition

Forage nutritive value reflects the species composi-
tion (grasses/legumes) and also the growth and matu-
rity level of the combined swards. Often times, the
interaction among different species and the complex
growth patterns of mixed swards affected by envi-
ronmental conditions make it difficult to isolate the
contributory effects on nutritive value, particularly
in biculture systems (Barker et al. 2010; Cui et al.
2013, 2014). In this organic forage study, cool-sea-
son perennial systems constantly provided superior
CP concentration than warm-season systems (old
world bluestem and bermudagrass-based treatments).
Again, these CP difference was primarily caused by
the photosynthetic pathway and cellular structural
composition differences between C; and C, species
(Collins and Newman 2017).It was expected that
inclusion of legumes could greatly help maintain-
ing CP level in C,-based forage systems according to
Cui et al. (2013), however, this N credit contribution
seemed insufficient for offsetting the rapid senescence
property and more pronounced vascular tissues of C4
grasses compared with C3 (Belesky et al. 1991; Nave
et al. 2014). Acid detergent fiber serves as an estima-
tor for forage dry matter digestibility (Linn and Mar-
tin 1989). Thus, based on ADF content, the digest-
ibility of annual and warm-season perennial forage
systems could become critically low in late summer
and late fall, respectively; potentially causing reduc-
tion in animal performance. Meanwhile, at compa-
rable maturity stages, inclusion of legumes in grass-
based forage systems could effectively reduce NDF
and consequentially increase dry matter intake by
grazing herbivores (Van Soest 1965; Cui et al. 2013).
This agrees with what we found under organic sys-
tems, as lower grass-to-legume ratios (Table 2) typi-
cally manifested lower NDF concentration (Table 4).
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The IVDMD results reflected the combined effects
of forage maturity and botanical composition. Gen-
erally speaking, orchardgrass and tall fescue should
provide very similar IVDMD, and the general supe-
rior animal performance of orchardgrass vs. tall fes-
cue was largely caused by the lack of endophytic
toxins (Sleper and Buckner 1995), which could not
be detected using the NIRS. Therefore, the greater
IVDMD of tall fescue-white clover biculture in May
and June should be largely attributed to differences
in percentages of legumes. Non-structural carbohy-
drates, particularly fructan, predominates in cool-
season grasses, and are well-known for inducing
equine laminitis (Longland and Byrd 2006). When
managed organically, tall-fescue-based systems had
greater fructan concentration than others, thus, equine
producers should proceed with caution while pasture-
grazing tall fescue dominated lands. Unlike CP, ADF,
or NDF; legumes generally have much greater con-
centration of lignin than grasses regardless of matu-
rity stage (Collins and Newman 2017). Thus, botani-
cal composition induced much greater interactive
effects with cutting month over lignin concentration
as observed in this study (Table 4). Across all treat-
ments, the observed ranges of CP, ADF, NDF, and
IVDMD were comparable to those reported from
several polyculture forage systems (Burns and Fisher
2008; Cui et al. 2013; Tamu et al. 2014; Gelley et al.
2016). Additionally, it was well-understood and gen-
erally expected that nutritive values differ greatly
among monthly cuttings within each forage system;
thus, no comparisons were conducted among cutting
months, and focuses were mainly placed on treatment
effects. Key mineral element concentration in all five
forage systems indicated no deficiency concerns for
grazing steers (National Research Council 1996). In
general, orchardgrass and alfalfa biculture consist-
ently had similar or greater mineral concentration and
Ca:P ratio than other systems. Additionally, grass-
legume perennial systems generally outperformed
annual systems, this could be largely attributed to the
deeper root profiles of perennial legumes enabling
greater nutrient uptake at a deeper soil level. All Ca:P
ratios are larger than the recommended 1:1 level,
indicating little concern on Ca deficiency for grazing
cattle.

Finally, weed encroachment is one of the most
important limiting factors impacting organic crop
production (Francis and Van Wart 2009; Liebman

@ Springer

and Davis 2009). Therefore, this study investigated
weed composition to provide better information for
site-specific organic management purposes. However,
due to the lack of estimation equation from NIRS, all
weed components were removed from nutritive value
analysis. As indicated in Table 2, annual systems pro-
vided excellent weed suppression capacity, and cool-
season dominated forage systems are prone to warm-
season weed outbreaks (e.g. crabgrass, nutsedge, and
nimblewill found in fescue or orchardgrass-legume
mixtures) and vice versa (e.g. curly dock and henbit
found in bermudagrass or old world bluestem-legume
mixtures). Due to the acceptable palatability and
nutritive value of both curly dock and crabgrass, we
argue that the most challenging weeds for organic for-
age production in the transition zone should include
henbit (Lamium amplexicaule 1.), nimblewill (Muh-
lenbergia schreberi L.), and yellow nutsedge (Cype-
rus esculentus L.).

Correlation analysis unveiled strong relationship
between different biomass and nutritive value indices

A less stringent criterion (P <0.05 and R?~0.5) was
used in this study to evaluate the correlation between
two production/nutritive indices. This is mainly
because of the limited sample sizes and composi-
tional complexity of the biculture samples for NIRS
analysis. As expected, many classic correlations were
identified across many forage systems, such as those
pairs between ADF and NDF, ADF and IVDMD,
as well as NDF and IVDMD. The lack of biomass-
nutritive index correlations of annual systems could
be mainly caused by the complexity of species com-
position, harvest season, and rotation patterns. This
was also indicated in the histogram plotting. How-
ever, the short-growing season and more uniformed
management regime of annual systems led to much
more homogeneous sample batch indicated by the
large number of significant inter-nutritive-index cor-
relations with large R* values (Suppl. Fig. S2). For C,
grass-based systems, bermudagrass-alfalfa biculture
had strong correlations between monthly cuttings and
CP. This finding agreed well with what was reported
by Gelley et al (2016). For old world bluestem-
sainfoin biculture, similarly, monthly biomass pro-
duction was significantly correlated CP but with a
lower R? value. Both warm-season perennial systems
indicated very strong correlation between monthly
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biomass production and ADF, NDF, IVDMD; hint-
ing that monthly biomass production could serve as
a reliable predictor for CP, ADF, NDF, and IVDMD
within certain warm-season perennial systems. For C,
grass-based systems, similar biomass-nutritive index
relationships were harder to find, which agreed with
the results reported by Nave et al. (2013), indicating
a much more complex interplay between maturity/
production and nutritive responses of C3 grasses.
The significant regression models successfully cap-
tured the correlations between two variables, which
can be used for developing decision-making tools that
producers can rely on to estimate hard-to-measure
nutritive indices (e.g., CP, ADF, NDF, IVDMD, etc.)
using biomass production information.

Soil total organic matter highlights the effect of the
tillage during experiment establishment

The essence of organic production is to improve soil
health and function on an ecosystem basis. Numerous
studies have reported increased soil fertility/quality
(Spargo et al. 2011; Cavigelli et al. 2013) and alter-
ation of carbon and N cycling (Wander et al. 1994,
2007) within certified or transitional row-crop sys-
tems. However, information on certified forage sys-
tems remains limited. Evidently, the initial site prepa-
ration and tillage had induced significant amount of
carbon loss across different depth as indicated in the
overall soil total carbon reduction compared to the
baseline data (Fig. 4). Consistent soil total carbon dif-
ferences were observed between two sampling depths
but little treatment effects were detected. Our soil
total carbon level was generally lower than the results
reported in a transitional forage cropping system
study reported by Inwood et al. (2015) in Eastern Ten-
nessee and a long-term perennial forage cropping sys-
tem review by Franzluebbers et al. (2005) in the Prai-
rie Parkland of Texas. The reasons are two folds: (1)
Inwood et al. (2015) used poultry litter as an organic
nutrient source in the fall season, which could signifi-
cantly increase total C by more than 15% according to
Franzluebbers et al. (2005) and Hernandez-Ramirez
et al. (2009); (2) the synthesis study conducted by
Franzluebbers (2005) focused mainly on those long-
term (>5 years) forage studies. It was expected that
large amount of carbon contributed by perennial for-
ages was in the format of fresh or partially decom-
posed root residues, which were generally removed

from the soil laboratory analysis procedure. Finally,
the frequent hay removal could significantly lengthen
the stabilization phase of the passive soil organic mat-
ter pool (Rasmussen and Collins 1991), leading to
a more conservative estimation of the soil total car-
bon contribution. The rapid rate of increase of soil
total carbon detected under the old world bluestem-
sainfoin biculture (Fig. 5) was unexpected. Given the
performance on total yield (Fig. 1), monthly biomass
production (Fig. 2), as well as the limited soil total
carbon responses of annual systems; it is reasonable
to attribute the over-time soil total carbon enhance-
ment under the old world bluestem-sainfoin biculture
to both increased above-ground biomass production
and below-ground root biomass increase. For future
study, longer-term implementation of similar forage
systems and adoption of more sensitive soil carbon
fractionation methods, such as particulate organic
matter carbon and/or permanganate-oxidizable car-
bon, are warranted.

Soil gravimetric water content agreed well with
botanical composition pattern

There is a broad agreement on the effects of botani-
cal composition on soil water dynamics (Alamdar-
loo et al. 2018; Xu et al. 2018; Wu et al. 2018). We
quantified soil GWC in addition to soil total carbon
to investigate if soil moisture dynamics could be
impacted under organic forage systems or not. Gen-
erally speaking, the deep tap-root systems of leg-
umes greatly favor the utilization of deep-profile
soil moisture, but could also reduce yield and hasten
senescence during prolonged water deficit condi-
tions (Alamdarloo et al. 2018). Thus, we anticipated
the greater legume percentages in the biculture sys-
tems could cause greater uptake of the soil moisture
particularly at a deeper soil level (> 15 cm). As indi-
cated in our results, the lower grass-to-legume ratio
in the two alfalfa-included bicultures (Table 2) had
resulted in lower soil GWC levels across both sam-
pling depths. However, we think this level of moisture
difference could contribute little to productivity dif-
ferences, as even the lowest GWC at the deeper soil
profile was still above 10%. Additionally, ample pre-
cipitation in the temperate zones could recharge soil
moisture rapidly due to the higher infiltration capac-
ity of grasslands, particularly those legume incor-
porated grasslands, which were indicated to have
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larger-diameter root channels and enhanced preferen-
tial flow (Wu et al. 2017).

Radiation use efficiency indicated significant positive
effects on yield and grass-to-legume ratio

Investigating the effects of different ecophysiologi-
cal and environmental factors on yield using sys-
tematic modeling could provide important insights
to better understanding the behavior of key pro-
duction drivers. In this study, we found that RUE
is indeed a key factor determining forage yield in
the local environment. Again, unlike other semi-
arid environments, this indicates forage systems in
the temperate regions are largely radiation limited.
Additionally, grass-to-legume ratio greatly influ-
ences the overall RUE as captured by the SEM,
because warm-season grasses (C4) could signifi-
cantly enhance RUE compared to legumes (C3).
The significant correlation between grass-to-legume
ratio and soil GWC was anticipated as explained in
“Soil gravimetric water content agreed well with
botanical composition pattern” section, and was
also captured by the path analysis model. We sus-
pected that grass and legumes in biculture systems
could behave differently towards solar radiation uti-
lization than grass or legume monocultures alone.
However, in this study, we did not investigate dif-
ferent components separately rather than quantifi-
cation of biomass productivity, which needs to be
addressed in future studies.

Conclusion

In conclusion, this study indicated that annual for-
age systems can provide greater biomass produc-
tion/yield, however, their nutritive value and mineral
concentration declined rapidly and could incur much
greater production input cost with much smaller
profit margin than perennial systems. Spring plant-
ing warm-season perennial forages under organic
farming could be challenged by weed outbreak, and
external N inputs seemed to be necessary for main-
taining their nutritive value particularly during the
mid-to-late growing seasons. Particularly, old world
bluestems indicated great adaptation, radiation use
efficiency, and soil carbon enhancement capacity in

@ Springer

the local environment. The results from this study
also indicated that monthly biomass production, an
easy-to-measure index, could be used for accurately
estimating forage nutritive value for grass-legume
bicultures; thus, informing producers the optimal
time window for hay harvesting or grazing. It is also
worth mentioning that sampling procedures used
in this study were based on hay sampling methods
instead of grazing samples. Therefore, the nutritive
results might represent an overestimation of herbage
biomass production potential but an underestimation
of forage nutritive value available to the grazing ani-
mals. Finally, long-term system study and better soil
carbon fractionation methods are needed in the future
to better evaluate the ecosystem service and long-
term behavior of each forage system.
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