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Sunn hemp (SH; Crotalaria juncea L.) is a fast-growing, annual, warm-season tropical legume that could complement less
productive cool-season forages such as tall fescue during summer. Little is known about seasonal forage mass and nutritive value
partitioning in SH plant components when SH is managed for forage. We determined partitioning of forage mass and nutritive
value (crude protein (CP), in vitro true digestibility (IVTD), neutral detergent fiber (NDF), acid detergent fiber (ADF), and neutral
detergent fiber digestibility (NDFD)) concentrations in SH leaves and stems harvested 35, 45, and 55 days after planting (DAP) at
Bradford Research Center, Columbia, MO, in a 2-year field study. Leaf and stem mass increased with increasing DAP and was
greatest (P≤ 0.05) at 55 DAP followed by 45 and 35 DAP. Stems contributed most to the total forage mass beyond 45 DAP. Across
years, CP was greatest (P≤ 0.05) in leaves (281 g kg−1 DM) and lowest for stems (81 g kg−1 DM) at 55 DAP. )e lowest NDF
(P≤ 0.05) was observed in leaves (251 g kg−1 DM) and stems (585 g kg−1 DM) at 35 DAP. Acid detergent fiber was lowest (P≤ 0.05)
for SH leaves (178 g kg−1 DM) and stems (484 g kg−1 DM) at 35 DAP. Digestibility of leaves was greater than that of stems and
generally decreased with maturity. )e nutritive value of leaves was consistently greater than that of stems and decreased with
maturity, except for CP of leaves, which was maintained throughout the season. Results suggested that SH leaves can maintain
forage mass and greater quality than its stem throughout the growing season.

1. Introduction

)e relative contribution of plant components (leaf and
stem) to total plant dry matter are major determinants of
nutritive value in forage crops [1]. As in grasses [2], it is also
important to understand the relationships between dry
matter and nutritive value partitioning of leaf and stem
components in legumes for grazing management decisions.
Knowledge such as this would help producers make deci-
sions regarding integration of either cool- or warm-season
forage types that could help meet the seasonal demand of
grazing livestock. Such integration of warm-season forage
legumes would be particularly important in temperate re-
gions where cool-season forage species like tall fescue (TF;
Schedonorus arundinaceus (Schreb.) Dumort., nom. cons.)
become dormant during warm summer months [3–5].

Sunn hemp (SH; Crotalaria juncea L.) is one such warm-
season annual legume widely grown in Southeast Asia and
Brazil as a green manure crop and for manufacturing
cordage and high-quality paper [6]. Sunn hemp is also well
adapted to hot, wet, and humid conditions, requiring a
minimum of 25mm of moisture per week for rapid ger-
mination and early growth in marginal to well-drained soils
of pH ranging from 5.0 to 8.4 [7–9]. In Southeast Asia, sunn
hemp has been commonly cultivated in pure stands to be
used both as a fresh forage and hay [7, 10, 11].)e interest in
using SH as forage has been attributed to its ability to ac-
cumulate a large amount of biomass in a short period of time
[12–14], and its sufficient nutritive value for providing high-
quality forage that meets nutritional requirements for cattle
[15–18]. However, there is no known research on the use of
sunn hemp as forage for cattle in feeding systems. )e only
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study that gives some details on the use of sunn hemp as
forage was by Balaraman and Vankaterishman [19] who
determined that an average hay intake of rams was 2.57 kg
DM per 100 kg body weight.

Although SH has high potential as a productive, high-
nutritive value forage when conventional forages such as tall
fescue are unavailable during summer [20], it is not com-
monly grown for forage in the warm-temperate regions.
Moreover, very little is known about the distribution of leaf
dry matter and overall forage nutritive value of SH
throughout the growing season under low-input systems in
warm-temperate regions during summer. Studies of forage
mass partitioning in SH have largely focused on fiber and
nitrogen concentrations as a part of cover crop suitability
studies [12, 16], rather than overall forage nutritive value.
)ere is a need to develop a more comprehensive under-
standing of nutritive value partitioning to SH leaves and
stem under low-input systems in warm-temperate regions
for use in forage-livestock systems. A study such as this will
thus provide a basis for assessing and determining the
suitability of incorporating sunn hemp as forage in different
feeding systems. We conducted a follow-up study to Lepcha
et al. [20] (a whole plant forage study) focused on sunn hemp
leaf and stem forage value. Our objective was to compare the
effect of maturity on forage mass and nutritive value par-
titioning to leaves and stems of forage SH during the
summer growing season.

2. Materials and Methods

2.1. Environmental Conditions. )e study was conducted at
Bradford Research Center, University of Missouri, Co-
lumbia, Missouri, USA (38°53′N; 92°12′W, elevation
271.3m), during the summer growing seasons (June–Sept.)

of 2015 and 2016. Soil at the experimental site was a Mexico
silt loam (fine, smectic, mesic, Aeric Vertic. Epiaquafs),
characterized by poor drainage, 1 to 3% slope, and per-
meability ranging from 0.00 to 1.52mm hr−1 [21]. Soil test
results indicated pH 6.3, 4.2%OM, low (8 ppm phosphorus),
medium (69 ppm K, 170 ppmMg), and high (2104 ppm Ca).
)e maximum and minimum temperature were 34.7°C and
7.0°C in 2015 and 35.2°C and 8.6°C in the 2016 experimental
period (Table 1), respectively, indicating an overall cooler
period in 2015 than in 2016. )e rainfall distribution and
amount varied within and between years (Table 2). Total
rainfall from June through September (SH growing season)
in 2015 and 2016 was 15.3 and 49.0% greater than the 17-year
average, respectively. )e mean temperature for experi-
mental periods 1, 2, and 3 (Table 1) was 24.6, 21.4, and 20.2
in 2015 and 24.8, 23.6, and 21.1 in 2016, respectively.
Growing degree days (GDD) was calculated as
[(Tmax +Tmin)/2]− 10°C, where Tmax and Tmin are the daily
maximum and minimum temperatures recorded, respec-
tively. )e base temperature (10°C) in the calculation was
used following Balkcom et al.’s study [22] for growth of SH.
)e number of GDD accumulated at each harvest averaged
480, 602, and 700 in 2015 and 834, 1055, and 1279 in 2016
(Table 1).

2.2. Experimental Design and Planting. A split-plot design
with six replications was implemented in which three
harvest regimes (35, 45, and 55 days after planting
(DAP)) were considered as the main plot and the two
plant components (leaf and stem) as subplots. Forage
accumulation, CP, NDF, ADF, IVTD, and NDFD over
DAP were tested on plant components. )e experiment
was established in plots measuring 3 by 24m during the
summers of 2015 and 2016 with new planting and ran-
domization plan each year. A disc harrow, typical of a
conventional tillage practice, was implemented to pre-
pare the experimental fields. In order to evaluate adap-
tation of SH to local environmental conditions under
low-input systems, supplemental fertilizer, irrigation, or
weed control measures were not applied in either year.
Due to incessant rainfall and poor germination condi-
tions in June, the planting date in 2015 occurred on July
30 and the same date was chosen in 2016 for uniformity. A
commercial legume seed inoculant (Molokai Seed
Company, Hawaii, USA) that contained Bradyrhizobium
sp. (Vigna) was used to inoculate forage-type SH cultivar
“Tropic Sun” seeds. Seeds at the rate of 22.5 kg ha−1 were

Table 1: Planting, sample-collection periods, temperature, and accumulated growing degree days (GDD) during 2015 and 2016 growing
seasons, Bradford Research Center, Missouri.

Planting and sampling dates Years and temperature Years and GDD‡

2015 2016 Days
2015 2016

2015 2016 Average†
Max. Min. Max. Min.

1: 30 July–3 Sept. 1: 30 July–3 Sept. 35 34.7 14.4 34.7 14.9 479.7 833.7 656.8
2: 30 July–13 Sept. 2: 30 July–13 Sept. 45 32.0 10.7 34.0 13.2 601.5 1054.6 828.1
3: 30 July–23 Sept. 3: 30 July–23 Sept. 55 33.4 7.0 33.5 8.6 700.0 1279.4 994.2
†GDD averaged across years. ‡GDD calculated as ((maximum temp. +minimum temp.)/2)− 10°C.

Table 2: Mean monthly precipitation records for June through
September 2015 and 2016 growing seasons and 17-year
(2000–2016) average precipitation.

Month
Precipitation (mm)†

2015 2016 17-year mean‡
June 129.5 28.7 126.4
July 203.7 274.1 94.5
Aug. 105.7 149.4 98.4
Sept. 21.1 142.5 78.8
Total rainfall 460.0 594.7 399.1
†Bradford Research and Extension Center, Columbia, Missouri Mesonet
Weather Data. ‡2000–2016; data not available prior to 2000.
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drilled using a no-till drill (Flex-II; Truax Company, Inc.,
MN, USA) approximately at a depth of 2.5 cm and 0.20 m
row spacing.

2.3. Harvest Scheduling and Sampling. Total forage accu-
mulation is defined as the sum of leaf and stem masses per
unit area collected at a specific time (Table 3). Biomass
samples for forage accumulation and forage nutritive value
determination were collected at 35, 45, and 55 days after
planting (DAP). All plant samples were randomly selected
from interior 1 m2 areas and clipped approximately 10 cm
above the ground from individual plots. In order to eliminate
border effects, sampling within 0.5 m of the edges of each plot
was avoided. Samples at each sampling date and from each
plot were collected from separate locations. Plants were hand-
separated into leaves and stems (hereafter referred to as
“component”), and fresh weights of all samples were im-
mediately taken after the harvest and oven-dried at 60°C for
4 d and weighed back to determine dry matter (DM). Dried
samples were ground to pass a 1.0 mm screen using a Wiley
cutting mill for laboratory DM determination. Ground
samples were used for subsequent laboratory analysis.

2.4. Laboratory Analysis. Laboratory DM content (%) on all
ground forage samples for each sampling date was deter-
mined following the procedures outlined by Undersander
et al. [23]. All nutritive value analyses of CP, NDF, ADF,
IVTD, and NDFD were conducted following the procedure
described by Lepcha et al. [20] )e neutral detergent fiber
digestibility (NDFD; 48 hrs) was calculated according to
Mertens [24]. Lab DM (%) was used to calculate final
measures of nutritive content as determined by ANKOM
Technology Corp. (Macedon, NY). All measures of nutritive
content (DM, CP, NDF, ADF, IVTD, and NDFD) analyses
were replicated.

2.5. Statistical Procedures. )e data were analyzed as a split-
plot arrangement using the GLIMMIX procedures of SAS
version 9.4 [25]. Since a test of homogeneity of variance
across years showed significant difference in residual vari-
ances for most response variables, results were presented by
year. In order to relate growth-time response on plant de-
velopment (leaf and stem dependent variables), corre-
sponding growing degree days (GDD) to harvest regime
(DAP) were utilized. Regression procedures using PROC
REG of SAS were utilized to relate growing degree days
(GDD) to all dependent variables of each component (forage
accumulation, CP, NDF, ADF, IVTD, and NDFD), and the

simplest best-fit linear regression trends were determined.
Posttest comparisons of the means were conducted using the
LSMEANS statement. All treatment differences were con-
sidered significant if P≤ 0.05.

3. Results and Discussion

3.1. Forage Accumulation. )ere was a significant (P< 0.01)
variation among GDD for SH forage accumulation in both
the years (Tables 3 and 4). Forage accumulation for both
components (for leaf and stem) increased linearly with
increasing GDD in both years accounting for 93 and 91% of
the variations due to GDD in 2015 and 99 and 69% in 2016,
respectively (Figures 1(a) and 1(b)).)emean forage growth
rate across harvest intervals was greater in 2016 than in 2015
(Table 5). )ese response differences in forage mass parti-
tioning between the two years were due to differences in
growth stages as a result of differences in GDD. As the crop
biomass increases, the leaf-stem ratio generally decreases
[26]. )erefore, it is likely that greater GDD accumulated in
2016 (Table 1) promoted accelerated growth accumulating a
lower leaf-stem ratio than in 2015.

)e leaf mass accumulation increased at the rate of
3.82 kg DM GDD−1 in 2015 corresponding to GDD ranging
from 500 to 700 and 0.84 kg DM GDD−1 in 2016 corre-
sponding to GDD ranging from 800 to 1300 (Figures 1(a)
and 1(b)). Moreover, leaf mass accumulation tends to pla-
teau beyond 800 GDD (Figure 1(b)), which illustrates that
SH can maintain greater leaf mass with increasing harvest
intervals. On the other hand, stem mass accumulation in-
creased linearly at a greater rate than that of leaves as GDD
increased in both years.

Across years, SH leaf mass accumulation ranged from
700 to >2000 kg DM ha−1 and that of stem ranged from 300
to >4000 kg DM ha−1 depending upon summer growing
conditions. By comparison across years, a study by Lepcha
et al. [20] on whole plant reported SH herbage accumulation
that ranged from 702 to 1668 kg DM ha−1. )e current
results agree with those reported by Marshall et al. [27] who
recorded 1700 and 2700 kg DM ha−1 of SH leaves and stems,
respectively, at mid-flowering stage. Mansoer et al. [16]
found that SH produced more leaf than stem DM during the
first 21 DAP and stem DM increased faster than leaves
following 42 DAP. Although not consistent between years,
this trend was observed in 2015 (Figure 1(a)). Overall, SH
plants partitioned more mass to stems than leaves with
greater GDD as evident in 2016 (Figure 1(b)).

Several factors affect SH biomass or forage production:
higher seeding rates (34 to 56 kg ha−1) were recommended

Table 3: Probability of P> F (type III sums of squares) from the analysis of variance among growing degree days (GDD) for yield, crude
protein (CP), neutral detergent fiber (NDF), acid detergent fiber (ADF), in vitro true digestibility (IVTD), and neutral detergent fiber
digestibility (NDFD) at three harvest intervals in Bradford Research Center, Missouri, during 2015.

Effects
Variables

Yield CP NDF ADF IVTD NDFD
Leaf Stem Leaf Stem Leaf Stem Leaf Stem Leaf Stem Leaf Stem

GDD <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0282 <0.0001 0.9252 <0.0001
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for biomass or forage production [28]; early planting dates
(June) at seeding rates of 17–34 kg ha−1 [22]; fertilizer
application, K and S at 40 kg ha−1 [29]; length of growing
period, 60–120 d [12]; and row spacing, 0.3m [30]. However,
in our study, SH partitioned more mass to leaf when GDD
ranged from around 500 to 700 and partitioned more mass
to stem as GDD increased beyond 800. It is apparent that SH
leaf mass accumulation could be optimized from 800 to 1300
GDD, which corresponds to 35 to 55 DAP. )is could also
allow for a wider harvest window for producers to increase
forage biomass by delaying harvest. While the amounts of

leaf mass accumulation during early seasons were lower,
amounts accumulated during late seasons increased linearly
with increasing GDD, which also confirms the persistence of
leaf mass over longer periods. Future research should
therefore investigate the long-term effect of delayed har-
vesting for increased leaf biomass accumulation.

Leaf harvest of forages can provide a high-quality feed
for livestock. In particular, this field operation could save
time, energy, and expenditure by eliminating the need for
hay equipment that is traditionally used to condition low-
quality stems in the hay system. It is evident that the forage

Table 4: Probability of P> F (type III sums of squares) from the analysis of variance among growing degree days (GDD) for yield, crude
protein (CP), neutral detergent fiber (NDF), acid detergent fiber (ADF), in vitro true digestibility (IVTD), and neutral detergent fiber
digestibility (NDFD) at three harvest intervals in Bradford Research Center, Missouri, during 2016.

Effects
Variables

Yield CP NDF ADF IVTD NDFD
Leaf Stem Leaf Stem Leaf Stem Leaf Stem Leaf Stem Leaf Stem

GDD 0.0870 0.0047 0.0135 <0.0001 0.1685 <0.0001 <0.0001 0.0068 0.0062 <0.0001 0.0265 <0.0001
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Figure 1: Predicted sunn hemp forage accumulation in (a) 2015 and (b) 2016 and crude protein (CP) in (c) 2015 and (d) 2016 in leaves and
stems in response to average cumulative growing degree days (GDD) at Bradford Research Center, MO. Each point with error bars (SEM)
corresponds to harvest intervals (35, 45, and 55 days after planting) and their relationship to GDD.

4 International Journal of Agronomy



leaf harvest of sunn hemp can provide a high-nutritive value
feed.)ese leaves could bemixed with other feed ingredients
that may provide an opportunity to develop different feeding
scenarios. However, mechanical fractionation of sunn hemp
leaves and stems could present technological challenges in
the field. )erefore, the prospect of using a simple field
stripping machine similar to the one used in alfalfa harvest
fractionation [31] could be explored to separate sunn hemp
leaves for their high nutritive content.

3.2. Crude Protein Concentration. In 2015, leaf CP con-
centrations increased linearly accounting for 85% of the
variation due to GDD (Figure 1(c)). Lower GDDmost likely
slowed growth and nitrogen accumulation, and thus CP
concentrations, during early growth stages of SH plants.
Schomberg et al. [12] reported that SH biomass and nitrogen
content increased with DAP and attributed lower GDD to
slowed growth and increased nitrogen accumulation.
Comparable results were reported in alfalfa wherein delayed
maturity due to water stress increased CP concentrations
[32]. Stem CP concentrations decreased linearly with in-
creasing GDD (Figure 1(c)). In 2016, however, both leaf and
stem CP concentrations decreased linearly accounting for 62
and 94% of the variations due to GDD (Figure 1(d)). Leaf CP
concentrations increased at a greater rate (0.27 g kg GDD−1)
in 2015 and decreased in 2016 (Figures 1(c) and 1(d)). Stem
CP concentrations decreased linearly with increasing GDD
in both years (Figure 1(d)). As the crop biomass increases,
the leaf-stem ratio generally decreases [33], and an in-
creasingly greater amount of C and N is allocated to the stem
[34]. Similar observations were made in Lucerne and rye-
grass where a greater decrease in the N (CP) concentration of
stems and the minimal decrease in N concentrations of
leaves were associated with the decrease in leaf-stem ratio
[26]. It is likely that greater GDD accelerated growth and
hence biomass accumulation and that CP concentrations
decreased with increased GDD.

Averaged across sampling dates, leaves and stems
contributed 69 (263 g CP kg−1 DM) and 31% (117 g CP kg−1

DM), respectively, of the total CP in 2015 and 77 (270 g
CP kg−1 DM) and 23% (80 g CP kg−1 DM), respectively, of
the total CP in 2016. By comparison across years and
sampling dates, a study by Lepcha et al. [20] reported that the
CP concentration of whole plant SH ranged from 101 to

178 g CP kg−1 DM. )e current values were in agreement
with that of Mansoer et al. [16] who reported 209 to 360 g
CP kg−1 DM contributed by SH leaves when grown fol-
lowing summer corn harvest across years, locations, and
maturity. However, the CP concentration of alfalfa (Medi-
cago sativa L.) assessed across locations, years, and four
cultivars ranged from 175 to 234 g kg−1 [35]. )ese values
were lower than the values recorded in our study. Con-
versely, tall fescue, which is one of the most commonly used
cool-season species, provided only 100 g CP kg−1 DM during
summer [3], a value far less than SH leaf CP concentrations.
Average across years, the sunn hemp leaf CP concentration
was 281 g kg−1 DM at 55 DAP, which was greater than the CP
concentrations (155 g kg−1 DM) of whole plant harvested at
35 DAPmanaged under similar conditions [20].)e amount
of CP concentration is also in concurrent with the greatest
amount of leaf mass at the same harvest date. )ese results
have significant importance as producers can delay har-
vesting and can still maintain greater CP concentrations that
may be necessary for late summer and early fall grazing
animals. On the other hand, stem CP concentrations de-
clined rapidly with plant maturity corresponding to in-
creased GDD. According to Buxton [36] and NRC [37], CP
requirements range from 70 g kg−1 for mature beef cows up
to 190 g kg−1 for high-producing dairy cows. Although
protein fractions associated with sunn hemp leaves and
stems were not quantified, it is likely that the trend would
follow reports by Solati et al. [38] and Hakl et al. [39]. )is
report suggested that 63–68% of the true protein in legume
leaves is soluble and that stems account for greater non-
protein and indigestible nitrogen compared with leaves,
respectively. By this measure, the sunn hemp leaf CP con-
centration would hold true for meeting requirements for
different classes and sizes of cattle if supported by the
measured forage intake of sunn hemp under different
feeding systems. Future studies should investigate the forage
intake of sunn hemp incorporated in different feeding
systems.

3.3. Fiber Concentrations. Leaf and stem NDF concen-
trations increased linearly both years accounting for 78
and 98% of the variations due to GDD in 2015 and 52 and
92% of the variations due to GDD in 2016, respectively
(Figures 2(a) and 2(b)). Leaf NDF concentrations in-
creased at the rate of 0.35 and 0.05 g kg−1 GDD−1 in 2015

Table 5: Mean forage leaf and stem mass and total forage accumulation and growth rates of sunn hemp during 2015 and 2016 growing
seasons, Bradford Research Center, Missouri.

Leaf mass† Stem mass† Total forage
accumulation† Forage growth rate† Mean forage growth rate

kg DM ha−1 kg DM ha−1 d−1

Days after planting
35 45 55 35 45 55 35 45 55 0–35 35–45 45–55

2015
658 937 1513 272 667 1584 930 1604 3096 27 67 149 81

2016
1751 1967 2125 2130 4653 4484 3881 6620 6609 111 274 −1 128
†Average across samples.
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and 2016, respectively. It was also observed that the
variations due to GDD in leaf NDF concentrations were
minimal (R2 � 0.52), specifically beyond 800 GDD in 2016
(Figure 2(b)). )is is important for an annual legume that
can maintain low leaf NDF concentrations with increased
GDD throughout the summer growing season when cool-
season forages become fibrous. Stem NDF concentrations
increased at the rate of 1.13 and 0.12 g kg−1 GDD−1 in 2015
and 2016, respectively (Figures 2(a) and 2(b)), approxi-
mately three times the rate of increase of leaf NDF. )e
stem NDF concentration was greatly correlated to GDD
(R2 � 0.92 and 0.98) in both years (Figures 2(a) and 2(b)).
)is variation in fiber concentration due to GDD is as-
sociated with the proportion of structural tissues (e.g.,
xylem and sclerenchyma) concentrated in the stem and
leaves. )e rate of plant development normally increases
with high temperature and reduces the leaf-stem ratio
[34]. With the increase in plant maturity, structural
tissues proportion occupies larger portion of the stem
than leaves, which is largely occupied by thin-walled
mesophyll cells [40]. )is structural tissues proportion

occupies the cell wall representing the total fiber (NDF)
concentration of plant and plant organs.

Leaf and stem ADF concentrations increased linearly in
both years accounting for 70 and 92% of the variations due
to GDD in 2015 and 76 and 60% of the variations due to
GDD in 2016, respectively (Figures 2(a) and 2(d)). Like NDF
concentrations, the rate of increase in stem ADF concen-
tration was greater than the rate of increase in leaf ADF
concentration in both years. Overall fiber concentrations
increased with increased GDD (Figures 1(a)–1(d)).

Across years and sampling dates, leaf NDF concen-
trations ranged from 174 to 356 g kg−1 DM and stem NDF
ranged from 449 to 772 g kg−1 DM (Figures 2(a) and
2(b)). Similarly, leaf ADF concentrations ranged from
125 to 350 g kg−1 DM and stem ADF concentrations
ranged from 361 to 774 g kg−1 DM (Figures 2(c) and 2(d)).
)ese results for leaf NDF concentrations were lower
than the results reported by Mansoer et al. [16], where
mean leaf NDF ranged from 244 to 373 g kg−1 and ADF
from 189 to 289 g kg−1, and stem ADF ranged from 535 to
664, for leaves harvested from 42 to 84 DAP. In
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Figure 2: Predicted sunn hemp forage neutral detergent fiber (NDF) in (a) 2015 and (b) 2016 and acid detergent fiber (ADF) in (c) 2015 and
(d) 2016 in the leaf and stem in response to average cumulative growing degree days (GDD) at Bradford Research Center, MO. Each point
with error bars (SEM) corresponds to harvest intervals (35, 45, and 55 days after planting) and their relationship to GDD.

6 International Journal of Agronomy



comparison, NDF concentrations of whole plant SH
ranged from 399 to 615 g kg−1 DM, and ADF concen-
trations ranged from 301 to 508 g kg−1 DM across years
and sampling dates [20].

ForageNDF is highly correlatedwith feed intake and rumen
fill in cattle [41]. Since fiber is generally less fermentable than
nonfibrous feed constituents such as starch and sugars, in-
creased fiber content decreases fermentable energy [42]. For
instance, maximum energy intake in early lactating cows occurs
at NDF concentrations ranging from 25 to 35% of dry matter
[42]. Similarly, in a balancing ration, a minimum of 25% NDF
and 21%ADF are recommended [17]. It has also been estimated
that NDF concentrations ranging from 700 to 750g NDF kg−1

DM at maximum in the diets of mature beef cows, and con-
centrations ranging from 150 to 200g NDF kg−1 DM at
minimum in the diets of finishing ruminants will not hinder
production or intake [36]. Similarly, the NDF concentration of
about 270–290g kg−1 DM is considered optimum in diets of
high-producing dairy cows at peak lactation for adequate energy
and maintenance [43]. By comparison, alfalfa leaves at mid-
flowering stage contained 250g NDF kg−1 DM and stems

ranged from 450 to 750 g NDF kg−1 DM from upper to lower
canopy [44, 45]. On the other hand, cool-season grasses like tall
fescue during dormancy recorded mean NDF and ADF values
of 548 and 321 g kg−1, respectively [46]. Based on themeasure of
plant components in this study, and considering that animals
are more selective toward leaves than the stem, SH leaves
maintained significantly lower fiber concentrations than that
which may be considered optimum for different classes and
sizes of grazing animals. Moreover, the whole plant fiber
concentration at 35 DAP was greater [20] than the fiber
concentrations obtained from leaves harvested at 45 and 55
DAP in the current study. )ese results have significant im-
portance as producers can delay harvesting and can still
maintain lower fiber concentrations that may be necessary for
late summer and early fall grazing animals.

3.4. Forage Digestibility. Forage IVTD decreased linearly
accounting for 37 and 99% of the variations due to GDD in
2015 and 95 and 93% of the variations due to GDD for the
leaf and stem, respectively, in 2016 (Figures 3(a) and 3(b)).
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Figure 3: Predicted sunn hemp forage in vitro true digestibility (IVTD) in (a) 2015 and (b) 2016 and NDF digestibility (NDFD) in (c) 2015
and (d) 2016 in the leaf and stem in response to average cumulative growing degree days (GDD) at Bradford Research Center, MO. Each
point with error bars (SEM) corresponds to harvest intervals (35, 45, and 55 days after planting) and their relationship to GDD.
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Leaf IVTD decreased at the rates of 0.12 and 0.074 g kg−1

GDD−1 in 2015 and 2016, respectively. Similarly, stem IVTD
decreased at the rates of 0.95 and 0.27 g kg−1 GDD−1 in 2015
and 2016, respectively (Figures 3(a) and 3(b)). )e rate of
IVTD decline for leaves was consistently lower than stems
across years (Figures 3(a) and 3(b)).

)ere was a significant (P< 0.05) variation among GDD
within year for SH neutral detergent fiber digestibility
((NDFD; 48 hrs; Table 3)). In 2015, the variation in leaf
NDFD was weakly (R2 � 0.03) explained by GDD
(Figure 3(c)); the variation could be related to factors other
than GDD. Leaf and stem NDFD generally decreased with
increased GDD with leaf maintaining significantly greater
NDFD throughout the growing season (Figures 3(c) and
3(d)).

)e most important factors that determine composition
and digestibility of grass are temperature and reproductive
development [47]. )e increase in temperature accelerates
tiller development and increases cell wall concentration [48].
)e proportions of cell wall components (hemicellulose,
cellulose, and lignin) are negatively correlated with forage
digestibility [36]. As crop maturity increases, cell wall
constituents increase [49], and a simultaneous increase in
lignin decreases digestibility. Among years, leaf IVTD
concentrations ranged from 864 to 948 g kg−1 DM and stem
IVTD ranged from 463 to 763 g kg−1 DM (Figures 3(a) and
3(b)). Similarly, leaf NDFD ranged from 961 to 972 g kg−1

DM and stem NDFD ranged from 931 to 947 g kg−1 DM
(Figures 3(c) and 3(d)). In contrast, these digestibility values
were greater than the digestibility values of the whole plant
SH reported by Lepcha et al. [20] across years and sampling
dates.

)ere are no known studies available in relation to SH
forage digestibility. However, by comparisons, IVTD and
NDFD values for SH leaves were greater than that of tall
fescue that maintained an IVTD around 806 g kg−1 [50]
and NDFD of 590 g kg−1 NDF during summer months
[51]. Alfalfa leaves at mid-flowering stage had IVTD of
762 g kg−1 and stem digestibility ranged from 662 to
462 g kg−1 DM from upper to lower plant canopy [45].
Although not measured in our study, since digestibility is
affected by lignin concentration in the forage fiber, the
lower lignin concentration in SH forage leaf fiber [16]
would have increased IVTD and NDFD compared with
the stem.

Dry matter intake and animal production are associated
with feed NDF digestibility [41], and the values for NDFD of
different forage types can range from less than 25% to over
75% [52]. According to estimations by Oba and Allen [53],
every 1-unit increase in forage NDFD increases 0.17 kg d−1

of DM intake, 0.23 kg d−1 of milk yield, and 0.25 kg d−1 of
4.0% fat-corrected milk. Although the SH stem showed
greater NDF concentration, this might increase total tract
digestibility of NDF as greater NDF concentrations lower
DM intake and increase rumen retention time [41]. Feeding
both leaf and stem of SH would provide greater levels of
NDFD; however, SH leaves would be a greater quality forage
than the stem when digestibility of cool-season forages
declines linearly during summer months.

4. Conclusions

Forage mass and nutritive value partitioning of SH leaves
and stems varied depending upon summer growing con-
ditions and sampling dates. Forage mass partitioning was
primarily affected by the differences in growth stages as a
result of differences in GDD. On the other hand, partitioning
of forage nutritive traits was affected by increased forage
accumulation as influenced by GDD. As crop biomass in-
creased and the leaf-stem ratio decreased, greater proportion
of forage mass was consistently partitioned to the stem. As
the structural tissues proportion occupies larger portion of
stem than leaves, the total fiber (NDF) concentration in stem
increases. )is in turn resulted in partitioning lower forage
nutritive content to the stem than leaves. Although forage
mass was consistently partitioned to stem, sunn hemp
demonstrated considerable potential for balanced forage
mass and nutritive value distribution into the leaf and stem
whenmanaged in a low-input system. Although leaf biomass
accumulation increased greatly with maturity, leaf nutritive
values remained unchanged throughout the summer
growing season. While SH stems accumulate lower CP and
greater fiber concentrations, stem NDFD could add value to
cool-season forage-livestock systems during summer. Our
results suggested that both the stem and leaf of SH serve as
reliable sources of forage and that SH leaves provide high-
nutritive value forage throughout the growing season.

Future research should investigate sunn hemp forage
intake under both grazing and stored forage feeding systems
to validate optimum nutritive values. Research should also
include optimization of seeding rates, date of planting,
fertilization, delayed harvests, and cultivars to further de-
termine the effect of these factors on forage mass and nu-
tritive value partitioning into plant components.
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