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Abstract: Incorporating temperate legumes is a strategy for increasing nitrogen (N) in tall
fescue (Schedonorus arundinaceus (Schreb.) Dumort, nom. Cons) systems. However, when
temperatures are elevated, biological N-fixation (BNF) by temperate legumes is limited.
Sunn hemp (Crotalaria juncea L.), a warm-season annual legume, may provide greater N
input during the warm season. This 2-year study aimed to (1) determine BNF in sunn
hemp-tall fescue mixed pastures and (2) determine N transfer from sunn hemp to tall
fescue. The experiment included four replicates of two treatments: tall fescue (TF) and
tall fescue intercropped with sunn hemp (TF+SH), arranged in a randomized complete
block design. Response variables included δ15N, N derived from the atmosphere (%NDFA),
BNF, N concentration, N transferred (%Ntran), N stock, and herbage accumulation (HA).
Herbage accumulation was 16% greater in TF+SH compared to TF (p < 0.05). Root mass
was 43% greater for TF compared to both species combined in TF+SH (p < 0.05). Herbage
N was 40% greater in sunn hemp shoots than tall fescue shoots in TF or TF+SH (p < 0.05).
Sunn hemp root N was 34% greater than tall fescue (p < 0.05). NDFA by sunn hemp was
88% and 100% in 2017 and 2018, respectively. BNF by sunn hemp was greater (p < 0.05)
in 2018 than in 2017 (53.8 and 44.3 kg ha−1, respectively). The %Ntran from sunn hemp
to tall fescue was 13 and 20% in 2017 and 2018, respectively. Interseeding sunn hemp into
tall fescue pastures can provide an alternate N source to tall fescue-based forage-livestock
systems, increasing herbage accumulation during the summer grazing season.

Keywords: grass–legume systems; mixed pastures; nutrient cycling; biological nitrogen
fixation; nitrogen transfer

1. Introduction
Pasture systems in the Mid-South United States are composed predominantly of a

tall fescue (Schedonorus arundinaceus (Schreb.) Dumort, nom. Cons)–legume mixture [1,2].
In this region, the predominant legumes are bird’s-foot trefoil (Lotus corniculatus L.), red
clover (Trifolium pratense L.), white clover (Trifolium repens L.), and alfalfa (Medicago sativa
L.) [3,4]. The symbiotic relationship these legumes develop with rhizobium bacteria al-
lows for converting atmospheric nitrogen (N) to plant-usable forms of N. Biological N
fixation (BNF) reduces the production limitations associated with the N requirements of
tall fescue. MacMillan et al. [5], in a literature review, reported BNF of between 40 and
112 kg N ha−1 in pure stands of cool-season legumes. The transfer of biologically fixed
N from legumes to grasses can account for up to 80% of the total N in tall fescue when
legumes are interseeded [6]. Though N transfer from legumes may increase tall fescue
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productivity, increased temperatures and reduced rainfall may decrease the symbiotic
N inputs by temperate legumes through nodule damage and carbohydrate partitioning
changes during the warm season [7,8]. Furthermore, BNF by legumes differs according to
the legume species and proportion, soil properties and microbiology, agronomic practices,
and environmental factors [5,9].

Herbage accumulation (HA) of legumes is another factor that directly affects the effi-
ciency of BNF [10]. Temperatures exceeding 25–30 ◦C adversely affect critical physiological
processes, including respiration and photosynthesis, in nearly all legume species [7,11].
This might result in a reduced leaf area and diminished photosynthate production and
HA [7,12]. Reduced herbage growth during the warm season contributes to decreased BNF
by temperate legumes [10]. The limitations imposed by elevated temperatures might result
in similar HA between tall fescue–legume pastures and tall fescue in monoculture during
the warm season [13]. Thus, research is needed to identify legumes that can be successfully
intercropped in tall fescue and be productive under elevated temperatures.

The effect of intercropping a warm-season annual legume, such as sunn hemp (Crota-
laria juncea L.), in tall fescue pastures on N dynamics is unknown. Sunn hemp is a tropical
legume native to Southeastern Asia, typically described as relatively drought-tolerant
and adapted to a wide range of soil types [14–16]. In the United States, sunn hemp has
been used predominantly as a fiber, green manure, and cover crop because of its rapid
growth rate, high N-fixation potential, and superior nutritive value [14,16,17]. Previous
research has indicated that sunn hemp contributes to better agronomic performance than
temperate legumes during the warm season [18]. Previous studies have also demonstrated
the potential of sunn hemp intercropping tropical grasses to provide N, increasing HA and
crude protein concentrations during the warm season [9,17]. Jaramillo et al. [15] found
sunn hemp HA of 3200 kg DM ha−1 after 45 days of seeding, while Garzon et al. [19]
reported sunn hemp HA ranging from 3300 to 5600 kg DM ha−1 after 60 days of seeding.
Sunn hemp HA above 7000 kg DM ha−1 has been previously reported following 90 days
of growth [20,21]. However, tropical legumes such as sunn hemp accumulate herbage
proportionally to BNF, similarly to temperate legumes. Seasonal BNF of between 81 and
150 kg N ha−1 has previously been reported [19,21–23].

In grass–legume mixtures, legume N may be transferred to grasses via aboveground
and belowground processes, directly affecting grass growth and accumulation [6]. The
aboveground N transfer occurs via shoot litter or animal excreta decomposition. In contrast,
the belowground N transfer may occur through different mechanisms: (I) decomposition
of legume root tissue, (II) legume root exudation of soluble N compounds, and (III) transfer
of N mediated by plant-associated mycorrhizae [6,24–26]. The literature indicates that N
transfer in grass–legume swards can vary significantly due to biotic and abiotic factors,
with estimates ranging from 0 to 80% of the N found in companion grasses coming from
associated legumes [25–28]. Although previous research has demonstrated sunn hemp’s
productivity and BNF potential, there is limited empirical data on BNF, N transfer, and
the associated above and belowground responses of both sunn hemp and tall fescue
when intercropped.

We hypothesized that intercropping tall fescue pastures with sunn hemp would result
in N transfer from sunn hemp to tall fescue, increasing tall fescue herbage N and HA. The
objectives of this experiment were to (1) determine BNF in a sunn hemp–tall fescue mixed
system and (2) determine N transfer from sunn hemp to tall fescue. Associated above and
belowground responses were also evaluated.
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2. Materials and Methods
2.1. Experimental Site

The experiment was established and conducted at the Forage Systems Research Center
(FSRC) in Linneus, MO, USA (39◦51′ N, 93◦6′ W) in 2017 and 2018. The 10-year average
annual rainfall at this site is 1040.6 mm, and the annual rainfall during the experiment was
850.7 mm and 916.1 mm in 2017 and 2018, respectively (Table 1).

Table 1. Total rainfall and temperature for the experimental site by month for 2017, 2018, and the
10-year mean. Data were collected at the University of Missouri Forage Systems Research Center
near Linneus, MO (National Weather Service Location identifier CLLM7).

Month
Mean Rainfall (mm) Mean Temperature (◦C)

2017 2018 10-yr 2017 2018 10-yr

January 30.5 22.9 29.7 −1.1 −3.5 −2.9
February 3.6 66.3 50.4 5.5 −0.7 −2.2
March 98.6 49.3 76.2 7.4 4.6 6.5
April 122.4 18.3 101.2 13.6 7.5 11.9
May 69.3 119.6 108.4 16.7 21.9 17.1
June 182.9 89.2 162.7 22.4 24.4 22.6
July 92.2 39.4 117.3 24.9 24.8 24.2
August 80.8 148.3 95.9 21.1 24.5 23.6
September 21.1 95.3 109.5 20.8 20.7 19.1
October 126.2 146.6 76.6 13.7 12.2 12.6
November 9.4 41.7 62.4 5.7 1.0 6.3
December 13.7 79.2 50.3 −1.3 0.8 −0.7
Total 850.7 916.1 1040.6 - - -

Predominant soil types included Lagonda silt loam, Leonard silt loam, and Armstrong
clay loam. Composite soil samples were collected on 28 October 2016, at a depth of 15 cm,
indicating a pH of 6.2. Bray-I P, Ca, Mg, and K were 11, 3432, 365, and 127 kg ha−1,
respectively. Soil organic matter was 34 g kg−1. The estimated cation exchange capacity
was 12.9 cmol kg−1.

2.2. Experimental Design and Management

Treatments consisted of two forage systems arranged in a randomized complete
block design with four replications (n = 8). Each replicate was subdivided into 13 pad-
docks of 0.16 ha (grazing cells). The first treatment was novel-endophyte-infected tall
fescue (Schedonorus arundinaceus (Schreb.) Dumort, nom. Cons) (‘BarOptima’ cultivar,
Barenbrug USA, Tangent, OR, USA) with no N inputs (TF). The second treatment was
novel-endophyte-infected tall fescue intercropped with sunn hemp (crescent sun cultivar;
TF+SH). Established tall fescue pastures were soil-tested in the fall of 2016. Pastures re-
ceived commercial fertilizer (8-17-148; N-P-K, kg ha−1) to meet the University of Missouri
Soil Testing Laboratory recommendations. Pastures were sprayed in November 2016 and
May 2017 with a broadleaf-selective herbicide (Weedmaster, Nufarm Canada, Calgary, AB,
Canada; 2.34 L ha−1) to remove existing legumes. Mechanical harvesting was conducted
between 29 May and 31 May in 2017 and 2018 to remove reproductive growth and reduce
competition for emerging sunn hemp. Thus, we consider that the effect of other plants on
N input was negligible within the study conditions. Sunn hemp was no-till drilled into tall
fescue sod at a rate of 45 kg ha−1 at a depth of 20 mm on 22 June 2017 and 1 June 2018. The
establishment date of the TF+SH varied over the years due to weather conditions (Table 1).

For this study, grazing was used to achieve nutrient (N) cycling that would normally
occur by urine and feces deposition and was imposed from July to October in 2017 and
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2018. Animal management protocol #8925 was reviewed and approved by the University of
Missouri Animal Care and Use Committee. Grazing commenced on 6 July 2017 and 3 July
2018. Fall-born, weaned red Angus calves were weighed on consecutive days before grazing.
Cattle were stratified by the initial body weight (BW) into groups comprised of three steers
and one heifer (304 kg ± 12). The stocking rate over the period was 3.7 and 4.1 AU ha−1

(UA = 350 kg BW) for TF and TF+SH, respectively. The stocking rate was adjusted based
on the area allocated rather than the number of animals. Pastures were rotationally stocked
from July through October in both years (117 and 120 days, respectively). All treatment
groups received ad libitum water and trace minerals (MFA Inc., Columbia, MO, USA). A
temporary aboveground water pipe provided water to a single 568-liter tank per group.
Water and mineral troughs were moved in synchrony with cattle among paddocks. Single-
day weights were measured 42 days after grazing began. Cattle were removed from the
study on 31st October in both years. We did not focus on animal responses since grazing
animals were merely a tool to distribute N within treatments, simulating real N cycling
through animal excreta that would occur in real conditions. Each paddock had its own
set of animals that were not mixed across experimental units to avoid N transfer between
treatments.

2.3. Sampling and Evaluations

Forage canopy height was measured using a single sonic sensor (ToughSonic®, Senix,
Hinesburg, VT, USA) mounted to an ATV to guide the grazing management and assess
the HA. The sensor was operating at 50 hertz, moving at 10 km h−1. The position of
the sensor on the ATV was unchanged throughout the study. However, the sensor-to-
ground height varied due to the operator’s weight and ATV tire pressure. A concrete
pad 30 m in length was used for daily tare to account for sensor-to-ground variability.
Two north and south passes were performed before measuring the pastures. The average
of those four passes was considered the daily tare. The tare was subtracted from canopy
height to standardize measurements between dates. A single north and south pass were
driven across each paddock. Software designed by the University of Missouri was used
to record canopy height data. The canopy heights within the paddocks were extracted
and georeferenced using SAS 9.4 (SAS Inst. Inc., Cary, NC, USA). Data points with a GPS
track angle of 0◦ and 180◦ ± 20◦ were retained unless the speed was less than 7.5 km h−1.
Repeated measurements were removed using the SAS lag function. Canopy heights were
georeferenced and parsed into paddocks using PROC GMAP and PROC GINSIDE. The
average canopy height of each paddock was calculated from parsed data using PROC
MEANS. Average paddock heights were uploaded to the University of Missouri Division
of Plant Science forage data management system to store and manage forage height.

The forage canopy height was measured using the sonic sensor every week, before and
after grazing, from June to November of both years (2017 and 2018). Weekly measurements
were used to develop grazing wedges for each group of cattle. Cattle rotation between
paddocks was performed to maintain a minimum residual forage height of 10 cm. Cattle
rotated from the grazed paddock with the lowest forage height to the paddock with the
greatest forage height.

Calibration curves were generated to convert canopy height to herbage mass (kg ha−1).
Strips of 10 m2 were previously delineated in each paddock for calibration, and the canopy
height was measured before the mechanical harvest of the calibration strip. Average canopy
heights were calculated for each calibration strip. Then, a single 10 m2 strip was harvested to
10 cm from the previously measured area using a custom-built flail harvester (University of
Missouri-Columbia, Columbia, MO, USA). A subsample was collected from each harvested
strip and dried at 55 ◦C until reaching a constant weight to obtain the herbage dry weight.
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A linear calibration curve was generated using the PROC REG procedure from SAS 9.4
(SAS Inst. Inc.). The response variable was the herbage dry mass of the calibration strip
(kg ha−1) regressed against the forage canopy height. From the regression equation, β1
was multiplied by the forage canopy height obtained using the sensor, and β0 was added
to get the actual herbage mass.

Pre- and post-grazing herbage mass was measured between grazing events. The
post-grazing herbage mass was then subtracted from the subsequent pre-grazing herbage
mass to estimate the HA in each paddock. The average rest periods (i.e., intervals between
grazing events) were 36 days in 2017 and 45 days in 2018 (drought year). The average HA
was estimated as the average accumulation (average of the replicates by treatment) from
1 June through October.

Each paddock was sampled before and after grazing events to evaluate N dynamics.
At each sampling, two 0.2 m2 quadrats were placed, and the area within the quadrat was
removed (above and below ground biomass) to a soil depth of 15 cm. Total shoot biomass
was separated by plant species, and then shoots were removed from the roots. Soil was
removed from the roots of both species using compressed air. A subsample of belowground
biomass was hand-washed to account for residual soil in the samples. All samples were
dried in a forced air oven at 55 ◦C until reaching a constant weight. Dry weights were
recorded for above and belowground biomass. All samples were ground to pass a 1 mm
screen using a Wiley mill (Thomas Scientific, Swedesboro, NJ, USA). Subsamples were
ball-milled using a Mixer Mill MM 400 (Retsch) at 25 Hz for 9 min and analyzed for total
N in a CHNS analyzer (Vario Micro Cube; Elementar) using the Dumas dry combustion
method [29].

Biological N fixation was determined using the δ15N natural abundance method [30].
This technique assumes that an N-fixing legume growing in soil containing mineral N
should have a δ15N between the values of the two possible N sources: soil and atmospheric
N. A non-N-fixing reference plant is then used to assess the δ15N of the soil mineral N [30].
Unfertilized tall fescue samples were collected from grazed TF within each sampling period
and used as a reference to estimate BNF. The proportion of N derived from the atmosphere
(%NDFA) was calculated using the equation described by Unkovich et al. [30] (Equation (1))
for both sunn hemp and tall fescue herbage in TF+SH, where the δ15N of the reference
plant is the δ15N value for the non-fixing reference plant (tall fescue grown in monoculture),
the δ15N of the N-fixing legume is the δ15N value for the N-fixing sunn hemp grown in
TF+SH, and B is the δ15N value for the N-fixing plant grown in the absence of inorganic N.

%NDFA =
δ15Nreference plant − δ15Nof N2 fixing legume

δ15Nreference plant − B
× 100

1
(1)

For this experiment, B = −1.35‰, as reported by Okito et al. [31] for sunn hemp not
inoculated with rhizobium strains. The δ15N value from the reference plants equaled 2.31‰
(±0.21, SEM).

The percentage of N transferred from the sunn hemp to the tall fescue (%Ntran) in
TF+SH was calculated according to (Frankow-Lindberg and Dahlin, [32]; Equation (2)),
where the δ15N non-fixing species in the pure stand was the grass component of the TF
treatment and the δ15N non-fixing species in the mixed stand was the grass component of
the TF+SH treatment:

%Ntran =
δ15Nnon−fixing sp. in pure stand − δ15Nnon−fixing sp. in mixed stand

δ15Nnon−fixing sp. in pure stand − B
× 100

1
(2)
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Nitrogen stock was estimated by multiplying the above and belowground biomass by
the total nitrogen concentration. The aboveground BNF was estimated by multiplying the
nitrogen stock by %NDFA.

2.4. Statistical Analysis

Data were analyzed using the PROC GLIMMIX procedure of SAS 9.4 (SAS Inst. Inc.).
Response variables included the δ15N, %NDFA, %Ntran, plant N concentration, root mass,
HA, N stock, and biologically fixed N stock of above and belowground biomass. Harvest
timing was considered a fixed effect for sunn hemp, and year, block, and block × treatment
interactions were considered random effects. For tall fescue, treatment, harvest timing, and
their interactions were considered fixed effects, and year, block, and block × treatment
interactions were considered random effects. The LS-Means were compared using PDIFF.
Differences were considered significant when p ≤ 0.05.

3. Results
The herbage accumulation and root mass of tall fescue and sunn hemp grown in TF

and TF+SH are shown in Figure 1A,B, respectively. Herbage accumulation was 16% greater
(p = 0.02) for tall fescue grown in TF+SH (2772 kg ha−1) compared to tall fescue grown
in monoculture (TF; 2386 kg ha−1; Figure 1A). The sunn hemp herbage accumulation in
TF+SH was 1864 kg ha−1 (Figure 1A), totaling a 94% increase in total herbage accumulation
in TF+SH compared to TF (2386 vs. 4636 kg ha−1). The tall fescue root mass in TF
(71,848 kg ha−1) was 50% greater (p < 0.0001) than tall fescue grown in TF+SH
(48,030 kg ha−1) and 43% greater compared to tall fescue and sunn hemp combined in
TF+SH (50,270 kg ha−1; Figure 1B). The sunn hemp root mass (2239 kg ha−1) was less than
that of tall fescue with either treatment (Figure 1B).

Agronomy 2025, 15, x FOR PEER REVIEW 6 of 16 
 

 

Nitrogen stock was estimated by multiplying the above and belowground biomass 

by the total nitrogen concentration. The aboveground BNF was estimated by multiplying 

the nitrogen stock by %NDFA. 

2.4. Statistical Analysis 

Data were analyzed using the PROC GLIMMIX procedure of SAS 9.4 (SAS Inst. Inc.). 

Response variables included the δ15N, %NDFA, %Ntran, plant N concentration, root mass, 

HA, N stock, and biologically fixed N stock of above and belowground biomass. Harvest 

timing was considered a fixed effect for sunn hemp, and year, block, and block × treatment 

interactions were considered random effects. For tall fescue, treatment, harvest timing, 

and their interactions were considered fixed effects, and year, block, and block × treatment 

interactions were considered random effects. The LS-Means were compared using PDIFF. 

Differences were considered significant when p ≤ 0.05. 

3. Results 

The herbage accumulation and root mass of tall fescue and sunn hemp grown in TF 

and TF+SH are shown in Figure 1A,B, respectively. Herbage accumulation was 16% 

greater (p = 0.02) for tall fescue grown in TF+SH (2772 kg ha−1) compared to tall fescue 

grown in monoculture (TF; 2386 kg ha−1; Figure 1A). The sunn hemp herbage accumula-

tion in TF+SH was 1864 kg ha−1 (Figure 1A), totaling a 94% increase in total herbage accu-

mulation in TF+SH compared to TF (2386 vs. 4636 kg ha−1). The tall fescue root mass in TF 

(71,848 kg ha−1) was 50% greater (p < 0.0001) than tall fescue grown in TF+SH (48,030 kg 

ha−1) and 43% greater compared to tall fescue and sunn hemp combined in TF+SH (50,270 

kg ha−1; Figure 1B). The sunn hemp root mass (2239 kg ha−1) was less than that of tall fescue 

with either treatment (Figure 1B). 

 

Figure 1. (A) Herbage accumulation (p = 0.02; SEM = 99.3) of tall fescue monoculture (TF) and tall 

fescue or sunn hemp intercropped in tall fescue pasture (TF+SH) between two subsequent grazing 

cycles; (B) Root mass (p < 0.0001; SEM 335) of tall fescue monoculture (TF) and tall fescue or sunn 

hemp intercropped in tall fescue pasture (TF+SH). Data are averaged over cycles for each treatment. 

Values are LS-means ± SEM. LS-means with the same letter are not significantly different (p < 0.05).  

Figure 1. (A) Herbage accumulation (p = 0.02; SEM = 99.3) of tall fescue monoculture (TF) and tall
fescue or sunn hemp intercropped in tall fescue pasture (TF+SH) between two subsequent grazing
cycles; (B) Root mass (p < 0.0001; SEM 335) of tall fescue monoculture (TF) and tall fescue or sunn
hemp intercropped in tall fescue pasture (TF+SH). Data are averaged over cycles for each treatment.
Values are LS-means ± SEM. LS-means with the same letter are not significantly different (p < 0.05).

Herbage N concentration was 34% greater (p = 0.0001) in sunn hemp shoots (1.9%)
compared to tall fescue shoots in TF or TF+SH (1.42%; Figure 2A), resulting in an N stock
of 92 kg N ha−1 in TF+SH compared to 35 kg N ha−1 in TF (Figure 3A). The sunn hemp
root N concentration (0.94%) was 34% greater (p = 0.0004) than that of tall fescue in either
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TF or TF+SH (0.7%; Figure 2B). The root N stock from the sunn hemp component of TF+SH
was only 16 kg N ha−1 due to the low root mass (Figure 3B). The root N stock produced by
tall fescue in TF (489 kg ha−1) was 48% greater (p < 0.0001) than that of tall fescue produced
in TF+SH (342 kg ha−1; Figure 3B).
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Figure 2. (A) Herbage nitrogen concentration of tall fescue monoculture (TF) and tall fescue or
sunn hemp intercropped in tall fescue pasture (TF+SH; p < 0.0001; SEM = 0.13); (B) Root nitrogen
concentration of tall fescue monoculture (TF) and tall fescue or sunn hemp intercropped in tall fescue
pasture (TF+SH; p = 0.0004; SEM 0.08). Values are LS-means ± SEM. LS-means (within plant fraction)
with the same letter are not significantly different (p < 0.05).
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Figure 3. (A) Herbage nitrogen stock of tall fescue monoculture (TF) and tall fescue or sunn hemp
intercropped in tall fescue pasture (TF+SH; p = 0.0001; SEM = 4.2); (B) Root N stock of tall fescue
monoculture (TF) and tall fescue or sunn hemp intercropped in tall fescue pasture (TF+SH; p < 0.0001;
SEM 2.4). Values are LS-means ± SEM. LS-means (within plant fraction) with the same letter are not
significantly different (p < 0.05).

The shoot δ15N was depleted (−1.2‰) in sunn hemp herbage compared to that of tall
fescue in TF or TF+SH (2.2‰; p < 0.0001; Figure 4A). Sunn hemp root δ15N values were
positive but depleted compared to that of tall fescue roots with either treatment (p = 0.01;
Figure 4B).
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Figure 4. (A) Herbage δ15N of tall fescue monoculture (TF) and tall fescue or sunn hemp intercropped
in tall fescue pasture (TF+SH; p < 0.0001; SEM = 0.20); (B) Root δ15N of tall fescue monoculture (TF)
and tall fescue or sunn hemp intercropped in tall fescue pasture (TF+SH; p = 0.01; SEM 0.24). Values
are LS-means ± SEM. LS-means with the same letter are not significantly different (p < 0.05).

There was no difference in the percentage of NDFA in sunn hemp in 2017 compared
to 2018 (88 and 100%, respectively; p > 0.05; Figure 5). The percentage of Ntran from sunn
hemp to tall fescue in 2017 compared to 2018 also did not differ (13 and 20%, respectively;
p > 0.05; Figure 5). Biological N fixation by sunn hemp was 21% greater (p < 0.0001) in 2018
compared to 2017 (53.8 and 44.3 kg ha−1, respectively; Figure 5).
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Figure 5. Herbage percent nitrogen derived from the atmosphere (NDFA, %) in sunn hemp, per-
cent nitrogen transferred (N trans, %) from sunn hemp to tall fescue, and biological nitrogen
fixation (BNF, kg ha−1) by sunn hemp intercropped in tall fescue pasture (TF+SH). Values are
LS-means ± SEM. LS-means with the same letter are not significantly different (p < 0.05). NDFA, %
(p = 0.11; SEM 4.6); N trans, % (p = 0.24; SEM 3.8); BNF kg ha−1, (p < 0.0001; SEM 2.1).
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4. Discussion
The increased HA of TF+SH compared to TF monoculture observed in this study

corroborates Corbin et al. [18,33], who reported increased TF herbage mass when mixed
with N-fixing legumes compared to TF monoculture in the transition zone of the USA. The
same authors suggested red clover as an alternative source to synthetic N in TF swards.
Although classified as a cool-season legume, red clover has demonstrated the potential
to provide forage in late spring and summer in the transition zone of the USA due to
favorable climatic conditions and a high rate of BNF [18,34]. Including legumes into tall
fescue pastures also demonstrated the potential to increase animal performance compared
to unfertilized tall fescue monoculture [35], or to keep the same animal performance
as N fertilized tall fescue pastures [18]. Conversely, Sheaffer et al. [36] reported that
temperate legumes interseeded in tall fescue pastures did not result in greater HA than
tall fescue monocultures. Cool-season legumes may reduce shoot and root growth in
temperatures above 25–30 ◦C [7,11,37], likely decreasing the BNF and HA. Thus, warm-
season legumes might be options at temperatures above 25 ◦C. In this study, intercropping
sunn hemp into tall fescue pastures positively affected the HA of the forage system. Much
of this response was likely due to the HA resulting from the branching re-growth habit of
sunn hemp following grazing, similar to previous reports by Lepcha et al. [38] in a sunn
hemp monoculture. Besides this, using a warm-season legume such as sunn hemp might
enhance BNF during the warm season, increasing the HA of the companion grass in grass–
legume mixed swards [18]. The average temperature over the experimental period in both
years ranged from 21 to 25 ◦C (Table 1), with maximum daily temperatures above 25 ◦C,
indicating that warm-season legumes may be more productive than temperate species
during the summer in the study region. Herbage accumulation of up to 7000 kg DM ha−1

has been reported in a pure stand of sunn hemp during a 90 d growing season [20,21]. Lesser
values (3000 kg DM ha−1) have been reported for sunn hemp grown in monoculture in
Missouri [38]. Likewise, lesser values were observed in this study, likely due to competition
in a mixed sward and below-average rainfall during the 2018 growing season, which was
82% and 197% below the norm in June and July, respectively (Table 1). Our result shows
that intercropping sunn hemp in TF pastures can increase the HA during the warm season,
despite the competition between legumes and grasses in mixed pastures for photosynthetic
radiation, soil moisture, and soil nutrients that normally limit the HA and affect the spatial
distribution of each species [39,40]. The lower root mass in TF+SH than that in TF is
associated with a much lower root mass of sunn hemp compared to TF. Tall fescue typically
has a high root density and depth compared to other cool-season grasses, such as perennial
ryegrass [41], while low sunn hemp root mass (<3000 kg ha−1) was also reported by Abdul-
baki et al. [42]. Despite the low root mass, a root N of only 1% could result in as much
as 22 kg of N per hectare released into the soil following the sunn hemp growing season,
based on the sunn hemp root mass and N concentration observed in the current study. This
might contribute to an increase in the HA in TF+SH systems.

The lower root mass in TF+SH than in TF is associated with a much lower root mass
of sunn hemp compared to TF. Tall fescue typically has a high root density and depth
compared to other cool-season grasses, such as perennial ryegrass [41], while a low sunn
hemp root mass (<3000 kg ha−1) was also reported by Abdul-baki et al. [42]. Despite the
low root mass, a root N of only 1% could result in as much as 22 kg of N per hectare being
released to the soil following the sunn hemp growing season, based on the sunn hemp
root mass and N concentration observed in the current study. This might contribute to an
increase in the HA in TF+SH systems.

The herbage N concentration of sunn hemp grown in this study (1.9%) was within
the range observed by Lepcha et al. [38] (1.5–2.1%) during the same season for sunn



Agronomy 2025, 15, 1027 10 of 14

hemp under different harvesting management, and by Garzon et al. [19] for five different
genotypes over two harvesting dates (1.7–2.5%). On the other hand, it was lower than
what was observed by Jaramillo et al. [15] for different sunn hemp cultivars (2.8–3.0%)
during spring/summer in north Florida. This is likely because of the greater cumulative
precipitation and temperatures during that study compared to our experimental period.
The greater herbage N concentration in sunn hemp shoots and roots than in tall fescue
shoots and roots, associated with the increased HA, led to much greater aboveground N
stock in TF+SH systems compared to TF.

The average N concentration of sunn hemp shoot in the current study (1.9%) was
similar to the range observed by Garzon et al. [43] over two years (1.9–2.4%). Similarly,
the average annual N stock in a system consisting of tall fescue interseeded with sunn
hemp (91 kg N ha−1) was within the range observed by Garzon et al. [43] and Sant’Anna
et al. [44] in a pure stand of sunn hemp (62–133 kg N ha−1), while the N stock in TF
monoculture was considerably less than that of sunn hemp or TF+SH (35 kg N ha−1). Our
findings suggest that intercropping sunn hemp in tall fescue pastures can increase the N
stock in the aboveground biomass due to the increased HA and N concentration, but might
reduce the belowground N stock due to the lower root mass of sunn hemp. Despite the
lower belowground N stock, the greater aboveground N stock in TF+SH than in TF may be
recycled and help build soil organic matter over time.

Jaramillo et al. [15] reported sunn hemp herbage δ15N values of 0.733 ‰, while
Sant’Anna et al. [44] reported 3.3‰, considerably less depleted than the sunn hemp grown
in this study. The sunn hemp herbage δ15N observed in this study was similar in depletion
to a warm-season perennial legume, rhizoma peanut [45]. This might be associated with
the soil (e.g., texture or soil organic matter %) and weather conditions, since the studies
were conducted in different seasons and regions.

The percent NDFA in sunn hemp observed in this study (88–100%) appears to be
considerably greater than that of sunn hemp varieties evaluated by Jaramillo et al. [15],
ranging from 48 to 56%. Ashworth et al. [9] found a high variability across sites, estimation
methods, and years in NDFA% in sunn hemp (37–86%). The inconsistency between studies
indicates that estimation methods and environmental factors affect the percent NDFA in
sunn hemp swards, requiring site-specific evaluations and standardized methodological
approaches. In the present study, as much as 100% of the N acquired by sunn hemp was
NDFA. The results from this study confirm that N was transferred from the intercropped
sunn hemp to tall fescue in mixed pastures. As much as 20% of N acquired by sunn hemp
was transferred to tall fescue, indicating cycling of N between sunn hemp and tall fescue
throughout the experimental period that resulted in increased HA.

There are multiple mechanisms for N transfer from sunn hemp to tall fescue in a
mixed pasture system. Transfer mechanisms include nutrient cycling via cattle excreta,
litter decomposition, and belowground transfer [25,26,46]. Previous research findings have
suggested that 70 to 95% of nitrogen ingested during grazing is excreted as urine and
feces [6,47]. Direct observations from this study suggest that cattle generally removed sunn
hemp leaf material, resulting in a reduced leaf-to-stem residue ratio following grazing
events. This is not surprising, considering that sunn hemp leaves have previously been
reported to have greater N concentrations compared to stems [48]. Mansoer et al. [20]
reported 70% greater nitrogen concentrations in sunn hemp leaves compared to stems
12 weeks after planting. The utilization of N-dense sunn hemp by cattle likely resulted in
N deposition following grazing. Despite the low root mass, the high root N concentration
suggests that sunn hemp root turnover and decomposition may have also contributed to
greater N transferred from sunn hemp to tall fescue. Stallings et al. [49] reported nitrogen
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mineralization from sunn hemp residues greater than 20% of the total nitrogen present 20 d
after harvest.

Nitrogen transfer from legumes to cool-season grasses has been well documented.
This large body of research has focused on cool-season grasses interseeded with perennial
legumes such as red clover, white clover, and alfalfa [24,40,50,51]. Biological N fixation by
these legumes has been reported as 55 to 296 kg N ha−1 annually in monoculture [52], with
a seasonal BNF ranging from 81 to 150 kg N ha−1 (Balkcom and Reeves, 2005; Garzon et al.,
2021; Rotar and Joy, 1983; Schomberg et al., 2007). Legume-N transfer to grasses in mixed
pastures has resulted in up to 80% of the nitrogen accumulation in the grass component.
Perennial legumes demonstrate greater accumulation and transfer of biologically fixed
N compared to annual legumes due to increases in aboveground biomass, belowground
biomass, and soil fertility [53–56]. Schipanski and Drinkwater [57] reported reduced N
transfer in annual field pea intercropped in orchard grass compared to red clover, and that
N transferred was positively correlated with legume biomass. Limited literature is available
to compare N transferred in cool-season grass pastures intercropped with warm-season
annual legumes.

Though sunn hemp in mixed pastures has not been thoroughly researched, BNF
in sunn hemp has been reported when used as a green manure or cover crop [21–23].
Biological N fixation is proportional to the herbage mass [10]. Aboveground biologically
fixed N observed in this experiment ranged from 44 to 54 kg N ha−1, within the range
previously reported by Jaramillo et al. [15] and Garzon et al. [19] in pure stands of different
sunn hemp varieties (25–41 and 26–81 kg N ha−1, respectively). Belowground N accounted
for an additional 16 kg N ha−1.

Interseeding sunn hemp into tall fescue resulted in greater forage-system N concen-
trations compared to a pure stand of tall fescue. Due to greater N concentrations in the
sunn hemp intercropped system and subsequent nutrient cycling, greater HA would be
expected since N is the first limiting nutrient for herbage growth [58]. However, other
pasture systems intercropped with annuals have demonstrated declines as great as 30%
in tall fescue herbage mass [59,60], likely due to competition, low growth rates, and the
limited BNF of some species, especially in the warm season.

5. Conclusions
The potential of N transfer from sunn hemp to tall fescue was confirmed in this ex-

periment. Under the evaluated conditions, sunn hemp can fix as much as 54 kg ha−1 of
atmospheric N during the warm season in intercropped systems with tall fescue. The graz-
ing of sunn hemp combined with the decomposition of belowground biomass contributes
to transferring of up to 20% of the N from sunn hemp to tall fescue. Intercropping sunn
hemp in tall fescue pastures increases herbage accumulation and N yield. Sunn hemp
intercropped into tall fescue pasture can provide an alternative N source to tall fescue-
based forage-livestock systems. However, it is important to note that biological nitrogen
fixation and the transfer of nitrogen from legumes to companion grasses can widely vary
depending on herbage accumulation, legume species and proportion, soil characteristics
and microbiology, agronomic practices, and environmental conditions. Additionally, ni-
trogen transfer from sunn hemp to tall fescue in mixed pasture systems involves multiple
mechanisms, highlighting the need for further research to better understand the primary
factors influencing this process.
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