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Resumen

Pasturas de agropiro alargado presentan marcada estacionalidad en la producciéon forrajera y su valor nutritivo disminuye
considerablemente en estado reproductivo. La intersiembra con una leguminosa podria mejorar la produccién, calidad
nutritiva y, adicionalmente, incorporar N al sistema, pero existe una falta de conocimiento sobre posibles asociaciones
agropiro-leguminosa en regiones templadas. En este estudio se evalud la productividad, el valor nutritivo y la fijacion biolédgica
de nitrégeno (FBN) de pasturas de agropiro alargado (Thinopyrum ponticum), puras o intersembradas con Vicia villosa (vicia) o
Melilotus albus (trébol de color blanco) a tres densidades de siembra (20, 50 y 100 semillas viables m~2). Se compararon siete
tratamientos en parcelas experimentales (n=3), en cuatro fechas de corte durante un afo. En primavera temprana, la mayor
densidad de vicia alcanzé la mayor productividad de leguminosa (771 kg MS ha™), superando a la menor densidad (313 kg MS
ha™), y todas las de trébol de color blanco (promedio 175 kg MS ha™). Las diferencias desaparecieron en primavera tardia. Las
mezclas forrajeras mejoraron la productividad respecto a agropiro puro, con incrementos del 57% y 45% en primavera
temprana y tardia, respectivamente. Sin embargo, la productividad de agropiro, puro o intersembrado, se mantuvo estable.
Vicia mostrd una mayor productividad acumulada respecto de trébol de color blanco (1801 vs. 1296 kg MS ha™, P=0,06). Cada
10% de aumento en la proporcién de leguminosas en la mezcla se incrementé el contenido de proteina bruta en 1,1%-1,4%.
La FBN fue alta, un 80% y 89% del N derivado de ésta en vicia y trébol de color blanco, respectivamente, y 43 kg N ha™ promedio
en las mezclas. Ambas leguminosas evidenciaron crecimiento compensatorio en las distintas densidades de siembra. Se
concluye que intersembrar leguminosas en pasturas de agropiro alargado mejora la productividad, el valor nutritivo e incorpora
N orgdnico al agroecosistema.

Palabras clave. vicia, trébol de color blanco, pastura graminea-leguminosa, fijacién bioldgica de nitrégeno.

Abstract

Tall wheatgrass pastures exhibit marked seasonality in forage production, and nutritive value declines as the plant transition
to the reproductive stage. Interseeding with legume could complement production, enhance nutritive quality, and incorporate
nitrogen (N) into the system. This study evaluated the forage yield, nutritive value, and biological nitrogen fixation (BNF) of
Thinopyrum ponticum (tall wheatgrass) pastures, either pure or interseeded with Vicia villosa (hairy vetch) or Melilotus albus
(white sweetclover), at three seeding densities (20, 50, and 100 viable seeds m~2). Seven treatments were compared in
experimental plots (n=3) at four cutting dates throughout the year. In early spring, the highest hairy vetch seeding density
showed the greatest productivity (771 kg DM ha™), compared to the lowest density (313 kg DM ha™") and all white sweetclover
densities (average 175 kg DM ha™). These differences disappeared in late spring. Forage mixtures improved productivity
compared to pure tall wheatgrass, with increases of 57% and 45% in early and late spring, respectively. However, the forage
yield of tall wheatgrass, whether pure or interseeded, remained stable. Hairy vetch showed higher annual accumulated yield
than white sweetclover (1801 vs. 1296 kg DM ha™, P=0.06). For every 10% increase in the proportion of legumes in the mixture,
crude protein content increase 1.1%-1.4%. The BNF was high, with 80% and 89% of N derived from BNF in hairy vetch and
white sweetclover, respectively, averaging 43 kg N ha™" across mixtures. Both legumes exhibited compensatory growth across
seeding densities. In conclusion, interseeding legumes into tall wheatgrass pastures improves productivity, enhances forage
nutritive value, and incorporates organic N into the agroecosystem.
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Introduction

In livestock farming, feed costs could be reduced by maximizing
the use of perennial pastures. Thinopyrum ponticum (Tall
wheatgrass or commonly known in Argentina as agropiro
alargado) is a perennial grass with a fall-winter-spring cycle and
has long been used for forage production in areas where
salinity, alkalinity, waterlogging or water scarcity hinder the
growth of other fodder species (Andrioli 2023). However, the
nutritive value drops drastically during the reproductive phase
and is often too low to meet the requirements of highly
productive livestock. Interseeding involves introducing a
secondary species into a stablished stand to create a forage
mixture. When the mixture includes both grasses and legumes,
it can better meet the nutritional needs of beef cattle than
grasses alone, due to the complementary nature of the two
plant types (Lischer et al. 2014).

A grass-legume mixture offers several benefits, including
yield stability and an overall improvement in the nutritive value
of the forage (Sadeghpour et al. 2013; Brooker et al. 2015;
Sollenberger and Batista Dubeux 2022). A mixture of species
has the ability to produce more forage than the same species
grown in a monoculture (Kirwan et al. 2007; Nyfeler et al. 2011,
Sturludéttir et al. 2014). As the proportion of legumes in
pasture increases, crude protein generally increases and cell
wall content decreases (Lithourgidis et al. 2006; Baxter et al.
2017). In fact, a study by Adjesiwor et al. (2017) reported that
pastures with 30% legumes (alfalfa or Lotus corniculatus)
accumulated a higher forage yield and had a better nutritive
value than a monoculture of alfalfa or barley. Previous studies
have explored the relationship between legume proportion and
forage nutritive value (Zemenchik et al. 2002; Sturluddttir 2014;
Brink et al. 2015). Legume contents of 35% to 40% are
considered optimal for sustainable forage yields and forage
quality of grass-legume pastures (Thomas 1992). Grass-clover
mixtures with legumes in proportions of 30% to 50 % appear to
be an optimal system as they provide high forage yields with
high nutritive value, which in turn lead to high feed intake and
animal performance (Lischer et al. 2014).

The nutritive value of pasture depends not only on the
proportion of species in the mixture, but also on the
characteristics of the species in the mixture. Dal Pizzol et al.
(2017), working with mixtures of alfalfa and two grasses, one
temperate (Festuca arundinacea) and one tropical (Axonopus
catharinenses), found complementation in terms of energy and
protein that led to favorable associations in rumen parameters
when alfalfa (49% neutral detergent fiber - NDF) was mixed
with the tropical grass but not with F. arundinacea. This is
mainly due to the higher NDF content in the tropical grass (62%
NDF), which can be diluted by the addition of alfalfa, compared
to the lower NDF content of F. arundinacea (46% NDF).
Therefore, the changes in the resulting mixture will be greater
if the legumes incorporated into the system have a high
nutritive value compared to the established grasses.

Vicia villosa (commonly known as hairy vetch) is a winter
annual legume highly resistant to drought and adapted to a
wide range of edaphic conditions (Teasdale et al. 2004; Renzi
2020). Lawson et al. (2015) observed forage yields of around
1400 kg DM ha on a pure hairy vetch pasture, but achieved
higher yields when it was mixed with at least 25% rye at sowing.
Due to its climbing growth habit, hairy vetch is often used in

mixtures with grasses and usually combined with winter annual
grass. In fact, it is not common to find trials in which it is used
in mixtures with perennial grasses.

Another legume that can be mix with grasses in the semiarid
region is Melilotus albus (commonly known as white
sweetclover), which is naturalized in Argentina (Zuloaga and
Morrone 1996). It is an annual or biennial legume, that is cold-
tolerant and drought-resistant, valued for its rusticity and
forage quality (Evans and Kearney 2003; Nichols et al. 2007).
Evans and Kearney (2003) indicated that white sweetclover
grows and persists well in mixtures with tall wheatgrass, with
this association performing particularly well in summer, even
better than the legume monoculture.

When legumes are introduced into grass pastures, they
contribute significantly to the nitrogen (N) content of the
system via biological nitrogen fixation (BNF). This contribution
depends, among other things, on the legume species (Blichi et
al. 2015) and the biomass yield of the legumes (Collino et al.
2015). The natural N abundance technique is used for
quantifying BNF under field conditions (Chalk et al. 2016). This
method compares the natural abundance of >N (8*°N) in air
with the slightly higher >N found in soils. According to Shearer
and Kohl (1986) this difference can be used to distinguish
between N derived from the soil and the atmospheric N fixed
by plants, thus allowing an estimate of the N derived from the
atmosphere.

There are no studies of BNF impact on mixtures of tall
wheatgrass with hairy vetch or white sweetclover. We tested
the hypothesis that these species interseeded into tall
wheatgrass increases forage yield and nutritive value and
favors N input into the system through BNF. Therefore, the aim
of this study was to evaluate (1) the effects of the interseeding
density of hairy vetch or white sweetclover in a tall wheatgrass
pasture on total forage yield and the yield of individual species,
(2) the effect of the legume density on the nutritive value of the
pasture, (3) the quantification of N fixed by the two legumes
using the >N natural abundance technique, and (4) N legacy
through changes in subsequent crude protein content in tall
wheatgrass.

Materials and Methods

A field experiment was conducted on a tall wheatgrass pasture
[Thinopyrum ponticum (Podp.) Barworth & D.R. Dewey -
synonym Agropyron elongatum (Host) P. Beauv. - Cv. Barpiro]
during one vyear at the Napostd experimental station
(Universidad Nacional del Sur - Ministerio de Desarrollo Agrario
— 38°25°48"S and 62°16°56"W). The experiment was
established in a sandy-loamy typical Haplustol with pH 7,2;
organic matter content 3,04%, total nitrogen 0,16%, P (Bray)
9,6 ppm, electrical conductivity 0,94 dS m™ (0 to 20 cm depth).
The tall wheatgrass pasture had 1100 tillers m=2. The trial
started with the interseeding of legumes on 15 March 2014.
The precipitation and air temperature during this period are
shown in Figure S1 (Naposta Experimental Station UNS-MDA).
Precipitation recorded for the trial period was 60% above the
annual average of 600 mm for the site. However, a water deficit
was observed for the months of November and December,
whereas the monthly average air temperatures were similar to
historical averages for the area.
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The experiment included seven treatments: pure tall
wheatgrass (TW) and its combinations with two winter legumes
species, Vicia villosa Roth. (hairy vetch - HV) and Melilotus albus
Medik. (white sweetclover - WS), interseeded at three different
densities: low (1), medium (2) and high (3), corresponding to
20, 50 and 100 viable legume seeds m™, respectively (TWHV1;
TWHV2; TWHV3; TWWS1; TWWS2; TWWS3). The treatments
were applied to a pure stand of tall wheatgrass pasture across
21 experimental plots, each measuring 1,75 x 2,5 m. A
completely randomized design with three replications was
used. The seeds were not inoculated before interseeding, as
spontaneous nodulation occurs naturally at the trial site.
Satisfactory nodulation was verified by visual inspection of the
root systems in spring. The legumes were manually
interseeded, with a spacing of 17,5 cm between rows of tall
wheatgrass, which was also spaced 17,5 cm apart. The
experimental plots were enclosed with an electric fence to
prevent animals intrusion. No weed control or fertilization was
applied during the trial.

Forage yield and nutritive value

The harvest frequency was based on the lifespan of the tall
wheatgrass leaves. To determine forage yield and nutritive
value, the cutting was performed when the oldest leaves of the
principal tillers began to senesce (approximately at the
emergence of the fourth leaf). A total of four pasture cuts were
performed: on 25 May, 7 October (early spring), 9 December
(late spring) 2014, and 17 March 2015. The forage sampling was
done using scissors, cutting at a height of 8 cm over a surface
area of 0,4 m? per plot. Care was taken to leave 30 cm border
around each plot, which was not included in the sampling. The
samples were placed in properly labeled bags and sent to the
laboratory. After each sampling, a cleaning cut was performed
in all plots at the same height (8 cm) using a lawnmower and
the cut material was removed from the plots.

In the laboratory, the forage species (grass and legume)
were manually separated to determine the legume proportion
of the harvested material. The samples were then dried in an
oven at 60 °C to constant weight to determine the dry matter
(DM) content (AOAC 2000). The forage yield (kg DM ha?) of
each species (tall wheatgrass, hairy vetch and white
sweetclover) was estimated separately, while the total yield
was determined by summing the yields of both species for each
plot.

The nutritive value was determined by reconstituting the
species mixture according to the respective plot and expressed
as a percentage of DM. The material was ground using a Wiley
mill (Thomas Scientific, Swedesboro, NJ, USA) until it passed a
1 mm sieve. Total N was determined using the Kjeldahl method
(AOAC 2000) and crude protein (CP) was calculated by
multiplying the N content by 6.25. Neutral and acid detergent
fiber (NDF and ADF) and acid detergent lignin (ADL) were
determined according to the method of Van Soest (1991), while
“in vitro” digestibility of DM (IVDMD) was assessed according to
the method of Tilley and Terri (1963).

Biological Nitrogen Fixation and N contribution

The contributions of biological nitrogen fixation (BNF) from
hairy vetch and white sweetclover were assessed using the °N
natural abundance method (Unkovich et al. 2008). Forage

samples of pure legumes (whole aerial plant tissue) were
collected from the mixture plots on early and late spring cutting
dates (7 October and 9 December). The samples were dried and
finely ground (< 1 mm). The analysis of >N natural abundance
was performed using an automated continuous - flow isotope -
ratio mass spectrometer at the “John Day Stable Isotope
Laboratory” at Embrapa Agrobiologia, Brazil, as described in
Pacheco et al. (2020). The proportion of N derived from the air
(Ndfa, %) was calculated according to Shearer and Kohl (1986):

Ndfa= (6N ref - 8N fix)/( 8*°N ref - B) x 100

Where 86°N ref is the value of 6°N natural abundance of a
reference species that does not fix nitrogen (average of wheat,
barley and oat), and 8N fix is the 6°N natural abundance of
hairy vetch or white sweetclover. B is defined as the §°N value
of the Na-fixing plant when grown solely with BNF as a N source.
In this experiment, only plant shoots were considered and the
B values were -0,39%. for hairy vetch, determined in Argentina
(Enrico et al. 2020), and -1%. for white sweetclover. The
reference species were sown alone in the plot at the same
interseeding date as the legumes.

The total N yield (kg N ha?) during the experiment was
calculated by multiplying the N content of the forage by the
forage yield. The legume-derived N (apparent N2 fixation; kg N
ha) was determined by subtracting the N yield of the grass
monocultures from the total N yield of the mixtures (Elgersma
and Hassink 1997). The nitrogen legacy of legumes was
assessed by regression comparing the sum of N export in the
total forage yield during both early and late spring in each plot,
against the CP content of tall wheatgrass in the following
autumn. The N export for each cut was calculated as follows:
Total DM yield x N concentration (%) / 100.

Statistical analysis

The forage yield, nutritive value, N vyield, and apparent N
fixation data were subjected to analysis of variance (ANOVA)
separately by cutting date. For tall wheatgrass forage vyield,
nutritive value and N vyield, seven treatments were evaluated
(TW, TWHV1, TWHV2, TWHV3, TWWS1, TWWS2 and TWWS3).
For apparent N fixation and legume forage yield, six treatments
were evaluated (TWHV1, TWHV2, TWHV3, TWWS1, TWWS2
and TWWS3). For these variables, two a priori contrasts were
calculated to compare the treatments: TW vs. all mixtures
(contrast 1) and the average of the three interseeding rates
TWHYV vs. TWWS mixture (contrast 2). In addition, analysis of
regression between the legume proportion in the mixture and
CP values were performed. Values of 8°N and Ndfa of the
tissues were analyzed by ANOVA to compare the legume
species separately only at dates of sampling corresponding to
early and late spring, where the legumes were present. For all
ANOVA analyses, the mean values of the treatments were
compared using the Tukey test at a probability level of 5%.
Finally, a regression analysis was carried out between the N
export of the forage harvested in spring and the CP content of
the subsequent tall wheatgrass in the autumn. All statistical
procedures were done with InfoStat (2008) software.
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Results

Total and Legume Forage Yield

Tall wheatgrass in both the mixtures and pure plots had similar
yields across all cutting dates and in total accumulated vyield
(P>0,05; Table 1). On May 25, 2014, and March 17, 2015 (the
first and last cutting dates), no legume forage was harvested.
On the first date, this was because the legumes were still in the
establishment phase and had not yet reached the cutting
height of 8 cm. By the last cutting date, they had already
completed their growth cycle. Differences in total forage yield
were observed in early and late spring cuts (7 October and 9
December, respectively), when legumes provided extra forage.
The mixtures increased total forage yield relative to TW by 57%
(954 vs. 605 kg DM ha; P=0,03) in early spring and 45% (3309
vs. 2282 kg DM ha*; P=0,06) in late spring. Additionally, in early
spring, the average TWHV mixtures produced 27% more total
forage yield than the TWWS mixtures (1067 vs. 840 kg DM ha%;
P=<0,01). Also, in early spring hairy vetch interseeded at the
highest density showed significantly higher forage productivity
(771 kg DM hal) than hairy vetch at the lowest density (316 kg
DM ha) and all densities of white sweetclover (average 175 kg
DM ha) and the highest density of hairy vetch interseeded

Table 1.

However, in late spring, no differences in legume, tall
wheatgrass and total yield were observed between different
interseeding densities.

The accumulated forage yield over four cuts in the TW was
4199 kg DM ha. In the mixtures it ranged from 4756 kg DM ha-
L (TWWS1) to 6067 kg DM ha™ (TWHV3), representing a 13% to
44% increase compared to TW, although no statistical
differences were found between the monoculture and mixture
treatments. Accumulated legume vyields, as an average of
interseeding rates, tended to be higher (P=0,06) for hairy vetch
than for white sweetclover (1801 vs. 1296 kg DM ha!; Table 1).

Nutritive value

On 25 May 2014 and 17 March 2015 (first and last cutting
dates), no significant differences were observed in nutritive
value across treatments, as the forage at these times consisted
of tall wheatgrass. The largest differences between treatments
occurred due to the presence of legumes in early and late
spring (Table 2). CP content in TW ranged from 6,7% to 14,3%
throughout the study, while in the mixtures it ranged from 8,3%
to 23,3%, depending on the cutting date, legume species and
interseeding density. On average, CP in the mixtures was 28%

Biomass (kg DM ha™) harvested at each cutting date and accumulated for tall wheatgrass, legume (hairy vetch or white

sweetclover) with three interseeding densities, and total biomass, (n=3). Contrasts between pure tall wheatgrass and mixtures, as well as
between mixtures with hairy vetch and white sweetclover, are presented. For both cases, the P-value and the standard error of the mean

(SEM) are shown.

Tabla 1. Biomasa (kg MS hal) cosechada en cada fecha de corte y acumulada de agropiro alargado, leguminosa (vicia o trébol de color
blanco) con tres densidades de intersiembra, y total (n=3). Se muestran contrastes entre agropiro alargado puro vs las mezclas y entre las
mezclas con vicia vs trébol de color blanco. Para ambos casos se muestra el valor-P y el error estdndar de la media (SEM).

Treatments? Contrasts
TW TWHV1 TWHV2 TWHV3 TWWS1 TWWS2 TWWS3 TW vs Mixtures TWHV vs TWWSP
Cutting date kg DM ha! P-value SEM P-value  SEM P-value SEM
25 May 2014
Tall wheatgrass 586 532 502 561 474 440 357 0,40 74 0,20 80 0,10 60
7 October 2014, early spring
Tall wheatgrass 605 599 405 517 577 620 802 0,39 112 0,88 121 0,10 91
Legume - 316 ab 595 bc 771c 173 a 126 a 227 ab <0,01 88 - - <0,01 71
Total 605a 915ab 1000ab 1287 b 751 ab 746ab 1029 ab 0,05 135 0,03 145 0,06 110
9 December 2014, late spring
Tall wheatgrass 2282 2377 1441 2312 2303 1881 2457 0,66 436 0,75 470 0,64 356
Legume - 805 1732 1184 765 1235 1363 0,27 297 - - 0,63 243
Total 2282 3182 3173 3497 3068 3116 3821 0,44 464 0,06 501 0,89 378
17 March 2015
Tall wheatgrass 726 586 858 722 463 707 603 0,33 112 0,58 121 0,18 92
Accumulated
Tall wheatgrass 4199 4094 3206 4112 3817 3648 4219 0,86 584 0,59 630 0,85 477
Legume - 1121 2327 1955 938 1361 1590 0,06 302 - - 0,06 246
Total 4199 5215 5533 6067 4756 5009 5810 0,43 628 0,10 678 0,43 512

a Treatments, pastures of TW: Tall wheatgrass monoculture; TWHV: Tall wheatgrass with hairy vetch; TWWS: Tall wheatgrass with white
sweetclover; 1: 20, 2: 50 and 3: 100 viable legume seeds m2, respectively. SEM: Standard error of means. Means within a line followed by
the same letter are not significantly different at P<0,05. The absence of letters indicates a lack of differences among means within that line.
b Average of the three interseeding density treatments.
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Table 2. Nutritive value parameters (%) for tall wheatgrass monoculture (TW), TW-hairy vetch (TWHV) or TW-white sweetclover (TWWS) mixtures
pastures, with three interseeding densities, on early and late spring (n=3). Contrasts between pure tall wheatgrass and mixtures, as well as
between mixtures with hairy vetch and white sweetclover, are presented. For both cases, the P-value and the standard error of the mean (SEM)
are shown.

Tabla 2. Parametros de valor nutritivo (%) en pasturas de agropiro alargado puro (TW), TW-vicia (TWHV) o TW-trébol de color blanco (TWWS) y
en primavera temprana y tardia, con tres densidades de intersiembra (n=3). Se muestran contrastes entre agropiro alargado puro vs las mezclas
y entre las mezclas con vicia vs trébol de color blanco. Para ambos casos se muestra el valor-P y el error estandar de la media (SEM).

Treatments? Contrasts
TW  TWHV1 TWHV2 TWHV3 TWWS1 TWWS2 TWWS3 TW vs Mixtures TWHV vs TWWSP
Cutting date % P-value SEM P-value SEM P-value SEM
7 October 2014, early spring
DM 28,6c 21,5ab 175a 16,8a 24,9bc 24,8bc 23,3b <0,01 1,0 <0,01 1,1 <0,01 0,8
CP 14,3a 19,1bc 23,3c 21,3c 153ab 149ab 16,0ab <0,01 0,9 <0,01 1,0 <0,01 0,8
NDF 66,4b 60,6ab 56,0a 57,8ab 580ab 61,2ab 59,3ab 0,03 1,8 <0,01 1,9 0,36 1,5
ADF 33,3b 31,7ab 30,7ab 32,1ab 27,8a 30,7ab 29,5ab 0,02 0,9 0,01 1,0 0,01 0,8
ADL 2,1a 3,1ab 3,9b 3,8b 2,1a 2,2a 2,6a <0,01 0,2 <0,01 0,3 <0,01 0,2
IVDMD 56,8 58,1 62,3 62,2 59,7 59,5 54,8 0,77 3,0 0,35 3,2 0,19 2,4
9 December 2014, late spring
DM 36,2c 39,1c 36,2c 34bc 289ab 28,4a 289ab <0,01 1,1 <0,01 1,2 <0,01 0,9
CP 6,7a 9,5abc 12,8c 11,4bc 8,3ab 9,9abc 10,8abc <0,01 0,9 <0,01 0,9 0,04 0,7
NDF 72,2 67,1 66,0 67,1 69,5 64,2 66,4 0,12 1,8 0,01 1,9 0,98 1,5
ADF 382b 379b 380b 379b 373ab 35a 36,3ab <0,01 0,5 0,07 0,6 <0,01 0,4
ADL 2,8 5,4 5,8 5,3 6,3 3,3 51 0,35 1,2 0,07 1,3 0,53 1,0
IVDMD 49,6 51,3 51,8 56,6 52,6 48,6 47,5 0,19 1,9 0,08 2,0 0,03 1,5

a Treatments, TW: Tall wheatgrass monoculture; TWHV: Tall wheatgrass with hairy vetch; TWWS: Tall wheatgrass with white sweetclover; 1: 20,
2: 50 and 3: 100 viable legume seeds m=, respectively. SEM: Standard error of means. Means within a line followed by the same letter are not
significantly different at P < 0,05. The absence of letters indicates a lack of differences among means within that line. DM: dry matter; CP: crude

protein; NDF: neutral detergent fiber; ADF: acid detergent fiber; ADL: acid detergent lignin; IVDMD: “in vitro™ digestibility of DM.

b Average of the three interseeding density treatments.

(14,3% vs. 18,3% CP) and 33% (6,7% vs. 8,9% CP) higher than in
the TW monoculture on early and late spring, respectively
(P<0,01). Additionally, TWHV mixtures had a higher average CP
content than TWWS mixtures (P<0,05), both in early spring
(21% vs. 15% CP) and late spring (11,2% vs. 9,6% CP; Table 2).

In early spring, plots with the two highest densities of hairy
vetch (50 and 100 viable legume seeds m?2) exhibited the
highest CP values (P<0,05) compared to plots with the highest
densities of white sweetclover (Table 2). However, regression
analysis showed that an increase in the proportion of legumes
resulted in a significant rise in CP content across the entire
pasture (P<0,05 for all regressions), regardless of legume
species or cutting date (Figure 1). On average, the CP increased
by approximately 1,1 to 1,4 percentage points for every 10 %
increase in the legume proportion of the pasture.

The NDF concentration of TW ranged from 66,4% to 72,2%
throughout the experiment. Compared to TW, the mixtures
reduced NDF content by 11% in early spring and 8% in late
spring. ADF in TW ranged from 33,3% to 38,6% throughout the
experiment. The inclusion of legumes led to an 8,7% decrease
in ADF during early spring. When comparing legume mixtures,
TWWS had 7% and 5% lower ADF content than TWHYV in early
and late spring, respectively.

For ADL, the range of values found for TW ranged from 2,1%
to 3,7%. On average, ADL content in the mixtures during early

spring was 43% higher than in TW. Additionally, differences in
ADL were observed between the legume species in early spring.
Averaged across the three interseeding densities, TWHV had
57% more ADL than TWHV.

No significant differences were observed in IVDMD values
during early spring. However, in late spring, contrast analysis
revealed a slight increase of the IVDMD of mixtures containing
legumes compared to TW (P=0,08). Additionally, TWHV
exhibited a higher IVDMD compared to TWWS (53,2% vs.
49,6%; P=0,03).

Biological Nitrogen Fixation

The proportions of N derived from BNF (Ndfa) were high, at
80% for hairy vetch and 89% for white sweetclover, with these
values being significantly different in early spring (P<0,05).
However, no differences were observed at the advanced
maturity stage in late spring, with both legumes showing 95%
Ndfa (P>0,05; Table 3).

The N natural abundance (8'°N) measured in shoots of
hairy vetch and white sweetclover showed significant
differences (P<0,05) across both cutting date (Table 3), with
hairy vetch exhibiting the highest 6"°N values on each date. On
average, 6°N for the non-N-fixing crops (wheat, oat and
barley) were +3,55%o in early spring and +3,47%o in late spring.
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Figure 1. Relationship between the proportion of legume into tall wheatgrass pastures and the percentage of forage crude protein (CP) on early
spring (empty dot) and late spring (filled dot). The legumes are hairy vetch [0 TWHV] or white sweetclover [0TWWS]. The points represent
individual experimental units. When the regression is significant (P<0.05), the trend line and the corresponding equation are shown.

Figura 1. Relacion entre la proporcion de leguminosa en la pastura de agropiro alargado y el porcentaje de proteina bruta (CP) de la mezcla en
primavera temprana (marcador vacio) y tardia (marcador lleno). Las leguminosas son vicia [0TWHV] o trébol de color blanco [0TWWS]. Cada punto
representa una unidad experimental. Cuando la regresion es significativa (P<0,05) se muestra la linea de tendencia y la ecuacion correspondiente.

Table 3. Mean values of 815N (%o) and percentage of nitrogen (N) derived from the atmosphere (Ndfa, %) in shoots of hairy vetch and white
sweetclover on early and late spring (n=3). Statistical comparisons of means are presented.
Tabla 3. Valores medios de 6°N (%o) y porcentaje de nitrégeno (N) derivado de la atmdsfera (Ndfa, %) en parte drea de V, villosa y M, albus en

inicio y fin de primavera (n=3). Se presenta comparacion estadistica de las medias.

815N, %o Ndfa, %
Cutting date Hairy vetch White P-value SEM Hairy vetch White P-value SEM
sweetclover sweetclover
7 October +0,39 a 0,51b <0,0001 0,030 80,1a 89,2 b 0,0009 0,720
(early spring)
9 December (late -0,29a -0,68 b 00197 0,070 97,4 92,7 0,1104 1,620

spring)

Different letters indicate significant differences by Tukey test at P<0,05. SEM: Standard error of means.

In early and late spring, N yield and apparent N fixation in
mixtures were higher than in the TW monoculture (Table 4).
The average apparent N fixation for all legumes mixtures over
the one-year trial period was 43 kg N hal. Additionally, the
accumulated apparent N fixation was higher in hairy vetch (58
kg N hal) than in white sweetclover (29 kg N ha) mixtures.
Likewise, in early spring, N yield and apparent N fixation in the
mixtures containing hairy vetch were 71% and 200% higher,
respectively, than in those with white sweetclover (Table 4).

The present study enabled us to analyze the nitrogen legacy
from the legumes in the subsequent autumn season. We found
a significant regression (P<0,01) between exported nitrogen
per plot on early plus late spring (kg N ha') and the CP content
of tall wheatgrass in the following autumn. The CP content of
tall wheatgrass increased by 2% in autumn for every 50 kg of N
exported to the forage biomass in the previous spring (Figure
2).

. ______________________________________________________________________________________________________|
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Table 4. Nitrogen (N) yield and apparent N fixation (kg N ha) of tall wheatgrass monoculture (TW), TW-hairy vetch (TWHV) or TW-white
sweetclover (TWWS) mixtures pastures, with three interseeding densities on early, late spring and accumulated (n=3). Contrasts between pure
tall wheatgrass and mixtures, as well as between mixtures with hairy vetch and white sweetclover, are presented. For both cases, the P-value
and the standard error of the mean (SEM) are shown.

Tabla 4. Rendimiento de nitrégeno (N) y fijacion aparente de N (kg N ha!) en pasturas de agropiro alargado puro (TW), TW-vicia (TWHV) o TW-
trébol de color blanco (TWWS) con tres densidades de intersiembra en primavera temprana, tardia y acumulado (n=3). Se muestran contrastes
entre agropiro alargado puro vs las mezclas y entre las mezclas con vicia vs trébol de color blanco. Para ambos casos se muestra el valor-P y el
error estandar de la media (SEM).

Treatments? Contrasts
TW TWHV1 TWHV2 TWHV3 TWWS1 TWWS2 TWWS3 TW vs Mixtures  TWHV vs TWWSP
Cutting date kg N ha* P-value SEM P-value SEM P-value SEM
7 October 2014, early spring
Nyield 14,0a 27,9abc 37,2bc 439bc 183ab 17,8ab 27,3abc <0,01 4,5 <0,01 4,8 <0,01 3,6
Apparent N fixation 0,0a 139ab  23,2b 299b 43a 3,8a 13,3ab <0,01 3,8 <0,01 4,1 <0,01 3,1
9 December 2014, late spring
Nyield 24,4a 50,1ab 66,2b 623ab 40,7ab 49,1ab 63,4b 0,02 7,9 <0,01 8,5 0,21 6,4
Apparent N fixation 0,0a 25,7ab 41,8b 38,0b 16,3ab 24,7ab 39,0b 0,02 7,5 <0,01 8,1 0,19 6,1
Accumulated
Nyield 384a 779ab 1034b 106,2b 59,0ab 669ab 90,7b <0,01 9,8 <0,01 10,6 0,01 8,0
Apparent N fixation 0,0a 39,6 abc 65,0bc 679c 20,7ab 28,5abc 52,3bc <0,01 9,5 <0,01 10,3 <0,01 7,8

2 Treatments, TW: Tall wheatgrass monoculture; TWHV: Tall wheatgrass with hairy vetch; TWWS: Tall wheatgrass with white sweetclover; 1: 20,
2: 50 and 3: 100 viable legume seeds m, respectively. SEM: Standard error of the mean. Means within a line followed by the same letter are
not significantly different at P < 0,05. The absence of letters indicates a lack of differences among means within that line.

b Average of the three interseeding density treatments.

16
14 A

12 A
10 -

y=0,04x+8,7
6 - r2=0,57

CP of tall wheatgrass in next autumn (%)

0 T T T T T T 1
0 20 40 60 80 100 120 140

Exported N on harvest forage per plot on spring (kg N hal)

Figure 2. Relationship between exported nitrogen (kg N ha'l) on spring forage harvested and the CP content of pure tall wheatgrass at the next
autumn. Each point corresponds to a plot (n=21). Tall wheatgrass (TW) monoculture (A), mixtures of TW-hairy vetch (o) or TW-white sweetclover
(0). The regression is significant (P<0.05).

Figura 2. Relacion entre el nitrégeno exportado (kg N hal) en el forraje durante primavera y el contenido de proteina bruta de agropiro alargado
puro al otofio siguiente. Cada punto representa una parcela (n=21). Agropiro alargado (TW) puro (4), mezcla de TW-vicia (o) o TW-trébol de color
blanco (¢). La regresion es significativa (P<0,05).
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Discussion

Total and Legume Forage Yield

At the lowest hairy vetch interseeding density (20 viable seeds
m2) the forage yield was similar to the medium and high
interseeding densities of white sweetclover (50 and 100 viable
seeds m?2). Likewise, for hairy vetch, the highest seeding
density produces twice the forage yield compared to the lowest
density.

In early spring, hairy vetch had a higher forage vyield
compared to white sweetclover. This could be explained by the
fact that hairy vetch has a higher growth rate than white
sweetclover at lower temperatures. According to Zachariassen
and Power (1991), 84 days after sowing, hairy vetch produced
twice the forage yield of white sweetclover at temperatures of
10°C. In the current trial, average winter temperatures have
exceeded 10 °C since August. The higher winter growth rate of
hairy vetch could allow earlier grazing of pastures compared to
white sweetclover mixtures.

As maturity approached in December, the highest forage
yield was harvested across all treatments, as the plants were at
the flowering stage, when growth rates peak. At this stage, the
differences observed in the legume mixtures yields tended to
disappear. Hairy vetch compensates by branching out in
response to more available space, a compensatory growth
mechanism (Renzi 2009). Renzi (2009) reported this
compensatory mechanism because the accumulated forage
yield after 160 days since implantation was similar, in pure hairy
vetch cultures, with densities of 50 to 200 plants m?, similar to
the densities used in this trial.

Regardless of the interseeding density, the forage yield of
tall wheatgrass, whether in mixture or as a monoculture,
remained the same across all dates. This suggests that
increasing the interseeding rate of legumes could be explored
in future studies. Regarding the phenological state of the
legumes, it was observed that white sweetclover had a slightly
summer-shifted growth curve with peak flowering occurring in
late spring, while hairy vetch reached its flowering peak in mid-
spring. In fact, both legumes were still in a vegetative state in
early spring. However, by late spring, hairy vetch had already
formed full pods and its leaves had started to senesce, whereas
white sweetclover had just begun flowering, with its leaves still
fully green. No legume regrowth was observed after December
9, however, Evans and Kearney (2003) reported high late-
summer forage yields for white sweetclover, but this was
because spring growth was allowed to mature and produce
seed.

There is no precedent in the literature comparing the
association between hairy vetch and tall wheatgrass. Notably,
in early spring, the legumes contribute additional forage to the
pasture without significantly reducing tall wheatgrass yield. The
highest total forage yield was observed in mixtures with hairy
vetch at the highest interseeding density. Similarly, Sanderson
et al. (2013) reported that forage yield increased as the
proportion of legumes in the pasture increased. In our study,
tall wheatgrass yield was not affected by the inclusion of
legumes. However, in other studies where vetches were mixed
with winter cereals, the opposite effect was observed. Saia et
al. (2016) reported a 22% increase in total forage yield when
vetch was mixed with ryegrass, but the forage yield of ryegrass
decreased from 6506 to 3264 kg DM ha™ in the monoculture

and mixture (50:50), respectively. Renzi (2009) found a
negative relationship between oat and vetch production, with
vetch biomass decreasing by 500 kg DM ha™ for every 10%
increase in oat proportion in the mixture. Oats are among the
companion crops that most depress the forage yield of Vicia sp.
(Lithourgidis et al. 2006; Dhima et al. 2007). In our study, since
tall wheatgrass is the main pasture specie with a fully
developed and deep root system, it is likely that its forage yield
is not reduced by the interseeding of legumes. By including
hairy vetch or white sweetclover, the available environmental
resources (water, light, nutrients, etc.) that are not used by tall
wheatgrass can be used more efficiently. In regions with
fluctuating rainfall, it is desirable for pastures to have the ability
to enhance their yield potential when conditions are favorable.

Nutritive value

The improvement in forage vyield, together with the
improvement in nutritive value, represents a double benefit of
interseeding legume. In general, interseeding hairy vetch or
white sweetclover increased total CP content while reducing
the NDF content in the forage mixture.

These relationships between nutritive variables align with
findings from another grass-legume combination studied by
Sanderson et al. (2016), who reported that most differences in
nutritive value were related to the proportion of grass and
legumes in the harvested herbage. The proportion of legumes
was positively correlated with CP content and negatively
correlated to NDF content. They explained that these
differences in nutritive value are due to differences in the
functional groups (grasses, legumes, etc.) that result in
different botanical composition. These findings are also
consistent with Deak et al. (2007), where the legume
proportion of the mixtures explained the largest proportion
(r?=0,85) of the variation in CP concentration in grass-legumes
mixtures. Similarly, Sadeghpour et al. (2013) found that a barley
crop alone had the lowest CP content (23%) while CP content
increased with a greater proportion of legumes in
intercropping, reaching up to 31% CP in the legume
monoculture.

Hairy vetch mixtures had a higher CP content than white
sweetclover mixtures. This possibly occurred because hairy
vetch had both, a greater forage proportion in the pasture and
a higher CP content at the cutting dates compared to white
sweetclover (Figure 1).

In general, lower NDF values are desirable as they indicate
a higher feed intake. Intake is generally higher with legumes
than with grasses because legumes have a lower cell wall
content, a higher protein content and a faster passage rate in
the rumen (Rook and Yarrow 2002). A meta-analysis by
Johansen et al. (2018) showed that the intake of forage
legumes was 1,3 kg DM per day higher than that of grasses.

In contrast to our results, some studies have found that the
NDF content of grass-legume mixtures does not decrease when
compared to grass monoculture. There are some perennial
grasses, such as Dactylis glomerata, that have a high nutritive
value, especially in early stages of development, and can
therefore have a similar NDF content to legumes (Zemenchik et
al. 2002). Our results also differ from those of Lithourgidis et al.
(2006), who found that NDF content in mixtures increased with
increasing proportion of vetch combined with winter cereals.

1 ——
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This opposite effect is due to the fact that winter cereals
generally have a much lower NDF content than tall wheatgrass.
In our study, the fiber content of tall wheatgrass at the
reproductive stage was 72,2% in late spring and the inclusion of
a legume with a lower NDF content helped dilute the fiber
content of the mixture. In addition, the NDF content in late
spring was 10% higher than in early spring, reflecting the
progression of the phenological stage.

The ADF content of hairy vetch is similar to that of tall
wheatgrass, while it is lower in white sweetclover. Ameri and
Jafari (2016) found that tall wheatgrass pastures associated
with alfalfa did not reduce ADF content when the proportion of
the legume was less than 75% of the mixture. A proportion of
25% to 50% alfalfa mixed with tall wheatgrass did not lead to a
decrease in ADF concentration in the mixed pasture. In a study
by Zemenchik et al. (2002), ADF content was also maintained in
a mixed pasture of orchard grass (Dactylis glomerata) -
birdsfoot trefoil (Lotus corniculatus) compared to a
monoculture of orchard grass. In addition, Sadeghpour et al.
(2013) demonstrated that barley-annual medic (Medicago
scutellata) intercrops can reduce NDF and ADF by 34% and 22%,
respectively, compared to a barley monoculture.

The ADL content has a detrimental effect on IVDMD.
Nevertheless, legumes can have a lignin concentration twice as
high as grass while maintaining a high digestibility value (Van
Soest 1994). Similar to the present study, an increase in ADL
content of the whole pasture has been observed in other
studies with the addition of legumes (Caballero et al. 1996;
Lithourgidis et al. 2006), although no studies were found
specifically addressing the types of legumes used in this work.

Biological Nitrogen Fixation

The Ndfa value determined was high compared to the average
value of 60% reported by Enrico et al. (2020) for vetch in
Argentina. However, Enrico et al. (2020) documented a
minimum value of 3% and a maximum value of 99% of Ndfa for
vetch in Argentina. For hairy vetch, previous studies have
reported contributions ranging from 72,4% to 92% (Almeida
Acosta et al. 2011; Rochester and Peoples 2005). Little
information is available for M. albus, but Al-Fredan (2011)
reported an Ndfa range between 51% and 61%, using B values
of 0% and -2%, respectively.

Both legumes fixed much less nitrogen than the 227 kg N ha-
! reported by Rochester and Peoples (2005) for V. villosa under
an irrigation system in Australia. However, the N contribution
from legumes analyzed in the present study - 58 and 29 kg N
ha'l for hairy vetch and white sweetclover mixtures,
respectively- could replace a N fertilization. For example, in a
mixture of hairy vetch with the perennial grass Panicum
virgatum, similar forage yields were obtained in both the
mixture and P. virgatum monocultures fertilized with 33 or 67
kg N hal (Ashworth et al. 2015). The inclusion of legumes offers
an alternative to synthetic nitrogen fertilizer, potentially
reducing input costs.

The more productive pastures, that had the highest
production of hairy vetch or white sweetclover, were those that
would export more nitrogen as pasture forage. Nitrogen export
in the spring from the mixed herbage was positively related to
the CP content in tall wheatgrass regrowth. The higher CP
concentration in tall wheatgrass in the following autumn

suggest a better nitrogen availability in the soil. Similarly,
Freeman et al. (2016) found that the CP content in Cynodon
dactylon increased from 12% to 14,1% in autumn after growing
hairy vetch the previous year. Following these methods of
quantifying biological N fixation, our results demonstrate the
capacity of hairy vetch and white sweetclover to contribute
organic N to the soil, increasing fertility in the semiarid regions
of Argentina.

Conclusion

Our findings contribute to quantifying the multiple benefits of
interseeding hairy vetch or white sweetclover into tall
wheatgrass pastures. Significant improvements in pasture
nutritive value were achieved even at the lowest legume
interseeding density (20 viable legume seeds m?). The
magnitude of the changes on CP of the forage is related to the
proportion of legumes in the pasture. In early spring,
interseeding hairy vetch at 100 viable seeds m? increased total
forage yield, and, on average across interseeding densities,
hairy vetch produced a higher forage vyield than white
sweetclover. The yield of tall wheatgrass remained consistent
between monocultures and mixtures.

The findings can be used to estimate the expected increases
in protein content in tall wheatgrass-legume mixtures and to
adjust animal supplementation programs. Additionally, the
results provide insight into the potential N contribution to the
soil system through-biological fixation and the N legacy left by
the legumes.
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Figure S1. Monthly rainfall distribution (bars) and mean air temperature (lines) at the experimental site (Naposta Experimental Station UNS-
MDA).

Figura S1. Registro mensual de lluvias (columnas) y temperatura promedio del aire (linea) en el sitio experimental (Chacra experimental Napostd
UNS-MDA,).
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