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ABSTRACT

Binary grass—-legume mixtures can benefit for-
age production systems in different ways help-
ing growers cope both with increasing input
costs (e.g., N fertilizer, herbicides) and poten-
tially more variable weather. The main objective
of this study was to evaluate alfalfa (Medicago
sativa L.) and tall fescue [Schedonorus phoenix
(Scop.) Holub] mixtures across a wide range
of environments to assess herbage accumula-
tion, weed suppression and fertilizer nitrogen
replacement values (FNRV). A common field
experiment was established in 2009 and 2010
at six study sites in the United States: Maryland,
Pennsylvania, Utah, Virginia, Wisconsin, and
Wyoming. Experimental treatments included an
alfalfa monoculture, three alfalfa—fescue mix-
tures with seed ratios of 75:25, 50:50, and 25:75
of alfalfa/tall fescue, and tall fescue monocul-
tures that received nitrogen applications of 0,
50, 100, 150, 200, and 300 kg N ha™', respec-
tively. Data were collected over a 2-yr period.
The responses of tall fescue monocultures to
N fertilization differed among sites, and this
contrasted with mixture yields, which did not
exhibit site x treatment interactions (P > 0.05).
Herbage accumulation and weed suppression
were consistently higher in mixtures compared
with alfalfa monocultures and tall fescue mono-
cultures receiving less than 100 kg N ha'. The
FNRVs for alfalfa were within the range reported
for other studies and averaged 143 kg N ha™.
The consistent herbage accumulations across
these multiple environments suggest binary
mixtures of alfalfa—tall fescue may be a good
option for many forage-livestock producers
although yields could be improved with location
specific cultivar selection.
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RECENT STUDIES have explored the question of whether high
plant diversity can improve grassland productivity (Issel-
stein, 2005; Cardinale et al., 2007; Picasso et al., 2008; Sanderson
et al., 2007). Conclusions from these studies have been equivocal,
and those involving agricultural grasslands have shown mini-
mal benefit to sowing highly complex mixtures of forage species
(Tracy and Sanderson, 2004; Tracy and Faulkner, 2006; Mangan
et al., 2011; Sanderson et al., 2012). The mixed results may result
from the difficulty in maintaining high species diversity in fer-
tile grasslands because one or two species tend to competitively
exclude other species (Grime, 2001). Still, a low level of planned
plant diversity (e.g., two to three species) should be beneficial for
various aspects of forage production. In particular, some plant
diversity may enable grassland communities to resist to environ-
mental stress and produce more stable yield over time (Tilman
and Downing, 1994). This issue is timely since environmental
stresses may become more pronounced in coming years. With a
potentially warmer climate and rising atmospheric CO, levels,
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hay and pasturelands may face more frequent and intense
droughts, greater rainfall variation, and the possibility of
expanding weed and pest problems (Hatfield et al., 2011).
Since maintaining highly diverse forage communities in
agricultural grasslands may be difficult, it may warrant a
closer reexamination of simpler grass—legume mixtures to
help achieve some of the same beneficial effects in more
fertile agricultural soils.

Many experiments have evaluated aspects of grass—
legume mixtures, starting in the 1940s (Aberg et al.,
1943; Comstock and Law, 1948; Chamblee, 1958). Some
evidence suggests grass—legume mixtures may be more
adaptable to changing environmental conditions than
monocultures. For example, mixtures can exhibit more
even seasonal growth distribution due to legumes com-
pensating for slower grass growth in summer (Aberg et
al., 1943; Chamblee, 1958; Sleugh et al., 2000). Drought
tolerant, deep-rooted perennial legumes such as alfalfa
should be particularly useful to help growers cope with
more frequent drought. Yield stability also can be gener-
ated in the other direction as perennial grasses function to
replace declining legume stands over time. Some species
like orchardgrass (Dactylis glomerata L.) may compete effec-
tively against alfalfa and dominate mixtures (Hamilton et
al., 1969; Smith et al., 1973; Weil, 1988). Stress-tolerant
grasses, such as tall fescue, may make good companions
for alfalfa to improve the ability of mixtures to withstand
more extreme environmental variation.

In addition to potentially greater yield stability, mix-
tures can provide other benefits compared with pure
legume or grass monocultures. One benefit includes
better forage nutritive value for cattle compared with
grass monoculture (Barnett and Posler, 1983; Sleugh et
al., 2000). Mixtures also provide effective bloat protec-
tion for animals grazing legumes. Majak et al. (2003)
found that cattle fed a diet of 100% alfalfa became bloated
105 times over a 2-yr study period while those fed a
50% orchardgrass—alfalfa mix bloated only twice. Mix-
tures can help protect soil and water quality by increasing
water infiltration and reducing runoft and erosion (Casler
and Walgenbach, 1990). Grasses mixed with alfalfa also
have been shown to reduce insect pests like alfalfa weevil
Hypera postica (Coleoptera: Curculionidae), as well as
potato leathopper Empoasca fabae (Hemiptera: Cicadelli-
dae) infestations in young stands (Lamp, 1991; Roda et al.,
1996). Weed suppression may be another important ben-
efit of mixtures over monoculture stands (Cummings et
al., 2004). From an energy balance perspective, legume-
based pastures can supply sufficient N through fixation to
supply grazing animals with enough protein and energy
to sustain weight gains with much less external energy
expenditure and greenhouse gas emission than fertilized
grass pasture (Chen et al., 2004). This fertilizer-replace-
ment effect of legumes in grass stands can be significant,

sometimes exceeding 200 kg N ha™! (Zemenchik et al.,
2001). This effect is usually termed the fertilizer nitro-
gen replacement value (FNRV) as it refers to the amount
of N fertilizer required for a grass monoculture to yield
as much dry matter as the same grass in mixture with a
legume (Ta and Faris, 1987).

Although much research has evaluated aspects of
grass—legume mixtures, we were interested in determining
whether mixture yields, potential weed suppression and
FINRVs would show consistent patterns across a range of
environments. This issue is timely as input costs continue
to rise, and forage producers may be facing increasingly
variable weather patterns. To address this overarching
question, a common field experiment was established
across six sites including a range of cool to warm humid
environments and semiarid, irrigated conditions. The spe-
cific objectives of this study were to (i) compare herbage
accumulation and weed suppression of alfalfa—tall fescue
mixtures with grass monocultures across a wide range of
environments, and (ii) estimate the range of FNRVs sup-
plied by alfalfa in tall fescue swards in these environments.

MATERIALS AND METHODS
Study Sites

Characteristics of the six sites used in this study are described
in Table 1. A goal was to plant all sites in fall 2009, but this was
not feasible so several sites were established in 2010 (Table 1).
Experimental treatments included three grass—legume mix-
tures, one legume monoculture, and five N fertilizer rates
applied to grass monocultures plus an unfertilized control for
a total of ten treatments. For the legume component, ‘Ameri-
stand 403T” alfalfa (fall dormancy = 4, winter hardiness = 2)
was sown at all sites due to its adaptation across a wide range
of environments. Alfalfa seed was coated and pre inoculated.
MaxQ forage type tall fescue (‘Jesup’ with MaxQ endophyte)
was sown at all sites except Wisconsin and Utah, which used
‘Select’, a low endophyte tall fescue cultivar. Alfalfa and fescue
monoculture treatments were planted at a rate of 25 kg ha™.
Three mixtures were sown at the same rate but with alfalfa/
fescue seed ratios of 75:25, 50:50, and 25:75 (seed number per
kg is approximately equivalent for these species). The ten treat-
ments were randomly assigned to 30 plots at each site yielding
three replications per treatment. An exception was the Virginia
site that had four replications. Plot size varied slightly across
sites and averaged 3.1 X 5.8 m. Seed was drilled into a conven-
tionally tilled seedbed with 15-cm rows to an average depth of
1.2 cm. Alfalfa and fescue seed in mixtures was sown simulta-
neously with no attempt to spatially separate species.

Prior to planting, three or four soil cores (15 cm depth)
were taken from each site and analyzed at the Virginia Tech
Soil Testing Lab for pH, P, K, Ca, Mg, Zn, Mn, Cu, Fe, and
B by standard methods. Soil fertility was adjusted based on soil
test recommendations if necessary (Table 1). After the seeding
year, five nitrogen application rates were applied to tall fescue
monoculture plots using rates of 50, 100, 150, 200, and 300 kg
N ha™'. Nitrogen fertilizer, as urea, was split applied after the

CROP SCIENCE, VOL. 56, JULY—AUGUST 2016

WWW.CROPS.ORG

2027



Table 1. Site information for the six study locations.

Lat. Annual Mean air Fertilizer Planting
Site Long. Elevation Soil description precipitationt temperature applied date
m cm °C kg ha™
Keedysville, MD  39°30’ N 156 Swanpond-Funkstown silt loam (very-fine, 90 1.5 None August
77°43' W mixed, mesic Oxyaquic Paleudalfs) 2010
State College, PA 40°48’' N 11 Hagerstown silt loam (fine, mixed, semiactive, 100 104 P, 317 August
77°52' W mesic Typic Hapludalf) K, 216 2010
Lime, 4400
Logan, UT 41°54" N 1400 Millville silt loam (coarse-silty, carbonatic, 50 8.8 None August
111°48" W mesic Typic Haploxeroll) 2009
Blackstone, VA 37°29' N 134 Appling sandy loam (fine, kaolinitic, thermic 111 14.2 P, 66 October
77°23' W Typic Kanhapludults)- Cecil sandy loam (fine, K, 275 2009
kaolinitic, thermic Typic Kanhapludult) B, 22
Arlington, WI 43°18' N 100 Plano silt loam (well-drained, fine-silty, mixed, 83 77 P 77 August
89°21"' W superactive, mesic Typic Hapludalf) K, 440 2010
Lingle, WY 42°14' N 1272 Haverson loam soil (fine-loamy, mixed, super- 35 8.7 P, 66 Septmber
104°30’ W active, calcareous, mesic Aridic Ustifluvent) 2009
T 30-year mean.
first cut in spring and again in late summer. Alfalfa pure stands Data Analysis

and alfalfa—tall fescue mixtures were not fertilized.

Plots were mechanically harvested with a sickle bar mower
when alfalfa plots had reached ~10% bloom. This strategy
resulted in three or four harvests per site. One exception was
the Virginia site where a fifth harvest was taken after vigorous
fall growth in 2011. Once established, plots received no herbi-
cides or other pesticides. Irrigation was used at the Utah and
Wyoming sites as this is common practice for hay production at
these locations. At the Utah and Wyoming sites, plots received
approximately 5.5 and 4 cm of water each week during the
growing season, respectively.

Samples were collected during the first and second growing
seasons following the seeding year at all sites and are hereafter
termed Year 1 and 2. Complete Year 1 and 2 data could not be
collected at the Virginia and Wisconsin sites and thus these sites
were excluded from Year 1 and 2 analyses, respectively. Herbage
mass was quantified at each harvest by cutting a strip from the
center of each plot to an 8-cm stubble height. The minimum
strip length was 3 m, and widths ranged between 0.72 and 1 m.
Wet herbage mass was weighed and a subsample (500-1000 g)
was dried for at least 48 h at 60°C to estimate percent dry matter.
Herbage accumulation was calculated by summing dry matter
herbage mass from each harvest over the growing season. Another
subsample of the same size was taken and sorted by hand to tall
fescue, alfalfa and weed components to estimate their propor-
tion of total yield. Weeds were considered all species that were
not sown in plots. Sample components were dried and weighed
as described above. After harvest, the remaining plot was cut
to the same stubble height and herbage mass discarded. Weed
biomass was calculated by summing weed herbage mass from
each harvest. To estimate the N content in tall fescue swards,
the tall fescue fraction from each sample was ground to pass
through a 1-mm screen and then analyzed for %N concentration
by combustion with a VarioEL Cube carbon and nitrogen ana-
lyzer (Elementar Americas, Inc.) at the Virginia Tech Ruminant
Nutrition Lab. Nitrogen content was estimated only from Year 2
samples. Seasonal grass N content was determined by summing
the products of grass dry matter yield and tissue N concentration
calculated for each harvest.

The main response variables evaluated in this experiment were
total herbage accumulation, grass N content, weed biomass, and
FNRV. Herbage data were analyzed in two ways. First, a global
ANOVA was used to include site, treatment and their interac-
tion. We treated years separately because not all sites included
data from Year 1 and Year 2. If both years showed significant
site X treatment interactions (P < 0.05), we then conducted
ANOVAs on the tall fescue monocultures and alfalfa mixtures
separately following the same model structure. Relationships
between tall fescue monoculture yield and N application rate
were evaluated by regression. Regression also was used to eval-
uate how well mixture component yields (tall fescue and alfalfa)
explained total yield. Prior to all analyses, data were checked to
meet ANOVA assumptions and not transformed.

The FNRYV of alfalfa in mixture was estimated by methods
similar to Zemenchik et al. (2001). First, tall fescue yield in
monoculture was regressed against N fertilization application
rate at each respective site and year. Data were fitted with linear
and quadratic models for each site per year as other models did
not yield substantially better relationships (Cerrato and Black-
mer, 1990). If both terms of the quadratic model were significant
(P < 0.05) it was chosen. If the linear term was significant, it was
chosen. Following model selection, the equation was solved for
N application rate (x) by substituting tall fescue yield (y) of each
mixture of fescue and alfalfa. Statistical analyses were conducted
in the R statistical package (R Core Team, 2015).

RESULTS

Herbage Accumulation

Total herbage accumulation averaged 7270 kg ha™ in
Year 1 and was strongly affected by site (P < 0.001) and
treatment effects (P < 0.001) and a site X treatment inter-
action (P = 0.05). Herbage accumulation ranged from
8401 kg ha™ at the Pennsylvania site to 5529 kg ha™ at
the Wisconsin site. The site X treatment interaction was
due to variation within the tall fescue monocultures in
response to N fertilization. At most sites in Year 1, herbage
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accumulation of tall fescue monocultures leveled oft above
100 kg N ha™. The exception was the Pennsylvania site
that appeared to level oft then showed a large N response
from 200 to 300 kg N ha™' (Fig. 1a). Year 2 herbage accu-
mulations were lower than Year 1, averaging 6403 kg ha™!
and showing a site X treatment interaction (P < 0.001).
The Virginia and Pennsylvania sites had the highest yields
in Year 2 (6842 kg ha™) while the Utah and Wyoming
sites yielded about 17% less (5684 kg ha™). The interaction
was due again to responses of tall fescue monocultures
to N fertilization. At the Virginia and Pennsylvania sites,
tall fescue yield continued to increase beyond the 150 kg
N rate, while yields were largely unresponsive at other
sites to the highest N rates (Fig. 1b). When mixtures were
analyzed separately from monoculture treatments, site and
treatment effects were significant in both years (P < 0.05),
and no site X treatment interaction was observed. Plots
seeded to 75:25 and 50:50 mixtures produced the greatest
biomass in both years (Fig. 2)

Regression was used to determine whether the amount
of alfalfa seed sown in mixtures predicted its proportion
of the total herbage accumulation. Although alfalfa herb-
age accumulation was variable at the 25:75 treatment, the
proportion of alfalfa seed sown in mixtures still predicted
its accumulation proportion (P < 0.001, df = 1, 38), and
explained 52% of the variation (data not shown). Alfalfa
sown at 100, 75, 50, and 25% of mixture accounted for
80, 48, 45, and 35% of total yields, respectively. Exploring
these relationships more closely, we found that the alfalfa
component of mixtures explained more of the variation in
total herbage accumulation in Year 1 (> = 0.38. P < 0.001,
dt' =1, 43) (Fig. 3a). This trend continued in Year 2 as the
alfalfa component explained an even higher proportion of
the variation in yield (¥ = 0.48, P < 0.001) (Fig. 3b). The
r* values for tall fescue were 0.26 and 0.29 for Years 1 and
2, respectively.

Significant site X treatment interactions were found
for grass N content in Year 2 (P < 0.001) mostly due to
low and variable N content at the Wyoming site. Despite
the interaction, N content in tall fescue monocultures
increased with N application rates as expected (Table 2).
Nitrogen content of mixtures differed by site (P < 0.001)
and treatment (P = 0.001) but the interaction was nonsig-
nificant (P = 0.15). The N content of mixtures was related
to the proportion of alfalfa sown, being highest in 75%
sown alfalfa and lowest in 25% alfalfa (Table 2).

Weed Herbage Mass

In Year 1, weed herbage mass averaged 608 kg ha™ and
differed only by site (P < 0.001) mainly due to high weed
pressure at the Utah site (1143 kg ha™). Despite the high
weed pressure, this still only accounted for about 16% of
the total herbage accumulation at this site. Weed herb-
age mass in Year 2 was affected by site (P > 0.001) and
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Fig. 1. Tall fescue monoculture yields in response to N fertilization
in Year 1 (A) and Year 2 (B) separated by site.
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Fig. 2. Herbage accumulation for alfalfa—tall fescue mixtures in
Year 1 (A) and Year 2 (B). Means include weed herbage mass in
mixtures.
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Fig. 3. Mixture component yields (tall fescue and alfalfa) regressed
against total yield in Year 1 (A) and Year 2 (B). Alfalfa, solid line; Tall
fescue, dashed line.

treatment (P < 0.001) but the interaction was not signifi-
cant (P = 0.11). The site differences were mainly due to
high weed pressure at the Pennsylvania site (793 kg ha™)
while the other sites averaged less than 270 kg ha™'. High
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weed biomass in the alfalfa monocultures and tall fescue
monocultures that received no N explained the significant
treatment differences (Fig. 4).

Fertilizer Nitrogen Replacement Value

For estimation of FINRYV, linear and quadratic models were
used to evaluate the relationships between N fertilization
rate and tall fescue yield at each site. In Year 1, relationships
between N rate and tall fescue yield were not significant
for the Utah site (Table 3). The Wyoming site in Year 1
produced high FNRYV values in part because the O-fertilizer
yields were very high (5999 kg ha™) possibly due to residual
N in the soil (Table 3). Although significant, the R? value
for the equation at the Wyoming site was 0.19 thus these
FNRVs should be taken with caution. In one case (Mary-
land) and all cases at the Wyoming site in Year 2, mixture
yields were outside of the range that could be predicted by
the fertilizer response trials (Table 3). In the remaining sites
with statistically significant relationships, FNRV averaged
143 kg ha™. Values were highest at the Virginia, Pennsylva-
nia, and Maryland sites especially in Year 2 and greater in
plots with 75% sown alfalfa (Table 3).

DISCUSSION

Herbage Accumulation

An overarching goal of this study was to evaluate alfalfa—
fescue mixture yield, weed suppression and FINRV across
a wide range of environments. Herbage accumulation
was highest in the eastern sites (Pennsylvania, Mary-
land, and Virginia) averaging approximately 7600 kg ha™
while the western sites (Utah, Wyoming) averaged close
to 6000 kg ha™. This result was not unexpected as the
eastern region is probably better suited to tall fescue
production in particular (Sleper and West, 1996). Rain-
fall amounts also were generally adequate at the eastern
sites (data not shown). The Wisconsin site did not yield
as well as expected, but only Year 1 data could be col-
lected. The limited results at the Wisconsin site, then,
may not be reflective of potential productivity. Even

Table 2. Nitrogen content in tall fescue samples collected
from Year 2 sites. Values are means = 1 SE.

Monoculture Mixture
N fertilization Tall fescue N Mixture Tall fescue N

rate content treatment content

kg N ha™' kg N ha™' Alfalfa/tall fescue kg N ha™'

0 63 + 8.7 25:75 123 £ 12.9

50 89+£9.2 50:50 150 +13.2
100 110+ 11.2 75:25 160 + 17.6
150 145 + 14.5
200 178 + 13.6
300 236 + 22.0

1500+

1000+

Weed Herbage Mass (kg ha‘ﬂ)
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Fig. 4. Mean weed herbage mass collected from treatmentsin Year 2.
NO, N50, N100, N150, N200, and N300 are tall fescue monocultures
fertilized with O, 50, 100, 150, 200, and 300 kg N ha™, respectively.
ALF100, ALF75, ALF50, and ALF25 are alfalfa—tall fescue mixtures
sown with 100, 75, 50, and 25% alfalfa, respectively.

though irrigation was used at Utah and Wyoming sites,
yields were still about 20% lower than at more productive
eastern sites. This result suggests that alfalfa and fescue

Table 3. Forage nitrogen replacement values (FNRV, kg N ha™') calculated for each site in Years 1 and 2 with supporting
statistics. Mixtures were sown with alfalfa/tall fescue seed ratios of 75:25, 50:50, and 25:75. Values are means = 1 SE.

Linear Quadratic FNRV

Site Year Model y-intercept term term Adj. R? 75:25 50:50 25:75
MD 1 Quadratic 7569 224 -0.063 0.27 36.1 + 31 16.4 £ 27 -4.6+18
MD 2 Quadratic 1694 36. -0.056 0.85 173 + 19 165 + 25 178 + 58
PA 1 Linear 5518 24.6 - 0.88 141 £ 3.6 145 + 6.8 92.9 + 21
PA 2 Linear 5610 21.3 - 0.88 172 + 26 119+ 29 82.6 + 11
uTt 1 NS NSt NS NS
uTt 2 Linear 2995 16.5 - 0.71 88.5 + 33 147 + 23 91.5+ 39
VA 2 Quadratic 4625 277 -0.029 0.92 212 + 48 148 + 15 104 + 41
WI 1 Quadratic 2738 41.3 -0.073 0.93 54.0 + 16 48.5+9.9 39.2+8.2
WY 1 Linear 5699 7.2 - 0.19 338 + 133 632 + 78 81.4 + 86
WY 2 Quadratic 2097 24.0 -0.047 0.78 NS NS NS

1 NS, not significant.
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cultivars used in this study may not have been well suited
to these western environments. Grasses have been shown
to exhibit wide variation in cultivar performance when
planted with alfalfa so other cultivar combinations may
show better forage production for these regions (Casler
and Walgenbach, 1990). Lower relative humidity in the
western sites also could have resulted in elevated evapo-
transpiration rates and moisture stress between irrigations.

The responses of tall fescue monocultures to N fer-
tilization differed among sites, and this contrasted with
mixture yields, which did not exhibit site X treatment
interactions. The lack of significant site X treatment
effects for mixtures was surprising given the wide range of
environments covered and might reflect an environmen-
tal buffering effect present in grass—legume mixtures that
was not present in monocultures. Alfalfa and tall fescue
differ in various growth characteristics (e.g., tap vs. fibrous
roots, N fixation vs. no N fixation), and these differences
can permit complementary growth under different envi-
ronmental conditions (Sleugh et al., 2000). For example,
alfalfa growth may be favored under dry conditions due
to its deep tap root, while the more fibrous root system of
tall fescue might help it thrive under wetter conditions.
In terms of aboveground effects, more rapid growth of
alfalfa could shade neighboring tall fescue plants and pos-
sibly aid their growth during hot conditions (Chamblee,
1958). More commonly, growth compensation between
species in mixture usually occurs from alfalfa compensat-
ing for slower grass growth in summer (Aberg et al., 1943;
Sleugh et al., 2000). This complementary effect can be
seen in the seasonal yield distribution at the Virginia site
in 2011 (Fig. 5). Given these complementary growth char-
acteristics, mixtures may be better able to compensate, or
buffer, variable environmental conditions compared with
monocultures even if monocultures were not fertilized
with high N rates. The resultant effect may have been
more uniform yield responses across environments used
in this study.

Studies that have compared grass—legume mixtures
and N fertilized monocultures have reported mixed results.
Hamilton et al. (1969) found that alfalfa—grass mixtures
yielded more than grass monocultures fertilized with 112
to 168 kg N ha™'. Barnett and Posler (1983) and Berdahl
et al. (2001) found that alfalfa—grass mixtures were more
productive than N fertilized grasses that were fertilized
at low N rates (50—90 kg ha™). Several studies also have
shown that grass—legume mixtures are not more produc-
tive than N fertilized monocultures (Comstock and Law,
1948; Jones et al., 1988; Mooso and Wedin, 1990). Mix-
ture herbage accumulation in this study was consistently
higher compared with alfalta monocultures and tall fescue
monocultures that received low N fertilization rates.
Interestingly, a recent study showed that grass—legume
mixtures fertilized with moderate N rates (50 kg ha™)

2500
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-
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o

1000

Herbage Mass (kg ha‘1)

500

8
Month

Fig. 5. Alfalfa and tall fescue herbage mass in mixture over the
2011 growing season at the VA site. Low alfalfa herbage mass in
Month 5 (May) was in part due to alfalfa weevil damage.

could yield more than the highest yielding grass or legume
monocultures (Nyfeler et al., 2009). Possibly, moderate N
fertilization of alfalfa—tall fescue mixtures could stimu-
late even greater productivity. Overall mixture herbage
accumulation averaged 7480 and 6927 kg ha™ in Years 1
and 2, respectively, while alfalfa monocultures averaged
5903 and 6122 kg ha™!. Herbage accumulation was highest
for mixtures sown with more than 50% alfalfa, support-
ing the idea that maximizing mixture yield may require
alfalfa-dominated mixtures probably because it helps
maximize N transfer to grasses (Brophy et al., 1987). Sup-
porting this result were the tall fescue N contents, which
tended to be highest at the 50 and 75% alfalfa treatments.
The actual alfalfa herbage components in mixture were
similar in these treatments accounting for about 45% of
total herbage accumulation. This result suggests planting
alfalfa—tall fescue mixtures at greater than 1:1 ratios may
be unnecessary to maximize yield under these environ-
mental conditions.

The alfalfa component of mixtures explained more of
the variation in total yield than tall fescue, especially in
Year 2 when swards had developed more fully. This result
is in agreement with other studies (Carter and Scholl, 1962;
Barnett and Posler, 1983; Jones et al., 1988). The higher
yield of mixtures over alfalfa monocultures may have
been related to the association of tall fescue with alfalfa
as the presence of grasses in mixture may benefit legume
growth in different ways. For example, nitrogen uptake
from soil by grasses and possible N immobilization by the
microbial community could help stimulate N fixation and
associated legume growth (Craig et al., 1981; Brophy et
al., 1987; Nytfeler et al., 2011). Another example of this
possible effect were findings from a systematic planting
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study that found alfalfa produced considerably more bio-
mass when grown between orchardgrass rows than in
monoculture (Chamblee 1958). Harvest interval also can
affect grass—legume balance. Generally, grasses may com-
pete better with alfalfa if harvested two to three times
per year compared to one harvest (Comstock and Law,
1948). Smith et al. (1973) found that if tall fescue was cut
at a short stubble height (4 cm) and only harvested twice a
year, it was almost eliminated from alfalfa mixtures likely
due to shading. Under more frequent harvests, fescue per-
sisted well regardless of cutting height. Harvest intervals
used in this study were probably frequent enough to favor
fescue and indirectly help stimulate alfalfa growth.

Weed Suppression

As swards developed in Year 2, mixtures had fewer weeds
than alfalfa monocultures. This result was not unexpected
as added plant diversity can sometimes help suppress inva-
sive weeds in pastures (Tracy et al.,, 2004; Sanderson et
al., 2012). Cummings et al. (2004) found that interseed-
ing ryegrass (Lolium multiflorum L.) or wheat (Triticum L.)
into thin alfalfa stands effectively suppressed weeds and
increased forage yield although interseeding had little
effect on a fuller stand of alfalfa. Spandl et al. (1997) also
found fewer weeds in alfalta—grass swards compared with
alfalfa monoculture. Many alfalta monoculture plots in
this study experienced heavy weed pressure as has been
found in other studies (Barnett and Posler, 1983). The
highest weed pressure occurred in the early spring most
likely from winter annuals (data not shown). In some
alfalfa plots, weed invasion was related to alfalfa weevil
infestations, which were heavier in some monoculture
stands than mixtures (B. Tracy, person observation, 2010)
As winter annuals faded in late spring, however, enough
alfalfa still remained to recover and sustain high growth
during summer to help stabilize seasonal yield. It should
be noted that although mixtures suppressed weeds better
than alfalfa monocultures, high N fertilization of tall
fescue monoculture fescue plots suppressed weeds equally
well. Overall, grass inclusion in mixtures and N fertiliza-
tion probably made stands more competitive. In mixtures,
grasses likely took up space that weeds could potentially
occupy in the alfalfa stands while the high productivity of
tall fescue in response to N fertilization probably made it
harder for weeds to invade stands.

Forage Nitrogen Replacement Value

The average FNRYV reported across our sites (143 kg N
ha™) was close to the range reported in other studies.
For example, Chen et al. (2004) found that 40 to 50%
alfalfa in pasture could provide enough N to replace fer-
tilizer application to grass monoculture ranging between
52 and 153 kg N ha™'. Other alfalfa—grass mixtures stud-
ies have reported similar values (Carter and Scholl, 1962;

Jones et al., 1988). Some studies have reported higher
values. Zemenchik et al. (2001) found that kura clover
and birdsfoot trefoil could replace over 250 kg N ha™" in
orchardgrass mixtures while Sollenberger et al. (1984)
reported that high seeding rates of alfalfa (18 kg ha™) sown
with orchardgrass could replace 200 kg N ha™'. Among
our sites, FNRVs were higher and more consistent in
Year 2 than in Year 1. This result could have been related
to several factors. First, most N provided by legumes to
grasses in mixture likely comes from nodule decompo-
sition and subsequent mineralization. Although some N
could have been provided to tall fescue in Year 1, it was
probably small due to slow decomposition of root nodules
that has been reported to occur with alfalfa (Louarn et al.,
2015). Additionally, nitrogen released by legumes also can
be immobilized by microbial biomass and be unavailable
to companion grasses at least temporarily (Walker et al.,
1954). In a study that evaluated orchardgrass—alfalfa mix-
tures planted with and without belowground partitions,
significant potential belowground N transfer to orchard-
grass occurred only after two years (Chamblee, 1958).
Some of our sites also appeared to have high residual soil
N in Year 1 possibly resulting from tillage effects during
plot conversion. High N availability could have caused tall
fescue monocultures to be less responsive to N fertiliza-
tion and reduced FNRVs in Year 1. In addition to FNRV
differences between years, a clear distinction was found
between eastern and western sites. Most FNRVs at the
western sites either were nonsignificant or highly variable.
We can only speculate on the reasons for these differences,
however, high residual soil N, weed pressure and possibly
low N transfer from alfalfa to tall fescue could have played
a role. This result also may suggest that the alfalfa and tall
fescue cultivars used in this study were not well suited for
irrigated, semiarid conditions.

SUMMARY AND CONCLUSIONS

Across a diverse set of study sites, we found that alfalfa
mixtures provided similar yields to fertilized grass mono-
cultures. On average, alfalfa ‘replaced” approximately 143
kg N ha™' in grass mixtures. Mixtures sown with 50 to
75% altalfa also consistently outperformed alfalfa mono-
cultures and provided higher FINRVs. This finding was
encouraging as it suggests that alfalfa—tall fescue mix-
tures should be competitive with monocultures across a
wide range of environments. Careful selection of cultivars
may be warranted under semiarid, irrigated conditions,
however, as these sites often exhibited lower herbage
accumulation and FNRVs compared with eastern sites.
Alfalfa—fescue mixtures also suppressed weeds better than
alfalfa monocultures probably due to the inclusion of tall
fescue that helped to increase the competitiveness of swards
against weed invasion. High N fertilization rates also
increased herbage accumulation of grass monocultures,
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and this helped to suppress weeds as well. While alfalfa—
tall fescue mixtures could clearly offer some advantages in
forage production systems, grass—legume interactions are
dynamic and may change in response to many environ-
mental variables. In light of climate change, more studies
should be directed towards better understanding these
interactions across variable environmental conditions.

References

Aberg, E., 1]. Johnson, and C.P. Wilsie. 1943. Associations
between species of grasses and legumes. Agron. J. 35:357-369.
d0i:10.2134/agronj1943.00021962003500050001x

Barnett, F.L., and G.L. Posler. 1983. Performance of cool-season
perennial grasses in pure stands and in mixtures with legumes.
Agron. J. 75:582-586 doi:10.2134/agronj1983.000219620075
00040004x.

Berdahl, J.D., J.F. Karn, and J.R. Hendrickson. 2001. Dry mat-
ter yields of cool-season grass monocultures and grass—
alfalfa binary mixtures. Agron. J. 93:463—467. doi:10.2134/
agronj2001.932463x

Brophy, L.S., G.H. Heichel, and M.P. Russelle. 1987. Nitrogen
transfer from forage legumes to grass in a systematic planting
design. Crop Sci. 27:753-758. doi:10.2135/cropsci1987.00111
83X002700040030x

Cardinale, BJ., J.P. Wright, M.W. Cadotte, I.T. Carroll, A. Hec-
tor, D.S. Srivastava, M. Loreau, and J.J. Weis. 2007. Impacts
of plant diversity on biomass production increase through
time because of species complementarity. Proc. Natl. Acad.
Sci. USA 104:18123-18128. doi:10.1073/pnas.0709069104

Carter, L.P., and J.M. Scholl. 1962. Effectiveness of inorganic
nitrogen as a replacement for legumes grown in association
with forage grasses. I. Dry matter production and botanical
composition. Agron. J. 54:161-163 doi:10.2134/agronj1962.0
0021962005400020021x.

Casler, M.D., and R.P. Walgenbach. 1990. Ground cover potential
of forage grass cultivars mixed with alfalfa at divergent loca-
tions. Crop Sci. 30:825-831. doi:10.2135/cropsci1990.001118
3X003000040012x

Cerrato, M.E., and A.M. Blackmer. 1990. Comparison of models
for describing; corN content response to nitrogen fertilizer.
Agron. J. 82:138-143. doi:10.2134/agronj1990.00021962008
200010030x

Chamblee, D.S. 1958. Some above- and below-ground relation-
ships of an alfalfa-orchardgrass mixture. Agron. J. 50:434—
437. d0i:10.2134/agronj1958.00021962005000080004x

Chen, W., W.P. McCaughey, and C.A. Grant. 2004. Pasture type
and fertilization effects on N2 fixation, N budgets and exter-
nal energy inputs in western Canada. Soil Biol. Biochem.
36:1205-1212. d0i:10.1016/j.50ilbio.2004.04.003

Comstock, V.E., and A.G. Law. 1948. The effect of clipping on the
yield, botanical composition, and protein content of alfalfa-
grass mixtures. Agron. J. 40:1074—1083. doi:10.2134/agronj19
48.00021962004000120004x

Craig, L., W.J. Wiebold, and M.S. McIntosh. 1981. Nitrogen fixa-
tion rates of alfalfa and red clover grown in mixture with
grasses. Agron. J. 73:996-998. doi:10.2134/agronj1981.00021
962007300060021x

Cummings, D.C., R.C. Berberet, J.F. Stritzke, and J.L. Cad-
del. 2004. Sod-seeding and grazing effects on alfalfa wee-
vils, weeds, and forage yields in established alfalfa. Agron. J.
96:1216—1221. do1:10.2134/agronj2004.1216

Grime, J.P. 2001. Plant strategies, vegetation processes and eco-
system properties. 2nd Ed. John Wiley & Sons, New York.
Hamilton, R.I., J.M. Scholl, and A.L. Pope. 1969. Performance of
three grass species grown alone and with alfalfa under inten-
sive pasture management: Animal and plant response. Agron. J.
61:357-361. doi:10.2134/agronj1969.00021962006100030005x

Hatfield, J.L., K.J. Boote, B.A. Kimball, L.H. Ziska, R.C. Iza-
urralde, D. Ort, A.M. Thompson, and D. Wolfe. 2011.
Climate impacts on agriculture: Implications for crop pro-
duction. Agron. J. 103:351-370. doi:10.2134/agronj2010.0303

Isselstein, J. 2005. Enhancing grassland biodiversity and its con-
sequences for grassland management and utilization. In:
D.A. McGilloway, editor, Grassland: A global resource.
Wageningen Academic Publishers, Wageningen, the
Netherlands. p. 305-321.

Jones, T.A., L.T. Carlson, and D.R. Buxton. 1988. Reed canarygrass
binary mixtures with alfalfa and birdsfoot trefoil in compari-
son to monocultures. Agron. J. 80:49-55. doi:10.2134/agronj
1988.00021962008000010011x

Lamp, W.O. 1991. Reduced Empoasca fabae (Homoptera: Cicadel-
lidae) density in oat-alfalfa intercrop systems. Environ. Ento-
mol. 20:118-126. doi:10.1093/ee/20.1.118

Louarn, G., E. Pereira-Lopeés, J. Fustec, M. Bruno, A.S. Voisin,
P. de Faccio Carvalho, and F. Gastal. 2015. The amounts and
dynamics of nitrogen transfer to grasses differ in alfalfa and
white clover-based grass-legume mixtures as a result of root-
ing strategies and rhizodeposit quality. Plant Soil 389:289—
305. doi:10.1007/5s11104-014-2354-8

Majak, W., GJ. Garland, and T.J. Lysyk. 2003. The effect of herbage
mixtures of alfalfa and orchardgrass on the incidence of bloat
in cattle. Can. J. Anim. Sci. 83:827-829. do1:10.4141/A03-078

Mangan, M.E., C. Sheaffer, D.L. Wyse, N.J. Ehlke, and P.B.
Reich. 2011. Native perennial grassland species for bioenergy:
Establishment and biomass productivity. Agron. J. 103:509—
519. doi:10.2134/agronj2010.0360

Mooso, G.D., and W.F. Wedin. 1990. Yield dynamics of canopy
components in alfalfa-grass mixtures. Agron. J. 82:696—701.
doi:10.2134/agronj1990.00021962008200040010x

Nyfeler, D., O. Huguenin-Elie, M. Suter, E. Frossard, J. Con-
nolly, and A. Lischer. 2009. Strong mixture effects among
four species in fertilized agricultural grassland led to persis-
tent and consistent transgressive overyielding. J. Appl. Ecol.
46:683—691. doi:10.1111/§.1365-2664.2009.01653.x

Nyfeler, D., O. Huguenin-Elie, M. Suter, E. Frossard, and A.
Lischer. 2011. Grass—legume mixtures can yield more
nitrogen than legume pure stands due to mutual stimula-
tion of nitrogen uptake from symbiotic and non-symbiotic
sources. Agric. Ecosyst. Environ. 140:155-163. doi:10.1016/].
agee.2010.11.022

Picasso, V.D., E.C. Brummer, M. Liebman, P.M. Dixon, and B.J.
Wilsey. 2008. Crop species diversity affects productivity and
weed suppression in perennial polycultures under two man-
agement strategies. Crop Sci. 48:331-342. doi:10.2135/crop-
s¢i2007.04.0225

R Core Team. 2015. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. http://www.R-project.org/ (verified 26 Apr. 2016).

Roda, A.L., D.A. Landis, M.L. Coggins, E. Spandl, and O.B.
Hesterman. 1996. Forage grasses decrease alfalfa weevil
(Coleoptera: Curculionidae) damage and larval numbers
in alfalfa-grass intercrops. J. Econ. Entomol. 89:743-750.
doi:10.1093/jee/89.3.743

CROP SCIENCE, VOL. 56, JULY—AUGUST 2016

WWW.CROPS.ORG

2033



Sanderson, M.A., G. Brink, L. Ruth, and R.. Stout. 2012. Grass—
legume mixtures suppress weeds during establishment bet-
ter than monocultures. Agron. J. 104:36—42. doi:10.2134/
agronj2011.0130

Sanderson, M.A., S.C. Goslee, KJ. Soder, R.H. Skinner, B.F.
Tracy, and A. Deak. 2007. Plant species diversity, ecosystem
function, and pasture management- A perspective. Can. J.
Plant Sci. 87:479-487. doi:10.4141/P06-135

Sleper, D., and C. West. 1996. Tall fescue. In: L.E. Moser, D.R.
Buxton, and M.D. Casler, editors, Cool-season forage
grasses. ASA, CSSA, SSSA, Madison, WI. p. 471-503.

Sleugh, B., K.J. Moore, J.R. George, and E.C. Brummer. 2000.
Binary legume—grass mixtures improve forage yield, quality,
and seasonal distribution. Agron. J. 92:24-29. doi:10.2134/
agronj2000.92124x

Smith, D., AV.A. Jacques, and J.A. Balasko. 1973. Persistence of
several temperate grasses grown with alfalfa and harvested
two, three, or four times annually at two stubble heights.
Crop Sci. 13:553-556. doi:10.2135/cropsci1973.0011183X00
1300050017x

Sollenberger, L.E., W.C. Templeton, and R.R. Hill. 1984.
Orchardgrass and perennial ryegrass with applied nitrogen
and in mixtures with legumes. Grass Forage Sci. 39:255-262.
doi:10.1111/§.1365-2494.1984.tb01690.x

Spandl, E., JJ. Kells, and O.B. Hesterman. 1997. Weed invasion
in established alfalfa (Medicago sativa L.) seeded with perennial
forage grasses. Weed Technol. 11:556-560.

Ta, T.C., and M.A. Faris. 1987. Species variation in the fixation
and transfer of nitrogen from legumes to associated grasses.
Plant Soil 98:265-274. doi:10.1007/BF02374830

Tilman, D., and J.A. Downing. 1994. Biodiversity and stability in
grasslands. Nature 367:363-365. doi:10.1038/36736320

Tracy, B.F., and D.B. Faulkner. 2006. Pasture and cattle responses
in rotationally stocked grazing systems sown with differ-
ing levels of species richness. Crop Sci. 46:2062-2068.
do1:10.2135/cropsci2005.12.0473

Tracy, B.F., 1J. Renne, J. Gerrish, and M.A. Sanderson. 2004.
Effects of plant diversity on invasion of weed species in exper-
imental pasture communities. Basic Appl. Ecol. 5:543-550.
d0i:10.1016/j.baae.2004.08.007

Tracy, B.F., and M.A. Sanderson. 2004. Productivity and stability
relationships in mowed pastures of varying species composi-
tion. Crop Sci. 44:2180-2186. d0i:10.2135/cropsci2004.2180

Walker, TW., H.D. Orchiston, and A.F.R. Adams. 1954. The
nitrogen economy of grass legume associations. Grass Forage
Sci. 9:249-274. d0i:10.1111/§.1365-2494.1954.tb01339.x

Weil, R.R. 1988. Performance of orchardgrass, smooth brome-
grass, and ryegrass in binary mixtures with alfalfa. Agron.
J. 80:509-514. d0i:10.2134/agronj1988.00021962008000030
023x

Zemenchik, R.A., K.A. Albrecht, and M.K. Schultz. 2001. Nitro-
gen replacement values of kura clover and birdsfoot trefoil
in mixtures with cool-season grasses. Agron. J. 93:451-458.
doi:10.2134/agronj2001.932451x

2034

WWW.CROPS.ORG

CROP SCIENCE, VOL. 56, JULY—AUGUST 2016



