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Abstract: Summer annual species are the most widely grown crops in the Upper Midwest, but reliance on a
summer annual system has led to excessive soil and nutrient loss when crops are not present. Integrating
winter rye (Secale cereale L.), known for its hardiness and environmental benefits, into the rotation can address
these issues. However, there’s limited understanding of the phenotypic diversity in winter rye during key
growth stages that overlap with the typical planting dates for corn (Zea mays L.), soybean [Glycine max (L.)
Merr], and late-planted crops like dry bean (Phaseolus vulgaris L.). Thus, the objectives of this study were to
evaluate changes in biomass accumulation and quality of winter rye and triticale (x Triticosecale Wittmack)
cultivars at three growth stages. Twenty cultivars were assessed over the 2014-2015 and 2015-2016 growing
seasons across three environments in Minnesota. Winter rye and triticale were harvested for biomass at the
tillering, booting, and soft dough growth stages and rye biomass yield and quality [i.e., crude protein, neutral
detergent fiber (NDF), and 48-hour digestibility (NDFD)] were determined following harvest. Overall, there
was little variation in each parameter among the cultivars within a location and growth stage. NDFD had
some variation at the soft dough stage where digestibility ranged from 273 to 324 g kg at the Crookston site
and 332 to 406 g kg at the St. Paul site. The lack of difference between cultivars indicates a wide range of
choice when selecting a winter rye cultivar.

Keywords: winter rye; cereal rye; phenotypic diversity; biomass yield; forage quality

1. Introduction

Summer annual crops are dominant on the landscape across the Upper Midwest resulting in a
number of environmental externalities during the winter months when there is no vegetation on the
landscape [1,2]. Nutrient loss from agricultural land is a prominent concern as water with high
levels of nitrate nitrogen can negatively affect both humans and wildlife in areas downstream [3,4].
While reliance summer annual crops is unlikely to diminish, it is possible to mitigate the
environmental issues that stem from the summer-annual-dominant landscape by introducing
additional crops into the rotation [1,5]. There are ongoing efforts to identify viable winter annual
cropping strategies that support the environmental needs of corn (Zea mays L.), soybean [Glycine
max (L.) Merr], and late-planted summer annuals, such as dry bean (Phaseolus vulgaris L.) [6-10].
Cover crops, rather than cash crops, are typically utilized as winter cover in the Upper Midwest as
they can be terminated to coincide with the summer annual schedule rather than delaying summer
planting to accommodate winter crop harvest [11,12]. Despite the relative flexibility of cover crop
management, only 1-10% of agricultural land in the Upper Midwest is cover cropped, depending
on the county surveyed [13]. Of the land that is planted with a cover crop, the most common
recommendation is winter rye (Secale cereale L.) [11,14-18].

Winter rye is popular in the northern regions of Europe and North America due to its winter
hardiness, late seeding potential, nutrient holding capacity, and ability to suppress spring weeds
[11]. While winter rye can be harvested for seed, it does not reach full maturity until late July or
early August in the Upper Midwest, so rye is most often terminated during its vegetative growth
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stage [12,19]. When used as a cover crop, winter rye is typically terminated ten or more days before
crop planting to ensure that biomass is adequately terminated and to reduce any potential
allelopathic effects [14-18]. However, delaying rye termination to coincide with summer annual
planting can provide environmental benefits without affecting the proceeding summer annual
[15,16]. With additional time on the landscape, winter rye can confer benefits to soil health that
include an increase in wet aggregate stability and soil nitrogen immobilization [20-22]. Rye biomass
can also act as a weed-suppressing mulch, which is of specific interest in no-till production [23,24].
One study found that when rye was terminated at corn or soybean planting, rye biomass was able
to suppress 61% of spring weed biomass compared to no-till plots without cover crops [7]. With
additional time on the landscape during the late spring and early summer months, rye biomass and
the associated environmental benefits can accumulate rapidly [20-22,24]. However, harvesting
winter rye at advanced growth stages also corresponds with changes in forage quality that affect
nutrition and digestibility for ruminant species [25]. As rye matures, crude protein and 48-hour
neutral detergent fiber digestibility (NDFD) decrease while neutral detergent fiber (NDF) increases
[20,26]. Farmers growing winter rye for a livestock feed source need to find a balance between
summer annual crops, the deterioration in rye quality, and long-term soil health benefits [21,22,27].

Despite the environmental benefits of including winter rye in a cropping rotation, there has
been little characterization of phenotypic variation amongst winter rye cultivars at the growth
stages that usually coincide with corn, soybean, and dry bean in the Upper Midwest. Studies
concerning winter rye biomass and quality typically consider one cultivar or termination time
[25,28,29]. Of those that consider multiple termination times, a limited number of cultivars have
been considered in experimentation [20,26,30]. Therefore, the objective of this study was to evaluate
changes in biomass accumulation and quality of 19 winter rye cultivars and 1 triticale (x Triticosecale
Wittmack) cultivar at three growth stages to better understand the suitability of winter rye use for
sequential double cropping in the Upper Midwest.

2. Material and methods

2.1. Cultural practices

Cereal rye experiments were conducted over the 2014-2015 and 2015-2016 growing seasons at
three locations in Minnesota: the University of Minnesota Northwest Research and Outreach Center
in Crookston (47°47'49”N, 96°35'56”W); the University of Minnesota Southwest Research and
Outreach Center in Lamberton (44°14'17”N, 95°1829”W); and the University of Minnesota- Twin
Cities campus in St. Paul (44°5927”N, 93°11'2”W). The soil at the Crookston site was classified as a
Glyndon very fine sandy loam (coarse-silty, mixed, superactive, frigid Aeric Calciaquolls); the soil
at the Lamberton site was classified as a Normania loam (fine-loamy, mixed, superactive, mesic
Aquic Hapludolls); and the soil at the St. Paul site was classified as a Waukegan silt loam (fine-silty
over sandy or sandy-skeletal, mixed, superactive, mesic Typic Hapludolls). Locations were chosen
due to their differentiating plant hardiness zones, 4a, 4b, and 5a, for Crookston, Lamberton, and St.
Paul, respectively [31]. Monthly mean air temperature and cumulative precipitation data were
obtained from weather stations located within 1 km of each experimental site (Figures 1 and 2).
Thirty-year air temperature and precipitation averages from 1991-2020 were available for each
experimental site [32].
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Figure 1. Mean monthly air temperature over the study period and 30-year normal for the
Crookston, Lamberton, and St. Paul, MN experimental sites over the 2014-2015 and 2015-2016
growing seasons.
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Figure 2. Cumulative monthly precipitation over the study period and the 30-year monthly normal
precipitation at experimental sites in Crookston, Lamberton, and St. Paul, MN over the 2014-2015
and 2015-2016 growing seasons.

2.2. Experimental design

This experiment was a randomized complete block design with four replications. Twenty
cultivars, 19 rye and one triticale, representing a wide variety of environments of origin from the
United States, Canada, and Europe were used in this study (Table 1). Of the twenty cultivars,
fourteen cultivars are primarily used for seed production, four for forage production, one is dual
use, and one is unspecified. Tulus, a triticale cultivar, was included alongside the 19 winter rye
cultivars as it is often grown in northern climates and represents a viable winter cover crop [26,27].
The cultivar Wrens Abruzzi was only used during the 2014-2015 growing season and Akusti,
Hazlet, KWS Bono, KWS Brasetto and KWS Guttino were only planted during the 2015-2016
growing season. Trials were established on 1 October at all sites in both experimental years.
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Individual plots were 2 m by 4.5 m, each consisting of 17 rows planted with a plot seeder
(ALMACO, Nevada, IA) at a rate of 126 kg ha'. Fertilizer nitrogen (coated urea) was applied in
early spring with a push-model drop spreader (Gandy Company, Owatonna, MN) at a rate of 100
kg ha' in Crookston and St. Paul. The Lamberton site was not fertilized due to personnel
constraints.

Table 1. Origin and agronomic characteristics of 19 cereal rye cultivars and one triticale cultivar.

. Year of . .. Hardiness
Cultivar Agent or Breeder Release Type Legal Statust Primary Use Origin zone
Akusti - - - - - Europe -
Aroostook USDA-NRCS 1981 OPVit None Grain USA 2b
Dukato Saaten-Union 2008 orv pvp Grain Europe -
Oklahoma State
Elbon .. 1956 orv None Forage USA 7b
University
Hazlet SeCan 2006 OPV None Grain Canada -
KWS Bono KWS 2013 Hybrid Patent Grain Europe -
KWS Brasetto KWS 2007 Hybrid Patent Grain Europe -
KWS Guttino KWS 2007 Hybrid N/A Grain Europe -
Maton II Oklahoma 2006 OoPV None Forage USA 7b
Genetics, Inc.
Musketeer SeCan 1981 OPV None Grain Canada -
Oklon Oklahoma State 49 OoPV None Forage USA 7b
University
Prima SeCan 1984 OPV None Grain Canada -
Rymin University of 1973 opPV None Grain USA 3a
Minnesota
Spooner Unlyersﬁ}f of 1992 OPV None Grain USA 4b
Wisconsin
SU Cossani Saaten-Union 2014 Hybrid N/A Grain Europe -
SU Forsetti Saaten-Union 2013 Hybrid N/A Grain Europe -
SU Memphisto ~ Saaten-Union 2011 Hybrid N/A Grain Europe -
SU Performer Saaten-Union 2012 Hybrid N/A Grain Europe -
Nordsaat .
Tulus§ Saatzucht GmbH 2008 orv None Grain Europe -
Wheeler Mlchl.gan ?tate 1972 OPV None Forage USA 5b
University

tStatus under the Plant Variety Protection Act. tOPV = Open pollinated cultivar. §Tulus is a triticale cultivar.

Data collection occurred at three time points throughout spring 2015 and 2016. At each
collection time, winter rye phenology was recorded and biomass was harvested. Winter rye
biomass harvest was targeted at the tillering, booting, and soft dough stages, which typically occur
in late April, mid-May, and early June, respectively. Actual harvest dates varied between years and
locations to account for differences in winter rye development. These growth stages were chosen to
simulate winter rye termination to accommodate corn, soybean, and dry bean when they are
typically planted in Minnesota [12]. Phenology was assessed using the secondary descriptors of
Zadoks plant growth stages [33]. Measures were grouped within a primary growth stage for
analysis and presentation. Biomass was hand harvested from a 0.25 m? area at each collection time
and dried in an oven for 72 hours at 60°C following harvest to a consistent weight. Biomass values
were standardized to a dry matter basis for analysis and presentation.

Aboveground biomass was ground to pass through a 6 mm screen using a Thomas Wiley mill
(Thomas Scientific, Swedensboro, NJ) then subsampled. Samples were further ground to pass
through a 1 mm sieve using a Cyclotec Sample Mill (FOSS North America, Eden Prairie, MN) to
determine the forage quality in terms of crude protein (g kg'), NDF (g kg'), and NDFD (g kg of
NDF). Crude protein, NDF, and NDFD were determined using a DA 7250 At-line near-infrared
spectroscopy analyzer (Perten Instruments, Hagersten, Sweden). Crude protein for calibration
samples was determined by measuring total N content using the micro-Kjeldahl technique [34]. The
spectrophotometer was calibrated for NDF and NDFD by regressing chemically derived data
against spectral data using modified partial least squares regression.
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2.3. Data analysis

Data were analyzed using the MIXED procedure of SAS (version 9.4; SAS Institute Inc., Cary,
N.C.). Cultivar and growth stage at harvest were fixed effects while replication was considered a
random effect (Table 2). Response variables included biomass, crude protein, NDF, and NDEFD.
Location had a significant effect on the response parameters, so each location was analyzed
separately. To account for repeated measures, the model included a compound symmetry co-
variance structure. The Akaike information criterion was used to guide model selection. Biomass
and forage quality (crude protein, NDF, and NDFD) were log-transformed to meet ANOVA
assumptions and model estimates were back-transformed for presentation. ANOVA significance
was set at P < 0.05 and results are presented in Table 2. For significant effects, mean separation was
performed using Tukey’s honest significant difference (HSD).

Table 2. Analysis of variance of fixed effects for cereal rye biomass, crude protein, neutral detergent
fiber (NDF), and NDF 48-hour digestibility (NDFD) for the 2014-2015 and 2015-2016 growing season
at sites in Crookston, Lamberton, and St. Paul, MN. Variables with p-values less than or equal to
0.05 were considered significant according to Tukey’s honest significant difference (HSD).

Location Fixed effect Biomass Crude protein NDF NDFD

Crookston Cultivar 0.0005 0.0556 <.0001 0.001
Growth stage (GS) <.0001 <.0001 <.0001 <.0001

Cultivar x GS 0.0118 0.0209 0.0012 <.0001
Lamberton Cultivar 0.0797 0.5576 <.0001 0.2015
GS <.0001 <.0001 <.0001 <.0001
Cultivar x GS 0.8262 0.4541 0.0012 0.6635

St. Paul Cultivar <.0001 <.0001 <.0001 <.0001
GS <.0001 <.0001 <.0001 <.0001

Cultivar x GS 0.0351 <.0001 0.0011 <.0001

3. Results

3.1. Environmental conditions

Compared with the 30-year normal, the average temperature across experimental sites over the
2014-2015 growing season was similar to a normal year (Figure 1). However, each site had a notably
colder November and February than is typical. The Crookston site was 7.0 and 4.2°C cooler than
normal while Lamberton was 4.8 and 3.9°C cooler and the St. Paul site was 4.8 and 5.0°C cooler
than usual during November and February, respectively. Despite this, the deviation from normal
over the entirety of the growing season was only 0.1, 0.1, and 0.5°C at the Crookston, Lamberton,
and St. Paul sites, respectively. All experimental sites experienced lower-than-normal amounts of
precipitation throughout the growing season (Figure 2). Crookston, Lamberton, and St. Paul
received 73, 96, and 98 mm less precipitation than in a normal year, respectively. At the Crookston
and St. Paul sites, there was a precipitation deficit during all months except July and additionally
during May at the St. Paul site. The Lamberton site had less precipitation than normal during
October and November and between January and April. In total, Crookston, Lamberton, and St.
Paul accumulated 355, 471, and 535 mm of precipitation during the 2014-2015 growing season,
respectively, about 20% less than in a normal year.

The temperature was warmer than a normal year at all sites throughout the 2015-2016 growing
season, but there was more variation between sites than in the previous year (Figure 1). At the
Crookston site, the temperature was higher than usual during all months except April and June,
which were 0.9 and 0.4°C cooler than normal. At both the Lamberton and St. Paul experimental
sites, the average temperature was higher than normal every month that rye was planted. Over the
entirety of the growing season, the Crookston, Lamberton, and St. Paul sites were, on average, 2.5,
2.2, and 1.8°C higher than normal. In addition to being warm, the 2015-2016 growing season was
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also more precipitous than a normal year (Figure 2). The Crookston site was close to normal in all
months except June, when 68 mm more rain fell than normal. The Lamberton site had greater-than-
normal amounts of precipitation in November, May, and July while June had less precipitation than
normal. The St. Paul site also had a wetter than normal November while May was drier than
normal. In total, 470, 702, and 715 mm of precipitation fell at the Crookston, Lamberton, and St.
Paul sites, respectively, during the 2015-2016 growing season (Figure 2).

3.2. Aboveground biomass

When aboveground biomass was collected at tillering, there were no differences between
cultivars at the Lamberton location while the Crookston and St. Paul locations each had only one
cultivar yield significantly lower than the top-performing cultivars (Figure 3 and Table 2). At
Crookston and St. Paul, Tulus and Musketeer, respectively, yielded less biomass than the top-
performing cultivars. Overall, the top-performing cultivars yielded 0.29, 1.02, and 1.75 Mg ha-! of
aboveground biomass at the Crookston, Lamberton, and St. Paul locations, respectively. Similarly,
rye harvested at the boot stage had few differences in aboveground biomass yield amongst
cultivars (Figure 3). Only Tulus, a winter triticale, yielded less biomass than the top-performing
cultivars at both Crookston and St. Paul while there were no significant differences between
cultivars at the Lamberton site. The average biomass yield for the top-performing cultivars was
1.09, 3.54, and 5.68 Mg ha at Crookston, Lamberton, and St. Paul, respectively. At soft dough, there
were no significant differences in aboveground biomass between cultivars at either the Crookston
or St. Paul locations (Figure 3). No data was collected from Lamberton at the soft dough stage. The
average aboveground biomass yield at soft dough was 2.39 Mg ha at Crookston and 14.81 Mg ha-!
at St. Paul.

Crookston
20
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Lo o2l o o2l o 2 ot o ol 2 o o o o2 2o
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S

o

Figure 3. Means and mean separation of aboveground biomass by cultivar at the Crookston,
Lambertont, and St. Paul sites over the 2014-2015 and 2015-2016 growing seasons. Rye biomass
values with the same letter within a location and growth stage did not differ according to Tukey’s
HSD (P <0.05). tNo data was collected at the soft dough stage from the Lamberton site.

3.3. Crude protein

Overall, there were few differences among cultivars in biomass crude protein content at the
Crookston and Lamberton sites, however, cultivars grown at the St. Paul location had more
variation (Figure 4 and Table 2). At tillering, there were no differences between cultivars at the
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Crookston and Lamberton sites; the average crude protein values were 254 and 282 g kg7,
respectively (Figure 4). The St. Paul site had some variation at tillering; cultivars with the highest
crude protein values averaged 308 g kg of crude protein while the cultivars with the lowest values
averaged 289 g kg1 (Figure 4). Similar to tillering, there were no differences between cultivars at the
Crookston and Lamberton sites at the boot stage (Figure 4). Crude protein averaged 184 and 127 g
kg1 at the Crookston and Lamberton sites, respectively. There was less variation at the St. Paul site
at the boot stage compared to the tillering stage (Figure 4). Elbon and Maton II had significantly
lower crude protein values compared to top performing cultivars, which averaged 210 g kg-'. At the
soft dough stage, there was no data collected at the Lamberton site. At the Crookston site, Maton II
and Rymin had significantly less crude protein than the top performing cultivars (Figure 4). There
was some variation at the St. Paul site; the top performing cultivars contained 60 g kg of crude
protein while the lowest performing cultivars contained 56 g kg ! of crude protein.
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Figure 4. Means and mean separation of crude protein by cultivar at the Crookston, Lambertont,
and St. Paul sites over the 2014-2015 and 2015-2016 growing seasons. Rye crude protein values with
the same letter within a location and growth stage did not differ according to Tukey’s HSD (P <
0.05). tNo data was collected at the soft dough stage from the Lamberton site.

3.4. Neutral detergent fiber

NDF decreased as growth stage advanced. There were no differences at tillering for the
Crookston site, however, there were multiple cultivars that had significantly lower NDF than the
top performing varieties at both the Lamberton and St. Paul sites (Figure 5). The average NDF at
tillering at the Crookston site was 377 g kg while the average of the top performing varieties at the
Lamberton and St. Paul sites were 406 and 341 g kg, respectively. In comparison, the lowest
performing cultivars at the Lamberton and St. Paul sites had NDF values of 381 and 327 g kg,
respectively. At the boot stage, Tulus and Wheeler performed significantly lower than the top
performing varieties at the Crookston site; the cultivars that had statistically low NDF values
averaged 425 g kg (Figure 5). The lowest performing varieties at the St. Paul site averaged 469 g
kg'. In comparison, the top performing cultivars at the Crookston and St. Paul sites contained 449
and 479 g kg of NDF, respectively. There were no differences between cultivars at the Lamberton
site and the average was 579 g kg!. At the soft dough stage, there was no data collected from the
Lamberton site while there were no differences between cultivars at the St. Paul site, which
averaged an NDF of 700 g kg (Figure 5). KWS Bono performed significantly lower than the top
performing varieties at the Crookston site, which averaged 626 g kg'. The lowest performing
cultivars at the Crookston site averaged 615 g kg
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Figure 5. Means and mean separation of NDF by cultivar at the Crookston, Lambertont, and St.
Paul sites over the 2014-2015 and 2015-2016 growing seasons. Rye NDF values with the same letter
within a location and growth stage did not differ according to Tukey’s HSD (P < 0.05). tNo data was
collected at the soft dough stage from the Lamberton site.

The NDFD decreased with growth stage (Figure 6). There were no differences in the NDFD
across locations and cultivars from samples taken during the tillering and booting stages. The
average NDFD at tillering was 681, 547, and 758 g kg at the Crookston, Lamberton, and St. Paul
locations, respectively (Figure 6). The average NDFD at booting was 465, 336, and 637 g kg at
Crookston, Lamberton, and St. Paul, respectively. There was variation in NDFD at soft dough at the
Crookston and St. Paul sites; there was no data collected during the soft dough stage at the
Lamberton site (Figure 6). At the Crookston site, the cultivars with the highest NDFD averaged 324
g kg while the cultivars with the lowest NDFD averaged 273 g kg'. The cultivars with the highest
NDEFD at the St. Paul site averaged 406 g kg while the cultivars with the lowest NDFD averaged
332 g kgl
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Figure 6. Means and mean separation of NDFD by cultivar at the Crookston, Lambertont, and St.
Paul sites over the 2014-2015 and 2015-2016 growing seasons. Rye NDFD values with the same letter
within a location and growth stage did not differ according to Tukey’s HSD (P < 0.05). tLamberton
data not shown as there were no significant effects at tillering or booting. No data was collected at
the soft dough stage.

4. Discussion

4.1. Biomass quantity

The most noticeable differences in biomass production were determined by the location at
which winter rye was harvested (Figure 3 and Table 2). The St. Paul site produced 4.2-5.2 times
more biomass at all growth stages compared with the Crookston site and 1.6-1.7 times more than
the Lamberton site. A biomass gradient has been noted for winter rye growth at common
experimental sites in Minnesota [28]. St. Paul tends to be a top performing site due to the
environmental conditions of the urban environment compared with more rural sites like Lamberton
or Crookston [28,35]. It should be noted that the triticale cultivar, Tulus, included in this study
accumulated less biomass than the top performing cultivars at two growth stages at the Crookston
site and one growth stage at the St. Paul site despite performing similarly to most of the cultivars in
the trial (Figure 3). Within a location and growth stage, however, there was overall little variation in
biomass yield between cultivars indicating a wide range of choice when planting winter rye (Figure
3).

The majority of prior research has used date rather than crop phenology as the determinant for
winter rye termination. Despite differences in experimental design, it is clear that delaying winter
rye harvest can provide significant environmental benefits. A prior study found that wet aggregate
stability, an important metric to estimate resiliency to water erosion, increased by 27-37% in plots
with late termination compared with no or early-terminated winter rye [22]. At harvest, Ruis et al.
[22] found that biomass averaged 1.61 Mg ha'. If applied to the present study, benefits to wet
aggregate stability would likely have been conferred in late May at the Crookston site, early May at
the Lamberton site, and by late April at the St. Paul site (Figure 3). Delaying winter rye termination
to this arbitrary milestone may not only increase wet aggregate stability, but may also correspond
with reduced nutrient loss through groundwater and surface runoff due to aboveground biomass
and the winter rye root structure [22,36,37]. While the increase in wet aggregate stability would not
occur until after spring thaw in the Upper Midwest, a critical time for nutrient loss, the benefits
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could still be utilized during periods of heavy spring precipitation (Figure 2) [39]. Any soil health
benefits accumulated may increase soil resiliency against snowmelt and spring precipitation the
following year.

Research conducted in South Dakota found that when winter rye biomass yield reached 2.0 Mg
ha, the associated C:N ratio was 25:1 [20]. A ratio of 25:1 has been shown to immobilize nitrogen in
the soil, which is an important goal of winter vegetation in the Upper Midwest [4,21]. Considering
the present study, rye did not accumulate enough biomass to immobilize nitrogen until mid-to-late
May or even early June, depending on the site in question (Figure 3). However, nitrogen
immobilization may favor the growth of nitrogen-fixing species (i.e., soy and dry beans) while
repressing spring weed growth making it an advantageous choice to continue growing winter rye
into the summer season [24]. Delaying winter rye termination can offer additional weed control
benefits above nitrogen immobilization. Current best management practices recommend
terminating winter rye ten or more days prior to corn and soybean planting to reduce any
allelopathic effects [14-18]. However, in years when winter rye establishment is good, it may be
advantageous to terminate rye after corn or soybean planting to extend soil coverage as long as
possible. Recent research demonstrated that delaying winter rye termination to the same day as
corn or soybean planting reduced weed density and biomass by 31 and 61%, respectively [7].
Furthermore, allelopathic characteristics decrease with rye maturation, so leaving rye on the
ground as long as possible may negate any potential toxicity to the proceeding crop [39]. In using
cultural controls like biomass to suppress weed emergence and growth, farmers can reduce their
inputs while still effectively managing spring weeds.

There are clear benefits to winter rye biomass accumulation, creating a strong case for delaying
termination to increase both soil health and in-season benefits for summer annual crops. However,
delaying winter rye termination to mid-late May, when many of these benefits come to fruition, has
varying degrees of feasibility for each experimental location when compared against the typical
summer annual planting dates. Delaying winter rye termination to late May in Crookston, the
northern-most experimental site, likely would have negative consequences on corn or soybean
planting, establishment, and maturation due to the truncated growing season in the area [2,31].
However, this may be a viable strategy on farms growing dry beans, which are planted later in the
season [2]. In contrast, a winter rye-corn relay or double crop may be feasible in St. Paul where
biomass accumulated rapidly early in the growing season (Figure 3). As in most cropping scenarios,
decisions should be made on a case-by-case basis, taking into account both the state of the winter
rye stand and the needs of the proceeding crop.

4.2. Biomass quality

Across locations, crude protein decreased as rye phenology advanced (Figure 4). While few
recent studies have examined changes to winter rye quality over time, the growth stages targeted in
this experiment aligned with previously reported values [20,26,30]. Research conducted in South
Dakota that closely aligned with the current study found that crude protein decreased from 269 to
89 g kg when terminated in late April and late May, respectively [20]. Another study conducted in
Ontario, Canada found that winter rye crude protein decreased from 145 to 97 g kg between the
flag leaf and early heading stages [26]. Landry et al. [26] covered a smaller span of rye growth
stages compared with those covered in the present experiment, but the results underscore how
quickly winter rye crude protein decreases as the time between the first and last measurements was
only ten days. The relatively rapid changes in crude protein content represent a trade-off in winter
rye production. Biomass yield and potential environmental benefits increased the longer that winter
rye was left to grow while crude protein content decreased over the same period (Figures 1 and 2).
If farmers are growing winter rye for a livestock feed source, the deterioration in quality is likely to
deter them from extending the winter rye growing season despite the long-term benefits to soil
health. While there is no way to completely slow the decrease in crude protein content, nitrogen
application may have a positive and beneficial effect on crude protein content if maintaining quality
as winter rye matures is a priority [25].
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NDF increased as growth stage advanced while digestibility decreased (Figures 5 and 6). This
was an expected finding as rye is known to become more fibrous with phenological advancement
[30,40]. The NDF from cultivars in this experiment generally overlapped with values from prior
research. Using formulas derived from experimental data collected from four sites in Minnesota,
average NDF from tillering to soft dough increased from 316 to 718 g kg [30]. Across sites in the
current experiment, the top-performing cultivars averaged an NDF of 375, 502, and 663 g kg at
tillering, booting, and soft dough, respectively (Figure 5). While NDF increased with each sampling
interval, digestibility correspondingly decreased (Figures 5 and 6). Few recent studies have
reported NDFD values. However, one study measuring both NDF and NDFD found that NDFD
decreased from 767 to 677 g kg between the flag leaf and heading stages, indicating overall higher
digestibility than in the present study (Figure 6) [26]. While there were no differences in NDFD
between cultivars within a site during the tillering and booting growth stages in the present study,
differentiation was present during sampling at soft dough (Figure 6). Farmers growing winter rye
as a livestock feed amendment may be interested in growing cultivars that retain relatively high
digestibility when other determining factors are equivalent. Of the 20 cultivars grown, 15 had
similarly high digestibility at the Crookston site at soft dough while 14 were similar when grown at

the St. Paul site, representing a range of hardiness values, origins, and end uses (Figure 6 and Table
1).

5. Conclusions

The most important factors differentiating winter rye performance were location and growth
stage at harvest. While location may not be an easily changeable factor for most farmers, having a
clear goal for the end use of winter rye and understanding the needs of the proceeding crop may
bring clarity to options for winter rye harvest timing. There were trade-offs between biomass yield,
crude protein, NDF, and NDFD as growth stage advanced. Biomass quantity and NDF increased as
winter rye developed while crude protein content and NDFD decreased. From a soil health
perspective, waiting to terminate winter rye as long as possible was the most beneficial option.
However, an important consideration is the sowing window for the following crop and may make
any uncertainty about the use of winter rye itself unimportant. Taking winter rye end use, the
agronomic needs of the following crop, and seed cost into consideration should be the main
determinants in deciding on a winter rye cultivar at this time. In the future, new cultivars with
desirable genetics such as early maturation may be introduced at which point variety trials focused
on biomass quantity and quality should be repeated to better compare the available rye cultivars.
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