
ABSTRACT

Objectives: In temperate environments of the United 
States, winter forage management has traditionally neces-
sitated either (a) feeding conserved forages or (b) stockpil-
ing grazeable perennial forage. Forage brassicas might of-
fer a low-cost alternative to these strategies. This project 
evaluated different annual forage brassicas in a temperate 
forage fall production system.
Materials and Methods: Three brassicas, Barsica 

forage rape (Brassica napus L.), Inspiration canola (B. 
napus L.), and Appin turnip (B. rapa L.) were compared 
against KB Supreme annual ryegrass [(Lolium multiflorum 
Lam.) ARG] for DM yield and nutritive value over 2 fall 
seasons. Plot sizes were 5.5 × 9.1 m and seeded in August 
of 2015 and 2016 in a randomized complete block design 
with 4 replications. Harvests occurred at 2-wk intervals in 
2015 and 2016.
Results and Discussion: Brassica DM yields (734 to 

861 kg of DM/ha) were greater (P < 0.001) than ARG 
(344 kg of DM/ha), and NEl (1.73 to 1.79 Mcal/kg), NEg 
(1.04 to 1.11 Mcal/kg), and NEm (1.65 to 1.72 Mcal/kg) 
concentrations in Inspiration canola and Barsica forage 
rape were greater than ARG (P < 0.001). Additionally, 
total nutrient yields (kg of DM/ha) of CP (176 to 204 kg 
of DM/ha) and NEl (1,200 to 1,500 Mcal/ha) were greater 
(P < 0.001) for brassicas than ARG (CP = 88 kg of DM/
ha; NEl = 555 Mcal/ha).

Implications and Applications: Brassicas had great-
er DM and nutrient yields, allowing for twice as many 
potential grazing days as ARG, thereby conceivably ex-
tending the grazing season with high-quality forage and 
reducing feeding costs.

Key words: canola, forage quality, forage rape, forage 
yield, turnip

INTRODUCTION
Perennial cool-season forages, such as orchardgrass 

(Dactylis glomerata L.) and tall fescue [Schedonorus arun-
dinaceus (Schreb.) Dumort], often fail to meet year-round 
forage DM production needs of grazing livestock (Paterson 
et al., 1994; Sleugh et al., 2000). Traditionally, producers 
have been reliant on cool-season annual forages, such as 
annual ryegrass [(Lolium multiflorum Lam.) ARG], to fill 
this gap (Rotz et al., 2003). However, ARG rapidly de-
clines in nutritive value as it grows. Forage brassicas are 
cool-season annuals that may provide lower-cost and high-
er-quality forage to grazing ruminants during late fall and 
early winter (Begna et al., 2017; Villalobos and Brummer, 
2017). For example, McCormick et al. (2006) determined 
that forage rape [(Brassica napus L.) RAP] had less seed 
cost per area than ARG due to the combined effects of 
lower cost of seed and lower seeding rate.

Winter annual forage grasses such as ARG have long 
been established mainstays of late fall and spring forage 
production for grazing (Evers et al., 1997). However, ARG 
productivity in the fall is limited due to adverse environ-
mental conditions and plants that are sensitive to grazing 
pressure during the first several months of growth (Alison, 
1992; Rouquette et al., 1997). Brassicas are characterized 
by relatively greater leaf-to-stem ratios and nutritive val-
ues that are maintained longer into the plant life cycle 
compared with other forages (Jung et al., 1986; Smith 
and Collins, 2003). Historically, brassicas have served an 
agricultural function as oilseeds [e.g., canola (B. napus L., 
CAN) and RAP] or as cover and horticultural crops [e.g., 
turnip (B. rapa L., TUR); Francisco et al., 2011; Jankows-
ki et al., 2015]. Forage brassicas grow rapidly postger-
mination and tolerate higher temperatures than ARG 
(28–30°C), allowing for earlier establishment (Villalobos 
and Brummer, 2015) and grazing later into the season 
(August–December in temperate regions of the United 
States). These characteristics make brassicas ideal for for-
age production. However, knowledge of brassica manage-
ment for forage compared with ARG is lacking, which has 
inhibited producer adoption. Therefore, our objective was 
to quantify and compare yield potential and forage quality 
among 3 forage brassica species with those of ARG. We 
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hypothesized that fall brassica yield and quality would 
exceed that of ARG, providing a high-quality forage that 
can be grazed longer than ARG.

MATERIALS AND METHODS
This study was conducted at the Pennsylvania State 

University Russell Larson Agricultural Research Farm in 
Rock Springs, Pennsylvania (40°43′04″N, 77°56′28″W; 370 
m above sea level). The soil type was a Hagerstown silt 
loam (fine, mixed, semi-active, mesic, Typic Hapludalfs). 
Weather data were monitored throughout the duration of 
the experiment with an on-site Met 1 Weather Station 
(Campbell Scientific, Logan, UT). Treatments were as fol-
lows: 3 brassicas—(1) Barsica RAP, (2) Inspiration CAN, 
and (3) Appin TUR—compared with KB Supreme ARG. 
The field had previously been planted in wheat (Triti-
cum aestivum L.). Seedbed preparation was conducted as 
follows: 4 wk before planting, a burndown of glyphosate 
(RoundUp Weathermax; Monsanto, St. Louis, MO) was 
executed at 0.95 L of active ingredient per hectare, fol-
lowed by deep tillage with a moldboard plow 2 d later 
and surface tillage sequentially with a disk, harrow, and 
cultipacker. Plots were planted (brassicas at 5.6 kg/ha, 
ARG at 22.4 kg/ha) in mid-August 2015 and 2016 using a 
Wintersteiger Plotseed XL drill (Wintersteiger AG, Ried 
im Innkreis, Austria) and were arranged in a randomized 
complete block design with 4 replications. Each year, plots 
were rerandomized and seeded in an adjacent field so that 
each planting followed a crop of winter wheat. Plot size 
was 5.5 × 9.1 m, with a 1.8-m-wide orchardgrass border 
alley between each replication. Soil testing before planting 
in 2015 indicated a need for K fertilization at 37 kg of K/
ha, which was applied as potash (0-0-63), whereas no P 
or K fertilization was needed in 2016. Following planting 
each year, plots were fertilized with 71 kg of N/ha as am-
monium sulfate (21-0-0-24S) and were not fertilized again 
for the remainder of the season.

Plots were harvested 3 times in 2015 and 4 times in 2016 
during the fall season (September to November), depen-
dent on growing conditions. The size of these plots allowed 
subsampling to occur without harvesting the entire plot, 
so material was 2, 4, 6, or 8 wk old at each harvest date, 
respectively. At each harvest, 3 samples from each plot 
were collected using three 0.25-m2 quadrats for determi-
nation of forage biomass production and nutritive value. 
Initial harvests occurred 5 to 6 wk after planting, followed 
by subsequent harvests every 2 wk. Harvests were made in 
the fall of 2015 on October 7 [42 d after planting (DAP)], 
October 21 (56 DAP), and November 3 (70 DAP) and 
then the fall of 2016 on September 28 (35 DAP), October 
12 (49 DAP), October 26 (63 DAP), and November 8 (77 
DAP). Forage yield was determined both as average sea-
sonal yield (kg of DM/ha) and average DM yield per day 
(kg of DM/ha per day).

A composite sample from each plot was then collected. 
Samples were freeze-dried, ground to pass through a 1-mm 

mesh screen (Wiley Mill, Philadelphia, PA), and sent to 
Dairy One Laboratories (Ithaca, NY) for nutritive qual-
ity via wet chemistry. Variables measured included DM 
(method 930.15; AOAC International, 2006), CP (method 
930.15; AOAC International, 2006), RDP (Cornell Strep-
tomyces griseus enzymatic digestion; Coblentz et al., 
1999), soluble protein (SP; Cornell sodium borate-sodium 
phosphate buffer procedure), NDF (Ankom model A200, 
Ankom Technology, Macedon, NY; Mertens, 2002), ADF 
(Ankom model 200, method 973.18; AOAC Internation-
al, 2006), and ash (method 942.05; AOAC International, 
2006). Energy concentrations were calculated from nutri-
tive values [TDN (Weiss, 1993); nonfiber carbohydrates; 
NEl; NEm; NEg (Van Soest and Fox, 1992)]. Mineral con-
centrations were also quantified [P, K, Ca, Mg, Na, S, Fe, 
Zn, Cu, Mn, Mo (Thermo IRIS Advantage HX; CEM Ap-
plication Note for Acid Digestion, CEM Corp., Matthews, 
NC), and Cl (Cantliffe et al., 1970)].

Total nutrient yield (kg of DM/ha) for variables most 
important to animal nutrition and DMI were calculated 
using the following equation:

	 nutrient, kg of DM/ha = 	  

(nutrient, g of DM/kg × DM yield, kg/ha)/1,000.

Thus, we converted nutrient concentration (%) to nutrient 
yield (kg of DM/ha).

Statistical analyses were conducted using SAS 9.4 (SAS 
Institute Inc., Cary, NC), using PROC GLIMMIX to con-
duct ANOVA, with LSMEANS and “/pdiff lines” used to 
conduct mean separation. Data were analyzed as a ran-
domized complete block design. The statistical model for 
all dependent variables was Yijk = μ + Ri + Hj + Sk + HSjk 
+ εijk, in which Y = the dependent variable, μ = mean 
effects, R = replication, H = harvest number, S = spe-
cies, and ε = experimental error. Harvest and species were 
considered fixed effects. Year and any interactions involv-
ing year were considered as random effects or pooled into 
experimental error. Significance was set at α = 0.05. Any 
interactions between harvest and species were separated to 
determine species effects within each harvest.

RESULTS AND DISCUSSION

Forage Yield and DM
There were no significant harvest × species interactions 

observed for DM yield or concentration (P > 0.05). Dry 
matter yield of all 3 brassica species (CAN, RAP, and 
TUR) was 113 to 150% greater (P < 0.001) than DM 
yield of ARG, but no differences (P > 0.05) were observed 
among the 3 brassica species (Table 1). Following a similar 
pattern, DM yield per day of the brassicas was greater 
(P < 0.001) than DM yield per day of ARG, and no dif-
ferences (P > 0.05) were observed among the brassicas. 
Conversely, DM concentration of ARG was 59 to 90% 
greater (P < 0.001) than the brassica species. Dry matter 
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concentration did not differ (P > 0.05) among the brassica 
species. The relatively low mean yields were a function of 
the 2-wk harvest intervals.

Throughout this study, the brassica species consistently 
yielded more than twice the DM compared with ARG. Pre-
vious work conducted in Colorado (Villalobos and Brum-
mer, 2015) found similar DM yields of RAP and TUR 
in stockpiled systems when seeded in mid-August (RAP 
ranged from 3,100 to 3,500 kg of DM/ha; TUR ranged 
from 3,300 to 3,600 kg of DM/ha). They also concluded 
that earlier planting dates (mid-July to mid-August) pro-
vided increased exposure to beneficial temperature and 
light conditions that resulted in increased yields. Mean 
maximum and minimum temperature data were similar 
between Colorado and Pennsylvania during these times, 
but Colorado was much drier (CoAgMet, 2019). Mean 
monthly rainfall was only 25.4 mm compared with 90 to 
160 mm in Pennsylvania throughout the fall, thus irriga-
tion was used in Colorado. Despite this, our planting dates 
fell within a similar timeframe (early to mid-August), 
which could account for the significantly greater yields of 
brassica species. Annual ryegrass yields in this study were 
also similar to other work that was conducted in Minne-
sota under similar rainfall, with colder fall temperatures, 
when planted at similar times (Grev et al., 2017). This 
supports the notion that ARG, although productive in the 
spring, has relatively low yields in fall under cooler tem-
peratures, regardless of planting date. Additionally, the 
daily growth rate of the brassicas was about 2 to 2.5 times 
that of ARG. Given that all species received equivalent 
regrowth periods, this indicates that the observed greater 
yields of the brassicas over the entire season were largely 
due to the greater growth rates per day of these species.

Unlike DM yield, DM concentration of ARG was almost 
double that of the brassica species tested. This was likely 
due to species morphology, with brassica species having 
far greater leafy tissue that inherently contains more wa-
ter and soluble sugars and fewer structural carbohydrates 
than grasses (Jung et al., 1986; Smith and Collins, 2003). 
Although the brassicas did have greater DM yield, there 
are some important implications of ARG having a greater 
DM concentration. For example, less fresh ARG would 
need to be grazed to meet daily DMI needs of cattle. Nor-
mally, this would allow pastures to be grazed for a lon-
ger period of time before exhausting available forage, but 
the lower DM yield of ARG compared with the brassicas 
would inhibit this. Nutrient needs may also be met earlier 
in the day due to the greater ARG DM concentration, 
provided that fiber levels or forage availability would not 
inhibit DMI first.

Nutritive Values
Fiber Concentrations. Lignin and NDF had no har-

vest × species interactions (P > 0.05), whereas ADF did 
show a significant interaction (P < 0.001). Neutral de-
tergent fiber was greater (P < 0.001) for ARG than all 3 
brassica species, which were not different (P > 0.05) from 
each other (Table 1). Greater NDF concentration in ARG 
was expected, as stem material is far more prevalent in 
this species (Amaral et al., 2012) than in brassicas (Wie-
denhoeft and Barton 1994). Generally, grass fiber (NDF 
and ADF) concentration exceeds other classes of forage 
species (i.e., broadleaf plants), even when in the vegetative 
stage. Previous findings in other cool-season annual forage 
grasses in the vegetative stage of growth reported a similar 

Table 1. Yield and nutrient concentrations of 3 forage brassicas [canola (CAN), forage rape (RAP), and turnip (TUR)] and 
annual ryegrass (ARG) averaged over 2 fall growing seasons (2015 and 2016; DM basis)

Nutrient   Unit

Species

SE
Species 
effects

Harvest × 
species effectsARG CAN RAP TUR

DM yield kg/ha 344.2b 733.7a 860.8a 752.5a 241.4 <0.001 >0.05
DM yield per day kg/ha per day 24.6b 52.4a 61.5a 53.7a 5.98 <0.001 >0.05
DM concentration % DM 21.31a 13.32b 12.15b 11.19b 3.78 <0.001 >0.05
NDF % DM 34.30a 17.01b 18.44b 18.47b 4.23 <0.001 >0.05
Lignin % DM 2.04 2.04 1.53 1.96 0.24 >0.05 >0.05
TDN % DM 67.49c 72.16a 70.19b 66.53c 1.29 <0.001 >0.05
NEl Mcal/kg 1.60c 1.79a 1.73b 1.63c 0.03 <0.001 >0.05
NEm Mcal/kg 1.55c 1.72a 1.65b 1.53c 0.04 <0.001 >0.05
NEg Mcal/kg 0.97b 1.11a 1.04a 0.93b 0.04 <0.001 >0.05
CP % DM 28.09a 25.14b 25.39b 24.19b 2.26 <0.001 >0.05
Ash % DM 13.34b 13.52b 15.09a 16.25a 1.21 <0.001 >0.05
K % 4.04a 3.34c 3.71b 4.15a 0.11 <0.001 >0.05
Ca % DM 0.73c 1.99b 2.03b 2.26a 0.10 <0.001 >0.05
Na % DM 0.02b 0.04a 0.05a 0.05a 0.01 <0.001 >0.05
S % DM 0.46b 0.95a 0.93a 0.88a 0.04 <0.001 >0.05

a–cWithin rows, different superscripts indicate significant differences.



Forages and Feeds160

range of NDF values to the ARG in the current study (30 
to 40%; Edmisten et al., 1998). Despite these differences, 
NDF ranges for all species were still well below critical 
thresholds for inhibiting DMI (Belyea et al., 1993). Lignin 
concentration did not differ among any species (P > 0.05). 
This suggests that deposition of indigestible secondary cell 
wall material occurs at similar rates across the species.

Acid detergent fiber values fluctuated across the growing 
season (P < 0.05; Figure 1a). These interactions suggest 
that ADF concentration may be more predicated on har-
vest timing than on forage species alone. At harvests 1 and 
3, ADF concentration was greater in ARG compared with 
the brassica species (P < 0.01), whereas at harvest 4, ADF 
concentration of ARG was greater than CAN (P < 0.01). 
Additionally, there was less range in ADF concentration 
(3 to 5%) than NDF concentration (16 to 17%) between 
ARG and the 3 brassicas.

Previous research on the nutritive value of cool-season 
grasses found that IVDMD and NDF became more neg-
atively correlated as the plants progressed to reproduc-
tive maturity (Pritchard et al., 1963; Karn et al., 2006). 
Conversely, nutritive values of brassicas have been estab-

lished to have little change in NDF, ADF, and IVDMD 
as the plants mature (Villalobos and Brummer, 2015). In 
comparing values reported for brassicas by Villalobos and 
Brummer (2015) to those reported for grasses (Karn et 
al., 2006), brassica NDF (19.9 to 22.0%) was substantially 
less than in grasses (NDF, 57.1 to 62.2%), and brassica 
IVDMD (87.0 to 91.0%) was greater than grass IVDMD 
(75.4 to 80.0%). Our results corroborate these previous 
findings, but it should be emphasized that our NDF values 
were considerably lower for grasses, lessening the negative 
effects on DMI.

Energy Concentrations. No harvest × species inter-
actions were observed for any variable assessing forage en-
ergy content (P > 0.05). Canola had the greatest (P < 
0.001) TDN, NEl, and NEm, whereas ARG and TUR had 
the least and did not differ from each other (P > 0.05). 
The NEg of CAN and RAP was greater (P < 0.001) than 
ARG and TUR. Canola consistently ranked as the great-
est TDN or energy-containing (NEl, NEm, NEg) species 
that was tested. In each of these categories, both ARG 
and TUR always ranked lowest in net energy concentra-
tion. These values indicated that CAN was the optimum 

Figure 1. Nutritive value variables with significant harvest × species effects. (a) ADF concentration, (b) soluble protein (SP) 
concentration, (c) P concentration, and (d) Mg concentration. Species included ARG (annual ryegrass), CAN (canola), RAP (forage 
rape), and TUR (turnip). Harvests 1 to 4 occurred at 2-wk intervals from September to November 2015 and 2016, with plants having 
2 wk, 4 wk, 6 wk, and 8 wk of growth at each harvest, respectively. Harvest 4 only occurred in 2016; thus, only 1 yr of data are 
represented for that date. Different letters (A–C) at each harvest indicate significant differences between species treatments at P 
< 0.01.
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energy species and that the feeding of brassicas may po-
tentially offer benefits to grazing livestock over consump-
tion of a cool-season annual grass species, such as ARG.

Feeding recommendations for brassicas have generally 
been limited to 50% of DMI, to prevent negative effects 
of glucosinolates and reduce risk of extremely low-fiber, 
high-CP diets (Hall and Jung, 1993; Dillard et al., 2018). 
Therefore, all calculations used in this study set brassica 
DMI at 50% of total DMI to determine whether CAN and 
ARG met 50% of NEl (dairy) at a given BW and level of 
milk production (NRC, 2001), or NEg (beef) at a given 
BW (NASEM, 2016). For dairy cattle NEl requirements, 
2 BW were compared, 454 kg (small frame, representa-
tive of a Jersey) and 680 kg (large frame, representative 
of a Holstein). Both early and mid-lactation periods were 
included due to variable nutrient requirements at these 
times. In both cases, when fed at 50% of DMI, CAN was 
not able to meet 50% of NEl requirements at any level of 
milk production during early lactation. This is indicative 
of the difficulties in using forage-based diets to meet needs 
of moderate-producing animals (i.e., >30 kg of milk/d 
in early lactation; Hammond et al., 2016). However, NEl 
needs were met for mid-lactation cows producing 40 kg 
of milk at 4.5% fat content when feeding CAN at 50% 
DMI. If ARG were fed at 50% DMI, it could only provide 
enough energy for a small-frame, mid-lactation dairy cow 
to produce 30 kg of milk at 5% fat. This indicated that 
brassicas still had an advantage over ARG, even with their 
limitation of comprising only 50% of DMI. Supplemental 
energy would almost always be required to meet nutrient 
needs of dairy cows producing moderate amounts (25–40 
kg/d) of milk.

For beef cattle NEg requirements, a BW of 250 kg was 
selected to represent a yearling steer (stocker) calf. This 
would result in 6 kg of DMI, assuming DMI at 2.4% of 
BW. If 50% of that total (3 kg) would be composed of 
CAN, the brassica component of the diet would supply 
approximately 3.33 Mcal/d NEg, which meets nutrient re-
quirements for an ADG of 0.8 to 1.0 kg/d. Annual rye-
grass also provided a similar NEg at 3.09 Mcal/d. This 
indicated that differences between ARG and the brassi-
cas were less pronounced in meeting the nutrient needs 
of growing steers. This is not surprising, as their dietary 
needs are much less than those of lactating dairy cattle.

Due to the limitation of brassicas being fed at 50% DMI, 
the remainder of the diets of dairy cows or beef steers would 
likely need to be composed of fresh herbage or conserved 
forages that have a complement of slightly higher fiber to 
balance the low fiber concentrations of the brassicas. The 
supplemented forage would serve to slow rate of passage, 
potentially increasing efficiency of digestion of the brassica 
forage in the rumen. Concentrates, if warranted based on 
class and production level of the animal, would provide 
additional energy that could better recapture ammonia-
N in the rumen by conversion to microbial protein, and 
prevent loss of the large amounts of RDP contained in the 
brassicas (Titgemeyer and Merchen, 1990).

Protein Concentrations. Crude protein of ARG was 
greater (P < 0.001) than all 3 forage brassicas (Table 1). 
The elevated CP found in ARG may indicate this grass 
species has an improved N use efficiency (NUE) com-
pared with brassica species. Past research found that NUE 
for ARG ranged from 44.2 to 52.1 kg of DM/kg of N ap-
plied (Marino et al., 2004), suggesting that ARG is effi-
cient in N uptake and incorporation into DM. Conversely, 
Fismes et al. (2000) reported that oilseed rape was a crop 
with low NUE (<50%). They also concluded that low soil 
S can further exacerbate NUE, as S concentration was 
synergistic with N uptake at greater levels and antago-
nistic at higher or lower levels. Soil sampling of our plots 
after harvest revealed that S concentrations were at the 
low end (10.5 to 12 mg/kg) of acceptable range (10 to 25 
mg/kg; data not shown). Thus, these factors may have 
contributed to the lower CP found in our brassica samples.

Despite lower CP concentration found in the brassicas, 
RDP was not affected by species but was affected by har-
vest interval (P < 0.01; Figure 2). Mean RDP declined 
steadily from harvest 1 to 4. Daily RDP requirements of 
both small- and large-breed dairy cows range only from 9 
to 11% of CP (NRC, 2001). Based on these requirements, 
RDP of the forages in this study (72 to 84% of CP) far ex-
ceeded RDP needs of dairy cows. Although microbial pro-
tein synthesis in the rumen is not likely to be significantly 
affected by feeding a brassica compared with ARG, there 
may be other concerns for dairy producers. From a man-
agement perspective, producers frequently supplement 
high RDP forages with adequate amounts of concentrate 
or cellulosic carbohydrates to reduce excessive N losses as 
urea in urine and milk (Titgemeyer and Merchen, 1990; 
Clark et al., 1992). With elevated RDP concentrations of 
the forages observed in this study, producers would either 
need to limit DMI of high-protein forages or provide high-
er-fiber forage to slow rate of passage. Energy supplemen-
tation would then be necessary to capture as much RDP 
as possible from the brassicas, minimizing the amount of 
N lost as urine or milk urea.

A significant harvest × species interaction was observed 
for SP (P < 0.001, Figure 1b). Until harvest 4, mean SP 
concentration of RAP was greater than ARG but declined 
following harvest 2. Conversely, SP of ARG exceeded all 
but TUR at the end of the trial. Overall, SP comprised 
about 50% of the CP from the forages tested. These SP 
feed values from the 3 brassicas and ARG suggest that 
their protein is of high quality and will rapidly be convert-
ed to microbial protein in the rumen. However, the NRC 
(2001) states that dairy cows are only approximately 67% 
efficient at using MP, but more recent work (Moraes et 
al., 2018) suggests that at greater levels of MP, efficiency 
could be less than 50%. Thus, a greater supply of readily 
available protein in animal feed may result in excessive 
losses as urea, similar to concerns with RDP.

Mineral Concentrations. There were no harvest × 
species interactions for ash, K, Ca, Na, and S (P > 0.05). 
Turnip and RAP had greater (P < 0.001) ash concentra-
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tions than CAN and ARG (Table 1). Potassium concen-
trations were greatest (P < 0.001) for TUR and ARG 
and least for RAP and CAN. Concentrations of Ca were 
greatest (P < 0.001) for TUR and least for ARG. Both 
Na and S concentrations were greater (P < 0.001) in the 
brassica species than in ARG, with no differences among 
brassicas (P > 0.05).

Significant interactions were found between species and 
harvest (P < 0.01) for P (Figure 1c) and Mg (Figure 1d) 
concentrations in the forages tested. In both cases, ARG 
consistently ranked among the lowest in P and Mg con-
centrations at each harvest. Conversely, TUR consistently 
ranked greatest in P concentration among the other spe-
cies at harvests 2 to 4 (P < 0.01), and brassica Mg con-
centrations did not differ from each other at any of the 
harvests (P > 0.05). Additionally, ARG P concentration 
declined from harvest to harvest, and Mg concentration 
declined in all 4 species at successive harvests.

These results were indicative of several key mineral 
relationships in both crop and livestock production. In 
relation to P, soils could be depleted as a result of grow-
ing brassicas, particularly in soils already low in P before 
planting. This would necessitate increased P fertilization. 
However, many temperate soils are generally high in P 
concentration due to historic manure application and 
overfertilization of P (Sharpley et al., 2000). As a result, 
this often limits P fertilization in regional production sys-
tems due to runoff concerns, particularly in watersheds 
such as the Chesapeake Bay (Boesch et al., 2001; Mulkey 
et al., 2017). However, brassicas have shown the potential 
for use in phytoremediation of high P soils (Delorme et 
al., 2000). This presents a potentially added benefit of 
growing brassicas in areas where runoff is a concern. Po-
tassium concentrations were greatest in ARG and TUR, 
which may pose issues with crop removal and necessitate 

fertilization. In this study, TUR offered similar K concen-
trations to ARG, while having many other nutritive value 
and yield benefits that ARG lacks. Therefore, TUR may 
prove a sufficient source of K if producers shift to more 
brassica-based diets. However, high K concentration of 
forages can negatively affect DCAD and lead to increased 
incidence of hypocalcemia (milk fever) in periparturient 
dairy cows (Saborío-Montero et al., 2017). The greater K 
in TUR may limit its use due to this risk and instead favor 
balanced ratios of CAN, RAP, and TUR if incorporating 
brassicas in a ration.

Annual ryegrass also had reduced Mg concentration com-
pared with the brassicas at harvests 1, 2, and 3 (Figure 
1d). In cattle, Mg deficiencies can result in hypomagnese-
mia (grass tetany) and contribute to milk fever (Tremblay 
et al., 2009). Perennial cool-season forages are known to 
cause grass tetany when fed in spring, due to an increase 
in growth rate and nutrient uptake, which reduce Mg DM 
concentration (Grunes and Welch, 1989). However, annual 
crops, such as ARG and brassicas, are capable of rapid 
growth during seedling stages after germination; this rapid 
growth potentially exacerbates the risk of low Mg concen-
tration in forages. Previous work has established a thresh-
old for Mg concentration to avoid grass tetany (hypomag-
nesemia) as >0.2% DM for pregnant or lactating cattle 
(Grunes et al., 1970). Although our results indicate Mg 
deficiency was only an issue during later months (October 
and November, during harvests 3 and 4), our data suggest 
that elevated Mg levels in brassicas may reduce the risk 
of nutritional disorders to cattle grazing or fed brassica 
forage. In tandem with elevated Mg, our findings indicate 
that brassica species had greater amounts of Ca by a fac-
tor of almost 3-fold. This is beneficial in animal nutrition 
for several reasons. Low blood Ca (hypocalcemia) is often 
associated with low K and Mg concentrations (Grunes et 
al., 1970; Anast et al., 1972); this symptom is particu-
larly evident in prepartum and peripartum dairy cows and 
beef cattle (Kronqvist et al., 2011). Additionally, the as-
sociation with milk fever makes managing Ca intake of 
the utmost importance in ration formulation and dietary 
supplementation (NRC, 2001). Risk of milk fever is also 
exacerbated by DCAD and may be lessened by feeding 
brassica species that are lower in alkaline ions such as K 
but higher in acidic ions such as S and Cl (Block, 1984; 
Iwaniuk and Erdman, 2015). Canola and RAP were 2 spe-
cies in this study that met these criteria, while also having 
greater Mg and Ca concentrations. Therefore, CAN and 
RAP could potentially lower risks of hypocalcemia and 
reduce the incidence of these issues.

All brassicas also had greater Na and S concentrations 
than ARG. The greater S concentration is particularly 
noteworthy, as CAN, RAP, and TUR all had approxi-
mately twice the S concentration of ARG. Because glu-
cosinolate structure is heavily composed of S (Tripathi 
and Mishra, 2007), elevated S in the brassicas provides a 
strong indication of elevated glucosinolate levels (Zhao et 
al., 1993). This is problematic for producers feeding these 

Figure 2. Harvest effects on RDP. Harvests 1 to 4 occurred at 
2-wk intervals from September to November 2015 and 2016, 
with plants having 2 wk, 4 wk, 6 wk, and 8 wk of growth at each 
harvest, respectively. Harvest 4 only occurred in 2016; thus, 
only 1 yr of data are represented for that date. Different letters 
(A–C) at each harvest indicate significant differences between 
harvest treatments at P < 0.01.
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forages to dairy cows, as they have been frequently associ-
ated with reduced DMI and milk production, along with 
I and Cu deficiencies if fed in excess (Gustine and Jung, 
1985). Additionally, S toxicity has been observed in live-
stock consuming brassicas with S concentrations similar 
to our findings (>0.8%; Hill and Ebbett, 1997), which fur-
ther supports limiting brassicas to 50% DMI in ruminant 
livestock.

Nutrient Yield
When total nutrient yields (kg of DM/ha) were calcu-

lated, RAP and TUR had greater (P < 0.05) NDF yields 
per hectare than ARG (Table 2). However, CAN and ARG 
had similar (P > 0.05) NDF yields per hectare. Yields per 
hectare of the following nutrients were all greater (P < 
0.001) in the brassica species than in ARG: CP was 98 to 
130% greater, TDN was 109 to 156% greater, NEl was 118 
to 168% greater, and NEg was 108 to 170% greater. There 
were no differences (P > 0.05) among brassica species for 
CP, TDN, NEl, and NEg yields per hectare. There were no 
interactions between species and harvest (P > 0.05) for 
any of these nutrient yield variables.

By factoring together nutrient concentrations and DM 
yield, all 3 brassica species had greater nutrient yields 
than ARG. This is important to note, as there was little, 
or no, differences in CP, TDN, NEl, and NEg concentra-
tions between ARG and the brassicas. These greater yields 
of protein and energy support our hypothesis that forage 
brassicas contain overall greater nutritional value than 
ARG. Previous work has also established the superior 
yield and nutritive value of brassicas, particularly during 
fall (Rao and Horn, 1986). Neutral detergent fiber yields 
per hectare of RAP and TUR were 30 to 46% greater than 
ARG. However, NDF yield for all species in this study fell 
considerably below thresholds that have been established 
to reduce DMI (Van Soest, 1965; Belyea et al., 1993; Al-
len, 1996). Maximum dairy cow and beef cattle NDF DMI 
is about 5 kg/d, and if fed at 50% DMI, the brassicas 
provided only 2 kg of NDF to the animal, whereas ARG 

provided 4 kg of NDF. Thus, DMI for all of these forages 
would not be affected by the relatively low fiber fractions 
found in these cool-season annual forages and other fi-
ber sources would be needed for optimal rumen function. 
Sulfur yields of the brassicas were greater than ARG by 
200 to 300%. As previously stated, this was indicative of 
elevated glucosinolates in the brassicas (Aghajanzadeh et 
al., 2014), which could hamper DMI and cause other mi-
cronutrient deficiencies, including Cu and I (Dillard et al., 
2018).

The advantages of greater nutrient yields of the brassica 
species became more evident when compared with nutri-
tional needs of cattle. This comparison allows for a direct 
translation of nutrient yield into carrying capacity and 
number of grazing days, based on supply of nutrients, and 
enables a practical application of nutritional concentration 
of forages in this study. All nutrient requirements were 
sourced from the NRC (2001) for dairy cattle and from the 
NASEM (2016) for beef cattle. In terms of nutrient DM 
yields per hectare, CAN, RAP, and TUR had greater NEl, 
NEg, and CP yields than ARG. Thus, the lowest-value 
brassica, TUR, was compared with ARG to determine car-
rying capacity based on energy and protein needs for both 
dairy and beef cattle.

In general, the nutrient yields of the brassicas would al-
low for about twice the carrying capacity of ARG. Turnip 
NEl yield was about 1,200 Mcal/ha, with mid-lactation, 
small-frame (454 kg) dairy cows requiring about 40 Mcal if 
NEl/d. With 50% of DMI being from brassicas, each animal 
would need about 20 Mcal of NEl/d. This allows enough 
energy to support an animal for 60 d. However, ARG NEl 
yield was only 555 Mcal/ha and, when fed at 50% DMI, 
can only provide about 28 d of energy to sustain optimal 
milk production. When comparing NEg, beef stocker cattle 
starting at a BW of 250 kg require 1.9 Mcal/d when fed at 
50% DMI to meet an ADG of 1.2 kg/d. With TUR yield-
ing 694 Mcal/ha, this allows enough energy to support 365 
d of grazing in a beef stocker. Annual ryegrass only pro-
vided enough NEg to allow 175 d of grazing. These values 

Table 2. Total nutrient yield per hectare (DM basis) of 3 forage brassicas [canola (CAN), forage rape (RAP), and turnip (TUR)] 
and annual ryegrass (ARG) averaged over 2 fall growing seasons (2015 and 2016; DM basis)

Nutrient   Unit

Species

SE
Species 
effects

Harvest × 
species effectsARG CAN RAP TUR

NDF kg of DM/ha 110.9b 130.4ab 162.8a 146.1a 17.15 <0.05 >0.05
CP kg of DM/ha 88.3b 181.3a 203.5a 175.6a 21.61 <0.001 >0.05
TDN kg of DM/ha 236.7b 528.4a 605.6a 496.9a 61.08 <0.001 >0.05
NEl Mcal/ha 555.3b 1,304.4a 1,489.4a 1,214.6a 147.9 <0.001 >0.05
NEg Mcal/ha 333.5c 804.6ab 905.2a 693.8b 93.3 <0.001 >0.05
S kg of DM/ha 1.80b 6.67a 7.70a 6.72a 0.74 <0.001 >0.05

a–cWithin rows, different superscripts indicate significant differences.
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lend support to the superior nutritional yield of brassicas 
during the fall grazing season when compared with annual 
grass species and further indicated that nutrient values in 
brassicas did not decline over the course of the fall grow-
ing season.

Grazing-based operations should also consider risks as-
sociated with feeding these species, as CP far exceeded 
recommended dietary intake. At the previously given BW 
and productivity levels for dairy cows and beef stockers, 
CP needs are only about 2.2 and 0.38 kg/d, respectively. 
However, the brassica species yielded enough CP (≥175.6 
kg of DM/ha) for about 80 grazing days at minimum with 
dairy and 460 d with beef; ARG, although yielding less 
CP (88.3 kg of DM/ha) than the brassicas, still provided 
enough CP for 40 grazing days with dairy and 232 d with 
beef. Although higher-CP forages are generally desired by 
producers, levels this far in excess of dietary needs present 
substantial risk of excess dietary protein if stocking rates 
are not properly managed. This could result in animal 
nutrition and health issues related to increased rate of 
passage, loss of N as urea in urine, and elevated MUN lev-
els. Due to potentially variable CP, feeding these high-CP 
forages would need to be accompanied by both high-fiber, 
low-protein feed sources such as a low quality grass hay 
or baleage, or high-energy feeds (i.e., concentrates) to bal-
ance C to N ratios in the rumen and allow more efficient 
conversion to microbial protein that the animal can use 
for production.

APPLICATIONS
Forage brassicas have the capacity to occupy a unique 

niche within forage-animal production systems in temper-
ate environments. Our findings indicated that brassica 
species (CAN, RAP, and TUR) had twice the DM yield 
potential, along with greater digestible and net energy 
than was observed in ARG during the fall growing season 
in a temperate region of the United States. Nutrient yields 
indicated that forage brassicas provided 2 to 3 times the 
CP, TDN, NEl, and NEg observed in ARG (on a per hect-
are basis) when harvested at identical intervals. This may 
allow for almost twice the available fall grazing days com-
pared with ARG. Lastly, our findings suggest that bras-
sicas maintain quality later into the fall season than ARG. 
By incorporating brassicas into grazing systems, livestock 
producers may benefit from these high-yielding, high-qual-
ity crops during periods when other forage species would 
suffer reduced yield or nutritive value.

ACKNOWLEDGMENTS
This work was funded by a Northeast Sustainable Ag-

riculture Research and Education (SARE) program grant 
(LNE16-352). Gratitude is extended to Melissa D. Ruba-
no, John R. Everhart, Dennis R. Bookhamer, and Sarah 
L. Shoup (USDA-ARS) for data collection, sample analy-
ses, and technical assistance.

LITERATURE CITED

Aghajanzadeh, T., M. J. Hawkesford, and L. J. De Kok. 2014. The sig-
nificance of glucosinolates for sulfur storage in Brassicaceae seedlings. 
Front. Plant Sci. 5:704. https:​/​/​doi​.org/​10​.3389/​fpls​.2014​.00704.

Alison, W. M. 1992. Grazing management of overseeded ryegrass. 
Pages 55–59 in Proc. Am. Forage Grassl. Conf., Grand Rapids, MI. 
Am. Forage Grassl. Counc., Berea, KY.

Allen, M. S. 1996. Physical constraints on voluntary intake of forages 
by ruminants. J. Anim. Sci. 74:3063–3075. https:​/​/​doi​.org/​10​.2527/​
1996​.74123063x.

Amaral, M. F., J. C. Mezzalira, C. Bremm, J. K. Da Trindade, M. J. 
Gibb, R. W. M. Sune, and P. C. de F. Cavalho. 2012. Sward structure 
management for a maximum short-term intake rate in annual rye-
grass. Grass Forage Sci. 68:271–277. https:​/​/​doi​.org/​10​.1111/​j​.1365​
-2494​.2012​.00898​.x.

Anast, C. S., J. M. Mohs, S. L. Kaplan, and T. W. Burns. 1972. 
Evidence for parathyroid failure in magnesium deficiency. Science 
177:606–608. https:​/​/​doi​.org/​10​.1126/​science​.177​.4049​.606.

AOAC International. 2006. Official Methods of Analysis. 18th ed. 
AOAC Int., Gaithersburg, MD.

Begna, S., S. Angadi, M. Stamm, and A. Mesbah. 2017. Winter 
canola: A potential dual-purpose crop for the United States South-
ern Great Plains. Agron. J. 109:2508–2520. https:​/​/​doi​.org/​10​.2134/​
agronj2017​.02​.0093.

Belyea, R. L., B. Stevens, G. Garner, J. C. Whittier, and H. Sewell. 
1993. Using NDF and ADF to Balance Diets. University of Missouri 
Extension G3161. Univ. Missouri, Columbia, MO.

Block, E. 1984. Manipulating dietary anions and cations for pre-
partum dairy cows to reduce incidence of milk fever. J. Dairy Sci. 
67:2939–2948. https:​/​/​doi​.org/​10​.3168/​jds​.S0022​-0302(84)81657​-4.

Boesch, D. F., R. B. Brinsfield, and R. E. Magnien. 2001. Chesapeake 
Bay eutrophication. J. Environ. Qual. 30:303–320. https:​/​/​doi​.org/​10​
.2134/​jeq2001​.302303x.

Cantliffe, D. J., G. E. MacDonald, and N. H. Peck. 1970. The poten-
tiometric determination of nitrate and chloride in plant tissue. Pages 
5–7 in New York’s Food Life Sci. Bull. No. 3. New York State Agric. 
Exp. Stn., Geneva, NY.

Clark, J. H., T. H. Klusmeyer, and M. R. Cameron. 1992. Microbial 
protein synthesis and flows of nitrogen fraction in the duodenum of 
dairy cows. J. Dairy Sci. 75:2304–2323. https:​/​/​doi​.org/​10​.3168/​jds​
.S0022​-0302(92)77992​-2.

CoAgMet. 2019. Colorado Agricultural Meteorological Network. Colo-
rado State Univ., Fort Collins. Accessed May 2, 2019. http:​/​/​www​
.coagmet​.colostate​.edu.

Coblentz, W. K., I. E. Abdelgadir, R. C. Cochran, J. O. Fritz, W. 
H. Fick, K. C. Olson, and J. E. Turner. 1999. Degradability of for-
age proteins by in situ and in vitro enzymatic methods. J. Dairy Sci. 
82:343–354. https:​/​/​doi​.org/​10​.3168/​jds​.S0022​-0302(99)75241​-0.

Delorme, T. A., J. S. Angle, F. J. Coale, and R. L. Chaney. 2000. Phy-
toremediation of phosphorus-enriched soils. Int. J. Plant. Phytorem. 
2:173–181. https:​/​/​doi​.org/​10​.1080/​15226510008500038.

Dillard, S. L., A. I. Roca-Fernández, M. D. Rubano, K. R. Elkin, and 
K. J. Soder. 2018. Enteric methane production and ruminal fermenta-
tion of forage brassica diets fed in continuous culture. J. Anim. Sci. 
96:1362–1374. https:​/​/​doi​.org/​10​.1093/​jas/​sky030.

Edmisten, K. L., J. T. Green Jr., J. P. Mueller, and J. C. Burns. 
1998. Winter annual small grain forage potential. II. Quantification of 
nutritive characteristics of four small grain species at six growth stag-
es. Commun. Soil Sci. Plant Anal. 29:7–8. https:​/​/​doi​.org/​10​.1080/​
00103629809369993.

https://doi.org/10.3389/fpls.2014.00704
https://doi.org/10.2527/1996.74123063x
https://doi.org/10.2527/1996.74123063x
https://doi.org/10.1111/j.1365-2494.2012.00898.x
https://doi.org/10.1111/j.1365-2494.2012.00898.x
https://doi.org/10.1126/science.177.4049.606
https://doi.org/10.2134/agronj2017.02.0093
https://doi.org/10.2134/agronj2017.02.0093
https://doi.org/10.3168/jds.S0022-0302(84)81657-4
https://doi.org/10.2134/jeq2001.302303x
https://doi.org/10.2134/jeq2001.302303x
https://doi.org/10.3168/jds.S0022-0302(92)77992-2
https://doi.org/10.3168/jds.S0022-0302(92)77992-2
http://www.coagmet.colostate.edu
http://www.coagmet.colostate.edu
https://doi.org/10.3168/jds.S0022-0302(99)75241-0
https://doi.org/10.1080/15226510008500038
https://doi.org/10.1093/jas/sky030
https://doi.org/10.1080/00103629809369993
https://doi.org/10.1080/00103629809369993


Dillard et al.: Forage brassicas for fall grazing 165

Evers, G. W., G. R. Smith, and C. S. Hoveland. 1997. Ecology and 
production of annual ryegrass. Pages 29–43 in Ecology, Production, 
and Management of Lolium for Forage in the USA. F. M. Rouquette 
and L. R. Nelson, ed. CSSA Spec. Publ. 24. Crop Sci. Soc. Am., Madi-
son, WI. https:​/​/​doi​.org/​10​.2135/​cssaspecpub24​.c3.

Fismes, J., P. C. Vong, A. Guckert, and E. Frossard. 2000. Influence 
of sulfur on apparent N-use efficiency, yield, and quality of oilseed 
rape (Brassica napus L.) grown on a calcareous soil. Eur. J. Agron. 
12:127–141. https:​/​/​doi​.org/​10​.1016/​S1161​-0301(99)00052​-0.

Francisco, M., P. Velasco, M. Lema, and M. E. Cartea. 2011. Geno-
typic and environmental effects on agronomic and nutritional value 
of Brassica rapa. Agron. J. 103:735–742. https:​/​/​doi​.org/​10​.2134/​
agronj2010​.0439.

Grev, A. M., C. C. Sheaffer, M. L. DeBoer, D. N. Catalano, and K. 
L. Martinson. 2017. Preference, yield, and forage nutritive value of 
annual grasses under horse grazing. Agron. J. 109:1561–1572. https:​/​
/​doi​.org/​10​.2134/​agronj2016​.11​.0684.

Grunes, D. L., P. R. Stout, and J. R. Brownell. 1970. Grass tetany 
of ruminants. Adv. Agron. 22:331–374. https:​/​/​doi​.org/​10​.1016/​S0065​
-2113(08)60272​-2.

Grunes, D. L., and R. M. Welch. 1989. Plant contents of magnesium, 
calcium, and potassium in relation to ruminant nutrition. J. Anim. 
Sci. 67:3485–3494. https:​/​/​doi​.org/​10​.2527/​jas1989​.67123485x.

Gustine, D. L., and G. A. Jung. 1985. Influence of some management 
parameters on glucosinolate levels in brassica forage. Agron. J. 77:593–
597. https:​/​/​doi​.org/​10​.2134/​agronj1985​.00021962007700040020x.

Hall, M. H., and G. A. Jung. 1993. Use of brassica crops to extend 
the grazing season. Tech. Bull. No. 33. Penn State University, Univer-
sity Park. Accessed Mar. 15, 2019. https:​/​/​extension​.psu​.edu/​use​-of​
-brassica​-crops​-to​-extend​-the​-grazing​-season.

Hammond, K. J., A. K. Jones, D. J. Humphries, L. A. Crompton, 
and C. K. Reynolds. 2016. Effects of diet forage source and neutral 
detergent fiber content on milk production of dairy cattle and meth-
ane emissions determined using GreenFeed and respiration chamber 
techniques. J. Dairy Sci. 99:7904–7917. https:​/​/​doi​.org/​10​.3168/​jds​
.2015​-10759.

Hill, F. I., and P. C. Ebbett. 1997. Polioencephalomalacia in cattle 
in New Zealand fed chou moellier (Brassica oleracea). N. Z. Vet. J. 
45:37–39. https:​/​/​doi​.org/​10​.1080/​00480169​.1997​.35985.

Iwaniuk, M. E., and R. A. Erdman. 2015. Intake, milk production, 
ruminal, and feed efficiency responses to dietary cation-anion differ-
ence by lactating dairy cows. J. Dairy Sci. 98:8973–8985. https:​/​/​doi​
.org/​10​.3168/​jds​.2015​-9949.

Jankowski, K. J., W. S. Budzyński, Ł. Kijewski, and T. Zając. 2015. 
Biomass quality of brassica oilseed crops in response to sulfur fertil-
ization. Agron. J. 107:1377–1391. https:​/​/​doi​.org/​10​.2134/​agronj14​
.0386.

Jung, G. A., R. A. Byers, M. T. Panciera, and J. A. Shaffer. 1986. For-
age dry matter accumulation and quality of turnip, swede, rape, Chi-
nese cabbage hybrids, and kale in the eastern USA. Agron. J. 78:245–
253. https:​/​/​doi​.org/​10​.2134/​agronj1986​.00021962007800020006x.

Karn, J. F., J. D. Berdahl, and A. B. Frank. 2006. Nutritive quality 
of four perennial grasses as affected by species, cultivar, maturity, 
and plant tissue. Agron. J. 98:1400–1409. https:​/​/​doi​.org/​10​.2134/​
agronj2005​.0293.

Kronqvist, C., U. Emanuelson, R. Spörndly, and K. Holtenius. 2011. 
Effects of prepartum dietary calcium level on calcium and magnesium 
metabolism in periparturient dairy cows. J. Dairy Sci. 94:1365–1373. 
https:​/​/​doi​.org/​10​.3168/​jds​.2009​-3025.

Marino, M. A., A. Mazzanti, S. G. Assuero, F. Gastal, H. E. Echever-
ria, and F. Andrade. 2004. Nitrogen dilution curves and nitrogen use 

efficiency during winter-spring growth of annual ryegrass. Agron. J. 
96:601–607. https:​/​/​doi​.org/​10​.2134/​agronj2004​.0601.

McCormick, J. S., R. M. Sulc, D. J. Barker, and J. E. Beuerlein. 2006. 
Yield and nutritive value of autumn-seeded winter-hardy and winter-
sensitive annual forages. Crop Sci. 46:1981–1989. https:​/​/​doi​.org/​10​
.2135/​cropsci2006​.0140.

Mertens, D. R. 2002. Gravimetric determination of amylase-treated 
neutral detergent fiber in feeds with refluxing in beakers or crucibles: 
Collaborative study. J. AOAC Int. 85:1217–1240.

Moraes, L. E., E. Kebreab, J. L. Firkins, R. R. White, R. Martineau, 
and H. Lapierre. 2018. Predicting milk protein responses and the re-
quirement of metabolizable protein by lactating dairy cows. J. Dairy 
Sci. 101:310–327. https:​/​/​doi​.org/​10​.3168/​jds​.2016​-12507.

Mulkey, A. S., F. J. Coale, P. A. Vadas, G. W. Shenk, and G. X. 
Bhatt. 2017. Revised method and outcomes for estimating soil phos-
phorus losses from agricultural land in the Chesapeake Bay water-
shed model. J. Environ. Qual. 46:1388–1394. https:​/​/​doi​.org/​10​.2134/​
jeq2016​.05​.0201.

NASEM (National Academy of Science, Engineering, and Medicine). 
2016. Nutrient Requirements of Beef Cattle. 8th ed. Natl. Acad. 
Press, Washington, DC.

NRC. 2001. Nutrient Requirements of Dairy Cattle. 7th ed. Natl. 
Acad. Press, Washington, DC.

Paterson, J. A., J. P. Bowman, R. L. Belyea, M. S. Kerley, and J. E. 
Williams. 1994. The impact of forage quality and supplementation 
regimen on ruminant animal intake and performance. Pages 59–114 
in Forage Quality, Evaluation, and Utilization. G. C. Fahey, ed. Am. 
Soc. Agron.; Crop Sci. Soc. Am.; Soil Sci. Soc. Am., Madison, WI. 
https:​/​/​doi​.org/​10​.2134/​1994​.foragequality​.c2.

Pritchard, G. I., L. P. Folkins, and W. J. Pigden. 1963. The in vitro 
digestibility of whole grasses and their parts at progressive stages of 
maturity. Can. J. Plant Sci. 43:79–87. https:​/​/​doi​.org/​10​.4141/​cjps63​
-013.

Rao, S. C., and F. P. Horn. 1986. Planting season and harvest date ef-
fects on dry matter production and nutritional value of Brassica spp. 
in the southern Great Plains. Agron. J. 78:327–333. https:​/​/​doi​.org/​
10​.2134/​agronj1986​.00021962007800020023x.

Rotz, C. A., S. A. Ford, and D. R. Buckmaster. 2003. Silages in farm-
ing systems. Pages 505–546 in Silage Science and Technology. Agron. 
Monogr. 42. D. R. Buxton, R. E. Muck, and J. H. Harrison, ed. Am. 
Soc. Agron.; Crop Sci. Soc. Am.; Soil Sci. Soc. Am., Madison, WI. 
https:​/​/​doi​.org/​10​.2134/​agronmonogr42​.c11.

Rouquette, F. M., D. I. Bransby, and M. E. Riewe. 1997. Grazing 
management and use of ryegrass. Pages 79–99 in Ecology, Production, 
and Management of Lolium for Forage in the USA. CSSA Spec. Publ. 
24. F. M. Rouquette and L. R. Nelson, ed. Crop Sci. Soc. Am., Madi-
son, WI. https:​/​/​doi​.org/​10​.2135/​cssaspecpub24​.c6.

Saborío-Montero, A., B. Vargas-Leitón, J. J. Romero-Zúniga, and J. 
M. Sánchez. 2017. Risk factors associated with milk fever occurrence 
in grazing dairy cattle. J. Dairy Sci. 100:9715–9722. https:​/​/​doi​.org/​
10​.3168/​jds​.2017​-13065.

Sharpley, A., B. Foy, and P. Withers. 2000. Practical and innovative 
measures for the control of agricultural phosphorus losses to water: An 
overview. J. Environ. Qual. 29:1–9. https:​/​/​doi​.org/​10​.2134/​jeq2000​
.00472425002900010001x.

Sleugh, B., K. J. Moore, J. R. George, and C. Brummer. 2000. Bi-
nary legume-grass mixtures improve forage yield, quality and seasonal 
distribution. Agron. J. 92:24–29. https:​/​/​doi​.org/​10​.2134/​agronj2000​
.92124x.

Smith, D. H., and M. Collins. 2003. Forbs. Pages 215–236 in Forages: 
An Introduction to Grassland Agriculture. R. F. Barnes, C. J. Nelson, 
M. Collins, and K. J. Moore, ed. Iowa State Press, Ames.

https://doi.org/10.2135/cssaspecpub24.c3
https://doi.org/10.1016/S1161-0301(99)00052-0
https://doi.org/10.2134/agronj2010.0439
https://doi.org/10.2134/agronj2010.0439
https://doi.org/10.2134/agronj2016.11.0684
https://doi.org/10.2134/agronj2016.11.0684
https://doi.org/10.1016/S0065-2113(08)60272-2
https://doi.org/10.1016/S0065-2113(08)60272-2
https://doi.org/10.2527/jas1989.67123485x
https://doi.org/10.2134/agronj1985.00021962007700040020x
https://extension.psu.edu/use-of-brassica-crops-to-extend-the-grazing-season
https://extension.psu.edu/use-of-brassica-crops-to-extend-the-grazing-season
https://doi.org/10.3168/jds.2015-10759
https://doi.org/10.3168/jds.2015-10759
https://doi.org/10.1080/00480169.1997.35985
https://doi.org/10.3168/jds.2015-9949
https://doi.org/10.3168/jds.2015-9949
https://doi.org/10.2134/agronj14.0386
https://doi.org/10.2134/agronj14.0386
https://doi.org/10.2134/agronj1986.00021962007800020006x
https://doi.org/10.2134/agronj2005.0293
https://doi.org/10.2134/agronj2005.0293
https://doi.org/10.3168/jds.2009-3025
https://doi.org/10.2134/agronj2004.0601
https://doi.org/10.2135/cropsci2006.0140
https://doi.org/10.2135/cropsci2006.0140
https://doi.org/10.3168/jds.2016-12507
https://doi.org/10.2134/jeq2016.05.0201
https://doi.org/10.2134/jeq2016.05.0201
https://doi.org/10.2134/1994.foragequality.c2
https://doi.org/10.4141/cjps63-013
https://doi.org/10.4141/cjps63-013
https://doi.org/10.2134/agronj1986.00021962007800020023x
https://doi.org/10.2134/agronj1986.00021962007800020023x
https://doi.org/10.2134/agronmonogr42.c11
https://doi.org/10.2135/cssaspecpub24.c6
https://doi.org/10.3168/jds.2017-13065
https://doi.org/10.3168/jds.2017-13065
https://doi.org/10.2134/jeq2000.00472425002900010001x
https://doi.org/10.2134/jeq2000.00472425002900010001x
https://doi.org/10.2134/agronj2000.92124x
https://doi.org/10.2134/agronj2000.92124x


Forages and Feeds166

Titgemeyer, E. C., and N. R. Merchen. 1990. The effect of abomasal 
methionine supplementation on nitrogen retention of growing steers 
postruminally infused with casein or nonsulfur-containing amino ac-
ids. J. Anim. Sci. 68:750–757. https:​/​/​doi​.org/​10​.2527/​1990​.683750x.

Tremblay, G. F., Z. Nie, G. Bélanger, S. Pelletier, and G. Allard. 
2009. Predicting timothy mineral concentrations, dietary cation-anion 
difference, and grass tetany index by near-infrared reflectance spec-
troscopy. J. Dairy Sci. 92:4499–4506. https:​/​/​doi​.org/​10​.3168/​jds​
.2008​-1973.

Tripathi, M. K., and A. S. Mishra. 2007. Glucosinolates in animal 
nutrition: A review. Anim. Feed Sci. Technol. 132:1–27. https:​/​/​doi​
.org/​10​.1016/​j​.anifeedsci​.2006​.03​.003.

Van Soest, P. J. 1965. Symposium on factors influencing the voluntary 
intake of herbage by ruminants: Voluntary intake in relation to chemi-
cal composition and digestibility. J. Anim. Sci. 24:834–843. https:​/​/​
doi​.org/​10​.2527/​jas1965​.243834x.

Van Soest, P. J., and D. G. Fox. 1992. Discounts for net energy and 
protein—Fifth revision. Proc. Cornell Nutr. Conf. Feed Manuf. 54:40–
68.

Villalobos, L., and J. E. Brummer. 2017. Yield and nutritive value 
of cool-season annual forages and mixtures seeded into pearl millet 

stubble. Agron. J. 109:432–441. https:​/​/​doi​.org/​10​.2134/​agronj2016​
.06​.0324.

Villalobos, L. A., and J. E. Brummer. 2015. Forage brassicas stock-
piled for fall grazing: Yield and nutritive value. Crop Forage Turfgrass 
Mgmt. 1:1–6. https:​/​/​doi​.org/​10​.2134/​cftm2015​.0165.

Weiss, W. P. 1993. Predicting the energy values of feeds. J. Dairy Sci. 
76:1802–1811. https:​/​/​doi​.org/​10​.3168/​jds​.S0022​-0302(93)77512​-8.

Wiedenhoeft, M. H., and B. A. Barton. 1994. Management and en-
vironment effects on brassica forage quality. Agron. J. 86:227–232. 
https:​/​/​doi​.org/​10​.2134/​agronj1994​.00021962008600020003x.

Zhao, F., E. J. Evans, P. E. Bilsborrow, and J. K. Syers. 1993. Influ-
ence of sulphur and nitrogen on seed yield and quality of low gluco-
sinolate oilseed rape (Brassica napus L.). J. Sci. Food Agric. 63:29–37. 
https:​/​/​doi​.org/​10​.1002/​jsfa​.2740630106.

ORCIDS
S. Leanne Dillard  https:​/​/​orcid​.org/​0000​-0002​-4704​-281X
Eric D. Billman  https:​/​/​orcid​.org/​0000​-0003​-3177​-524X
Kathy J. Soder  https:​/​/​orcid​.org/​0000​-0001​-6331​-243X

https://doi.org/10.2527/1990.683750x
https://doi.org/10.3168/jds.2008-1973
https://doi.org/10.3168/jds.2008-1973
https://doi.org/10.1016/j.anifeedsci.2006.03.003
https://doi.org/10.1016/j.anifeedsci.2006.03.003
https://doi.org/10.2527/jas1965.243834x
https://doi.org/10.2527/jas1965.243834x
https://doi.org/10.2134/agronj2016.06.0324
https://doi.org/10.2134/agronj2016.06.0324
https://doi.org/10.2134/cftm2015.0165
https://doi.org/10.3168/jds.S0022-0302(93)77512-8
https://doi.org/10.2134/agronj1994.00021962008600020003x
https://doi.org/10.1002/jsfa.2740630106
https://orcid.org/0000-0002-4704-281X
https://orcid.org/0000-0003-3177-524X
https://orcid.org/0000-0001-6331-243X



