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1. Introduction
In temperate regions, the use of winter grasses is a strategy 
to minimize the climatic effects on the production systems 
of animals on pasture due to their characteristics of 
adaptation to subtropical climates, as they show peak mass 
production in cold weather. [1]. Thus, annual ryegrass 
(Lolium multiflorum Lam.) is a winter grass used primarily 
as pasture, silage, and hay, but also as a good source of 
protein, and for its several benefits due to its versatility 
of use. With climate changes, it is not always possible to 
provide a feed that meets the animals’ requirements for 
long periods, mostly during winter. Thus, an alternative 
to this problem is the production of hay, a technique that 
requires proper handling and fertilization to generate a 
good-quality product. The cutting height of the plant can 
influence the nutritional values of the hay, as it affects the 
production of dry matter, lignin, and fiber content [2,3].

Another aspect to be observed is the nitrogen content. 
Being part of the chemical composition of biomolecules 
such as ATP (adenosine triphosphate), electron transporters 
(NADH, NADPH), chlorophyll, proteins, and also some 

enzymes, nitrogen is an essential element for plants. [4]. 
Nitrogen fertilization provides gain in forage mass and 
increased availability of dry matter for animal intake. The 
optimization of the use of nitrogen through the efficiency 
of the plant in absorbing what is being supplied results in 
higher leaf production and lower stem production, which 
favors the increase of forage protein content.

Within animal production systems, the knowledge 
about protein degradation is indeed important for 
ruminants, because they can produce microbial protein 
which is directly linked to the dietary N source. Measuring 
the protein content in diets and its fractions is necessary 
to understand how the nitrogen uptake from forage 
behaves inside the rumen. However, little is known about 
the nutritional details of ryegrass hay of different doses 
of nitrogen fertilization and harvest at different heights. 
Considering the influence of nitrogen on plants and also on 
ruminal fermentation, the aim of our work was to evaluate 
the chemical composition and in vitro ruminal kinetics of 
annual ryegrass hay from two cutting heights and grown 
with different doses of nitrogen fertilization.
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2. Materials and methods
An experiment was carried out in the county of 
Guarapuava, Paraná State, Brazil. The experimental area 
is located in the physiographic region named Terceiro 
Planalto Paranaense (25° 33′ S and 51° 29′ W, elev. 1098 
m a.s.l.). The climate is humid subtropical Cfa according 
to the Köppen classification, with an average temperature 
of 23.5 °C in the hottest months and below 12.7 °C in 
the coldest [5], and presents an average rainfall ranging 
from 1400 to 2000 mm. The soil is classified as a typical 
dystrophic latosol bruno [6]. 

We applied a topdressing when the ryegrass was sown 
using 250 kg ha–1 of formulated 0-20-20 (N, P2O5, K2O) 
according to the criteria of soil analysis (0–15 cm). The soil 
chemical characteristics were: pH (CaCl2) of 4,65; organic 
matter: 39.04 g dm–3; P-Mehlich: 2.23 mg dm–3; K+: 0.45 
cmolc dm–3; Ca+2: 2.95 cmolc dm–3; Mg+2: 1.69 cmolc dm–3; 
Al + 3: 0.17 cmolc dm–3; H + Al: 5,47 cmolc dm–3.

The experimental design was randomized blocks with 
split-plots. The Nitrogen doses (0, 75, 150, and 225 kg N 
ha–1) were distributed in the main plot and in the subplots 
where the hay was harvested (5 and 10 cm cutting heights). 
The experimental area was divided into 12 uniform plots 
of 19.2 m² each. In the summer, there was a corn crop in 
the experimental area and ryegrass pasture in the winter 
as established in a 10-year protocol of crop rotation and 
integrated crop systems.

The sowing of the annual ryegrass (Lolium multiflorum 
Lam. ‘BAR HQ’) was carried out in May 2016 with a 
30 kg ha–1 density of viable seeds. It was done by direct 
sowing with a line spacing of 17 cm. The fertilization with 
N was applied once, right after the plants emerged. The 
N source was urea (45% N). The plants were harvested at 
the preflowering stage, when it presented 50% exposed 
spikelets, by cutting at 5 and 10 cm from the ground. The 
ryegrass was harvested for haymaking in September 2016. 
After the harvest, the plants were exposed to dehydration 
in the field, turned twice a day, and baled after 120 h.

After baling, the material remained stored in a covered 
shed for 30 days. A 100-g sample was taken from each 
hay bale and the samples were dried at 55 °C for 72 h in 
a forced-air oven and ground in Willye-type mill™ fitted 
with a 1-mm-sieve to yield the partially dried samples 
(Thomas Scientific).

The chemical analyses were performed for dry matter 
(DM) and ash (with AOAC 967.03 and 942.05 methods 
[7]). The organic matter (OM) was calculated as 1000 
- MM (Method 942.05) [7]. The insoluble fiber in acid 
detergent (ADF) and the insoluble lignin in acid detergent 
(ADL) were determined with the AOAC 973.18 method 
[8]. The insoluble fiber in neutral detergent (aNDF) was 
determined using the method described by Mertens et 
al. [9] without sodium sulfite. The analysis of crude fat 

(CF) was performed using semiautomatic equipment 
(ANKOM XT15 Extraction System, ANKOM Technology 
Corporation, Fairport, NY, USA) with filter bags. Crude 
protein (CP) was estimated from the total nitrogen value 
(N), using the Kjeldahl method (Method 2001.11; AOAC 
[10]. The nitrogen fractions (A, B1+B2, B3, and C) were 
calculated following the method described by Licitra 
et al. [11]. Total carbohydrates and their fractions were 
also calculated [12]. The soluble sugars were assessed 
by colorimetric phenol-sulfuric acid trial according to 
Dubois et al. [13].

The in vitro analysis of ruminal kinetics was performed 
in a water bath at 39 °C. We used 100-mL serum amber 
bottles sealed with butyl rubber stoppers and aluminum 
crimp seals. One by one, the ryegrass ground samples of 
approximately 0.5 g were transferred into the bottles and 
incubated with 40 mL of reduced solution, and culture 
medium with 10 mL of rumen inoculum, as previously 
described by Goering and Van Soest [14], and the inoculum 
according to the methodology of Hall and Mertens [15]. 
The inoculum was collected from two Holstein steers, with 
permanent rumen cannulas. The steers were three years 
old and had ±550 kg of body weight (Protocol 2014 - 008 
by the Institutional Committee on Animal Research and 
Experimentation). Before the in vitro trials, the steers were 
kept in a paddock with black oat pasture, and we provided 
supplementation for 8 days with corn silage and ground 
corn (1 kg day–1) [16]. Briefly, the system used a gauge 
gas pressure and volume similar to the one described 
by Abreu et al. [16]. The gas pressures generated from 
the onset of fermentation were recorded by manometric 
readings (0–7psi; 0.05 psi increments), and the volume 
was measured by using a graduated pipette (0–25 mL; 0.1 
mL increments) [17]. Pressure and volume readings were 
taken at 1, 2, 3, 6, 8, 10, 12, 16, 20, 24, 30, 36, 48, 72, 96, 
120, and 144 h after the rumen inoculum addition and 
expressed as mL 0.1 g DM–1 of the incubated sample. The 
parameters of ruminal kinetics in vitro were estimated 
using the two-compartmental model [18], as suggested by 
Oliveira et al. [17] to evaluate the degradation kinetics of 
temperate grasses.

Vt = Vf1 [1 - exp (-k1 * t)] + Vf2 exp {- exp [1 + k2 * e 
(L- t)]} + ε;
where Vt is the accumulated volume at time t; Vf1, the 
final gas volume of the fast degradation fraction; k1 (h–1), 
the rate of degradation of the fast fraction; Vf2, the final 
volume of gases from the slow degradation fraction; k2 
(h-1), the rate of degradation of the slow fraction; L, lag 
time; and T, the incubation time (hs), following the Nlin 
procedure [19].

The data were analyzed following the Glimmix 
procedure [19], in a split-plot scheme, and followed the 
general linear mixed models methodology, in which the 
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data fitted on the exponential family of the distributions (0 
< x < 1; beta or gamma distribution), with the choice of the 
distribution that would best fit the data. This decision was 
made using the corrected Akaike information criterion 
value (AICc) [20]. The analysis of variance followed the 
mathematical model:

Yijk = μ + Ni + bj + Ck + (N*C)ik+ εijk
where Yijk is the observation concerning the i-th N level 
(Ni) in the j-th block (bj) of the k-th height of cut (Ck). 
We considered the nitrogen level and cutting height as 
fixed effects and the block as a random effect. The data 
were submitted to analysis of variance. The variables that 
showed a significant effect (P = 0.01) to fertilization doses 
or interaction between the treatments were analyzed 
through polynomial regression using the corresponding 
link function. The means that showed a significant effect for 

cutting height were compared. Pearson correlation by the 
CORR procedure [19] was tested between the parameters 
obtained from the in vitro gas production profiles and the 
chemical composition. For the statistical analysis, we used 
the SAS University Edition.

3. Results 
The nitrogen fertilization and cutting height did not affect 
(P > 0.01) the levels of dry matter, organic matter, ash, 
lignin, and the fraction C of carbohydrates (Table 1). An 
interaction effect between the treatments was observed 
(P < 0.01) for the variables aNDF, ADF, crude fat, crude 
protein, and protein fraction B1 + B2 (Table 1). 

For aNDF and ADF, at 5 cm cutting height, there was 
a linear decrease in the contents of these fractions with 
an increase in nitrogen fertilization (Table 2). For 10 cm 

Table 1. P-values of the effects of the nitrogen doses, cutting height, and their interaction on the chemical compounds and in vitro gas 
production  parameters of annual ryegrass hay. Guarapuava, 2016.

Height 5 cm 10 cm P-value

N Doses 0 75 150 225 0 75 150 225 N Doses Height N * H

Dry matter 856.63 852.66 852.66 850.03 853.33 851.86 852.60 852.47 0.1547 0.9421 0.3226

Organic matter 934.44 915.90 908.58 912.87 934.19 916.03 934.09 909.96 0.0544 0.1357 0.0561

Ash 65.56 83.73 91.24 87.14 64.63 83.91 65.34 90.02 0.0721 0.1553 0.0987

Crude fat 50.52 52.11 33.59 54.60 58.04 58.40 47.50 49.59 <0.0001 0.0003 0.0004

Insoluble fiber in neutral detergent 560.80 540.38 536.46 485.10 480.69 495.11 498.16 497.31 0.0430 0.0002 0.0044

Insoluble fiber in acid detergent 328.74 336.05 300.84 264.89 269.76 295.20 339.01 287.77 0.0069 0.0989 0.0003

Lignin 38.63 38.57 35.90 35.87 34.33 34.97 35.47 37.17 0.9615 0.2521 0.5139

Total carbohydrates 793.24 737.64 690.92 633.75 759.43 729.14 685.37 650.84 <0.0001 0.1792 0.0261

Solubles carbohydrates 69.50 39.90 29.07 22.83 76.07 47.83 36.80 23.87 <0.0001 0.0101 0.4917

Carbohydrates B1 fraction 162.90 157.35 125.37 125.45 202.59 186.21 129.30 129.72 0.0058 0.0916 0.6018

Carbohydrates B2 fraction 468.00 447.80 450.22 398.62 398.36 411.14 433.42 407.97 0.0981 0.0034 0.0193

Carbohydrates C fraction 92.73 92.53 86.20 86.07 82.33 83.87 85.07 89.23 0.9624 0.2479 0.5096

Crude protein 90.63 126.10 183.97 224.53 116.77 128.47 201.27 209.50 <0.0001 0.0033 0.0005

Non-protein Nitrogen 38.10 27.07 57.53 85.47 34.33 27.83 87.43 83.53 <0.0001 0.1897 0.0273

B1 + B2 Protein fraction 19.07 52.42 56.53 58.04 44.43 42.34 41.94 44.36 0.0125 0.8893 0.0080

B3 protein fraction 17.99 27.62 40.28 55.68 21.93 38.34 44.79 53.46 0.0013 0.0105 0.0927

Indigestible protein (C fraction) 15.12 18.73 27.89 25.47 15.97 19.40 26.36 27.43 0.0002 0.4601 0.5805

Vf1 19.41 21.37 24.42 23.93 21.97 20.13 24.51 23.58 0.0156 0.7489 0.4566

Vf2 17.78 13.66 9.51 9.99 14.39 13.59 9.53 9.60 0.0040 0.5264 0.8550

k1 0.1288 0.1063 0.0911 0.0919 0.1121 0.1147 0.0973 0.0920 0.0100 0.9849 0.5223

k2 0.0205 0.0200 0.0161 0.0172 0.0208 0.0199 0.0156 0.0166 0.0157 0.8248 0.9917

Values in g kg–1 of Dry Matter; B1 + B2 Fraction= True soluble protein + soluble protein in neutral detergent; PB3 = Insoluble protein in 
neutral detergent - insoluble protein in acid detergent; P-value of the effects of the nitrogen doses, cutting height and their interaction; 
Vf1 and Vf2 = The maximum volume of gas produced by degradation of the rapid and slow digestion fractions, respectively (mL 0.1 g–1 
dry matter). k1 and k2 = The specific rate of gas production by degradation of the rapid and slow digestion fractions, respectively.
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Table 2. Regression equations for the variables of annual ryegrass hay that presented interaction 
between N doses and cut height. Guarapuava, 2016.

Coefficients§ β0 β1 β2

Insoluble fiber in neutral detergent

Height 5 cm 10 cm 5 cm 10 cm 5 cm 10 cm

Estimative 6.3394 6.1837 –0.0002 0.00014 - -

SE 0.017 0.0096 0.00025 0.00007 - -

P-value <0.0001 <0.0001 0.4530 0.0703 - -

Insoluble fiber in acid detergent

Estimative 5.8394 5.5808 –0.00101 0.003 - - 0.00001

SE 0.032 0.035 0.0002 0.0007 - 0.0000032

P-value <0.0001 <0.0001 0.0014 0.0029 - 0.0058

Crude fat

Estimative 3.88 4.076 –0.00016 - 0.0009 - -

SE 0.099 0.034 0.0007 0.00024 - -

P-value 0.0001 <0.0001 0.8212 0.0041 - -

Crude protein

Estimative 4.5163 4.7386 0.0041 0.0029 - -

SE 0.0977 0.050 0.0002 0.0003 - -

P-value 0.0138 <0.0001 0.0001 <0.0001 - -

B1 + B2 protein fraction

Estimative 3.2987 4.1608 0.004 0.00002 - -

SE 0.1835 0.2191 0.0013 0.00078 - -

P-value <0.0001 <0.0001 0.0078 0.9781 - -

§y = exp (g) = β0 + β1 X + β2 X2; B1 + B2 Fraction = True soluble protein + soluble protein in neutral 
detergent; SE = Standard error.

Table 3. Regression equations for the variables of annual ryegrass hay that showed effect for the N doses. Guarapuava, 2016.

Variables§ TC CHOs B1 NPN PB3 PC Vf2 k1

β0
Estimative 6.658 4.2353 5.22 3.4257 3.042 2.779 2.7591 - 2.1214
SE 0.00711 0.0467 0.0539 0.1024 0.2039 0.04465 0.0737 0.0437
P-value <0.0001 <0.0001 <0.0001 <0.0001 0.0218 <0.0001 <0.0001 0.00031

β1
Estimative –0.00084 –0.00494 –0.00183 0.00453 0.00435 0.00261 –0.0024 –0.00129
SE 0.00005 0.00033 0.00039 0.00073 0.00052 0.00032 0.000525 0.000312
P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001  <0.0001 0.0004

§y = exp (g) = β0 + β1 X + β2 X2; TC = Total Carbohydrates; CHOs = Solubles Carbohydrates; NPN = Nonprotein nitrogen; 
PB3 = Insoluble protein in neutral detergent - insoluble protein in acid detergent; PC = Indigestible protein; Vf1 and Vf2 
= The maximum volume of gas produced by degradation of the rapid and slow digestion fractions, respectively (mL 0.1 
g–1 dry matter). k1 and k2 = The specific rate of gas production by degradation of the faster and slower digestion fractions, 
respectively. SE = Standard error.
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cutting height, there was an increase in aNDF and ADF, 
with decreasing quadratic effect, with a maximum point 
of 150 kg of N for ADF, influenced by the increase in 
insoluble protein fractions (Table 1).

The crude fat showed an interaction effect between 
treatments (Table 1). At a 5 cm cutting height, the slope 
did not present any significant effect (Table 2). For 10 cm 
cutting height, there was a negative linear effect, a decrease 
in fat contents with an increase in nitrogen fertilization 
(Table 2).

The crude protein and fraction B1 + B2 had an increasing 
linear effect with N fertilization regardless of height (Table 
1). In the two variables, the effect of the cutting height was 
evidenced by the lower intercept (β0) and the higher slope 
(β1) at the height of 5 cm (Table 2). The cutting height 
showed an isolated effect only for the B2 fraction of the 
CHO (Table 1), with higher values for the height of 5 cm.

Nitrogen fertilization showed a significant statistical 
effect for total carbohydrates, soluble carbohydrates, and 
B1 fraction, for the protein fractions NPN (Nonprotein 
nitrogen - A fraction protein), B3, and C, and also for the 
parameters of the in vitro gas production profiles, Vf2 and 
k1 (Table 1). The carbohydrates showed a decreasing linear 
effect with the increasing of the N dose, as well as the in 
vitro ruminal kinetic parameters (Table 3). Conversely, 
protein fractions showed a linear effect increasing with 
the increase of N. The model applied to estimate the 
parameters of in vitro gas production profiles did not 
present a lag time, regardless of the treatment.

4. Discussion
The dry matter contents were not affected by treatments, 
mainly because they are associated with hay conservation 
(Table 1). The levels of organic matter and ash went through 
numerical fluctuations, but it did not influence statistically 
the response to cutting height and nitrogen level. At a low 
cutting height, like 5 cm, there is a greater contribution of 
stems and dead material to the biomass yield, which causes 
the variation in the content of fibrous compounds. At a 
10 cm cutting height, the increase in the levels of aNDF 
and ADF with the increase in the fertilization may be 
associated with the larger tiller size in response to nitrogen 
supply (Table 2). It makes the tiller wider and the cell 
wall thicker to support the plant structure. However, the 
protein content linked to these fibrous fractions has also 
increased, which can directly influence the values of aNDF 
and ADF (Table 1).

Overall, the nitrogen fertilization might add to the 
increase of dissolved N in the plant. The greater availability 
of N affects photosynthesis due to a component of 
the chlorophyll molecules and part of the molecular 
structures of the entire protein synthesis apparatus 
involved in this photochemical process [21,22]. The low 

availability of N to the plant accelerates the accumulation 
of carbohydrates, leading to an additional decrease in the 
nitrogen content of leaves as photosynthetic capacity [23],                                                                                                                                          
    yet, with the increase in the concentration of these in the 
leaves, a decrease in the amount of photosynthetic protein 
is observed. 

As for total carbohydrates, its fractions decreased with 
the increase in supplying N to the plant on account of 
the increased use of these carbohydrates to transform the 
available nitrogen into protein, as a plant natural response 
[24,25]. As observed, there was a decrease in the amount 
of soluble sugar in the vegetable. Corsi [26] reported 
a decrease in the content of soluble carbohydrates as 
nitrogen fertilization increased in the pasture. Also, a linear 
decrease was observed in B1 fraction (starch and pectin). 
Nitrogen fertilization contributes to the increase in NPN 
and protein fractions linked to fiber in forage. According 
to Bredemeier and Mundstock [27], plants take up nitrate 
(NO3

–) and ammonium (NH4
+) by the root. The NPN in 

the vegetable represents compounds with a low molecular 
weight such as free amino acids, nitrates, amides, amines, 
and ammonia [28]. Additionally, in preserved forages, 
a large part of the crude protein is present as NPN [29]. 
Thus, the plant can prioritize the deposition of nitrogen 
compounds, which explains the significant increase in 
protein fractions of slow degradability (B1 + B2 and B3).

The increase in nitrogen fertilizer doses caused an 
increase of the crude protein content and a decrease 
in the total carbohydrates content (Table 3) regardless 
of cutting height. At 10 cm cutting height, the average 
crude protein content was higher, mainly associated with 
the increase of the fractions B1 + B2 and B3, which are 
directly linked to the aNDF variation (Table 1). Possibly, 
animals fed ryegrass hay with high protein content need 
to get a carbohydrate source supplementation to fit the 
fermentation process with the combination of these 
two sources [30]. Detmann et al. [31] comment that in 
medium- to high-quality pastures, animals should receive 
an energy source of rapid fermentation in the rumen to 
accomplish the nitrogen and energy balance. Microbial 
protein synthesis can be maximized if the availability of 
fermentable energy and undegraded N in the rumen is 
synchronized [32]. When the rate of protein degradation 
exceeds that of the carbohydrates, large amounts of N are 
lost as ammonia [33].

The in vitro ruminal degradation kinetics parameters 
revealed that Vf2 and k1 showed effect only for the doses in 
a linear decrease (Tables 1 and 3). The presence of fibrous 
and nonfibrous carbohydrates is directly linked to the 
volume of gas produced through the degradation of the 
elements of rapid and slow digestion, and related to the 
soluble and insoluble fractions [34].

The rate of degradation k1 had a decreasing effect 
(–0.52950; P = 0.0078), associated with the fractions of 
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rapid degradation, with a negative correlation with the 
protein fraction “A”, and positive with the concentration 
of soluble carbohydrates (0.66332; P = 0.0004 ). This 
is due to the possible use of the carbon chains of these 
compounds for protein synthesis (microbial protein) 
combined with obtaining energy with the release of 
ammonia in the ruminal environment, which indicates, in 
part, the imbalance in the ratio of energy:protein of rapid 
degradation. 

During the metabolism of nitrogenous compounds, 
it is necessary to have carbon skeletons derived from 
carbohydrates [35], which are a source of energy for 
bacteria to metabolize proteins in the rumen. When it 
fails, the degradation of other compounds, including 
nitrogenous ones, will be made as a way to obtain 
energy. In this sense, the balance between carbohydrates 
and nitrogen compounds is essential [2,12]. Thus, the 
deamination of amino acids in the rumen, which leads 
to the loss of NH3 by the rumen wall, is one of the main 
causes of inefficient N retention by ruminants [36]. 

When the rate of protein degradation exceeds the rate 
of CHO fermentation, large quantities of N can be lost as 
ammonia [37]. The decrease in the degradation rate of the 
soluble fraction (k1) showed a decline with the increase in 
nitrogen fertilization and also influenced the volume of 
gas produced (Vf2), showing a positive correlation between 
these variables (0.94002; P < 0.0001).

The gas production of the slow degradation fraction 
(Vf2) is positively correlated with the total carbohydrates 
(0.769; P < 0.0001) and negatively correlated with the 
protein fractions (A: –0.62730; P = 0.0010. B3: –0.70195; 
P = 0.0001 ). Thus, the decrease in gas production for the 
fraction of slow degradability is linked to the high supply 
of nitrogen compounds. This increase, regarding the 
carbohydrates, can compromise gas production due to the 
high release of ammonia (NH3), which interferes with the 
pH of the rumen environment. However, the synthesis of 
microbial mass is negatively correlated with pH [35].

5. Conclusion
A higher nonfibrous content is observed at a cutting 
height of 10 cm. Regardless of the cutting height, nitrogen 
fertilization increases the crude protein content and 
decreases the total carbohydrates content, especially the 
nonstructural carbohydrates. 

The increase of N in the plant decreases the specific 
rate of gas production due to the degradation of the 
soluble fraction of rapid digestion and causes a decrease in 
gas production of the slow digestion fraction.
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