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Balance between nutrient uptake by the crop and the amount of applied fertilizer is desired in a production system, and this
measurement can predict the nutrient use efficiency.The present study aimed to evaluate nitrogen- (N-) use and recovery efficiency
and extraction of N, phosphorus (P), and potassium (K) by sorghum (Sorghum bicolor) and black oat (Avena strigosa) forages under
nitrogen fertilization in three consecutive crop cultivation. The experiment was carried out at Federal Technological University
of Paraná (UTFPR), Dois Vizinhos, Paraná, Brazil, in Rhodic Hapludox soil. Treatments included 0, 37.5, 75, 150, 225, 300, and
375 kgNha−1 applied to sorghum in the summer seasons of 2010/2011 and 2011/2012, intercalated by, respectively, 0, 40, 80, 120, 160,
200, and 240 kgNha−1 applied to black oat in the winter/2011. Forage production, N, P, and K extraction, and N recovery efficiency
were determined through samplings during the crop cycle. The highest sorghum forage production and N and K extraction
were under 230 to 300 kgNha−1, which was around 190 kgNha−1 for black oat. The values of N recovery, efficiency, and N-use
physiological efficiency were higher under lower N rates for both crops. Based on this, about 150 kgNha−1 is recommended to
obtain good sorghum forage production with higher N efficiency levels, which is about 120 kgNha−1 for black oat.

1. Introduction

Brazilian animal grazing has a significant participation in
general agricultural production, composing an expressive
part of the country growth income. The efficiency of animal
production in a grazing system is the main concern, being
necessary enough forage to feed the animals in a sustainable
way [1]. The best alternative for this is improving soil and
plant management, choosing forage with high yield and high
quality,maintaining soil fertility in adequate levels, and deter-
mining the maximum fertilizers use efficiency [2].

Most farmers assume that grazing production systems
are self-sustaining, requiring low fertilizer inputs to resupply
losses by animal extraction [3].The continued exploitation in
these systems may not be able to maintain the balance for a
long period of time without fertilizer amendments. Oenema
et al. [4] and Martha Júnior et al. [3] suggest that removal

of nutrients through cattle grazing causes imbalance over the
time, with degradation of soil reserves of nutrients.

To avoid unnecessary costs with higher amounts of ferti-
lizers, determination of the nutrient content in plants, espe-
cially in harvested tissue, is necessary. This information
would be useful to predict removal, which is essential in
developing cost-effective fertilizer recommendations [5]. Fol-
lowing water availability, N is the secondmost limiting factor
for biomass production in natural ecosystems [6]. However,
the nutrient demand for plants is not sufficient in soil for
long-term sustainability.

Selection of forage with high potential yield can respond
effectively to managements [7]. Sorghum sp is characterized
as C
4

physiology, presenting a great forage yield with a high
nutritional quality, with high carbohydrates content [8, 9],
a great potential for ethanol [10, 11], and biodiesel use [12],
and is also an effective crop for soil protection [13]. This
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Figure 1: Soil water balance and mean temperatures of the experimental area during the period from November 2010 to April 2012.

Table 1: Chemical soil characteristics prior to sowing of sorghum in 2010.

Depth pH OM P-Mehlich K Ca Mg Al H + Al BS∗ CEC∗ V∗

(cm) CaCl2 % Mgdm−3 cmolc dm
−3 (%)

0–10 4.90 3.48 8.62 0.30 5.13 2.34 0.06 5.35 7.77 13.12 59.2
10–20 4.50 3.22 4.20 0.15 3.59 1.69 0.28 5.76 5.43 11.19 48.5
∗BS: basis sum; CEC: cation exchangeable capacity; V: basis saturation.

crop species is also tolerant to high temperatures and rainfall
restricitions [14, 15].

The demand for cattle feeding in subtropical climates
needs to be supplemented in the winter season when tem-
perature and luminosity decrease. Including plant species
adapted to the cold season in the rotation system is necessary
for year-long productivity. According to Nakagawa et al. [16],
black oat (Avena strigosa) is temperate and subtropical forage
with high tillering, being adaptable to low temperature and
low luminosity conditions, a good alternative to rotating with
sorghum. This crop is capable of producing high quality
forage, with high crude protein content (up to 18%) and
low fiber levels, with a potential yield of 4 to 8Mg of
DMha−1 year−1, an excellent alternative for cattle feeding.

The balance between the nutrient utilization and fertilizer
amendment is desired in a production system.The objectives
of this research were to evaluate the N-use and recovery
efficiency by sorghum and black oat and also to evaluate the
exploitation of N, P, and K by sorghum in the summer and by
black oat in the winter, under nitrogen fertilization, aiming to
determine the best N rates for these crops’ succession.

2. Material and Methods

2.1. Experimental Site. The study was conducted at Federal
Technological University of Paraná (UTFPR), Dois Vizinhos,
Paraná state, Brazil (latitude 25∘44 south, longitude 54∘04
west), with an altitude of 520m above sea level. This region
is characterized by a humid subtropical mesothermal climate

(Cfa) with no dry season, amean annual rainfall of 2,100mm,
and temperatures averaging 22∘C in summer and 17∘C in
winter.

Rainfall and temperature data were collected during the
study (INMET-SONABRA). This information was useful to
estimate the climatic water balance every 10 days, following
the methodology of Thornthwaite and Mather [17] and
adapted by Pereira [18] (Figure 1).

Soil was Rhodic Hapludox according to soil taxonomy
[19]. Chemical soil properties prior to sorghum sowing
in 2010 are presented in Table 1. The levels of available
phosphorus (P) and exchangeable potassium (K), calcium
(Ca), and magnesium (Mg) are considered high for this soil
at 0–10 and 10–20 cm depth layers, with an adequate pH and
basis saturation (V%) for the crops tested.

2.2. Crops Used and Establishment. Crop sequence used in
the experiment was sorghum-black oat-sorghum. For the
summer crop seasons of 2010/2011 and 2011/2012 the sorghum
cv. Jumbo (hybrid S. bicolor × S. sudanensis) and for the win-
ter of 2011 black oat cv. Iapar 61 (Avena strigosa) were estab-
lished. The first cycle of forage sorghum was conducted
during November 2010 to April 2011, with sowing date on
November 11. Winter oats was also established in sequence,
from May to October 2011, with sowing date on May 12. The
second cycle of sorghum was conducted from January to
April 2012, with sowing date on January 31. This delay in the
sowing was due to lack of rain, preventing earlier crop estab-
lishment (November-December 2011) (Figure 1).
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2.3. Experimental Design and Treatments. Treatments were
distributed in a completely randomized block design with
three replicates. Plot size was 5 × 5m, totaling 25m2. For
the two sorghum cycles, the row spacing was 40 cm, with a
density of 15 kg ha−1 of viable seeds. Nitrogen rates 0, 37.5,
75, 150, 225, 300, and 375 kgNha−1 were distributed in three
similar applications of 1/3 at sowing, 1/3 after the first cut,
and 1/3 after the third cut. The application dates for the year
2010/2011 were as follows: at sowing, November 15, 2010;
after the first cut, December 29, 2010; and after the third cut,
March 02, 2011. For the second year (2011/2012), dates were as
follows: at sowing, January 31, 2012; after the first cut, March
02, 2012; and after the third cut, March 30, 2012.

The black oat in the winter 2011 season was sown at row
spacing of 20 cm, with a density of 40 kg ha−1 of viable seeds;
testing doses of 0, 40, 80, 120, 160, 200, and 240 kgNha−1
were also distributed in three applications: 1/3 at tillering
(June 16, 2011), 1/3 after the first cut (July 09, 2011), and 1/3
after the third cut (August 13, 2011). The amount of total N
applied in oats was lower than sorghum since the potential
DM yield of this crop is presumed lower.

2.4. Forage Production. Sampling of forage sorghum plant
tissue was performed manually by cutting 0.50m above
ground level of two rows per plot (0.40m2), when crops were
0.70 to 0.80m in height. The remaining plot was also cut
and removed manually, leaving a residue of about 0.20m
for regrowth and new sampling. Black oat forage sampling
was performed when the crop reached about 0.25–0.30m in
height, through a manual cut to 0.10m above ground level
in 0.50m of two rows (0.20m2) per plot. The remaining plot
was handled by a mechanical cutter, in the same height of
the sample collected (0.10m). The samples were weighted to
estimate green mass yield. After that, it was dried in a forced
air circulation oven at a temperature of 60∘C for 72 hours
or until constant weight to estimate dry matter, followed by
laboratory analysis to estimate nutrient uptake.

2.5. Determination of Macronutrients. The concentrations of
the macronutrients N, P, and K in the DM were determined
according to the methodology described by Tedesco et al.
[20]. After sulfuric digestion, N was measured at analytical
method semimicro-Kjeldahl, P was determined by analytical
method of blue-molybdate in colorimeter, and K was esti-
mated by flame photometry. All multiplied by DM yield to
find the total nutrients accumulated.

2.6. Nitrogen-Use Efficiency by Forage Production. The recov-
ery of N (RN), the physiology efficiency (PE), and the
recovery efficiency of use of N (RAN) were calculated by the
equations according to Fageria [21]. Recovery was calculated
according to the following formula:

RN = (NCT −NST)
DN

× 100, (1)

where RN(%) corresponds to the recovery of nitrogen;
NCT corresponds to the total nitrogen absorbed with N

application (kg ha−1); NST is total nitrogen absorbed without
N application (kg ha−1); DN is dose of nitrogen (kg ha−1).

The physiological efficiency (PE) was obtained by dry
mass production per unit of nutrient accumulated, which is
calculated by the following formula:

PE =
𝑌
𝑓

− 𝑌
0

𝑁
𝑎𝑏𝑓

− 𝑁
𝑎𝑏0

(kg kg−1) , (2)

where 𝑌
𝑓

is the total dry matter production in kg ha−1 with
fertilization; 𝑌

0

is the total dry matter production in kg ha−1
without fertilization; 𝑁

𝑎𝑏𝑓

is the accumulation of nutrient
under fertilization in kg ha−1; 𝑁

𝑎𝑏0

is the accumulation of
nutrient without fertilization in kg ha−1.

The recovery efficiency of applied nitrogen (RAN)was the
accumulated amount of nutrient per unit of nutrient applied,
which is calculated using the following formula:

RAN =
𝑄𝑁
𝑓

− 𝑁
0

𝑄
𝑓

(kg kg−1) , (3)

where 𝑄𝑁
𝑓

is the accumulation of nitrogen in kg ha−1 with
fertilization; 𝑁

0

is the accumulation of nitrogen in kg ha−1
without fertilization;𝑄

𝑓

is the amount of applied fertilizer in
kg ha−1.

All data were subjected to analysis of variance by SAS
9.2 [22] using a significance level of 0.05. When significant,
treatment effects on the measured or estimated parameters
were evaluated by polynomial regression analysis, using
means averaged across sampling dates within each cropping
season. The peak of maximum response to N application
of each parameter was obtained by the derivative of the
quadratic adjustment.

3. Results

3.1. Forage Production. Forage production (MV) of sorghum
was influenced significantly (𝑃 < 0.05) by N fertilization
in both seasons evaluated (Figure 2). For the first year
assessed (2010/2011), the highest production was obtained
under application of 288 kgNha−1, with peak production
of 73.84MgMVha−1 and with a quadratic response (Figure
2(a)). The highest production in 2011/2012 was obtained
under 267 kgNha−1, reaching a peak of 33.05MgMVha−1,
also with a significant quadratic response (Figure 2(b)). The
difference between years is explained by the rainfall deficit
during November-December 2011 (Figure 1), which caused
a sown delay of 77 d in second season establishment. The
DM content (%) in the forage produced by sorghum was
not affected by N rates (Figures 2(a) and 2(b)), reaching
mean values of 17.43 and 17.09% for 2010/2011 and 2011/2012,
respectively.

The rate of 190 kgNha−1 was responsible for the highest
black oat forage production in the winter of 2011, reaching
33.91MgMVha−1 (Figure 2(c)). It demonstrates that higher
N rates may not be necessary in high-yielding environments,
being necessary to calibrate an adequate rate for each crop
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Figure 2: Cumulative production of forage (Mg ha−1) and average content of dry matter (%) of sorghum in the summer seasons 2010/2011
(a) and 2011/2012 (b) and black oat in the winter of 2011 (c), under nitrogen fertilization.

species and climate condition. Also, these rates would be even
lower than the maximum output obtained in this experiment
when the economic viability in the recommendation is
considered. Regarding the average DM of forage produced by
black oat, there was no significant effect by N fertilization.

3.2. Nitrogen Extraction and Use Efficiency by Forage Produc-
tion. Theamount ofN exported through sorghum foragewas
affected by N rates applied (𝑃 < 0.05), for both years evalu-
ated (Figures 3(a) and 3(b)), with a quadratic adjustment. In
the crop season of 2010/2011, the highest N exportation was
achieved under the rate of 298 kgNha−1, which was lower
in 2011/2012, about 234 kgNha−1, reaching an export of 320
and 140 kgNha−1 each year, respectively. Comparing both
seasons, exportation in 2010/2011 approached 180 kgNha−1
higher than in 2011/2012, explained by low rainfall and crop

establishment delay in the second cycle, as already men-
tioned. For black oat, the N exported by forage was also
adjusted to a quadratic equation (Figure 3(c)) with the largest
values under 218 kgNha−1.

The recovery of N by sorghum and black oat presented
a significant effect of N rates (𝑃 < 0.05), for the three cycles
evaluated (Figure 4).TheN recovery by sorghum in 2010/2011
(Figure 4(a)) showed a negative linear response, reducing
the amount of N recovered according to the increase in N
rate. The same behavior was observed for the black oat in
the winter of 2011 (Figure 4(c)). The response in N recovery
of sorghum was quadratic in 2011/2012 season (Figure 4(b)).
When comparing the crop years for sorghum, 2010/2011 pre-
sented a much higher N recovery than 2011/2012, explained
by the low amount of rainfall in the second year.

The physiological efficiency of N means the amount of
DM produced per unit of N absorbed by the crop. The
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Figure 3: Nitrogen exported by the forage harvest of sorghum in the summer seasons of 2010/2011 (a) and 2011/2012 (b) and black oat in the
winter season of 2011 (c), under nitrogen fertilization.

physiological efficiency of N by sorghum and oats was
influenced significantly (𝑃 < 0.05) by N fertilization (Figure
5). For sorghum, a quadratic effect was observed, reducing
the efficiency according to the increases in N rates (Figures
5(a) and 5(b)). The values ranged from 40, 34, 32, 29, 28, and
27 kgDMkg−1Nabsorbed in 2010/2011 season, and 28, 20, 18,
17, 14, and 12 kgDMkg−1N absorbed in the season 2011/2012,
under the rates of 37.5, 75, 150, 225, 300, and 375 kgNha−1,
respectively. For black oat, there was also a quadratic effect
of applied N on the physiological efficiency of N absorbed,
reaching values of 22, 19, 18, 17, 17 : 16 kgDMkg−1N absorbed
under rates of 40, 80, 120, 160, 200, and 240 kgNha−1,
respectively (Figure 5(c)). Lower N rates (37.5 and 75 kg ha−1)
were physiologically more efficient than higher ones, for both
crop species.

The nutrient use efficiency is essential for a diagnosis of
the nutrient use by crops or to detect losses of this nutrient
in the crop system. The efficiency of N recovery by sorghum
in the years 2010/2011 (Figure 6(a)) and 2011/2012 (Figure
6(b)) and black oat in 2011 (Figure 6(c)) was highly influenced

by N fertilization (𝑃 < 0.05). The N levels on recovery
efficiency of sorghumpresented a quadratic effect, decreasing
according to N increases, with values ranging from 62 to
14 kgDMkg−1N in the first year and 20 to 2 kgDMkg−1N
in the second year, under 37.5 and 375 kgNha−1, respectively.
Black oat showed a linear response, with values ranging from
24 to 9 kgDMkg−1N applied under 40 to 240 kgNha−1,
respectively.

3.3. Phosphorus and Potassium Extraction. The amount of P
accumulated in tissue and exported by the forage harvested
is also a way to measure the effect of N fertilization in
plant nutrient balance. Exported P by sorghum and black
oat was directly influenced by N (𝑃 < 0.05) (Figure 7). For
sorghum, the year 2010/2011 presented a quadratic response
to N fertilization, reaching the highest P removal (46 kg ha−1)
under 375 kgNha−1 do not reaching the highest peak (Figure
7(a)). Otherwise, during the year 2011/2012, the response was
linear, obtaining the highest P exported (24 kg ha−1) with the
higher N rate, 375 kg ha−1 (Figure 7(b)). Linear behavior was



6 Advances in Agriculture

N rates (kg ha−1)

N
 re

co
ve

ry
 (%

)

0

40

60

80

100

120

140

160

180

200

37.5 75.0 150.0 225.0 300.0 375.0

y = 152.8217 − 0.2781x

r2 = 0.95

P < 0.0001

(a) Sorghum 2011

N
 re

co
ve

ry
 (%

)

0

15

30

45

60

75

90

105

N rates (kg ha−1)
37.5 75.0 150.0 225.0 300.0 375.0

r2 = 0.95

P < 0.0001

y = 86.7228 − 0.4539x + 0.0007x2

(b) Sorghum 2012

N rates (kg ha−1)

N
 re

co
ve

ry
 (%

)

0
45

60

75

90

105

120

135

150

165

40 80 120 160 200 240

P < 0.0001

y = 123.2475 − 0.2689x

r2 = 0.93

(c) Oat 2011

Figure 4: Nitrogen efficiency (%) by the forage of sorghum in the summer seasons of 2010/2011 (a) and 2011/2012 (b) and black oat in the
winter season of 2011 (c), under nitrogen fertilization.

also observed for black oat, with accumulated P exportation
from 23 to 32 kg P ha−1 under 0 to 240 kgNha−1, respectively
(Figure 7(c)).

Potassium exported by annual pastures was influenced by
N application (𝑃 < 0.05), since the forage production and
removal are higher under fertilization. Sorghum presented
a quadratic response in K exported in the year 2010/2011,
reaching the peak of K removal (180 kg ha−1) under the rate
of 271 kgNha−1 (Figure 8(a)). Also the same behavior was
observed in the year 2011/2012 but the peak of K exportation
(83 kg ha−1) was obtained under 324 kgNha−1 (Figure 8(b)).
The difference of 97 kgK ha−1 exported by sorghum between
the years was due to lower forage production in the second
season by the lack of rainfall, which was also the consequence
of low crop response to N fertilization. For black oat, the
K exported was also influenced by N, as shown in Figure
8(c), with a peak removal (79 kgK ha−1) reaching up to
198 kgNha−1.

4. Discussion

Sorghum forage production (MV) in two seasons and
black oat in one season were influenced by N fertilization,
with quadratic responses observed (Figure 2). According to
Heringer and Moojen [23], the quadratic response in MV
is expected due to the limitations by other climatic and
soil factors, since there is a certain limit in the available N
in soil that plant can express all the productive potential.
When exceeded, it causes an imbalance of other nutrients,
decreasing the production and promoting unnecessary fer-
tilizer spending.

In Brazil, there are several forage species that produce
a large amount of MV. Oliveira et al. [24] observed yields
of 67.18, 66.48, 82.00, and 83.90MgMVha−1 of maize (Zea
mays), sorghum-Sudan (Sorghum sudanensis), sorghum, and
sunflower (Helianthus annuus), respectively, similar to the
ones observed here for sorghum in 2010/2011. Evaluating 29
sorghumgenotypes, Cunha and Lima [25] foundMV ranging
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Figure 5: Physiological N efficiency (kgDMkg−1 N absorbed) by the forage of sorghum in the summer seasons of 2010/2011 (a) and 2011/2012
(b) and black oat in the winter season of 2011 (c), under nitrogen fertilization.

from 15.40 to 68.10Mg ha−1, slightly lower than in the present
work. The DM content was evaluated in sorghum-Sudan cv.
AG 2501C subjected to N and K rates by Simili et al. [26]
who found similar results to this study, with 17.4, 16.3, and
17.3% when under 100, 200, and 300 kgNha−1, respectively.
Cunha and Lima [25] found values ranging from 17 to 33%,
higher than the present ones, probably as consequence of the
different genotypes evaluated.

Black oat obviously presents lower potential of MV
production than sorghum. Luz et al. [27] found yields of 18.36,
18.40, 19.49, and 18.74MgMVha−1 under irrigation and 5.72,
5.89, 5.86, and 5.92MgMVha−1 without irrigation, under
0, 50, 100, and 150 kgNha−1, respectively, lower than those
found in the present work. Results of sorghum and black
oat MV show high response to N fertilization, but it is also
important to consider the genotypes selection, region climate,
and especially rainfall distribution. Dry matter content is not
affected by N fertilization; however, the water availability and
plant phenological stage at fodder harvest are themain factors
that can influence directly this character.

The amount of N exported by sorghum was affected by
N rates. There was a higher N accumulation in tissue in
2010/2011 (Figure 3(a)) in relation to 2011/2012 (Figure 3(b)),
which can be explained by lower forage production.However,
the response of the exportation in relation to N rates applied
was quadratic for both years, meaning that crop answer to
N fertilization is limited by other factors. Han et al. [13],
evaluating five sorghum hybrids in Beijing, China, under
120 kgNha−1, found exportation of 128 and 329 kgNha−1
with early and late hybrids, respectively, corroborating the
results found in the current study.

Mateus et al. [28], evaluating the MV and nutrient accu-
mulation in shoot of Guinea sorghum (Sorghum bicolor sp.
Guinea), in the crop season of 2000/2001 in São Paulo, Brazil,
found an extraction from270 to 75 kgNha−1 for early and late
sowing, respectively. It was slightly lower than those found
here in the first season but similar to the ones observed in
the second season evaluated. It is clear that, besides N rates,
sowing period and cultivars (early or late) have direct effect
on the amount of N extracted, which justifies the lower N
extraction in the second sorghum crop season [13, 28].
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Figure 6: Nitrogen recovery efficiency (kgDMkg−1Napplied) by the forage of sorghum in the summer seasons of 2010/2011 (a) and 2011/2012
(b) and black oat in the winter season of 2011 (c), under nitrogen fertilization.

Extraction ofNby black oat was also influenced positively
by N rates (Figure 3(c)). The present results are higher
than those normally reported in the literature, ranging from
99 kgNha−1 in control to 241 kgNha−1 under 160 kg ha−1N.
This difference can be explained by the cultivar planted, Iapar
61, genetically improved to assess greater vegetative cycle,
producemore forage with higher feed quality, which provides
a greater accumulation of N in tissue, ideal for regions of
higher climatic potential [29].

Determining the recovery efficiency and the N utilization
in forage production is essential to improve the system, since,
in situations that the amount of N applied exceeds plant
absorption capacity to convert into forage production, it can
be lost by leaching, volatilization, or accumulating in plant
tissues, reducing the DM conversion efficiency [30]. The
recoveries of N by sorghum were higher under lower N rates
for both years assessed, with levels ranging from 144 to 48%
for the season 2010/2011 and 72 to 9% for the season 2011/2012,
under 37.5 and 375 kgNha−1, respectively (Figures 4(a) and
4(b)).

The N recovery by forage may be influenced by several
factors, like lack of rainfall, N rates, genetic potential of
the crop, and crop management. Under adequate conditions
of climate and soil, the recovery of N can exceed 100%,
as observed in this study (Figure 4) and in the literature.
Heringer and Moojen [23], working with millet under N
fertilization, had negative linear response to N recovery from
168, 99, 94, and 79% when under rates of 150, 300, 450, and
600 kg ha−1, respectively. Also, Sartor et al. [5], working with
Alexander grass (Brachiaria plantaginea), found a recovery
efficiency of 110 and 49% under 200 and 400 kgNha−1,
respectively. For black oat, the lowest N rates were the
most efficient in N recovery (Figure 4(c)). Under the rate
40 kgNha−1, recovery efficiency of 110%was found; however,
under 240 kgNha−1, the efficiency decreased to 55%. Also,
Kolchinski and Schuch [31] found N recovery efficiency
in oats ranging from 76 to 64% under rates from 20 to
80 kgNha−1, respectively, lower than those found in the pre-
sent work.
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Figure 7: Phosphorus exported by the forage harvested of sorghum in the summer seasons of 2010/2011 (a) and 2011/2012 (b) and black oat
in the winter season of 2011 (c), under nitrogen fertilization.

The N physiological efficiency by sorghum was affected
by N fertilization (Figures 5(a) and 5(b)), obtaining the high-
est values, 40 and 28 kgDMkg−1N absorbed for 2010/2011
and 2011/2012, respectively, when applying the lowest N
rate, 37.5 kg ha−1. Lupatini et al. [32], working with millet,
found a physiological efficiency of 35 and 33 kgDMkg−1N
absorbed under rates of 150 and 300 kg ha−1N, respectively,
slightly higher than the results obtained here. Moreover,
Heringer and Moojen [23] observed a progressive reduction
in N physiological efficiency by millet, reaching values of
45 and 14 kgDMkg−1N absorbed under rates of 150 and
600 kgNha−1, respectively, which was also observed here,
with about 13 kgDMkg−1N absorbed under the highest rate
in the second season (2011/2012).

The N physiological efficiency of black oat was also
influenced by N fertilization (Figure 5(c)), with values of
22 to 16 kgDMkg−1N absorbed under rates of 40 and
240 kgNha−1, respectively. Lupatini et al. [33] found a

physiological efficiency of 31 and 25 kgDMkg−1N absorbed
under rates of 150 and 300 kgNha−1, respectively, in black
oat consorted to ryegrass (Lolium multiflorum Lam.), results
slightly higher than the present ones. However, when N rates
increased, physiological efficiency was reduced, as observed
here and in most literature information. According to Pelle-
grini et al. [34], N fertilization may affect the production and
quality of forage in ryegrass but does not alter the N physio-
logical efficiency.Those authors found a physiological average
efficiency of 29 kgDMkg−1N absorbed under rates of 75,
150, and 225 kgNha−1, contradicting the results found here,
which could be explained by the way the authors evaluated
the fodder, simulating grazing animals; thus it is known that
animals, particularly sheep used in that research, are selective,
with ability to select their diet with more than 80% of leaves.

The efficiency ofN recovery by sorghum (Figures 6(a) and
6(b)) showed quadratic and negative effect in both seasons
evaluated, with maximum efficiency of 61 and 20 and mini-
mum of 13 and 1.5 kgDMkg−1N applied, under the rates of
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Figure 8: Potassium exported by the forage harvest of sorghum in the summer seasons of 2010/2011 (a) and 2011/2012 (b) and black oat in
the winter season of 2011 (c), under nitrogen fertilization.

37.5 and 375 kgNha−1, respectively. Olanite et al. [35] found,
in Nigeria, N recovery efficiency of 2, 9, and 6 kgDMkg−1N,
respectively, under the rates of 60, 120, and 180 kgNha−1
in sorghum, much lower than those found here. There is
huge amplitude of information in literature about efficiency
of N recovery by sorghum, being credited to weather and soil
variations, since it is known that N is a nutrient easily lost in
soil, depending on climate changes (excess or lack of rain),
fertilizer amount applied, and soil properties.

The efficiency of N recovery by black oat was also
significantly influenced by N rates (Figure 6(c)), reaching a
maximum of 24 and minimum of 9 kgDMkg−1N under the
rates of 40 and 240 kg ha−1N, respectively. Moreira et al. [29]
found 29, 17, and 11 kgDMkg−1N applied under the rates
of 50, 100, and 200 kgNha−1, respectively, corroborating the
results presented here.

Phosphorus is a vital component of the plant cell and has
the function of stimulating plant growth and formation of the
root system in early development [36]. Among the macronu-
trients, phosphorus is one of the elements less absorbed by
sorghum and oats. The amount of P exported by sorghum

and oats was influenced by N rates (Figure 7), reaching the
highest extractions in sorghum (46 and 24 kg P ha−1) under
the highest rate (375 kgNha−1) and lower extractions (17 and
12 kg ha−1 P) without N fertilization, in the seasons 2010/2011
and 2011/2012, respectively. Han et al. [13] found values of P
extracted ranging from 30 to 75 kg ha−1 in sorghum hybrids,
confirming the results found here, showing that N levels
directly influence P extraction. Mateus et al. [28] observed
that sorghum Guinea can return to the soil through biomass
equivalent to 288 kg ha−1 of superphosphate, concluding that
sorghum is an excellent alternative to be used as cover crop.

The highest P extraction by black oat, 32 kg ha−1, was
observed under 240 kgNha−1 and reduced linearly to
23 kg P ha−1 under no fertilization (Figure 7(c)). Evaluating
four pig manure rates in single oat and intercropped with
vetch, Aita et al. [37] found no significant interaction between
waste rate, crop species, and N, P, and K accumulation in
shoot, withmean values of P extracted of 28, 27, and 13 kg ha−1
under single oat, oat consorted to vetch, and spontaneous
vegetation, respectively. Moreover, the climatic conditions
can greatly restrict nutrient uptake by plants. Working on a
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Brazilian Cerrado region with rainfall restrictions, Torres et
al. [38] found an extraction of only 13 kg P ha−1 for sorghum
and 4 kg ha−1 for oats, much lower than those found here.

Potassium develops many important metabolic functions
in plants, specially acting in enzyme activation reactions,
moving freely within the plant. For sorghum, the K extracted
by forage tissue was significantly influenced by N fertilization
(Figures 8(a) and 8(b)), reaching the highest values of 180
and 83 kg ha−1 under 271 and 324 kgNha−1 in the seasons
2010/2011 and 2011/2012, respectively. Oliveira et al. [24]
found an amount of K extracted of 225 and 292 kg ha−1
when evaluating sorghum-Sudan and common sorghum,
respectively, higher than those found here. According to these
authors, in crops under soil K deficiency, the root system will
be concentrated in soil surface layers and underdeveloped,
obstructing the absorption of water and nutrients. Han
et al. [13] found values of 109 to 300 kgK ha−1 extracted
for early and mid/late sorghum hybrids, respectively. The
average values obtained in this work are lower than those
found in the literature, which can be explained by the early
phenological stage of crop harvest, whose extraction would
be lower compared to a reproductive stage harvest.

For black oat, K extraction was also influenced by N
rates (Figure 8(c)), reaching the peak of 79 kgK ha−1 under
198 kgNha−1, with a quadratic behavior. According to Bork-
ert et al. [39], oats can be a good K recycler, since it has
a deep root system, allowing the recycling of soil K pre-
viously leached to subsurface layers. Giacomini et al. [40]
found an extraction by black oat of 85, 82, and 74 kgKha−1,
respectively, for the years 1998, 1999, and 2000. The authors
emphasize that oat in crop rotation could be important to
reduce K losses by leaching, reducing costs in fertilizer and
improving gradually the soil quality for subsequent crops.

5. Conclusions

In general, the highest forage production of sorghum is
observed under rates from 230 to 300 kgNha−1, with the
highest N, P, and K extraction. For black oat cv. Iapar 61, the
highest forage production is up to 190 kgNha−1.

The values of N recovery, recovery efficiency, and N-
use physiological efficiency are higher under lower N rates
for both crops. Based on this, about 150 kgNha−1 is rec-
ommended to obtain good sorghum forage production with
higher N efficiency levels, which is about 120 kgNha−1 for
black oat.
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de amônia por volatilização em pastagem de capim-tanzânia
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