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Abstract: This study aimed to evaluate the growth, production, and leaf contents of macronutrients, as
well as the yield of forage sorghum cultivated on the alleys of Gliricidia (Gliricidia sepium (Jacq.) Kunth
ex Walp.) and Leucaena (Leucaena leucocephala (Lam.) de Wit) in the presence and absence of mineral
fertilization. The experiment was conducted in two different periods: During the 2016/2017 double
crop (cultivation carried out at the end of the crop cycle) and during the 2017/2018 crop (cultivation
carried out at the beginning of the crop cycle). A randomized block design, in which the first factor
refers to cultivation systems (single sorghum, sorghum cultivated in Gliricidia alleys, and sorghum
cultivated in Leucaena alleys) and the second factor refers to mineral fertilization (presence and
absence of fertilization), in a 3 × 2 factorial arrangement was used. The leguminous plants were cut,
and the residues were deposited in the alleys. The cultivation in alleys without mineral fertilization
increased total forage biomass when compared to the single crop cultivation. Cultivation in Leucaena
alleys showed a higher leaf content of nitrogen (N) when compared to the single crop, both in the
presence and absence of mineral fertilization. In the double crop, sorghum cultivated in Leucaena
alleys without fertilization presented a higher forage yield (up to 67%) when compared to the single
crop system. However, there was no difference in yield when mineral fertilization was applied to
the treatments. Overall, the alley crops were able to increase the morphological (plant height (PH),
stem diameter (SD), panicle diameter (PD), and panicle length (PL) and yield (leaf dry mass (LDM),
stem dry mass (SDM), total green mass (TGM), and total dry mass TDM) variables of the crop,
improving the productivity of forage sorghum.

Keywords: cultivation systems; Gliricidia sepium; leguminous plants; Leucaena leucocephala;
mineral fertilization

1. Introduction

Overall, about 70% of Brazilian soils are represented by Oxisols, Ultisols and Entisols, which are
soil classes of predominantly low fertility. Thus, agricultural production might be restricted if there
is no nutrient addition to the soil [1]. Mineral fertilizers are often the first choice used to improve
the chemical properties of soil [2,3]. However, organic materials such as plant residues can also
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play an important role in the improvement of tropical agriculture systems. After decomposition,
the organic materials provide nutrients and substrate for the synthesis of organic matter in the soil [4].
The chemical, physical, and biological properties of soils can be greatly improved using alley cropping,
which represents an accessible option for the addition of organic matter to the soil [2].

Alley cropping involves the cultivation of annual crops among the hedgerows of multipurpose trees.
Plant residues from the leguminous trees can be used as organic fertilizers, promoting improvements
in soil fertility [5,6]. The benefits of this system of production include surface cover with plant residues,
nutrient recycling, the biological fixation of atmospheric nitrogen (BNF), and the increase of the bearing
capacity of the soil [7–9].

Alley cropping is a viable option to increase biomass production per unit area. Since the plant
residues can be incorporated into the soil, the transference of nutrients from trees to annual crops can
also occur [8]. Furthermore, since the leguminous crops used in alleys present a deep root system,
the interception of percolated nutrients along the soil profile can occur, and nutrients accumulated
in layers below the root zone of annual crops can be accessed. These nutrients absorbed by the root
system of the trees become inputs when transferred to the soil surface in the form of litter and other
plant residues [10].

Leguminous alleys disposed in annual crops represent relevant N inputs by biological fixation,
reducing the need for N fertilization. For example, Leucaena (Leucaena leucocephala (Lam.) de Wit.)
and acacia (Acacia Mangium montanum Rumph.) arranged in maize (Zea mays (L.) alleys produced
large amounts of N due to the increase of biomass and soil fixation [11]. There is evidence that maize
cultivated in Gliricidia (Gliricidia sepium (Jacq.) Kunth ex Walp.) alleys increase their foliar N content by
up to 5 g kg−1 when compared to single maize cultivation with mineral fertilization [12]. Legumes
produce organic matter of greater bioavailability, which can also increase the cation exchange capacity
(CEC) of sandy soils [13].

Among the trees and shrubs used in alley cropping systems, Gliricidia is widely used in the
Brazilian northeast [5,8,14]. Leucaena is also common in alley cultivation. Though Leucaena has a higher
competitive effect when compared to Gliricidia, it produces higher amounts of residues [11–15]. These
species are widely used both in the incorporation of biomass into the soil and in animal feeding, and they
are usually cut two to three times per year [5]. Furthermore, they are considered drought-resistant
species that produce large amounts of biomass with high N levels and fast decomposition rates [16].
However, only a few scientific studies have thus far focused on the cultivation of forage sorghum
(Sorghum bicolor (L.) Moench) in leguminous alleys, especially in areas of livestock activity [17,18].

Forage sorghum belongs to the Poaceae family, and it is among the most cultivated species in the
world. Sorghum is widely used by farmers for forage production due to its high percentage of leaf
and stem production when compared to other plant species. There are two categories of sorghum:
Specific cultivars for grain production and specific cultivars for forage production [18]. Therefore,
its high drought adaptability, high dry mass yield, and high nutrient recycling capacity make this crop
attractive for forage production [13].

Agricultural crops, especially annual crops, require adequate fertility levels for their development.
Therefore, the adoption of leguminous alleys in forage sorghum cultivation for sustainable soil fertility
management represents a great option for nutrient input, especially for resource-poor farmers [2].

The present study was based on the hypothesis that the presence of leguminous alleys in
forage sorghum cultivation would promote greater growth and development, as well as higher foliar
macronutrient contents and productivity, thus making alley cropping superior to the cultivation of
single sorghum. Therefore, the objective of this study was to evaluate forage sorghum cultivation
using a combination of leguminous alleys and mineral fertilization.
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2. Materials and Methods

2.1. Experimental Area and Treatments

Two field experiments were conducted at the School of Veterinary and Animal Science of the
Federal University of Tocantins (810751.01; 9213652.69 UTM, with an altitude of 243 m), Brazil.
The first experiment was implemented in the agricultural year 2016/2017 and the second in 2017/2018.
This region is classified as warm and humid (AW type according to the Köppen classification). The area
presents two growing seasons: A dry period with a water deficit from May to September and a rainy
period between October and April [19]. The rainfall and the average temperature throughout the
experimental period are shown in Figure 1.
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Figure 1. Average monthly rainfall and temperature for the experimental site during the 2016–2018
growing season.

Table 1 shows the physical and chemical attributes of the soil prior to the cultivation of the first
crop cycle. The soil is classified as Entisol (quartzipsamment) [1].

Table 1. Data from chemical and physical analysis of the soil in preplant in the experimental site
(0.00–0.20 m layer).

Attribute

pH (H2O) 5.3
Organic matter (g kg−1) 6.0
Available P (mg dm−3) 7.48
Available K (mg dm−3) 8.0
Ca2+ (cmolc dm−3) 2.47
Mg2+ (cmolc dm−3) 1.19
Al3+ (cmolc dm−3) 0.04
H+ + Al3+ (cmolc dm−3) 1.78
CEC (cmolc dm−3) 5.46
Sand (g kg−1) 893.5
Silt (g kg−1) 6.5
Clay (g kg−1) 100.0

pH (H2O) at a ratio of 1:2.5 m/v; organic matter determined by the Walkley–Black method; available P e K: Mehlich-1
extraction; exchangeable Ca, Mg and Al: Extraction with KCl; H + Al: Extraction with calcium acetate; clay content:
The pipette method.

The experiment followed a randomized block design with a factorial arrangement of 3 × 2 and
five replications. The first factor refers to the cultivation system (single sorghum, sorghum cultivated
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in Gliricidia alleys, and sorghum cultivated in Leucaena alleys), and the second factor refers to mineral
fertilization (the presence and absence of fertilization) (Figure 2). The total area of the experiment was
900 m2, and each experimental unit had a total area of 30 m2 (6 × 5 m).
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2.2. Establishment of Gliricidia and Leucaena Alleys and Forage Sorghum

Gliricidia and Leucaena were sown in 2013, with a spacing of 6 m between double rows and 0.75 m
between single rows and plants. The legumes were only pruned prior to the first sorghum cultivation
in 2017, and the biomass that was deposited on the soil surface was composed of leaves and stems.
All plots of the same treatment received the same amount of biomass, and all available dry plant
residues were added to the soil, which was added according to the dry mass content shown in Table 2.
The single sorghum treatment received no plant residue.

Table 2. Macronutrient content and dry mass of plant residues deposited between lines of sorghum
cultivation (double crop) in March 2017.

Legume N (g kg−1) P (g kg−1) K (g kg−1) Ca (g kg−1) Mg (g kg−1) Dry Mass (Mg ha−1)

Gliricidia 32.8 2.8 17.6 14.6 5.5 5.4
Leucaena 33.1 1.7 11.4 10.5 3.2 6.0

The legume biomass that was deposited in the crops was quantified using a metal frame of 0.25 m2

and dried in a forced circulation oven at 55 ◦C until constant weight for chemical analysis (Table 2).
One month after the cutting of the alleys, the planting furrows were manually opened. Sorghum was
sown on 31 March 2017, as it was characterized as double crop. Thirteen seeds per linear meter were
sown, with a spacing of 0.5 m between rows.

After collecting data on growth, yield, leaf macronutrient levels and forage sorghum productivity
of the first experiment, the area remained fallow. In 2018, the alley treatments containing Gliricidia and
Leucaena were again pruned, and the residues were deposited between the rows of the subsequent single
sorghum cultivation, which was characterized as a crop. The experimental procedures, the cultivar,
and the amount of biomass deposited were the same as the previous year, and planting was carried
out on 13 January 2018.

Planting and fertilization were only carried out in plots containing mineral fertilization with
nitrogen-phosphorus-potassium (NPK), according to the requirements of the crop: 20 kg ha−1 of N,
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90 kg ha−1 of P2O5, 75 kg ha−1 of K2O, and 30 kg ha−1 of micronutrients based on fritted trace elements
(FTE) [20]. Fertilization was divided into two applications: When sorghum plants had four and seven
fully expanded leaves by adding 100 kg ha−1 of N and 75 kg ha−1 of K2O, respectively.

2.3. Analysis of Plant Tissue and Sorghum Production

When sorghum plants reached up to 50% of flowering, leaves were sampled—the fourth leaf
was collected from the apex of the plants from the central rows. Eight leaves were sampled per
experimental plot, and these were oven dried at 55 ◦C and milled in a Willey-type stationary mill for
the determination of the foliar contents of N, P, K, Ca, and Mg [21].

At 85 days after sowing (DAS), eight plants of the two central rows of each plot were evaluated.
Plant height and panicle length were measured from the lap of the plant up to the last expanded leaf.
The stem and panicle diameters were measured using a digital caliper.

Sorghum plants were cut near the soil surface, and the plant parts were separated into stem, leaf,
panicle, root, and dead material. The roots were removed with the aid of a hoe in depth of 20 cm
and then washed under running water through a 2 mm sieve. Thus, the green mass of each part of
the plant, as well as the leaf/stem ratio and the productivity, were obtained. The dry mass of each
component was determined after drying in a forced-air oven at 55 ◦C until constant weight.

2.4. Statistical Analysis

All results are expressed as averages ± level of significance. The variables related to growth,
production, leaf macronutrient levels, and the productivity of forage sorghum were verified for data
normality by the Shapiro–Wilk test and homoscedasticity by the Bartlett test. Data were submitted to
an analysis of variance and an F test, in which the averages were compared by the Tukey test at 5%.

3. Results

There was a significant interaction between the cropping systems (C) and mineral fertilization
(M) for all growth variables, as well as for the dry mass of the morphological components and total
sorghum production in the double crop. However, plant height (PH), panicle length (PL), and panicle
dry mass (PDM) had no significant interaction between cultivation systems and mineral fertilization
(Table 3). The leaf content of P and the sorghum yield in the double crop presented no interaction
between the variables (C × M). Moreover, the foliar contents of N, K, and Mg also presented no
interaction (C ×M) (Table 4).
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Table 3. Summary of the analysis of variance of the growth components as well as the dry mass of the morphological components and total forage sorghum submitted
to the combination of legume alleys and mineral fertilization.

Middle Square Double Crop

Variation Source PH SD PD PL LDM SDM PDM DMDM TGM TDM RDM

Cultivation systems (C) 687 * 0.03 * 2.5 * 34 * 318 * 6573 * 14,027 * 131 * 389,177 * 49,341 * 2108 *
Mineral fertilization (M) 4276 * 0.24 * 6.3 * 89 * 846* 27,919 * 47,521 * 632 * 1,763,023 * 192,993 * 37,439 *

(C ×M) 484 * 0.008 * 0.8 * 12 * 33 * 1445 * 2102 126 * 124,341 * 9758 * 966 *
CV (%) 8.5 6.7 11.8 6.9 12.3 19.7 27.8 10.6 17.4 17.7 29.0

Crop

Cultivation systems (C) 68.5 ns 0.2 * 0.7 * 1.1 ns 1443 * 50,903 * 658ns 155 * 777,522 * 81,883 * 8905 *
Mineral fertilization (M) 16450 * 1.3 * 12.4 * 150 * 19,885 * 793,331 * 67,794 * 2353 * 1,590,2883 * 1,797,184 * 178,427 *

(C ×M) 55.1 ns 0.01 * 0.2 * 1.2 ns 841 * 93 * 1028 ns 112 * 82,518 * 3378 * 8815 *
CV (%) 8.0 12.3 9.8 4.1 15.9 17.0 15.1 25.2 12.1 13.7 26.1

Plant height (PH), stem diameter (SD), panicle diameter (PD), panicle length (PL), leaf dry mass (LDM), stem dry mass (SDM), panicle dry mass (PDM), dry mass of the dead material
(DMDM), total green mass (TGM), total dry mass (TDM), and root dry mass (RDM). * = Significant at 5% probability; ns = Not significant.

Table 4. Summary of the analysis of variance of the stem leaf ratio, foliar macronutrient content, and forage sorghum yield submitted to the combination of alleys and
mineral fertilization.

Middle Square Double Crop

Variation Source Stem/Leaf Relation N P K Ca Mg Yield

Cultivation systems (C) 0.1 * 1.7 * 0.01 ns 70.3 * 0.6 * 0.5 * 5259 *
Mineral fertilization (M) 0.2 * 0.004 ns 0.007 ns 37.8 * 0.001 * 0.3 * 123,413 *

(C ×M) 0.06 * 0.05 * 0.001 ns 52.6 0.08 * 0.3 * 167,987 *
CV (%) 26.8 7.0 3.4 12.7 13.3 21.3 16.4

Crop

Cultivation systems (C) 0.01 * 85.8 * 0.7 * 0.5 ns 0.5 * 0.09 * 218,755 *
Mineral fertilization (M) 0.19* 0.07 ns 0.02 ns 120 * 0.5 * 0.5 * 104,247 *

(C ×M) 0.002 * 1.4 ns 0.05 * 2.8 ns 0.1 * 0.006 ns 443,964 *
CV (%) 14.3 10.8 14.3 9.2 13.8 15.0 12.2

* Significant at 5% probability; ns = Not significant.
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3.1. Sorghum Growth

Except for the panicle diameter under the effect of the Leucaena alleys in the double crop (in which
no alteration was verified), the components related to sorghum growth (plant height, stem diameter,
panicle diameter and panicle length) were higher in the presence of fertilization when compared to the
non-fertilized treatments (Figure 3).
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Figure 3. Plant height (A), stern diameter (B), panicle length (C) and panicle diameter (D) of forage
sorghum submitted to the combination of leguminous alleys and mineral fertilization. Averages
followed by the same lowercase letter for fertilization and uppercase letter for cropping systems were
found by the Tukey test to not differ from each other at 5%.

In the crop, the presence of Leucaena alleys increased the diameters of the stem and the panicle
when compared to the single sorghum system. In the double crop, Leucaena cultivation caused more
positive impacts on plant height, stem diameter, panicle diameter, and panicle length (up to 72% more
than single sorghum) than in the experimental units with the presence of mineral fertilization. In the
experimental units without mineral fertilization, the cultivation in Leucaena alleys was 30% superior to
the single sorghum cultivation plots in relation to plant height, stem diameter, panicle diameter and
panicle length.

3.2. Morphological Components and Biomass Production of Forage Sorghum

In the absence of mineral fertilization, the addition of the plant residues increased the leaf dry
mass (LDM) and the stem dry mass (SDM) of sorghum when compared to the single crop cultivation.
This beneficial effect was verified both in the double crop and in the crop. However, there were
no alterations between the cultivation systems in the presence of mineral fertilization (Figure 4).
On average, leaf dry mass in alley crops exceeded the single crop by 28% and 66% in the double crop
and crop, respectively. The potential of SDM production under the effect of the leguminous alleys was,
on average, 100% higher than single sorghum in the double crop and crop (Figure 4). Except for
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sorghum in the double crop cultivated in Leucaena alleys, mineral fertilization increased the LDM and
the SDM in relation to the treatments without fertilization.
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Figure 4. Leaf dry mass (A), stem dry mass (B), panicle dry mass (C), and dry mass of dead material
(D) of forage sorghum submitted to the combination of leguminous alleys and mineral fertilization.
Averages followed by the same lowercase letter for fertilization and uppercase letter for cropping
systems were found by the Tukey test to not differ from each other at 5%.

Regarding the production of the PDM in the double crop, sorghum cultivated in Leucaena alleys
was much higher than single sorghum (up to 500%). Leucaena alleys influenced the increase of the
dry mass of dead material (DMDM) of sorghum cultivated without fertilization in the double crop.
However, with the application of mineral fertilization, the presence of Gliricidia alleys caused an
increase in the double crop and crop of 17% and 30%, respectively, when compared to the single crop.

As for the total green mass (TGM) produced by sorghum in the experiment conducted during
the crop, Gliricidia and Leucaena alleys without fertilization and with fertilization were 78% and 11%
higher than single sorghum, respectively. In the double crop in the absence of mineral fertilization,
the greater green mass production of sorghum cultivated between the alleys (up to 116% when
compared to single sorghum cultivation) was also verified. Nevertheless, there was no effect of
the cultivation system when mineral fertilization was applied (Figure 5). In general, the total dry
mass (TDM) followed the same patterns of green mass; however, in the double crop without the
application of mineral fertilization, Leucaena alleys caused more benefits to sorghum development than
Gliricidia alleys.
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Figure 5. Total green mass (A), total dry mass (B), root dry mass (C) and forage sorghum leaf stem ratio
(D) of forage sorghum submitted to the combination of leguminous alleys and mineral fertilization.
Averages followed by the same lowercase letter for fertilization and uppercase letter for cropping
systems were found by the Tukey test to not differ from each other at 5%.

Both in the crop and in the double crop, the root dry mass (RDM) was strongly influenced by the
application of mineral fertilization with an increase in root production, regardless of the cultivation
system. However, in the absence of mineral fertilization in the double crop, the sorghum RDM in
Gliricidia alleys exceeded single sorghum by up to 142%.

The absence of mineral fertilization increased the leaf steam ratio regardless of the cultivation
system. The cultivation in alleys without fertilization presented leaf stem ratios 38% and 20% lower
than the single crop in the double crop and crop, respectively.

3.3. Leaf Macronutrient Contents

In both the double crop and in the crop, fertilization did not alter the contents of N and P
in sorghum plants. However, in the crop, the cultivation of Leucaena alleys caused an increase in
the contents of these nutrients when compared to the single crop (up to 28% and 26% for N and P,
respectively). However, in the double crop with the presence of mineral fertilization, a lower N content
was observed under the effect of Leucaena alleys (Table 5). A lower leaf content of P also predominated
under the effect of the alleys when compared to the single crop.

As for the leaf content of K, the cultivations of the alleys without the presence of mineral
fertilization in the double crop were benefited by 50% under the effect of Gliricidia and by 100% under
the effect of Leucaena. However, in the crop, mineral fertilization was responsible to increase the content
of K, regardless of the cultivation system.

Gliricidia and Leucaena alley cultivation predominantly provided the lowest leaf contents of Ca
and Mg in both the double crop and the crop when compared to the single crop.
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Table 5. Leaf macronutrients contents of forage sorghum cultivated with the combination of alleys and mineral fertilization.

Cultivation
System Mineral Fertilization

Absent Present Average Absent Present Average Absent Present Average Absent Present Average Absent Present Average

N (g kg−1) P (g kg−1) K (g kg−1) Ca (g kg−1) Mg (g kg−1)

Double crop

Single 7.2 Aa 7.3 Aa - 1.6 Aa 1.6 Aa 1.67A 10.8 Cb 17.9 Aa - 1.46 Aa 1.26
Ab - 1.2 Aa 0.6 Ab -

Gliricidia 6.8 Aa 6.7 ABa - 1.5 Aa 1.6 Aa 1.59B 16.2 Ba 18.0 Aa - 0.95 Ba 1.1
ABa - 0.7 Ba 0.6 Aa -

Leucaena 6.5 Aa 6.3 Ba - 1.5 Aa 1.6 Aa 1.61B 20.7 Aa 18.6 Aa - 0.81 Ba 0.9 Ba - 0.4 Ca 0.5 Aa -
Average - - - 1.6 a 1.6 a - - - - - - - - - -

Crop

Single 20.9 Ba 20.0 Ba 20.5 B 2.1 Aa 1.8 Ba - 18.3 Ab 21.1 Aa 19.7 A 1.4 Aa 1.1 Ab - 0.9 Aa 0.6 Ab 0.78 A
Gliricidia 23.8 ABa 24.1 ABa 23.9 A 2.0 Aa 2.0 Ba - 16.8 Ab 21.7 Aa 19.2 A 1.1 Ba 0.7 Bb - 0.7 Ba 0.4 Bb 0.5 B
Leucaena 26.1 Aa 26.5 Aa 26.3 A 2.4 Aa 2.49 Aa - 17.3 Ab 21.6 Aa 19.4 A 0.8 Ca 0.7 Ba - 0.8 ABa 0.5 ABb 0.7 AB
Average 23.6 a 23.5 a - - - - 17.4 b 21.4 a - - - - 0.8 a 0.5 b -

Averages followed by the same lowercase letter within the line and uppercase letter within the column were found by the Tukey test to not differ from each other at 5%.
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3.4. Sorghum Yield

The forage sorghum yield was improved in the crop by the mineral fertilization, regardless of
the cultivation system. However, single sorghum cultivation was more dependent on fertilization
than sorghum cultivated in the presence of the alleys. Single sorghum without fertilization had its
productivity decreased by 62% when compared to the cropping systems with mineral fertilization in
the double crop, while in the presence of the alleys, the decrease was 30%. Regarding the cultivation of
the crop the productivity decreased by 69% for single sorghum and by 48% for alley cropping.

In the crop without mineral fertilization, the crop systems presented similar productivities.
However, with the presence of fertilization, single sorghum productivity increased by an average of
5500 kg ha−1 when compared to cultivation in Gliricidia and Leucaena alleys (Figure 6).
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Figure 6. Productivity of forage sorghum cultivated with the combination of alleys and mineral
fertilization. Averages followed by the same lowercase letter for fertilization and uppercase letter for
cropping systems were found by the Tukey test to not differ from each other at 5%.

In the double crop without mineral fertilization, sorghum cultivation in Leucaena alleys presented
a higher productivity than the single sorghum cultivation (up to a 67% increase). With the presence
of mineral fertilization, sorghum productivity in Gliricidia alleys was similar to single sorghum.
Nevertheless, the cultivation in Leucaena alleys was smaller than single sorghum.

4. Discussion

4.1. Morphological Components of Growth and Biomass Production of Forage Sorghum

Plant heights, stem diameters, panicle diameters, and panicle lengths are characteristics that
positively influence the production of sorghum [18]. Studies on the benefits of corn and sorghum
alleys have found evidence that leguminous alleys increase plant height when compared to single
cultivation [22,23]. The application of leguminous residues controls weeds and improves the physical,
chemical, and biological properties of the soil [24].

The dry mass of the morphological components of the alleys was increased when compared to
single sorghum, especially in the absence of mineral fertilization. The distinct characteristics of the
legumes and sorghum resulted in the exploration of the different layers of the soil (as well as soil
structuring and dry mass production), which is associated with a lower rate of the decomposition of
residues and nutrient recycling that benefits agricultural crop [25].
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The total green mass and the total dry mass of the alley cropping systems were higher than the
single sorghum system, except in the double crop with the presence of mineral fertilization, in which
the crop systems did not cause changes in these variables. Plants of the Poaceae family grown in
legume alleys increase the production of green mass and dry mass when compared to conventional
cultivation without alleys [26]. The most important advantages of the alley cropping system in relation
to single crops are: An increased production of green and dry mass, a greater accumulation of nutrients,
and soil protection [22].

When studying maize cultivation in Gliricidia alleys [13], we observed a higher total dry mass
of the crop in alleys when compared to maize cultivation fertilized with manure and conventional
maize cultivation. Due to their high capacity to fix atmospheric N and to produce biomass under
conditions of low water availability, Gliricidia and Leucaena alleys are capable of improving soil fertility
and increasing the dry mass production of plants in the Poaceae family [27].

The cultivation systems without the presence of mineral fertilization were similar regarding
root dry mass, whereas sorghum cultivated in Gliricidia alleys was superior to the single sorghum
treatment in the double crop. However, with the presence of mineral fertilization in the crop, the RDM
of sorghum in Gliricidia alleys was lower than the other cropping systems, which shows that the
plant did not require as much investment in roots. The production of sorghum roots may depend on
competitiveness with the legumes arranged in alleys, and the longer the establishment time of the
alleys, the greater the competitiveness of the legumes with the crop [5–28].

The stem leaf ratio is important for the quality of the forage. In the absence of mineral fertilization,
the systems of cultivations in leguminous alleys exerted influence on sorghum development,
thus resulting in lower leaf proportion and impacting the lower leaf stem ratio [29].

4.2. Macronutrient Leaf Contents and Productivity

The Leucaena alleys cultivation system with and without the mineral fertilization of the crop was
the only one able to provide a foliar content of N within the critical level for the production of 80%
of the crop potential [21]. However, the leaf N level of the double crop was low for an adequate
crop production; this was related to the scarcity of rain, which caused a limited N availability to the
plants [30].

When studying Gliricidia and Leucaena alleys as a way to improve soil properties,
Fernandes et al. [27] found that the residues incorporated 160 and 130 kg ha−1 year−1 of N, respectively
(when only considering N). The leguminous alleys recovered about 20% of N directly from the residues
deposited in the soil [11–16]. BNF can also represent N inputs relevant to the soil/plant system and
reduce the need for N fertilizer application, which is often expensive and most susceptible to losses [8].

In the experiment developed during the crop of 2017/2018, the cultivation in alleys was superior
when to that of the single crop for N leaf content. [30,31] found that leguminous alleys could increase
the efficiency of N fertilizer use. However, in the present study, mineral fertilization did not influence
the leaf N content of the crop.

In the present study, Leucaena alley cropping was the only system that increased the leaf
concentration of N in sorghum, thus contributing to an increase of 28%. When studying maize
cultivation in Gliricidia alleys [12], we found an increase of 86% of N of the particulate organic matter
of the soil in relation to the cultivation of single maize, which was compared to the effect of the use of
50 kg ha−1 of N fertilizer.

As for the content of leaf P, the crop cultivation systems were adequate, except for single sorghum
with mineral fertilization. However, in the double crop, even with the presence of mineral fertilization,
the P levels of the cropping systems were below the ideal for the sorghum crop [19]. De Paula et al. [32]
found that P from the decomposition of leguminous residues formed less water-soluble compounds
and moved more slowly from one compartment to another. Furthermore, the half-life of nutrient
release is shorter in the double crop.
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The foliar content of P of the double crop and crop did not change with the mineral fertilization
factor. [33] pointed out that BNF carried out by legumes results in higher energy and P expenditure
by legumes. However, in the crop of 2017/2018, sorghum cultivated in Leucaena alleys with mineral
fertilization showed a higher leaf content of P when compared to the other cropping systems.
Nevertheless, there were no alterations between crop systems without mineral fertilization.

In a nutritional study of corn intercropped with legumes, the authors of [26] found changes in
leaf P content only in the second year, in which this content was higher in legume crops than the
conventional treatment. Thus, several plant species, especially perennial legumes, can use non-labile
fractions of P by modifying the chemistry of their rhizosphere, excreting protons and organic acids to
solubilize P and leave it available for crops [34].

The content of K remained adequate in all cropping systems in the two years of cultivation,
regardless of the mineral fertilization, except for the single sorghum cultivation without mineral
fertilization of the double crop, which presented a K content below suitable levels for the crop [21].

In the legume alley cropping without the mineral fertilization of the double crop, the content of
leaf K was higher than that of the single crop. However, with the presence of mineral fertilization,
the crop systems were similar. These results indicate that, in addition to providing nutrients from the
plant residues to the main crop, these legumes probably recycled K from depths beyond the crop zone
by sorghum roots [35,36].

The cropping systems did not undergo alterations regarding the foliar content of K, either with
fertilization or without fertilization. Since the crop experiment was implemented in the second cycle,
there is evidence that the content of K originating from the first cycle was sufficient and altered the
effect in the double crop cycle [33]. The authors of [37] stated that in the cultivation of maize in alleys,
legumes positively increased the content of leaf K in maize from the first crop cycle, which was similar
to the conventional cultivation.

As for the levels of Ca and Mg, they were inadequate in all treatments—both in the double crop
and in the crop [21]. Regardless of mineral fertilization, the lowest foliar contents of Ca and Mg were
verified in the presence of leguminous alley crops. This result denotes the existence of competition
between the legumes and the sorghum crop. However, the competition increases with the presence of
mineral fertilization in the crop. The legume species require the same resources as the associated crops,
which can result in both complementarity and competition [5].

Legumes have deep roots, can intercept percolated nutrients along the soil profile, and can access
nutrients accumulated in the layers below the root zone of annual crops. These nutrients absorbed
by the root system of the trees become inputs in the form of plant residues [10]. In general, legume
residues provide Ca and Mg for agricultural crops. However, the slow release of these nutrients is
probably due to the fact that they are some of the constituents of the middle lamella of the cell wall,
forming one of the most recalcitrant components of the tissues [28–38].

On average, the presence of mineral fertilization in the cropping systems doubled the productivity
in the two years of experiment. The leguminous alleys of the crop without mineral fertilization showed
results similar to single sorghum cultivation. As for the presence of mineral fertilization, the systems
of cultivation in leguminous alleys were smaller than the single sorghum cultivation.

Akinnifesi et al. [30] reported that corn yield in Gliricidia alleys without the mineral fertilization of
N and P was 39% higher than in the single maize plots that received the recommended total amounts
of N and P. When the Gliricidia alleys were altered with 50% N and 100% P, the yield increased by 79%.

Crops in legume alleys presented a surface area 30% lower than the single crop. In a study that
related sorghum cultivation to leguminous alleys, the authors of [39] pointed out that the yield of
sorghum cultivated in leguminous alleys corresponded to 94% in relation to conventional cultivation,
although 86% of the area was occupied in the system.

The cultivation in leguminous alleys denotes its importance as a practice of agriculture with
low external input as a form of soil fertilization, because it can maintain or increase the productive
capacity of integrated agricultural crops [33]. Leguminous alleys are important for the morphological
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development, growth, biomass production, and nutrition components of forage sorghum, especially N.
In the present study, sorghum yield was increased and presented a direct relation with the presence of
the alleys.

5. Conclusions

The presence of mineral fertilization improved the results of all studied cultivation systems (single
sorghum, sorghum grown in Leucaena alleys and sorghum grown in Gliricidia alleys) when compared
to the absence of fertilization. Nevertheless, the cultivation in alleys was not significantly different
when considering the influence of mineral fertilization on plant height, panicle length, leaf dry mass,
leaf stem ratio and the leaf content of K in both experimental periods. Leucaena alleys outperformed
Gliricidia alleys considering plant height, panicle diameter and panicle length. At least one of the
alley cropping systems was larger than the single sorghum for the dry mass of the morphological
components, total yield of green mass, and dry and root mass.

The contents of leaf N and P were not related to mineral fertilization. The alleys were able to
positively influence the contents of these nutrients in the plant. The cultivation in Leucaena alleys
increased the content of P when compared to single sorghum in the crop. The cultivation of sorghum
in the alley cropping system also contributed to a higher leaf content of K when compared to the single
crop in the double crop. The leguminous plants could have competed with sorghum for Ca and Mg,
resulting in lower levels of these elements when compared to the single crop.

Mineral fertilization increased sorghum productivity regardless of the studied cultivation system.
Gliricidia and Leucaena alleys showed clear potential to increase sorghum productivity, especially for
sorghum cultivated in the double crop. However, in the crop with the presence of mineral fertilization,
the cultivation in alleys did not overcome single sorghum cultivation regarding productivity.
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