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The management of soil cover plants (intercropping) in orchards can contribute to
increase productivity of citrus trees. Thus, the present research aimed to evaluate
different planting systems for Tahiti acid lime grafted onto Flying Dragon trifoliate orange,
a dwarfing rootstock, at high planting density (1,157 trees ha−1). The study was set
up in four tillage systems, using Urochloa ruziziensis as an intercrop species in the
orchard, and conducted for 5 years: no-tillage (NT), no-tillage and no-herbicide (NT-NH),
minimum tillage (MT) and conventional tillage (CT; without intercropping). Dry matter
(DM) production of biomass in the row and interrow of the orchard was evaluated
yearly, as well as weed density, soil physical and chemical characteristics, plant water
and nutritional status, and fruit yield of trees. Greater deposition of DM of biomass
was observed in the row of citrus planting for treatments NT and NT-NH compared
to CT and MT treatments, which led to reduced undesirable weed populations. The
NT treatment also provided increases of 79% in potassium (K) nutrient concentrations
in the leaves of trees and 60% in exchangeable K in the soil surface layer, in the
first 2 years evaluated. The maintenance of the Urochloa ruziziensis mulch in the NT
system also provided higher soil volumetric moisture content and consequently lower
soil resistance penetration and water stress on trees, evidenced by the predawn plant
leaf water potential (<1 MPa). Moreover, the NT treatment provided an average increase
of 56% of fruit yield from trees compared to the CT treatment during three harvests. This
long-term study demonstrated the contribution of the no-tillage system using a favorable
cover crop to increase the yield of Tahiti acid lime fruits and maintain the soil quality most
required for the sustainability of citrus production.

Keywords: Citrus latifolia, ecological mower, intercropping, soil protection, Urochloa ruziziensis, glyphosate
management, yield

INTRODUCTION

The increasing change in the lifestyle habits of the world’s population has led to changes
in the food production situation. Concerns about CO2 emissions have increased, calling for
low-carbon cultivation practices (Gregory and George, 2011). With the heightened consumer
demand, the link between healthy food and the production system (agroecosystem) has been
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tightened. Consequently, there is a search for less-impacting
production systems, making more conservationist, organic and
even so-called urban farming techniques gain space in the world’s
agricultural sphere (James and Friel, 2015).

Brazil stands out on the world stage as an agricultural
producer, not only for being one of the largest producers, but
also for the generation of new techniques and more-sustainable
planting systems (Ribeiro et al., 2017). Among the foods most-
produced in Brazil, citrus fruits stand out, the country being the
world’s largest producer of oranges, the fifth in the ranking of
mandarins and the sixth in limes and lemons. However, large
variation on average productivity has been observed (Fundo de
Defesa da Citricultura [Fundecitrus], 2019), which results from
significant differences in the adoption of technology (planting
and cultural practices) among producers in the different Brazilian
citrus fruit regions (Corá et al., 2019).

The state of São Paulo accounts for 79% of Brazil’s production
of limes and lemons, with a production of 1.3 million tons, with
the highlight being Tahiti acid lime [Citrus latifolia (Yu Tanaka)
Tanaka], with 30.4 thousand hectares planted and nine million
productive trees (IBGE, 2018). It is important to highlight the
socio-economic impact for the state, since this production area
is concentrated in the hands of eight thousand small producers,
who are the most in need of sustainable planting and cultural
practices for remaining in business (Santos et al., 2016).

In this context, the implementation of the FAO’s Conservation
Agriculture (CA) concept, involving (i) minimum soil tillage,
(ii) cover crop usage, and (iii) diversity of cultivated species, in
sequence (crop rotation) or in association (intercropping) (Food
and Agriculture Organization [FAO], 2017), is key to the success
of the agricultural activity.

Earlier studies demonstrate the possibility of using minimum
soil tillage for the implantation of orange orchards (Auler et al.,
2008; Fidalski et al., 2010), keeping the inter-rows permanently
planted with cover crops (Urochloa spp.) after the establishment
of the orchard (Martinelli et al., 2017). This kind of management
is not usual in areas of the conventional tillage system, where
the soil is exposed to sunlight and raindrops, increasing erosion.
Minimum tillage and no-tillage provide for the accumulation of
organic material and carbon content in the soil, for stabilizing
its structure, besides cycling nutrients and contributing to the
control of weeds (Trumbore and Camargo, 2009).

Two techniques have been highlighted as alternatives for
the conservationist production of citrus fruit, replacing the
conventional system. The secondary cultivation of species of
perennial brachiaria is highlighted, mainly of the Poaceae family
[Urochloa (syn). Brachiaria] in the orchards (Matheis et al., 2006),
and the handling of this vegetation with the use of the ecological
mower. This mower is characterized by cutting the inter-row
vegetation and distributing it simultaneously on the row of citrus
planting, producing a mulching effect (Corá et al., 2019).

The production of biomass of covering plants in the inter-
rows of citrus groves and the launch of it for citrus row planting
was the target of a few short-term studies with citrus fruit (a few
harvests), focusing on specific evaluations of different species of
cover crop, water storage capacity and control of weeds (Bremer
Neto et al., 2008; Fidalski et al., 2009; Azevedo et al., 2012;

Martinelli et al., 2017). However, the no-tillage and mulching
effects on the rows of citrus over a long period of time were not
evaluated in these studies, not even the possible responses to new
rootstocks, such as the dwarfing varieties, which may differ in the
consumption and absorption of water in the soil.

The diversification of rootstock in citriculture has occurred
with great speed, with one of the objectives being varieties
that induce less vigor to the canopy, thus allowing for denser
planting in citriculture (Azevedo et al., 2015). Rootstock and
scion with low vigor are essential for achieving better results
in high-density planting systems, and mechanical harvest, and
one of the dwarfing rootstocks that allows for greater density
of planting is the trifoliate orange Flying Dragon [Poncirus
trifoliata var. monstrosa (T. Ito) Swingle] (Cantuarias-Avilés
et al., 2012). However, this rootstock shows low tolerance for
water deficit, which justifies studies of alternative planting and
cultural practices to increase the quality of the soil, as regards the
storage of water from in the soil and fertility characteristics.

On the basis of the above, this research had the objective of
assessing different systems of planting and cultural practices for
Tahiti acid lime grafted onto Flying Dragon as a high-density
planting orchard, considering the use or non-use of Urochloa
ruziziensis as intercropping, and the consequent production
and transfer of biomass from the inter-rows to the row of
citrus planting, on the physical and chemical characteristics of
the soil, over a long time period, which may affect the fruit
production of the orchard.

MATERIALS AND METHODS

Growing Conditions and Experimental
Design
The experiment was installed in São Paulo State, Brazil (22◦
18′ 26′′ S; 47◦ 23′ 11′′ W and 620 m altitude). The climate of
the region, according to Köppen, is of the Cwa type, tropical
altitude, rainy in summer and dry in winter, with annual
rainfall of 1,384.5 mm (Alvares et al., 2013). The soil has
been classified as a dystrophic Red Latosol, with clay texture,
with a moderate A horizon (Empresa Brasileira de Pesquisa
Agropecuária [EMBRAPA], 2013). During the experimental
period (2015–2019), maximum and minimum temperatures and
the monthly rainfall accumulated were monitored, with data
collected at a meteorological station located 1 km from the
experimental area.

The initial chemical characteristics of the soil from the
experimental area were evaluated (Raij et al., 2001) for a soil
sample collected in July 2014 (0.0–0.20 m depth). The following
average levels were found: P (phosphorus; 51.5 mg dm−3), K
(potassium; 3.7 mmolc dm−3), Ca (calcium; 52 mmolc dm−3),
Mg (magnesium; 17 mmolc dm−3), and base saturation (68%).
These values are considered suitable for planting citrus fruit
(Corá et al., 2019; Mattos-Junior et al., 2020). In November 2014,
Crotalaria juncea and Urochloa ruziziensis were sown, 30 and
12 kg ha−1 of seeds, respectively, with the aim of increasing soil
carbon and nitrogen, in total area.
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In March 2015, when the cover crops exhibited maximum
growth (Figure 1A), they were cut. The furrows were
opened and 0.45 kg of monoammonium phosphate (MAP)
was applied per linear meter of the furrow (Figure 1B).
U. ruziziensis was kept as a permanent covering crop
(Figure 1C) in the orchard inter-rows, in minimum tillage
(MT), no-tillage (NT) and no-tillage + no-herbicide (NT-NH)
treatments (Table 1).

The planting of Tahiti acid lime IAC-5, grafted onto Flying
Dragon trifoliate orange, was carried out in March 2015,
using a spacing of 4.8 m × 1.8 m (1,157 plants ha1). The
treatments were as follows: conventional tillage (CT), minimum
tillage (MT), no-tillage (NT) and no-tillage + no-herbicide
(NT-NH). Different planting operations and cultural practices
were performed on each treatment (Table 1). The experiment
was installed with four treatments in a randomized block
design, with five replications. Each plot was composed of 18
trees, distributed in three rows with six trees each and the
evaluations were concentrated on the four central trees of
the central row.

The orchard was maintained without irrigation, and the
fertilization followed the recommendations by Mattos-Júnior
et al. (2009), which were carried out manually, subdivided
into four applications from November to March of each
harvest. In addition, 2 t ha−1 of limestone was applied in
2014 (before planting), 2016 and 2018, over the total area.
The other routine treatments for culture (control of pests
and diseases, pruning, etc.) were carried out on all the
plots, annually.

Biomass Production
In all the treatments, three mowing of the cover crops
were carried out per year, during 2016 to 2019. The inter-
rows of the NT and NT-NH treatments were managed with
an ecological mower (Kamaq R© Ninja Eco 230 model, with
six blades and a 2.60-m cutting width, that throws the
mowed biomass into the row area), while the MT and CT
treatments have been managed with a conventional mower
(Kamaq R© Ninja 230 model, with four blades and a 2.60-m
cutting width, that leaves the mowed biomass in the inter-
row area).

After the mowing (all treatments) and manual hoeing
in the rows (NT-NH), biomass sampling was carried
out on the orchard rows and inter-rows of the orchard,
in all treatments, in four points per plot, using a gage
area of 0.25 m2. The samples were weighed and dried at
65± 2◦C for 72 h.

Weed Density
Thirty days after each treatment management (mowing,
herbicide and hoeing, according Table 1), the plant protection
survey was carried out on all treatments in the four evaluation
years (2016 to 2019). An area of 0.25 m2 was randomly evaluating
four times in the plot, totaling a sample area of 1 m2 in the citrus
planting rows, as described by Martinelli et al. (2017). Weeds
(including Urochloa ruziziensis) were counted to obtain the
number of individuals per square meter (density).

Soil Penetration Resistance and Soil
Moisture
The soil penetration resistance (SPR) was assessed using the Stolf
penetrometer in the citrus rows. The measurement was obtained
by a calculation using the number of impacts of a known weight
driving into the soil and the depth measurement achieved by each
impact, according to the methodology described by Stolf et al.
(2014). Four points per plot (citrus row) were analyzed in the
layers of 0–20 and 20–40 cm in depth, in September of the second
(2016) and fourth (2018) years of the experiment, a period of low
rainfall (Figure 2).

On the same dates, the soil moisture was determined
by the gravimetric method (Empresa Brasileira de Pesquisa
Agropecuária [EMBRAPA], 2018), by taking four samples from
the row planting, at depths of 0–20 and 20–40 cm, with the aid
of an auger. The soil samples collected were packed in aluminum
capsules and weighed before and after drying at 105 ± 3◦C for
24 h. By difference in mass, the percentage of soil moisture was
calculated using the formula:

SM(%) =
100(WW − DW)

DW

Where SM is the soil moisture as a percentage of water, WW
is the wet weight and DW is the dry weight of the sample.

Leaf Water Potential
Leaf water potential (9L) was measured on clear days during the
dry season (August to September, Figure 2) annually from 2017
to 2019. Measurements were performed using a pressure chamber
(Soil Moisture Equipment Corp., model 3000, Santa Barbara, CA,
United States) according to Kauffmann (1968) and following the
recommendations of Turner (1988). Sampling was performed at
predawn (05:00 AM), collecting the third leaf in reproductive
branches, four trees per plot. Leaves were collected and preserved
in hermetic plastic bags on ice until measurement. At the
same time soil samples (0–20 cm) were collected and soil
moisture evaluated, according Empresa Brasileira de Pesquisa
Agropecuária [EMBRAPA] (2018).

Chemical Analysis of Soil and Leaves
Each year in April (2016–2019), with the use of “Dutch”-type
auger, eight soil subsamples per plot, were collected, in the
citrus rows, in the layer of 0–20 cm depth to determine the
availability of phosphorus (P), potassium (K), calcium (Ca),
and magnesium (Mg), using the methods described by Raij
et al. (2001). On the same date, sample leaves were collected
for the assessment of the nutritional status of the trees, with
the determination of total levels of macronutrients according
to Bataglia et al. (1983). The third leaf of fruit branches was
collected, with four trees being sampled per plot and five
leaves per plant.

Vegetative and Productive Development
of Tahiti Acid Lime
The vegetative growth of the Tahiti acid lime plants was
assessed annually by measuring the height and diameter
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FIGURE 1 | Crotalaria juncea and Urochloa ruziziensis at the most vegetative development, before the cut, February 2015 (A); opening of furrows for planting in
no-tillage system, March 2015 (B); and plants of Tahiti acid lime in no-tillage system, October 2015 (C).

TABLE 1 | Treatments and description of the operations of planting and cultural practices.

Treatments Planting and cultural practices

CT Planting: disk plow and disk harrow; opening of the furrows and planting in the uncovered soil;
inter-row soil also uncovered. Cultural practices: disk plow in the inter-rows once a year (May);
application of glyphosate (1080 g acid equivalent ha−1) to the row; and conventional mowing in the
inter-rows, three times a year (October to March).

MT Planting: disk plow and disk harrow; opening of the furrows and planting in the uncovered soil;
keeping Urochloa ruziziensis as intercropping. Cultural practices: application of glyphosate (1080 g
acid equivalent ha−1) to the row; and conventional mowing in the inter-rows, three times a year
(October to March).

NT-NH Planting: without disk plow or disk harrow; opening of the furrows and mulch planting; keeping
U. ruziziensis as intercropping. Cultural practices: ecological mowing in the inter-rows, and manual
hoeing in the rows, three times a year (October to March).

NT Planting: without disk plow or disk harrow; opening of the furrows and mulch planting; keeping
U. ruziziensis as intercropping. Cultural practices: application of glyphosate (1080 g acid equivalent
ha−1) to the row; and ecological mowing in the inter-rows, three times a year (October to March).

CT, conventional tillage; MT, minimum tillage; NT, no-tillage; NT-NH, no-tillage + no-herbicide.

of the trees using a graduated ruler, for the subsequent
calculation of the canopy volume by the equation proposed by
Mendel (1956):

CV = 2/3× π× r2
×H

Where CV is the canopy volume (m3), r is the radius (m)
and H is the height (m) of Tahiti acid lime plants. In each
month of the period 2017–2019, all ripe fruit were harvested
and weighed and then the cumulative productivity of each

year was calculated, expressed in t ha−1. All evaluation
were performed in four central trees per plot and in
five replications.

Statistical Analysis
For the statistical analysis, all data were analyzed separately
for each growing season, subjected to ANOVA. When the
effects were significant, differences among treatments were
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FIGURE 2 | Mean values of air temperature minimums and maximums and of rainfall across the five growing seasons (2015–2019) in which the experiment was
conducted.

determined using Tukey’s multiple comparison test at a
significance level of 5%.

RESULTS

Biomass of Cover Crops and Weed
Density
In the conventional (CT) and minimum-tillage (MT) treatments,
where the planting was carried out without the presence of mulch
in the citrus rows and the biomass of the inter-rows was managed
with a conventional mower, a greater quantity of biomass of the
covering plants was deposited in the inter-rows of the Tahiti acid
lime orchard (Table 2).

On the other hand, in no-tillage systems, whether with or
without herbicide, where the ecological mower was used on the
inter-rows, higher biomass values were observed in the orchard
row, with 10-fold increases in these treatments (NT and NT-NH)
compared to CT and MT (Table 2); these results were similar over
four consecutive years (2015–2019).

In NT treatment, the presence of mulch and the use of
the herbicide glyphosate, two weed control methods (physical
and chemical) in the citrus rows led to a significant reduction
in the number of weeds in all years evaluated (Table 2). The
average reduction in the number of weeds in the NT in relation
to the CT treatment was 75%, reaching close to 80% in the
first year evaluated, coming from the use of the herbicide and
from the high values of biomass present in the row in this
year (Table 2).

Resistance to Soil Penetration and Soil
Moisture
With the newly planted experiment (2016), the penetration
resistance values (0–20 cm depth) did not differ between

treatments and remained below 2 MPa (Figure 3A). On the other
hand, in the fourth year (2018), at the same depth, these values
doubled in some treatments (NT and NT-NH) and quadrupled

TABLE 2 | Inter-row cover crop biomass yield, orchard row cover crop mowed
biomass deposition and weed density, in four different planting systems of Tahiti
acid lime, over four growing seasons (2015–2019).

Treatments Inter-row cover
crop biomass

(t ha−1)

Orchard row cover crop
mowed biomass

deposition (t ha−1)

Weed density
(weeds m−2)

————————————-2016—————————————-

CTa 6.2 bb 0.5 b 26.9 a

MT 9.0 a 0.6 b 24.1 a

NT 1.8 c 6.5 a 5.9 b

NT-NH 2.1 c 6.4 a 22.9 a

————————————-2017—————————————-

CT 5.5 a 0.6 c 24.3 a

MT 6.3 a 1.1 c 23.5 a

NT 0.8 b 4.5 b 6.7 c

NT-NH 0.6 b 7.4 a 19.0 b

————————————-2018—————————————-

CT 6.6 a 0.4 b 18.8 a

MT 5.1 a 0.5 b 15.7 a

NT 0.8 b 5.3 a 5.2 b

NT-NH 1.0 b 4.2 a 14.3 a

————————————-2019—————————————-

CT 7.6 a 0.3 b 78.3 a

MT 5.7 a 0.4 b 55.3 b

NT 0.6 b 3.9 a 19.5 c

NT-NH 1.8 b 4.7 a 47.0 b

aCT = conventional tillage; MT = minimum tillage; NT = no-tillage; NT-NH = no-
tillage + no-herbicide. bMeans followed by the same letter, in the same column, for
each parameter evaluated and each year separately, do not differ (n = 20; Tukey
test at p < 0.05).
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in conventional tillage (>8 MPa) (Figure 3A). Value greater
than 10 MPa (Figure 3B) of resistance to penetration in the
soil was observed in the CT treatment at the deeper layer (20–
40 cm depth).

The soil moisture, taken together with resistance to
penetration, was greater in mulch treatments at a depth of
0–20 cm in the second and fourth years (Figure 3C), however, in
the 20–40 cm layer, the CT treatment showed lower soil moisture
than the NT and NT-NH treatments in the second year, and the
NT and NT-NH treatments had the highest moisture values in
the fourth year (Figure 3D).

Leaf Water Potential and Soil Moisture
The leaf water potential was higher in the no-tillage (NT)
treatment, in the third- and fourth-year assessments (Figure 4A),
demonstrating a higher degree of hydration in the plants, even
in low-precipitation periods of the year (Figure 2) when such
assessments were carried out (September 2017, 2018, and 2019).
The soil moisture, determined in parallel with the leaf water
potential, was greater in the NT and NT-NH treatments than
the other treatments, in all the years of evaluation (2017–
2019) (Figure 4B).

Soil Fertility and Nutritional Status of the
Tahiti Acid Lime
Phosphorus (P) levels in the soil were adequate (13–30 mg
dm−3) (Mattos-Junior et al., 2020) for a young Tahiti acid
lime orchard (<5 years), for all years evaluated, and there was
no significant difference between treatments (data not shown).
However, although the concentrations of potassium (K), calcium
(Ca) and magnesium (Mg) in the soil did not differ between
the treatments in the first year evaluated, they were found to
have sufficient levels for the crop, resulted from liming and
soil fertilization conducted before tree planting. In the fourth
year, the K content in soil in treatment NT (6 mmolcdm−3)
was higher than in the other treatments (Figure 5A). In the
leaf analyses, the K content was higher in treatment NT in the
second and third years than in conventional tillage without mulch
(CT) (Figure 5B).

Calcium and magnesium had higher levels, in soil, in NT
treatment in years 4 and 5 compared to CT and NT-NH
treatments (Figures 5C,E). No differences in leaf Ca levels were
observed between years 2 and 4, however, there is a higher Ca
content in MT compared to NT and NT-NH in the fifth year
(Figure 5D). The leaf Mg content in MT was higher than in the
other treatments in the second year (Figure 5F).

In the second year of the orchard (2016), the leaf N levels
were higher in mulch treatments (NT and NT-NH) (data not
shown). In all evaluation years, the levels were adequate for Tahiti
acid lime (>25 g kg−1) in all treatments (Mattos-Junior et al.,
2020). The soil organic matter content in treatment NT was
higher than in the other treatments in years 4 and 5 (Figure 6A).
Corroborating the K, Ca and Mg data in the soil, increased
base saturation was attained in NT treatment (Figure 6B) in
years 4 and 5 (75 and 58%, respectively). In year 1, high levels
of base saturation (∼70%) were also observed, but in all the

treatments in this case, as a result of the soil liming carried out
before trees planting.

Vegetative and Productive Development
of Tahiti Acid Lime
The NT-NH treatment led to lower vegetative development for
Tahiti acid lime plants in the second year (2016). The canopy
volume in the CT treatment was lower than in the other
treatments in the fifth year of evaluation (Figure 7A). Although
the orchard is in the process of being formed, the results showed
an early production of the Tahiti acid lime plants in high-
density planting grafted to rootstock of Flying Dragon trifoliata
orange, since the plots in the no-tillage system with application
of herbicide (NT) produced more than 22 t ha−1 in the third
year (2017). From the third to the fifth year of evaluation, the NT
treatment showed a greater production than the other treatments,
reaching 30% greater than the CT system in the last harvest
(Figure 7B). Although the NT-NH treatment showed the lowest
productivity (9.5 t ha−1) in the third year, this treatment did not
differ from the CT and MT treatments in the fourth and fifth
years (Figure 7B).

DISCUSSION

Biomass of Cover Crops and Density of
Weeds
The largest quantity of biomass in the citrus row, in the NT and
NT-NH treatments, was due from the planting carried out in the
mulch (Figure 1). The subsequent maintenance of this mulch on
the soil surface results from the management of the cover crops
in the inter-rows (U. ruziziensis) with the use of an ecological
mower. This agricultural equipment throws the mowed biomass
into the row area; this is a sustainable management technique,
providing greater soil protection and a reduction in the use of
herbicides, as an aid in the control of weeds (Bremer Neto et al.,
2008; Azevedo et al., 2012; Martinelli et al., 2017).

The presence of the U. ruziziensis as cover crop in the inter-
rows of the NT, NT-NH and MT treatments produced quantities
of approximately 7 t ha−1 biomass in these systems, on the
rows or inter-rows of the orchard. These biomass values are
similar to the results reported by other authors for the state of
São Paulo and Mato Grosso, Brazil (Bauer et al., 2011; Torres
et al., 2016). In spite of other species of Urochloa such as
U. decumbens showing biomass production (>9 t ha−1) higher
than that of U. ruziziensis, there are reports of U. decumbens.
allopathy in citrus trees (Souza et al., 2006). Thus, the use of
U. ruziziensis in the inter-rows of Tahiti acid lime orchards has
been recommended, because it exhibits the least competition with
citrus fruit (Martinelli et al., 2017).

The use of two methods of control, the physical, with the
planting and maintenance of the mulch of U. ruziziensis, and
the chemical, applying the herbicide glyphosate in the NT
treatment, led to an efficient control of weeds (Table 2). This
underlines the importance of using more than one control
method; a fundamental premise for the integrated management
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FIGURE 3 | Soil resistance penetration (A), 0–20 cm depth and (B), 20–40 cm depth) and soil moisture (C) 0–20 m depth and (D) 0–20 m depth) in four different
planting systems of Tahiti acid lime, over two growing seasons (2016 and 2018). CT, conventional tillage; MT, minimum tillage; NT, no-tillage; NT-NH,
no-tillage + no-herbicide; Years: 2 = 2016 and 4 = 2018. Means followed by the same letter, for each evaluating and year separately, do not differ (n = 20; Tukey test
at p < 0.05).

of weeds for citrus fruit and other crops (Christoffoleti et al.,
2007). On the other hand, the absence of herbicide use and the
presence of mulch alone in the NT-NH treatment, and the use of
glyphosate (chemical) alone in the MT and CT treatments, were
not sufficient to maintain the density of weeds at low levels, as
they use only one control method (Teasdale and Mohler, 2000).

The presence of the natural mulching of the soil in treatment
NT likely influenced the density of weeds due to physical effects,

as it limits the passage of light, hindering the germination of
positive photoblastic seeds, creates a physical barrier for the
emergence of such seeds and reduces the germination of seeds
that need thermal amplitude to start the germination process
(Noce et al., 2008).

The NT-NH treatment was inefficient in controlling weeds,
which could lead to lower productivity in relation to treatments
where weeds are controlled by the use of cover crop cuttings and
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FIGURE 4 | Soil moisture (A) and leaf water potential (B) in four different planting systems of Tahiti acid lime, over three growing seasons (2017–2019). CT,
conventional tillage; MT, minimum tillage; NT, no-tillage; NT-NH, no-tillage + no-herbicide. Years: 3 = 2017, 4 = 2018, and 5 = 2019. Means followed by the same
letter, for each evaluating and year separately, do not differ (n = 20; Tukey test at p < 0.05).

herbicide (NT). However, good preparation of the soil and good
handling of the soil with covering and mulching plants may be
the most economical option for controlling weeds in comparison
with the use of organic or chemical herbicides, electroshock or
steam (Hiltbrunner et al., 2007).

Soil Penetration Resistance, Soil
Moisture and Leaf Water Potential
The SPR in the second year evaluated (2 MPa) for all
treatments resulted from good soil preparation for the planting
of the orchard (Figures 3A,B). The conventional practices of
grazing and gradient modify the structure of the soil, altering
its properties, which reduces the resistance to penetration
of the soil and improves the porosity of the soil and the
capacity for water retention, but these benefits are temporary
(Nkakini and Fubara-Manuel, 2012).

In the evaluations carried out in the fourth year, in both soil
layers, there were lower resistance values to penetration of the
soil in the NT and NT-NH management systems, in which the
soil of the citrus row is covered by mulch, compared to those
of CT (Figures 3A,B), with values close to 4 MPa. Values up to
4 MPa are considered adequate for root growth, demonstrating
that did not adversely affect the physical structures of the soil
(Hamza and Anderson, 2005). Lima et al. (2007) consider that
SRP values between 2.6 and 5.0 MPa may indicate some problems
in plant growth, mainly in the root system.

The two soil layers assessed in treatment CT yielded values
greater than 8 MPa of SRP, therefore outside the appropriate
range. Several studies showed that the plants tolerate higher
resistance to penetration of the soil (above 4 MPa), but in areas
with no-tillage systems. This is due to better structure of the
soil and greater presence of continuous biopores in this system

(Moraes et al., 2014), which is not the case in the CT treatment.
The SRP depends on some specific factors, such as the handling
of the area, texture, structure and mineralogy, depending highly
on the soil moisture (Assis et al., 2009).

The greater moisture in the soil in the no-tillage systems
compared to that in the CT, in the fourth year of evaluation,
in the layer of 20–40 cm depth (Figures 3C,D), is associated
with improvements in the soil structure, by the addition
of organic material on the surface (Fidalski et al., 2010),
resulting in lower resistance to penetration of the soil in these
treatments (NT and NT-NH).

Proper management of soil cover crops is important in
improving the soil structure and porosity, protecting it from
erosion and increasing water infiltration, as well as improving the
soil ability to sustain adequate moisture for plant growth (Melloni
et al., 2008), which was observed in NT and NT-NH. Yoshida
and Stolf (2019) report that when the soil is moister, its particles
are further away from each other, which results in less difficulty
in separating them, reducing the resistance to penetration of
equipment into the soil.

In China, in apple orchard Liu et al. (2013) report that
the covering of the soil with mulch has a positive effect on
the conservation of the water content in the soil, besides the
control of erosion and the loss of nutrients, such as P and
K. Still in this context, according to Ahmad et al. (2020), the
Chinese government has encouraged its citriculturists to recover
degraded areas and to keep them productive by ways that
prioritize the conservation of soil and water, including the use of
organic mulching.

Although rainfall rates in August and September
were low (Figure 2), treatment NT showed greater
water potential of the leaf (about −1.1 MPa) compared
to the other treatments (Figure 4A) in the third and
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FIGURE 5 | Nutrient soil availability (0–20 cm depth) and leaf content: K – (A,B), Ca – (C,D), Mg – (E,F) in the tree planting row of different planting systems of Tahiti
acid lime, over five growing seasons (2015–2019). CT, conventional tillage; MT, minimum tillage; NT, no-tillage; NT-NH, no-tillage + no-herbicide. Years: 1 = 2015,
2 = 2016, 3 = 2017, 4 = 2018 and 5 = 2019. Means followed by the same letter, for each evaluating and year separately, do not differ (n = 20; Tukey test at p < 0.05).

fourth years, even using a rootstock highly susceptible
to drought such as the Flying Dragon trifoliata orange
(Espinoza-Núñez et al., 2011). Values for the predawn
water potential should be less than −1.3 MPa in order to
avoid negative effects on the final production of citrus fruit
(García-Tejero et al., 2010).

Conventional and minimum tillage do not show mulching in
the citrus row, due to the use of the conventional mower, keeping
the citrus row exposed to the greater incidence of sunrays. As a
result, the evaporation of water occurs more quickly, bringing
about more-negative values of water potential in the leaves (∼
−2 MPa). Reduced hydraulic conductance may be the main cause
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FIGURE 6 | Organic matter (OM) (A) and base saturation (B) of soil in four different planting systems of Tahiti acid lime, over three growing seasons (2015–2019).
CONV, conventional tillage; MT, minimum tillage; NT, no-tillage; NT-NH, no-tillage + no-herbicide. Years: 1 = 2015, 2 = 2016, 3 = 2017, 4 = 2018, and 5 = 2019.
Means followed by the same letter, for each evaluating and year separately, do not differ (n = 20; Tukey test at p < 0.05).

of the low vigor of some species used as anchoring rootstocks in
citrus fruit, as is the case of the Flying Dragon. A lower amount of
xylem of Flying dragon trifoliate orange, brings about a reduction
in the capacity for transporting water from the roots to the leaves
(Martínez-Alcántara et al., 2013).

The treatments that have covering of the soil by mulch (NT
and NT-NH) allowed higher soil moisture values (Figure 4B).
This occurs due to the protection that the cover crop provides,
showing greater protection against the rays of the sun, besides
reducing the effects of rain and water leaching, favoring the
infiltration of water. Favarin et al. (2015) and Pedrosa et al. (2014)
studying Urochloa spp. with intercropping to coffee, obtained
a 49% increase in soil moisture resulting from the biomass left
by cover crops. Furthermore, this biomass left by brachiaria can
release high levels of N into the soil which can be used by
the coffee crop.

Soil Fertility and Foliar Analysis
Higher levels of P are often reported in the surface layers of soil in
the no-tillage system due to the application of surface fertilizers
and non-revolving and the low mobility of P, in oxidic soil, to
the deeper layers, in addition to the mineralization of the organic
matter of the cover crop (Spera et al., 2011). However, the P levels
in the soil and the leaves of Tahiti acid lime did not differ between
the proposed planting systems (data not shown). Bremer Neto
et al. (2008), working with management of a Pera sweet orange
orchard [Citrus sinensis (L.) Osbeck], with and without mulch
in the citrus row, also did not observe any differences in the

levels of P in the soil. Ulén et al. (2010) and Raghothama and
Karthikeyan (2005) emphasized the importance of maintaining
vegetation cover on the planting row, since the availability of P
is directly related to the aeration, moisture and temperature of
the soil, factors influenced by the addition of phytobiomass in
productive systems.

The highest concentration of K in the soil, found in the
treatments with the presence of U. ruziziensis mulching on the
citrus row, the NT and NT-NH (Figure 5A), is also reported
for other fruit plants such as apple trees, using spontaneous
vegetation as a cover crop (Oliveira et al., 2016), and in various
no-tillage researches for maize cultivation, using a consortium of
Urochloa spp. (Borghi et al., 2013). The use of Urochloa spp. in a
system of agricultural and livestock integration makes it possible,
for example, to absorb non-interchangeable forms of K and to
subsequently liberate this nutrient in forms of greater availability,
for the cultivation of corn (Garcia et al., 2008). Salton and Lamas
(2011), assessing the quantity of macronutrients released by the
decomposition of the U. brizantha mulch, observed the release of
100 kg ha−1 of K per year.

The release with K is greater in no-tillage systems because of
characteristic mineral composition of mulch, enriched with K,
as found in the present work (Table 2), since the mineralization
of the K of the mulch can be relatively fast, and the nutrient
remains almost entirely in the ionic form in the plant tissue
and, consequently, the K is quickly released into the soil.
This monovalent cation is not associated with any particular
component structure in the plant tissue (Boer et al., 2008); the
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FIGURE 7 | Canopy volume (A) and fruit yield (B) in four different planting systems of Tahiti acid lime trees, over three growing seasons (2017–2019). CT,
conventional tillage; MT, minimum tillage; NT, no-tillage; NT-NH, no-tillage + no-herbicide. Years: 1 = 2015, 2 = 2016, 3 = 2017, 4 = 2018, and 5 = 2019. Means
followed by the same letter, for each evaluating and year separately, do not differ (n = 20; Tukey test at p < 0.05).

K released from mulch is in the soluble form, easily absorbed
by the plants, resulting in rapid absorption (Zalamena et al.,
2013), as observed for Tahiti acid lime in NT and NT-NH
treatments (Figure 5B).

Calcium and Mg showed similar distribution to K in the
soil (Figures 5C,E), result from the cycling of these nutrients
in the treatment with mulching and herbicide (NT), leading to
an increase in the soil levels in the fourth and fifth years after
the planting of Tahiti acid lime, contributing to the increase in
soil base saturation (Figure 6B). Oliveira et al. (2001) explained
that Ca and Mg have a similar rate of release from the mulch,
slower than that of K.

In the second year (2016), the levels of soil nutrients
were low, probably because it was a less rainy year in
Araras, São Paulo State, Brazil. In 2016 it rained 20%
less (1,700 mm) than the average history for the region,
which is a 1,500 mm. In February 2016, it rained only
50 mm, less than half the historical average. The low soil
moisture, due to the scarcity of rain, negatively affects the
availability of nutrients to plants and microorganisms in the soil
(Cavagnaro, 2016).

Potassium was more concentrated in citrus plants in
treatments with mulching than was Mg (Figures 5B,D,F). This
is strong evidence that K is absorbed more rapidly, actively or
by facilitated diffusion, and strongly competes with other cations

such as those of Ca and Mg (Mattos-Junior et al., 2004; Quaggio
et al., 2011; Medeiros et al., 2014).

Although soil Mg levels increased in the fourth and fifth
years after planting in the treatments with mulching and
herbicide (NT), this did not reflect the leaf levels of this
nutrient. Cations such as Ca2+ and K+ compete and depress
Mg absorption (Marschner, 2002); in the NT treatment high
levels of K in the soil were observed, justifying this assumption
of competition at the surface of the roots, and one evidence
of competition between cations for absorption is that the
sum total of cations in a plant is not very variable with an
increase in the supply of a specific cation, since a reduction
in the proportion of the other cations present generally occurs
(Mengel and Kirkby, 2001).

The greater intake of N in the leaves of the Tahiti acid lime,
observed in the NT treatment in the second year of evaluation
(data not shown), was also observed by Oliveira et al. (2019)
for apple trees, using biomass treatment of spontaneous plants
covering the orchard planting row. Fidalski and Stenzel (2006)
also observed an increase in the leaf levels of N in the Folha
Murcha sweet orange grafted onto Rangpur lime, brought about
by the covering of the inter-rows with the use of Urochloa
brizantha. Liu et al. (2013) explain that, in addition to increasing
the N levels, mulching also significantly reduces the loss of that
nutrient by surface rainwater flow.
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Vegetative and Productive Development
In the fifth year of evaluation, the canopy volume of the Tahiti
acid lime was still small, due to the use of the Flying Dragon
trifoliate orange, a dwarfing rootstock (Figure 7A), on the other
hand, Martinelli et al. (2017) studying a vigorous rootstock,
the Swingle citrumelo, reported values greater than 15 m3 at
the same age (5 years), confirming the dwarfing effect of the
Flying Dragon. This characteristic of the Flying Dragon makes it
possible to manage high-density planting, bringing good results
in productivity, without altering the quality of the fruit. For the
small citrus fruit growers, this is important because they can
increase their income by making better use of the land area and
by the precociousness of the fruit production, anticipating the
financial return (Azevedo et al., 2015).

The productivity of Tahiti acid lime in the NT treatment
reached a value close to 30 t ha−1 in the fifth year (Figure 7
B), exceeding the Brazilian average of mature orchards, which is
25.6 t ha−1 (Food and Agriculture Organization [FAO], 2017).
The lower fruit productivity in the CT system, in relation to NT,
may be related to the field competition (Figure 7B and Table 2).
The weed competition in the NT treatment was minimized by
the presence of mulch and by the use of glyphosate, providing
lower density of weeds in the citrus row, reducing competition
for water and nutrients (Granatstein et al., 2014). Unfavorable
productivity results are reported in no-conservative plantings,
because of competition for water between citrus plants and the
intermediate vegetation in periods of water stress, however, this
is only observed when the handling of the covering plants is
ineffective (Wright et al., 2003; Auler et al., 2008).

The differences in crop production reflect all the
characteristics of the production systems used. Greater efficiency
in productivity will depend on effective adaptation to the region’s
soil and climate characteristics. There are great prospects for
reducing the use of herbicides, but for this to occur it is essential
to apply the correct handling of the litter. This will not only
benefit the control of weeds but also a series of factors involved
in the conduct of the culture, mainly reflecting on productivity
(Gomes and Christoffoleti, 2008). Thus, the NT-NH treatment
is promising, since it shows similar productivity to CT and MT
(Figure 7B), but with the advantage of eliminating a chemical
input (herbicide), so more sustainable.

The economic situation of Brazilian citriculture, with the
presence of huanglongbing (HLB), the most important citrus
disease, is very critical and requires high productivity for the
producer to maintain profitability. It is necessary to adopt
economically viable and efficient techniques to guarantee the
longevity of the orchards, ranging from a suitable planting

system to the high-density planting (Azevedo et al., 2015). For
dense systems, the use of combinations of scion and rootstock
producing smaller mature plant size is fundamental (Moreira
et al., 2019). Maintaining the mulch on the planting rows
contributes toward the adaptation of dwarfing rootstocks under
non-irrigation conditions, due to a more favorable environment
for roots grow that increase water and nutrient use efficiency
and decreased problems with weeds, which, makes the system
more economically profitable and environmentally sustainable.
Increased productivity highlights the importance of these systems
as sustainable alternatives for medium and small citrus growers.

CONCLUSION

The reported no-tillage (NT) system, including the correct
management of intercropping Urochloa ruziziensis with the use
of an ecological mower, and glyphosate in rows, has improved
the physical and chemical properties of the soil, in comparison
with conventional tillage. Thus, results lead to the conclusion that
the NT system tested for Tahiti acid lime grafted onto Flying
Dragon trifoliate orange rootstock is effective, increasing crop
productivity, in conditions without irrigation.
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