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ABSTRACT: Sweet potato crops take up large amounts of nutrients, especially nitrogen.
In low-fertility soils, the addition of nitrogen (N) increases the sweet potato yield. Green
manure may be an alternative method for improving soil quality and supplying nutrients
to this crop. This study aimed to evaluate the plant’s nutritional status and the amount
of nutrients taken up and removed by sweet potato plants subjected to green manure
and mineral N fertilization. The experiment was carried out in the field for two growing
seasons using a randomized block design in a split-plot scheme with four replications.
The plots consisted of a control treatment (spontaneous weeds) and the previous
cultivation of Crotalaria spectabilis and Mucuna aterrima. The subplots consisted of
four N rates (0, 50, 100, and 200 kg ha™) that were applied to the sweet potato. The
species M. aterrima is more suitable for use as green manure in the sweet potato than C.
spectabilis. Nitrogen application rates promoted a greater increase in the biomass of the
storage root, nutrient uptake, and removal in the sweet potatoes unfertilized with green
manure. In the sweet potato fertilized with M. aterrima, mineral N supply in excess (above
50 kg ha™) increases the nutrient uptake and removal without a significant increase in
the biomass of the storage root. In the sweet potatoes unfertilized with green manure,
high rates of N (greater than 120 kg ha™) must be applied to obtain the utmost biomass
of the storage root, nutrient uptake and removal.

Keywords: [pomoea batatas L., nutritional demand, nutrient availability, root biomass,
organic fertilization.
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INTRODUCTION

The sweet potato (lIpomoea batatas L.) produces high root yields per unit of area and
time even on marginal lands (Uwah et al., 2013; Duan et al., 2018). Nevertheless, sweet
potato crops take up large amounts of nutrients from the soil (Echer et al., 2009). A study
performed in a Brazilian tropical sandy soil has shown that nitrogen (N) and potassium
(K) are the nutrients taken up by the sweet potato in the largest amounts, with values
of 350 and 226 kg ha™ of N and K, respectively (Echer et al., 2009). Other nutrients
are taken up by the plant in lower amounts; however, sweet potato has high nutrient
demands from the beginning of the storage root bulking phase to the end of the sweet
potato growth cycle (Echer et al., 2009; Rés et al., 2015). Considering that the uptake
and removal of nutrients by the sweet potato are relatively high (Echer et al., 2009),
supplying nutrients in an appropriate and balanced way becomes necessary so that the
sweet potato can express its full production potential.

Using legumes as green manure is a strategy used to provide nutrients for sweet potato
grown in succession and it is able to correct the nutritional deficiencies in the root crop
when the cultivation of legumes is included in a program of crop rotation (Lebot, 2009).
Green manuring with legumes has the advantage of performing biological N fixation to
provide N (Weber, 1996) and other nutrients (Uzo, 1983) for plants that are grown in
succession, in addition to improve the physical condition and biological activity of the
soil (Espindola et al., 1997; Carsky et al., 2001), increasing nutrient cycling and providing
a better use of the fertilizers applied (Espindola et al., 1997). Furthermore, the addition
of plant residues improves the soil structure and aeration, which promotes the lateral
growth of the storage roots and decreases the formation of crooked roots (Santos et al.,
2006; Pimentel et al., 2009).

However, studies have shown that the species of green manure used can influence the
yield of successively cultivated sweet potato (Okpara et al., 2004). Okpara et al. (2004),
in a study on infertile soil in Nigeria, found that green manure with mucuna (Mucuna
pruriens) provided a root yield similar to the yield obtained mineral NPK fertilizer and
a higher yield than those under other green manure species. The positive effects of
green manure have also been observed in other crops. In wheat, for instance, green
manuring with legumes such as forage pea (Pisum sativum L. subspecies arvense),
forage turnip (Raphanus sativus L.), and common vetch (Vicia sativa L.) provided yields
equivalent to those obtained with the application of 80 kg mineral N ha™. Growing green
manure may favor many crops cultivated in rotation or succession (Scivittaro et al.,
2000; Araujo et al., 2005) in the same area by reducing weed infestations (Rosa, 2015)
or suppressing nematode damage in horticultural crops (Djian-Caporalino et al., 2019).
Vargas et al. (2017) verified that green manure with C. juncea had a sufficient N residual
effect, which allows the cultivation of at least two short-cycle crops (broccoli followed by
zucchini). Makarewicz et al. (2018) verified that potato tubers fertilized with green manure
of Persian clover incorporated in the autumn had the highest amounts of phosphorus
(P), K, calcium (Ca), and magnesium (Mg). Wilson et al. (2019) found that vetches and
field peas managed as green manure were successful in meeting potato’s N demand
and resulted in potatoes with tuber yield and quality similar those of potatoes grown
with conventional fertilizers.

Nutrients released by green manure and not taken up by crops can be lost (Lara-
Cabezas et al., 2000) or incorporated into soil organic matter. Therefore, for green
manure to provide an efficient supply of nutrients synchrony between the nutrients
released from green manure residues and the period of the highest demand from the
subsequent plant must be established (Stute and Posner, 1995; Viola et al., 2013).
Thus, the green manure may not be sufficient to supply the nutritional demands
of sweet potato grown in succession, which may require supplementation with
mineral fertilizer.
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Nitrogen is one of the nutrients most commonly taken up by sweet potato (Echer et al.,
2009) and its supply, by either green manure or mineral fertilizer, is essential to promote
plant growth and development. The N also has an important role in dry matter accumulation
and the uptake of P and K, as well as in the formation and enlargement of the sweet
potato storage roots (Villordon and Clark, 2014; Duan et al., 2018). Furthermore, N is one
of the most important factors affecting shoot morphogenesis and the root yield of sweet
potato (Ning et al., 2015; Duan et al., 2018) and since it influences the accumulation
and distribution of dry matter in the plant (Lebot, 2009), N application increases plant
growth and, consequently, the plant’s demand for other nutrients (Fageria, 2001).

A positive interaction between N and P leads to an increase in P uptake and a higher
yield (Fageria, 2001). Nitrogen can increase the growth of the absorbent roots and
consequently increase the capacity of the roots to acquire P; on the other hand, N may
reduce the soil pH as a result of NH," uptake and therefore increase the solubility of
phosphate fertilizers (Wilkinson et al., 1999). The N supply, depending on its form (NH,*
or NO3), may also increase or decrease micronutrient uptake due to changes in the
soil pH (Fageria, 2001). The N-NO; supply may increase calcium concentrations (Ca)
in plants more than the N-NH,* supply (Kawasaki, 1995); however, it is known that the
response to N application in sweet potato can be reduced if the K availability is low
(Lebot, 2009) since K is needed for rapid cambial activity in the storage roots where
starch is stored (Rodriguez-Delfin et al., 2015). Nevertheless, the nutritional demands
of sweet potato grown in succession with green manure and subjected to different
N supply conditions have not been investigated. Therefore, a better understanding
of the amount of nutrients that green manure can supply to sweet potato grown in
succession, as well as the adequate level of N that should be provided to sweet potato
in this management system is necessary to effectively enhance nutrient uptake and
plant growth in sweet potato.

Thus, in the present study, we used a control treatment and two species of legumes for
green manure, and we cultivated sweet potato in succession with different N fertilization
rates to evaluate the nutritional status of the sweet potato and the amount of nutrients
taken up and removed by sweet potato in this cropping system.

MATERIALS AND METHODS

Soil properties and location

The experiment was carried out in the field for two agricultural years (2014-2015 and
2015-2016) in an experimental area at the Center of Tropical Roots and Starches (CERAT)
at Sao Paulo State University (UNESP). In the second agricultural year, the experiment
was carried out in an area adjacent to the area of the first year. The experimental areas
were located at the Experimental Farm of the College of Agricultural Science at UNESP
(22°77"S, 48° 57" W, and 740 m a.s.l.). Rainfall and temperatures were measured daily
during the experimental period (Figure 1).

In both agricultural years (2014-2015 and 2015-2016), neither area was cultivated
with crops of commercial interest, and the main spontaneous plants present in the
areas were Digitaria sanguinalis, Acanthospermum hispidum, Cenchrus echinatus,
Cyperus rotundus, Commelina benghalensis, Brachiaria plantaginea, Bidens pilosa,
Emilia sonchifolia, and Raphanus raphanistrum. Before the implementation of the
experiment, soil samples (0.00-0.20 m layer) were collected from each area, and the
soil chemical and textural properties were determined according to van Raij et al. (2001)
and Embrapa (1997) (Table 1). The soil of the experimental areas was classified as a
sandy-textured Latossolo Vermelho distroférrico (Santos et al., 2018), which corresponds
to an Oxisol (Soil Survey Staff, 2014), and had low cation exchange capacity (CEC)
and nutrient availability.
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Figure 1. Daily rainfall, maximum, and minimum temperatures recorded in the field experimental
area from January 2014 to December 2016 at Sao Paulo State, Brazil, and times of green manure
sowing (GMS), sweet potato planting (SPP), side dressed N fertilization and hilling (SNF and H),
and sweet potato harvest (SPH).

Experimental design and treatments

In these two agricultural years, a split-plot experimental design with four replications
was used. The main plots were represented by a control treatment, composed of the
spontaneous weeds of the seed bank and the previous cultivation of C. spectabilis and
M. aterrima. The subplots consisted of four N rates (0, 50, 100, and 200 kg ha™) applied
to the successively grown sweet potato.
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Table 1. Soil chemical and textural properties at the experimental areas before green manure sowing

. - Agricultural year
Soil property
2014-2015 2015-2016

pH(CaCl,) 5.6 5.5
Soil organic matter (g dm?) 17 13
Presin-extractable (MY dm?) 7 10
K* (mmol. dm™) 0.7 3.0
Ca** (mmol. dm?) 13 18
Mg** (mmol. dm?) 7 5
Total acidity in pH 7.0 (H + Al) (mmol. dm?) 14 14
CEC (mmol. dm™) 34 40
Base saturation (%) 60 65
Cu (mg dm™) 0.6 0.8
Fe (mg dm?) 19 17
Mn (mg dm™) 11.5 11.7
Zn (mg dm?) 1.3 1.2
Sand (g kg™) 872 854
Silt (g kg™) 24 58
Clay (g kg™ 104 89

™ Soil pH was determined in a 0.01 mol L™ CaCl, suspension at a soil:solution ratio of 1:2.5. Soil organic
matter was determined by colorimetric method using a sodium dichromate solution. Soil P and exchangeable
Ca, Mg, and K concentrations were determined using an ion exchange resin. Total acidity at pH 7.0 (H+Al)
was extracted with calcium acetate at pH 7.0 and determined by titration. The soil CEC is the sum of the
concentration of H+Al, K*, Ca®*, and Mg®* cations. Base saturation was calculated by dividing the sum of the
bases (K", Ca’*, and Mg®*) by the CEC and multiplying by 100 %. Soil Cu, Fe, Mn, and Zn concentrations were
determined using diethylenetriamine pentaacetic acid (DTPA) and atomic absorption spectrophotometry.
Soil B concentration was determined using hot water and spectrophotometry. Soil texture was determined
by a pipette method.

Each main plot (green manure) was 8 m wide and 20 m long. Each subplot (N rate) was 4 m
wide and 4 m long (4 m long X 4 subplots - N rate = 16 m long). Thus, the four subplots
were arranged in front of each other and centered within the main plots, occupying an
area of 4 x 16 m. Between the outer edge of each set of four subplots and the edge
of each main plot, a 2 m border was maintained to ensure that the subplots were not
installed at the transition site from one green manure to another. In each subplot, there
were five 4-m-long rows of sweet potato spaced 0.80 m apart. For the evaluations, only
the three central rows were considered, ignoring 0.5 m at the end of each row of plants.

Planting and management of green manures and sweet potato

In the two years, the soil preparation for planting green manures was performed by plowing
and harrowing. The sowing of the green manures in both years was carried out by hand
and with no mineral fertilizer on September 05th, 2014, and September 17th, 2015. The
seeds of the green manure were incorporated into the soil with a closed harrow. In both
years, the quantities of seeds used for sowing were 8 and 80 kg ha™ of the species C.
spectabilis and M. aterrima, respectively (Burle et al., 2006). In the control treatment,
the soil was prepared, but there was no sowing of any species, i.e., the spontaneous
weeds that emerged later were from the soil seed bank.

On January 07th, 2015, and December 10th, 2015, at the beginning of the flowering
phase of C. spectabilis and M. aterrima, the sampling and quantification of dry matter
(DM) production of green manures and spontaneous weeds (control) were performed.
Subsequently, the areas were managed with a brush cutter, and the residues of
the green manures and spontaneous weeds were incorporated into the soil during
preparation by harrowing.
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For sweet potato planting, 15 cm furrows were opened at a distance of 0.80 m between
the rows. The fertilizers were applied in the furrows. Planting fertilization was performed
in both years with 100 kg P,0s ha™ using simple superphosphate fertilizer. In the first
year, as the soil K concentration was lower (Table 1), 120 kg K,0 ha™ was applied. In
the second year, K fertilization was performed using 60 kg K,O ha™. Potassium chloride
was always the source of the K fertilizer. Phosphorus and K rates were defined based
on the soil analysis (Table 1) and the recommendations of Lorenzi et al. (1997). The N
rates established in each treatment were applied in parts, with 50 % of each amount
at planting and 50 % in the side dressing at 45 days after planting (DAP) (March 04th,
2015 and January 29th, 2016) using urea as the fertilizer.

After the fertilizer application in the planting furrows, 0.30 m hills were built over the
fertilized furrows. The sweet potatoes were planted in wet soil on January 15th, 2015,
and December 15th, 2015. For the planting, a 0.40 m branch of the cultivar Canadense
was used per pit with a 0.30 m distance between plants. The planting was carried out
by burying 3 to 4 internodes from the base of the branches to a depth of 10 to 12 cm
from the top of the hills.

The sweet potato cropping was carried out with no irrigation. During the crop development
period, all cultural practices recommended for sweet potato were performed according
to their needs. The experiment was harvested on June 22nd, 2015 and May 07th,
2016 (158 and 144 DAP, respectively).

Plant sampling and analysis

During the flowering phase of M. aterrima and C. spectabilis, four random samples of
all vegetation present on the soil surface of all plots, including the spontaneous weeds
in the control plot, were collected in an area of 0.25 m?. The samples were washed,
oven-dried at 65 °C for 96 h, and weighed to obtain the amount of dry matter (DM)
accumulated per hectare.

The evaluation of the nutritional status of the sweet potatoes was performed by collecting
fully developed fresh leaves from the apex of the branch at 60 DAP, according to the
methodology proposed by Lorenzi et al. (1997).

During the sweet potato harvest, which took place on June 22nd, 2015, and May 07th,
2016, four plants were collected in the useful area of each subplot. After being harvested,
the plants were washed, separated into shoots and storage roots, and dried in an oven
with forced air circulation at 65 °C for 96 h. After being dried, the samples were weighed
to obtain the amounts of DM accumulated. The harvest index (HI) was calculated as the
proportion of DM accumulated in the storage roots in relation to the DM accumulated in
the whole plant (Jenkins and Mahmood, 2003). The total fresh root yield was obtained by
weighing the roots that were present in two 1.8 m (x 12 plants) rows from each subplot,
and the values were converted to Mg ha™.

The dry samples of the biomass of the spontaneous weeds and legumes, the leaf
evaluation, and the shoots and storage roots of the sweet potato were separately ground
to pass through a 40-mesh stainless steel sieve and were subsequently chemically
analyzed. The N concentration in the samples was determined by digestion with H,SO,
(sulfuric acid) and quantified by the semimicro-Kjeldahl method (Malavolta et al.,
1997). Phosphorus, K, Ca, magnesium (Mg), sulfur (S), copper (Cu), iron (Fe),
manganese (Mn), and zinc (Zn) concentrations were determined by atomic absorption
spectrophotometry after HNO; (nitric acid) and HCIO, (perchloric acid) digestion
(Malavolta et al., 1997).

The amounts of nutrients accumulated in the green manure and sweet potato plant
parts were calculated by multiplying the nutrient concentration by the amount of DM
accumulated in each plant part. The nutrient uptake by the sweet potato was obtained
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by the sum of the nutrient amount accumulated in the shoots and the storage roots.
The nutrient removal was assessed based on the amounts of nutrients accumulated in
the storage roots.

Statistical analysis

The data were analyzed using the SISVAR statistical software package (Ferreira, 2011).
However, as the primary objectives were to study the nutritional status of the plant
and the nutrient uptake and removal by the sweet potato in response to green manure
sources and N application rates, we only considered the significant effects of the green
manure, N rate, and the green manure x N rate interaction. The data were combined
across the two agricultural years. For the main effects of the green manure, the means
were compared using the LSD test at the 0.05 probability level, and the N rates were
analyzed by regression analysis using SigmaPlot 10.0 software. To analyze the significant
green manure X N rate interaction, the green manure means were separated using
Fisher's protected LSD test at the 0.05 probability level, and the regression equations
were separately adjusted to the values of the green manure treatments.

RESULTS

Biomass yield and nutrient concentration and uptake in green manures

The biomass accumulation in the area with C. spectabilis was 41 and 121 % greater
than those in the areas with M. aterrima and spontaneous weeds (control), respectively
(Table 2). C. spectabilis accumulated greater amounts of macronutrients, Cu, and Zn
than those in the other treatments; however, the Fe accumulated in the biomass of C.
spectabilis showed no difference between that in the treatment with M. aterrima. Only the
amounts of Mn accumulated by M. aterrima were greater than those in the C. spectabilis
treatment. The spontaneous weeds (control) always presented lower nutrient accumulation
in their biomass than the other green manures.

Plant nutritional status, biomass yield, harvest index, and fresh storage
root yield of sweet potato

The concentrations of P, K, Ca, Mg, and S in the sweet potato leaves were influenced only
by the green manures (main factor) (Table 3). The cultivation of C. spectabilis before the
sweet potato provided higher concentrations of P and K in the leaves when compared
to the other treatments. In contrast, the concentrations of Mg and S in the plant leaves
in the treatment with C. spectabilis were only greater than those in the M. aterrima
treatment. The Ca concentration in the plant leaves in the control treatment was only
greater than that of the M. aterrima treatment.

The concentrations of N, Cu, Fe, and Mn in the sweet potato leaves were affected by
the green manure x N rate interaction (Table 3). Nitrogen fertilization did not change
the N concentration in the sweet potato leaves grown after M. aterrima; however, in the
control treatment and the treatment with C. spectabilis, N fertilization increased the leaf
N concentration up to between 197 and 200 kg N ha™ (Figure 2a). However, at the lowest
N rates, the concentration of N in the sweet potato leaves grown after M. aterrima was
greater than that in the control treatment.

The Cu concentration in the sweet potato leaves of the control treatment increased
linearly with N fertilization, and the Cu concentration in the sweet potato leaves increased
up to the N rate of 94 kg N ha™ after M. aterrima (Figure 2b). In the treatment with C.
spectabilis, the Cu concentration in the sweet potato leaves decreased up to the N rate
of 133 kg N ha™. However, at all N rates, the Cu leaf concentrations were highest in the
M. aterrima treatment.
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Table 2. Soil cover, nutrient concentration, and amount of nutrients in the plant residues of the green manures before soil preparation
and sweet potato planting in the experimental area. Data are the means of the two agricultural years

X o Green manures ANOVA
Variables @) = = i
Control C. spectabilis M. aterrima  (F probability)
Soil cover-biomass (Mg ha™) 3.9¢ 8.6a 6.1b <0.001
Concentration (g kg™)
11.4b 24.5a 27.0a <0.001
P 1.4c 2.1a 1.7b <0.001
15.0b 17.9a 17.7a <0.001
Ca 3.3b 6.7a 7.4a <0.001
Mg 2.5b 3.1a 2.4b 0.006
S 0.9b l.4a 1.1b <0.001
Concentration (mg kg™)
Cu 9.6b 14.8a 14.7a <0.001
Fe 316.4ab 288.2b 354.4a <0.001
Mn 78.7a 55.9b 84.1a <0.001
Zn 38.2c 53.5a 44.8b <0.001
Accumulation (kg ha™)
45c¢ 211a 159b <0.001
P 5.6¢ 18.3a 9.8b <0.001
61lc 156a 101b <0.001
Ca 14c 58a 44b <0.001
Mg 10c 27a 14b <0.001
S 3.9c 12.4a 6.1b <0.001
Accumulation (g ha™)
Cu 41c 129a 80b <0.001
Fe 1201b 2386a 2320a <0.001
Mn 301c 474b 537a <0.001
Zn 159c 466a 265b <0.001

Values followed by the same letter in the line are not significantly different at p<0.05 according to LSD test. "’ Soil cover-biomass was determined
by collecting and weighing of the plant residues dry matter (DM) in an area of 0.25 m”. Nutrient concentration in the plant residues was determined
by the method described by Malavolta et al. (1997). The amounts of nutrients accumulated in the soil cover-biomass were calculated by multiplying
the nutrient concentration by the amount of DM. @ Values refer to the spontaneous weeds present in the experimental area.

Table 3. Nutrient concentration in the first fully expanded leaves of sweet potato in response to green manures cultivation. Data
are the means of the two agricultural years

. @ Green manures"” ANOVA (F probability)

Variables . .

Control C. spectabilis M. aterrima GM N GMxN
N (g kg'l) 35.6b 37.5a 37.9a 0.012 <0.001 0.003
P (g kg™ 3.6b 4.0a 3.7b <0.001 ns ns
K (g kg™) 35.6b 37.9a 32.9c <0.001 ns ns
Ca (g kg™) 9.5a 9.1ab 8.6b 0.034 ns ns
Mg (g kg™) 3.5a 3.7a 3.1b 0.003 ns ns
S (g kg™) 4.3ab 4.5a 4.1b 0.039 ns ns
Cu (mg kg?) 8.4c 9.6b 20.1a <0.001 <0.001 <0.001
Fe (mg kg™) 358.4a 300.3b 309.5b <0.001 <0.001 <0.001
Mn (mg kg'l) 68.7a 56.9b 52.9c <0.001 <0.001 0.007
Zn (mg kg™) 31.6a 27.5b 28.9b <0.001 0.014 ns

Values followed by the same letter in the line are not significantly different at p<0.05 according to LSD test. ns: not significant at p<0.05. "’ Nutrient
concentration was determined by the method described by Malavolta et al. (1997).” The green manure values are the means of N rates (0, 50, 100,
and 200 kg ha™) from each green manure treatment.

Rev Bras Cienc Solo 2020;44:e0190127 8



.‘ [ Fernandes et al. Nutrient uptake and removal by sweet potato fertilized with green manure...

(a) (b)

35
@ Controly = 7.15 + 0.0140x R’ = 0.75 p = 0.001

30 qe C. spectabilis y = 14.1 - 0.1060x + 0.0004x’ R* = 0.82 p<0.001
A M. aterrimay = 18.8 + 0.0942x - 0.0005x° R® = 0.99 p<0.001

35.0

30.0

@ Controly = 29.1 + 0.1180x - 0.0003x* R* = 0.99 p = 0.028
25.0 1 @ C. spectabilisy = 34.1695 + 0.0384x R’ = 0.79 p<0.001
A M. aterrimay = 37.9

Leaf N concentration (g kg™)
Leaf Cu concentration (mg kg'l)

20.0 T T T T 1
(c)
500 f —_
= 2
[@)) (@)]
£ 400 £
S S
'4: -
© o
5 300 =
[ [0}
o (@}
c C
o o
S 200 | c :
o , S 30 {® Controly =60.5 + 0.0946x R’ = 0.59 p<0.001
ql-l: @ Control y = 403.6 - 0.5167x R® = 0.51 p<0.001 = c bil 494+ 0.0857x R’ = 0.98 0.001
@ C. t =494 + 0. = 0. .
P ® C. spectabilis y = 392.3 - 2.1348x + 0.0072x’ R’ = 0.89 p<0.001 "g]"j " spectaniisy 401+ 02379 X 0.0006¢" Rf< 084 b= 0.024
| A M. at =40.1 + 0. -0. =0. =0.
100 A M. aterrima'y = 285.1 + 0.2794x R = 0.65 p = 0.002 - 15 aterrimay X X P
0 50 100 150 200
(e) N rate (kg ha™)
32
3 30 - -]
[@)]
E
c
S 28 "
S
©
5
C
o] 26 ,
S y = 27.8 + 0.0170x R” = 0.90 p = 0.002
(&)
c
N 24 A
—
O
[}
-
22 . . . :

0 50 100 150 200
N rate (kg ha™)

Figure 2. Nitrogen (a), Cu (b), Fe (c), Mn (d), and Zn (e) concentration in the first fully expanded leaves of sweet potato in response
to green manure cultivation and N application rate. Square: mean of the three green manure treatments (Control, C. spectabilis,
and M. aterrima). Vertical bars represent the least significant difference at p<0.05 according to LSD test. Data are the means of the
two agricultural years.

In the control and C. spectabilis treatments, N fertilization reduced the Fe concentration
in the sweet potato leaves linearly and up to the N rate of 148 kg N ha™, respectively
(Figure 2c). In the M. aterrima treatment, the leaf Fe concentration increased
linearly with N fertilization. Thus, at the lowest N rates, the leaf Fe concentration
was higher in the control and C. spectabilis treatments, but at the highest N rate,
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the leaf Fe concentration in the M. aterrima treatment was greater than that in the
C. spectabilis treatment.

The Mn concentration in the sweet potato leaves increased linearly with N fertilization
in the control and C. spectabilis treatments, but in the M. aterrima treatment, the
increase occurred up to the N rate of 198 kg N ha™ (Figure 2d). In the absence of N, the
Mn concentrations in the sweet potato leaves were highest in the control treatment.
At the highest N rates, the Mn concentrations in the plant leaves of the control treatment
surpassed those of other treatments, which did not differ from each other.

The Zn concentration in the sweet potato leaves was significantly affected by the green
manure and N rate (main factors); however, this variable was not significantly affected
by the green manure x N rate interaction (Table 3). The absence of significant green
manure X N rates interaction indicates that the green manures studied influenced the
Zn concentration in the sweet potato leaves regardless of the amounts of N applied
(0, 50, 100, or 200 kg ha™), and that the response of sweet potato to N fertilization was
the same in any of the green manure treatments (Control, C. spectabilis, and M. aterrima).
Thus, in the control treatment, it was observed that the concentration of Zn in the leaf
was higher than those in the treatments with legumes (C. spectabilis and M. aterrima),
which did not differ from each other. Moreover, N fertilization linearly increased the mean
values of Zn concentration in the sweet potato leaves of all green manure treatments
(Control, C. spectabilis, and M. aterrima) (Figure 2e).

The DM accumulated in the whole plant, the total fresh storage root yield, the DM
accumulated in the storage roots, and the harvest index were influenced by the green
manure x N rate interaction (Table 4). The total yield of fresh storage roots and the
biomass of the whole plant and storage roots were increased by N fertilization in all green
manure treatments. However, in the control treatment, the increase in the plant and
root biomass and the total yield of fresh storage roots in response to N rates was 65 to
74 %, whereas increases of 26 to 43 % and 20 to 28 % were observed in sweet potato
grown after C. spectabilis and M. aterrima, respectively (Figures 3a and 3b). At N rates
lower than 100 kg ha™, the total yield of fresh storage roots as well as the plant and root
biomass did not differ between the two legume treatments but were higher than those
in the control treatment. Under high N rates, the green manure did not affect either the
sweet potato biomass or the total yield of fresh storage roots. The harvest index (HI)
decreased as the N rate increased in the C. spectabilis treatment, but it increased up to
the rates of 53 and 95 kg N hain the control and M. aterrima treatments, respectively
(Figure 3d). In the absence of N, the HI did not differ between the control and C. spectabilis
treatments, and the HI was higher in the control and C. spectabilis treatments than
in the M. aterrima treatment. When N rates were above 100 kg ha™, the HI in the C.
spectabilis treatment was lower than those of the other treatments, which did not differ
from each other.

Nutrient concentrations in sweet potato plant parts

The analysis of the green manure x N rate interaction is presented for the nutrient
concentration in the shoots and storage root of sweet potato (Tables 5 and 6). Nitrogen
fertilization did not affect the P, Fe, or Mg concentration in the sweet potato shoot, but
the P concentrations in the shoot were lower in the legume treatments (Table 5). The Mg
concentrations in the sweet potato shoots of the C. spectabilis treatment were higher than
those in the control treatment only at zero (0) and 100 kg N ha™. The Fe concentrations
in shoots were nearly unaffected by green manure (Table 5). Nitrogen fertilization linearly
increased the N and Cu concentrations in the sweet potato shoots in the M. aterrima
treatment. In the control and C. spectabilis treatments, N fertilization did not influence
the N and Cu concentrations in the shoots. Overall, the N concentrations in the sweet
potato shoots of the M. aterrima treatment were higher than those in the control only at
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Table 4. Whole plant dry matter (DM) accumulation at harvest, total yield of fresh storage roots, storage root DM accumulation,
DM harvest index nutrient uptake, and removal by sweet potato in response to green manure cultivation. Data are the means of the

two agricultural years

. @ Green manures” ANOVA (F probability)

Variables e .

Control C. spectabilis M. aterrima G N GxN
Whole plant DM (Mg hal) 9.4c 11.0b 11.9a <0.001 <0.001 0.025
Total yield of fresh St. roots (Mg ha™) 32.6¢ 38.0b 40.2a <0.001 <0.001 0.008
Storage root DM (Mg ha™) 7.4c 8.3b 9.1a <0.001 <0.001 0.046
DM harvest index 0.78a 0.76b 0.76b <0.001 <0.001 0.025
N uptake (kg ha™) 79c¢ 119b 128a <0.001 <0.001 NS
P uptake (kg ha) 11.5c 13.7b 14.5a <0.001 <0.001 0.007
K uptake (kg ha™) 131c 155b 171a <0.001 <0.001 0.004
Ca uptake (kg ha™) 25.3c 32.2b 34.3a <0.001 <0.001 <0.001
Mg uptake (kg ha™) 13.3b 18.2a 18.1a <0.001 <0.001 0.003
S uptake (kg ha™) 12.6b 15.8a 16.2a <0.001 <0.001 NS
Cu uptake (g hal) 71c 84b 100a <0.001 <0.001 <0.001
Fe uptake (g ha™) 2875b 3596a 3659a <0.001 <0.001 0.011
Mn uptake (g ha™) 267b 385a 394a <0.001 <0.001 <0.001
Zn uptake (g hal) 111b 148a 154a <0.001 <0.001 0.050
N removal (kg ha™) 46b 71a 73a <0.001 <0.001 NS
P removal (kg ha™) 8.0b 10.1a 10.4a <0.001 <0.001 0.048
K removal (kg ha™) 89c 103b 114a <0.001 <0.001 0.045
Ca removal (kg ha™) 8.0c 9.3b 11.1a <0.001 <0.001 0.023
Mg removal (kg hal) 4.5c 5.3b 5.9a <0.001 <0.001 NS
S removal (kg ha™) 6.2b 8.6a 8.1a <0.001 <0.001 NS
Cu removal (g ha™) 50c 60b 74a <0.001 <0.001 <0.001
Fe removal (g ha™) 935b 1131a 887b <0.001 0.050 NS
Mn removal (g ha™) 93c 102b 125a <0.001 <0.001 0.014
Zn removal (g hal) 72b 86a 92a <0.001 <0.001 0.050

Values followed by the same letter within a column are not significantly different at p<0.05 according to LSD test. NS: not significant at p<0.05. ® Wole
plant DM and storage root DM were determined by weighing the dry samples of each plant part. Total yield of fresh storage roots was determined
by weighing the samples of fresh storage roots. Nutrient uptake was determined by multiplying plant biomass by nutrient concentrations obtained
according to the methods of Malavolta et al. (1997). Nutrient removal was determined by multiplying the storage root biomass by the concentration
of nutrients in the storage roots obtained according to the methods of Malavolta et al. (1997). ® The green manure values are the means of N rates
(0, 50, 100, and 200 kg ha™) from each green manure treatment.

N rates above 50 kg N ha™, and at the lowest N rate, the Cu concentration in the shoot
of the control exceeded those of the legume treatments.

The K, Ca, and S concentrations in the sweet potato shoot increased quadratically up to N
rates between 102 and 112 kg N ha™ in the C. spectabilis treatment (Table 5). However,
the K concentrations in shoots in the C. spectabilis treatment were lower at the lowest
and highest N rates, whereas the S concentrations in the shoots in the legume treatments
were lower than that in shoots in the control. The Ca concentration in the sweet potato
shoot was not affected by the green manure, regardless of the N application rate. In the
control, N fertilization increased the Mn concentration in the sweet potato shoot until
94 kg N ha™, whereas the Zn concentration decreased linearly with the N fertilization
rate. In the legume treatments, the Mn and Zn concentrations in the sweet potato shoots
were similar but were higher than those in the control, especially at higher N rates.

In the storage roots, the K concentration was not altered by the treatments and was
12.3 g kg* on average (Table 6). The N, Mg, and S concentrations in the plant roots of
the control treatment were not affected by N fertilization. In the legume treatments,
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Figure 3. Whole plant dry matter (DM) accumulation at the harvest (a), total yield of fresh storage roots (b), storage root DM yield
at the harvest (c), and DM harvest index (d) of sweet potato in response to green manures cultivation and N application rate. Vertical
bars represent the least significant difference at p<0.05 according to LSD test. Data are the means of the two agricultural years.

the N concentration in the plant roots increased linearly with N fertilization. The Mg
concentration in plant roots increased linearly with N fertilization in the C. spectabilis
treatment and up to the N rate of 110 kg N ha™ in the M. aterrima treatment, while
the S concentration in the C. spectabilis and M. aterrima treatments increased up to N
rates of 102 and 124 kg N ha ™, respectively. The green manures did not change the Mg
concentration in sweet potato roots, while the S concentration in the roots of C. spectabilis
treatment was higher, especially at zero (0) and 100 kg N ha™. The N concentration in
the sweet potato roots of the legume treatments was higher than that in the control,
especially at higher N rates.

In the control and C. spectabilis treatments, the P concentration in the sweet potato roots
decreased linearly with the N fertilization rate, while the Fe concentration decreased up
to N rates of 115 and 132 kg N ha™, respectively (Table 6). The green manures did not
alter the P concentration in the sweet potato roots, but the Fe concentrations in the roots
of the C. spectabilis treatment were higher than those in the M. aterrima treatment at
all N rates. In the control, N fertilization increased the Cu concentration in the roots up
to the rate of 126 kg N ha™, while in the legume treatments, there was a reduction in
the concentration of Cu up to N rates between 98 and 115 kg N ha™. Especially at the
lowest and highest N rates, the Cu concentrations in the roots of the legume treatments
were higher than that in the control treatment.
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Table 5. Green manure x N rate interaction for nutrient concentration in the shoot of sweet potato. Data are the means of the two
agricultural years

N rate (kg ha™)

Green manure Regression R?
0 50 100 200
N concentration (g kg™)
Control 16.4a 15.9a 15.7b 17.5b y=16.4 ns
C. spectabilis 15.9a 18.2a 18.7ab 18.7ab y=17.9 ns
M. aterrima 17.4a 18.7a 21.3a 21.2a y=17.975+0.0185x 0.72*
P concentration (g kg™)
Control 1.7a 2.0a 1.7a 1.6a y=1.8 ns
C. spectabilis 1.3b 1.3b 1.2b 1.4b y=1.3 ns
M. aterrima 1.5ab 1.5b 1.4b 1.3b y=1.4 ns
K concentration (g kg™)
Control 20.4a 23.7a 20.6a 22.2a y=21.7 ns
C. spectabilis 17.1b 20.7ab 20.2a 18.8b y=17.35+0.064042x-0.000285x" 0.79*
M.aterrima 19.9a 19.5b 20.0a 21.2ab y=20.1 ns
Ca concentration (g kg’l)
Control 7.7a 8.3a 8.6a 8.7a y=8.3 ns
C. spectabilis 7.9a 8.7a 9.2a 8.1a y=7.88+0.025412x-0.000124x 0.99*
M. aterrima 8.2a 8.5a 8.4a 7.8a y=8.2 ns
Mg concentration (g kg™)
Control 4.0b 4.2a 4.6b 4.5a y=4.3 ns
C. spectabilis 4.6a 4.7a 5.4a 4.7a y=4.9 ns
M. aterrima 4.3ab 4.3a 4.2b 4.5a y=4.3 ns
S concentration (g kg™)
Control 3.1a 3.4a 3.4a 3.3a y=3.3 ns
C. spectabilis 2.7b 2.9b 3.0a 2.6b y=2.62+0.007318x-0.000036x 0.99*
M. aterrima 2.6b 3.0b 3.1a 2.8b y=2.9 ns
Cu concentration (mg kg™)
Control 10.7a 10.0a 10.3a 9.8a y=10.2 ns
C. spectabilis 8.1b 8.5b 9.0a 8.9a y=8.6 ns
M. aterrima 8.3b 9.8a 9.1a 10.2a y=8.725+0.007786x 0.53*
Fe concentration (mg kg'l)
Control 1038a 987ab 875a 956a y=964 ns
C. spectabilis 928a 881b 1002a 818a y=907 ns
M. aterrima 935a 1068a 970a 933a y=977 ns
Mn concentration (mg kg™)
Control 98.1a 79.8b 82.1b 101.1a y=96.9-0.371523x+0.001970x> 0.94**
C. spectabilis 104.6a 104.6a 108.8a 109.6a y=106.9 ns
M. aterrima 98.0a 94.3a 99.6a 101.7a y=98.4 ns
Zn concentration (mg kg'l)
Control 22.5a 18.0b 19.1b 16.9b y=21.20-0.024429x 0.68*
C. spectabilis 21.6a 22.5a 23.8a 22.5a y=22.6 ns
M. aterrima 20.5a 22.1a 22.2ab 21.3a y=21.5 ns

Values followed by the same letter within a column are not significantly different at p<0.05 according to LSD test. ns: not significant at p<0.05;
* p=<0.05; and ** p<0.01.

In the C. spectabilis treatment, N fertilization linearly increased the Zn concentration
in the sweet potato roots and quadratically reduced the Mn concentration in roots up
to the rate of 39 kg N ha™ (Table 6). The Ca concentration in the sweet potato roots in
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Table 6. Green manure x N rate interaction for nutrient concentration in the storage roots of sweet potato. Data are the means of

the two agricultural years

N rate (kg ha™)

Green manure Regression R?
0 50 100 200
N concentration (g kg™)
Control 5.9b 6.2b 5.9b 7.1b y=6.3 ns
C. spectabilis 8.2a 8.1a 8.1a 9.7a y=7.95+0.007871x 0.76*
M. aterrima 7.0ab 8.1a 7.8a 8.8a y=7.20+0.008786x 0.81*
P concentration (g kg™)
Control 1.2a 1.1a 1.1a 1.0a y=1.1675-0.001021x 0.99%
C. spectabilis 1.3a 1.2a 1.2a 1l.1a y=1.298-0.000936x 0.95*
M. aterrima 1.2a 1l.1a 1.1a 1.1a y=1.1 ns
K concentration (g kg™)
Control 11.9a 12.7a 11.8a 11.6a y=12.0 ns
C. spectabilis 12.0a 12.4a 13.3a 11.6a y=12.3 ns
M. aterrima 12.7a 13.0a 12.5a 12.6a y=12.7 ns
Ca concentration (g kg’l)
Control 1.0a 1.1b 1.2ab 1.0a y=1.1 ns
C. spectabilis 1l.1a 1.1b 1.1b 1.2a y=1.1 ns
M. aterrima 1l.1a 1.3a 1.3a 1l.1a y=1.13+0.003919x-0.00002x* 0.89*
Mg concentration (g kg™)
Control 0.6a 0.6a 0.6a 0.6a y=0.6 ns
C. spectabilis 0.6a 0.6a 0.7a 0.7a y=0.58+0.000693x 0.83%*
M. aterrima 0.6a 0.7a 0.7a 0.6a y=0.61+0.001767x-0.000008x 0.99%
S concentration (g kg™)
Control 0.9ab 0.9a 0.9b 0.9a y=0.9 ns
C. spectabilis 1.0a 1.1a 1.2a 1.0a y=1.0+0.002847x-0.000014x’ 0.74*
M. aterrima 0.8b 1.0a 1.0b 0.9a y=0.80+0.002972x-0.000012x" 0.85*
Cu concentration (mg kg™)
Control 5.5¢ 6.7c 6.6a 6.5b y=5.50+0.022739x-0.00009x’ 0.84*
C. spectabilis 7.5b 7.2b 6.4a 7.8a y=7.75-0.022795x+0.000116x’ 0.84*
M. aterrima 9.0a 7.9a 7.1a 8.2a y=9.07-0.031932x+0.000139x> 0.97**
Fe concentration (mg kg'l)
Control 134a 105ab 99b 116ab y=133.5-0.656182x+0.002864x’ 0.98**
C. spectabilis 153a 123a 128a 126a y=149.8-0.458818x+0.001736x’ 0.79**
M. aterrima 95b 94b 83b 103b y=93.7 ns
Mn concentration (mg kg™)
Control 13.0a 13.8a 13.0b 13.4b y=13.3 ns
C. spectabilis 11.3b 9.8b 12.0b 16.2a y=10.9-0.018634x+0.000236x’ 0.94%*
M. aterrima 13.1a 13.6a 15.1a 13.4b y=13.8 ns
Zn concentration (mg kg'l)
Control 8.3b 9.2a 9.6b 9.2b y=9.1 ns
C. spectabilis 8.4ab 9.7a 11.1a 11.5a y=8.99+0.014114x 0.79**
M. aterrima 10.0a 9.7a 10.3ab 9.9ab y=9.9 ns

Values followed by the same letter within a column are not significantly different at p<0.05 according to LSD test. ns: not significant at p<0.05; *:
p=<0.05; and **: p<0.01.

the M. aterrima treatment increased up to the rate of 98 kg N ha™, but this pattern did
not occur in the other treatments. The sweet potato roots in the M. aterrima treatment
presented higher Ca concentrations at intermediate N rates and higher Mn concentrations

Rev Bras Cienc Solo 2020;44:e0190127

14



’r-
‘
Y\

Fernandes et al. Nutrient uptake and removal by sweet potato fertilized with green manure...

when compared to those of the C. spectabilis treatment, especially at N rates below
100 kg N ha™. The Zn concentrations in the plant roots of the C. spectabilis treatment
were higher than that in the roots of the control treatment only at higher N rates.

Nutrient uptake and removal by sweet potato

The amounts of N and S taken up by the sweet potatoes were affected only by green
manure and N rates (Table 4). The highest N uptake occurred in the sweet potato grown
after M. aterrima, followed by those in the C. spectabilis treatment and the control. The
S uptake in the treatments with legumes did not differ, and it was higher than that in the
control. Regardless of the type of green manure, N fertilization increased the N uptake by
the sweet potato by 57 % up to the highest N rate, whereas an increase in the S uptake
of 64 % occurred up to 152 kg N ha™ (Figures 4a and 4f).

The uptake of P, K, Ca, and Mg was affected by the green manure x N rate interaction
(Table 4). In the control treatment, the uptake of P and Mg was lower than that in the
treatments with legumes only at the lowest and the highest N rates (Figures 4b and 4e).
The P uptake in the sweet potatoes grown after both legumes was similar; however,
after M. aterrima, the Mg uptake was higher than that in the C. spectabilis treatment
only in the absence of N fertilization. At rates lower than 100 kg N ha™, the uptake of
K and Ca by sweet potato in the control treatment was lower than those in the other
treatments (Figures 4c and 4d). In the absence of N fertilization, the uptake of K and Ca
by the sweet potato was higher in the M. aterrima treatment than in the C. spectabilis
treatment and, at the highest N rate, the uptake of K was also higher in the plants treated
with M. aterrima than in the other treatments.

The P uptake in the legume treatments and the Ca uptake in the M. aterrima treatment
increased up to the rate of 50 kg N ha™ (Figures 4b and 4e). In the control, the P uptake
increased up to 126 kg N ha™, and the Ca uptake in the control and C. spectabilis
treatments increased up to rates of 200 and 195 kg N ha™, respectively. The K and Mg
uptake increased linearly with N fertilization in the M. aterrima treatment; however,
in the control and C. spectabilis treatments, the uptake of both nutrients increased up
to rates among 129 and 182 kg N ha™ (Figures 4c and 4e). In the control treatment,
N fertilization increased the uptake of P, K, Ca, and Mg by the sweet potato by 55, 71,
105, and 104 %, respectively (Figures 4b, 4c, 4d, and 4e). However, in the cultivation
after C. spectabilis, N fertilization increased the uptake of P, K, Ca, and Mg by 16, 50, 63,
and 78 %; in the cultivation after M. aterrima, the increases in uptake were 7, 22, 21,
and 32 %, respectively. Regardless of the type of green manure, the maximum uptake
of macronutrients by the sweet potato in response to N fertilization was 127, 13-15,
158-190, 34-39, 17-23, and 18 kg ha™ of N, P, K, Ca, Mg, and S, respectively.

The uptake of micronutrients in sweet potato was affected by the green manure x N rate
interaction (Table 4). The sweet potato grown after both legumes showed the same Fe
uptake regardless of the N fertilization rate; however, the uptake of Cu, Mn, and Zn was
similar between the legume treatments only at the highest N rate. At the lowest N rate,
the uptake of Cu, Mn, and Zn was highest in the M. aterrima treatment (Figures 4gq, 4i,
and 4j). At all N rates, the uptake of Fe, Mn, and Zn by the sweet potato in the control
treatment was lower than those in the legume treatments (Figures 4h, 4i, and 4j). At all
N rates, the Cu uptake by the sweet potato in the control treatment was lower than those
in the other treatments, except at the rate of 100 kg N ha™.

In the control treatment, the Cu uptake by the sweet potato increased up to the rate
of 147 kg N ha*; however, the increase in Cu uptake was linear with the increase in N
fertilization in the legume treatments (Figure 4g). In the C. spectabilis treatment, the Fe
uptake increased up to 158 kg N ha™, but in the other treatments, the Fe uptake increased
linearly with N fertilization. Nitrogen fertilization also linearly increased Mn uptake by
sweet potato plants in all green manure treatments (Figures 4h and 4i). In the control, C.
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Figure 4. Nutrient uptake by sweet potato in response to green manures cultivation and N application rate. Square: mean of the
three green manure treatments (Control, C. spectabilis, and M. aterrima). Vertical bars represent the least significant difference at
p=<0.05 according to LSD test. Data are the means of the two agricultural years.
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spectabilis, and M. aterrima treatments, the Zn uptake increased up to N rates of 145,
155, and 153 kg N ha™, respectively (Figure 4j). In the control treatment, N fertilization
increased the uptake of Cu, Fe, Mn, and Zn by 93, 50, 90, and 59 %, respectively. In the
C. spectabilis treatment, the increases in the uptake of Cu, Fe, Mn, and Zn in response
to N fertilization were 30, 36, 86, and 68 %, respectively, whereas in the M. aterrima
treatment, N fertilization increased the uptake of Cu, Fe, Mn, and Zn by only 15, 19, 30,
and 26 %, respectively. The maximum micronutrient uptake in response to N fertilization
ranged from 89 to 108, 3536 to 4046, 364 to 521, and 131 to 179 g ha™ for Cu, Fe, Mn,
and Zn, respectively.

The removal of N, Mg, and S was influenced only by the main factors (Table 4). The N
and S removal in legume treatments did not differ and were higher than those in the
control. In the M. aterrima treatment, the Mg removal was higher than those in the other
treatments. Nitrogen fertilization increased the removal of N, Mg, and S up to rates of
195, 181, and 137 kg N ha™, respectively (Figures 5a, 5e, and 5f). The removal of N, Mg,
and S increased between 54 and 85 % in response to N application and reached values
of 76, 7.1, and 9.4 kg ha™, respectively.

Phosphorus, K, and Ca removal was affected by the green manure x N rate interaction
(Table 4). At the lowest N rates, the removal of P, K, and Ca by the plants in the control
treatment was lower than those in the legume treatments. At the highest N rates, the
plants in the control treatment removed less P than those in the M. aterrima treatment
(Figures 5b, 5¢, and 5d). Phosphorus removal in both legume treatments did not differ,
regardless of the N fertilization rate, but the K removal at the highest N rates and the
Ca removal at the intermediate N rates were greater in the M. aterrima treatment than
in the other two treatments. Phosphorus removal was not affected by N fertilization
in the M. aterrima treatment; however, in the control and C. spectabilis treatments,
P removal increased up to the N rates of 133 and 94 kg N ha™, respectively. Potassium
removal increased up to the rate of 108 kg N ha™ in the C. spectabilis treatment and up
to rates of 130 and 138 kg N ha™ in the control and M. aterrima treatment, respectively.
In the M. aterrima treatment, Ca removal increased up to 121 kg N ha™, but in the other
treatments, the increases occurred up to rates between 145 and 147 kg N ha™. In the
control treatment, N fertilization increased the removal of P, K, and Ca by 57, 66, and
77 %, respectively; however, in the C. spectabilis treatment, the increases in the removal
of these nutrients were 19, 41, and 26 %, respectively. When sweet potato was grown
after M. aterrima, N fertilization increased the removal of K and Ca by 21 and 49 %,
respectively. The maximum removal amounts of P, K, and Ca in response to N fertilization
ranged from 9.7 to 11.1, 107 to 122, and 9.9 to 13.4 kg ha™, respectively.

Iron removal was only affected by the main factors (Table 4). Iron removal was highest
in the C. spectabilis treatment and, regardless of the green manures, the Fe removal
was linearly increased with N fertilization (Figure 5h).

The removal of other micronutrients was affected by the green manure x N rate interaction
(Table 4). At the lower N rates, the Cu removal was lower in the control and higher in
the M. aterrima treatment (Figure 5g). At the highest N rate, the Mn removal by the M.
aterrima treatment plants was not higher than those in the other treatments (Figure 5i).
In the control, the Zn removal was lower than that in the legume treatments (Figure 5j).
In the absence of additional N, the Zn removal in the M. aterrima treatment was higher
than that in the C. spectabilis treatment; however, when increasing rates of N were
provided these differences disappeared.

In the M. aterrima treatment, N fertilization did not affect Cu removal; however, in the
control and C. spectabilis treatments, the Cu removal increased up to N rates of 136 and
50 kg N ha™, respectively (Figure 5g). The Mn removal increased linearly with N fertilization
in the C. spectabilis treatment, whereas in the control and M. aterrima treatments, the
increases occurred up to 160 and 124 kg N ha™, respectively (Figure 5i). The Zn removal
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Figure 5. Nutrient removal by sweet potato in response to green manures cultivation and N application rate. Square: mean of the
three green manure treatments (Control, C. spectabilis, and M. aterrima). Vertical bars represent the least significant difference at
p=<0.05 according to LSD test. Data are the means of the two agricultural years.
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increased up to N rates of 135, 139, and 125 kg N ha™ in the control, C. spectabilis, and
M. aterrima treatments, respectively (Figure 5j). In the control treatment, the removal
of Cu, Mn, and Zn increased by 104, 75, and 78 % with N fertilization, but in the C.
spectabilis treatment, these increases were 17, 78, and 73 %, respectively (Figures 5g,
5i, and 5j). In the M. aterrima treatment, N fertilization did not increase Cu removal but
increased Mn and Zn removal by 47 and 25 %, respectively.

DISCUSSION

The high capacity for biomass production and nutrient uptake in C. spectabilis did not lead
to significant increases in all nutrient concentrations in the sweet potato leaves grown
in succession. The green manure with C. spectabilis was more efficient in increasing the
concentrations of P, K, Mg, and S in the sweet potato leaves than the M. aterrima green
manure. Neither legume treatment significantly improved the sweet potato nutritional
status of Fe, Mn, or Zn when compared to those in the control treatment. However,
the concentrations of P, K, Ca, Mg, S, Mn, and Zn were within the range considered
adequate by Lorenzi et al. (1997) for this crop which is 2.3-5.0 g kg™ for P, 31-45 g kg
for K, 7-12 g kg™ for Ca, 3-12 g kg™ for Mg, 4-7 g kg™ for S, 40-250 mg kg™ for Mn, and
20-50 mg kg™ for Zn. The leaf Fe concentrations were above the range considered
adequate by Lorenzi et al. (1997) (40-100 mg kg™), but there were no symptoms of Fe
toxicity in the sweet potato plants.

In the absence of N fertilization, the green manure with M. aterrima led to higher N
concentration in the sweet potato leaves than the C. spectabilis green manure, but
when N was supplied, both legumes resulted in the same N concentration in the sweet
potato leaves. In both legume treatments, the N concentration in the sweet potato
leaves was within the range considered adequate by Lorenzi et al. (1997) (33-45 g kg™),
regardless of the N fertilization rate. However, when no N was added, the sweet
potato plants presented deficient N concentrations in their leaves, which shows that
legumes provided N for sweet potato grown in succession. The use of M. aterrima
improved the Cu nutrition of the sweet potato plants regardless of the N fertilization
rate, which was reflected in the adequate concentrations of Cu in the leaves, i.e.,
between 10-20 mg kg™ (Lorenzi et al., 1997). In other treatments, although visual Cu
deficiency in plants was not found, the Cu concentrations in the sweet potato leaves
were below the range considered appropriate by Lorenzi et al. (1997), especially at
N rates above 50 kg ha™.

The response of sweet potato growth and yield to N application was dependent on the
previously grown green manure species, which coincides with previous findings in which
the potential effect of green manure on sweet potato production varied according to
the source of the green manure (Okpara et al., 2004). Although M. aterrima produced
less biomass and consumed fewer nutrients than C. spectabilis, the sweet potato plants
grown after these two legumes had the same biomass and root yields, regardless of the
N applied. However, when there was a low N supply, the sweet potato in both legume
treatments had a higher biomass and root yield when compared to those the control
treatment, which shows that green manure increases sweet potato growth and yield when
N is either not applied or applied at a low rate. These results show that it is possible to
reduce the mineral N fertilization of sweet potato when green manure was previously grown
in the area. In wheat, green manuring with legumes such as forage pea, forage turnip
and common vetch provided yields equivalent to those obtained with the application of
80 kg N ha™ in treatments without green manure (Viola et al., 2013). This outcome is in
agreement with the results of the current study and other studies that show that green
manure contributes to substantial reductions in N fertilizer use (Teodoro et al., 2011).

However, the excess of N increased the growth of the shoots more than the growth
of storage roots, which was reflected in a significant reduction in HI at N rates above
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95 kg ha™. Santos Neto et al. (2017), in a study of N fertilization in three sweet potato
genotypes, verified that one of the genotypes showed a reduction in HI starting at the
lowest N rate applied, and the other two genotypes had a significant decrease in HI
starting at 59 kg N ha™. Other studies have also shown that a high N supply stimulates
the shoot growth of sweet potato plants, to the detriment of the formation of storage
roots (Hartemink et al., 2000; Oliveira et al., 2006; Prabawardani and Suparno, 2015).
Sweet potato responses to N application may also vary by cultivar (Oliveira et al., 2006;
Duan et al., 2018).

The amount of nutrients taken up by the sweet potato was directly related to biomass
production and nutrient concentration in the shoots and storage roots, and these variables
were positively correlated (Table 7). Regardless of the N fertilization rate, the sweet
potato plants grown after M. aterrima had a higher N uptake and the same amount of S
uptake when compared to the plants grown after C. spectabilis, which accumulated the
highest amounts of N and S in their biomass. Thus, the excess of N, either from mineral
fertilizer or from green manure, does not necessarily lead to higher plant growth and N
uptake by sweet potatoes grown in succession.

Nitrogen fertilization increased the uptake of all nutrients by the sweet potato;
however, the increases in the uptake were dependent on the previously cultivated
species, with lower increases in nutrient uptake after M. aterrima cultivation. In the
M. aterrima treatment, N fertilization increased the P uptake by a maximum of 7 %,
the K, Ca, and Mg uptake by 21 to 32 %, and the micronutrient uptake by less than
31 %. However, the growth and yield of sweet potato plants in the M. aterrima
treatment were similar to those of the C. spectabilis treatment. In the C. spectabilis
treatment, the increases in nutrient uptake in response to N application were greater,
i.e., exceeding 70 and 80 % for some macro- and micronutrients, respectively.
This result shows that M. aterrima is more suitable for green fertilization of sweet
potato since even with lower biomass production and nutrient accumulation, it is
able to supply nutrients more synchronously with the demands of sweet potatoes
grown in succession, especially when N fertilization does not exceed 50 kg N ha™.
Ambrosano et al. (2003) evaluated N mineralization of the incorporated residues
of Crotalaria juncea (C. juncea), M. aterrima, and beans and found that, initially,
M. aterrima and C. juncea had a similar mineralization rate, but after a few days, the
mineralization of M. aterrima was higher and occurred over a longer period. For the
supply of nutrients from green manure to be used efficiently, it is essential that the
nutrient release from the crop residues and the nutrient demand of the crop grown in

Table 7. Correlations of whole plant dry matter (DM) accumulation and nutrient concentrations in shoot and storage root with total
nutrient uptake and correlations of DM accumulation and nutrient concentrations in storage root with nutrient removal by sweet potato

Nutrient Whole plant DM Concentra_tlon .Of Concentra_tlon .Of Nutrient Storage root DM Concentra_tlon .Of
. each nutrient in each nutrient in . each nutrient in
uptake accumulation removal accumulation
shoot storage root storage root
N r=0.75% r=0.38% r=0.65%*¢ N r=0.67* r=0.76%*
P r=0.77% r=0.14ns r = 0.55%* P r=0.74* r = 0.64*%*
K r = 0.89** r=-0.10ns r=0.41% K r=0.82** r=0.61%*
Ca r = 0.86%* r=0.47* r = 0.60%* Ca r=0.77* r = 0.82*%*
Mg r=0.76%* r = 0.46%* r=0.23% Mg r = 0.65% r=0.61%x
S r=0.24* r = 0.60** r=0.77%¢ S r=0.14ns r = 0.86%*
Cu r=0.73% r=0.11ns r=0.91*%x B r = 0.66** r = 0.94*%*
Fe r = 0.66** r = 0.54** r = 0.84*%* Cu r = 0.45% r=0.97%
Mn r=0.42% r=0.52% r = 0.45%* Mn r = 0.44%* r = 0.68*%*
Zn r=0.67% r = 0.84*x r = 0.92%* Zn r = 0.65%* r = 0.93*%*

* *x and ns significant at p<0.05, p<0.01, and not significant, respectively. Variables and units are presented in figures 3, 4, and 5, and tables 5 and 6.
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succession be synchronized (Stute and Posner, 1995; Viola et al., 2013). Otherwise,
nutrient losses by leaching may occur (Lara-Cabezas et al., 2000), especially in sandy
soils with low CEC, similar to those in the present study (Table 1).

Except for Fe, the nutrient uptake values obtained in this study were lower than those
reported by Echer et al. (2009) in a study carried out under Brazilian conditions with
the same sweet potato cultivar. These authors obtained nutrient uptake values of
350 kg N ha, 41 kg P ha™, 226 kg K ha, 174 kg Ca ha™, 42 kg Mg ha™, 38 kg S ha™,
143 g Cuha™, 184 g Fe ha?, 713 g Mn ha', and 237 g Zn ha™. The differences between
both studies in the amounts of nutrients taken up by the sweet potato are related to
the growing conditions and the biomass production of sweet potato plants, which was
smaller in the present study. Although N fertilization stimulated nutrient uptake by the
sweet potato, when there was no N supply, the cultivation of M. aterrima provided P,
K, Ca, Mg, Cu, Fe, Mn, and Zn uptake values that were similar or even higher than the
values obtained in the control treatment with N rates above 126 kg N ha™. These results
agree with other findings showing that green manure may contribute to saving mineral
fertilizer (Teodoro et al., 2011) and increasing the yield (Viola et al., 2013) and mineral
nutrition of crops grown in succession.

The removal of N and S increased with green manure treatment; however, it did not
differ among the studied species. This result shows that although M. aterrima provided
a higher N uptake, there was no increase in the N partition to the sweet potato storage
roots. According to Silva et al. (2006), the partition of N taken up from the soil by the
plants is a trait of high heritability and it is more dependent on the genotype than on
the external environmental conditions or the amount of N taken up.

The M. aterrima green manure favored Mg removal, even without increasing the uptake
of Mg by the sweet potato when compared to the uptake under C. spectabilis, showing
that M. aterrima favors Mg allocation to the storage roots. However, the removal of N,
S, and Mg increased with N fertilization due to the positive influence of the applied N on
the biomass accumulated in the roots and the concentration of these nutrients in the
roots of plants grown mainly after legume cultivation.

Since nutrient removal was positively correlated with the biomass and nutrient concentration
in the roots, it was observed that N fertilization increased the nutrient removal mainly
because it significantly increased the storage root biomass. However, not all nutrients
showed increased removal under N fertilization. In potato (Solanum tuberosum L.) crops,
studies have shown that higher tuber yield is not always related to higher nutrient
removal (Fernandes et al., 2011) since there may be significant differences in the nutrient
concentrations in the tubers (Srek et al., 2010; Haynes et al., 2012).

When the sweet potato was cultivated after M. aterrima, the removal of P and Cu was not
influenced by N fertilization due to the reduction in the concentration of these nutrients
in the roots; however, the removal of these nutrients was not lower than the removal
under C. spectabilis. In both legume treatments, the removal of P and Cu was higher
than that in the control treatment. The use of M. aterrima was very efficient in increasing
the removal of Ca and Mn by the sweet potato, especially at N rates between 50 and
100 kg N ha™. With the application of these N rates, the biomass and the concentrations
of Ca and Mn in sweet potato plants were increased. However, both legume treatments
provided higher P, K, and Cu removal under lower N supply conditions, whereas, in the
absence of N fertilization, the use of M. aterrima as the green manure resulted in a Zn
removal higher than that in the control due to the higher biomass and Zn concentration
in the roots. These results show that green manure, by improving the chemical, physical
and biological properties of the soil, increases nutrient cycling, which allows better
utilization of the applied fertilizers (Espindola et al., 1997), resulting in greater uptake
and allocation of nutrients to the sweet potato storage roots.
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M. aterrima better supplied the nutrient demands of the sweet potato storage roots,
since, in this cultivation, the maximum increase in nutrient removal in response to N
was 49 %, whereas in the C. spectabilis and control treatments, these values reached
78 and 104 %, respectively, for some nutrients. This shows that the higher and more
prolonged mineralization of M. aterrima residues (Ambrosano et al., 2003) may have
provided nutrients during the increase in cambial activity and the bulking of the sweet
potato storage roots, thus favoring nutrient accumulation in the roots.

Except for N and P, which in this study, had removal values similar to those recorded by
Echer et al. (2009), the remaining nutrients were removed in greater amounts than those
obtained by these authors, which is a reflection of the higher root biomass in our study
(9-10 Mg ha™) when compared to that in the study of Echer et al. (2009) (6.3 Mg ha™).
Echer et al. (2009) obtained sweet potato nutrient removal values of 129 kg N ha™,
16 kg P ha™, 81 kg K ha™, 23 kg Ca ha, 7.4 kg Mg ha™, 9.6 kg S ha, 52 g Cu ha™,
61 gFeha™ 136 g Mnha?, and 82 g Zn ha™.

CONCLUSION

The species M. aterrima is more suitable for use as green manure in the sweet potato
than C. spectabilis. Nitrogen application rates causes a greater increase in the biomass
of the storage root, nutrient uptake and removal in the sweet potatoes unfertilized
with green manure. In the sweet potato fertilized with M. aterrima, mineral N supply in
excess (above 50 kg ha™) increases the nutrient uptake and removal without a significant
increase in the biomass of the storage root. In the sweet potatoes unfertilized with green
manure, high rates of N (greater than 120 kg ha™) must be applied to obtain the utmost
biomass of the storage root, nutrient uptake and removal.
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