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ABSTRACT

Yacon (Smallanthus sonchifolius [Poepp.] H. Rob., Asteraceae) is an Andean plant being explored as a functional food, due
to high concentrations of fructooligosaccharides (FOS), a natural sweetener capable of reducing blood lipids and glucose
levels, supporting prevention of chronic diseases, such as diabetes. Yacon commercial production is still being established,
thus cropping practices and their impact on profitability are yet poorly explained. Improved planting recommendations
are demanded, as it affects crop yield. In this background, a field trial was conducted to determine row spacing and plant
populations for yacon production in tropical highland areas. The experimental design was a randomized complete block,
in a split-plot scheme, where blocks were three row spacings (0.8, 1.0 and 1.2 m) and subplots covered three spacings
between plants (0.4, 0.5 and 0.6 m), with four replicates. At harvest time, evaluations on accumulation of dry mass in the
plant and tuber root production data (number, weight, total productivity, and per class) were made. Profitability indicators
were estimated (gross income, operational profit, and benefit-cost ratio). Data suggest productive and economic variations
among tested planting configurations, as an example higher productivity (31.5 t ha') and positive benefit-cost ratio (2.51)
when using 1.0 m between rows and 0.4 m between plants for the conditions tested. These results point out the prospect
to select better crop management practices for yacon, cutting costs, and increasing yield. Another key find was yacon’s
capacity to overcome intense drought and temperature stress, not previously documented for this crop. Therefore, yacon
is a new crop with potential to boost farming income through crop diversification.

Key words: Planting population, plant density, profitability, Smallanthus sonchifolius.
INTRODUCTION

Yacon (Smallanthus sonchifolius [Poepp.] H. Rob.) is a crop originated in the Andes, grown in elevations from 1000 to
3200 m a.s.l. This plant is principally noted to be rich in fructooligosaccharides (FOS), a dietary fiber that carries several
nutritional aids. Yacon is recognized as a functional food, due to its antioxidant properties and the capability to support
reducing blood lipid and glucose levels, which can cut down the risk of chronic diseases (Martinez-Oliveira et al., 2018;
Lancetti et al., 2020).
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The expanded interest for yacon urges for management practices that can enhance crop production systems (Pedrosa
et al., 2020). Adopting planting configurations promoting optimal plant populations will enhance the fit between the
availability of environmental resources and the requirements of a crop, directly reflecting on yield and, thus, on crop
profitability (Pereira and Hall, 2019).

By adjusting row and plant spacing, an ideal planting population can be established, which affects initial development,
canopy architecture, and yield of several crops, including yacon (Mota-Junior et al., 2014; Torales et al., 2015; Li et al.,
2020). Row and plant spacing determine the spatial distribution of roots and the ability of a crop to incorporate water and
nutrients from the soil (Patan¢ et al., 2020).

Planting configuration can as well influence the plant’s response to light, as increased planting may improve light
interception capacity, which would reflect an increased photosynthetic capacity (Li et al., 2020). A lower density of plants
can reduce light absorption rates, reducing yield potential (Li et al., 2020). However, planting arrangement and density
may likewise stimulate competition between plants for resources (water, light, nutrients), leading to morphological
modifications (vegetative and reproductive) in plants, due to canopy adaptation to these conditions, which may as well
decrease yield.

Therefore,optimal planting configuration and density is fundamental information to support optimal use of environmental
resources, maximizing yield, and profitability of a crop. For yacon, another circumstance to acknowledge is that this crop
is yet being fit to growing conditions outside the Andes and is responding differently to environmental conditions in new
growing zones. Environmental conditions will change, for example, the time demanded to achieve physiological maturity,
which can range from 6- to 10-mo after planting, affecting yield potential (Silva et al., 2019). These responses even
vary due to seasonal climatic patterns Silva et al. (2018a), showing that crop response to management practices must be
verified under different environments. Therefore, the purpose of this research project was to assess yacon planting spacing
and configuration in tropical highland conditions.

MATERIALS AND METHODS

Field trials were conducted in a small farming community, situated in the mountains of Alto Norte village, municipality
of Muniz Freire (20°14° S, 41°24” W; 1146 m a.s.l.), State of Espirito Santo, Brazil. This zone is characterized by a
mountainous environment, with moderate temperatures and rainfall over the state’s average (Pezzopane et al., 2012).
Average monthly temperatures fluctuated from 17 to 26 °C, and rainfall summed 1296 mm during field experiments,
based on statistics from the National Meteorological Institute of Brazil (INMET). The region experienced an extreme
drought during trials, with low precipitations in May 2016, limiting even the availability of irrigation water. Besides,
unusually low temperatures (3 °C) were registered, even with a record of light frosts in some fields (Figure 1).

Figure 1. Monthly rainfall and average, maximum and minimum temperatures recorded from March 2016 to February
2017, in Muniz Freire, Espirito Santo, Brazil.
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The soil around the experimental plot was classified as a red-yellow Oxysol, medium texture (Embrapa, 2014). Soil
samples were collected in the 0-20 cm layer and analysis returned the following results: pH (H>O) 5.9; 39.80 mg P dm?
(P-Mehlich); 69 mg K dm; 0.0 cmol. Al dm?; H + Al: 1.80 cmol. dm™; 1.35 cmol. Ca dm?; 0.49 cmol. Mg dm?; total
bases (SB) 1.97 cmol. dm™; base saturation 52.25 %; cation exchange capacity (CEC) 3.77; organic matter (OM) 14 g kg™
(1.4%). The field was tilled and disked prior to planting.

Yacon (Smallanthus sonchifolius [Poepp.] H. Rob.) was planted in March 2016, in planting pits measuring 15 cm x 15 cm
(depth x diameter). Seedlings had three pairs of leaves, 10 cm in height, and were produced in plastic bags (10 x 18 cm) filled
with 2:1 soil and bovine manure mixture. The seedlings were produced from rhizophores collected from plants with the same
genotype (Lorenzoni et al., 2017).

Organic fertilization comprised cow manure in doses of 180 g per plant. Manure analysis resulted in: 15.05 g N kg™';
6.00 gPkg';30.07 gKkg';9.10 gCakg'and 8.75 g Mg kg (1 gkg' = 1%). Throughout the growing season, weeds were
removed, and irrigation was conducted via a conventional sprinkler system. However, irrigation was interrupted for 4-mo
during the growing season (from 60 to 180 d after planting), due to supply issues in the water reservoir, which reached
unusually low levels caused by the extended drought period experienced by that region.

The experimental design was a randomized complete block in split-plots. Main treatments (blocks) were three row
spacings (0.8, 1.0 and 1.2 m) and subplots were three spacings between plants within rows (0.4, 0.5 and 0.6 m), with four
replicates. Each experimental block comprised 4 rows with 7 plants per row, in a total of 28 plants per block. Only the 10
plants in the center of two central rows were utilized for evaluations.

Plant height (cm) was measured through the crop cycle at 90, 120, 150, 180, 210,240, 270, and 300 d after planting (DAP).
The cropping cycle ended at 300 DAP, marked by the beginning of flowering and plant senescence. Crop yield and quality
parameters were evaluated at 300 DAP. For crop yield, average number, weight, diameter, and length of tuberous roots per
plant were evaluated. The quality of tuberous roots was also evaluated, based on the following scale: 1A (< 130 g; from 7 to
13 cm in length); 2A (between 130 and 250 g; 13 to 18 cm in length), and 3A (> 250 g; > 18 cm in length), following the
method proposed by Oliveira (2016).

Based on yield data, an economic analysis was conducted for each spatial arrangement. Data and information on prices
were gathered from the Espirito Santo State Vegetable Distribution Center (CEASA-ES), while technical coefficients and
production costs were produced by dialoguing with local growers. The method used to calculate production costs and test
indicators and profitability results was based on the work by Furlaneto and Esperancini (2010).

Production cost data included effective operating cost (EOC), which covers expenses with labor, operations of
machinery/equipment and inputs used throughout the cultivation cycle (fertilizers, irrigation), and the total operating cost
(TOCQ). In this survey, TOC includes social security contributions (2.3% gross income).

The profitability analysis indicators were gross income (GI), profit margin (PM) and cost/profit ratio (CPR). Gross
income (GI): expected revenue for a given production per hectare, GI = Pr x Pu, where Pr is yacon production per
area (kg ha') and Pu is price per unit of yacon (1 kg) (USD kg"); calculations were based on a base price of Brazilian
reals (BRL) 1.75 kg (average values traded between January and February 2020, at the Espirito Santo State Vegetable
Distribution Center, CEASA-ES), translated to dollars, based on the BRL-USD exchange rate BRL 4.63 = USD 1.00 on 3
June 2020. Profit margin (PM): difference between GI and total operating cost (TOC) per hectare; PM = GI - TOC. Cost/
Profit ratio (CPR) = GI/TOC.

To determine production costs, the average values from farmers were used when estimating the value of each rhizophore,
resulting in an average of USD 0.05 (five cents) per unit of 50 g (value based on BRL-USD dollar exchange rate in 3
June 2020). Labor production cost was predicted based on the equivalent of 27 workdays (WD) per hectare, with 20000
plant population, in an arrangement of 0.8 x 0.5 m, based in data compiled from farmers. The cost of organic fertilizer
was determined based on the work of Garcia and Souza (2015). For each population planting configuration, costs were
estimated and are displayed in Table 1.

Data were subjected to ANOVA and, after factorial interaction was detected, the sub-plots were split within each plot.
Plant height data were submitted to regression analysis, and the linear equation was adjusted to the 2"-degree polynomial
model. The other treatment averages, when significant by the F test, were contrasted using the Tukey test HSD (p < 0.05).
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Table 1. Estimated production costs per hectare of yacon produced under different planting arrangements, in tropical

highland conditions.
08x04m 0.8x0.5m 0.8x0.6m
Unit cost'
Item Unit USD Unit Total Unit Total Unit Total
1-Inputs
Cow manure t 17.50 15 262.50 15 262.50 15 262.50
Seedlings unit 0.05 31250 1562.50 25000 1250.00 20833 1041.65
2-Services
Tilling/disking H/T 15.00 6 90.00 6 90.0 6 90.00
Planting D/H 12.50 42 525.00 34 425.00 28 350.00
Weed control D/H 12.50 34 425.00 28 350.00 23 287.50
Fertilizers D/H 12.50 47 587.50 38 475.00 31 387.50
Harvest D/H 12.50 42 525.00 34 425.00 28 350.00
Classification D/H 12.50 42 525.00 34 425.00 28 350.00
Trrigation D/H 12.50 10 125.00 10 125.00 10 125.00
EOC 4627.50 3827.50 3244.15
3-Additional costs
Taxes 2.3% GI 167.6 186.30 127.42
TOC 4795.17 4013.80 3371.57
1.0x04m 10x05m 1.0x0.6m
Unit cost'
Item Unit USD Unit Total Unit Total Unit Total
1-Inputs
Cow manure t 17.50 15 262.50 15 262.50 15 262.50
Seedlings unit 0.05 25000 1250.00 20000 1000.00 16667 833.35
2-Services
Tilling/disking H/T 15.00 6 90.00 6 90.00 6 90.00
Planting D/H 12.50 34 425.00 27 337.50 23 287.50
Weed control D/H 12.50 28 350.00 22 275.00 18 225.00
Fertilizers D/H 12.50 38 475.00 30 375.00 25 312.50
Harvest D/H 12.50 34 425.00 27 337.50 23 287.50
Classification D/H 12.50 34 425.00 27 337.50 23 287.50
Trrigation D/H 12.50 10 125.00 10 125.00 10 125.00
EOC 3827.50 3140.00 2710.85
3-Additional costs
Taxes 2.3% GI 234.74 178.81 161.70
TOC 4062.24 3318.84 2872.55
1.2x04m 1.2x05m 1.2x0.6m
Unit cost'
Item Unit USD Unit Total Unit Total Unit Total
1-Inputs
Cow manure t 17.50 15 262.50 15 262.50 15 262.50
Seedlings unit 0.05 20833 1041.65 16667 833.35 13889 694 .45
2-Services
Tilling/disking H/T 15.00 6 90.00 6 90.00 6 90.00
Planting D/H 12.50 28 350.00 23 287.50 19 237.50
Weed control D/H 12.50 23 287.50 18 225.00 15 187.50
Fertilizers D/H 12.50 31 387.50 25 312.50 21 262.50
Harvest D/H 12.50 28 350.00 23 287.50 19 237.50
Classification D/H 12.50 28 350.00 23 287.50 19 237.50
Irrigation D/H 12.50 10 125.00 10 125.00 10 125.00
EOC 3244.15 271.85 2334 .45
3-Additional costs
Taxes 2.3% GI 184.81 178.10 84.20
TOC 3428.96 2888.94 2418.65

'Values based in the exchange ratios from Brazilian real to USD (BRL 4.63: USD 1.00 in 3 June 2020).

EOC: Effective operational cost; TOC: total operational cost; H/T: tractor hours, unit to calculate machine usage cost, machine hour cost; D/H:

man-days, unit to calculate how many days a worker performs that activity; GI: gross income.
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RESULTS

ANOVA revealed significant factorial interaction among spacing between rows and plants and, thus, subplots (spacing
between plants within the row) were studied separately within each plot (row spacing).

Data showed a decline in plant height at the beginning of the crop cycle, across treatments, reaching even a total lack of
shoots from 120 to 180 DAP (Figure 2). After 210 DAP, plants started growing vigorously again, notably in plots planted
in row spacings of 0.8 and 1.0 m, and between plant spacings of 0.5 m through the end of crop season (240-300 DAP)
(Figures 2A and 2B). However, in 1.2 m row spacing, peak heights were observed in 0.4 m between plants (Figure 2C).

For the yacon yield of tuberous roots, stronger values were taken for between plant spacings of 0.4 and 0.5 m when
0.8 m row were used. Comparable results were noticed for 1.2 m rows. With 1.0 m row spacing, the highest yields were
observed with 0.4 m between plants (Table 2).

When analyzing yield by the quality of tuberous roots, 0.8 m row spacing led to a further yield of class 1A roots, in
between plant spacing of 0.4 m. Row spacing of 1.0 m presented analogous results. For 1.2 between rows, the highest 1A
yields were detected when using 0.5 m between plants (Table 2).

Figure 2. Height of yacon plants under different planting arrangements, in tropical highland conditions. Row spacings of
0.8 (A),1.0 (B) and 1.2 m (C), with respective spacings between plants (0.4, 0.5 and 0.6 m).
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Higher yields of 2A roots for 0.8 m between rows were noted when using 0.5 m between plants. No classification
differences were observed due to between plant spacing when using 1.0 m between rows. For 1.2 between rows, a greater
2A yield was produced using 0.4 and 0.5 m between plants (Table 2).

Regarding the profitability of planting configuration, larger gross income (GI) and profit margins (PM) were compiled
using a row spacing of 1.0 m and 0.4 m between plants (USD 10206.00-6143.76). However, this planting configuration
showed the second-best CPR (2.51), marginally smaller compared to values (2.68) obtained from the 1.2 x 0.5 arrangement
(Table 3). Although 1.0 x 0.4 m produced the second-best RBC (2.51) and greatest yield (31.5 t ha''), this arrangement led

to the second-largest production cost in comparison to others.

Table 2. Yield of yacon tuberous roots in total values and separated by classes, produced under different planting

arrangements, in tropical highland conditions.

Row spacing (m)

0.8 1.0 1.2 0.8 1.0 12
Yield of tuberous roots (t ha)
Spacing between plants (m) Total Class 1A
04 22.5a 31.5a 24 8a 49a 10.7a 7.3b
0.5 25.0a 24.0b 239a 3.3b 7.7 8.9a
0.6 17.1b 21.7b 11.3b 2.9b 59¢c 0.0c
CcvV 12.25% 8.49%
Class 2A Class 3A
04 4.8b 6.0a 5.9a 12.8a 14.9a 11.6a
0.5 8.7a 6.6a 5.5a 12.9a 9.7b 9.6a
0.6 3.3b 5.7a 3.1b 10.9b 10.1b 8.2b
CcvV 15.06% 7.33%

Values followed by the same letter in the columns do not differ using the Tukey test HSD (p < 0.05).

CV: Coefficient of variation.

Table 3. Yield, gross income, production cost, profit and benefit-cost ratio of commercial yacon roots produced in different
planting arrangements, in tropical highland conditions.

Cost/Profit

Arrangement  Population Yield Gross income! Costs? Profit ratio (CPR)
m plants ha' tha'! USD

0.8x04 31250 225 7290.00 4795.17 2494 .83 1.52
0.8x0.5 25000 250 8100.00 4013.78 4086.22 201
0.8x0.6 20833 17.1 5540.04 3371.57 2168.47 1.64
10x04 25000 315 10206.00 4062.24 6143.76 251
1.0x0.5 20000 240 7776.00 3318.83 4457.16 2.34
10x0.6 16666 21.7 7030.80 2872.55 4158.25 245
12x04 20833 24.8 8035.20 3428.94 4606.24 2.34
12x05 16666 239 7743.60 2888.94 4854.66 2.68
12x0.6 13888 11.3 3661.20 2418.65 1242.55 1.51

'BRL 1.50 kg, price paid for producers at Espirito Santo State Vegetable Distribution Center (CEASA-ES), on

3 June 2020.
*Yacon production cost per hectare (refer to Table 1).
Values based on BRL-USD dollar exchange rate in 3 June 2020 (BRL 4.63: USD 1.00).
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DISCUSSION

Yacon’s initial growth and development is irregular, which is prevalent in plants propagated vegetatively, achieving
uniform growth only after 90 DAP (Silva et al., 2019). Because of these circumstances, plant ratings started at 90 DAP.
However, at this time, plants started to reduce the volume of shoots and leaves (Figure 2), due to drought stress encountered
by that region in April and May (2016), with only 20 and 10 mm of rainfall for each month, respectively.

Associated with extreme drought, for the region where field trials were conducted, historically low temperatures were
reported, registering an absolute minimum of 3 °C and frosting in some areas. For yacon, low temperatures and the lack of
soil moisture, are major factors governing the development of tuberous roots (Kamp et al., 2019a). These two factors in the
association were major limitations of crop growth, branching, and initial development of tuberous roots (Silva et al.,2019).

However, the crop recovered even after losing all leaves, which was a case not reported yet and demonstrate the
resilience of yacon. Under these conditions, plants can initiate a dormancy stage, a defense strategy prevalent in plants
from low-temperature regions, as the Andes (Tokita et al., 2015). With yacon, plants reallocate reserves compounds from
shoots to the rhizophores, the underground stem structure used by the plant to accumulate carbohydrates. Rhizophores
have many gems and thus the main source of yacon propagation (Pedrosa et al., 2020).

Following later precipitations associated with surges in temperature, plants resumed dormancy and started growing
again. Temperatures over 10 °C stimulated plant growth, boosting rhizophore germination rates and contributing to a
rapid recovery of shoots and leaves, as noted for other tuberous roots (Carillo et al., 2019).

Total yield was influenced by the various planting configurations and overall, best yields were reached using smaller
spacings between plants (0.4 and 0.50 m), for all tested row spacings.

Comparable results were documented by Tokita et al. (2015), whose results illustrated that increased plant populations
led to a decline in production of each plant, but the yield was compensated due to larger plant populations. These authors
reported yields of 18.9 t ha!, with an average of 1517 g roots per plant, when managed in 1.0 m between rows and 0.8 m
between plants. Yields of 22.2 t ha' and an average of 1064 g roots per plant were registered using 0.8 m between rows
and 0.6 m between plants.

The results from this trial and the literature highlight that planting recommendations influences yacon yield, due to
its direct impact on yacon’s use of resources such as water, light, and nutrients (Kappes et al., 2011). However, diverse
factors may as well promote variations in the response to each unique condition to cultivation, as variations in these
conditions can promote intraspecific competition, prompted by larger plant populations, and so reduce yacon yield (Kamp
etal.,2019b).

The yield of yacon tuberous root in the present study was lower when compared to other studies in the same region,
Silva et al. (2018a; 2019), 40 and 77 t ha' respectively. This reduction in yield can be linked to a shorter period for
accumulation of reserve compounds, as crop growth was restricted by drought and lower temperatures, with suitable
conditions only after 180 DAP, and harvested conducted at 300 DAP.

The crop experience only about 120 d of favorable conditions before harvest. Based on the results of Silva et al.
(2018b), in the present region, optimal crop growth and root development occurred from 120 to 180 d of the cycle. Kamp
et al. (2019a) likewise emphasize that yacon needs about 200 d under satisfactory conditions to achieve optimal yields.
The lack of optimal conditions is noticeable since regardless of planting configurations, a considerable part of roots, close
to 50%, were classified in smaller size groups (classes 1A and 2A - < 250 g), showing that these roots were not entirely
developed. However, the greatest number of roots produced was classified as class 3A, roots with the highest market value
(Oliveira, 2016).

On the influence of spacing on root classification, results followed similar like trends noted for yield, with smaller
spacings between plants (0.4 and sometimes 0.5 m) being more favorable within each category. This demonstrates that
the proportion between root categories is being maintained and differences are due to yield changes.

Profitability is a variable influenced by market variations. Yacon supply was currently reduced at time of harvest, due
to increased demand (“in natura” consumption recommended for diabetes treatment), contributing to the increased sale
price, which affects profitability margins and change CPR values.
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If the gross income increases but production costs are preserved unaltered, planting recommendations with higher
yields will be more profitable. In the present trial, planting arrangements of 1.0 x 0.4 led to the highest yield and second
highest CPR, close to the best (2.68) obtained with the 1.2 x 0.5 arrangement. The higher CPR obtained with 1.2 x 0.5
may be linked to lower costs with propagating material and cheapest production cost (USD 2888.94), which yielded better
profits compared to investments, despite lower yields.

These results show that detailed economic analysis is essential to understand how farming production activities can be
exaggerated to boost profits (Heid et al., 2019). Besides, research with other root and tuberous crops, such as Jerusalem
artichoke, suggests a demand to commercialize several parts of the plant to make a farming operation profitable (Johansson
etal., 2015).

Alternatives such as the commercialization of secondary plant structures, such as rhizophores and leaves, must be
considered to add value to the crop. Rhizophores, for example, represent a considerable part of the production costs.
Farmers selling rhizophores as propagative material would gain extra revenue at harvest. Alternatively, producers could
use rhizophores as a propagative material for a second field, cutting costs when acquiring propagating material, enhancing
production balances, either by cutting down costs or raising revenue.

Yacon leaves, which commercial value was not given in this study, can be commercialized if a market is accessible.
They are used for teas shown to help manage diabetes and can reduce bad cholesterol (Cruz et al., 20019). These leaves
may as well have topical anti-inflammatory activity, which may be utilized by the pharmaceutical industry (Johansson et
al., 2015).

CONCLUSIONS

The most suitable planting arrangement for yacon in highland tropical conditions is using 1.0 m between rows and
0.4 m between plants. This configuration produced higher yield, gross income, and profit, and must be endorsed under
conditions for those conditions, even though the best cost-benefit ratio was not found under this arrangement.

Another key finding was the ability of yacon to recover after drought and temperature stress, not yet reported for
this crop. This denotes a considerable adaptive response of the plant, indicating the suitability of yacon production and
profitability under these conditions. These results can help farmers by providing planting instructions for yacon in tropical
highland conditions and increasing farm income through crop diversification.
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