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Introduction: Monoculture is a significant concern due to its negative impact on
soil quality, resource productivity, and agricultural sustainability, particularly in
vulnerable communities. This research aims to evaluate high Andean soil
management for maca monoculture.

Materials and methods: To this end, interviews were conducted with maca
farmers adjacent to Lake Chinchaycocha. The effect on soil quality was evaluated
based on principal component analysis (PCA), weighted soil quality index (SQlw),
and physico-chemical characteristics.

Results: The results indicated differences between farmers in agronomic
management, monoculture period (from 5 to 9 years), and fallow time (up to
10 years in the best cases). Regarding soil quality, the PCA highlighted boron and
total nitrogen locations in the same quadrant, with the highest contribution to
the analysis. Finally, the SQlw showed that soils without maca cultivation
presented better quality.

Conclusion: This research'’s results indicate a need to optimize soil management
practices, especially for small farmers, who are the most vulnerable group. In
addition, further studies on boron and nitrogen availability in soils cultivated with
maca are required, emphasizing areas that exceed 10 years of continuous use.
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1 Introduction

Soil is an essential resource in hydrological and biogeochemical
cycles, as it stores carbon and acts as a natural filter to purify water
(1). Soil management to increase agricultural productivity must not
jeopardize the ecosystem services it provides (2). In this sense, soil
quality indicators use is of great importance for agricultural
production sustainability (2).

Extensive monoculture agriculture can negatively alter soil fertility
and even contaminate the soil (3). Continuous monoculture is an
agronomic problem in extensive crops such as rice, maize, cotton, and
potato; in ornamentals such as chrysanthemum and lilies; in
horticultural crops such as tomato and watermelon; and mainly in
medicinal crops (4). The main cause of soil fertility deterioration is
nutrient imbalance since each plant has different requirements and
absorption rates showing certain identifiable symptoms (5). In
addition, continuous cultivation can significantly decrease essential
nutrient content, such as available phosphorus and potassium, while
balanced fertilizer use can be an alternative that enhances crop
development (6).

It has been shown that soil physical fertility loss is due to water
erosion of bare soils without vegetation and in most cases steep, during
the fallow period (7). However, rotation with natural grasses,
gramineae, leguminous, and grass residues incorporation with sheep
manure, improves soil characteristics by increasing nitrogen
mineralization and increasing available phosphorus and potassium (8).

Maca is the only Brassicaceae that can grow between 4000 and
4500 m altitude, where extremely low temperatures and intense solar
radiation prevail and where mostly grasses survive (9). Maca’s main
adaptive feature is that it can grow in areas with mean temperatures
between 1.5 - 12°C. In addition, this crop is best adapted to slightly
acidic soils with a pH between 6.5 and 7, and sensitive to strongly acidic
pH values. It is known that soil pH values decrease with continuous
years of cultivation (10). The maca production system requires long
cultivation and fallow periods. However, it is important to further study
the effect of continuous maca cultivation on the physical and chemical
characteristics of the soil and to identify optimal management strategies
to mitigate monoculture’s negative effects.

Continuous maca cultivation causes a reduction in its yield and
quality (4). Custodio et al. (11) found that maca cultivation
significantly reduced soil pH from 7.28 to 4.93 in fields with two
successive maca campaigns. Wang et al. (4) report the same pH
reduction effect from 6.89 to 6.79 by continuous maca cultivation,
with significant differences, in soils with three successive campaigns.
Likewise, in both studies, soil nitrogen, phosphorus, and potassium
are reduced by the continuous maca cultivation effect. Lozano et al.
(12) describe that soil acidity, exchangeable Al"> and H" high
concentrations, and available phosphorus low levels are the cause
of lower seed survival, reduced vegetative growth, and reduced
maca yields in high Andean areas. In addition, acetic, propionic,
butyric, and valeric acid root exudates, which are characteristic in
maca cultivation, are the cause of acidity and increased populations
of acid bacteria in the soil (4).

The Peruvian Andes has a great diversity of fragile ecosystems
(scrublands, bogs, wetlands, grasslands, etc.), which can be
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negatively impacted by the intensive monoculture of maca (13). It
is mainly cultivated in the “Chinchaycocha” area of the “Bombon”
plateau in the central Andes of Peru. Its nutritional and medicinal
properties, high price, and national and international demand have
significantly increased its cultivation in the central Andes of
Peru (14).

In 2018, the National Institute for Agrarian Innovation (INIA)
of the Ministry of Agriculture and Irrigation (MINAGRI) promoted
the application of new cultivation techniques to safeguard the
quality of the soils that produce maca in Junin. This project was
aimed at small farmers in the rural areas of Junin as part of the
national project for the “Recovery of degraded soils of high Andean
grasslands caused by the intensive cultivation of maca in this region
of Peru” (15). For example, the Chinchaycocha Agricultural
Producers’ Association in the department of Junin has been
producing yellow, black, and red maca for more than 10 years, to
meet domestic and international demand. While maca is a Peruvian
traditional crop, Peru and China are the current leading consumers
and producers of maca in the world. Between January-August 2023,
Peruvian exports of maca reached 1830 tons, worth US$ 14 million,
being Brazil (26.9%), United States (26.2%), Netherlands (7.3%),
South Korea (7.1%) and Germany (5.4%) the main importing
countries (16). The land area involved 8,000 hectares of maca
cultivation in the national territory, with more than 10,000
producers dedicated to this crop (17). At the same time, more
than 480 hectares of maca have achieved organic certification under
EU organic regulations 834/2007 and 889/2008, USDA NOP, and
National RTPO-Peru, for more than 480 hectares of maca. For this
reason, it is necessary to find a sustainability balance, with special
emphasis on agricultural production, environmental protection,
and fragile ecosystems.

This research aims to evaluate soil management destined for the
maca monoculture through structured interviews related to the
production system by small farmers near Lake Chinchaycocha
(Junin) and to evaluate the monoculture effect on soil quality as
evidenced by physical-chemical characteristics and soil quality
indexes, in cultivated and not cultivated fields with maca, to
determine the trends and latent challenges to achieve
sustainability, especially in these vulnerable high Andean
communities of Peru.

2 Materials and methods
2.1 Study area characterization

The study was conducted in the region between 11°01°24” LS -
75°59°37” LW and 11°13°48” LS - 75°58’34” LW, at an elevation of
4136 - 4248 masl, within the Lake Chinchaycocha Commonwealth,
Junin Department. The area experiences an average annual
temperature ranging from 5 to 7°C, relative humidity between 60
and 70%, and cumulative yearly rainfall between 600 and 900 mm,
with precipitation concentrated from November to April (18).
According to the SoilGrids global digital soil mapping system
(19), which follows the FAO-WRB (World Reference Base for
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Soil Resources) international soil classification system, the soils
sampled in the Chinchaycocha community are classified as
Cambisols. These soils exhibit early stages of development,
characterized by moderate profile development where limited
physical and chemical weathering of the parent material has
occurred. Cambisols are typically found in mountainous regions
or areas with significant geological activity (20). They are
distinguished by the presence of a cambic subsurface horizon
(Bw), marked by color differences compared to the parent
material, due to the accumulation of clays, iron, and aluminum
oxides, with minimal eluviation and illuviation processes (21).
Figure 1 shows the cultivation sites examined in the study.

10.3389/fs0il.2024.1419745

2.2 Soil sampling

The plots were randomly selected, ensuring that they had
similar characteristics in terms of land use and agricultural
management. For soil sampling choice, random plots of large and
small farmers were used. The soil samples taken were from the
districts of Junin and San Pedro de Cajas, in a very humid subalpine
tropical paramo life zone, with slightly steep slopes, where the
predominant vegetation is puna grassland and puna lawn.

The sampling process consisted of digging an approximately 20
cm deep hole, avoiding vegetation or stone areas that could alter the
results. Once the sample was extracted, it was placed in the collection

(A)

(B)

FIGURE 1

27 ostrns

Google Satellite

©) D)

Location map showing soil sampling points in the Chinchaycocha Lake Commonwealth (A). Types of maca cultivated in the Chinchaycocha Lake

Commonwealth: black maca (B), red maca (C), and yellow maca (D).
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bucket and labeled respectively. This process was repeated in all the
selected plots, making sure to follow the same steps and maintain
consistency in the used technique. Once the extraction and collection
of all samples were completed, they were stored in a container and
subsequently sent to the Soil, Water, and Foliar Laboratory of the
National Institute for Agrarian Innovation (INIA) for further
analysis. Figure 2 shows part of the field visit.

2.3 Physico-chemical analysis of soils

Soil samples were analyzed at INIA’s Soil, Water, and Foliar
Laboratories Network (LABSAF). The following methodologies
were employed for soil characterization:

a. Percentage of sand, silt, and clay: According to the USDA
international system, sand particle size distribution was
determined by sieving. The proportions of silt and clay
were measured using the Bouyoucos hydrometer method
(22). A 40 g sample of air-dried soil, was passed through a 2
mm sieve, and 60 mL of sodium hexametaphosphate
dispersant solution was used.

b. pH: Soil pH was determined by the potentiometric method
using two electrodes in a suspension of 20 g of soil and 20
ml of distilled water (1:1 ratio) (23).

10.3389/fs0il.2024.1419745

. EC (dS'm™): Soluble anion and cation concentrations were

determined by measuring electrical conductivity in the
saturation extract (24).

. Organic Matter (%): Organic matter content was

determined using the Walkley and Black method with
potassium dichromate (K,Cr,0;) as the oxidizing agent
(22). One gram of soil and 10 mL of 1 N potassium
dichromate were used.

. Calcium Carbonate (%): The carbonate content was

measured by the acid neutralization method (25). A 1 g
soil sample and 10 mL of 1 N HCI were used.

. Available Phosphorus (mg-kg™"): Available phosphorus was

determined using the Bray and Kurtz method, suitable for
acid and neutral soils (22). A 2 g soil sample and 20 mL of
acid extractant solution (0.03 N NH,F in 0.025 N HCI)
were used.

. Available Potassium (mgkg'): Available potassium was

measured using a 1 N ammonium acetate (NH4CH3COO)
extractant (26). A 5 g soil sample and 33 mL of ammonium
acetate extractant solution were used.

. Exchangeable Cations (mEq-100 g'): The concentrations

of Ca®", Mg2+, K", and Na* were determined using the
saturation method with ammonium acetate and atomic
absorption spectrometry (22). A 5 g soil sample and
100 mL of 1 N ammonium acetate were used.

FIGURE 2
Field visit to the adjacent Lake Junin (Peru) area.
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i. Effective CEC (mEq-100 g’l): Effective CEC was calculated
as the sum of exchangeable bases: Ca?", Mg2+, K*, and Na™.

j. Total Metals (mg-kg™"): The total contents of Be, V, Co, Ni,
Cu, As, Se, Sr, Mo, Ag, Cd, Ti, Pb, Ca, B, Al, Cr, Mn, Zn, Ba,
Hg, Na, Mg, K, and Fe were determined using EPA Method
3050B via inductively coupled plasma mass spectrometry
(ICP-MS). A 0.5 g dry soil sample was used, and acid
digestion was performed with 10 mL of concentrated
nitric acid.

2.4 Interviews with maca farmers from the
Chinchaycocha Lake Commonwealth

A structured questionnaire was designed with open-ended
questions related to cultivation techniques, impact on the soil,
conservation measures, and soil degradation perceptions in the maca
production system. The proposed methodology by Castillo-Valdez
et al. (27) was used, under ethical and free-will conditions, through
the informed consent of 30 farmers dedicated to maca cultivation. The
questions considered social, economic, and normative perceptions.
Likewise, farmers with and without maca cultivation were also
divided to record the crop’s empirical perception of soil degradation.

2.5 Weighted soil quality index calculation

A correlation matrix was constructed to establish a minimum
data set (MDS) with indicators that had no redundancy between
them. The stats (28) and ggcorrplot (29) packages were used, the first
to obtain Pearson correlation coefficient values and the second to
plot the matrix. Subsequently, a PCA was carried out, taking into
account all principal components (PC). The “prcomp” function of
the stats package (28) was used to obtain the eigenvalues and
variables contributions, and the “fviz_pca_var” function of the
factoextra package (29) was used to plot these contributions. The
indicators were transformed by linear methods so a score was
assigned to each indicator according to the “more is better”
(Equation 1) and “less is better” (Equation 2) methods used by
(30). Shown values in Table 1 were used in this study. To calculate

TABLE 1 Maximum and minimum values of soil quality indicators.

Indicator Unit Relation Imax Imin
oM % More is better 7.1 3.81
pH Units More is better 8.1 5.9
p mgkg” More is better 176.5 22.6
K mgkg™! More is better 228.4 32.1
N % More is better 0.93 0.42
ESP % Less is better 25 0
B mgkg More is better 10.41 4.89

Note: OM, organic matter; P, phosphorus; K, potassium; N, nitrogen; ESP, exchangeable sodium
percentage; B, boron; Imax, indicator’s maximum value; Imin, indicator’s minimum value.
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the specific weightings (Sw) for each component we divided the
variance percentage of each PC by the accumulated variance
percentage of the last PC. Then the weightings variable (W) was
obtained by multiplying it by the contribution values of each PC
(Equation 3). Finally, the weighted soil quality index (SQIw) was
obtained by running Equation 4 (30). All of these processes were
executed in code supported with functions from the Tidyverse
package (31).

Vn < Im — lmzrf )
Imax — Imin
Im — Imin
Vn=1-(——-— (2)
Imax — Imin
Wo (Sl)(i) 3)
~\100/" \ 100
SQIw = S (W Vi) @)

i=1

Where, Vn = normalized value; Imin = minimum indicator
value; Imax = maximum indicator value; Im = mean indicator value;
W = variable weighting; Sw = PC specific weighting; C =
contribution of the variable in the PC; n = number of selected
PCs and SQIw = weighted soil quality index.

2.6 Statistical analysis

Two main data groups have been obtained, the first consisting of
the results of measuring soil physicochemical properties and the
second product of the interviews applied to the Lake Chinchaycocha
Commonwealth farmers dedicated to maca cultivation. Descriptive
statistics were developed using the Excel program and inferred using
R studio software. The T-Student’s test was applied to compare the
soil’'s physicochemical characteristics results, between the group of
soils with maca cultivation versus soils without cultivation.

3 Results and discussion

3.1 Land use patterns and maca production
in Lake Junin adjacent area

Maca cultivation in the Peruvian Andean highlands extends
from the Bombon plateau, also known as the “pampas of Junin”, to
the districts of San Pedro de Cajas and Palcamayo in the province of
Tarma, as well as the districts of Ondores, Junin, and Carhuamayo
in the Junin province, of the department of Junin. The results made
it possible to distinguish three levels of producers; the large
producer sows more than 70 hectares per season with the
capacity to export and transform the raw material. In addition,
these producers receive technical support and use organic fertilizers
and manure. There is also the medium-sized producer, who sows
between 20 and 60 hectares per season and supplies the large
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producer and other traders who process the product; they rarely use
organic fertilizers and amendments. Thirdly, there is the small
producer, who sows less than 20 hectares and is generally a whole
family dedicated to this activity. This producer does not use
fertilizers or organic amendments to produce maca.

In terms of soil-use management, maca is often sown on
meadow-type grass and puna lawns. Large farmers sow for up to
maximum years continuously, using organic and mineral fertilizers.
After that, they set an 8-to 10-years fallow period. On the other
hand, the small producer sows a maximum period of 2 years
continuously, followed by a fallow period. Large and medium-
sized farmers lease plots of land to other farmers for sowing maca,
which lasts on average 8-to 10-months. Random seed varieties
(yellow, red, zamba, black, and purple maca, or others) are used for
sowing, and few farmers select the maca seeds by color. Instead,
after harvesting and drying, maca is selected by color and size to
obtain better sale prices.

According to interviews with farmers, 60% use fertilizers, while
the others only apply organic amendments (Figure 3A). Although
chemical fertilizer application increases larger-scale production,
proper management of its use is necessary to increase soil fertility
and reduce pollution (32). The possibility of integrating inorganic
fertilizers and organic manure use, as a strategy for integrated soil
management and maca (Lepidium meyenii Walp.) crop nutrition,
will contribute to the sustainability of the production system. These
strategies make it possible to reduce nitrogenous inorganic fertilizer
use, which has economic and ecological benefits for farmers (33).
Shrestha et al. (34) reported that the balanced and routinary use of
organic and inorganic fertilizers can reverse, within a few years, soil
degradation produced and sustain crop productivity. Thus, Junin
province producers must develop organic and inorganic
fertilization techniques for their agricultural properties.

@ Organic
fertilization

Olnorganic
fertilization

<)

FIGURE 3

10.3389/fs0il.2024.1419745

Monoculture proved to be the most prominent feature of the
maca production system in the high Andean areas, where 100% of
the farmers continuously sow for 3 to more than 9 years
(Figure 3B). The survey showed that 20% of the farmers cultivate
maca continuously for 3 to 4 years. 60% of the farmers carry out
continuous maca production campaigns for 5 to 8 years. This
practice can extend to more than 9 years in 20% of farmers,
which is detrimental, as it causes crop yield and quality loss over
the years, as well as reduction of soil organic matter, available
phosphorus and potassium, and soil acidification (4, 11).

Maca growers do not commonly use mitigation techniques for
soil degradation (Figure 3C). 80% of the farmers do not use crop
rotation and only 20% use direct sowing and organic fertilizers
application. Continuous soil conservation techniques such as
rotation with gramineae and leguminous, and sheep or green
manure use, have been shown to increase the available nitrogen,
phosphorus, and potassium mineralization in maca production
systems (8). Undoubtedly, diversified cropping systems would favor
soil quality improvement by optimizing maca productivity. In
addition, crop rotation mitigates climate change’s negative impact
on agricultural systems, allowing soil physicochemical properties to
change in a slow process (35). On the other hand, 20% of producers
use efficient irrigation, and only 12% use pesticides for disease and
pest control, an indicator of the crop’s low technological level.

3.2 Evaluation of the physicochemical
characteristics of the soil change due to
the effect of maca cultivation

The majority of the evaluated soils exhibit a loam texture (80%),
followed by sandy loam (13%) and clay loam (7%), indicating

0 3-4 years
@5-6 years
0 7-8 years

09 years or more

@ Control of pests
and diseases
[ Efficient

irrigation

O Crop rotation

ODirect sowing

Pie chart of fertilization type used in maca cultivation in the Lake Chinchaycocha Commonwealth during the last 10 years (A), maca cultivation
campaigns during the last 10 years (B), and used techniques to mitigate soil degradation during the last 10 years (C).
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that most of the soils fall into the medium-texture category
(Table 2). The mean percentage composition of sand, silt, and
clay is 45.46 + 9.36%, 34.19 *+ 5.48%, and 20.35 = 7.87%,
respectively. These characteristics suggest a high water infiltration
capacity throughout the soil profile, as well as medium moisture
retention (36). However, only 20% of farmers adequately irrigate the
soil using furrow irrigation methods.

The maca monoculture system did not significantly alter soil pH.
An average pH of 6.91 + 0.5 was measured in soils cultivated with
maca, compared to 6.87 + 0.42 in uncultivated soils. This pH range is
associated with a high nutritional potential due to nutrient solubility
(36). Similar soil pH ranges have been observed in maca-producing
areas at 3000 masl in Yunnan Province, China (4). However, the
results indicated a slight decrease in pH from 6.89 + 0.02 to 6.79 +
0.01 after three years of continuous maca cultivation. Custodio et al.
(11) reported more pronounced soil acidification, with pH dropping
from 7.28 to 4.93 after two successive growing seasons. It is likely that
the pH of soils cultivated with maca in the high Andean zones of
Junin Province will remain stable, attributable to a significant increase
in organic matter content from 5.20 + 0.58% to 5.80 + 0.75%
(Figures 4, 5). These findings contrast with those of Wang et al.
(4), who documented a decline in soil organic matter from 5.57 +
0.08% to 3.03 + 0.05%. Additionally, 60% of growers exclusively
utilize organic fertilization to meet the crop’s nutritional
requirements, which may contribute to the increase in soil organic
matter. This aligns with the observations of Rolando et al. (8), who
noted that the incorporation of native grass residues and sheep
manure enhances soil organic matter content in maca cropping
systems in the high Andes of Peru. Consequently, the increase in
soil organic matter may create a buffering effect on changes in soil pH,
mitigating the acidification induced by maca root exudates (37).

Among the chemical characteristics of the soil, there was a
significant increase in electrical conductivity (EC) and exchangeable
sodium, which could pose future challenges if agronomic practices
are not implemented to mitigate the levels of exchangeable sodium
in soils cultivated with maca. The EC of soils under maca
monoculture is measured at 0.38 + 0.14 dS-m’!, while in non-
monoculture soils, the ECis 0.11 + 0.04 dS-m™". Similarly, soils with
monoculture exhibit exchangeable Na" values of 0.11 + 0.03
mEq-100 g", compared to 0.03 + 0.05 mEq-100 g’l in non-
monoculture soils. A comparative analysis of total sodium in the
soil and the ratio of exchangeable sodium to total sodium was
conducted (Figures 6, 7). The results indicated that both soil
types have similar total sodium storage capacities, ranging from
51.74 to 55.45 mg kg’l. However, in soils cultivated with maca,
there is a 61.3% extraction of total sodium into the exchangeable
form, whereas in non-cultivated soils, this value is only 16.4%. It is
important to note that, in soils cultivated with maca, exchangeable
Na" demonstrates a high negative correlation with the exchangeable
calcium percentage (ECP) (R = -0.67). Additionally, it shows a high
positive correlation with the percentage of sand (R = 0.70), total
magnesium (R = 0.51), and exchangeable Mg”* (R = 0.61). These
findings suggest that the slight increases in soil salinity may be
attributed to enhanced sodium solubility, a characteristic of these
sandy soils (with a sand content of 45.46 + 9.36%), where
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magnesium-rich minerals such as vermiculite are prevalent in
Cambisol-type soils, further facilitating sodium extraction (19,
38, 39).

3.3 Effect of maca cultivation on
soil fertility

Soil available phosphorus in fields cultivated with maca
increases from 59.15 + 36.36 mgkg' to 70.27 + 37.75 mgkg.
These findings suggest that current fertilization practices for maca
are enhancing the available phosphorus reserves in the soil,
primarily from organic sources. This outcome contrasts with the
majority of studies that report a negative impact of maca cultivation
on soil phosphorus availability (4, 8, 11, 12). Additionally, while soil
available potassium does not decline due to maca cultivation, the
percentage of potassium saturation decreases from 8.85 + 8.26% to
5.94 + 3.96%. This reduction is attributed to a significant increase in
sodium saturation, as sodium competes with potassium for
exchange sites on soil colloids (40). Continuous cultivation of
maca for three or more seasons may lead to potassium
deficiencies due to this competitive effect of sodium.

The t-test for paired two-sample means (p = 0.0045) revealed a
significant difference in total nitrogen content between soils
cultivated with maca and those without. Specifically, the
percentage of total nitrogen decreased from 0.73 + 0.11% to
0.65 + 0.11% as a result of maca cultivation. This decline can be
attributed to the crop’s high nitrogen requirements (8). Nitrogen
plays a crucial role in the metabolism of glucosinolates (GLs), which
are the most significant secondary metabolites in maca (41). The
accumulation of GLs increases in relation to the growth of the maca
hypocotyl and nitrogen uptake (42). Furthermore, a substantial
accumulation of GLs occurs at the foliar level, with these
compounds being translocated to the hypocotyl, thus enhancing
their concentration even after the harvest. The biosynthesis of GLs
is closely linked to nitrogen metabolism and the production of
amino acids, primarily leucine, tryptophan, and tyrosine (41). This
study identified a significant reduction in soil nitrogen percentage
in fields cultivated with maca (Figure 8).

3.4 Maca cultivation in high Andean areas
decreases the total boron content of
the soil

In this study, total soil boron was assessed using microwave-
assisted nitric acid digestion. The results indicated an average
concentration of 6.95 + 1.15 mg-kg ™ for soils cultivated with maca
and 8.89 + 0.77 mgkg™" for uncultivated soils, with statistically
significant differences observed (p < 0.05) (Figure 9). Total soil
boron comprises five fractions: readily available boron, boron
adsorbed to clay, boron bound to oxides, boron bound to organic
compounds, and residual boron (43). Available soil boron
includes both readily usable boron and boron adsorbed to clay,
which together are estimated to constitute 1-2% of the total soil
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TABLE 2 Physical-chemical characteristics of uncultivated and maca-cultivated soils.

Parameters Soil use system Mean Standard deviation Minimum value Maximum value Experimental error

Cultivated with maca 45.46 9.44 27.80 71.80 6.67
Sand (%)
Uncultivated 45.46 9.44 27.80 71.80 6.67
Cultivated with maca 34.19 5.53 20.40 40.50 391
Silt (%)
Uncultivated 34.19 5.53 20.40 40.50 3.91
Cultivated with maca 20.35 7.94 7.70 39.80 5.61
Clay (%)
Uncultivated 20.35 7.94 7.70 39.80 5.61
Textural class Loam
Cultivated with maca 5.80 0.75 4.60 7.10 0.53
OM (%)
Uncultivated 5.20 0.58 3.81 6.33 0.41
Cultivated with maca 691 0.50 5.90 8.10 0.35
pH
Uncultivated 6.87 0.42 6.40 8.00 0.30
Cultivated with maca 0.38 13.56 0.21 0.74 0.10
EC (dSm™)
Uncultivated 0.11 4.16 0.05 0.22 0.03
Cultivated with maca 70.27 37.75 25.80 175.30 26.69
Available P (mg kg'l)
Uncultivated 59.15 36.36 22.60 176.50 25.71
Available K (mg Cultivated with maca 84.29 37.38 47.30 184.60 26.43
-1
kg™) Uncultivated 72.72 40.71 32.10 228.40 28.79
Cultivated with maca 13.37 9.14 2.00 30.00 6.46
CaCOs (%)
Uncultivated 12.80 8.71 1.00 30.00 6.16
Cultivated with maca 0.65 0.11 0.44 0.93 0.08
Total N (%)
Uncultivated 0.73 0.11 0.42 0.89 0.08
Cultivated with maca 5.57 4.53 1.50 16.00 3.20
CEC (mEq-100 g'")
Uncultivated 4.72 5.01 0.30 22.10 3.54
Cultivated with maca 4.64 4.08 1.10 15.10 2.88
Ca (mEq-100 g'l)
Uncultivated 4.10 4.85 0.20 21.70 343
Cultivated with maca 0.60 0.83 0.10 3.60 0.59
Mg (mEq-100 g
Uncultivated 0.41 0.49 0.00 2.00 0.35
Cultivated with maca 0.22 0.11 0.10 0.50 0.08
K (mEq-100 g
Uncultivated 0.19 0.11 0.10 0.60 0.08
Cultivated with maca 0.11 0.03 0.10 0.20 0.02
Na (mEq-100 g")
Uncultivated 0.03 0.05 0.00 0.20 0.04
Cultivated with maca 3.25 2.12 0.63 6.67 1.50
ESP (%)
Uncultivated 1.24 3.09 0.00 14.29 2.18
Cultivated with maca 3.25 2.12 0.63 6.67 1.50
ECP (%)
Uncultivated 1.24 3.09 0.00 14.29 2.18
Cultivated with maca 5.94 3.96 1.25 13.79 2.80
EPP (%)
Uncultivated 8.85 8.26 0.45 33.33 5.84

Note: CEC, cation exchange capacity; Ca, calcium; Mg, magnesium; Na, sodium; ESP, exchangeable sodium percentage; ECP, exchangeable calcium percentage; EPP, exchangeable
potassium percentage.
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FIGURE 4
pH in the sown fields with maca and unsown fields.
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boron (43). Specifically, the available boron in soils cultivated
with maca ranged from 0.07 + 0.01 to 0.14 + 0.02 mg-kg™', while
in uncultivated soils, it ranged from 0.09 + 0.18 to 0.18 *
0.02 mgkg .

Research has indicated that the critical threshold for available
boron concentration necessary for crop growth ranges between 0.51
and 0.52 mg-kg™" (44). Furthermore, different optimal boron levels

OM

Sown fields

FIGURE 5
Organic matter (OM) increasing in the soil as a result of maca cultivation.
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have been identified for various soil types: in entisols, the range is
between 0.53 and 0.54 mg-kg™, while in inceptisols, it is between
0.57 and 0.58 mg-kg’1 (45, 46). For Brassicaceae species, the
threshold varies from 0.50 to 1 mgkg" (45). These findings
suggest that in the high Andean cambisols of Junin province,
where maca is cultivated, the available boron levels in the soil are
significantly below what is required for optimal crop development.

Unsown fields
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Electrical conductivity (EC) increasing in the soil as a result of maca cultivation.
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However, soils cultivated with maca exhibited significantly lower
boron levels compared to uncultivated soils, suggesting that maca
cultivation may have a high extraction capacity for boron adsorbed
onto clay, boron bound to oxides, and boron associated with organic
compounds. Furthermore, the cultivation practices in high Andean
regions often neglect corrective or maintenance fertilization for soil
boron, with only 40% of producers implementing mineral
fertilization with macronutrients. Consequently, the intensification
of maca cultivation contributes to the depletion of this essential
nutrient, resulting in its reduced availability for subsequent crops.

Boron is an element that maca readily utilizes, as it is a nutrient that
moves easily through the phloem (47). In contrast, for many other
plant species, boron is considered less mobile, with its movement
primarily occurring through the xylem via transpiratory flow. This
difference arises because maca synthesizes polyols as its primary mobile
carbohydrates, which are transported alongside boron, whereas other
species typically rely on sucrose for this function (47, 48). In Brassica
species, mannitol-type sugar alcohols have been shown to form
complexes with boron, facilitating its transport to growing structures
such as young leaves and hypocotyls (47).
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FIGURE 7

Relationship between exchangeable Na and total Na in the soil as a result of maca cultivation.
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Nitrogen percentage reduction in the soil as a result of maca cultivation.
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Another evidence of maca’s high boron requirement is the
accumulation of phenolic compounds in the hypocotyls at the time
of harvest. Boron is a crucial nutrient for the enzyme phenylalanine
ammonium lyase (PAL), which plays a key role in the synthesis of
phenolic compounds within the shikimic acid pathway (49). The
biochemical composition of maca is characterized by a significant
proportion of phenolic compounds, with flavanols being the most
prominent. Yabar (41) reports that between 90 days prior to harvest
and at the time of harvest, the total flavanol content increases from
18.17 to 55.48 mg-100 g™ of dry matter. Thus, maca demonstrates a
substantial boron requirement for phenolic metabolism.

%

B (mgKg™')

Sown fields

FIGURE 9
Boron percentage reduction in the soil as a result of maca cultivation.
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3.5 Principal component analysis

In the first PCA, 30 important variables were selected and
filtered. The results of the final PCA can be seen in Figure 10. The
PCA showed that there is a diversity in soil management and soil
status in terms of pH, which is the parameter that governs the ionic
availability of elements and sand that shapes soil texture. The first
two components of the PCA explained 34% of the total variance
(first component: 20%; second component: 14%). The CaCOj;
content, used by farmers to regulate the soil, was found to be
associated with pH, while sand was not related since the direction

Unsown fields
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FIGURE 10
Biplot of soil characteristics in areas with and without maca cultivation.

between the two loads was almost perpendicular. All cationic
parameters and salts were positively related to soil pH and
negatively related to sand (p< 0.05). The sand was more strongly
associated with organic matter (organic carbon) and total
magnesium (Mg) content.

The analysis revealed that the centroid of the sites without maca
cultivation was located in the third quadrant, and its direction
coincides with the variables B and N. This suggests that these sites
may have a higher availability of these elements. Additionally, it was
observed that certain areas without maca cultivation are associated
with high clay and silt contents. On the other hand, the centroid of
the sites with maca cultivation is arranged towards the variables
P_av (available phosphorus), Na, K_av (available potassium), K_ex
(exchangeable potassium), and heavy metals such as Hg, and Mn, as
well as EC and longitude (east).

Boron and nitrogen were associated with a loamy texture that
provides a larger specific area to compete with cationic forms and
salts present in the soil, including P forms.

3.6 Weighted soil quality index calculation:
selection of soil quality indicators

Pearson’s statistic indicated a high positive correlation between
soil CEC and pH (Table 3). In addition, soil CEC is also negatively
correlated with the exchangeable potassium percentage (EPP). Soil
pH is negatively correlated with EPP. Likewise, there is a high
negative correlation between soil total boron and EC. Thus, the
minimum data set (MDS) for the quality index construction was
established as pH, available P, available K, OM percentage, ESP,
total boron, and total nitrogen.
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3.7 Soil quality index in land use systems
with and without maca cultivation

Soil evaluation after maca cultivation showed that the soil
quality was significantly lower compared to uncultivated soils.
The soil quality values without maca cultivation were found to be
twice as high as those derived from maca cultivation, and this
difference was statistically significant (p-value <0.05). This research
also revealed that soils with maca cultivation had the highest total B
values (average = 8.89 mg-kg™"), while soils without maca cultivation
had the lowest (average = 6.95 mg-kg™). Total nitrogen percentage
in soils without maca cultivation was also higher, with an average of
0.73% compared to 0.65% in soils with maca cultivation. In
addition, the ESP in soils without maca cultivation was found to
be lower (1.24%) compared to the soil with maca cultivation, which
had the highest values (3.25%). The pH of both soil types was in the
neutral range. This research found that B and N were the variables
that contributed the most to the PCA and therefore to the SQIw.
Understandably, the soils without maca cultivation had the highest
soil quality compared to the areas with maca cultivation, as shown

in Figure 11.

3.8 Trends and challenges

This study highlights the importance of assessing the impact of
soil management on maca monoculture. It aims to alert not only
users, such as the associations of small Andean farmers, but also
decision-makers about the need to optimize and strengthen soil
management programs, recovery, and care. In the future, the
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TABLE 3 Pearson correlation matrix of the analyzed soil properties.

10.3389/fs0il.2024.1419745

pH 0.11 1

EC 0.29 0.29 1

P 0.1 -0.18 0.08 1

K -0.09 0.07 0.15 0.47 1

CEC 0.14 0.78 0.31 0.05 0.32 1

N 0.23 -0.12 -0.29 -0.06 0.04 -0.18 1

EPP -0.17 -0.52 -0.27 0.11 -0.11 -0.57 0.2 1

ESP -0.01 -0.29 0.14 0.13 -0.12 -0.33 -0.11 0.39 1

B -0.26 -0.13 -0.61 -0.28 -0.23 -0.29 0.46 0.29 0 1

authors hope to develop studies to improve the indicators analyzed
in this research in the medium and long term (10-20 years)
following what was stated by Ortiz et al. (50). Further research is
needed to determine the critical thresholds of available boron
concentration in the soil and its extraction by maca. Additionally,
aspects such as the total nitrogen consumption and pH, as
parameters that allow elements mobility, deserve special attention.
Boron is essential for soil nutrition, and its absorption kinetics by
plant roots is a problem that arises due to nutrient content
deficiency or excesses, like nitrogen, which can cause soil and
crop toxicity (46). It is crucial to study the chemical forms of
elements present in the soil based on their solubility and availability
to the plant and soil conditions, as well as applied land use practices.
The intensity of land use has increased in high Andean smallholder
farming communities, and innovative ideas are needed to maintain

soil fertility and productivity. Fallowing and crop rotation, in
addition to ground rest, is a healthy option as long as appropriate
evaluation criteria are determined to improve soil quality. It is
essential to look for multifunctional options to maintain soil quality
reflected in soil productivity and the generation of additional
sources of income. In the sustainability context, further research
should look forward at nutrient balance and climate change
influence aspects.

4 Conclusions

High Andean soil management used for monoculture maca
cultivation has been studied and their quality status has been
established based on four relevant aspects: interviews with local

SQIw

Sown Fields

FIGURE 11
Weighted soil quality index in fields with and without maca cultivation.

Unsown Fields
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farmers, soil physico-chemical characteristics analysis, principal
component analysis, and the quality index in the sustainability
context. It has become evident that there is a big difference between
large and small farmers who make use of the land, which is why a
better practice is developed for those farmers who use an average of
70 ha, through organic fertilizers use and crop rotation, which only
reaches 20% of the farming community. Although small farmers
reduce their cultivation period, continuous cultivation periods of
more than 9 years have been recorded. The fallow land application
has counteracted monoculture effects; however, it is already
detrimental to crop quality. Boron and nitrogen presence was
associated with a silty texture that provides a larger specific area
to compete with the cationic forms and salts present in the soil,
including P forms. In addition, the SQIw provided relevant
information on the degradation process that has been occurring
in these maca-growing soils, as well as fallow use weakness and
extended cultivation periods without adequate practices. This is a
problem that suggests an imbalance in nutrient supply or
availability such as nitrogen and phosphorus in the presence of
boron, which could cause soil toxicity.
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