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Abstract

:

The abandonment of ancestral techniques and the incorporation of new technologies in the production systems for the cultivation of quinoa has resulted in overexploitation of soils, a loss of fertility, water imbalance, a loss of native vegetation cover in plain land areas, and other negative effects on the southern Altiplano agricultural sustainable system. One of the methods to reduce wind erosion and improve soil environmental conditions is establishing a native vegetative barrier. The effect of t’ola [Parastrephia lepidophylla (Wedd.) Cabrera] as a vegetative barrier to prevent wind erosion was evaluated using the rod method, gravimetric humidity fluctuations, and soil quality measurements in traditional quinoa Real production plots. We found significant differences (p < 0.05) for mean erosion, sedimentation, net erosion, and mobilized soil variables. The highest loss of soil was reported for December and November. Vegetative barriers comprising three meters of t’ola better protected bare soils up to 7 m from the barrier, while in bare soils, the loss values were over 5 t ha−1 month−1. Soil humidity fluctuations in plots with t’ola vegetative barriers were highly significant for the distance factors and depth levels. There was a higher accumulation of gravimetric humidity (%) in bare soils from 1.5 m to the barrier (6.95%), while the insides of the vegetative barriers retained an average soil humidity of 6.37%. After two agricultural seasons in the quinoa plots, 62 t ha−1 per year of soils were lost due to a lack of vegetative barriers. Due to the large, cultivated area with quinoa (104,000 ha in 2014) in the Intersalar zone, wind erosion causes 6.48 million tons of soil loss yearly. T’ola vegetative barriers in the southern Altiplano of Bolivia favour the retention of sediments against wind erosion and soil protection for quinoa cultivation. Furthermore, incorporating native lupine increased soil fertility by 80% and protected the soil surface cover.
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1. Introduction


The Bolivian territory is represented by four biogeographic regions: the Amazonian, Brazilian–Paranense, Chaqueña, and Andean regions. These regions comprise various natural regions from the high Andean region, puna, salt flats or Intersalar, inter-Andean valleys, and Yungas [1]. Bolivia has severe problems with soil degradation. Approximately 48% of the country’s surface experiences erosion, which affects the Oruro, Potosí, Chuquisaca, and Tarija departments. Altiplano is a region susceptible to erosion, soil degradation, and changes in land use [2,3].



The main economic activity of the Intersalar region (southern Altiplano of Bolivia) is exclusively dependent on the production of quinoa and llama (Lama glama) livestock breeding, which are of regional priority. In this region, large areas are cultivated with quinoa for export since its agroecological conditions do not allow for the cultivation of other crops [4,5]. Currently, the productive situation of quinoa in Bolivia tends to be increasingly unsustainable. Furthermore, high production costs, decreasing yields, and low sale prices in the market contributed to the new productive distribution of quinoa, which is now cultivated in more than 120 countries worldwide [6]. This new scenario challenges quinoa producers in the Andean region [6].



The significant international demand for quinoa in the 2010s and the exceptional prices (“boom” of quinoa) have resulted in remarkable expectations for farmers of the southern highlands [6], which occurred between 2013 and 2015 with increasing production without sustainable soil management criteria [7]. As a result, quinoa growers began to carry out extensive cultivation in the plains. This situation caused transformations in the production systems, resulting in activities that are not recommended, such as the destruction of native shrubs or “t’ola” (Parastrephia lepidophylla (Wedd.) Cabrera), “Añawaya” (Adesmia spp.), “Lampaya” (Lampaya castellani Moldenke), and perennial grasses of the genera Festuca spp., and Stipa spp. Such ecological imbalances ruined the native plant recovery and plant succession (natural repopulation) process, which requires between 30 and 50 years to develop once bioclimatic and anthropogenic conditions are proper, thereby seriously affecting camelid grazing areas [8,9,10,11]. Furthermore, the change in the production system and the expansion of new cultivation areas in the Intersalar plains are related to the negative trend in yields, with values below 0.5 t ha−1 being obtained [5,12,13]. Meanwhile, the cultivation of quinoa in the presence of native shrubs on the border of the plots reported higher yields (1373 and 773 kg ha−1) compared to cultivation in the ‘pampa’ plains with little or no native vegetation cover (537 kg ha−1) [7]. The official records of quinoa production in Oruro and Potosí, the epicenter regions of the southern Altiplano of Bolivia, reported average seed yields of 607 and 594 kg ha−1, respectively [14].



Quinoa from the southern Altiplano of Bolivia grows in an ecologically fragile natural environment, where the sandy soil is permanently exposed to the wind with frequent directions from the west to the northwest. Notably, such occurrences are more damaging in September and October (with average speeds from 14.4 to 43.2 km h−1). This region is characterized by low annual rainfall, with more than 200 days of frost per year, high light intensity, and a high incidence of UVb radiation (417 Wm−2 to 620 Wm−2) [5,15,16]. In this climatic context, the certification standards for the organic production and transformation of quinoa for international markets require the establishment of fences or vegetative barriers with potential native species, i.e., t’ola (Parastrephia lepidophylla (Wedd.) Cabrera), añawaya (Adesmia spinosissima Meyen ex Vogel), lampaya (Lampaya medicinalis Phil.), and others. These vegetative barriers create ecological corridors to preserve biodiversity, combat pests efficiently, and prevent soil erosion. The surface of vegetative barriers must represent a minimum of 10 to 15% of the cultivated land with a minimum width of 3 m under the basic principle of using the system’s natural resources to protect water and soil, increase biodiversity, and promote the welfare of wild and domestic animals. Furthermore, vegetative barriers must be planted according to the direction of the prevailing winds (crosswise) [17,18,19,20].



The regulation of Law 3525 (law for the regulation and promotion of ecological non-timber forestry and agricultural production of the Plurinational State of Bolivia, 2006) recommends that ecological production should be developed in harmony with the environment, conserving a high diversity of flora and fauna through sustainable management of natural resources and conservation of soil, water, air, and vegetation [21]. For extensive crops, this standard recommends a minimum of 10% of native plant cover within the production unit, which can be distributed in anti-erosive strips, windbreaks, or sustainable forest use systems. This regulation supports the production and certification of organic quinoa Real in an adverse climatic environment such as the Intersalar region since the t’ola vegetate barriers or fences are an essential part of organic certification for different international markets [21].



Agroforestry systems are one of the few adequate alternatives for environmental conservation and improving agricultural productivity in natural regions with limited humidity and soils prone to erosion and loss of productive capacity. Parastrephia lepidophylla, a small shrub inhabiting sandy and saline soils, commonly reaching 70–90 cm in height, is locally used as fuel for baking and natural vegetative barriers in eastern Bolivia [6,9,22].



At the eco-physiological level, applying barriers with vegetal residues to control soil erosion increases sedimentation and protects surface irrigation water from pesticides and dust; this has been demonstrated to be highly effective in Mediterranean and semi-arid ecosystems [23,24]. The utilization of coconut fiber as barriers increases by at least 64% sedimentation deposition, favoring soil nutrition, while leguminous barriers of Lucerne (Medicago sativa L.) have an active role in soil nutrition (total nitrogen) during the growing season of maize (Zea mays L.) [24,25]. Nevertheless, the distance of the cultivation from the barrier, the slope, and the density seems to be key factors to consider in evaluating the ability of such barriers to effectively prevent soil erosion at the experimental level in fields [25,26]. Vegetative barriers as devices for the control of wind erosion and the recovery of vegetation cover are required for the ecological cultivation of quinoa in the southern highlands of Bolivia [27]. Under the conditions of the southern Altiplano of Bolivia, this study hypothesises that using vegetative barriers and cultivating native legumes in Altiplano production systems will decrease wind erosion and prevent deterioration of the soil system, enabling the sustainability of quinoa production. This study aims to assess the effectiveness of native vegetative barriers with Parastrephia lepidophylla (Wedd.) Cabrera against wind erosion in the Bolivian southern Altiplano systems for quinoa cultivation and provide sustainable soil fertility. Furthermore, the interannual dynamics of soil fertility and moisture were determined in plots with vegetative barriers and herbaceous leguminous land cover.




2. Materials and Methods


2.1. Study Area


The study and fieldwork reported herein were conducted in the Salinas de Garcí Mendoza region (native community of Rodeo) of the southern Altiplano of Bolivia (Figure 1). The Intersalar region is characterized by a “very poor” humidity index (annual rainfall below 200 mm); very high daily and monthly temperature fluctuations, with more than 200 days of frost per year; high light intensity; a strong incidence of UVb radiation (416.9 Wm−2 to 619.5 Wm−2); and average wind speeds from 14.4 to 43.2 km h−1, reaching 25 m s−1 (90 km h−1). Its climatic condition corresponds to an “arid” zone with a predominantly dry geographic, climatic framework. Most of the soils in the Intersalar area are sandy to sandy-loamy, with a moderately alkaline pH. The soils are also deficient in essential nutrients (N and P) and have a low content of organic matter.




2.2. Weather


Based on the climatic characteristics of the region (semi-arid and arid) of the southern highlands obtained from references from the Uyuni meteorological station (Table 1; 1 July 2017–August 2018), there is a significant difference in the extreme temperatures, which is a characteristic of the study area. Further, thermal oscillations are very wide, and high wind speeds occur in the dry season.




2.3. Degree of Wind Erosion and Soil Moisture


To evaluate the degree of wind erosion and humidity fluctuations in plain plots of quinoa cultivation, three vegetative barriers of t’ola [Parastrephia lepidophylla (Wedd.) Cabrera] was investigated in the community of Rodeo. The barriers were established before the study, had a shrub cover of 3 m in width, and were separated by 30 m between the barriers and the cultivated plot. As control sites, we used a site without vegetation (Rodeo control, Ctrl.Rod) and a site with simple barriers built up with sandy-textured soils (Sivingani community). We considered two factors influencing wind erosion: the month of evaluation and the distances of the barrier to the quinoa crop. To evaluate wind erosion, the method of nails or rods was used [28]. Eight graduated metal rods were installed in each 30 m × 10 m plot. Data were collected from July 2017 to August 2018, every 15 days.



The mean erosion and/or mean sedimentation (ME) were estimated using Equation (1), while the net erosion (NE) and mobilized soil were determined via Equations (2) and (3), respectively.


ME = Y × Da × 10



(1)







Here, ME is the eroded or sedimented soil (t ha−1), Y is the height of the eroded or sedimented soil (mm), and Da is the apparent density (t m−3).


NE = E − S



(2)







Here, NE is net erosion (t ha−1), E is mean erosion (t ha−1), and S is mean sedimentation (t ha−1).


mS = E + S



(3)







Here, mS is mobilized soil (t ha−1), E is average erosion (t ha−1), and S is average sedimentation (t ha−1).



Moisture fluctuations in experimental living barriers were recorded monthly and annual intervals (factor A = months of sampling). The gravimetric moisture content of soil water was recorded at different sampling depths (factor B = depth of sampling), 0–15, 15–20, 20–30, 30–40, and 40–50 cm deep, as well as the C factor, sampling distances to the live barrier (0, 0.5, 1.5 m). The technique involved drying soil samples in an oven at 105 °C for 72 h; the obtained values are expressed as a percentage of dry weight. Three repetitions were used on each sampling date and soil depth profile [29], and the moisture content was determined using Equation (4):


%H = ((Msw − Mss))/Mss × 100



(4)




where %H is the soil moisture content as a percentage, Msw is the mass of wet soil; and Mss is the mass of dry soil.




2.4. Determination of Nutrient Content in Soil


The total nitrogen content and other nutrients in each plot were determined with sub-samples in zigzag and respective quarters [30]. In the study’s second phase, plain soils (Salinas sector) were subsequently cultivated with two ecotypes of wild lupine under controlled conditions (cultivation in pots). Before sampling and subsequent quartering of four repetitions per treatment (two cultivars of wild lupine), the total soil nitrogen was determined following the Kjeldahl digestion methodology [31]. The samples were processed in the PROINPA Foundation (Microbiology) laboratories and the Faculty of Agronomy of the Universidad Mayor de San Simón (total nitrogen and other elements).




2.5. Statistical Analysis


The effectiveness of the t’ola [Parastrephia lepidophylla (Wedd.) Cabrera] vegetative barriers against wind erosion and soil moisture content were determined through a generalized linear mixed model, where the variables month, distance of native barrier and depth of soil moisture were analyzed. Possible interactions either were calculated with IBM SPSS V.26 [32]. The following variables were calculated in this study: erosion, sedimentation, net erosion, soil movement, and soil moisture. The figures were created with Origin Pro [33].





3. Results


3.1. Average Erosion


Statistical analysis (p < 0.05) revealed that the mean erosion differed between the evaluated months, with a statistical difference found with the one control site. Furthermore, the different distances to the vegetative barrier were also found to affect the mean erosion (p < 0.05). Based on the results and a reliability score of 95%, we can assert that the highest values of soil loss due to wind erosion corresponded to December (2017 management), followed by November (2017) and August (2018). In June 2018, statistically similar erosion values to those of October, August, and September 2017 were found. January, February, and March 2018 had the lowest average erosion values (Figure 2a).



Wind erosion induced by the distance factor from bare soil to the t’ola vegetative barrier highlights that plains soils without any protection of plant cover (Sivingani—Salinas G.M. community reference) caused soil losses of over 5 t ha−1 month−1. In the community of Rodeo, the erosive effect of soils affected bare soils (control) and was found to be 14 m from the t’ola barrier to a greater degree. However, monthly soil losses at distances of 7 and 21 m led to statistically similar values (p < 0.05). The average values of soil loss due to wind erosion for each month in the t’ola vegetative barriers were like those of soils at distances of 1 and 28 m, with soils at distances of 0.5 m obtaining the lowest soil level (Figure 2b).




3.2. Sedimentation


Sedimentation is an inverse process to erosion, and based on the results, statistical differences (p < 0.05) were found over several months in 2017–2018. Significant differences were found (p < 0.05) for various distances to the t’ola vegetative barrier (Figure 2d). September 2017, March 2018, and October 2017 had the highest sediment accumulation values of 3.05, 2.93, and 2.36 t ha−1 month−1, respectively. Furthermore, a statistical group with minimum values was highlighted (below 0.67 t ha−1 month−1), corresponding to April, May, June, July, and August 2018 (Figure 2c).




3.3. Net Erosion


Significant results were found about net erosion, which was statistically different (p < 0.05) between the months evaluated and compared with the control site. Furthermore, the different distances (evaluation points) to the living t’ola barrier had different effects (p < 0.05) (Figure 3b). Thus, December 2017, August 2018, November 2017, and June 2018 comprised a group with higher values for this variable. Soil losses via net erosion from July 2018, August 2017, May 2018, October 2017, April 2018, and July 2017 highlight an intermediate group of soil loss due to wind erosion. Furthermore, January, February, and March 2018 had negative values for net erosion; thus, the accumulation and/or transport of soil particles (sedimentation) was greater than soil losses due to net erosion.



Based on the monthly mean net erosion (t ha−1) evaluated at different distances from the t’ola vegetative barriers (July 2017 to August 2018) between the control site without vegetation cover and with a reliability of 95%, the plain lands with distances of 14 m from the t’ola barrier and plots without coverage (Rodeo control plots, ‘ctrl.Rod’) had the highest monthly average values of soil loss due to winds for the net erosion variable (Figure 3a). However, the last two treatments had statistically similar values at 21 m and 7 m away from the living t’ola barrier. Distances of 7 m, 1 m, and 28 m had minimum soil losses through net erosion; however, negative values (sedimentation) were recorded within the barriers (B 0 m) and ground distances at 0.5 m (Figure 3b).




3.4. Movement of Soils


Statistically significant differences (p < 0.05) were found between different months (Figure 4a) for the movement of soils due to erosion and sedimentation at the two control sites of soils without vegetal cover. Furthermore, different evaluation points to the living t’ola barrier (distances) had different effects on the mentioned variable. The largest soil movements were recorded in December 2017 (9 tons ha−1), followed by November 2017, September 2017, and October 2017. The records of soil movements in August 2018, August 2017, and June 2018 revealed average values of 5 tons ha−1 month−1. January, February, and April 2018 had the lowest values for soil movement (Figure 4a).



In Figure 4b, the maximum average values of soil movements due to the effect of wind erosion were recorded in plots without vegetation cover and sandy soils, followed by points or distances of 14 m to the living barrier of t’ola and bare soils (Rodeo control plots, ‘ctrl.Rod’). The minimum average values of ground movement due to the effect of winds were recorded at distances of 0.5, 1, and 28 m to the living t’ola barrier. Within the same space of the barrier, soil movements greater than 4 t ha−1 were recorded, which were statistically similar at distances of 21 m to the living barrier.




3.5. Soil Gravimetric Water Content


With a significance level of 95%, sufficient evidence of differences in the water content (gravimetric moisture) between the months evaluated was found. Moreover, differences in moisture content were found in the living t’ola barrier compared to bare soils and samples at different distances from the barrier. Based on the results (Figure 5a), which had a reliability of 95%, we can assert that there are significant differences between soils without barriers and bare soil compared to the other treatments; the highest values of moisture content were recorded in soils at a 1.5 m distance from the t’ola barrier (Figure 5b). Meanwhile, soils without cover had the lowest values for moisture content.



The gravimetric moisture content (%) of resting soils in 2017–2018 was higher in March 2018, followed by April and May 2018. The months with the lowest moisture content were January 2018 and July 2017, with values below 4% gravimetric humidity (Figure 5a). Fluctuations in humidity in different sampling profiles and greater accumulations of humidity in the 50 cm soil profile were revealed in the different months of sampling, except for March, which had the highest humidity content in the 20 cm profile (Figure 5c).




3.6. Nitrogen Contribution to the System Incorporating Wild Lupinus spp.


The physicochemical characteristics of degraded soil for quinoa cultivation at the two sites of the Intersalar region are listed in Table 1.



According to the data in Table 2, the textural classes that predominate the evaluated sites are sandy loam (FA) and sandy (A), with a tendency of loamy soils (F) at points of 0.5 and 1.5 m at the t’ola living barrier in the Rodeo community, and sandy soils in Sivingani—Salinas G.M. (community reference). The pH of the soil solution at the sampling points indicated a qualified degree of alkalinity.



The most representative soils of the Intersalar region had a sandy texture (Sivingani—Salinas de G.M. community). Due to the management conditions at the time, these soils had an accelerated degradation and loss of their productive capacity. Thus, two wild lupine ecotypes (Lupinus spp.) were cultured to evaluate the nitrogen supply by biological fixation of bacteria of the genus Rhizobium. The nitrogen content in the three treatments was within the very low classification scale, despite the tendency of wild lupine cultivation to increase. The total nitrogen content was from 0.031 to 0.056%. An even higher value of 8 was found, with 4 mg kg−1 in the form of nitrates. The results after one year of cultivation are presented in Table 3.





4. Discussion


For the evaluated months in the studied period, an estimated loss of 40.99 t ha−1 of agricultural soil was found for the averaged accumulated erosion variable. In the same period, the mean accumulated sedimentation was 20.83 t ha−1, the accumulated average net erosion was 20.16 t ha−1, and the total soil dynamic was 62 t ha−1. This loss of soils is consistent with the wind erosion evaluation performed in the Saitoco community (Salinas de Garcí Mendoza sector), where the highest movement of soil was in November and December 2011, with average values of 40 and 140 t ha−1; these values are between 2 to 7 times higher [34]. This situation is supported by climatic information and is related to the higher frequency of winds recorded in December and November, which can reach speeds of 44.5 km h−1 [35]. Normally, soil loss in the Intersalar areas occurs in agricultural lands from 50 to 120 t ha−1. Such losses are worrisome for soils eroded by wind, with losses greater than 75 t ha−1, which means 46% of the surface in plain soils for quinoa cultivation. Furthermore, values of 26% were found for sedimentation [36,37].



The average monthly erosion in the same barrier caused soil losses of 1.98 t ha−1 month−1, reducing soil losses (Figure 5a) at a 0.5 m distance from the t’ola barrier (1.02 t ha−1 month−1). At a greater distance from the barrier (7 and 14 m), the degree of erosion increased, reaching values between 2.79 and 4.5 t ha−1 month−1. However, when these figures are compared with the control treatments (6.45 and 5.52 t ha−1 month−1), evident barrier protection is found, in which losses were reduced by more than 200%, furthermore, the distance between barriers should not exceed 15 m, and the theoretical height of the bush is 1.5 m, due to accumulated net erosion readings (Figure 6). Based on several reports, the highest water and wind erosion rates were recorded in soil conditions without vegetation cover. Thus, in the southern highlands, the natural vegetation cover was reduced. Such a situation is suitable for the increase in erosion induced by strong winds, which causes an environmental crisis in the Altiplano that is already experiencing desertification [4,9,38,39].



In 2014, quinoa was cultivated in 104,663 ha of land, which in terms of soil erosion meant 62 t ha−1 on average, and in terms of a large scale was 6,489,106 tons of soil per year of net erosion [40]. Although the cultivated area was reduced in 2021 to 47,193 ha, the damage caused by the loss of vegetative cover still is present. Utilizing vegetative and natural barriers to control and contain soil erosion in arid lands such as southern Altiplano is important. Moreover, there is a lack of soil management during the initial stages due to plugging and the death of seedlings, which farmers should address. This situation is related to the unplanned expansion of cultivation areas in plains, which has led to the unsustainability of the system [27,41] and higher rates of erosivity, thereby contributing to the plowed areas in plains that served as continuous grazing meadows [42,43].



Vegetative barriers are increasingly used to reduce sediment export from cropland and thus mitigate the negative off-site consequences of soil erosion [44]. However, in semi-arid and arid climates, native plant communities do not entirely protect the soil surface from wind erosion forces [45]. Due to the excessive movement of soils induced by wind erosion (>50 t year−1) and the process of saltation of particles between 10 and 50 cm from the ground, the establishment of vegetation barriers is appropriately adapted to the Altiplano. Several entities and studies related to the cultivation of quinoa have reported that the implementation of vegetative barriers based on low-growing native plant species not only reduces the rates of wind erosion but also helps soil and soil conservation. The highest microbiological activity was found in soils with the t’olar-type vegetative cover—they constitute a main requirement within the ecological cultivation of quinoa [46,47]. In the conditions of the southern Altiplano of Bolivia, the use of vegetative barriers seems to be adequate. It is essential to evaluate their acceptance by producers, particularly because of their multiple roles in soil conservation and the control of pest populations, including the balance between cultivation and livestock and ecosystem services (firewood and medicinal plants).



The gravimetric humidity in soils arranged with t’ola vegetative barriers had an average value of 6.25%. However, a slight tendency was found to increase moisture content at distances of 0.5 and 1.5 m from the barrier. Bare soils at rest had the lowest values (5.43%). Normally, the soils for quinoa cultivation are tilled at 1 m from the barrier, resulting in the tendency to accumulate a higher moisture content because of primary tillage.



In 2017–2018, the gravimetric moisture content (%) in resting soils in Rodeo community plot had higher humidity values in March 2018 (10.54%), followed by April (9.06%) and May (8.93%) in the same period; these months had higher values than the other months. Of note, from March 2018, the soils at rest were plowed for the next agricultural season. Furthermore, the highest accumulation of gravimetric moisture was recorded in the 50 cm soil profile for the different sampling months, except for March, which had the highest moisture content in the 20 cm profile due to its recent fallow. Thus, in the sowing season, Intersalar soils normally have a gravimetric moisture content of 5%, with a field capacity (FC) and permanent wilting point between 14% and 5%, respectively. Meanwhile, in parcels at rest, 12% gravimetric humidity was found in March, which decreased until it stabilized in May (i.e., between 5% and 6% gravimetric humidity) [38,48]. Such findings confirm that in arid and semi-arid regions (southern Bolivian highlands), most of the areas have higher humidity in parcels at rest, as found in February to March, which is related to the maximum annual rainfall based on the projections presented in the regional chapter for South America in the Fifth Assessment Report (AR5) by the IPCC. The IPCC reports data on the increase in drought conditions in the Andean region [22].



Based on the state of soil fertility in the community of Rodeo and Sivingani (Salinas de G.M.), very low levels of organic matter (%), total nitrogen (%), and low levels of phosphorus (ppm) were found, despite a positive effect found for the increase in organic matter (0.46%) and total nitrogen (0.46%) in soils under t’ola cover; this effect was also found in soils at a distance of 0.5 m from the barrier (0.46% Nt) compared to soils without vegetation cover (0.018% Nt). Similarly, the phosphorus content was higher in soils influenced by the vegetation cover of shrubs. Thus, soil fertility studies in the Intersalar region suggest that the content and forms of nitrogen are dynamic, as the amount of nitrogen is related to climatic conditions and the site’s vegetation. Meanwhile, phosphorus is a more stable element; therefore, 88% of the soils in the Intersalar area have low to moderate fertility, where the total nitrogen content is very low, and the level of available phosphorus is mostly moderate [9,47,49,50].



During our study in the agricultural year of July 2017 to August 2018, the calculated amount of total nitrogen lost or removed from fallow plots for quinoa cultivation in the Rodeo community of the southern Altiplano of Bolivia was 11.1 ± 0.38 kg ha−1 [51]. A reported 7.5 kg of N ha−1 year−1 was lost in the southern Altiplano of Bolivia, mainly from wind erosion. Since the amount of available N is related to quinoa production under rainfed conditions, at least 15 kg of available N is needed for a grain yield of 670 kg ha−1 [44]. Our study estimated that the amount of available N lost by wind erosion is only equivalent to 1.3% of the total available. However, nitrogen is the main soil nutrient depleted during erosion processes (average value of the sites of 17.9 kg N ha−1 year−1) [52].



The total nitrogen losses in soils without plant cover of the Sivingani—Salinas G.M. (Ref.Sal) reference plot community and Rodeo community plot control (ctrl.Rod), at a distance of 14 m to the t’ola vegetative barrier were 1 to 1.2 ± 0.23 kg ha−1 month−1, equivalent to 12 and 14 kg Nt ha−1 year−1. However, at distances to the vegetative barrier of 1, 7, and 14 m, lower Nt losses were observed; the calculated annual loss of Nt within the same barrier was up to 9.6 kg ha−1 year−1. Regardless of the expansion of cultivated land, overgrazing creates dry conditions for the plants due to removing litter and subsequent soil erosion by wind [52]. This situation frequently occurs in fallow plots for quinoa cultivation in the southern highlands of Bolivia for grazing llamas.




5. Conclusions


Our study determined that 6,489,106 t year−1 of soil is lost from land used for growing quinoa due to uncontrolled wind erosion. Although the vegetative barriers against wind erosion in the Rodeo community were effective at controlling net erosion and led to higher sedimentation, these devices must be improved and designed for spaces smaller than 30 m between barriers, as greater soil movement was reported between distances of 7 and 14 m from barriers with 3 m of t’ola vegetative cover. Although our results apply to a quinoa production area with extremely arid conditions and on a regional scale, these findings are consistent with previous studies where notable soil nutrient losses were recorded due to wind erosion. However, these sustainable practices carried out in this study can become a powerful tool to be adopted by public institutional organizations in countries with similar erosion problems, which also have extreme aridity and loss of soil productive potential.



Another concern besides soil erosion due to reductions in vegetative barriers is the loss of biodiversity, entomofauna, and ecological imbalance within Parastrephia lepidophylla that reduces natural enemies or natural controllers for quinoa pest insects during cultivation. Future studies should address this imbalance and a concurrent decline in the natural enemies of pests in agricultural systems, considering the next climate change scenarios established for areas of the Bolivian intersalar and other nearby areas of quinoa production.
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Figure 1. Study location map. 
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Figure 2. Mean monthly wind erosion and sedimentation during the agricultural period July 2017–August 2018 in southern Altiplano (Rodeo community, ‘ctrl.Rod’): (a) soil erosion (t ha−1); (b) erosion at different distances (m) of vegetative t’ola bush barriers; (c) soil sedimentation (t ha−1); and (d) sedimentation at different distances (m) of vegetative barrier. 
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Figure 3. Mean monthly net soil erosion during the agricultural period July 2017–August 2018 at the southern Altiplano (Rodeo community, ‘ctrl.Rod’): (a) soil net erosion (t ha−1); (b) soil net erosion at different distances (m) of vegetative t’ola barriers. 
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Figure 4. Mean monthly soil movement throughout the agricultural period July 2017–August 2018 at the southern highlands (Rodeo community, ‘ctrl.Rod’): (a) soil movement (t ha−1); (b) soil movement at different distances (m) from vegetative t’ola barriers. 
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Figure 5. Monthly soil gravimetric water content evaluated in the Rodeo community: (a) soil moisture (%), (b) soil moisture (%) at different distances from the t’ola vegetative barrier, and (c) soil moisture (%) at different soil depths. 
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Figure 6. Cumulative net erosion (CNE) during the months of the agricultural year 2017–2018 and distance to the t’ola vegetative barrier: (a) CNE accumulation along the months, CNE values below to zero correspond to less soil loss; (b) accumulated CNE according to the distances to the vegetative barrier, plot references of Sivingani community in Salinas G.M. (Ref.Sal) and the control plot in Rodeo community (ctrl.Rod) used to compare cumulative CNE without vegetative barriers. Results significantly differ among barrier distances and months (p < 0.05). 
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Table 1. Climatic features of the southern Altiplano of Bolivia, Uyuni, for 2017–2018.
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Latitude: 20°28′20″ S

	
Longitude: 66°49′53″ O

	
Altitude: 3669 masl




	

	
Temperature °C

	
Rainfall mm

	
Wind Speed km h−1




	
Month

	
Year

	
Mean

	
Maximum

	
Minimum

	
Thermal Oscillation

	

	
Mean

	
Maximum






	
July

	
2017

	
2.3

	
14.4

	
−9.8

	
24.2

	
0

	
NW 8.4

	
N 29.7




	
August

	
2017

	
3.1

	
15.1

	
−8.9

	
24

	
0

	
NW 12.1

	
NW 74.1




	
September

	
2017

	
7.3

	
16.8

	
−2.1

	
18.9

	
0

	
NW 12.2

	
NW 44.5




	
October

	
2017

	
8.8

	
19.1

	
−1.4

	
20.5

	
0

	
NW 13.9

	
NW 44.5




	
November

	
2017

	
10.6

	
21.2

	
0

	
21.2

	
0.8

	
NW 9.1

	
NW 29.7




	
December

	
2017

	
13.9

	
22.1

	
5.8

	
16.3

	
24

	
NW 14.7

	
S 44.5




	
January

	
2018

	
13.8

	
21.1

	
6.5

	
14.6

	
57.2

	
NW 9.8

	
NW 44.5




	
February

	
2018

	
12.7

	
19.2

	
6.3

	
12.9

	
63.3

	
NW 11.5

	
SE 29.7




	
March

	
2018

	
12.3

	
19.8

	
4.9

	
14.9

	
17.5

	
NW 9.0

	
NW 22.2




	
April

	
2018

	
9.8

	
19.5

	
0.1

	
19.4

	
0

	
NW 8.6

	
NW 29.7




	
May

	
2018

	
4

	
15

	
−7

	
22

	
0

	
NW 6.3

	
NW 22.2




	
June

	
2018

	
2.9

	
12

	
−6.1

	
18.1

	
5.8

	
NW 11.9

	
N 29.7




	
July

	
2018

	
4.2

	
13.6

	
−5.1

	
18.7

	
7

	
NA

	
NA




	
August

	
2018

	
3.1

	
13.2

	
−7

	
20.2

	
14

	
NW 8.8

	
NW 22.2




	
Mean

	
7.8

	
17.3

	
−1.7

	
19.0

	

	

	




	
Total

	
189.6

	

	








Source. [28]. NA: Data not available.
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Table 2. Physical and chemical characteristics of soils in quinoa plots at rest established with live t’ola vegetative barriers—Rodeo community (Ctrl.Rod), compared to Sivingani community-Salinas de G.M, sampled at 30 cm depth in 2018.






Table 2. Physical and chemical characteristics of soils in quinoa plots at rest established with live t’ola vegetative barriers—Rodeo community (Ctrl.Rod), compared to Sivingani community-Salinas de G.M, sampled at 30 cm depth in 2018.





	
Location

	
Clay

	
Silt

	
Sand

	
Texture

	
pH

	
EC

	
OM

	
Nt

	
P




	

	
%

	

	
(1:2.5)

	
dS m−1

	
%

	
mg kg−1






	
B-Rodeo

	
13

	
26

	
61

	
FA

	
8.0

	
0.616

	
0.46

	
0.046

	
6.4




	
0.5-B-Rodeo

	
11

	
40

	
49

	
F

	
7.9

	
0.833

	
0.54

	
0.046

	
5.9




	
1.5-B-Rodeo

	
13

	
38

	
49

	
F

	
8.0

	
0.389

	
0.24

	
0.018

	
1.9




	
Ref.Sal

	
4

	
9

	
87

	
A

	
7.7

	
0.105

	
0.31

	
0.032

	
3.7








B-Rodeo: vegetative barriers of t’ola Rodeo community; 0.5-B-Rodeo: distance 0.5 m from the t’ola barrier in Rodeo community; 1.5-B-Rodeo: 1.5 m from the t’ola barrier in Rodeo community; Ref.Sal: Sivingani community reference plot in Salinas de G.M.; electric conductivity (EC); organic matter (OM); total nitrogen (Nt); phosphorus (P) (Soil and Water Laboratory—FCAPyF-UMSS).
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Table 3. Average nitrogen content and microbiological characteristics of the soil (n = 4) from the plain situation for growing quinoa in Sivingani community reference plot in Salinas de G.M. in 2020.
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Treatment

Location

	
Total Nitrogen (Nt)

	
Ammonium Nitrogen

	
Nitrogen Nitrates

	
Rhizobium spp.

	
Total Bacteria




	
Percentage

	
mg kg−1

	
mg kg−1

	
cfu g−1 Soil






	
Ref.Sal

	
0.031

	
5.6

	
1.4

	
2.3 × 103

	
8.5 × 105




	
Soils + lupino1

	
0.053

	
2.8

	
2.8

	
---------

	
---------




	
Soils + lupino2

	
0.056

	
2.8

	
8.4

	
8.8 × 104

	
2.3 × 107








Soils + lupino1: local ecotype; Soils + lupino2: ecotype Avaroa (Prov. Sur Carangas—Oruro); cfu g soil−1 = colony forming units.
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