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Abstract

:

In conservation agriculture, the no-tillage cultivation system and the retention of permanent vegetal cover are crucial to the control of soil erosion by water. This paper analyses the cultivation of maize under no-tillage, with particular reference to the effect produced on soil erosion when weed control is performed by a hand tool (machete), which disturbs the surface of the soil, and to the behavior of the soil cover in these circumstances. The study area is located in the humid tropical mountains of northern Nicaragua (Peñas Blancas Massif Nature Reserve). The results obtained show that 59.2% of the soil surface was affected by appreciable levels of sheet and splash erosion, although the vegetal cover of the soil was relatively high (with average weed and litter cover of 33.9% and 33.8%, respectively). The use of machetes for weed control provoked considerable soil disturbance, which explained the high rates of erosion observed. Moreover, this form of soil management disturbs the litter layer, making it less effective in preventing erosion. The litter remains loose on the soil surface, and so an increase in soil cover does not achieve a proportionate reduction in the area affected by erosion; thus, even with 80–100% weed and litter cover, 42% of the cultivated area continued to present soil erosion.
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1. Introduction


Maize (Zea mays L.) is considered a health-giving food [1] and is fundamental to the human diet in certain regions, such as Central America [2]. According to Food and Agriculture Organization (FAO) [3], the land surface area dedicated to the cultivation of maize in Central America increased at an average annual rate of 0.35% between 1961 and 2017, to the current total area of 9.3 million ha. This expansion in the cultivated acreage has been accompanied by a parallel rise in productivity (annual average increase of 2.35%, with crop yields improving from 974 to 2426 kg ha−1 between 1961 and 2017). These advances are among the achievements of the “Green Revolution”, which has intensified the productivity of cultivation systems in this region since the 1950s [4].



The cultivation of maize in Central America has been developed not only in the areas most suitable for agriculture but also in mountainous regions, where the expansion of cultivated lands has often been to the detriment of wooded and forested areas [5]. The tropical mountains are especially vulnerable to degradation, mainly due to soil erosion by water [6]. This degradation process may have severe economic and social consequences in the region. Soil erosion causes the loss of the most fertile soil layers and, consequently, their productive capacity is reduced [7], which constitutes a threat to the sustainability of small and medium agricultural producers who live in mountainous areas [8]. With climate change, the problem is expected to worsen in the coming decades [9].



The traditional cultivation system that continues to be practiced in many upland areas of Central America is based on no-tillage and on the presence of high rates of vegetal cover on the soil [10]. These features constitute the most important measures of conservation agriculture (CA) to reduce soil erosion by water [11]. With no-till, the soil structure remains intact, which makes it more resistant to splash dispersion and runoff [12]. In this regard, ground vegetal cover is of fundamental importance, for the following reasons: (1) it intercepts rainfall and reduces its kinetic energy, thus preventing the dispersion of soil aggregates; in addition, it slows runoff, which increases infiltration and reduces soil losses [13,14]; (2) the enrichment of organic matter, from the decomposition of vegetal residues and associated biological activities, improves structural stability and, consequently, increases the resistance to soil erosion [15,16].



Analysis of the effectiveness of this culture system in reducing soil erosion is usually based on the joint study of these two key measures of conservation agriculture, because they are closely related; when no-tillage is practiced, a layer of vegetal residues is normally left on the soil surface [17]. The question addressed in this paper is: what happens when one of the conservation agriculture measures, namely no-tillage, is altered? This issue is of major importance, because the situation observed under the controlled conditions of experimental farmland may be quite different in the real-world context of private property, where crop management policies might not adhere to the guidelines established for conventional systems. It is essential to take into account all of the actions carried out during the crop cycle in order to ensure the effectiveness of conservation agriculture. In this respect, weed control is of special interest. This is one of the most important management practices in the agricultural cycle, with far-reaching implications for soil conservation. Therefore, to preserve the benefits of the CA system, weed control must be performed appropriately [18]. The traditional procedure, using manual tools such as hoes (with tillage systems) and machetes (with no-tillage systems), is common in Central America [19]. With a machete, the weeds are cut at ground level, but if this is not done correctly, i.e., if the tool makes contact with the ground, the resulting impact disturbs the structure of the soil surface. We believe this action may increase erosion, by modifying the favorable conditions provided by the no-tillage system.



In order to achieve a better understanding of the sustainable use of agricultural soils, we believe it necessary to examine the effectiveness of erosion control measures within conservation agriculture in situations altered by management practices. This is a key issue from the economic perspective. Crop productivity under conservation agriculture, in comparison with conventional tillage, has been studied. Different results have been obtained, but studies in which productivity has decreased under conservation agriculture, especially in tropical environments, have been predominant [20,21]. These results could even be aggravated if erosion increases as a result of poor agricultural management during the crop cycle. In view of these considerations, the present study has the following aims: (1) to analyze the influence on soil erosion by water when weed control is conducted by machete in no-tillage maize cultivation, disturbing the soil surface; (2) to determine the influence of vegetal cover in this situation.




2. Materials and Methods


2.1. Site Characteristics


The study was conducted in 2015 on sixteen sample plots of maize cultivation located in the buffer zone of the Peñas Blancas Massif Nature Reserve, in the departments of Jinotega (13°5′18″ N, 85°59′57″ W) and Matagalpa (12°55′44″ N, 85°54′54″ W) in Nicaragua (Figure 1). In the Massif, which forms part of the Bosawas Biosphere Reserve, the climate is tropical humid, with an average annual rainfall exceeding 2000 mm (2770 mm in El Cua, Jinotega, and 2414 mm in El Tuma-La Dalia, Matagalpa). The rainy season is from April–May to December–January. In addition, the study area is characterized by a high frequency of occurrence of extreme meteorological and climatic phenomena, such as hurricanes and tropical storms [22]. The mean annual air temperature ranges from 20 to 25 °C. The study farms presented slopes of 23–66% (average slope 42 ± 3.8%). The soils were classified as chromic Cambisols [23]. The soil texture is typically clay loam (25.4 ± 1.8% clay, 26.6 ± 2.2% fine silt, 17.0 ± 2.7% coarse silt and 31.0 ± 2.1% sand), with 3.9 ± 0.3% organic carbon, 0.8 ± 0.08% equivalent calcic carbonate, 41.8 ± 2.5 meq 100 gr−1 cationic exchange capacity and 35.4 ± 4.6% base saturation rate.




2.2. Crop Management


The agricultural system employed consists of a rotational cycle, with two crops, of maize and beans (Phaseolus vulgaris L.) (Figure 2). In this cycle, the maize is sown at the beginning of the rainy season, in April–May, and harvested in October–November. Then, at the end of the rainy season, beans are sowed in November–December, and harvested in February–March. In both cases, the sowing is conducted using a digging stick (espeque), and the technique is classed as no-till [24]. Sowing was performed at 0.8–1 m intervals along contour lines (rows) spaced 1.0–1.1 m apart. Weed control is performed twice yearly during maize cultivation (Figure 2), in the early stages of plant growth because this is when it is more sensitive to competition from weeds for resources (water and nutrients). Throughout the region, weed control is normally performed with machetes and herbicides. First, the weeds are removed using a machete, applied very superficially; in most cases, the tool makes contact with the soil surface, causing the first 2–3 cm of the soil structure to be disturbed. Smaller weeds may escape this mechanical action and therefore the control process is continued with the application of herbicide, usually paraquat or glyphosate.



Weeds are not controlled during bean cultivation because their development is limited by the arid conditions of the dry season. The most frequent fertilizer treatments are the application of NPK (15:15:15 or 18:46:0), during the first weed control, or of urea, twice yearly.



For the purposes of this study, samples were obtained during August, within 15 days of the second weed control.




2.3. Soil Erosion Analysis and Calculation of Ground Vegetal Cover


Sampling plots were selected by means of a previous work phase of recognition of the study area. This phase consisted in performing a survey of the area, farm by farm, in order to diagnose the erosive situations currently affecting the soil as the result of agricultural activity. The aim of this reconnaissance activity was to establish the research goals and to select representative plots in which to conduct the study. These plots were homogeneous in terms of the physical factors (mainly, slope gradient and soil type) that may influence erosion processes. Afterwards, the soil analyses confirmed that the study plots had homogeneous characteristics. The sampling was carried out after a rainy event, for which rain gauges were installed in the study area in order to plan the sampling work.



Soil erosion by water was analyzed using the method described by Blanco [25], who studied the erosive state of the soil (i.e., the percentage of land area affected by different types of erosion and by surface processes) and the soil loss (in m3 ha−1). The erosive state was analyzed by an improved version of the Stocking and Murnaghan method [26], based on visual indicators of erosion. Soil loss was calculated by volumetric measurements of the rills and gullies [27]. Table 1 shows the types of erosion and the surface processes observed, coded by an index (capital letter) to indicate the type of process and by a subscript that provides complementary information, such as the type of erosion and type of protective vegetal cover.



A line transect sampling method was used to analyze the area affected by erosion, to calculate the level of ground cover and, using grids, to determine the volume of soil loss. For each sampling plot, three transects and three grids were established, at random, as described in Figure 3 and its accompanying text.




2.4. Research Design and Statistical Analysis


In the present study, a non-experimental explanatory sequential mixed method was used, following Creswell [28]. In this two-step approach, both quantitative and qualitative analyses were performed. In the first step, the quantitative analysis, the results were examined by tests of bivariate correlation (Spearman correlation coefficient, rho) and by analysis of the variance (the Kruskal–Wallis test). These analyses were conducted using IBM SPSS 25.0 software (IBM Corp, Armonk, NY, USA). The subsequent, qualitative, phase involved field observation of the visual indicators of the study event, seeking a more detailed understanding of the results obtained by the quantitative analysis.



In this study, it was not possible to apply an experimental research design because the necessary circumstances for this did not exist: (a) on the one hand, the crop management system in the study area was homogeneous, and so there were no cases in which weed control was carried out differently from that described; (b) furthermore, the study area consisted of small farms, whose owners were very reluctant to cede part of their land for experimental research.





3. Results


3.1. The State of Soil Erosion and the Ground Cover


In the maize crops studied, the mean area affected by erosion (Et) was 59.2 ± 5.0% (Table 2). The main types of erosion observed in soils that had previously been disturbed by the use of machetes for weed control were sheet erosion (Ms) (33.3 ± 4.4%) and splash erosion (Mi) (24.6 ± 5.9%). The other processes affecting the soil (trampling and deposition) had little perceptible influence on erosion. The crop area that remained unaffected by erosion (Ene) was 37.2 ± 5.3%. The two types of land cover (weeds and vegetal residue) are assumed to provide the same degree of protection against soil erosion, as the same rates of erosion were observed in both cases: 13.5 ± 2.5% in soils protected by weed cover (Nw) and 13.7 ± 2.7% in those protected by a layer of plant litter (Nl). No soil losses in the form of rills or gullies were observed.



The mean level of ground cover in the maize crops studied was 67.7 ± 4.2%, divided equally between weeds (33.9 ± 5.7%) and vegetal residues (33.8 ± 4.7) (Table 3). Weed control with machetes did not produce soil inversion, and so high rates of ground cover were maintained. However, the impact of the machete on the ground, as well as disturbing the soil, reduced the stability of the litter layer. These residues continued to be present on the soil surface, but in most cases were loosened, and thus became more susceptible to runoff (Figure 4).




3.2. Influence of Ground Cover on Soil Erosion


The correlation analysis performed revealed no relationship between soil erosion and ground cover (GC). The surface area affected by erosion did not present any significant correlation with GC by weeds (rho = −0.20, p = 0.457), with GC by litter (rho = −0.20, p = 0.460) or with total GC (rho = −0.27, p = 0.304) (Table 4).



Graphical analysis of the erosion behavior, according to GC intervals by weeds and litter, showed that erosion decreased slightly as GC increased (Figure 5). Thus, soil erosion fell from 65.5% to 54.7% when GC by weeds increased by 60%, and from 64.3% to 51.7% with a 60% increase in GC by litter. A larger decrease was only achieved when weed and litter cover were considered jointly. Then, erosion fell from 58.7% to 41.9% when total GC increased from 40% to 100%. However, the erosion reduction observed with increased GC was insufficient for statistically significant differences to become apparent. Analysis of variance showed there were no significant differences in erosion between the different intervals of ground cover, in any of the situations studied as a clustering variable: GC by weeds (chi-square = 1.35, p = 0.509), GC by litter (chi-square = 0.62, p = 0.735) and total GC (chi-square = 2.11, p = 0.348) (Table 5).





4. Discussion


The study results obtained show that the sample plots were subject to the effects of sheet and splash erosion, but there was no loss of soil in the form of rills and gullies. When soil is disturbed it loses cohesion and this may favor the concentration of runoff water [29]. For this reason, we hypothesized that disturbing the soil with a machete during weed control might result in the formation of rills and gullies. In the study area, however, this disturbance was only superficial, affecting the first 2–3 cm, and did not invert the soil mass, and so the vegetal cover was not incorporated into the soil. In consequence, the level of GC remained relatively high, impeding the concentration of runoff and the formation of rills and gullies. Prosdocimi et al. [30] analyzed the role of litter cover on erosion and concluded that this factor is very effective in reducing surface runoff and in increasing water infiltration into the soil, which reduces its susceptibility to erosion via rills and gullies.



No correlation was observed between the ground cover and the water erosion. For this reason, even when the level of GC was relatively high, soil disturbance leads to a considerable area of the soil surface being affected by splash and sheet erosion. Disturbed soil is less resistant to the impact of rainfall [31], which accounts for a large proportion of the soil surface affected by splash erosion (24.8%). Weed cover is known to protect the soil against this impact [32], but it is not as effective against runoff, in which case litter cover plays a more significant role [19]. Weed control by machete disturbed not only the soil, but also the litter layer, reducing its effectiveness in preventing sheet erosion. Vegetal residues must not only be present but also stable on the soil surface, and our study showed that the management of ground cover with the use of machetes disturbed and loosened the litter layer, thus reducing its effectiveness in preventing erosion. Under these circumstances, it can be understood why water erosion did not show a correlation with soil cover. A comparison of our results with those obtained in a previous study is illustrative of this consideration. In the sample plots considered in this study, with GC by litter of 33.8%, the surface area affected by sheet erosion (Ms and Ts) was 34.3%, whereas 13.7% of the area under plant litter (Nl) was not subject to erosion. This finding contrasts with that obtained by Blanco and Aguilar [33] in a study of bean cultivation with a no-till system in the same area as that addressed in the present study (hence, the environmental conditions were the same). Moreover, rainfall patterns were similar during the sampling periods of both investigations. In the early study, only 1.9% of the study area was affected by sheet erosion, whereas 36.2% of the area under plant litter was unaffected by erosion, 22.5 percentage points more than in our case, despite the similar level of litter cover (35.4%).



Our study results show that the ground vegetal cover arising from the type of soil management performed, i.e., the greater presence of weed cover and litter, did not reduce the area of soil affected by erosion in the same proportion. Weed and litter cover, considered individually, did not reduce the area affected by erosion to below 50%, despite GC levels of up to 60%. Even when GC (weed and litter) reached 100%, the area affected by erosion only decreased to 42%. These results are far from those obtained by Blanco and Aguilar [33], in whose study of no-tillage bean cultivation the presence of 65% of litter cover reduced the area affected by erosion to around 20%.



The findings presented in this paper clarify the role played by ground cover, both that of living plants and that of vegetal residues, in protecting the soil from erosion. Previous research in this field has shown that, apart from GC, erosion is subject to various other influences [30,34] that should be taken into account in order to achieve effective erosion control. Our results demonstrate that the litter layer in itself did not protect the soil from erosion; this contrasts with previous reports [33,35,36,37,38]. In fact, the disturbance of the surface structure of the soil when weed control is carried out by machete is the factor that really prevented effective erosion control, even when the litter layer covered 60% of the soil surface, a value that rises to 100% when the weed cover is also taken into account.



Undoubtedly, the GC factor is important, but it seems that this is not enough. Our results show that the soil structure must remain undisturbed if effective erosion control is to be achieved. Arshad et al. [39] and Zhang et al. [40] corroborate this view, concluding that low rates of erosion are observed in crops with no-tillage systems due to their greater structural stability and the greater macroporosity of the surface when the soil structure remains intact. These conditions favor the hydrological properties of the soil, thus facilitating infiltration and reducing soil losses. In this regard, Lal [41] emphasized the importance of employing appropriate techniques of soil management in order to avoid disturbing the soil surface. For this study area, we suggest the use of very sharp machetes, with a cutting angle as parallel as possible to the ground surface. To facilitate accurate cutting, the farmer can use a stick that can serve as a guide to lift the weeds and open the spaces for cutting. In this way, disturbing the soil surface could be avoided. A video is attached (link: https://youtu.be/vogi8ktZs6o [42]) that illustrates the use of a machete for weed control in coffee crops with an adequate cutting angle and the support of a stick guide. This handling procedure can be perfectly adapted to maize cultivation.




5. Conclusions


Our study results show that weed control with machetes is the decisive factor in explaining the large area of the sample plots affected by erosion (59.2%). The positive effects of no-tillage cultivation on erosion control are annulled by the soil disturbance produced by the use of machetes, and the influence of the ground cover is insufficient to counteract this outcome. Thus, a high proportion of the land area continued to be affected by erosion: 57% with litter cover of up to 60%, and 42% with litter and weed cover of up to 100%. These figures are far from those reported in a previous study of no-tillage cultivation, without soil disturbance in the weed control process, in which 20% of the total area was affected by erosion when the level of litter cover was 65%. When machetes are used in weed control, loose residues are deposited on the soil surface and its capacity to prevent erosion is reduced. For this reason, no correlation was observed between the increased proportion of ground cover and the reduction in erosion.



The study results presented in this paper show that the effectiveness of conservation agriculture in controlling erosion depends on the simultaneous maintenance of two conditions: not disturbing the soil structure and maintaining high levels of ground cover. When the first condition ceases to apply, the second, by itself, is unable to control erosion.
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Figure 1. Location of the study area. 
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Figure 2. Maize–bean rotational cultivation system and sampling period. 
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Figure 3. Sampling procedure to establish soil erosion and ground cover (adapted from Blanco [25]). The transects and grid squares originated from point 0 in the sample plot. The distances of the x–y axes were randomly determined by the blind extraction of numbered balls. Each transect was 10 m long and samples were taken at 25 cm intervals (in total, there were 40 observation points of the erosion indicators and of ground cover per transect, i.e., 120 observations were made per plot, and 1920 in the total of the 16 plots studied). The grid squares measured 3 × 3 m and were used to measure the length, width and depth of all the rills and gullies present. 
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Figure 4. Visual indicators of the reduced stability of the litter layer after weed control: view of the whole plot (a); detail of the ground before weed control (b); weed control with machete (c); detail of the aspect after weed removal, with vegetal residues loose on the surface (d). 
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Figure 5. Extent of soil affected by erosion in relation to ground cover in maize cultivation plots. Values are mean ± standard error. 
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Table 1. Processes and types of erosion affecting soil in the cultivation of maize (adapted from Blanco [25]).
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	M. Mechanical Soil Disturbance By Tool (Machete), Affected By Erosion, or Erosion-Susceptible



	1. (Mes) Soil disturbed by tool use and susceptible to erosion (but not visible at present)



	2. (Mi/Ms/Mr/Mg) Soil disturbed by tool use and affected by splash erosion (raindrop impact)/by sheet erosion (removal of a soil layer less than 3 cm deep by surface water flow)/by erosion in rills/by erosion in gullies (linear soil erosion channel less than 30 cm deep in the case of rills and more in gullies)



	T. Mechanical soil disturbance by trampling, affected by erosion, or erosion-susceptible



	1. (Tes) Soil disturbed by trampling and susceptible to erosion (but not visible at present)



	2. (Ti/Ts/Tr/Tg) Soil disturbed by trampling and affected by splash erosion/by sheet erosion/by erosion in rills/by erosion in gullies



	D. Soil deposition affected by erosion or erosion-susceptible



	1. (Des) Soil deposition susceptible to erosion (but not visible at present)



	2. (Di/Ds/Dr/Dg) Soil deposition affected by splash erosion/by sheet erosion/by erosion in rills/by erosion in gullies



	N. No erosion



	1. (Nw) No evidence of erosion beneath cover of weeds



	2. (Nl) No evidence of erosion beneath litter layer



	O. Others



	1. (Or) Stones



	2. (Oa) Animals: tracks, feces, carcasses, others.










[image: Table] 





Table 2. Processes and types of soil erosion by water in maize cultivation plots (n = 16).
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	Processes and Water Erosion Types
	Abbreviation
	Mean ± Standard Error





	Soil disturbed by machete and susceptible to erosion (but no erosion currently visible) (%)
	Mes
	9.6 ± 2.4



	Soil disturbed by tool use and affected by splash erosion (%)
	Mi
	24.6 ± 5.9



	Soil disturbed by tool use and affected by sheet erosion (%)
	Ms
	33.3 ± 4.4



	Soil disturbed by trampling and susceptible to erosion (but no erosion currently visible) (%)
	Tes
	0.3 ± 0.2



	Soil disturbed by trampling and affected by splash erosion (%)
	Ti
	0.2 ± 0.1



	Soil disturbed by trampling and affected by sheet erosion (%)
	Ts
	1.0 ± 0.4



	Soil deposition affected by splash erosion (%)
	Di
	0.1 ± 0.1



	No evidence of erosion beneath cover of weeds (%)
	Nw
	13.5 ± 2.5



	No evidence of erosion beneath litter layer (%)
	Nl
	13.7 ± 2.7



	Other topsoil characteristics (stones) (%)
	Or
	3.6 ± 1.3



	Total area affected by soil erosion (%)
	Et
	59.2 ± 5.0



	Total area not affected by soil erosion (%)
	Ene
	37.2 ± 5.3



	Soil loss (m3 ha−1)
	Esl
	0










[image: Table] 





Table 3. Ground cover in maize cultivation plots (n = 16).
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	Characteristics
	Abbreviation
	Mean ± Standard Error





	Ground cover by weeds (%)
	GCW
	33.9 ± 5.7



	Ground cover by litter (%)
	GCL
	33.8 ± 4.7



	Total ground cover (weeds and litter) (%)
	GCW-L
	67.7 ± 4.2
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Table 4. Correlation between soil erosion and ground cover of the maize cultivation plots (n = 16).
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	Et
	GCW
	GCL
	GCW-L





	Et
	1
	−0.20

(p = 0.457)
	−0.20

(p = 0.460)
	−0.27

(p = 0.304)



	GCW
	
	1
	−0.67

(p = 0.004)
	0.54

(p = 0.003)



	GCL
	
	
	1
	0.07

(p = 0.795)



	GCW-L
	
	
	
	1







Et: Total area affected by soil erosion; GCW: ground cover by weeds; GCL: ground cover by litter; GCW-L: total ground cover (sum of weeds and litter).













[image: Table] 





Table 5. Kruskal–Wallis test of the relation between erosion and ground cover in maize cultivation plots (n = 16).






Table 5. Kruskal–Wallis test of the relation between erosion and ground cover in maize cultivation plots (n = 16).





	Ground Cover Types
	Cover Intervals (%)

(n for Each Interval)
	Results





	Ground cover by weeds
	0–20, 20–40, 40–60

(n = 5, 8, 3)
	Chi-square = 1.35, p = 0.509



	Ground cover by litter
	0–20, 20–40, 40–60

(n = 5, 4, 7)
	Chi-square = 0.62, p = 0.735



	Total ground cover (weeds and litter)
	40–60, 60–80, 80–100

(n = 4, 8, 4)
	Chi-square = 2.11, p = 0.348
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