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Abstract: Soil is the most basic resource for sustainable agricultural production; it promotes water
quality, is a key component of the biogeochemical cycles and hosts a huge diversity of organisms.
However, we are not paying enough attention to soil degradation produced by land use. Modern
agriculture has been successful in increasing yields but has also caused extensive environmental
damage, particularly soil degradation. In the Argentine Pampas, agriculturization reached a peak
with the generalized use of the no-till technological package: genetically modified soybeans tolerant
to glyphosate, no-till, glyphosate, and inorganic fertilizers. This phenomenon has been widely spread
in the country; the no-till package has been applied in large areas and has been used by tenants in
a 60%–70% of cultivated lands. Thus, those who were involved in developing management practices
may not be the same as those who will face degradation issues related to those practices. Indeed,
most evidence reviewed in this paper suggests that the most widely distributed practices in the
Pampas region are actually producing severe soil degradation. Biological degradation is particularly
important because soil biota is involved in numerous soil processes on which soil functioning relies,
affecting soil fertility and productivity. For example, soil meso- and macrofauna are especially
important in nutrient cycling and in soil structure formation and maintenance, and they are key
components of the network that links microbial process to the scale of fields and landscapes where
ecosystem services are produced. However, the knowledge of the impact of different agricultural
managements on soil meso- and macrofauna in Pampas agroecosystems is far from conclusive at this
stage. The reason for this lack of definite conclusions is that this area has been given less attention
than in other parts of the world; the response of soil fauna to agricultural practices is complex and
taxa-dependent; and there is a wide variety of practices in the main types of agricultural systems,
making generalizations difficult. A review of the existing studies on soil meso- and macrofauna
in agroecosystems, revealed that (a) agricultural soils, regardless of farming system, are strongly
modified in biological aspects compared to the same soils without human interventions; (b) there
are no conclusive results about no-till benefits compared to reduced tillage or conventional tillage;
(c) agricultural managements that are alternative to the traditional conventional systems are very
poorly represented in research.
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1. Introduction

The objective of this review is to explore the reasons behind the conversion of agriculture in the
Pampas region of Argentina into a virtual soybean monoculture, and to elucidate the consequences of
that process on soil conservation, especially on soil meso- and macrofauna. To accomplish with this
objective, this review has been organized into five sections. In Section 1, we introduce general concepts
related to the importance of soils for humans as the most basic resource for sustained agricultural
production. We point out that our understanding of the soil and our and relationship with it as society
is not usually correlated with such importance. We stress the fact that, although modern agriculture
has been successful in increasing food production, it has also caused extensive environmental damage
and that there are new challenges for future agriculture paradigms. In Section 2, we thoroughly
describe and discuss the main characteristics of the most common land uses and management systems
applied in the Argentine Pampas as well as the historical contingencies that have led to the current
scenario. We revise the idea of “agriculturization” and “soybeanization” in the Pampas associated
with the introduction of genetically modified soybeans tolerant to glyphosate together with the
no-till technological package. We present important issues about Pampas agriculture: land tenure,
the increasing concentration of agricultural production and management, and the large farm units.
We then introduce two alternative management systems: the inclusion of “Good Agricultural Practices”
(GAPs) in no-till systems and large-scale organic farming. In Section 3, we discuss the context of
farming systems at the global level, within which Argentine agriculture is framed, with emphasis on
describing impacts and pressures. We claim to move forward from the view of soil almost as an inert
supportive medium for agriculture, to new approaches including the notion of soil biology as a key
component of agriculture. Specifically, we focus on the role of soil meso- and macrofauna, which are
deeply involved in soil functioning through their participation in organic matter cycling as well as in
soil ecosystem engineering. However, soil fauna has been historically underestimated and sometimes
neglected in conventional farming systems. We urge to think the soil as an ecosystem, with discussions
about soil biodiversity and soil functioning. In Section 4 we present a bibliographic analysis of all the
papers we found in scientific journals dealing with the impact of different agricultural management
practices on soil meso- and macrofauna in the Pampas region. We discuss the main aspects arising
from this review in terms of soil fauna as indicators of environmental sustainability in the Pampas.
Finally, in Section 5 we provide our main conclusions as well as an outlook for future scenarios.

2. The Importance of Soils for Humans

Soil is the most basic of all resources; it is the essence of all terrestrial life and a cultural heritage;
however, it is finite in extent and is non-renewable over the human time scale (decades) [1]. Despite its
importance for human well-being, politicians, decision makers, scientists and the society in general are
not paying enough attention to soils. Indeed, soil has recently been considered a “nearly forgotten
resource” [2].

Throughout history, soil has been essential to human well-being. With the transition to agriculture
(approximately about 10,000 years ago), human dependence, and impact, on soils became more direct
and more obvious [3]. In the history of humankind, there is abundant evidence that the overexploitation
of soil and its consequent degradation has been a key factor in the collapse of numerous civilizations
that have ignored the conservation of soil e.g., [4]. Soil degradation has certainly been an important
issue for ancient civilizations. The earliest farmers, as well as many in later times, practiced shifting
agriculture with a long fallow (20 to 30 years). Mobility was their solution to nutrient depletion [3,5].
Later, sedentary farmers had to cope with the problem of soil nutrient depletion in a different way.
Thus, soil knowledge acquired special importance when and where the population pressure and land
shortage impinged [3]. Since then, soil management practices have developed in response to the
twin challenges of soil depletion and erosion. Modern soil conservation efforts employ combinations
of several techniques, such as ridge planting, conservation tillage, crop rotation, strip cropping,
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grass strips, mulches, living mulches, agroforestry, terracing, contour ploughing, use of cover crops,
and windbreaks, all of which had historical precedent [1,6].

Soil and water are the key resources for agricultural production. Soil contains the source of
nutrients required for plant growth and is therefore the primary environmental stock that supports
agriculture [7]. Currently, in many spheres of policy-makers, politicians, scientists, producers, and in
part of the society, a view of soil exclusively as a medium for crop production is still retained. However,
based on the wealth of knowledge accumulated in recent decades, a more holistic approach to soil
is emerging. Soil not only is a medium for agriculture but also hosts a tremendous abundance and
diversity of organisms, ranging from bacteria (a few microns in size) to earthworms (up to several
centimetres long). Soil is a key component of ecosystem processes and biogeochemical cycles, and
promotes water retention and maintenance of water quality. Moreover, it is a medium where it has been
recorded much of the cultural history of humankind. It is well known that without soil, there would be
no chance of human life. However, as society, our activities are not consistent with such importance.

Although modern agriculture has been successful in increasing food production, it has also
caused extensive environmental damage [1,6,8,9]. For example, the misuse of pesticides has led
to contamination of land and water, negative impacts on non-target species, and the emergence of
pesticide-resistant pests [7]. It is clear that nowadays humans are putting further pressure on the
soil. However, there is no consensus about the origin of the increasing pressure. Several reports
suggest that the world is facing a “food crisis”, which will worsen in the future [10,11]. An increase in
global population is expected, from 7.3 billion today to 9.7 billion in 2050 [12]. A change in the life
patterns is also expected to lead to a strongly increasing demand for food and pressure on agricultural
system [7]. Therefore, there is a generalized claim (and assumption) that we need to increase global
food production by 70%–100% in order to feed the world in 2050 [13]. Existing assessments project
a combination of intensification of agricultural production and expansion of cultivated land to meet
increasing demands for food, feed, fibre and fuel [7]. Experts suggests that approximately 70%–80% of
the extra production is projected to stem from intensification and that a major expansion of agricultural
land is projected to take place in sub-Saharan Africa, Latin America and East Asia (excluding China) [7].
In a recent review, Foley et al. [10] suggest that production would need to roughly double to keep
pace with projected demands from population growth, dietary changes (especially meat consumption),
and increasing bioenergy use. The need to “double” production is clearly a powerful statistic that
has captured the imagination of policy-makers, politicians, scientists and industry [13]. However, the
fact that we need to increase global food production by 70%–100% in order to feed the world in 2050
is being seriously criticised. In a well-argued contribution, Tomlinson [13] stated that an increase in
production by 70%–100% was never intended as a normative goal of policy and, moreover, doing so
would exacerbate many of the existing problems with the current global food system.

Several other authors suggest that there is not a problem of food demand but of food access [10,14].
Perfecto and Vandermeer [15] stated that current worldwide production is enough to provide the
necessary calories to feed not only the current world's population, but also the projected nine to ten
billion people expected by 2050. Available data indicate that at least one billion people today suffer
from hunger and malnutrition [16]; however, this problem may be due to the unequal distribution and
the lack of access to food, rather than to the total amount produced worldwide [7,15]. For example,
Latin America and the Caribbean (LAC) produce three times the amount of food consumed, but
54 million people are undernourished [17]. Moreover, all the LAC countries, including those with
a high rate of malnutrition, have a food energy supply of more than 2000 kilocalories per person per
day, which exceeds the minimum recommended for an adult (1815 kilocalories) [17]. Furthermore, data
reported in the early 1990s showed that nearly 80% of the malnourished children from the developing
world lived in countries where there were food surpluses [18]. Then, it becomes apparent that hunger
and malnutrition in the world today are not due exclusively to the failure to produce sufficient food,
but to more complex reasons. Accordingly, it has been suggested that current global food production
is sufficient to feed the world, but the undernourished people cannot afford the food [14], partly
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because the increase in food production has not been evenly distributed. Consequently, while the
world currently produces enough food on a caloric basis to nourish the global population, food
production and access to food vary widely among countries [19]. The great food price volatility is
also closely related to that; for example, the number of undernourished people in the world was
pushed to unprecedented levels in 2008 and 2009, not because of a crisis in food production but of the
world food-price crisis [20]. This shows how price development in food commodity markets can also
have a critical impact on global food security. Another factor involved in the complex framework of
reasons explaining undernourishment is inefficient food usage. Globally, one third of harvested food is
thrown away [14]. Thus, improving post-harvest technologies and reducing food waste are challenges
that should be as important as increasing food production. Moreover, one third of harvested food is
used for feeding livestock, which are very poor converters of energy into meat [14]; this point poses
an important cultural issue related to challenges in dietary changes, which could improve food use
efficiency. Therefore, increasing food production is not the only factor involved to achieve the goal of
reducing world hunger.

Land degradation is the decline in land quality or reduction in its productivity and can be
estimated in terms of the loss of actual or potential productivity or utility as a result of natural or
anthropic factors [21]. Thus, land degradation is now a major global issue, since global estimations
highlight that soil degradation is affecting 33% of all soils in the world [22]. There are four main types
of soil degradation [1]: (i) Physical; (ii) chemical; (iii) biological; and (iv) ecological. Soil physical
degradation results in a reduction in structural attributes, with degraded soils showing increased
susceptibility to crusting, compaction, reduced water infiltration, increased surface runoff, wind and
water erosion, greater soil temperature fluctuations, and desertification. Soil chemical degradation
is characterized by acidification, salinization, nutrient depletion, reduced cation exchange capacity,
leaching of essential plant nutrients, and pollution. Soil biological degradation reflects depletion
of the soil organic carbon pool, loss in soil biodiversity, a reduction in soil C sink capacity, and
increased greenhouse gas (GHG) emissions. Ecological degradation reflects a combination of the other
three types, and leads to disruption in ecosystem functions, such as elemental cycling, water infiltration
and purification, perturbations of the hydrological cycle, and a decline in net biome productivity.

The overall decline in soil quality, due to both natural and anthropogenic factors, has strong
consequences that jeopardize ecosystem services and nature conservation [1]. Although a few
ecosystem services have improved globally since the expansion of conventional agriculture, such as
provision of food and timber, many other services are compromised. For example, flood control, genetic
resources, or pollination [23]. Modern agricultural practices may be trading short-term increases in
food production for long-term soil degradation, with important losses in ecosystem services, including
many that are important to agriculture itself [8]. Soil degradation implies a decline in soil quality
with an attendant reduction in ecosystem functions and services [1]. For example, soils mediate
services like soil formation, nutrient cycling, primary production, climate regulation, flood control,
detoxification, protection of plants against pests, etc. [24]. These services are provided by a large
range of organisms [24,25], but soil biota is being negatively affected by inadequate land uses around
the world [26]. Thus, paradoxically, by inadequately applying land uses and management practices,
humankind is degrading the soils of the world, while becoming more dependent on soil as a natural
resource for subsistence.

3. Land Uses and Management Systems in Argentine Pampas

Argentina is the southernmost country of South America region. It covers an area of 2,766,890 km2,
of which about 15% are arable lands and permanent crops, about 40% are permanent meadows and
pastures, 10% corresponds to forest cover and the remaining 35% has another uses [27]. Population is
of 42.16 million people, with only 6.92% being rural population. This implies a very low proportion of
inhabited rural land, unlike other countries of Latin America and the Caribbean. Indeed, the peasant
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community is small and mostly scarcely involved in agricultural management decisions. Soybean is
the main agricultural commodity: 40,100,197 tons were produced in 2012 [27].

Argentina holds 18 ecoregions (Figure 1). Among them, the Pampas is a wide plain with more
than 52 Mha of lands suitable for cropping and cattle rearing, and whose high fertility and productivity
provide significant comparative advantages for agricultural production [28,29]. The Pampas region is
the most important agricultural area in Argentina and one of the six major grain-producing areas in
the world (along with North America, Western Europe, Ukraine-Russia, China, and Australia) [30].
The main crops produced in the country, including the position in the world rank, are presented in
Table 1.

Table 1. Main crops produced in Argentina and comparison with the major grain-producing countries
in 2013 [26]. The number in parentheses indicates the position of each country in the world rank for
each crop.

Crop Argentina USA Brazil China, Mainland India

Production (tons)
Soybean 49,306,200 (3rd) 91,389,350 (1st) 81,724,477 (2nd) 11,950,500 (4th) 11,948,000 (5th)
Maize 32,119,211 (4th) 353,699,441 (1st) 80,273,172 (3rd) 218,489,000 (2nd) 23,290,000 (6th)
Sugar cane 23,700,000 (13th) 27,905,910 (10th) 768,090,444 (1st) 128,200,912 (3rd) 341,200,000 (2nd)
Wheat 9,188,339 (17th) 57,966,656 (3rd) 5,738,473 (23th) 121,926,400 (1st) 93,510,000 (2nd)
Barley 4,705,160 (9th) 4,682,735 (10th) 330,682 (38th) 1,699,300 (19th) 1,750,000 (18th)
Sorghum 3,635,837 (5th) 9,881,788 (1st) 2,126,179 (8th) 2,891,500 (6th) 5,280,000 (3rd)
Sunflower 3,104,420 (3rd) 917,060 (12th) 108,838 (27th) 2,423,241 (4th) 504,000 (17th)
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The region has a relatively short farming history: most of the area was native grassland until
the beginning of 20th century, when land use changed into cattle raising and crop production.
The agricultural and grazing lands of the Pampas were the basis of the economic development and
well-being of the Argentine population in the 1880–1910 period [32]. Alternating cattle raising on
native grasses or alfalfa pastures with agriculture based on a wheat and maize rotation used by
Argentine farmers and ranchers turned out to be a very sustainable technology [32]. Over time,
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agriculture slowly became more profitable than cattle raising, and the grazing-agriculture rotation was
abandoned in those soils that were suitable for agriculture [32]. Historically, the proportion of cattle
raising and mixed and purely agricultural management systems varied according to the international
price of the products and the domestic demand. At present, grain agriculture dominates farming
activities because it has become more cost-effective than cattle raising. Thus, “agriculturization”, i.e.,
a strong and continuous increase in the land area dedicated to crop growing, began in the Pampas.
This process was slow at first, in the 1960s, with an increase in the cultivation of areas previously
dedicated to cattle raising [29]. Since the early 1990s, structural economic changes fostered investment
in technology, which played a major role in land-use changes in the Pampas [29]. However, in
Argentina, agriculturization was dramatically intensified after 1996 (Figure 2), with the introduction of
the genetically modified (GM) soybeans with glyphosate-tolerant genes. This soybean variety is not
affected by the herbicide glyphosate and thus it can be used for controlling weeds at any physiological
stage of soybean crop [33,34]. Associated with the increase in agricultural area, there was a parallel
process of concentration and intensification of cattle production [29]; thus, the overall number of cattle
did not decrease, but became concentrated. Concentration followed two alternatives: an increase in
the number of feedlots or the relocation of cattle in more marginal land, where crop production is
less profitable, unfeasible or more hazardous [35]. Indeed, number of cattle heads was 50.9 M in 2013,
and 50.8 in 1996 [27]. Over a 10-year period (2001–2011) 14 million ha of cattle land were converted
into agricultural land [36]. Nowadays, 80% of total bovines heads raised in feedlots is concentrated in
Buenos Aires, Santa Fe, Córdoba and Entre Ríos, three of the Pampas provinces [37].
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from 1980 to 2014.

By the mid 2010s, GM varieties represented over 90% of the area planted with soybeans and 70%
of that with maize. Throughout this process, Argentina has become the second largest producer of GM
crops, after the United States [38]. The process of GM crop adoption developed at an unprecedented
rate, only comparable to the case of hybrid maize in the state of Iowa (USA) during the 1930s [38].
The expansion of soybean in Argentina has been particularly impressive. It was introduced in the
early 1970s; by 1990, the soybean area reached 5.1 Mha, expanding to 14.0 Mha in 2005 and to 20.3 Mha
in 2014. Soybean production has grown from approximately 11 million tons in 1993 to 35 million tons
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in 2003 and 50 million tons in 2013 [39] (see Figure 2). A decrease in production occurred in 2008/09
because of severe climate conditions. The current average yield in the Pampas region is 33 qq/ha,
ranging from 31 to 60 qq/ha, and depends mainly on whether soybean is the only annual crop or
is in rotation with a winter crop (mostly wheat). Argentina is currently the third top producer of
soybean in the world, after U.S. and Brazil (Figure 3). Benefits of this commodity were on average
about 530 U$/ha for 2013/14 [40].
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During this period, soybean crop displaced other crops (maize, sunflower), pastures, grasslands
and forests, thus becoming the most important commodity in the country (Figure 4). Soybean is
currently more profitable than other crops, requires less investment (due to lower costs associated with
GM varieties) and labour, and has significantly lower production risk than alternative enterprises [28].
However, the main driver for increased soybean production has been the higher price than that of
other grain crops [39].
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The expansion of GM soybean in Argentina is highly correlated with the expansion of no-tillage
(NT) practices (0.90) [41]. Indeed, the complete technological package related to the current soybean
dominance in Argentine agriculture, known as the “no-till package”, comprises the glyphosate-tolerant
GM soybean, no-till, glyphosate, and inorganic fertilizers. The agriculturization process, as well as
the posterior embracing of the no-till package, is closely related to one of the most contentious social,
political, and historical issues about the Pampas: land tenure. The early colonial pattern of large land
holdings (10,000 ha being a small holding, some extending up to 500,000 ha) was related to a system of
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sharecropping agriculture with immigrant farmers that developed after 1860 [32]. From the beginning
of the 19th century to the 1960s, the average size of a holding decreased steadily; but this trend was
reverted after the 1960s. Thus, the average farm size in the Pampas in 1914 was 355 ha, in 1988 was
370 ha [32] and then, between 1988 and 2002, a strong concentration in land tenure occurred, with the
average production unit area increasing to 533 ha [42]. The increasing concentration of agriculture
production and management was the key factor leading to the process of agriculturization [29].

Nowadays, the landscape in the Pampas region is mostly dominated by large (about 1000 ha)
and medium-sized (about 500 ha) farms producing a few crops, with most of the management
decisions being dependent on market forces. This is in contrast to what happens in other Latin
American countries, where small-scale owners still represent a large percentage of the agricultural
landholdings [43], as well as in other regions of Argentina. Thus, the big size of farms and plots
within farms is a very important characteristic of the Pampas region. About 3% of the producers are
responsible for 70% of soybean production in Argentina, with much of this production corresponding
to sowing pools [35].

As a consequence of concentration of agriculture production and management, very often much
of the area planted is not owned by those cultivating it [29]. Indeed, the great economic investment
that requires a no-till planting machine makes units smaller than 200 ha [44] non-profitable. Thus, for
small and medium land owners, renting land has been a more profitable activity than producing
crops. This is also a key factor regarding management decisions that have strong implications for
agricultural sustainability. Most of the mentioned farms are rented to local actors (neighbours or
area residents), agricultural companies or sowing pools. Sowing pools are speculative investment
funds that work for a fixed period on a surface area that exceeds the normal size of the surface areas
operated locally or regionally by other capitals. They lease all the land on which they operate and hire
third-party services for all the activities involved in the production process: Planting, agrochemical
application, maintenance, tilling and harvesting services [45]. Although there are no official statistics,
independent estimates indicate that sowing pools farm about 20% of the land planted with soybean
and the total area operated by tenants reached more than 50% by 2005 [44]; and about 60%–70% by
2014 [46,47]. Thus, those using the land make choices during the annual cropping cycle that have
consequences that may not become evident until later, when the land is or is not farmed by the
same lessee. The problem arising under this scenario is that there are strong incentives to maximize
short-term profits via agriculture and may discourage sustainable practices such as ecologically sound
crop rotation [29]. It has been shown that land tenants are more likely to crop soybean, which requires
lower initial investment, and that they are less concerned about soil quality maintenance and other
environmental issues than landowners [48].

Another important point in this scenario is that production concentration in the Pampas arose
together with an increasing influence of the commercial strategies of international corporations on
agricultural management decisions. In the Pampas, knowledge governance has evolved through
two historical phases. The first phase was dominated by the National Institute of Agricultural
Technology (INTA), a governmental research and extension institute. The second, and current,
phase is characterized by the collaboration between public and private actors mediated by farmer
organizations [49]. For example, the market of seeds, biocides and fertilizers shows a strong presence
of multinational enterprises along with the de-structuring of previous domestic supply, an active
investment process, control of a significant part of the marketing chain by producers of key materials,
and an emphasis on imports and the transference of relevant technologies from abroad, with adapting
participation from local agents [50]. With this profile of the supply of inputs and services, the structure
and functional dynamics of the agricultural activity begins to be reconfigured in favour of a model
focused on a greater incidence of input suppliers in establishing the role of production (what to sow
and how) and in its development (through outsourcing contracts) [50]. For instance, Monsanto has
played a crucial role through its production of glyphosate in Argentina since 1982. This corporation
has actively promoted technological packages combining no-tillage with glyphosate-resistant soybeans
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and has sponsored research activities along with INTA, farmer organizations, and individual farmers
and researchers [49]. Moreover, these kinds of companies offered comparative advantages to large
farmers for purchasing agricultural inputs and machinery, and provided significant technical assistance
throughout their wide networks of product distribution [50]. Thus, the international corporations have
changed their traditional role of providers of agricultural inputs to that of highly influential actors in
agricultural production and commercialization.

Besides the land tenure issue, another crucial aspect of the Pampas production system is the
weakness of the public sector and the lack of agricultural policies, which finally promote comparative
advantages to large farmers and results in a tacit transfer of responsibilities, such as strategic
production decisions, from the government to technical NGOs and agribusiness corporations [29].
The term “soybeanization” has been recently proposed to name the modern, most extreme form of
agriculturization that has transformed land tenancy structures, displaced certain agricultural actors
and created new others, and ultimately changed the relationship between agriculture and the rest of
the society and the territory [44].

However, together with the noticeable economic benefits of the intensive no-till soybean
agriculture, this system had to face some important problems. For example, along with an increase
of overall productivity, there has been a loss of crop diversity (i.e., conversion of long-term perennial
pastures to grain crop rotations or even monocultures) and an unprecedented expansion of cropland
devoted solely to soybean production into marginal areas [41]. There is also controversy over
the no-till package regarding the wide use of herbicides to control weeds and of the GM crops.
For example, in Argentina, the agricultural area increased from 24,055,641 ha in 1995 to 35,901,599 ha
in 2011, representing an increment of cultivated area of about 49% [51]. However, herbicide use [27]
increased from 24,863 tons of active ingredient in 1995 to 212,337 tons in 2011, representing an
increase of about 750%. Indeed, this increase is very similar to that of no-till surface, which in
the same period had an increase of about 800% (from 3 Mha to 27.5 Mha). These data show
how the adoption of the no-till package has implied a very much higher increase in herbicide use
than the increment in agricultural lands area. In the last years, there has also been an increasing
concern for the human health due to the exposure of entire populations to agrochemicals applied in
association with the adoption of no-till and GM crops. This concern has especially increased since
the International Agency for Research on Cancer (IARC), the specialized cancer agency of the World
Health Organization, re-categorized glyphosate as probably carcinogenic to humans (Group 2A, [52]).
There are also studies dealing with the impact of glyphosate on soil fauna, especially earthworms,
but results are far from conclusive. Several studies consistently found very low mortality of the
worms Eisenia andrei and Aporrectodea spp. at recommended (from 1440 g ai/ha to 1800 g ai/ha)
and higher rates of glyphosate [53–60]. García-Torres et al. [60] reported significant mortality at
only very high concentrations (50,000 mg¨ kg´1). Finally, Piola et al. [61] found that lethal rates
depended on commercial herbicide formulations. Regarding reproduction parameters, the number
of juveniles and/or cocoons decreased at rates of 1 to 1000 mg¨ kg´1 [55], 5000 mg¨ kg´1 [60] and
1440 mg¨ ai¨ ha´1 [54]. However, other studies found no significant effects of glyphosate on measured
earthworm reproduction parameters [53,56,57,62]. Santadino et al. [63] observed a significant increase
in the number of E. fetida cocoons with increasing glyphosate doses. The effect of environmental rates
of aminomethylphosphonic acid (AMPA), one of the two major breakdown products of glyphosate, on
E. andrei, was assessed by Domínguez et al. [64], who found no mortality but reproductive disorders.

Regarding the consequences of no-till on soil structure, compaction of the topsoil under no-till
systems has been described in several studies in the Pampas region, when compared to other tillage
systems in similar crop rotation schemes. For example, higher bulk density values in no-till than in
tillage systems have been reported [65]. It has also been found that no-till can promote shallow
compaction in fine textured topsoils [66]. Buschiazzo et al. [67] compared conventional tillage
with conservation tillage and observed higher organic matter content in conservation tillage, but
significantly higher bulk density than in conventional tillage. Domínguez and Bedano [68] found an
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increase in bulk density in NT regarding natural grasslands, plough tillage and organic farming, in the
first 10 cm soil depth. Figure 5 shows an example of the compaction of the first 10 centimetres of soil
under NT systems in Argentina.
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At present, there is also concern about the previously undisputed idea of higher yields in NT than
in conventional tillage systems. Pittelkow et al. [69] conducted a global meta-analysis to evaluate the
influence of various crops and environmental variables on no-till relative to conventional tillage yields.
Their results show that no-till performance is highly context-dependent. For example, no-till resulted
in maize yield declines in tropical latitudes but increased yields relative to conventional tillage systems
in arid regions, where there is water restriction for crop growth.

In the first years after the spread of no-till, and in the economic context related previously, most of
the Argentine farmers began to use a no-till management practice that differed from the recommended
by the no-till researchers. From a theoretical point of view, to be a conservative management practice,
no-till needs to be accompanied with a group of management strategies, such as retention of crop
residue mulch, the incorporation of a cover crop in the rotation cycle, and the use of integrated nutrient
management [1,70]. However, in the Argentine Pampas, no-till management is mostly restricted to the
use of GM crops, no-till-seeders and a chemical fallow during the winter season. Furthermore, soybean
monocropping, the absence of cover crops, and residue grazing are very common practices. This can
be considered the clearest expression of the soybeanization phenomenon, which is evident in Figure 6.
Field observations showed the almost bare soil surface due to the scarce soybean stubble, a situation
that is worsened by cattle grazing or by harvesting crop residues for cattle consumption. In these farms,
several studies have shown clear evidences of soil erosion and degradation. For example, an 82%
reduction of organic C regarding a reference soil was observed by Cantú et al. [71]. The sharp decline
in organic C content has been observed in other investigations in the region [72,73]. A reduction of
about 70% in the thickness of A horizon in comparison with the reference soil was also observed. This
is mainly due to water erosion processes that have been estimated by means of erosion models [74] and
direct field measurements [73]. Regarding soil biological degradation, a decrease in the abundance of
some groups of mites and springtails and a change in the proportion of mite suborders [75] and changes
in taxa dominance [76] were observed in NT. Similar changes were observed for soil macrofauna taxa:
earthworms, beetles, spiders and ants [77,78]. The changes in soil biota were related to an increase
in bulk density, a reduction of soil organic C content, a reduction of abundance and heterogeneity
of soybean stubble as well as to the effect of agrochemicals [76–78]. Moreover, in the entire Pampas
region, these no-till management practices have led to several degrees of physical and chemical soil
degradation [65].

The no-till soybean monocropping has continued until present in many farms in the Pampas,
fostered by comparatively good prices of soybean in the international market, and in many cases
associated with the important increase in land leasing that was discussed earlier. In view of the
degradation processes associated with soybean monocropping and of the increasing criticism to the
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no-till system, a group of farmers organized the Argentine No-till Farmers Association (AAPRESID).
Approximately in 2008, they started to adopt and promote those agricultural practices they considered
necessary to comply with NT system: crop rotation; cover crops; integrated pest, weed and disease
management; nutrient restoration; and a rational use of agrochemicals. This group of practices is
called “Good Agricultural Practices” (GAPs), in accordance with the definition of “Conservation
Agriculture” by the Food and Agricultural Organization (FAO) described in Poisot et al. [79].
Nowadays, AAPRESID considers that only when all the GAPs are implemented is management
considered a “no-till system” and can therefore achieve high productivity, while maintaining the
production capacity of resources [80]. However, Alvarez and Steinbach [81] performed an exhaustive
review and concluded that the adoption of no-till had no impact on soybean yield in humid Pampas
agroecosystems. Equal yields of wheat and corn can be also attained in the Pampas using different
tillage management strategies that include enough nitrogen fertilizer. Thus, they sustained that crop
yield increases obtained during the last decades in the Pampas do not seem to be related to the massive
no-till adoption but to the application of fertilizer technology, genetic gains and other improved
management strategies. Accordingly, despite the wide promotion of GAP benefits by AAPRESID,
no-till with GAPs is a system currently applied in a small proportion of the Pampas, accounting for no
differences in crop yield between NT applied without GAPs and other tillage systems. Regardless of
the two NT approaches—with or without GAPs—soil fauna activities are crucial to this system. Indeed,
soil micro-organisms and soil fauna are taking over the tillage function and soil nutrient balancing
in no-till systems [82], since, no mechanical tillage is performed, that can improve organic matter
incorporation or soil loosening. FAO considers that conservation agriculture (NT with GAPs) is only
possible when soil organisms carry out the task of tilling the soil [39]. However, the dependence of NT
on soil organisms is paradoxical, since NT also strongly depends on the use of chemical farm inputs.
Accordingly, the recommendation of FAO is that synthetic pesticides and mineral fertilizer have to
be used in a way that does not harm soil life. In the FAO proposition for conservation agriculture,
weed control is thought as a problem to be solved mainly by means of permanent soil cover with crop
residues or cover crops. In addition, soil nutrition is strongly related to cover crop together with sound
crop rotation, and promotion of a very active soil biota community. The avoidance of pest and diseases
are also achieved through crop rotation, by interrupting the infection chain between subsequent crops.
According to FAO, this can be attempted sometimes with transitions periods of lower yields, until
a new equilibrium between the organisms of the farm-ecosystem, pests and beneficial organisms, crops
and weeds, becomes established. However, FAO also mentioned the surface under NT in Argentina
and other countries as an example of success of “conservation agriculture” [82]. Accordingly, it is
important to highlight that in Argentina, NT is, as we detailed previously, strongly related to transgenic
resistance to herbicides, and highly dependent not only on herbicides but also on insecticides and
fungicides. The dependence upon herbicide-resistant varieties is evident in the increasing concern
on herbicide-resistant weeds [83–85]. Moreover, AAPRESID has created a resistant weeds knowledge
network to deal with this problem [86]. The early mentioned paradox creates a difficult scenario,
because the main argument to adopt NT is that it allows, in fact it needs and relies on, a healthy soil
biota community. Thus, in Argentina, there are persistent doubts about how a healthy soil biota
community will be achieved in an agricultural scenario strongly dependent on agrochemicals. Some
studies have shown that no-till can affect soil fauna community through the concomitant heavy use
of toxic agrochemicals, as well as through changes in soil physical, chemical and physicochemical
properties [87–89]. Compaction recovery is not easy in no-till soils [65,66,90], which depend on soil
biological mechanisms to reach a loosened condition. Therefore, it has been suggested that a better
understanding of biological mechanisms is needed, with particular focus on the role played by plant
roots, soil microorganisms and meso- and macrofauna in the recovery of soil structure [7].

As we described previously, at present, no-tillage is the most widely used farming system in
the Pampas region, in a range varying from soybean monoculture to GAPs application, but all of
them included in the paradigm of conventional or industrial agriculture, with a high dependency on
synthetic agrochemicals. However, in the last 20 years, certified organic farming increased about five
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times in agriculture and almost 30 times in cattle production [91]. Nowadays, 2.8 Mha are dedicated
to organic cattle production in Argentina and 200,000 ha are dedicated to agriculture, with most of
these agricultural organic lands being also located in the Pampas region [91]. Organic farming aims
to maximize the reliance on farm-derived renewable resources and on the management of ecological
and biological processes and interactions, so as to provide acceptable levels of crop, livestock and
human nutrition, protection from pests and disease, and an appropriate return to humans and other
resources [92]. Hence, this production system is intrinsically compromised in order to meet the
objective of a sustainable agriculture [93]. An important concept underlying organic agriculture is that
the reduced use of external inputs is sustained by the maintenance and development of self-regulating
processes [94]. Thus, the organic farming system strongly relies upon soil functioning, in which
soil fauna have a crucial role. Despite the relevance of this system in the global search for a more
environmentally sound agriculture, in a recent review, Tuck et al. [95] highlight that the effect of
organic farming on soil organisms is still ambiguous and in general poorly studied, especially in South
America, although an important proportion of world organic production is performed in this region.
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4. The Present Situation of Farming Systems: Impacts and Pressures

Beyond the discussion conducted in Section 1 about the need of an increase in agriculture
production, and how to cope with this, agriculture has to face serious environmental issues. Until
recently, most agricultural paradigms have focused on improving production, often with detrimental
consequences for the environment [10]. Hence, agricultural sustainability is now at considerable
risk because the already accomplished loss of soil biodiversity has led to a reduced capacity of
current agroecosystems for self-regulation and, therefore, to an increasing dependence on external
inputs, which can only bypass a limited number of biological processes [25]. To achieve global food
security and environmental sustainability, agricultural systems must be transformed to address both
challenges [10]. Here we face a paradox: The solution from conventional agriculture for increasing
production is to intensify agriculture, which is known as the most important reason for environmental
degradation. Therefore, there is a need for new approaches, including modifying conventional
agriculture and adopting lessons from organic systems and precision agriculture [10]. Although
beyond the scope of this paper, it is important to consider the social issues that are involved in the need
to change the conventional agricultural paradigm. We have repeatedly mentioned the concept of “food
security” in this paper, as a goal that is leading the discussion on agricultural paradigms presented here.
At this point, it is important to mention the concept of food sovereignty, precisely in order to include
social consideration in the present discussion. Food security simply refers to a situation in which all
people of a given spatial unit, at all times, have physical and economic access to safe and nutritious
food that is sufficient to meet their dietary needs and food preferences for an active and healthy
life, and that is obtained in a socially acceptable and ecologically sustainable manner [7]. Instead,
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food sovereignty is defined as the right of peoples and sovereign states to democratically determine
their own agricultural and food policies [7]. This broader concept obviously includes the need for
ensuring food security, but it also highlights the right of societies to be part of the decision process
regarding how to achieve that food security. Accordingly, the actual dominant agronomic paradigm in
Argentina (conventional/industrial agriculture) has greatly minimized the influence of most of the
society and even of governmental institutions. The current agriculture paradigm is related to loss of
jobs, pauperization of rural employment, erosion of cultural patterns, effects on land concentration,
loss of productive diversity, increased external dependence, devaluation of work in the region, land
foreignization, patenting on biodiversity and loss of local access, knowledge appropriation, and many
other issues associated with the loss of food sovereignty [96]. However, these social issues related to
agriculture are very often neglected and macroeconomical aspects are normally priorities for decisions
makers involved in agricultural issues in Argentina.

However, the mentioned social issues are important when considering the need for a change of
paradigm, because alternative agriculture paradigms are being proposed for redounding not only
in the maintenance of soil as a system capable to continue production at high levels but also in
a healthier environment for soil biology and human populations as well. In this sense, organic and/or
agroecological alternatives have a lot to contribute to this debate.

In general, a new concept of biological fertility of soil is arising, which interprets fertility as the
availability of nutrients for plants as a result of flows of different nutrient forms and transformations
into the soil, both mediated by soil biology [51]. The inclusion of biology in the concept of soil fertility
has been an important advance, but a further conceptual broadening is needed to manage soils in
a sustainable way [97]. At present, when soil biology is considered a key component of sustainability,
the idea of “soil biology” is still mainly related to “soil microbiology”. Scientists quite often
acknowledge microbial activities as the mediators of over 90% of nutrient mineralization and dominant
actors in biogeochemical cycles [24]. However, they pay much less attention to the roles of invertebrates:
the real conductors of microbial symphonies that shape their communities and tune their activities
in complex multi-scale interactions [24]. Assigning a main role to those interactions is one of the
major challenges in the pursuit for a new agricultural paradigm. Earthworms strongly enhance
microbial activity in their casts, indicating that there are hot spots for soil microbial dynamics and
increasing habitat heterogeneity for soil microorganisms [98]. It has been suggested that earthworms
mediate small-scale patchiness of the soil microenvironment by redistributing soil microbial biomass
and activity in space and thereby contribute to spatial heterogeneity in soil nutrient processes [99].
Moreover, in agroecosystems, and especially in no-tillage, these earthworm-mediated controls of the
spatial patchiness of soil processes may be important because crop residues are maintained on the soil
surface [99].

However, the current technology and advances used to increase agricultural production have
largely ignored soil invertebrates as an essential component of management. In conventional farming
systems, little attention has historically being paid to their importance in soil, leading to a huge
loss of biodiversity and therefore of its functions, which are key to maintaining the quality of the
resource. In general, three main aspects of agricultural management negatively affect soil fauna:
habitat loss (through soil compaction), food resource depletion (decrease of soil organic matter,
poor and homogeneous soil cover) and the effect of large amounts of agrochemicals [24,77,100–102].
By affecting soil organisms, agricultural practices affect the functioning of the ecosystem and ultimately,
soil quality, affecting the future capability of soil to continue being productive.

Beyond the discussion about the need for changing the current agriculture paradigm, which seems
to be increasingly clearer among the scientific community, is the mentioned importance of soil biota
for maintaining and improving of soil quality, and therefore of soil productivity, through biological
processes. Restoring soil biological processes is the key to achieving lasting food and environmental
security [97]. Therefore we identify a great need that farmers, decision makers and society consider
soil biodiversity as the root of sustainable agriculture. It has been widely recognized that soil biota
is a key component of a strategy towards agricultural sustainability. Soil biota is involved in disease
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suppressiveness, resistance and resilience against disturbances and stress, improvement of water and
nutrient use efficiencies, among others soil biological processes (e.g., [25,103,104]), thus improving soil
fertility and land productivity.

Soil communities are extraordinarily diverse and abundant. Soil hosts a quarter of the planet’s
biodiversity, and supports, directly or indirectly, a high proportion of the rest. Soil biological
communities include organisms from almost all the principal taxonomic groups found in terrestrial
ecosystems. Soil organisms probably represent as much as 25% of the 1.5 million living species
described worldwide [56]. The huge differences in the size of soil organisms, ranging from about 3 µm
for bacteria to more than 15 cm for earthworms, are also noticeable.

Despite their crucial contribution to global biodiversity, soil organisms have only weakly engaged
the attention of taxonomists compared with other groups, such as higher plants and vertebrates [105,106].
Below-ground taxa suffer from a conspicuous deficit of interest from the scientific community and
we still know very little about their taxonomy, systematics and biogeography. Taxonomic deficit
for soil biota is on average 76% and tends to increase for small-bodied taxa [105]. This deficit is
especially serious in Argentina because there is a lack of taxonomic knowledge and very few taxonomic
specialists [107]. Nevertheless, experts argue that soil biodiversity research is now changing, and
awareness is growing among scientists and policy makers of the importance of soil biodiversity for the
supply of ecosystem goods and services to the human society [108]. However, there is some criticism
about the services approach. This issue has been critically reviewed in several papers e.g., [109,110].

There is general consensus that biodiversity loss reduces most ecosystem functions and impairs
their stability over time [24,108]. However, our understanding of the functional consequences of
belowground biodiversity loss is much less developed than that of aboveground biodiversity [111].
Among soil biota, soil fauna has a significant role in soil functioning, in particular in the process of
formation of stable soil aggregates, decomposition of organic matter, and population stability of the
various soil inhabiting organisms [112]. These invertebrates are classified into meso- and macrofauna
according to their body width. Mesofauna are invertebrates with body diameter between 0.1 and
2 mm, dominated by mites (Acari) and springtails (Collembola), with both having an important role in
soil organic matter cycling through their feeding activities [100,101]. Macrofauna include invertebrates
with body diameter greater than 2 mm, such as earthworms, ants, termites, and beetles, and are
important in both organic matter cycling and soil structure formation as ecosystem engineers [24].
All soil fauna is located in a strategic position in the continuum of structures and processes that
link basic microbial processes carried out by their colonies and biofilms to the scale of fields and
landscapes where ecosystem services are produced [24]. They interact with other soil organisms to
form self-organized systems that regulate the fluxes of different ecosystem services [24]. Moreover,
in the last two decades soil biodiversity research has revealed that belowground communities have
a major role in shaping aboveground biodiversity and the functioning of terrestrial ecosystems [111].
Improving activity and species diversity of soil fauna and flora is therefore essential for restoring and
improving soil quality and reducing risks of soil degradation [1]. Ensuring that the biological system
is resilient under an uncertain future requires that soil biological diversity be restored as well [97].

5. Soil Fauna in the Pampas Agroecosystems: The Current State of Knowledge

We performed a bibliographic analysis of papers published in scientific journals dealing with the
impact of different agricultural managements on soil meso- and macrofauna in the Pampas region
(Tables 2 and 3). In summary, these studies have still not reached a conclusive stage. Indeed, fairly
different results have been found, and this is mainly because the effect of agricultural practices
on organisms is not a linear but a complex response, since many factors are involved in how soil
communities respond to agricultural practices. Even under the same conditions, responses may
vary when different organisms are involved; and when different taxonomic levels are considered, or
when different parameters are assessed, responses may also be different because parameters differ in
sensitivity to some conditions, such as abundance and species richness.
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Table 2. Summary of the main results obtained in papers published in scientific journals addressing the impact of different agricultural management systems on soil
macrofauna in the Pampas region. The papers are presented in chronological order.

Citation Agricultural Systems Faunal Group Main Results

López et al. [113] NA, organic livestock, intensive
fertilization livestock and CT. Enchytraeids. No clear pattern according to management systems.

Lietti et al. [114] CT and NT with soybean, maize
and fallow. Macrofauna, trophic groups, Carabidae.

Phytophagous-detritivorous, predaceous arthropods and spiders more
abundant in NT. Higher predator activity in CT. Higher spider frequency in
NT. No difference in carabid density but greater activity under CT.

Gizzi et al. [115]
Combination of CT and NT with
different % of pasture and agriculture,
and four N fertilization rates.

Macrofauna.
Higher abundances of macrofauna at the time of pasture in the rotation and
in NT than in CT (in one of the sampling years).
No differences between different fertilization treatments.

Duhour et al. [116]
NA and three agricultural systems in
a gradient of years of cultivation and
frequency of annual crops.

Earthworms (species level). Highest abundance in the least disturbed agricultural site.
Highest richness in NA and lowest in the most disturbed agricultural site.

Domínguez et al. [77] NA and NT. Macrofauna, high range taxa and
species level.

Lower richness and diversity in NT.
Low abundance of earthworms, ants, beetles and spiders in NT.

Manetti et al. [117] CT and NT. Macrofauna, high range taxa.
In general, no differences in abundance. When different, patterns changed
in different sampling times for total macrofauna, earthworms, Chilopoda,
Diplopoda and Enchytraeidae.

Masín et al. [118] CT and NT with and without added
organic amendments. Earthworms (species level). Highest abundance in NT with organic amendments.

Richness: only 3 species, all exotic species.

Maitre et al. [119]
Livestock in woodland, livestock in
grassland, fallow field and NT with and
without added organic amendments.

Earthworms. Very low abundances in NT without organic amendments. Highest
abundances in NT with organic amendments.

Díaz Porres et al. [120] NA, CT and livestock. Macrofauna, high range taxa (Order), in
some cases, Family.

Total density and richness were higher in NA than in CT, with livestock
showing intermediate values.

Domínguez et al. [102] NA, CT and NT in conventional farming;
organic farming with tillage (ORG). Macrofauna, earthworms.

Higher macrofauna abundances in ORG than in both CT and NT. No
differences between CT and NT.
Earthworms absent in NT and more abundant in ORG than in CT.

Falco et al. [121]

NA, recent agricultural sites (2 years),
agricultural sites with 50 years of
continuous intensive agriculture,
currently under NT.

Earthworms (species level). Highest earthworm abundance in the highest soil use intensity. Earthworm
community dominated by exotic species (mainly Aporrectodea spp.).

Domínguez and Bedano [78] NA, NT and RT. Macrofauna, high range taxa; species for
earthworms, beetles and ants.

Lower abundance of earthworms, ants, beetles and spiders in agriculture
than in NA.
More spiders in NT than in RT, and the opposite for ants and potworms.
Profound changes in species composition of ants and beetles in both NT
and RT compared to NA.
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Table 2. Cont.

Citation Agricultural Systems Faunal Group Main Results

Domínguez and Bedano [68] NA, organic farming, CT and NT. Earthworms (species level)
and enchytraeids.

Decrease in earthworm richness from 5 in NA to 2 in ORG and 1 in NT and
CT. Highest abundance in NA, followed by ORG.
Enchytraeid abundance according to the gradient NT>ORG>PT>GR.

Bedano et al. [122]

NA, CT, and two variants of NT: NT
with good agricultural practices (GAPs)
(intensive crop rotation, nutrient
replacement, and minimized
agrochemical use) and NT without GAPs
(No-GAP) (soybean monoculture, low
nutrient replacement and high
agrochemical use).

Macrofauna, high range taxa.

Earthworms more abundant in NA. No differences between GAP
and No-GAP.
Ant abundance according to the gradient: NA > GAP > No-GAP = CT.
Soil and litter beetle abundance according to the gradient:
NA > GAP = No-GAP > CT.

Marasas et al. [123] NT and CT. Pitfall study: Beetles (total) and
Carabidae (species). Higher abundance and higher diversity of Carabidae in NT than in CT.

Marasas et al. [124] NT, CT and a field boundary without
agricultural use.

Pitfall study: Macrofauna,
trophic groups.

Predators more abundant, detritivores slightly more abundant and
similarly abundant phytophages in NT compare to CT.

Manetti et al. [125] CT and NT during three
cropping seasons.

Pitfall study: Macrofauna, high
range taxa. Total macrofauna more abundant in NT than in CT for some cycles.

Table 3. Summary of the main results obtained in papers published in scientific journals addressing the impact of different agricultural management systems on soil
mesofauna in the Pampas region. The papers are presented in chronological order.

Citation Agricultural systems Faunal group Main results

Pilatti et al. [126]
NA, a mixed system (cattle and conventional agriculture), continuos
agriculture for 15 years with vertical tillage, and continuos agriculture for
30 years with plough tillage.

Total mesofauna. Reduction of abundances following the management intensity gradient.

Gómez et al. [127] Chemical fallow (NT); mechanical fallow with vertical tillage; intensive
mechanical fallow with vertical tillage and mouldboard plough. Total mesofauna. No differences in mesofauna among treatments.

Bedano et al. [100] Gradient of increasing land use intensity: NA, cattle, mixed and agricultural. Total Acari and Acari,
high range taxa.

Reduction of abundances of oribatid, mesostigmatid and total mites
following the gradient.

Bedano et al. [101] Gradient of increasing land use intensity: NA, cattle, mixed and agricultural. Collembola, Symphyla
and Pauropoda. Lower density of collembolans and pauropods in agricultural system.

Bedano & Ruf [128] Gradient of increasing land use intensity: NA, cattle, mixed and agricultural. Gamasina species. Reduction of abundance and richness of Gamasina following the gradient
of land use intensity.

Ferraro & Ghersa [129] Cropping management variables were summarized by means of descriptors
of pesticide use and tillage intensity, among others Acari, Collembola.

Mite abundance increased and Collembola decreased with increasing
number of pesticides used.
Higher mite density with less tillage impact.

Gizzi et al. [115] Combination of CT and NT with different % of pasture and agriculture, and
four N fertilization rates. Total mesofauna. Higher abundances in implanted pastures than in agriculture, in one of

the sampling years.
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Table 3. Cont.

Citation Agricultural systems Faunal group Main results

Arolfo et al. [76] NA and NT. Total Acari and, high
range taxa.

Higher abundances in NA in both litter and soil layer.
Oribatid and mesostigmatid associated with NA.
Prostigmata and Astigmata associated with NT.

Bedano et al. [130]
10 arable sites (NT, RT and CT) compared with three benchmark systems:
NA, cattle-raising (CA), and mixed production system (MI) (cattle raising
and agriculture).

High range taxa of Acari.
Most arable sites were below the conservative threshold of the
25th percentile of the NA and CA benchmarks, which were similar to
each other.

Sandler et al. [131] NA, NT and cattle grazing. Collembola (Families). Diversity and abundance increased together with the increase in land use
intensity. The response varied with Collembola families.

Domínguez et al. [102] NA, CT and NT in conventional farming, organic farming with
tillage (ORG). Mesofauna, Collembola. Total mesofauna abundance following the gradient: GR = ORG > NT = CT.

Collembola abundances following the gradient: GR = ORG = NT > CT.

Bedano et al. [122]

NA, CT, and two variants of NT: NT with good agricultural practices (GAPs)
(intensive crop rotation, nutrient replacement, and minimized agrochemical
use) and NT without GAPs (No-GAP) (soybean monoculture, low nutrient
replacement and high agrochemical use).

High range taxa of Acari.

Litter oribatid and prostigmatid mites more abundant following
the gradient.
Soil oribatids with no differences between GAP and No-GAP.
Litter mesostigmatid followed the gradient: NA > GAP > CT > No-GAP,
whereas soil mesostigmatids were more abundant in NA followed
by No-GAP.
Litter collembolans and soil prostigmatids followed
NA > GAP > No-GAP = CT. Soil collembolans more abundant in NA.
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Another factor that makes it difficult to obtain general and conclusive results is the variety of
practices involved in the main types of agricultural systems. Thus, it is essential (but difficult) to
consider the specific practices performed by each farmer in order to understand soil biota responses.

Regarding studies which deal with macrofauna (Table 2), we have indicated those which compare
surface community in NT versus CT (pitfall studies). This can be considered a rather partial approach
to compare both systems, since they are opposite in terms of plant residue management, with CT
burying residues and NT keeping them on the soil surface. In fact, pitfall studies here reviewed do
not provide conclusive results, even when several taxa of litter dwellers are positively affected by
a higher cover in NT, as expected. In Table 3 we summarize the results from all the papers studying the
response of soil mesofauna to different agricultural management in the Pampas region. The value of
mesofauna as indicator of perturbations in the soil environment has also been corroborated in several
works. However, in the Argentine Pampas, this group has been less studied than macrofauna.

This review of papers highlights several aspects. The first one is the very scarce information
available about agricultural management practices not belonging to the conventional or industrial
systems (organic, agroecological, biodynamic), in extensive cropping schemes. Regarding macrofauna,
to the best of our knowledge, only two papers studied how organic management practices affect
macrofauna community [68,102], and both suggest that large-scale organic agriculture shows a less
negative impact than the conventional systems. Another remarkable aspect arising from this review
is that there are no conclusive results about the expected benefits on soil biota of NT compared
to RT or CT, and that they are taxa-dependent. There is only one study showing that among NT
systems, the use of GAPs has a positive effect on soil fauna. A more general conclusion is that all
agricultural soils are being strongly modified in biological aspects comparing to the same soils without
management interventions, although the studied unmanaged systems (natural or semi-natural soils)
are boundaries or abandoned pastures often of small size, which may lead to an underestimation of
soil fauna communities inhabiting these reference soils. It is also important to highlight that most
of the reviewed studies were conducted with a rather coarse taxonomic resolution (Order, Family),
and that a more detailed taxonomic work would be more useful to understand the changes in soil
fauna. For example it has been suggested that Gamasina species data provide a clearer separation of
managements than the family data [132]. The family approach may only be suitable to elucidate the
influence of great geographical differences or also of certain land uses (e.g., grasslands from forests
and arable sites) [132].

6. Conclusions and Outlook

The reviewed papers dealing with the response of soil fauna to a wide range of land use types
and agricultural managements reveals some significant outcomes. The extensive agricultural organic
systems are very poorly studied in the Pampas, especially in terms of soil fauna. Two available
studies suggest that large-scale organic farming has a better environmental performance than the
conventional systems. However, there is also a lack of information on how the benefits of organic
farming on soil biota are transferred to benefits in soil process, such as nutrient cycling and soil
structure formation, and thus in soil fertility and crop productivity maintenance. This hinders the
promotion of organic agriculture among producers and decision makers. Globally, a very important
question remains unclear: how are changes in agricultural soil biota community in agricultural systems
affecting the ability of Pampas soils to perform soil ecosystem processes and thus sustain long time
crop productivity? No-till has been proposed as a conservative management system, which relies on
soil fauna activity for a better functioning. However, results from the Pampas region do not support
this idea. In the available studies, there are not clear evidences about the benefits of NT compared to
RT or CT in terms of soil fauna.

Challenges regarding agricultural sustainability are within a complex context, and there are
important constraints for adopting alternatives to current practices, which are also environmentally
conflicting. Since in Argentina most land is managed by commercial farmers owning or leasing large
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and medium-size farms that respond to market forces, the adoption of alternative management systems
is only possible if they ensure an equivalent economic return or if there are strong public policies
promoting them. For example, in the case of conventional agriculture, there are growing evidences
about the positive impacts of increasing crop rotation and incorporating winter cover crops [41].
However, these practices are not massively applied because they require high economic investments.

Several studies conducted worldwide prove organic farming to perform better than conventional
farming in improving soil quality in terms of both biophysical and ecological properties [133–136].
However, as these authors pointed out, local characteristics deserve attention and agricultural practices
should be adopted with much concern for specific local features. As described earlier, agriculture
in the Pampas is rather different from practices applied in Europe, where most of the literature is
generated. Therefore, even when there are some data suggesting a better environmental performance,
the adoption of large-scale organic agriculture in the Pampas has to face other constraints. One of them
is the economic constraint, an issue that is being strongly debated in other organic systems in the world
at present [75,137] but largely understudied for Pampa’s large-scale organic farming. On the other
hand, the complexity involved in adopting organic production, including the necessary knowledge,
in contrast to the simplicity of introducing conventional agricultural packages, is also very relevant;
that is where public policies should be applied. The challenge of sustainability needs a multi-criteria
approach, to which our analysis contributes mainly from the environmental perspective; additional
social, economic and cultural aspects of these challenges should be addressed to complement our
contribution. Therefore, we identify a need to study these systems from an integrated approach,
including all aspects of sustainability.

In both conventional and organic paradigms, management strategies tending to improve
soil biological conditions would provide an improvement of soil quality and the whole system
environmental sustainability. The protection of soil as a resource implies the protection of its
biodiversity as the engine that moves several processes basic for ecosystem functioning and finally
for crop production. Therefore, towards reconciling agricultural production with the conservation of
the enormous natural capital that is the soil, it is necessary to design the future agricultural systems
paying close attention to soil fauna: i.e., to implement agricultural and livestock management systems
that promote the development of an abundant, diverse and active soil fauna, under the paradigm of
either conventional or organic agriculture.
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