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The multiple ecological crisis that we are facing forces us to ponder the transition toward sustainable agricultural systems. Two key uncertainties need to be unveiled in addressing this problem; first, we need to identify the general features of alternative models that make them sustainable, and second, we need to explore how to build them from the (flawed) existing systems. In this work we explore these two questions using an ethnoecological and theoretical approach. In the exploration of alternative models, we evaluate an ancestral farming system, the conuco, characterized by, (i) the use of the ecological succession to constantly renew its properties, (ii) the increase of its biodiversity over time (in the horizontal and vertical components), and (iii) the self-regulation of the associated populations. Next, we characterize the topology of ecological networks of agroecosystems along the transition from a monoculture to a conuco-like agroecological system. We use topologies obtained from field information of conventional and agroecological systems as starting and arrival points. To model the dynamics of the systems and numerically simulate the transitions, we use a model based on Generalized Lotka-Volterra equations, where all types of population interactions are represented, with outcomes based on a density-dependent conditionality. The results highlight the relevance of increasing the connectance and diminishing the degree centrality of the conventional systems networks to promote their sustainability. Finally, we propose that the transitions between the monoculture and the agroecological systems could be figuratively interpreted as a cusp catastrophe, where the two systems are understood as alternative stable states and the path from one to the other cannot be reverted by just reversing the values of the control parameter. That is, once a system is in either of these states there is a tendency to stay and a resistance to move away from it. This implies that in the process of transition from a monoculture to a multi-diverse system, it is prudent not to despair if there are no immediate improvements in the performance of the system because once a certain point is reached, the system may experience an abrupt improvement.
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In Flanders, in 1547, Teofrastus explained everything to me. “They gave us the diversity of the world,” he told me, “but we only want gold. You found a treasure, an infinite jungle, and felt infinite disappointment, because you wanted that jungle of thousands of appearances to have only one appearance…”

William Ospina (The Country of Cinnamon)


INTRODUCTION

Theoretical and mathematically formal approaches help us appreciate patterns and processes outside the immediate context of our senses. For instance, measurements, statistics, and models, have allowed us to infer that the most important cause of greenhouse gas release on the planet is modern industrial agriculture system (conceived as a whole, from cropping fields to consumption and final disposal); that is, a system that relies on the production and use of agrochemical inputs, specialized machinery, a characteristic method of cultivation and a particular pattern of food distribution, consumption, and disposal (Goldsmith, 2004; Altieri, 2008). Also, mathematical models applied to the climate change issue put forward the possibility that in the future the growing seasons will be longer in many regions of the world, which may allow certain species of phytophagous insects and pathogenic microorganisms to complete a greater number of reproductive cycles and expand their geographic distribution, thus increasing the likelihood of severe pest and disease outbreaks (Altieri and Nicholls, 2008).

These threats reveal the urgent need to find alternative agricultural systems that are ecologically sound, thus, we need insights from different approaches and bodies of knowledge to explore other systems. Mathematics provide the tools for the theoretical representation of the systems and their dynamics, and in particular, for glimpsing relevant elements in the transition toward sustainable agricultural systems. Likewise, local indigenous knowledge on traditional farming and long standing practice are of great relevance because the agricultural systems they have developed contain critical ecological information that may provide keys to sustainability.

From a general point of view, the transition to sustainable agriculture is a complex process, in which assessments are needed on both current situations and future predictions, based on the exchange of information between the scientists and farmers communities (van Zonneveld et al., 2020). On very specific terms, to transition away from industrial agriculture we need to advance knowledge on two main topics: the general characteristics of alternative agricultural models and the fundaments on how to build them from the existing systems. In this work, we describe in some detail a biodiverse ancestral agriculture system and discuss how its ecological interactions structure (network topology) is associated to agroecologically desirable characteristics (e.g., self-regulation of populations). Then we explore, in theoretical terms, the process of possible transitions from topologically simpler systems (e.g., a monoculture) to those with characteristics similar to the more agroecological ones.

It is important to highlight that although the topic of transitions to sustainable agriculture is universal, the alternative studied here is specifically based on tropical ecosystems. Likewise, it should be clear that the results obtained in this study are essentially theoretical. In this work, we turn our attention to systems that are the result of more than 7,000 years of co-evolution between social human groups and particular ecosystems: the Amazonian agriculture (Levis et al., 2017). Specifically, we evaluate relevant ecological characteristics of an agricultural system called conuco. Not because we think the conuco as is practiced now is the solution for tropical agriculture, but because we consider that it encloses key ecological principles relevant for agriculture that are radically different from the ways of doing agriculture in the green revolution. Next, we establish and discuss, in theoretical terms, the main features of a possible path to this alternative starting from a conventional agricultural system.

In a nutshell, in this work we: (1) Describe ecologically relevant aspects of an ancestral sustainable farming system, and (2) Characterize, within a theoretical frame, some relevant topological and dynamical features that may occur in the transition from a conventional monoculture to this type of sustainable system (e.g., features that promote autonomous regulation of the system or that enhance the viability of the transition).


An Alternative, Grounded in Local Knowledge and Experience

From an ecological point of view, green revolution agriculture (particularly in the tropics) is characterized by: (1) promoting systems with minimal biodiversity, and (2) forcing the systems to remain in the initial stages of the ecological succession, i.e., in the early phases of the overtime process of change in its community structure after the disturbance produced by soil tillage (Griffon, 2008; Gliessman, 2015). It is important to recognize that these two characteristics are associated with the application of agrochemicals. The application of insecticides, fungicides, and herbicides are necessary to control population densities of phytophagous organisms, mainly because these systems lack the ecological complexity necessary to self-regulate. In addition, the fact that these systems are artificially kept in the early stages of succession prevents the accumulation of organic matter in the soil and therefore they need synthetic fertilizers. As a contrasting alternative, we examine here the conuco, an ancestral farming system in Venezuela (Sanoja, 1981; Griffon, 2020). There are many different forms of conuco, but in general ecological terms, it can be characterized as an agricultural system driven by disturbance and succession processes; this is a system that involves important human intervention in the beginning, and then a mix of natural succession and anthropic manipulation. A conuco starts with a partial disturbance of an ecosystem (typically a forest), where a proportionally very small area is deforested. Afterwards, a variety of harvests are obtained from the different arrangements of species (mainly planted crops and spontaneous wild plants, but also some game animals in the final stages) that occur along the ecological succession until it reaches a similar state to the original (pre-disturbance). The anthropic intervention of the system is very strong in the early stages, but it drastically decreases afterwards, becoming almost nil at the end. It should be mentioned here that there are conucos that do not correspond to this definition, some are simpler systems that do not include ecological succession. Here we focus on indigenous conucos, which typically involve the succession processes (combined natural and anthropic). From here on, we use the word conuco to refer to these.

The site where a conuco is grown is carefully chosen. When choosing a site, fine interpretation of signs and codes of nature are used (i.e., biosemiotic elements), mainly related to soil characteristics, topography, and flora (Villarreal et al., 2003; Bonilla-Bedoya et al., 2012; Saturno and Zent, 2016). In addition, once the site for the conuco has been chosen, there is a meticulous selection of the micro-planting sites for the different species, according to multidimensional agronomic clues, such as soil texture, natural drainage direction, brightness/shading (Ruíz, 2005). Thus, there is a central element of the conuco, in all its stages, which is one important focus of attention of this article: its biodiversity. In agricultural systems we talk about agrobiodiversity, and it is necessary to make the following distinction: within all agroecosystems, there is a set of organisms that live in close relationship with the crops, these are known as associated agrobiodiversity (Nicholls and Altieri, 2002). The identity of these organisms is determined by the interaction between the planned agrobiodiversity (i.e., the crops) and the biodiversity found in the surrounding wild areas (Vandermeer and Perfecto, 1995; Nicholls and Altieri, 2002).

In a conuco, typically 15–30 species of plants are used for the early succession stages (Freire, 2002; Villarreal et al., 2003), and there are numerous varieties of each species present. For example, 15–25 varieties of cassava can be cultivated at the same time (although typically five are dominant). In very traditional areas, 20–40 different species per conuco have been identified in the early stages and more than a 100 varieties (Freire, 2002). In conucos not all species are found in equal abundances, typically one or a few species show superior numbers of individuals than others.

One farmer may manage different conucos at the same time, showing great diversity when considered all together at the landscape level. Actually, farmers refer to and conceive their own conucos collectively (in early, middle, and late stages of succession), not individually, and in fact, crop diversity is a source of pride and status (Freire, 2002).

Another key element, crucial to understand the conuco in its proper complexity, is that it is a system composed of phases within a continuum (Freire, 2002; Villarreal et al., 2003; Ruíz, 2005; Saturno and Zent, 2016). In the conuco, a specific management is carried out in each phase, which involves different and very specialized ecological knowledge. The ecological complexity of these phases, can be depicted, for instance, with the Piaroa conuco. The Piaroa (also known as Huottüja or De'aruhua), is an indigenous group who live mainly on the banks of the Orinoco River and its tributary rivers in Venezuela, also in other areas of Venezuela and Colombia (Mansutti, 2003). The main distinction the Piaroa make in relation to the conuco phases is among the labor-intensive ones, known as patha, which correspond to what we have called early stages, and a series of phases described with the generic term resaba (Freire, 2002; Freire and Zent, 2007), which correspond to the medium and late stages, in which the emphasis is on the subtle manipulation of the ecological succession. It is interesting to note that the stages conceived by the Piaroa largely coincide with the external classifications that have been made on their system (see Table 1) (Freire, 2002; Ruíz, 2005; Bonilla-Bedoya et al., 2012; Ricardo et al., 2016). In other Venezuelan indigenous peoples we find classifications similar to the phases mentioned for the Piaroa (see for example Saturno and Zent, 2016).


Table 1. Characteristics of the stages in a Piaroa Conuco.
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A fundamental issue to understand the importance of succession in the conuco is to acknowledge the original limitations that typically present the soils in which they are developed: poor soils, of great acidity, and with severe chemical and biological limitations (Villarreal et al., 2003; Bonilla-Bedoya et al., 2012). In this context, this traditional way of farming has been possible thanks to the space-time dynamism of the areas used, which improves the agronomic characteristics of the soil (Bonilla-Bedoya et al., 2012). Arbuscular mycorrhizal fungi play a key role in this improvement during the middle and late stages of the succession (Cáceres, 1989; Kalinhoff et al., 2009; Cáceres et al., 2011).

From a spatial point of view, the conucos typically present a concentric development from the core of the indigenous community, thus, the conucos are spatially structured at different stages of the succession (Villarreal et al., 2003; Bonilla-Bedoya et al., 2012). The entire cycle, from the initial disturbance (known as cleaning, slash, and burn), to the late stages and the beginning of a new cycle (i.e., a new disturbance) generally lasts about 20–25 years (although in some cases can extend up to 75 years) (Freire, 2002; Bonilla-Bedoya et al., 2012; Ricardo et al., 2016).

It is relevant to highlight that the planned agrobiodiversity harvest is constant throughout the succession. However, in the medium and late stages, hunting and gathering of wild species become a very important part of the system (Freire, 2002; Freire and Zent, 2007). In general, the conucos increase their biodiversity as their age increases (Freire, 2002; Villarreal et al., 2003). Table 1 and Figure 1 show important variations and temporal patterns that occur along the succession stages in the conuco; there is a progressive increase in: species richness, the number of species per unit area, and the height of the vegetation, also there are changes in the identity of the dominant species in terms of abundances through time (Villarreal et al., 2003).


[image: Figure 1]
FIGURE 1. Piaroa Conuco temporal evolution: Ground cover and vegetation maximum height. Information gathered from Freire (2002), Villarreal et al., 2003, Bonilla-Bedoya et al. (2012), Ricardo et al. (2016).


In the conuco, apart from the diversity present in each moment (synchronously) there is also a diversification in time (diachronically). This works like a sophisticated rotation system, designed so that it emulates (i.e., biomimetically) the natural process of succession. Over time, the system becomes more complex both in its horizontal and its vertical composition, and new productive vertical strata are incorporated. Thus, the landscape perspective, where a set of areas in different stages of the succession coexist, portrays a vision of the real complexity of the system.



Ecological Networks: The Hiwi Conuco and a Corn Monoculture

The ecological interactions that occur among agrobiodiversity elements are fundamental in conucos at all stages. The contrast of this cultivation system with the corn monoculture in this regard is essential to understand the development of the work presented in this paper. Therefore, in this sub-section we present a brief, but somewhat detailed, account of the main features of the networks of ecological interactions associated with examples of these two cultivation systems in Venezuela. This information is taken from previous research published (in Spanish) by some of the authors of this work (Griffon and Hernandez, 2014; Griffon and Rodríguez, 2017).

It is important to mention that conuco and corn monoculture in Venezuela are related in historical, cultural, and geographical terms. The conuco was the most important cultivation system for white corn (from which the main staple food of Venezuela, the arepa, is made). Then, the cultivation of corn shifted from conucos to monocultures in most of the northern part of the country.

In this study, we will use a conuco model from the Hiwi cultivation system. The Hiwi people (also known as Jivi or Guahibo) inhabit a large savanna region between Venezuela and Colombia. The information concerning the conuco ecological network was gathered from traditional Hiwi farmers. The farmers specified the species involved in the conucos and the nature of the interactions between them; the corresponding scientific names of these species and interactions (e.g., herbivory, predation, competition, etc.) were assigned by agronomists and biologists, based on the organisms indicated by the farmers and the nature of their relationship. The ecological network associated with the corn monoculture was built from information gathered from agronomists, experts in the management of this crop in Venezuela. Each agronomist supplied the names of the species involved (according to their own experiences) and the nature of the interactions between them (e.g., herbivory, predation, competition, etc.) (Griffon and Hernandez, 2014; Griffon and Rodríguez, 2017). In both situations, the basic information was gathered using semi-structured interviews. When identification of a specific species was not possible, the name of the order, family or genus to which it belongs was placed in the graph (each node in both networks represents a single species). The resulting networks, in both conuco and monoculture, were the consensus topologies of the information obtained. In order to produce these consensuses, the authors established as a criterion that species, and particular interactions between them, appear in 50% of the data collected in the surveys, for each type of agroecosystem. Due to this conservative protocol, the networks finally assembled are a simplified version of the real ecologically complex systems. In a strict sense, these networks are representative of the worldview that Hiwi farmers (in the conuco case) and agronomists (in the corn monoculture) have about these systems. Therefore, they are idealized (and simplified) constructions that show us, apart from ecological information, important aspects of the subjectivities of the actors associated with them.

The fundamental characteristics of these consensus networks can be seen in Figure 2. The two networks have identical richness (i.e., equal number of species), but they are markedly different both in terms of the identity of the species present, and in the different types of interactions among them (more details on the interactions between the species can be found in Griffon and Rodríguez, 2017). In the monoculture, beyond maize, basically insects, and microorganisms capable of generating maize diseases are found. While in the conuco there is a greater diversity of plants and animal groups; and among these all types of ecological interactions are represented: competition, mutualism, commensalism, amensalism, and contramensalism (the latter refers to victim-exploiter or consumer-resource interactions such as herbivory, predation, or parasitism). In the monoculture network there is only competition, commensalism and contramensalism. In fact, it can be seen that there is one species (corn: Zea mays) to which all other species are directly linked. Interestingly, the links in this network represent, for the most part, ecological interactions of the contramensalism type where the corn always is the depleted species in the interaction. That is, corn serves as food for the other species. On the other hand, in the ecological network associated with the conuco no particular species captures most of the interactions. Furthermore, in the monoculture, of the 16 species present only one is harvested, while in the conuco 11 species are harvested. The characteristics of these networks reflect different types of management of the systems, and it is important to highlight here that the comparison we make is not based on the identity of the species per se, but rather on the topology of the networks (i.e., the architecture of their interactions).


[image: Figure 2]
FIGURE 2. Ecological networks associated with a Hiwi conuco (A) and a corn monoculture (B). Nodes represent population species, links represent ecological interactions (modified from Griffon and Hernandez, 2014; Griffon and Rodríguez, 2017).




The Transition: To and Fro

Regarding the features of the transition between conventional and agroecological systems, Vandermeer and Perfecto (2017) state that the path from a pristine ecosystem to a monoculture could be different from the path from a monoculture to a pristine ecosystem. This is mainly because along the path that starts, for example, from a forest, a newly created agroecosystem benefits from a “positive legacy” that the forest has left (e.g., a complex ecosystem in the soil, which fosters its fertility); thus, although from an ecological point of view certain conditions deteriorate (e.g., may have less species richness), the ecosystem does not immediately experience a collapse in its properties. This legacy does not exist when the path starts from a monoculture because, for instance, the soil in the ecosystem is already deeply impoverished; hence, despite the fact that some components may have improved (e.g., some key microorganisms may have begun to colonize the soil because agrochemicals are no longer used), the system does not experience a general improvement immediately, a certain critical level should be attained first. Evidence of these types of transitions in tropical ecosystems is found in Staver et al. (2011a,b) and Hirota et al. (2011). On the other hand, El Mujtar et al. (2019) and Lupatini et al. (2014), based on field evidence, suggest that one of the key components in these transitions, are the biotic interactions among the elements of the system. The authors show that, although the components are essentially the same along the different stages of the transition, there are changes in the way these components interact (i.e., the ecological network architecture is different).

According to this contextual framework, it can be stated as a working hypothesis, that the differences in the paths, one direction or the other, may be significantly related to the structure of the interactions among the system components. Based on this, we explore in this article, from a theoretical point of view, the transition paths to and from networks with topological features similar to a corn monoculture and to a conuco, with specific emphasis on the role of the interactions between species (however, regardless of the actual biological identity of the species involved). That is, we study the consequences of modifying the interactions architecture on the dynamics of the agroecosystems, during these transitions. To do this, we translate the agroecosystems portrayed in Figure 2, into dynamical systems of equations that allow the study of their performance along the hypothetical transitions. Specifically, we build a theoretical model where the agroecosystems are represented by networks of interacting nodes, where the nodes represent different species (not biologically specified, but different), with explicit types of interactions between them that determine the dynamical behavior of the system at every step of the transition process.

It is important to note that using a theoretical approach implies that important adjustments and assumptions are made in the translation from the natural scenario to the theoretical representation (i.e., the model) in order to grasp (isolate the effect) the specific features we want the model to explore. For instance, although we are using topologies inspired by real agroecosystems and the works cited above provide empirical grounds for the focus of our study, in the model the nodes are abstract entities that do not represent actual biological species, but among which interactions occur and may change (unlike e.g., the works of El Mujtar et al., 2019, and Lupatini et al., 2014, where the interactions change, but the identity of the species are maintained). However, the dynamical model considers these nodes as different entities (populations) with specific types of interactions occurring between them, which allows to explore the particular matter intended. From here, then, follows a purely theoretical exploration on possible characteristics that the transition paths could have between two arbitrary networks with contrasting topologies.




METHODS


The Model: Population Dynamics and Networks Dynamics

The dynamics associated with the ecological networks depicted in Figure 2, can be numerically studied using a model based on the classic Generalized Lotka-Volterra (GLV) system of equations in discrete time. We use here a variation of a model previously published by some of the authors of this article (Griffon and Hernandez, 2014, 2019; Griffon and Rodríguez, 2017). The model, as used here, is as follows. In the basic GLV model, the dynamics of population densities for each species in a community can be expressed as,

[image: image]

where Ni, t is the population density of species i at time t, parameters ri and Ki represent the discrete rate of growth and the environmental carrying capacity of species i, respectively, and n is the number of species in the system. The type of population interaction is determined by the sign of the interaction coefficients αij and αji, between each pair of species i and j. Thus, the actual values of all αij's in the system determine the architecture of the network, that is, the whole set covers how each species interact with every other (see e.g., Case, 1999).

Regarding the population interactions, we use the standard signs scheme to characterize them (Odum, 1953). When an interaction is favorable for a given species (i.e., when its growth rate is increased by the presence of the other species) the sign is positive (+); when an interaction is disadvantageous (i.e., its growth rate is decreased by the presence of the other species), the sign is negative (–); and in the case of a neutral (null) effect, zero (0) is used. In our model these effects are assigned unilaterally, i.e., each sign represents, on its own, how each species experiences the presence of the other. Thus, all combinations of signs can be obtained in the network, which represent the different possible interactions between any two species: –/– competition, +/+ mutualism, +/– contramensalism (predation, herbivory, parasitism), +/0 commensalism, and –/0 amensalism. Now, the model in Equation (1), as it is, implicitly assumes that the types of interactions remain constant over time; however, empirical evidence indicates that depending on various factors, the type of interaction between two species may vary in intensity and even in their nature (signs) over time (see e.g., Barkai and McQuaid, 1988; Cushman, 1991; Cushman and Addicott, 1991; Bronstein, 1994). These have been called interactions with conditional or variable outcome, and a wide conceptual framework has been developed regarding these, from both theoretical and empirical approaches (e.g., Hernandez, 1998, 2021; Addicott and Bao, 1999; Del-Claro and Oliveira, 2000; Holland et al., 2002; Holland and De Angelis, 2009; Yan and Zhang, 2014; Bageta et al., 2018; Revilla and Krivan, 2018; Krivan and Revilla, 2019; Zhang et al., 2021). For the sake of generality in our study, we are thus including the perspective of interactions with variable outcomes. This can be done by re-interpreting the interaction coefficients αij in the GLV model in Equation (1) as density-dependent interaction functions αij(Nj) that may vary in magnitude and sign with the population densities of the species involved. The shift in sign of the αij(Nj) function with the system dynamics allows for the change in the interaction outcome (more details on this theoretical approach in Hernandez, 1998, 2008, 2009, 2021; Hernandez and Barradas, 2003).

In terms of the study here, considering interactions with conditional outcomes means that the links in the networks can take different values, in both magnitude and sign, depending on the densities of the interacting species. The specific interaction function αij(Nj) used in this work to simulate the interactions in the networks is the non-linear quadratic αij(Nj) function with saturation; this was chosen because of its generality and biological soundness (see Hernandez, 1998, 2021). The model Equation (1) for the dynamics of species then becomes,

[image: image]

where parameters bi, ci, di give the actual shape to the αij(Nj) function; they represent general biotic and abiotic environmental conditions that reflect on the interactions intrinsic features, e.g., saturation values, sensitivity of the interaction to changes in the partner's density, thresholds between positive and negative interactions, etc. The particular form of the interaction function αij(Nj) in Equation (2) describes a positive interaction for species i at low densities of Nj, becoming negative at higher densities, with a plateau (saturation). This is one of the most common forms of shift in outcome in nature, which may occur, for instance, from a mutualistic to an antagonistic interaction as partner's densities increase (see e.g., Bronstein, 1994; Hernandez, 2021).

Equation (2) is used to model the dynamics within the networks associated with the conuco and the monoculture communities depicted in Figure 2. Both involve n = 16 species, thus, the dynamics are determined by a system of 16 equations each; all parameter values and variable ranges used in the simulations are specified later in this section.


Some Preliminary Results as Starters

Using a modeling approach as described in Equations (1) and (2), Griffon and Hernandez (2014), and Griffon and Rodríguez (2017), studied the dynamical behavior of agroecosystem networks like a conuco and a monoculture. Their results were valuable as references for the starting points in this study on the transitions between these two agroecosystems. Their main results are illustrated by the graphs in Figure 3.


[image: Figure 3]
FIGURE 3. Characteristic population dynamics associated with the topologies of Monoculture (A) and Conuco (B). Each color line represents the density of a different species (modified from Griffon and Hernandez, 2014; Griffon and Rodríguez, 2017).


Figure 3A depicts the characteristic behavior that they obtained for populations in a monoculture community. It shows a rapid increase in population densities and a subsequent fall, until extinction, of all populations. This happened in all the simulations done. This may represent, for instance, a pest situation, where the densities of all the species that feed on the monoculture sharply increase and, after depleting the resource, become extinct. It is interesting to note then, that the ecological network that represents a monoculture generates non-persistent dynamics (under the modeling and simulation schemes used), that is, systems that do not extend over time, which is as much as saying that they are not sustainable. In this context, the non-persistence of the system means that its internal dynamics lead to its collapse. This is probably the reason why this kind of monoculture is so intervened with pesticides (to prevent the increase of phytophagous populations that would destroy the entire crop). That is, in the real system, the persistence is achieved only by incorporating external inputs. From a formal (mathematical) approach we say that the monoculture is a stable system, in the sense that it will always reach a stable (extinct) state, unless perturbed (e.g., addition of external elements).

On the other hand, the dynamics associated with the conuco behaves as shown in Figure 3B. Although some populations may become extinct, in the long run most of the populations remain (either at a plateau or within bounded positive values), which means that the system regulates itself and persists. This was observed in 100% of the cases explored. This shows that the mental image of traditional Hiwi farmers is sustainable in the sense expressed above. It should be noted that these behaviors obtained for both monoculture and conuco correspond to empirical evidence (Valdivia, 1994).




The Simulations: The Topology and the Transitions

These networks can be further explored and categorized based on two standard topological measures: connectance and degree centrality. The connectance of a network (sometimes referred to as density of a network) is the ratio between the number of links present in the network and the maximum possible for the same number of nodes (Costa et al., 2007). Centrality, in general terms, is a measure of the importance of specific nodes within a graph in terms of a given attribute. Different nodes could be considered important depending on the attribute assessed, thus, many centrality measures have been developed. The one of interest now is the degree centrality, in which the attribute evaluated is the degree of the nodes of the network. The degree of a node is equal to the number of links it holds. Thus, the degree centrality of a network tells us about how many links go through its central node. In familiar terms, we can describe degree centrality as measuring the opportunity of a node of receiving whatever is flowing through the network. Centrality measures in general, are normalized by dividing by the maximum theoretical score for a graph with the same number of links and nodes. In the degree centrality case, the score of a star-type graph (a graph in which all nodes connect to a hub) with the same number of nodes and links is used (Freeman, 1978). For simplicity, from now on we will refer to the degree centrality just as centrality.

The values of connectance and centrality can be calculated using standard formulas found in the literature (not shown here for neatness, see e.g., Costa et al., 2007). The values for these measures for the conuco and corn monoculture depicted in Figure 2 are presented in Table 2. This table clearly shows that a monoculture is characterized by a high centrality and a low connectance, while the conuco is the opposite.


Table 2. Connectance and centrality values for Conuco and corn Monoculture networks in Figure 2.

[image: Table 2]

Note then, that to emulate transitions to and from the monoculture and conuco type networks we can just manipulate these topological features, i.e., change the connectance and/or centrality values, progressively generating new networks from the original ones. Along the transition process, the effect on the dynamical properties of the systems (which is our ultimate interest, e.g., persistence) can be analyzed; that is, the complex equations in model (2) are studied through the simpler topological expressions.

Thus, to simulate the transition paths between the monoculture and conuco networks we modify their topological features. To do this we choose the protocol that involves fewer steps and decisions in terms of ad hoc hypotheses about the transition process. That is, (i) modify only one of the two topological measurements, this allows us to observe not only the effects on the dynamics of the systems, but also on the other topological measurement, (ii) choose to vary connectance over centrality, because as the number of nodes in both networks is the same, we only need to vary the number of links between nodes to generate the variants of the networks (varying centrality would involve having to make further assumptions, i.e., bias in the experiments), and (iii) as an extension of the same reason, we decide to make the changes in connectance randomly, this avoids involving other processes which could have a greater ecological bias. It is pertinent to comment here that the choice of this methodology is strictly theoretically oriented, aiming for consistency with the postulations of this study and thus, with the building of the model. That is, it is not based on empirical evidence about the way biological species actually interact, in which case other methods commonly used for the simulation of biological networks would apply, e.g., the preferential attachment algorithm (Barabási and Albert, 1999). Also note that adding and removing links is equivalent to say that we generate new ecological networks where we vary the number of population interactions (in this case unilaterally). We keep the number of nodes constant all throughout the simulations because we want to focus specifically on the effect of the variation on the number of population interactions; also note that because the number of nodes is constant there is always a linear relationship between the connectance and the number of links in the network. Simulations were performed in the R environment (R Core Team, 2019).

Transitions are simulated along two paths or routes:

1. Link up path (see Figure 4A). Starting from the monoculture topology (the “original network”, with 16 nodes and 45 links) we generate an “initial network”, with the same number of nodes and adding five links randomly. We analyze the dynamics of this network numerically using the model of Equation (2) for 120 iterations, and a “final network” is obtained. We call this “an experiment” and 40 repetitions of this are done. We repeat the whole procedure always adding random links, five at a time, until 105 links are reached (which is the number in the original conuco network).

2. Link down path (see Figure 4B): Starting from the topology of the conuco (the “original network”, with 16 nodes and 105 links) a procedure equivalent to the previous one is performed but eliminating links randomly, five at a time, starting from 105 down to 45 links (which is the number in the monoculture network).


[image: Figure 4]
FIGURE 4. Schematic representation of the simulation process, for Link up (A) and Link down (B) paths. At each step data is registered, for each network, Rx= Rx(number nodes, number of links, connectance, centrality, transitivity, reciprocity), and for each experiment (percentage of population survival, types of interactions, percentage of persistence).


The dynamics of the systems are simulated numerically by 120 iterations, because in preliminary explorations we observed that for this number of iterations the systems have already achieved some type of characteristic behavior, such as extinction of all species or persistent bounded dynamics (in stationary or oscillating equilibrium densities, or a combination of both).

In the simulations, the values of parameters K, b, c of equation (2) (i.e., carrying capacity and two shape parameters of the conditional interactions), are assigned at random from a uniform distribution bounded between (1 and 100), (0.2 and 0.4), (0.1 and 0.4), respectively (following the methodology in Griffon and Hernandez, 2014, Griffon and Rodríguez, 2017). Other parameters are r = 0.5, and d = 2.0 (i.e., the discrete rate of growth and a shape parameter of the conditional interactions). Initial densities, Ni, t, for each species are randomly assigned taken from a uniform bounded distribution between 1 and 100. It is worth noting that this is an experimental approach to the theory, where more than generalizations, the interest is in finding the possibility of certain results or performance of the system (e.g., the persistence in time of a particular network).

From this procedure, we record the following data and results, for each path (link up and link down):

1. For each original or generated network in the process the number of nodes and links are registered, and from them the following is calculated, (i) Connectance, (ii) Degree centrality of the network, (both as defined above), (iii) Transitivity (also known as global clustering coefficient), which is the average, for all nodes of the network, of the observed number of three-node loops for each network node, with respect to the maximum number of three-node loops in which this particular node could participate (Costa et al., 2007), (iv) Reciprocity, which measures the relationship between all pairs of reciprocally connected nodes (i.e., reciprocal links) and all links in the graph, whether reciprocal or not (Costa et al., 2007). These metrics were calculated using the Igraph library of the R environment (Csárdiand and Nepusz, 2006).

2. From each experiment performed in the process the following is recorded, (i) Percentage of surviving populations in the community after the GLV dynamics process of Equation (2) is applied, for each number of different links, (ii) Percentage of persistence of the system after 40 repetitions of each experiment. The system persists if at least one population of the initial network survives, it is calculated for each number of different links, (iii) Types of interactions resulting in each experiment: (a) Percentage of positive interactions (unilateral) in the network at the end of the experiment, (b) Percentage of interactions with oscillating values (in intensity and/or sign) in the network at the end of the simulations.

It is important to bear in mind that although the initial network in each experiment is generated by random addition or removal of some links (of the original network), the final network is the result of a dynamical process lead by the types of interactions (beneficial, detrimental, or neutral) between pairs of nodes (species).




RESULTS

Figures 5–9 show the results of the simulations. In all, the final network properties are depicted against the number of links in the initial network, which is to say, against the connectance. Bear in mind that the graphics are read from left to right for the link up path (number of links increasing) but from right to left for the link down path (number of links decreasing).


[image: Figure 5]
FIGURE 5. Relationship between percentage of persistence of final networks and number of links of initial networks (corresponding connectance value below), for the link up path (red dots) and link down path (blue dots). Original networks also shown, Monoculture (orange dot) and Conuco (purple dot). Arrows show the direction of the process for each path (see text and Figure 4).


Figure 5 shows the percentage of persistence (% of times in which the system persists after the GLV dynamics) obtained along each path. For the link down path (blue dots; starting from the conuco type network) 100% of the systems persist for all connectance values. On the other hand, along the link up path (red dots; starting from the monoculture type) the persistence is null for networks up to 75 links; at 80 links (connectance 0.33) and beyond, the persistence increases in an exponential pattern, reaching values close to 60% for 105 links. So, 80 links represent a critical point, where the dynamics of the system change; beyond that point a qualitatively different behavior emerges. In ecological terms, this means that the self-regulation of the system appears as a possibility, as could be, for example, the autonomous biological control of pests. It is worth noting that for low connectance values the networks can present such highly contrasting behaviors, i.e., 100% assured persistence or extinction.

Figure 6 shows the results for four measurements (variables); the left column along the link up path (red dots) and the right column along the link down path (blue dots). The size of the dots is proportional to the number of cases observed for each value of the variables. Figure 6A presents the survival percentage of populations (% of populations that survive in each experiment) for each value of number of links (connectance) of the initial networks. The results of 120 iterations (with 40 repetitions) are shown for each number of links. It can be seen that in the link up path (left) for values <80 links the survival percentage is always zero (as expected from results shown in Figure 5), and from 80 links and beyond, in addition to the null result, positive values also appear with very high percentage survivals (between 87.5 and 100%); although, according to the size of the dots most of the results still go to zero. However, note that the spectrum of these positive values increases progressively with the connectance, and that there is always a 100% value present. So, in simple terms, once 35 or more links have been incorporated at random into the monoculture network architecture, the dynamics achieved allow the possibility of survival of all populations (with bounded behaviors, i.e., without exponential growths). This represents a huge difference compared to the original dynamics of the monoculture. In contrast, in the link down path (right), survival is always >0 and for each number of links several options are obtained, limited between ~56 and 100% of survival, with an apparently uniform distribution on the plane.


[image: Figure 6]
FIGURE 6. Final networks properties as a function of the number of links of the initial networks (corresponding connectance value below) after experiments. Percentage of survival of populations (A), Connectance (B), Transitivity (C), Reciprocity (D). Left column: link up path (red dots); right column: link down path (blue dots). The size of the dots represent the proportion of times that a result (of the 40 repetitions) yields a given value.


A general look at Figure 6 as a whole shows that there is a pattern of behavior, similar to that described for Figure 6A in relation to the link up and link down path results, for the other measures evaluated, that is, for connectivity, transitivity and reciprocity of the final networks. This is expected since it corresponds to measurements on the networks obtained in the experiments reported in Figure 5. Thus, in all cases, for the link up path the values are null until the threshold of 80 links, at which the positive options appear (although less frequent than the zero option), while in the link down path the positive options occur for all connectance values. However, observe that the positive values in the link up path appear in the form of bounded clouds of points, while in the link down path, the positive options occupy all or almost all the space, that is, they show a greater variance of values per experiment.

Apart from this general pattern, it is pertinent to highlight some trends in each of these figures. Figure 6B displays the connectance of the final vs. the initial network, and we observe that, (1) in all cases the final networks have equal or less connectance than the corresponding initial network, (2) the spectrum of positive values in the link up path increases with connectance, although they are bounded below by a value around 0.3, while in the link down path the values seem to simply occupy as much space as possible, and (3) in the link down path the final connectance is always >0, while in the link up path it can take values equal to zero; these may correspond to the non-persistent results shown in Figure 5, or to networks that survive with only one species.

Figures 6C,D present the values for transitivity and reciprocity, respectively, of the final networks, and we observe that, (1) the cloud of points of positive values (after the 80 links threshold, in the link up path) in transitivity presents an increasing tendency with the increase in connectance, reaching values above 50% and rising; reciprocity values occur in ranges around 55–70% with no apparent trend of change, (2) in the link down path, transitivity does not show an apparent trend of change, while reciprocity seems to show a tendency to decrease with the decrease in the number of links, and (3) in the link down path, both for transitivity and for reciprocity, values equal to zero are obtained, which means that persistent networks (they all are in this case) can have final transitivity and/or reciprocity equal to zero (the link up path graphs do not allow to distinguish between persistent or non-persistent networks, with respect to the null values of transitivity and reciprocity).

Figure 7 displays the final configuration of the types of population interactions, in terms of their signs (unilateral, as stated in the section Methods), after the Lotka-Volterra dynamics experiments. In the case of the link up path (left column), the figures show that for persistent networks (i.e., for values at 80 links or more) positive interactions occur, although in a low proportion, which is to say, most of the interactions are negative (Figure 7A), and there is always a percentage of interactions with oscillating values (i.e., conditional interactions taking different values in the iterations) (Figure 7B). Hence, in the link up path, once the addition of links has exceeded the critical point, there is a predominance of negative unilateral interactions in the networks. The results of the simulations in the link down path (right column), again show a greater variance.


[image: Figure 7]
FIGURE 7. Positive (unilateral) interactions (A) and interactions with oscillating values (B) after experiments as a function of the number of links of the initial networks (corresponding connectance value below). Left column: link up path (red dots); right column: link down path (blue dots). The size of the dots represent the proportion of times that a result (of the 40 repetitions) yields a given value.


Finally, it is important to appreciate that the random addition or removal of links may affect other characteristics of the network topology. An especially relevant one in this study is the degree centrality of the network. Figure 8 depicts the effect of the whole process along the link up and the link down paths, and also, for the sake of including a universal comparison pattern, with the process performed on networks wired randomly (i.e., Erdös-Rényi networks), each constructed independently, for the same connectance values and number of nodes. The link up path (red line) shows that centrality decreases with the increase of connectance. The link down path (blue line, reading from right to left), shows that centrality also decreases during the process (decreasing connectance). The networks generated completely random (green line) present lower values of centrality than the above, and show independence from the connectance. A selection of typical networks obtained along the processes are also shown in the figure to appreciate visually the forms (topologies) for some connectance and centrality values. Corresponding to the link up path, for the 55 links network (top left), it is possible to identify a central node to which many links are directed (star type topology); however, it is not possible to identify a node that monopolizes the links in the equivalent 55 links network of the link down path, as neither is for any of the networks with 80 or 100 links.


[image: Figure 8]
FIGURE 8. Relationship between the centrality of the final networks (mean and 95% confidence interval shown) and their connectance, along the link up path (red line), the link down path (blue line), and random networks (green line). Upper part: some examples of the networks topologies along the process shown in the graph below.


The relationship between centrality and connectance becomes relevant when we assess them jointly with the effect on the percentage of persistence of the communities. This is best appreciated in a three-dimensional representation, like Figure 9, which shows how the link up and the link down paths are clearly differentiated in terms of the percentage of persistence levels. This figure exhibits an integral reading of the general behavior of the two paths sequentially, in terms of the trajectory of the system along the persistence values (from 0 to positive values, up to 100%) with respect to the corresponding connectance and centrality values (centrality values obtained along the connectance modification process). It can be seen that the threshold of 80 links (connectance = 0.33), in the link up path, corresponds to a centrality of 0.65. What is important here, is that as the architecture of the network is no longer dominated by one node (as in monocultures), its probability of persistence increases, which represents an eloquent argument against this type of architecture.


[image: Figure 9]
FIGURE 9. Relationship of the percentage of persistence of the final networks with the centrality and connectance of the initial networks, along the link up path (red dots) and the link down path (blue dots).


Succinctly, the results of the transition experiments indicate:

• A network with a monoculture type topology (high centrality, low connectance) subjected to a Lotka-Volterra dynamic process on its populations, reports a zero persistence. If from this topology we generate new networks in which the connectance (number of links between its components) is randomly increased, we observe that the centrality of the generated networks decreases, and when it reaches a threshold value or tipping point (of connectance and centrality) a percentage of these networks persists. See Figures 5, 6A, 8, 9 (link up path).

• A network with a conuco type topology (low centrality, high connectance) always persists after being subjected to the Lotka-Volterra dynamic process, that is, at least one of the species persists. If from this topology we generate new networks by randomly decreasing the connectance, we observe that the centrality of the generated networks also decreases. For all networks generated this way persistence is always maximum (100%). See Figures 5, 6A, 8, 9 (link down path).



DISCUSSION


About the Transition

The results of the simulations show important qualitative differences in the fate of networks that originate from a monoculture or from a conuco topology type. In particular, these reveal the dynamic drawbacks associated with topologies with high centrality and low connectivity, which is a distinctive trait of all monocultures. On the other hand, the benefits of the conuco network (with low centrality and high connectivity) are maintained, even when the number of population interactions is reduced.

First we want to discuss the effect of the whole process on the network topologies. On topological terms, it is important to emphasize that in both the link up and link down paths (i.e., either adding or removing links), the centrality of the networks decreases. When we contrast the results of these paths with randomly generated networks (Figure 8) we observe that both the monoculture and the conuco networks have higher centralities than these, but the process brings the centrality values closer to the completely random networks, along both paths. That is, the randomness in the manipulation of the links move the networks (all of them) toward the random type. It is important to highlight then, that with the methodology used (add or remove links randomly) from the monoculture topology it is possible to achieve an architecture very close to that of the conuco, but not vice versa, that is, adjustments on the conuco do not lead to the centrality values of the monoculture. Note here, that other methodologies for adding/removing links might lead to topologies closer to the objectives. For example, a preferential elimination of links according to the degree of the node (i.e., an inverse, but equivalent, version of the Barabási and Albert, 1999, algorithm) could generate architectures closer to the monoculture starting from the conuco topology. This would probably lead to interesting results to contrast with the ones presented here, however, as stated above, for this study we chose to introduce the least ecologically biased choices possible.

Now we want to examine the topology outcome in the context of the persistence of the agroecosystems, which is ultimately the relevant issue here. It is illustrative to follow the progression of the persistence values along the whole process (Figure 9). Let us start at zero persistence, at the value of greater centrality and lower connectance: the monoculture topology (red dot at far end corner). From there, along the red path, some more zero values occur, but then the persistence rapidly increases becoming very high, reaching 100% at the value of greater connectance and medium centrality: the closest to the conuco topology. After that, a persistence of 100% occurs and is maintained along the entire blue path, in which both the centrality and the connectance keep decreasing, down to values close to the random network topology (all random networks in Figure 8 have a persistence of 100%, not shown in the figures).

Why then, from certain connectance and centrality values on, do persistent communities begin to emerge, and stay so? Although further theoretical exploration is needed (including more parameters and variables, and maybe additional network configurations) we could speculate so far that, from these threshold values of connectance and centrality onwards, some topological structures in the networks start to arise, which jointly promote the coexistence of populations. To assess and support this inference we examined former studies on these topics and compared their results with those obtained in this work. A first mechanism to take into account are ecological intransitive loops. These are interaction cycles (typically of competitive nature) analogous to the rock-paper-scissor game, where no species is absolutely superior to all the others (Gallien et al., 2017). For instance, there is evidence that suggests that intransitive loops facilitate the coexistence of species (Ulrich et al., 2014, 2018; Soliveres et al., 2015, 2018; Vandermeer, 2015; Maynard et al., 2017; Vandermeer and Perfecto, 2017; Gallien et al., 2018; Soliveres and Allan, 2018; Stouffer et al., 2018; Vandermeer and Jackson, 2018). Likewise, there is evidence that states that persistence is promoted by non-reciprocal (i.e., commensalism and commensalism) interactions (De Angelis, 1975; Odum and Biever, 1984; Lawton, 1989), unilateral negative interactions (these may promote the emergence of self-regulation mechanisms, such as negative feedback loops, which have been found in some cases to be related to the persistence of the systems) (May, 1973; Levins, 1974), and interactions with oscillating values (Yan and Zhang, 2014). With this in mind then, we draw attention to the following attributes and tendencies of the persistent networks obtained in this study, as connectance increases (after the 80 links threshold), as reported above in the results regarding Figures 6, 7:

• Transitivity increases (which is a proxy for intransitive three nodes loops), reaching significant values, above 50% and rising, as connectance is increased (also, in our simulations with random networks, transitivity increases linearly with the number of links; not shown here)

• More than 30% of non-reciprocal interactions occur

• Most unilateral interactions are negative

• There is always a percentage of interactions with oscillating values

In general terms, two arguments stand out from what was discussed above, (1) The conuco topology, with its greater connectance and lower centrality (compared to monoculture), serves as insurance against the extinction of its populations. (2) Networks generated from a monoculture, regardless of their connectance and centrality values, always present the possibility of extinction (even in the cases where there is also a surviving solution). These results strongly emphasize the importance of stimulating, as far as possible, the diversity of interactions between the components of agrobiodiversity.

A few comments on the scope and limitations of the exploration presented in this work are in order. It is important to emphasize that although the architecture of the original networks (conuco and monoculture) is based on field information, the simulation of the transition process done here is strictly theoretical. Therefore, our results show only possibilities, not in field (empirically confirmed) facts. It is also important to point out the limitations associated with the heuristic approach of this work; so, it may be possible that with other parameter values (not explored here), or including other variables and parameters in the models, we could obtain different results. Also, treating nodes as abstract entities and adding/removing links randomly can be justified in theoretical terms, but caution should be exercised in the ecological implications of this, which are not obvious and can lead to erroneous extrapolations. Finally, without a doubt, the real process of transition involves a much broader set of factors than those considered in our model, so the real phenomenon may be even more (or less) complex than our exploration here shows. Nevertheless, our study yields definite results for two specific network topologies and circumstances, which adequately represent typical agroecosystems found in the field; hence, this work provides a valuable frame of reference for both field workers and further research.



The Metaphor, the Legacy and the Trap: An Afterthought

The procedure that governs the dynamics of the simulations in this study, where links are sequentially added or removed, generates a relationship that can be antagonistic (of conflict) between centrality and connectance, in which variations in the connectance (increases or decreases) always translate into a decrease in centrality. Hence, the resulting paths, when applying the process in one direction or the reverse, are noticeably different. This means that in these experiments history matters (the traveled path); this in turn draws attention to the presence of a region with alternative states (i.e., different results for the same parameter values). All these characteristics evoke the type of systems studied by the Catastrophe Theory (Thom, 1977; Zeeman, 1979). In particular, the paths, as presented in Figure 9, bring to mind the graphic representation of a cusp catastrophe surface (i.e., a response variable in a two parameter space), on which divergent trajectories may lead to alternative stable states, with the possibility of shifting from one to the other either abruptly (catastrophe) or smoothly (along the surface). This provides a figurative approach to interpret the relationship presented in Figure 9, that is, the three-dimensional graph of the persistence of the systems (the variable of interest here) against the connectance (the control parameter) and its corresponding centrality values.

This figurative representation of the results as a surface containing alternative states provides a simplified system that allows visualizing and conceiving some interpretations, in the knowledge that it keeps the information from the complex dynamics operating underneath. That is, we can study the action of the Lotka-Volterra dynamics on the system (which is ultimately the responsible for any outcome, but can be really complex due to the myriad of parameters involved) by exploring the patterns that emerge with respect to the connectance and centrality parameters. In this context then, monoculture and conuco can be understood as alternative stable states.

When a system is in either one of these states, it means that the balance of influences acting on its domain is reinforcing its permanence in that state and moving away from it may require great effort. That is, in strict mathematical terms both states are stable equilibria, however, given the ecological features studied here that surround both attractors (e.g., persistence of the systems), we may indulge in the following allegorical conception of these border situations. We may say that the conuco has a “legacy” (or an “eco-history”) that allows it to continue generating persistent dynamics, even when the system gradually becomes impoverished or degraded (in terms of the decreased number of population interactions). However, at a certain level of impoverishment, the system will cease to be persistent and once there, getting it back to its previous state will require more effort. On the other hand, the monoculture behaves as a kind of “trap,” in which, even if the system conditions were improved, it would still generate non-persistent dynamics. This explanation helps to understand why the transition from a conventional to an agroecological system can be difficult, because improvements do not pay immediately; nevertheless, once at the other end the efforts may be more than rewarded.

This interpretation of the results supports the proposal that the transition from one agricultural syndrome of production (i.e., a collection of activities that characterizes a certain way of doing agriculture) to another (e.g., from a monoculture to a multi-diverse system), involves critical transitions (Vandermeer and Perfecto, 2012, 2017). It is important to take into account that it is not easy to identify in advance the moment at which these systems may experience abrupt qualitative shifts (Scheffer et al., 2009, 2012), but certainly it is important to know they may exist.

These results, although abstract and theoretical, contain lessons that can be empirically applied and that are of interest to farmers or field agroecologists. For instance, they point out that it is not a good idea to maintain an agroecosystem with most of the interactions concentrated in a single species, as occurs when the population density (or biomass) of a single crop disproportionately predominates in the system. Rather, it is favorable to increase the links among the elements of the system.

Unfortunately, it is not possible to establish fully in advance how the elements of agrobiodiversity will interact in the field. However, it is possible to design agroecosystems that increase the number of possible interactions in it. Although our study was performed keeping constant the number of species in the networks, it is clear that just by increasing the number of species in an agroecosystem the possible number of interactions will increase; this is something that can be easily done in the field. To support this notion, it is enough to realize how this phenomenon escalates: a system with a single species does not contain inter-species interactions, in a system with two species there is only one possible interaction, with three species there are three possible interactions, with four species there are 6, with 5 there are 10, and with 6 there are 15. The number of possible interactions grows according to n(n–1)/2, where n is the number of species. These are theoretically possible interactions, which under no circumstances means that they actually happen in agroecosystems. Nevertheless, it is true that increasing the biodiversity of the system increases the number of possible interactions and this, according to our results, increases the probability of persistence of the systems.

As a closing remark, the topologies discussed here, beyond any relevant ecological information they may contain, explicitly reveal particular subjectivities associated with the people who interact with these agricultural systems (in this case, traditional indigenous farmers and agronomists). For the agronomists, for example, the monoculture is conceived as a system in which all the species interact with the crop (specifically, feed on it); and the possible drawbacks this fact has on the crop are managed with the use of external inputs (i.e., pesticides). In that context, the architecture of the agroecosystem interactions is simply not taken into account; the management is just based on external control. Therefore, the idea that the system (or indeed, nature) can be easily controlled (no further consequences considered) is a notion that is firmly ingrained, not only in conventional agriculture, but also in our societies.

In this regard, it is important to recognize that “in every perception of nature there is actually present the whole of society” (Adorno, 1984) and it is unquestionable that “human beings observe the natural world as a reflection of the dominant social organization” (Levins and Lewontin, 1985). Hence, we find truthful the thesis of Bookchin (1982) that states that “nearly all of our present ecological problems originate in deep-seated social problems. It follows, from this view, that these ecological problems cannot be understood, let alone solved, without a careful understanding of our existing society and the irrationalities that dominate it”. Therefore, the changes necessary to achieve agroecosystems that help solve the many ecological crises we face go well-beyond the strict scope of agroecosystems.




CONCLUSIONS

The ancestral farming system known as conuco presents a set of attributes that makes it particularly valuable as a prototype in the construction of possible alternative agricultural models. The conuco is an eloquent example of the significance of the ecological context in which agriculture takes place. In particular, as far as tropical agriculture is concerned, this farming system underlines the agroecological importance of increasing biodiversity in its horizontal, vertical and temporal components, with the inherent consequence of an increase in the number and types of interactions among its populations.

The comparison between a conuco and a monoculture highlights the importance of the topology of ecological interactions in the persistence of agroecosystems. This paper delves into the relevance of the connectance and the degree centrality of these networks, and on the likelihood of self-regulation of population densities in agroecosystems, particularly in the transitions between monocultures and conucos. In this regard, the high centrality and low connectance characteristic of monocultures are pointed out as responsible for the inherent non-persistence of this type of agroecosystems, whereas the greater connectance and low centrality of the conuco network ensures its persistence.

The analyses of transitions between the two networks suggest that these dynamics could be figuratively interpreted as a cusp catastrophe surface, i.e., one on which divergent trajectories may lead the system to alternative stable states. Understanding the monoculture and the conuco systems as alternative stable states implies that the forces that operate around each of them act as a shield against transformation, hindering the transition. This conceptual framework allows us to understand some of the difficulties observed in the transition from monocultures to more diverse systems. Our results also indicate that diverse systems are capable of enduring (to some extent) the impoverishment or degradation of some of their attributes without impairing their overall performance. Thus, we must add that in the process of transition from a monoculture to a multi-diverse system, it is prudent not to despair if there are no immediate improvements in the performance of the system, because once a certain point is reached, the system may experience an abrupt improvement, which confers all the advantages of the multi-diverse systems already mentioned.
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