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Abstract

The transformation of the food and industrial agricultural production system into adaptative

and sustainable systems capable of being productive within social, environmental, and eco-

nomic limits is a crucial factor in reducing the risk to food security and to economic growth.

However, the analysis structure of the effect of these variables in sustainable environments

remains unknown, whereby the technology and processes are considered as variables of

the equivalent critical level as those already described. The purpose of this study is to design

a model that enables the characterisation of the agri-food sector based on the determination

of sustainable variables from a sustainable and integral systemic approach. Tools, such as

the viable system model, are employed to analyse the dynamics and generate the balanced

scorecard, to which the items of learning and continuous improvement are added. Lastly,

the impact of the principles of sustainability versus the variation of sustainability in the agri-

food system is revealed, which is useful in determining the appropriate levels to guarantee a

balance in the foundations of circularity. From a systemic approach, this model can be

adopted by agronomists and scientists to design alternative strategies for the management

of food sustainability.

Introduction

Activities in the agri-food sector can be of major importance are developed due to their contri-

bution to the economy and to human life itself. Hence, there is great interest in studying them

from the perspective of holistic dynamics [1], that is, from the changes and interactions that

arise across the entire sector, which comprise the flow of people, information, energy, and

materials, among other structures and organisations. Through these activities, issues of eco-

nomic, social, environmental, and technological utility emerge from the execution of the pro-

cesses demanded, and these affect the health, well-being, and balance of the entire local,

regional, national, and international ecosystem [2,3].
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However, regarding productive activity, human beings exploit the land and other resources

which causes adverse effects; these in turn affects the environment, economy, and society. Nev-

ertheless, this production is achieved through the design, creation, and implementation of pro-

cesses and technologies as tools to facilitate operations. To this end, this research considers it is

important to bear these factors in mind when discussing and assessing the sustainability of the

sector. The space occupied by crops represents 37% of the arable land surface, and the use of

water for these corresponds to almost 2/3 of the total area of arable land [4,5]. One of the

effects on the environment that of pollution by nitrates, phosphates, and pesticides, which act

as a source of production of greenhouse gases, methane, and nitrous oxide which affect the

quality of both air and water [6,7].

Poor land management leads to stress which produces degradation by salinisation, excess

water extraction, and contamination of groundwater by agrochemical residues. This is due to

the use of excessive quantities by crops and to the generation of an imbalance in the ecosystem,

which in turn affects the environment, productive capacity, economy, and society [8–10].

According to Benabderrazik et al., food security and economic growth in the regions should

be associated with a balanced interaction between social and economic well-being and the pro-

tection of natural resources, since an intensification of activities in these sectors can lead to

unsustainability, which puts the general well-being of the population and the productivity of the

region at risk and affects the ecological environment. These components interact in a non-lin-

ear, complex, and dynamic way, and it is therefore pertinent to analyse the feedback received by

the system to offer sustainable and adaptable solutions to environment situations[11].

The theory of adaptive systems represents an effective framework for the analysis of the

dynamics of systems in terms of their transitions. Since cyclical evolution seeks equilibrium

when changes arise, the agri-food sector articulates a type of complex adaptive system in which

there is an exchange of matter, energy, and information both internally and with external struc-

tures, through the ability to self-manage, which corresponds to its systemic functionality [12].

The incorporation of strategies, such as life cycle analysis (LCA), enables the development

of products in a conscious way regarding the impacts generated in each stage, from design to

final disposal. This leads to reasonable agri-food production, and improves their environmen-

tal, economic, health, and well-being properties with the help of technologies that contribute

towards this end. The levels of efficiency and productivity of the processes are also improved

by making better use of the resources; this will have a positive impact on the accessibility to

resources for future generations [13,14].

A considerable reduction in waste generation is expected through the application of the cir-

cular economy from the perspective of reducing, reusing, and recycling in work models,

together with the influence of eco-design and the use of raw materials from renewable sources.

This is good for society, the environment, the economy, and the efficiency of processes, since

it guarantees the sustainability of operations from the management of technology and infor-

mation [15–17].

It is worth considering the benefits of increasing our capacity to generate cleaner energy that

is more sustainable by transforming waste that cannot be reused or recycled. When we subject

waste to treatment in order to reduce its volume and produce energy while reducing depen-

dence on fossil fuels, it leads to better waste management with positive impacts on society, the

environment, technology, the economy, and the overall process, and hence affirms the sustain-

able nature of the system. This has been demonstrated in previous research and has highlighted

the energy valuation of waste as a benefit of the circular economy practice in agri-food processes

in that it reduces environmental emissions and increases energy efficiency [18–27].

This article aims to characterise causal model holistic dynamics from an integral sustain-

ability approach regarding the agri-food system. The processes and technology are integrated
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into the traditional model of sustainability in order to strengthen and promote a holistic analy-

sis for the generation of suitable management strategies towards the improvement and contin-

uous learning of the system in such a way that it contributes to its co-evolution.

Therefore, the following research question is proposed: does intervening in the current sus-

tainability model by including additional process and technology variables allow for a holistic

analysis of the agro-industrial sector in order to provide integral strategies for the sustainable

co-evolution of the sector? As a complex adaptive system, it is useful to identify the elements

and relationships that make up the system, then graph the dynamics while considering the

interconnections of the variables, and subsequently to analyse from the model of viable sys-

tems for the conclusion of a balanced scorecard that serves as a support tool for the manage-

ment of the improvement and learning of the system, that is, the evolution of the system

towards the set of objectives.

Literature review

The agri-food sector, as the integration of the production, distribution, and consumption of

food, is one of the sectors most strongly affected by the crisis of climate imbalance [5], and by

unfavourable practices in its operation which alter its holistic dynamics [28]. This exerts a

direct impact on sustainability, and therefore reduces the opportunity to guarantee better lev-

els of health, a better supply of food, a better environment and an efficient level of water, air,

and soil for future generations. However, it is the agro-industrial sector that can most help

improve conditions regarding environmental problems that have already become a concern

today, by making use of best practices in its basic operations [29,30]. In Europe, research and

development are being carried out to increase the value of unsuitable food materials unsuitable

for human consumption (wrappings) and to consider food waste and residues, by focusing on

economic and environmental variables [31].

Riemens et al., focused their research on the holistic improvement of herbicide chemicals to

increase the sustainability of the agricultural sector, since these chemicals are critical in the

management of weeds that compete with crops for resources such as light, water, nutrients,

and visible space, and can affect crop yield the environment, and human health [32].

Water scarcity is another factor that conditions the integral sustainability of the agri-food

system, since the use of water resources without considering any of the effects can that lead to

socio-economic problems and degradation of resources; it is therefore necessary to study the

underlying variables in the agri-food system to prevent these unforeseen effects [11].

Water, a crucial resource, is being affected by climate change. The rising temperatures have

caused a reduction in rainfall and increased drought, leading to the scarcity of water. This

uncertainty is alarming for the agri-food sector as water availability is closely linked to produc-

tion and quality crop yields. Effective management is essential for the promotion adaptability,

and sustainability of the system, by ensuring that food security, and the economic, social, and

environmental conditions are preserved. Certain processes and technologies must be consid-

ered in order to achieve this goal since not only do the hydrological cycle and surface energy

balance vary across different types of land use, but vegetation also influences temperature, due

to regulation by heat exchange, which in turn affects agricultural development and natural eco-

system [33–42].

On the other hand, substantial rainfall over short periods of time produces overflows which

carry particles that can pollute bodies of water, such as rivers, which put at risk the quality and

productivity of the activity of the agri-food sector. Other aspects involve the wells of illegal

underground aquifers that divert the course of the aquifer sources and contaminate such sources

through their mismanagement, which highlights the crisis of governance in the sector [43].
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Diogo et al., highlighted the importance of the social component within the sustainability

model; in their research, they demonstrated that the social component is the least developed

element and that to date, no evaluation tool has enabled us to recognise the dynamic interac-

tion of ecosystems with communities [44].

On the other hand, Cook et al., argue that expansionism has dehumanised those agricul-

tural activities influenced by power and the desire to improve productivity by ignoring the sig-

nificant contribution of farmers, who must either adapt to new technologies or give up their

work. The authors point this out as unfair from the social point of view, and also recognise

that change in complex systems must include commitment to the existing members who carry

out the day-to-day practices in that system. Furthermore, they state that the work by women is

minimised in the implementation of the expansionist concept and that the results in terms of

the productivity of the sector and the welfare of farmers are not evident [45].

However, studies such as [46] consider expansionism as a tool that can enable the fulfilment

of SDG 2 of the United Nations, wherein it is projected to end extreme poverty and hunger.

These authors also consider that this strategy of transfer of knowledge and technology to farm-

ers can contribute towards the solution of problems specific to the work involved and the envi-

ronment in which it takes place, but they also argue that it is necessary to shift attention away

from specific behavioural changes and move it towards the creation of awareness, with which

learning becomes more productive. Furthermore, they state that sustainability, behavioural

change, and technology adoption are less relevant than is the increase in farmers’ self-confi-

dence by engaging and playing a significant role in the agricultural development process.

Studies have been carried out to analyse the elements that obstruct the ability to exercise

practices that contribute towards nature conservation. These studies are based on innovation

systems approaches, with emphasis on the development of multiscale frameworks that are spe-

cific to each environment and relevant to the integrated evaluation of sustainability of changes

in agricultural intensity [47].

The tools available for the application of systems that are linked to the circular economy are

largely aimed at major companies, and exclude SMEs, which to a lesser extent, are also aware

of the need for the transformation of their production systems regarding the general welfare of

society, the economy of the regions, and the conservation of the environment. However,

Industry 4.0 is already offering sustainable practices focused on the circular economy in these

organisations [48,49].

Regarding the life cycle in the agri-food sector, the processes are given by two components:

one biological and the other technical [50]. The former is capable of being reintegrated into

the biosphere with which it is intended to create alternatives of waste instead of accessing pro-

cesses of biochemical extraction, composting, and reincorporation into the biosphere, while

the latter is destined to be revalued without entering the biosphere, since at the end of its useful

life they could be repaired, reused, or recycled to obviate the need for the extraction of new

raw materials [51,52].

It is necessary from the moment of design to consider the elements that form part of this

product and the appropriate technologies to minimise its impact. This impact can be in many

forms: in terms of abiotic resources, acidification, eutrophication, global warming, depletion

of the ozone layer, human toxicity, ecotoxicity in fresh water and soil, and the formation of

photochemical oxidants. All these impacts bring an imbalance into the ecosystems which in

turn can affect the environment, health, and society, with economic impacts for their repair.

The efficiency of production processes in general of the agro-industrial sector can also be

affected, mainly those of a biological nature [7].

In the absence of the efficient design of sustainable processes and products under the frame-

work of circularity, there are aggravating situations, such as that of food waste, which currently
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accounts for a third of total food production. It is estimated that edible food waste in the Euro-

pean Union is approximately 89 million tons each year, of which 42% is produced by house-

holds, 39% by food manufacturing processes, 14% by catering services, and 5% by the

distribution sector [52].

Product Lifecycle Management (PLM) as a tool for managing the life cycle of a product

allows the visualisation of the development and progress in projects of the creation of products

and services, in order to previously ascertain the costs and other information of interest of said

products, thereby attaining a better view of the best options, in order to make efficient deci-

sions without interfering negatively with the environment. This tool facilitates the integration

of project stakeholders by making information and traceability available at each stage of its

development [31,53–55].

Product Lifecycle Management is a vital tool that covers from product conception to the

final disposal of the product [56]. This process occurs in 3 phases: beginning of life, middle of

life, and the end of the life of the product itself [57]. Additionally, Salonitis and Stavropoulos,

argue that the conventional PLM system only focuses on the first phase, and hence suggest an

extension to the other phases. The recognition of other limitations highlights not only the inte-

gration of different tools on a digital platform, but also the interoperability of both internal

and external systems and devices, and the number of files and data exchanges between stake-

holders in all phases of the life cycle [56].

On the other hand, PLM contributes towards the transition of Industry 4.0 from the digita-

lisation of processes to better control, by monitoring via good traceability and follow-up prac-

tices for better decision making. In addition to Industry 4.0 tools, such as artificial intelligence,

IoT, machine learning, and big data, PLM should be integrated into the agri-food sector and

precision agriculture to optimise productivity and resource efficiency [49,58–60].

Life cycle analysis and the circular economy lead to cleaner production spaces: LCA con-

tributes towards the quantification of the environmental impacts present in the study system

[61], while the circular economy helps to identify and define the scenarios to improve the char-

acteristics of such a system [62]. This is an iterative process that allows the measurement of

good practices and their real effects [15,61]. However, authors such as Poponi et al., argue that

LCA study proposals have been criticised for not being suitable for specific products, since it is

a methodology designed for products at only a general level [63].

In general, the processes focus on meeting the United Nations Sustainable Development

Goals (SDGs), in which SDG 12 is aimed at ensuring sustainable consumption and production

patterns and includes targets that aim to achieve a more efficient use of resources [64], There-

fore, the management and analysis of the life cycle is of major assistance because they lead to

this compliance from the early stages, such as design, until the product is no longer in a useful

life phase [65].

Thanks to technological advances, there are tools, such as specialised analysis software, that

are easier to perform due to their complexity. Life cycle analysis is included in several of these

programs: some require payment while others remain free and multiplatform. These include

Air.e LCA, Open LCA, SimaPro, and Eco-it, which are helpful since they lead to clarity on the

levels of climate change, human toxicity, ecotoxicity, and depletion of biotic resource informa-

tion of interest, to facilitate decision-making within the development of products [13].

In general, the relevance of tools such as management and life cycle analysis on the sustain-

able approach and circularity are necessary due to the estimates made for 2050, the year in

which there is a predicted increase of between 60 and 70% in food consumption, which com-

promises the resources available today. Water consumption, for example, it must increase by

30%, while energy demand is expected to rise by 45%. However, the transport sector has the

most representation among the registered carbon footprints, with 18% of the total. The
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transport of food products accounts for between 15 and 30% of the carbon footprint of the

food and beverage industry, given that this is a great ally for the distribution, mobility, and

accessibility of raw materials, inputs, final products, people, and machines, among the many

goals that also form part of the agri-food sector [52,66,67].

Several studies show the importance of the integration of technology and processes regard-

ing sustainability, which is why it is necessary to modify the traditional sustainable triad made

up of the economics, socials, and environments factors. In order to achieve an expansion

towards the sustainable pentagon where the technology and process variables are considered,

it is necessary to focus on providing better attention and intervention in these factors. This

focus can lead to a holistic and integral analysis of sustainability, which is relevant for the crea-

tion of strategies, for policies, and for decision-making in favour of the sector [68–72].

The best way to face complex problems, such as determining the sustainability of a system, is

through system dynamics, a systemic approach, and systemic thinking in general, since these

problems are complex and their behaviours is not linear, as a consequence of the feedback loops

of the interconnections of the many variables of which these systems are comprised. Various

authors have employed tools, such as causal loop analysis, to understand the systemic dynamics

of the systems under study and to establish possible solutions to support improvement [73–76].

Materials and methods

This work was developed using qualitative and descriptive research within the framework of

dynamics, and systemic thinking. The methodology used is based on Sterman’s model [77],

which is described in detail in [78]. The implementation process is illustrated in Fig 1 and

begins with the identification of a problematic situation in the field of study and draws on the

contributions of Peter Checkland [79,80]. This process acknowledges the gap between percep-

tion and reality and aims to address this difference in order to achieve an ideal outcome.

Clarity regarding the variables is necessary for the design of improvements to the system by

creating purposeful systemic models where those variables are interrelated.

Causal maps and supporting diagrams are created to reflect the interconnections, for which

the model of viable systems proposed by Beer [81,82] is also utilised, from which parameters

and estimates of behaviour of the system of the variables are established. Thanks to the

Fig 1. Methodology considering Sterman’s essential steps taken from [78].

https://doi.org/10.1371/journal.pone.0305743.g001
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modelling, the results can be analysed and yield a knowledge of the dynamics of the system

which enables performance of this system to be acted upon. Through of the application of the

methodology proposed by Kaplan and Norton [83] for the creation of the balanced scorecard,

favourable and viable changes are estimated according to the specifications of scenarios and

the design of improvement policies, which leads to a new reality of the system that will again

be contrasted with problematic situations perceived in this new phase. This methodological

process will be applied iteratively to generate knowledge, learning and a continuous improve-

ment of the system under study.

For the characterisation of the sustainable holistic dynamics of the sector, it was necessary

to define the variables of interest that constituted the pentagon of integral sustainability, that

is, the five main variables for this model. Subsequently, an evaluation of influence between

these variables is carried out, that is, in a Likert range of 1 to 5 (with 1 indicating a mild effect

and 5 strong effects) with each of these variables influencing the others. The points awarded

are added for each variable, and the highest result indicates the variable that receives the great-

est influence from the remaining variables which renders it the most affected of the system.

The characterisation of this variables is then carried out for its subsequent analysis within the

system under study while considering the other variables of interest of the model.

With this evaluation, it is also possible to ascertain which variables exert the strongest

effects on the others, while recognising the role of systemic analysis that allows connections

and integration without ruling out the uniqueness of each variable so that a better understand-

ing of the system under study can be achieved [84].

Initially, a systemic causal model of the agro-industrial sector is created through the Ithink

8.0 modelling software. This enables the diagramming of the model of viable systems to pro-

ceed with greater precision, and to analyse the relationships of the subsystems that make up

the system under study. By considering the external environment, the information is obtained

for the creation of the balanced scorecard in order to identify the variables of interest of the

sector from the perspective of integral sustainability. The mission, vision, objectives, indica-

tors, goals, and actions to be carried out are all established. Furthermore, the following fields

are also integrated: learning, short-term improvement, and long-term improvement. These

last three items are necessary when the goals and the result of the indicators reach a level of

deviation greater than 5%. Their aim is to self-regulate the system so that the established objec-

tives remain unaffected, which enables a culture of learning and continuous improvement to

be attained, given that this is an iterative process.

Lastly, five basic principles are postulated to guarantee integral holistic sustainability, and

these are analysed from their link to the process studying their effects on the variables that con-

stitute the pentagon of integral sustainability of the proposed model.

Results

Identification of variables of interest

The model of sustainable integration in the agri-food sector is given by the many variables that

exert an impact on the fundamental categories or their macro variables. These include the tra-

ditional Economy, Society, and Environment factors; in this work, Technology and Processes

are also considered. As showing in Fig 2, each of the above factors contains different variables

that define them within the sector under study and distinguishes the sustainable integration

model.

The relationships between the variables starting from the conception of a general systemic

approach are perceived from the way they interact and produce effect, and hence the need to

achieve a balance that allows the harmonious functioning of the system. Fig 3 shows the causal
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map, and the Fig 4 shows the level of influence between the technology, process, environment,

society, and economy variables as the main variables of the integral sustainable system model

in the agri-food sector.

In the Fig 3, it can be observed that, in this case, the variable that receives the greatest influ-

ence from the others process variable, and the variables that most influence the others are: pro-

cess, technology, and economy. Table 1 shows the values of such an evaluation.

The process variable, with a score of 23, is the which most affects the others: in order of

influence, this is technology, economy, environment, and society. On the other hand, those

variables that have the most impact on the other variables with a score of 22 are technology

and process. (See S1 Appendix).

Fig 2. Elements of the agrifood integral sustainability model.

https://doi.org/10.1371/journal.pone.0305743.g002

Fig 3. Causal map of integral sustainability variables.

https://doi.org/10.1371/journal.pone.0305743.g003
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Integral sustainable holistic dynamics of the variable process in the agro-

industrial sector

It is possible to have two divisions of the materials that circulate in the processes, one biological

and the other technical Cañoles et al., first referred to the benefit of organic matter produced

along the food production chain, from primary production to consumption, and to the various

types of organic waste that is generated, such as sludge, agro-industrial by products, inedible

food remains, and food waste [50].

In contrast, technical materials are related to the use of machinery, plastics, and other

industrial elements utilised in agricultural production.

From the Forrester model represented in Fig 5, the relationship of the variables that are part

of the process in general are show, whereby the biological and technical aspects of the agri-

food sector are integrated.

The model integrates the internal production variables, from the management of resources

where the planning and production control are considered starting from the demand, and the

capacity of the process, to deciding whether to import and/or proceed to produce, while con-

sidering waste management, reuse, and recovery of materials, all integrated with other alterna-

tive processes. Furthermore, the model includes the variables that are affected by the waste

generated, such as water sources, soil, air, and the climate present in the environment which

can be internal or external. In same way, this model reflects the influence of the standards, leg-

islation, and current trends in including the of quality of fertilisers, pest control, and the qual-

ity of soil for planting, which affect the supply of inputs and/or raw materials. Lastly, there is

the influence of market dynamics (economy and society) on demand.

Fig 4. Influence of integral sustainability variables on each other.

https://doi.org/10.1371/journal.pone.0305743.g004

Table 1. Level of interaction and influence between the main variables of integral sustainability in the agri-food sector.

Integral Sustainability Variables Process Technology Environment Society Economy Variable that most affects

Process 5 4 5 4 4 22

Technology 5 5 4 4 4 22

Environment 5 2 5 3 2 17

Society 4 3 3 5 4 19

Economy 4 4 2 3 5 18

Variable that is most affected 23 18 19 19 19

https://doi.org/10.1371/journal.pone.0305743.t001
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Holistic and adaptive dynamics of the agro-industrial sector based on

Beer’s viable model and the integration of the balanced scorecard as an

iterative process that contributes towards learning and continuous

improvement of the agro-industrial sector

Fig 6 represents the model of viable systems, which is divided into 5 internal systems that are

related to each other and to the external environment. From System 5, policies are created for

the conservation and improvement of environmental, social, productive, technological, and

economic aspects as the main categories of the holistic system of integral sustainability. Based

both on the policies, ethics, and values that characterise the sector, and on the work regulations

as a regulatory framework for strategies and plans in accordance with the mission and vision,

this system has a direct relationship with System 4. System 5 establishes the categories of inter-

est of the scorecard (see Table 2).

In System 4, the long-term work plans, and the objectives presented in the balanced score-

card are projected regarding the entire life cycle, which is necessary to meet the estimated

goals given the aspects that System 5 safeguards. Therefore, each category established in Sys-

tem 5 is supported by several objectives for its conservation and improvement as the funda-

mental pillars of the system.

System 4 feeds and is fed from two inputs, one internal input determined by System 3 and

an external input represented by the environment. From System 3, the information of the devi-

ations or internal performance of the system in general is received, that is, everything that

requires future improvement is communicated to System 4 so that it can create the relevant

strategic structure for an efficient result. Once this structure is established, they are again trans-

ferred to System 3 and hence they can be lowered or delivered as input to System 1, in which

the basic procedures and tasks are executed so that the system flows and continues its

operation.

From the external environment, System 4 meets all the requirements of the client, govern-

ment, and environment among others, and considers regulations and trends, which enables

better preparation towards offering answers and adaptation to the changes that the future

holds in terms of sustainability variables, thereby reducing the levels of uncertainty in term of

the future.

Fig 5. Systemic model of sustainable integration in the agri-food sector.

https://doi.org/10.1371/journal.pone.0305743.g005
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Returning to System 3, this is responsible for the monitoring, control, and measurement of

the internal system; the established goals or parameters are found therein and must all be met

to ensure the proper functioning and viability of the system. The goals are included for each

objective in each category regarding the variables of integral sustainability namely, economy,

society, environment, process, and technology.

Fig 6. Model of viable systems based on Beer´s model (S1 = System 1, S2 = System 2, etc).

https://doi.org/10.1371/journal.pone.0305743.g006
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This system is supplied by the flow of information from System 2; such information is com-

pared with the value of the estimated goal allowing us to calculate and observe the degree of

deviation of the real results of the system from its ideals.

The results of the deviations are averaged per category and plotted according to the Penta-

gon’s sustainability; the categories in the graph that indicate a deviation over 5% will require

an analysis for their prompt performance improvement, and it will be necessary to create a

graph for each category individually. With the graphs of the independent categories, the indi-

cator that requires the most attention can clearly be detected. If it is an immediate action for

its repair, then System 3 must be connected to System 1 for its performance; if it is an improve-

ment that needs planned for future effect, then this must be communicated it to System 4. This

control exercised by System 3 will reveal the real health of the system compared to its ideals. It

is of major impact to carry out the necessary actions so that the system follows the course as

planned, which also contributes to its self-regulation.

System 2 is the one which transmits the information to System 3 and receives the results of

the operations carried out in System 1. Each objective described in System 4 is assigned a met-

ric or calculation formula to ascertain the level of achievement of these operations, which is

established in System 2. The data to activate the formula or indicator correspond to the results

of the tasks or activities developed in System 1.

By capturing the information of the executed processes, the data is stored in System 2,

where the operation is carried out according to the established indicator or metric whose result

provides a real indication of the behaviour of the system based on the evaluated variables of

integral sustainability. Once captured, stored, and processed through calculations already pro-

grammed the real results of the operations already executed are communicated to System 3 to

proceed with the comparison in accordance whit the goals. The information in System 2 is

always available in up-to-date or historical form for future reference.

System 1 carries out all the basic operations and implementation of the initiatives necessary

for the system to function in general. These operations correspond to the biological and tech-

nical processes of the sector given by the supply of raw materials, resource management, pro-

duction, reuse, collection, distribution, training processes, inclusion according to requests,

and requirements received according to the variables of the integral sustainability of the sector.

The result are then transmitted to System 2.

System 1 carries out the activities that were planned in System 4 and transmitted by System

3, in addition to the interventions of the environment that require immediate action. Conse-

quently, the environment has a direct effect on Systems 4 and 1 in the same way as these sys-

tems interact directly with the external environment.

Table 2. Balanced scorecard designed from the viable system model of the sector under study.

Category (S5) Objective (S4) Indicator (S2) Meta (S3) Initiative (S1)

Society

Environment

Economy

Process

Technology

Learning:

Immediate S1 improvements

Future improvements S4

https://doi.org/10.1371/journal.pone.0305743.t002
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Organic principles of the holistic systemic causal model of integral circular

sustainability in the agri-food sector

The sustainable model is given by four principles, as illustrated in Fig 7, which facilitate the cir-

cularity of the materials and inputs used in the production process of the agri-food sector.

These allows interaction with other processes and the collaboration of stakeholders in the sec-

tor as responsible for the work of minimising negative impacts to the environment that affect

society, the process itself, and the economy. It is recognised that technologies must also be

developed for this effect since they affect the variable and are not affected by said variable.

Fig 8 represents a diagram in which the influence of the principles is observed once they are

linked to the process. Herein, it is possible to consider that they create an effect on the catego-

ries of environment, economy, society, and on the process itself. Nevertheless, it is technology

which affects the principles, and hence they must be adapted or in favour of them.

Discussion

Although the environments, society, and economy variables are those that by default are con-

sidered previous to the studies of circularity and sustainability, it is currently a framework that

must expand and integrate other variables that also require equal importance in the face of

these analyses. To this end, technology and process variables are added, whereby on the latter

the life cycle of the products is considered from the early stages of their creation to their final

disposal.

Scientific evidence justifies the impact of technology and processes on sustainability results.

This identification leads to a positive relationship between the inclusion of these variables in

the traditional triad, thereby making a holistic and comprehensive analysis possible in the sec-

tor [22,85–94]. However, there is no formal information on this inclusion in any such analyses,

possibly because it is implicit within the model, and hence the three common variables, namely

society, economy, and environment, always prevail.

Technology is of major importance [49] due to its implication for the development of activ-

ities that trigger major consequences in the events that are executed in the sector under study

that put their sustainability at risk. Furthermore, the processes leave traces that alter the life

cycles within a region if they are not studied in a systemic way, whereby their effects in the

environment where they develop, such a population and the very existence of the process are

put at risk.

Determination of the variables and ascertaining how they affect each other allows us to

attain a broad knowledge of the sector and to detect which variable requires more attention.

This study can present a call for help in maintaining the balance while not exposing the inte-

gral sustainability of the sector.

The processes of the agri-food sector require attention depending on their nature; some are

biologically necessary for the planting and cultivation, while the technical processes contribute

to their advanced operations. It is crucial how they flow and how these two variables of the

process are integrated, given that they have influences from the external environment from

Fig 7. Basic principles of the sustainable model.

https://doi.org/10.1371/journal.pone.0305743.g007
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policies, regulations, trends, markets, and from the environment itself. It is also necessary to

determine the impacts to which they are exposed and to what degree they are able to influence

the internal media must also be considered, considering the internal policies given by the mis-

sion, vision, values, and internal regulations that regulate the relationship with other internal

processes [52].

This dynamic facilitates the analysis of the operations that need to be restructured and

reveals their incidence against the internal or external processes with which they have direct

and indirect links, which will ease their coexistence between them from the homeostasis of the

system in general [95]. Recognition of the effects on other processes leads to the creation of

awareness [46] which that contributes to the competitive and productive permanence of

achieving objectives. Remembering to be a teleological process, that is, it has purpose and

determination since it is not random, but instead is planned and premeditated [95], and also

involves a major impact on the economy, environment, interest groups, the technological

means to be used, and on the processes themselves.

Holistic and adaptive dynamics of the agro-industrial sector are based on Beer’s viable

model, whereby the balanced scorecard is integrated as an iterative process that contributes to

learning and continuous improvement of the agro-industrial sector. Knowledge of the holistic

dynamics is an increase in the adaptability, viability, and therefore the sustainability of the sec-

tor which renders it more economically, technologically, socially, and environmentally respon-

sible, thereby preserving its integrity for future generations. With good results, it can be

improved with the reasonable practices of the resources available, which render it being

increasingly productive and efficient [14].

The fusion of systems analysis through Beer´s viable model and the balanced scorecard

enables us to conclude the strategic structure in a systemic way, which is relevant for a better

operation and achievement of the established objectives. The mission and vision are consid-

ered of the system under study integrated in System 5 of the model. In addition to this work,

items of interest that contribute towards sustainability are added, such as the learning that is

generated, especially when an objective has indicators that fall below the level of the established

goal, which helps the approach of new and timely proposals for improvement to develop in the

short or long term.

Fig 8. Basic principles of the sustainable model integrated into the process.

https://doi.org/10.1371/journal.pone.0305743.g008
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The balanced scorecard designed from the viable system model of the sector under study

allows the evaluation of the variables of integral sustainability as an iterative process that con-

tributes towards the learning and continuous improvement of the agro-industrial sector [96].

This interaction leads to the creation of strategies [97] that should be included in the design

from its link to the systemic process. To go beyond determining low performance rates and

proposing improvements is to recognise the learning regarding what could not be achieved

with the resources that were available.

The organic principles described for this model, such as use of circular material, recovery of

resources, extension of the useful life of the product, and collaborative work, are all perceived

as necessary to guarantee the quality of the integral holistic sustainability of the system. Hence,

its integration is of value and in which its interaction with the main sustainability variables

must be considered and must be recognised as to which affect the principles, and which in

turn are affected by said principles [52,65,98].

In this opportunity, technology holds the key to compliance with the principles, and the use

of artificial intelligence is a major contribution toward operations and results of greater effi-

ciency [59]. Therefore, the principles are also considered a restriction for the selection of this,

since the application of the principles in the model exerts a direct effect on their performance

thereby creating an impact on the other categories of the sustainable pentagon, namely the

environmental, social, economic and process variables, which are also affected by technology.

These last four do not affect the principles, but rather, they themselves are affected if they are

not executed rationally and consciously.

Conclusion

This characterisation the sector through causal maps, based on the determination of the critical

variables in terms of integral holistic sustainability, leads to the creation of a strategic structure

from the improvement and continuous learning of the sector as a complex adaptive system. Its

value focuses on permitting its location on the sustainable plane as a contribution to current

global problems from the systemic use of viable models that enables three fundamental points

to be ascertained:

� Determining where the system is today by analysing Systems 1 (basic operations for nor-

mal operation) and 2 (historical, current, and actual system information system) of the via-

ble system model. These systems are critical since they form part of the starting point to

ascertain the path of improvement that the sector requires according to its objectives.

� Ascertaining the direction to follow constitutes another aspect of value that is estimated

in System 3 (control system, audits where the ideal parameters and goals are established).

The clarity of the goals is important because they direct the processes of self-regulation of

the system in general.

� Ascertaining what is needed to reach that desired goal regarding the integral sustainable

performance of the sector so that not only does it works internally but it also has a positive

impact and adapts to the external environment. This is achieved in System 4 (a system that

allows future strategic planning to better respond to the environment) by considering the

conditions and constraints of System 5 (policy system, values, mission, vision that direct

the system).

As an iterative process, it introduces performance into the systemic approach of continuous

improvement and learning.
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This research has concluded that variables process, and technology need to be integrated

into the traditional model of sustainability to ensure a more comprehensive and holistic analy-

sis, thereby generating awareness based on the principles of integral sustainability determined

in the proposed model.

The process of designing and establishing stable, balanced, and flexible methods, tech-

niques, and timelines for a sector must be carried out while also considering the holistic nature

of the system and the resources and technologies available. This is crucial for the sustainable

integrity.

Highlighting its goodness, the model represents a neurocybernetic metaphor that mimics

the biological functioning of the human body as a biological machine that has evolved over

millions of years [99–102]. A further contribution is that the model of viable systems is con-

nected to the balanced scorecard as a reinforced tool, which contributes towards the continu-

ous improvement and learning of the system. This is an iterative evaluation practice designed

for the co-evolution and adaptability of the system.

Limitations and future research

The integration model, in general, requires validation in order to identify the level of the con-

tribution in the sector with criteria of a more solid nature. This constitutes a valuable contribu-

tion that would enable policy management to implement tools in favour of the creation of

comprehensive strategies for the reduction of the negative impacts of certain economic and

industrial activities, which represent a critical issue for today’s nations [103,104].

With respect to new research, the study of the synergy between and compensation between

the economic well-being of farmers, agricultural production, and ecological preservation are

considered [11], as are well as the lack of tools, methodologies, and frameworks to manage the

increased complexity of agri-food sustainability as a complex adaptive system [32]. Lastly, the

development is required of a model that quantifies the level of depletion of resources due to

their excessive use.
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