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Abstract

Policy-makers require strategies to select a set of sustainability indicators that are useful for
monitoring sustainability. For this reason, we have developed a model where sustainability
indicators compete for the attention of society. This model has shown to have steady situa-
tions where a set of sustainability indicators are stable. To understand the role of the net-
work configuration, in this paper we analyze the network properties of the Entangled
Sustainability model. We have used the degree distribution, the clustering coefficient, and
the interaction strength distribution as main measures. We also analyze the network proper-
ties for scenarios compared against randomly generated scenarios. We found that the sta-
ble situations show different characteristics from the unstable transitions present in the
model. We also found that the complex emergent feature of sustainability shown in the
model is an attribute of the scenarios, however, the randomly generated scenarios do not
present the same network properties.

Entangled sustainability

Sustainable development is a new vision towards problems that involve human needs. The
WCED [1] defines it as the development that “seeks to meet the needs and aspirations of the
present generations without compromising the ability to meet those of the future”. Growing
concerns about the endurance of future generations have led to an increased interest in achiev-
ing sustainable development. For instance, the UN sustainable development agenda [2] has
adopted a set of future goals for countries to end poverty, to protect the planet, and to ensure
prosperity. Each goal has specific targets to be achieved, and concrete actions are proposed to
be done, policy-makers require tools to find pathways towards sustainable development. These
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pathways are commonly studied in the environmental and social sciences, and the inclusion of
complexity science and systems thinking has been extensively studied [3-6]. The understand-
ing of the dynamics between humans and their surroundings, using a cybernetic approach, has
gained an important popularity and computational tools have been widely proposed, some
examples are in references [7-19]. In that matter the merge of disciplines and transdisciplinary
research has created a new understanding through a cybernetics approach that explores the
structure and dynamics of systems. In the case of sustainability, the cybernetic approach stud-
ies the dynamics between humans and their surroundings, offering new ways of how sustain-
ability can be achieved.

Following a cybernetic approach, we have proposed the Entangled Sustainability model
[20] for the identification and selection of a F relevant sustainability indicators that represent
pathway towards sustainability. Indicators are widely used by researchers and policy-makers
alike to design and promote policies, but there are many sustainability indicators [21] and
the resources needed to follow them are usually limited. Therefore strategies to select a set of
indicators are needed. There has been models [22-25] that combine a participatory and a
cybernetic approach. The Entangled Sustainability model is a computational model with
participatory components, the model identifiesprioritizes sustainable indicators within a
municipalityregion to enable the municipalityregion to adequately assess progress towards
sustainability.

The Entangled Sustainability model identifies a set of sustainability indicators that suitably
represent a human system. In the model, sustainability indicators co-exist as a self-organizing
system obeying defined rules, due to this we have used the term entanglement for the model as
well as reference to the framework it is based [26]. The entangled characteristic has been previ-
ously studied [27]. The indicators co-evolve in a static network, showing the emergence of
transitions between metastable and unstable situations that are the result of the individual
mechanisms of interaction. In this paper, we characterize the network properties of the Entan-
gled Sustainability model for the metastable and unstable situations present in the system. As
the model can consider different specific scenarios, we compare the results for well-defined
scenarios against random scenarios (see Appendix D in S1 File).

Here, we will detail a method to create specific scenarios, followed by a characterization of
the network for different situations and scenarios. In addition, we will issue conclusions from
the characteristics of these networks.

The Entangled Sustainability model

Sustainability is a challenging concept to define, but it is commonly understood [28] that the
main objective for sustainability is to provide to everybody everywhere and at any time the
opportunity to lead a dignified life in his or her respective society. Sustainability has been
defined [29] as a transition that “should be able to meet the needs of a much larger but stabiliz-
ing human population, to sustain the life support systems of the planet, and to substantially
reduce hunger and poverty”, as well as increase justice and equity [30]. This means that sus-
tainability should have, in theory, the capacity of any system or process to maintain itself indef-
initely. It has also been proposed [29] that sustainability requires “significant advances in basic
knowledge, in social capacity and technological capabilities to use it, and political will to turn
this . . .into action”. In this report it is clear that technology, social organization and political
action, must have an important role for sustainability. In reference [31] it was proposed that it
is important “to understand the fundamental character of interactions between nature and
society” this understanding proposes “societ’s capacity to guide those interactions along more
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Fig 1. Four dimensions of sustainability. The economy refers the production and consumption of non-
environmental and environmental goods and services together with the supply of money. The environmental
dimension is the natural environment, such as water sources, biological life, forests, beaches, parks, etc. The social
dimension concerns to the population living together, it refers to the equity, the diversity, the social cohesion, etc.
Finally, the institutional dimension refers to organizations or other formal social structures, these organizations may
be governmental agencies, NGOs, universities, sports clubs, families, etc.; but also this dimension includes social
norms, principles, rules and decision-making procedures.

https://doi.org/10.1371/journal.pone.0208718.9001

sustainable trajectories.” Today’s study of sustainability is specially done by sustainability sci-
ence [32-34], and integrated, place-based science.

For conceptual and computational relevance, we have for our Entangled Sustainability
model, used the Agenda 21 [35] conceptual understanding of sustainability as having four
dimensions (see Fig 1),: social, economic, environmental and institutional. This definition
allows the indicators to be seen as agents in a four-dimensional space, this means that each
indicator can be described by a four-dimensional vector, also called agent ¢, so:

I* = (Environmental, Economic, Social, Institutional).

Each one of the vector’s entry can take four possible integer values in the range [0, 3]; these
are the affinities of an indicator to each one of the dimensions of sustainability. Therefore 256
total indicators are possible. For example, an indicator described by the vector (3, 0, 0, 0) rep-
resents the economic dimension only, on the other hand, the indicator (2, 2, 2, 2) represents
equally all dimensions.

In the Entangled Sustainability model indicators are referee to agents in a weighted net-
work, so an indicator I* is coupled with another indicator 1 with a value J(a, B) # J(B, ). Each
coupling can take values between [—c, c] and self-interaction is considered neutral (null).

The interaction between two indicators is the context of the model that we have called the
scenarios. The indicators interaction is obtained from a 4 x 4 matrix called J°, shown in Eq (1)
it creates the relations in the dimensions level. We propose the J° interaction matrix to be
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flexible enough to simulate different scenarios, and it is composed as follows:

En Ec So In
En 0 En— Ec En— So En—In
J°= Ec Ec — En 0 Ec—So Ec—1In (1)

So So— En So — Ec 0 So — In

In In—En In— Ec In— So 0

J° relates dimensions, for instance the Environmental(En) with the Economic(Ec) as En —
Ec or the Social(So) with the Institutional(In) as So — In. These values can be positive, nega-
tive or neutral. This way, the J 9 matrix represents a scenario.

The indicator interactions are then created from the J° matrix as described in Eq (2).

Jo, B) =D "rpr (2)

i=1 j=1

Eq (2) creates another interaction matrix called the J matrix, which is the indicators interac-
tion. A similar thermodynamic framework of irreversible thermodynamics has been previ-
ously studied [36].

The network of the model is exemplified in Fig 2, it is composed by the agents that repre-
sent indicators and the links between the indicators.

Indicators have an intrinsic propriety called the fortitude F*(¢) of an indicator & at a time ¢.
The fortitude represents the importance of an indicator in the system.

At time t + 1 each indicator has a chance to gain or lose fortitude given by a probability
determined by the weight function shown in Eq (3).

N(t)

Y @B,

HOt) == 0> Clu) ~ o, )
>ocep
=

The first term of Eq (3) is the total sum of values in J of an indicator ¢ with all of the other
indicators B with F’(t) # 0. The sum of values of J is then normalized by the total competition
in the indicator space a with all the other indicators. The competition is an exponential func-
tion defined by:

C(a, B) = exp [L?Mq (4)

4
with AT = I* — I")|, the distance between agents.
1 1 1 g
i=1

The second term of the weight function of Eq (3), C(a, f) is the competition, as given by Eq
(4), two indicators affect each other negatively with a exponential decay.

The last term in Eq (3) is a growth regulation. The quantity R(¢) is the number of available
resources and N(#) number is the active number of indicators at time . The sum of both quan-
tities is kept constant, R(f) + N(t) = const.

Finally, to adjust the three terms in Eq (3) the coefficients a;, a, and a5 are used.
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Fig 2. Example of a two-dimensional case of the network. Positive interactions are presented in blue. Meanwhile, a
negative interaction is shown in red. Arrows indicate the origin of the interaction; an inward arrow means that the
indicator receives fortitude and an outward arrow means that the indicator give fortitude.

https://doi.org/10.1371/journal.pone.0208718.9002

As we have mentioned, each indicator has the capability of gaining or losing fortitude at
each time step. This ability is related to the probability P, which depends on the values of Eq
(3).

exp [H(2, 1)
i e o B (5)
¢ 1+ exp[H(x,1)]

With probability P, the indicator gains fortitude as in Eq 6, otherwise it will lose fortitude
asin Eq (7).

F(t+1) = F¥(¢) (1 +e, ]]T+<(°;))>. (6)

F(t+1) = F*(t) <1 - CPJ]T((O;)))' 7)
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The constants ¢, and ¢, are the gain and lose controls. J *(a) is the absolute sum of all positive
interactions that the indicator « possess, meanwhile /() is the absolute sum of all negative
interactions. J7,{) is the indicator’s absolute if the total sum of the interactions that indicator.

In the case that J"(a) = 0 or J (@) = 0, the « indicator does not participate in the dynamics.
In that case, the absolute value of J* or ]~ falls below J,,,;,,, so there is a probability of 1/2 to gain
or loss of fortitude, given by:

F(t+1) = F(1) (1 +e, ?"((Z;) (8)

o _ Jonin(2)

F(t+1)=F (t)(l c, fm(a)) 9)
Here J*(@) and ] (o) are substituted by J,,...,, the lowest interaction value for such indicator.
Also, if an indicator has fortitude less than a threshold Uy the indicator is removed and

F*(t + 1) = 0. This means that regarding the stakeholder$ view on sustainability, this indicator

is not significant enough. On the other hand, if an indicators fortitude is greater than a thresh-

old U, its fortitude will transfer a quantity ¢, with a constant probability P; to a neighbour

within a radius r.

Sustainability indicators and the Entangled Sustainability model

As we have explained, the model indicators are vectors in a four-dimensional space, that we
have also referred to as agents. In this section, we will present how we will represent the vectors
as measurable indicators. For that matter, we have proposed the use of a set of 96 indicators
used by the Commission on Sustainable Development(CSD) [21]. According to the CSD,
these core of 96 indicators covers most of the issues that are relevant for sustainable develop-
ment, these indicators provide critical information and are easily calculated. Considering that
the CSD have had a relevant role in sustainability and that the proposed guidelines have been
extensively used, we have decided to use the CSD set of indicators for the Entangled Sustain-
ability model.

Let’s remember that each indicator is a four-dimensional vector

I = (Environmental, Economic, Social, Institutional)

with values in the range [0, 3]. Therefore, the association of the model and the CSD indicators
was done by asking five experts to propose a value of affinity between each indicator on each
one of the four dimensions of sustainability, see Fig A in S1 File. The resulting association is
presented in S1 File.

The association showed to be fairly levelled in all dimensions. Also, indicators are associ-
ated close to vectors with intermediate values. Vector values with very high or very small val-
ues, for instance, (1, 0, 0, 0) or (3, 3, 3, 2), were rare, this result can show that the CSD set is
intended to have indicators that are more extensive and able to cover a wider area of the
sustainability.

All the CSD indicators were associated with one indicator from the model, but the number
of indicators in the model is higher than the CSD set. Although not all agents represent indica-
tors of the CSD, the agents can be modified slightly so that most agents can be associated to
specific indicators that will be built in the necessary case.
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Scenario creation

The Entangled Sustainability model is intended to recreate regional situations that we have
called the scenario. In the model, the J° matrix is used to represent the interaction between sus-
tainability dimensions and determine the scenario to be simulated, for that reason, the J°
matrix can be adjusted to represent a specific scenario (SS) adequately.

In [20] we have chosen the J° values by directly asking experts in sustainability which value
should the matrix take to represent the specific scenario. In this paper, we propose a different
approach. We have created a survey (see Appendix B in S1 File) that we have used to ask differ-
ent questions to local researchers and postgraduate students whose work is related to sustain-
ability science.

We asked four questions for each sustainability dimension relation, see Eq (1). As we have
12 possible relations, then the survey consisted of 48 questions.

Thanks to the ability of collaboration with different institutions, three different scenarios
have been used, Morelos and Jalisco regions in México and the region of Trondheim in
Norway.

Researchers and postgraduate students were asked to give feedback on their level of agree-
ment to statements that relate one dimension to another. We have used as reference the CSD
guidelines [21] to relate different dimensions of sustainability in a region. For example, one of
the questions used was: “Current availability of water has a positive effect on the economy of
the region you live in.” Here we are positively relating an effect between the availability of
water with the economy, i.e., the environmental dimension with the economic dimension. The
possible answers were a range of agreement from the values (2, 1, 0, -1, —2) corresponding to
the Completely agree, Agree, No opinion, Disagree, Completely disagree.

Then we obtained the mean of the same answer from different opinions, so we used these
values to create the specific scenario for the ] 9 matrix using the Eq (2).

Network of the model

In this paper we study networks emerging as a result of the dynamics of the model, we charac-
terized the long stable situation in comparison with unstable situations and the network from
scenarios created with the previous method along with randomly generated networks (see S1
File). We have also reported in [20] that specific values for a group of parameters produce the
long stable situations; we will call these the standard values.

As we have explained, the Entangled Sustainability consists of sustainability indicators as
nodes connected by links. It is important to mention that the model network is directed, i.e.,
each node has both in and out links.

We found that specific scenarios (SS) and randomly generated scenarios (RGS) present dif-
ferent qualitative result. For example, in Fig 3 two simulations are presented using for both
cases the standard values. The use of an SS is shown in blue, here unstable situations are pres-
ent with an increase and fluctuation of the total fortitude. Meanwhile, the case of an RGS is
shown in red, where the unstable situations do not arise.

Using the information about the structure of the network at a time t, In the following sub-
sections, we will explain three important measures of the networks topology that we used: the
degree distribution, the clustering coefficient, and the Interactions distribution.

Degree distribution

The degree [37] is the number of links a node has with other nodes, measuring the degree of
all nodes gives the probability P(k) that a randomly selected node has k links, which is then the
degree distribution. A directed network like those in the model has both an in-degree and an
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Fig 3. Comparison of the overall behavior of the entire system’s fortitude. We used the J € [-100, 100], P, = 0.3, C,= 0.3 and r = 10.
https://doi.org/10.1371/journal.pone.0208718.9003

out-degree distribution, these are the number of incoming and outgoing links. For simplicity,
we did not distinguish the in-degree k; and out-degree k,; hence we counted only the existence
of a link between two nodes. If two nodes had both in and out link then the connection
between nodes was counted only once.

Even though the in and out degree of a node is an important local quantity, the total degree
distribution can determine the global characteristics of the network. For instance, the links in
arandomly generated network are placed randomly, so most of the nodes have the same num-
ber of links to other nodes, i.e., they have the same degree. Meanwhile a Poison distribution
[37] it is usually associated with a random network. But for most of the large complex net-
works, the degree distribution significantly deviates from a Poisson distribution. These
networks are called scale-free and their degree distribution has a power-law tail of the form
P(k) ~ k77,

Clustering coefficient

The clustering coefficient [37] is a measure of the degree to which nodes tend to cluster
together. It is then the ratio between the number E of nodes that are present, divided by the k
nodes and the maximum number of links k(k — 1)/2. For an indicator « the clustering is:

C —72131 10
1) (10)

With k, the number of nodes of an indicator ¢. It is important to describe a network by mea-
suring its tendency to form clusters. The clustering coefficient is then the number of closed
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links made by a group of at least three nodes, if this kind of triangle is created, then it is said
that it is a cluster.

Interaction strength distribution

Let us remember that if an indicator o with F(f) # 0 then it will be connected to other indica-
tors. The interaction strength distribution [38, 39] is measured by counting the number N of
indicators that have a total sum of links s. So, all the links J of an indicator ¢ are added to
obtain the sum §, and then the interval of possible values of S is divided into boxes. Finally the
number N of indicators that have that value S are counted.

Results

As we have explained, the Entangled Sustainability model is composed of interconnected sus-
tainability indicators, and the structure of the model’s network describes a specific sustainabil-
ity scenario. For this reason, we have used the interaction matrix J 9 to define the scenario.

In this section, we will distinguish two different networks: where a specific scenario(SS) J 0
is previously defined (see the Scenario Creation section), and a random generated J° network
(RGS).

We will first characterize two different situations present in the model: the unstable situa-
tion and the metastable situation. In [20] we designed a test based on the Pareto principle [40]
to identify stable situations, also known as the 80-20 rule, meaning that less than 20% of the
population has more than 80% of the strength. The principle is asserted to appear in several
different aspects of socioeconomic systems [41-43]. In our case, we use this property in order
to define the Paretian set as the set of long lasting indicators that fulfil the Pareto principle.

In Fig 3 we present two simulations from two cases, the blue line corresponds to a single
simulation from the SS for Morelos. In this example metastable and unstable situations are
present, unstable situations are characterized by an increased and fluctuated total fortitude,
and on the metastable situations, less fortitude movement is present. Contrary to the unstable
situations, a Paretian set is constant and well defined during metastable situations. On the
other hand, the case of a simulation using an RGS is shown in red. The total fortitude varies
slightly, but no situations where the Paretian set is constant are present. This means that unlike
the scenario network, the random scenario does not have a long-lasting Paretian set. We have
observed that previous behavior in all simulations, so in the next sections we will present fur-
ther differences and similarities of both cases, both in the SS and the RGS.

Stability of simulations

In the Network of the model section, we have described the degree distribution, the interaction
strength distribution, and the clustering coefficient as the main network measures that charac-
terize the model network topology. To analyse if the SS and RGS are statistically different or
similar, we have used different central tendency measures.

The degree distribution measures how connected the nodes are. To test if both distributions
are different, in this case, we have used the y-square test, using the null hypothesis that the spe-
cific distribution comes from the random sampling distribution. If the null hypothesis is
rejected, then the degree distribution from both cases are different, if is not rejected both dis-
tributions are comparable. Using the same criteria, for the clustering coefficient, we have used
Student T-test, as well we compared the two networks clustering with a correlation test. Mean-
while, as the interaction strength distribution provides a good qualitative insight, we will use it
for that matter.
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Table 1. x-square test of the scenario number 1.

Scenario 1.1 vs Scenario 1.2 1.0263
Scenario 1.1 vs Scenario 1.3 1.0118
Scenario 1.2 vs Scenario 1.3 1.0196

https://doi.org/10.1371/journal.pone.0208718.t001

Degree distribution tests. First, we compared different simulations from the same SS and
RGS, so we could test if different simulations are different. Finally, we compared SS and RGS
between them. We have used the y-squared test to determine if there is a significant difference
on the frequencies of the degree distribution.

x-square test was done by binning the number of interactions (x axis) into five fixed boxes
and then the frequency of the links density (y axis) counted. Then, two frequencies are com-
pared using FE as the expected frequency and FO as the observed frequency. The sum of these
quantities over the five bins is the test statistic. The comparison is made with the y-square test
as follows:

XZZZ):(FOx_FEt) (11)

i=1 FE1

Table 1, Table A in S1 File and Table B in S1 File show the y-squared test of 3 SS. The test
presents lower values than the critical value of 1.064, for 4 degrees of freedom and 90% of con-
fidence. Thus with a 90% level of confidence the null hypothesis cannot be rejected, i.e., the SS
are statistically equivalent.

On the other hand, in Table 2, Table C in S1 File and Table D in S1 File we present the y-
squared test of 3 random generated scenarios. Using the same criteria as the SS, we show that
with a 90% level of confidence the null hypothesis is rejected. Meaning that the SS simulations
are statistically similar meanwhile the randomly generated scenarios are different.

Clustering coefficient tests

To test the clustering coefficient a two sample Student T-test was used along with the Pearson
correlation coefficient. The Student T-test was performed as follows:
X, - X.
t=——== (12)
s,\/2/n

_ St (13)
S=\ "5

Here X, s, and X,, s are the means and the standard deviations from two simulations to be

where

compared. As we have compared the means of two different simulations, each one with a
range of ten thousand data points, the degrees of freedom are considered infinite.

Table 2. x-square test of the random generated scenario number 1.

Random 1.1 vs Random 1.2 12.88
Random 1.1 vs Random 1.3 12.97
Random 1.2 vs Random 1.3 14.11

https://doi.org/10.1371/journal.pone.0208718.t1002
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Table 3. Student T-test of the scenario number 1.

Scenario 1.1 vs Scenario 1.2 2.556
Scenario 1.1 vs Scenario 1.3 3.86
Scenario 1.2 vs Scenario 1.3 2.628

https://doi.org/10.1371/journal.pone.0208718.t003

Table 4. Student T-test of the random generated scenario number 1.

Random 1.1 vs Random 1.2 41.41
Random 1.1 vs Random 1.3 18.79
Random 1.2 vs Random 1.3 22.24

https://doi.org/10.1371/journal.pone.0208718.t004

Same as the y-Square test for the degree distribution, on Table 3, Table E in S1 File and
Table F in S1 File for the SS and Table 4, Table G in S1 File and Table H in S1 File for RGS, we
present the results of the Student T-test. Results show that the clustering coefficient on the SS
simulations are similar and on RGS are not.

The Pearson correlation coefficient was calculated using

R v R )
VI (=03 0 )

Here the i clustering value from the first scenario to be compared is denoted by x; and the
from the second scenario is ;. Meanwhile X and and y are the means. The number n denotes
the number of samples, we used # = 10000. A comparison between an SS and a RGS using this
coefficient is shown in Tables 5 and 6

The Pearson correlation coefficients show a higher correlation for the SS, meanwhile there

(14)

is no correlation between RGS simulations.

Metastable and unstable situations for specific scenarios

As we showed in the previous section, the SS simulations had similarities between them but
compared RGS simulations do not present similarities. For that reason, for now on, we will
present all results as the mean of five simulations but without changing any parameter or the
specified SS.

Table 5. Correlation of the scenario number 1.

Scenario 1.1 vs Scenario 1.2 0.431
Scenario 1.1 vs Scenario 1.3 0.488
Scenario 1.2 vs Scenario 1.3 0.419

https://doi.org/10.1371/journal.pone.0208718.t005

Table 6. Correlation of the random generated scenario number 1.

Random 1.1 vs Random 1.2 0.03628
Random 1.1 vs Random 1.3 0.02096
Random 1.2 vs Random 1.3 0.01465

https://doi.org/10.1371/journal.pone.0208718.t1006
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Fig 4. Degree distribution of the unstable and the metastable situations. Example using the Morelos scenario.

https://doi.org/10.1371/journal.pone.0208718.9004

To show the SS unique characteristics, here we will present the same measures and tests to
understand the metastable and unstable situations in specific scenarios using the standard val-
ues. In Fig 3 we have presented in blue an example of the total fortitude for the Morelos sce-
nario, during a period of ten thousand time steps we can notice that there are unstable
situations where the Paretian set is not defined. Also, this instability is characterized by fluctua-
tions of the fortitude.

In Fig 4 the degree distribution of the unstable and metastable situations are exemplified
using the Morelos scenario. The unstable situations are characterized by a small number of
indicators that have few links and a fewer number of indicators with many links, on the other
hand, the metastable situations also have a small number of indicators with many links but
with more links. The metastable situations also have a small group of indicators with many
links, but still, it is characterized by a higher number of indicators than the ones present in
unstable situations.

The stable situation resembles a scale-free distribution with an adjusted y = 2.55, mean-
while, the unstable situation has a lower y = 2.32. This result resembles many real-world social
networks [37].

Performing the y-square test on the unstable against the metastable degree distribution we
have obtained a value of 5.12, meaning that both distributions are different.

The clustering coefficient changes abruptly during the unstable situations, an example of
the clustering coefficient for SS is presented in Fig 5. As the Student T-tests shows a value of
13.26 both cases are statistically different.

The interaction strength distribution is also different in both situations. In the example
shown in Fig 6 using the Morelos SS, the metastable situations have a mean connectivity of
22.5: meanwhile, the unstable situations have a mean of -10.4. Generally, the metastable
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situations show a higher number of indicators with positive connectivity, and the unstable sit-
uations present a wider distribution with negative connectivity.

Scenarios

The two previous subsections showed important differences between simulation from the SS
and the RGS. In the following subsection, we will show that the SS also produces a distinctive
network for different scenarios. For that reason, we have compared SS using three different
scenarios created from the survey method described in the Scenario creation section, and we
will show the differences of these three SS along with other three different RGS.

To end, we will show the set of indicators from the Paretian set, that can sustain its compo-
sition during the stable situations, as a suggestion of the set of indicators to pursue a sustain-
able outcome.

Degree distribution. The degree distribution in a log plot is presented in Fig 7. The SS
have similar degree distribution between them. If compared with the RGS, the SS has a peak of
indicators with fewer links than the RGS. Also, the RGS resembles a power law distribution.

The y-square test for the degree distribution of the three SS analyzed shown in Table 7,
shows that the Morelos scenario is closer to the other two distributions. If we use the critical

Table 7. x-square test for the degree distribution of scenarios.

Morelos vs Trondheim 0.707
Trondheim vs Jalisco 1.44
Morelos vs Jalisco 0.487

https://doi.org/10.1371/journal.pone.0208718.t007
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Table 8. Mean clustering coefficient for SS and RGS.

Morelos 0.5529
Trondheim 0.5822
Jalisco 0.5707
Random 1 0.4899
Random 2 0.5415
Random 3 0.2552

https://doi.org/10.1371/journal.pone.0208718.t008

values for independence test (1,064 for 90% of confidence) only the Trondheim and Jalisco
scenarios are statistically different.

Clustering. The clustering coefficient presented in Fig 5 exhibits a similar behavior of the
clustering as with total fortitude in Fig 3. In the SS cases the clustering is mainly stable, but
similar to the fortitude, during the metastable situations, the clustering oscillates. This result
adds another clear characteristic for the stable situation; these characteristics are: the Paretian
set does not change, the total fortitude does not oscillate and here we show that also the cluster-
ing coefficient is stable.

It is also noticeable that the mean clustering coefficient of the SS and the RGS are different.
Table 8 shows that the SS have a higher mean clustering coefficient than the RGS.

The values on Table 9 are the Student T-test for the clustering coefficient of the three SS
analysed. The Morelos and Jalisco scenarios show the farthest distance. Using the critical value
for independence test of 1.645 for a 90% confidence, only the Trondheim and Jalisco Scenarios
are statistically similar.

Interaction strength distribution. We compared specific sustainability scenario and a
random scenario. It is possible to notice in Fig 8 that both cases differ substantially. The SS it is
characterized by fewer grouped indicators, and with positive values of total links, meanwhile
the random case has mostly negative and dispersed indicators.

We also calculated the mean connectivity in Table 10. The SS are characterized by positive
links, meanwhile, the three RGS mean of links is negative. This result shows that metastable
situations only occur when positive interactions are present.

It is important to notice that the highest mean clustering coefficient and the most positive
mean connectivity belongs to the Trondheim scenario, and in the degree distribution also
Trondheim behaves as the scenario with most indicators with a higher number of links.

Indicators for the scenarios. The Entangled Sustainability model is proposed as a tool
to select a set of indicators. As we have shown using specific scenarios, the model simulates a
scenario with a network that is not similar to those of the random generated scenarios. The
specific scenario network has shown stability, and also gives a well defined Paretian set of
indicators as policy-makers require. Tables 11, 12 and 13 show the Paretian sets obtained for
three specific scenarios created through the method described in the Scenario creation
section.

Table 9. Student T-test for the clustering coefficient of scenarios.

Morelos vs Trondheim 3.92
Trondheim vs Jalisco 1.32
Morelos vs Jalisco 9.15

https://doi.org/10.1371/journal.pone.0208718.t009
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Conclusions

Sustainability is the endurance of human systems over many generations, and through the
social dynamics, the human systems adapt to metastable situations [3]. Here, we have devel-
oped a computational model that recreates this phenomenon to determine under which condi-
tions metastability is present. In the Entangled Sustainability model, the complex interaction
between indicators generate the emergence of an adapted Paretian set of indicators that may
represent the sustainable situations.

We designed the /° matrix on the Entangled Sustainability model to represent regional situ-
ations. This matrix condenses the interaction between sustainability dimensions. By using a
survey of experts, we designed a methodology that provides the values of the J° matrix. Thus, it
is a methodology to create a specific J° that represents a specific scenario. With this methodol-
ogy, we could analyze the role of the scenarios on the stability of the model, this by comparing
specific scenarios(SS) against randomly generated scenarios(RGS).

When simulating the same RGS multiple times, inconsistent network properties emerge,
and the Paretian set cannot be determined. In comparison, the SS displays (during the stable

Table 10. Mean interaction strength distribution for SS and RGS.

Morelos 5.5
Trondheim 13.0
Jalisco 314
Random 1 -26.0
Random 2 -11.9
Random 3 -24.6

https://doi.org/10.1371/journal.pone.0208718.t1010
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Table 11. Indicators for the Morelos scenario.

Vector Indicator name

0032 Number of intentional homicides per 100,000 population
0101 Share of imports from developing countries and from LDCs
0122 Number of internet users per 100 population

0133 Net enrollment rate in primary education

0231 Adult literacy rate, by sex

0322 Share of households without electricity or other modern energy services
0333 Vulnerable employment

1122 Percentage of total population living in coastal areas

1202 Arable and permanent cropland area

1333 Percent of population living below national poverty line
2103 Percent of forests damaged by defoliation

2122 Fragmentation of habitat

2200 Energy intensity of transport

2333 Net Official Development

3021 Land affected by desertification

3030 Proportion of fish stocks within safe biological limits

https://doi.org/10.1371/journal.pone.0208718.t011

situation) a well defined Paretian set that it is represented by a specific network configuration.
This result implies that the network properties between the SS and the RGS are different,
meanwhile, the network properties on the SS are similar.

We also characterized the metastable situation of the model so that we could understand its
relevance. We compared the stable against the unstable situations using three different net-
work measures, showing that the two networks configurations are different and the properties
of a stable Paretian set and resilient behavior are directly related to specific network character-
istics. However, we emphasize that the stability of the Paretian set not imply that the indicators
with more fortitude are stable as was explained in detail in [20].

The comparison between three different SS examples, from two different countries, dis-
played irregular results. The degree distribution and clustering coefficient of the Morelos 2 sce-
nario showed similarities with other scenarios, mostly with the Trondheim and Jalisco
scenarios. As so, the Jalisco and Trondheim scenarios show to be similar to the clustering
coefficient.

Table 12. Indicators for the Trondheim scenario.

Vector Indicator name

0100 Share of imports from developing countries and from LDCs
0200 Domestic material consumption

0300 Current account deficit as percentage of GDP

0310 Mobil phones per 100 population

1100 Average tariff barriers imposed on exports from developing countries
1202 Arable and permanent cropland area

2210 Marine trophic index

2230 Remittances as percentage of GNI

2310 Area under organic farming

3300 Carbon dioxide emissions

https://doi.org/10.1371/journal.pone.0208718.t1012
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Table 13. Indicators for the Jalisco scenario.

Vector Indicator name

21 Suicide rate

31 Prevalence of tobacco use

111 Share of imports from developing countries and from LDCs

131 Share of women in wage employment in the non-agricultural sector
201 Investment share in GDP

211 Domestic material consumption

1011 Morbidity of major diseases such as HIV/AIDS, malaria, tuberculosis
1031 Proportion of urban population living in slums

1121 Percentage of total population living in coastal areas

1201 Arable and permanent cropland area

1221 Annual energy consumption per capita, total and by main user category
1231 Population growth rate

2131 Bathing water quality

2331 Net Official Development

3131 Generation of hazardous waste

3221 Land degradation

https://doi.org/10.1371/journal.pone.0208718.t1013

Although these results are inconclusive, the comparisons of the SS display similarities
between each other, as this property is not present in the RGS simulations. According to the
values chosen for J° we have shown that the model is capable of simulating different scenarios
in regions. The stable situation has demonstrated to be characterized by a unique kind of net-
work that can explain the resilient behavior of the Paretian set. The properties of the stable sit-
uation network also exhibit that the cooperation-competition dynamics create a network
independent of the values of J°, but different from a random generated J°. The resulting set of
indicators of specific scenario network, that we have previously reported as the Paretian set of
indicators, establishes relevant indicators for this specific scenario. In conclusion, the results
here presented show that the Entangled Sustainability model has a statistically equivalent stable
network for each of the specific scenarios. These networks share centrality measurements. A
different situation presents the randomly generated scenarios, which do not show stable net-
work properties and show statistical differences in their centrality measurements. The Entan-
gled Sustainability model is then suitable to identify a set of indicators that enable stakeholders
to track pathways towards sustainable development in their localities.

Supporting information

S1 File. Appendix A. Fig A. Appendix B. Table A. Table B. Table C. Fig B. Appendix C.
Table D. Table E. Table F. Table G. Table H. Table I. Table J. Table K. Table L. Table M.
Table N. Table O. Appendix D.

(PDF)

Author Contributions

Conceptualization: Pavel Vazquez, Jesus A. del Rio, Jiska van Dijk.

Data curation: Pavel Vazquez.

Formal analysis: Pavel Vazquez, Karla G. Cedano, Henrik Jeldtoft Jensen.

Funding acquisition: Jests A. del Rio.

PLOS ONE | https://doi.org/10.1371/journal.pone.0208718 December 17,2018 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208718.s001
https://doi.org/10.1371/journal.pone.0208718.t013
https://doi.org/10.1371/journal.pone.0208718

®PLOS | one

Network characterization of the Entangled Model for sustainability indicators

Investigation: Pavel Vazquez, Jesus A. del Rio.

Methodology: Pavel Vazquez, Jesus A. del Rio, Jiska van Dijk.

Project administration: Pavel Vazquez.

Resources: Jesus A. del Rio.

Supervision: Jesus A. del Rio.

Validation: Karla G. Cedano, Henrik Jeldtoft Jensen.

Writing - original draft: Pavel Vazquez, Jesus A. del Rio.

Writing - review & editing: Pavel Vazquez, Jesus A. del Rio, Karla G. Cedano, Jiska van Dijk,

Henrik Jeldtoft Jensen.

References

1.

10.

11.

12

13.

14.

15.

16.

World Commission on Environment and Development. (1987) Our Common Future (The Brundtland
Commission). Oxford: Oxford University Press.

United Nations. (2015) Transforming our world: The 2030 agenda for sustainable development. A/RES/
70/1, 21 October.

Espinosa A, Walker J. (2011) A complexity approach to sustainability: theory and application. World
Scientific.

Panagiotakopoulos PD, Espinosa A, Walker J. (2016) Sustainability management: insights from the
Viable System Model. Journal of Cleaner Production; 113:792—-806. https://doi.org/10.1016/j.jclepro.
2015.11.035

Harris G. (2007) Seeking sustainability in an age of complexity. Cambridge University Press.

Zachariou N. (2016) A Complexity and Networks approach to Sustainability. Imperial College London:
Imperial College London.

Olsson L, Jerneck A, Thoren H, Persson J, O'Byrne D. (2015) Why resilience is unappealing to social
science: Theoretical and empirical investigations of the scientific use of resilience. Science advances,
1(4), e1400217. https://doi.org/10.1126/sciadv.1400217 PMID: 26601176

Biggs R, Schluter M, Biggs D, Bohensky EL, BurnSilver S, Cundill G, et al. (2012) Toward principles
for enhancing the resilience of ecosystem services. Annual review of environment and resources,
37, 421-448. https://doi.org/10.1146/annurev-environ-051211-123836

Pahl-Wostl C, Arthington A, Bogardi J, Bunn SE, Hoff H, Lebel L, et al. (2013) Environmental flows and
water governance: managing sustainable water uses. Current Opinion in Environmental Sustainability,
5(3-4), 341-351. https://doi.org/10.1016/j.cosust.2013.06.009

Parker DC, Manson SM, Janssen MA, Hoffmann MJ, Deadman P. (2003). Multi-agent systems for the
simulation of land-use and land-cover change: a review. Annals of the association of American Geogra-
phers, 93(2), 314-337. https://doi.org/10.1111/1467-8306.9302004

Braasch M, Garcia-Barrios L, Cortina-Villar S, Huber-Sannwald E, Ramirez-Marcial N. (2018) TRUE
GRASP: Actors visualize and explore hidden limitations of an apparent win-win land management strat-
egy in a MAB reserve. Environmental Modelling & Software, 105, 153-170. https://doi.org/10.1016/j.
envsoft.2018.03.022

Walker B, Carpenter S, Anderies J, Abel N, Cumming G, Janssen M, et al. (2002) Resilience manage-
ment in social-ecological systems: a working hypothesis for a participatory approach. Conservation
ecology, 6(1). https://doi.org/10.5751/ES-00356-060114

Rotmans J, de Vries B. (1997) Perspectives on Global Change: The TARGETS Approach: Cambridge
University Press.

Bakkes JA, Grosskurth J, [denburg AM, Rothman DS, van Vuuren DP. (2000) Descriptions of selected
global models for scenario studies on environmentally sustainable development: Global Dynamics and
Sustainable Development Programme. Bilthoven: RIVM.

CPB Netherlands Bureau for Economic Policy Analysis. (1999) WorldScan: the Core version. The
Hague.

Grossmann |E, Guillen-Gosalbez G. (2010) Scope for the application of mathematical programming

techniques in the synthesis and planning of sustainable processes. Comput Chem Eng; 34(9):1365-76.
https://doi.org/10.1016/j.compchemeng.2009.11.012

PLOS ONE | https://doi.org/10.1371/journal.pone.0208718 December 17,2018 19/21


https://doi.org/10.1016/j.jclepro.2015.11.035
https://doi.org/10.1016/j.jclepro.2015.11.035
https://doi.org/10.1126/sciadv.1400217
http://www.ncbi.nlm.nih.gov/pubmed/26601176
https://doi.org/10.1146/annurev-environ-051211-123836
https://doi.org/10.1016/j.cosust.2013.06.009
https://doi.org/10.1111/1467-8306.9302004
https://doi.org/10.1016/j.envsoft.2018.03.022
https://doi.org/10.1016/j.envsoft.2018.03.022
https://doi.org/10.5751/ES-00356-060114
https://doi.org/10.1016/j.compchemeng.2009.11.012
https://doi.org/10.1371/journal.pone.0208718

®PLOS | one

Network characterization of the Entangled Model for sustainability indicators

17.

18.

19.

20.

21,

22,

23.

24,
25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
M,

Li X, Yeh AGO. (2000) Modelling sustainable urban development by the integration of constrained cellu-
lar automata and GIS. International Journal of Geographical Information Science, 14(2), 131-152.
https://doi.org/10.1080/136588100240886

Ticehurst JL, Newham LTH, Rissik D, Letcher RA, Jakeman AJ. (2007) A Bayesian network approach
for assessing the sustainability of coastal lakes in New South Wales, Australia. Environ Modell Softw;
22(8):1129-39. https://doi.org/10.1016/j.envsoft.2006.03.003

Young DM, Cabezas H. (1999) Designing sustainable processes with simulation: the waste reduction
(WAR) algorithm. Comput Chem Eng.; 23(10):1477-91. https://doi.org/10.1016/S0098-1354(99)
00306-3

Vazquez P, del Rio JA, Cedano KG, Martinez M, Jensen HJ. (2015) An Entangled Model

United Nations. (2007) Indicators of Sustainable Development: Guidelines and Methodologies. New
York: United Nations. for Sustainability Indicators. PLoS ONE 10(8):e0135250.

Gray S, Jordan R, Crall A, Newman G, Hmelo-Silver C, Huang J, et al. (2017) Combining participatory
modelling and citizen science to support volunteer conservation action. Biological conservation, 208,
76-86. https://doi.org/10.1016/j.biocon.2016.07.037

Lang DJ, Wiek A, Bergmann M, Stauffacher M, Martens P, Moll P, et al. (2012) Transdisciplinary
research in sustainability science: practice, principles, and challenges. Sustainability science, 7(1), 25—
43. https://doi.org/10.1007/s11625-011-0149-x

Pohl C, Hadorn GH. (2007) Principles for designing transdisciplinary research. Munich: oekom.

Shelton RE, Baeza A, Janssen MA, Eakin H (2018). Managing household socio-hydrological risk in
Mexico city: A game to communicate and validate computational modeling with stakeholders. Journal of
environmental management, 227, 200-208. https://doi.org/10.1016/j.jenvman.2018.08.094 PMID:
30193209

Christensen K, Di Collobiano SA, Hall M, Jensen HJ. (2002) Tangled nature: a model of evolutionary
ecology. Journal of theoretical Biology, 216(1), 73—84. https://doi.org/10.1006/jtbi.2002.2530 PMID:
12076129

Lépez-Corona O, Padilla P, Escolero O, Morales-Casique E. (2018) Heuristic Formulation of a Contex-
tual Statistic Theory for Groundwater. Foundations of Science, 23(1), 75-83.

Hak T, Moldan B, Dahl AL. (2012) Sustainability indicators: a scientific assessment ( Vol. 67). Island
Press.

Jger J. (2009) Sustainability Science in Europe. Background paper prepared for DG Research.

Dahl AL. (2012) Achievements and gaps in indicators for sustainability. Ecological Indicators, 17, 14—
19. https://doi.org/10.1016/j.ecolind.2011.04.032

Kates RW, Clark WC, Corell R, Hall JM, Jaeger CC, Lowe |, et al. (2001) Sustainability science. Sci-
ence, 292(5517), 641-642. https://doi.org/10.1126/science.1059386 PMID: 11330321

Clark WC, Dickson NM. (2003) Sustainability science: the emerging research program. Proceedings of
the national academy of sciences, 100(14), 8059-8061. https://doi.org/10.1073/pnas.1231333100
Jerneck A, Olsson L, Ness B, Anderberg S, Baier M, Clark E, et al. (2011) Structuring sustainability sci-
ence. Sustain Sci (2011) 6:69-82 https://doi.org/10.1007/s11625-010-0117-x

Miller Thaddeus R. (2013) Constructing sustainability science: emerging perspectives and research tra-
jectories. Sustain Sci (2013) 8:279-293. https://doi.org/10.1007/s11625-012-0180-6

Keating M. (1994). The Earth Summits agenda for change: a plain language version of Agenda 21 and
the other Rio agreements.

Michaelian K. (2005). Thermodynamic stability of ecosystems. Journal of theoretical biology, 237(3),
323-335. https://doi.org/10.1016/}.jtbi.2005.04.019 PMID: 15978624

Albert R, Barabasi AL. (2002) Statistical mechanics of complex networks, Reviews of Modern Physics.
74, 47-97. https://doi.org/10.1103/RevModPhys.74.47

Laird S, Jensen HJ. (2006) The tangled nature model with inheritance and constraint: evolutionary ecol-
ogy restricted by a conserved resource. ecological complexity, 3(3), 253—-262. https://doi.org/10.1016/j.
ecocom.2006.06.001

Emmerson MC, Raffaelli D. (2004) Predator-prey body size, interaction strength and the stability of a
real food web. Journal of Animal Ecology, 73(3), 399—409. https://doi.org/10.1111/1.0021-8790.2004.
00818.x

Pareto V. (1909) Manuel d’Economie Politique. Paris: V. Girard et E. Briere.

Chipman JS. (1976) The Paretian Heritage, Revue Europeenne des Sciences Sociales et Cahiers Vil-
fredo Pareto, 14, 65-171.

PLOS ONE | https://doi.org/10.1371/journal.pone.0208718 December 17,2018 20/21


https://doi.org/10.1080/136588100240886
https://doi.org/10.1016/j.envsoft.2006.03.003
https://doi.org/10.1016/S0098-1354(99)00306-3
https://doi.org/10.1016/S0098-1354(99)00306-3
https://doi.org/10.1016/j.biocon.2016.07.037
https://doi.org/10.1007/s11625-011-0149-x
https://doi.org/10.1016/j.jenvman.2018.08.094
http://www.ncbi.nlm.nih.gov/pubmed/30193209
https://doi.org/10.1006/jtbi.2002.2530
http://www.ncbi.nlm.nih.gov/pubmed/12076129
https://doi.org/10.1016/j.ecolind.2011.04.032
https://doi.org/10.1126/science.1059386
http://www.ncbi.nlm.nih.gov/pubmed/11330321
https://doi.org/10.1073/pnas.1231333100
https://doi.org/10.1007/s11625-010-0117-x
https://doi.org/10.1007/s11625-012-0180-6
https://doi.org/10.1016/j.jtbi.2005.04.019
http://www.ncbi.nlm.nih.gov/pubmed/15978624
https://doi.org/10.1103/RevModPhys.74.47
https://doi.org/10.1016/j.ecocom.2006.06.001
https://doi.org/10.1016/j.ecocom.2006.06.001
https://doi.org/10.1111/j.0021-8790.2004.00818.x
https://doi.org/10.1111/j.0021-8790.2004.00818.x
https://doi.org/10.1371/journal.pone.0208718

o ®
@ ’ PLOS | ONE Network characterization of the Entangled Model for sustainability indicators

42, Levy M. (2005) Market Efficiency, The Pareto Wealth Distribution, and the Levy Distribution of Stock
Returns, in The Economy as an Evolving Complex System, ed. by Durlauf S. and Blume L. Oxford, U.
K.: Oxford University Press.

43. Benhabib J, Bisin A, Zhu S. (2011) The Distribution of Wealth and Fiscal Policy in Economies With
Finitely Lived Agents. Econometrica, 79: 123—157. https://doi.org/10.3982/ECTA8416

PLOS ONE | https://doi.org/10.1371/journal.pone.0208718 December 17,2018 21/21


https://doi.org/10.3982/ECTA8416
https://doi.org/10.1371/journal.pone.0208718

