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Social policies are commonly defined from scattered knowledge. It is hard to find

examples of social policy design based on a systemic perspective, and even harder with

formal modeling support. To advance in filling this gap, we studied the case of the tourism

development on Barú Island. In this place, tourism is a critical economic activity based

on local ecosystem services, but it is being developed without planning and outside

of a sustainability focus. We build a qualitative model of the social structure of tourism

development that is taking place in the locality. Model building was based on experiences

and opinions of local stakeholders, gathered through participatory procedures. Using

our model, we projected the future states of the system, assuming several hypothetical

public policy scenarios. More specifically, we evaluated the system responses to: (a)

a multivariate business–as–usual (BAU) scenario, and (b) two multivariate aprioristic

scenarios, pointed to improve expected outcomes. These scenarios were based on

the opinions of both stakeholders and experts. We also tested: (c) simple (univariate)

aposterioristic scenarios, built from the structural analysis of the system using the

sensitivity matrix. Finally, we included: (d) a trivial (and unattainable) scenario, in which

every model variable was increased or decreased at convenience. The outcomes of our

scenario analysis were evaluated using four different weight sets applied to the projected

states of system variables, representing different strategic priorities: social-economic,

environmental, mixed, and plain. Our results show that the projected outcomes differ

among the tested scenarios and the strategic priority to be adopted. However, in all

cases the BAU scenario was markedly the worst. For every strategic priority, some

simple aposterioristic scenarios performed slightly better, as compared to the more

complex aprioristic ones, and even better than the trivial scenario. This result was more

noticeable under the plain strategy. We conclude that aposterioristic scenarios derived

from the sensitivity matrix of the qualitative model, particularly decreasing migration risk

and increasing governance strength, are the best candidates for tourism policy-making

in Barú among the evaluated alternatives. These results should be put in its context and

adapted before they can be transferred to other study-cases. Our findings suggest that
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social policy-making can benefit from structural qualitative modeling. In particular, this

approach may give analytical support to the selection of intervention measures from a

structural perspective, based on defined strategic priorities. For this purpose, however,

the model itself and the outcomes obtained from its analysis should be updated steadily.

Keywords: signed directed graphs, community matrix, jacobian matrix, loop analysis, ecological models

1. INTRODUCTION

Tourism is basically a non-extractive industry, and thus it has
the potential to develop local economies on a sustainable basis
(Anup, 2016). Tourism has experienced uninterrupted growth
worldwide. In 2018, global tourism grew around 4.4%, whereas
the world GDP grew by 3.6% (UNWTO, 2019). Note that
56% of travels are for leisure, recreation, or vacation purposes
(UNWTO, 2019). In emerging economies, international tourism
receipts grew 7.6/5.7% in 2017/2018, which contrasts with the
4.0/3.7% exhibited by advanced economies. In the Americas,
South America presents by far the highest growth, with Colombia
maintaining a leading place together with Brazil and, incidentally,
Argentina. However, there are recognized social and ecological
issues to the growth of the tourism industry (Higgins-Desbiolles,
2018; Chakraborty, 2020), and they should be considered for
the design of strategic public policies directed to enhance a
tourism–based economy (Hall, 2019).

In several South American countries, the healthy state of their
ecosystems allows the development of a vigorous ecotourism
industry. In places where tourism economies are still in their
early stages, the proximity to well-established tourism centers
may boost their development. However, the closeness to popular
tourist centers often leads to increases in both the prices of
services and the density of visitors, factors that could ultimately
depress the value of the ecotourism offer. This is the case of Barú
Island, located in northern Colombia on the Caribbean coast.
In 2018, the tourism activity in Colombia increased 9% relative
to 2018, and Cartagena de Indias, located close to Barú Island,
was the second most visited destination after the Capital City
Bogotá (MCIT, 2019). The tourist activities that take place in the
study site include the use of the beach, snorkeling, diving, sailing,
and hiking. The sustainability of these recreational activities,
available all year round, are highly dependent on the health of
marine and terrestrial ecosystems. Remarkably, water quality,
air quality, marine biodiversity, terrestrial vegetation and fauna,
among other ecosystem features, support ecotourism—and
economic—development in Barú. The country, but particularly
the inhabitants of Barú, deserve strategic public policies that
promote the systemic development of sustainable local tourism.
However, social policies, including tourism ones, are commonly
defined inorganically, from scattered knowledge and following
decision-making procedures with a weak participatory basis. It is
hard to find examples of social policy design based on a systemic
perspective, and even harder with formal modeling support.

In this study, we present an approach to support strategic
policy decision-making based on scientific modeling. We apply
our tools to contribute to the socio–ecological development of

Barú Island, taken as a case study. To this end, we first develop
a qualitative model of the structure of the tourism development
in Barú, on the grounds of participatory methods. Then, we
use our model to comparatively assess the performance of
alternative public policy scenarios by analyzing the mathematical
projections of the system states. As detailed below, we construct
the competing scenarios from two contrasting standpoints,
aprioristic and aposterioristic ones. For reference, we included
a business-as-usual scenario that represent the absence of any
active policy on tourism development. The predicted outcomes of
policy scenarios are evaluated in reference to predefined strategic
priorities. We adopted a structural qualitative modeling strategy,
employing the formalism of sidigraphs. This choice allows us
to obtain a picture of the system based on the direct causal
influences among its main elements. Furthermore, sidigraph-
based models are amenable to various useful forms of structural
analysis (Hage and Harary, 1983; Dambacher et al., 2003;
Dambacher and Ramos-Jiliberto, 2007) and we consider this
approach as especially suitable for the modeling and analysis of
a wide spectrum of socio-ecological systems. The novel aspect of
our contribution rests on the interplay between sidigraph-based
qualitative modeling, participatory model building and scenario
analysis, applied to the development of strategic public policies.

2. MATERIALS AND METHODS

2.1. Study System
Barú Island in Colombia is a peninsula converted into an
artificial island by a navigation channel, the Dique Channel.
In a land area of near 7,200 ha, Barú Island is populated by
about 7,800 inhabitants and it is located 33 km away from
the renowned touristic city Cartagena de Indias. Barú Island
presents a rich and integrated set of priority ecosystems (coral
reefs, meadows, mangroves, tropical dry forests, temporary
channels, coastal lagoons), rich birdlife, and high marine
biodiversity, besides archaeological and cultural heritage areas.
The marine areas of Barú are part of a protected site that
includes one of the largest barrier reefs in the Colombian
Caribbean. These areas, having a high ecological value, are
under strong pressure and threat from current disorderly
tourism development and future large-scale tourism projects
(Barrios, 2000; Díaz et al., 2003; Andrade, 2011). However,
Barú is a socially fragile rural system, with an impoverished
population that exhibits low income levels, underemployment,
and deficient standards in education and health services. It
also has a weak territorial structure and a fragile, largely
informal economy, which stands on agriculture and fishing, and
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progressively on tourism. Many of these economic activities
are of artisanal nature (Ordosgoitia, 2011). People of Barú
Island are critically dependent on the services provided by
local ecosystems. Therefore, environmental disturbances may
profoundly impact the social structure of the region and threaten
the subsistence of its original inhabitants. Today, Barú is under
increasing pressure on tourism development, as a result of the
proximity to Cartagena. Particularly, its beaches constitute a
daily destination for many foreigners. Furthermore, the Island
is under increasing—and largely unplanned—urban growth and
real estate development. These processes are giving rise to
environmental and territorial affections that are already easily
perceptible (Pineda et al., 2006; Herrera Arango, 2014).

2.2. Model Building
2.2.1. Participatory Modeling Process
We employed a participatory approach (Martínez López, 2007;
Montañés Serrano, 2007) for modeling the system of the
tourism development of Barú Island. Our modeling procedure
comprised four main steps: (i) selection of stakeholders, (ii)
selection of key variables, (iii) validation of variables, and
(iv) a 7-session modeling workshop. The information was
originally gathered for a public socioeconomic study (TAU
Consultora Ambiental–ACON, 2010) in which one of us (RJH)
was in charge. Stakeholders, including decision-makers, were
incorporated into the modeling process, which was carried out
through the following phases and activities. First, stakeholders of
the tourism development system of Barú Island were identified.
This was carried out through a search of official records
and interviews with qualified experts. The database included
actors from different social areas; institutional actors with
environmental, social, economic, and territorial competences
in Barú Island; private organizations with interests on Barú
Island; social organizations and NGOs. In total, this preliminary
list comprised more than 60 stakeholders. From this data, we
used a stakeholder analysis (Ballejos and Montagna, 2008) to
select a subset of 42 actors that were finally invited to the
modeling workshop. In Supplementary Table S1, we provide
additional details about the selected stakeholders. In a second
step, we conducted a preliminary identification of key variables
as candidates for being the state variables of our qualitative
model of the tourist development system of Barú Island. This
was carried out through a literature review and interviews
with local experts. Our identification procedure considered the
demographic, environmental, economic, social, urban-territorial,
political-institutional, and public policy dimensions of the
tourism development in the site of study. As a result, 20 key
variables were defined employing the rapid rural diagnosis
methodology (Schönhuth et al., 1994; Townsley, 1996). As a third
step, we conducted a validation survey among the interest groups,
who had the option of either accepting the proposed variables,
eliminating variables, or including new variables to the list. As
a result of this phase, two variables were eliminated, and two
new variables were added. The fourth step was the organization
of a modeling workshop with the purpose of building the
system model to be studied, on the grounds of the participatory
modeling approach (Prell et al., 2007; Voinov et al., 2018).

The central purposes of the workshop were, first, to review the
validated list of key variables to generate the definitive set of
state variables of the model and, second, to establish the links
(i.e., direct causal influences, with direction and sign) among
the defined state variables. Before the workshop, informative
documents were provided to the stakeholders, explaining the
objective of the modeling workshop, the detailed agenda, the
synthesis of the characterization of the tourism development
system of Barú Island, and the validated list of key variables
for the model building procedure. The workshop comprised
seven sessions of 1.5 h, during 2 consecutive days (November
23–24, 2009, Cartagena de Indias). In the first session we
introduced the aims and goals of the model building. In the
second session, we discussed the meaning, scope, and relevance
of the 20 key variables formerly selected, as well as the formal
requirements for being included in the structural model. At
this point, three variables were deleted from the list and 10
variables were redefined to fulfill the modeling formalism. This
session ended with a final list of 17 key variables that were
used as the elements (state variables) of our model system. In
Supplementary Table S2, we list the key variables selected at
each step of our procedure. We assigned a “normative value”
(−1 or 1) to each system variable. A normative value of −1/1
indicates that, to promote a sustainable tourism development, it
is desirable for this variable to decrease/increase its level. During
the third and fourth sessions, each of four working groups, with
the help of a technical chair, elaborated a preliminary model
of the system of sustainable tourism of Barú Island. For this
purpose, the participants had at their disposal the informative
documents previously delivered, the definitions of each of the
17 system variables, and a brief modeling guide. The core task
was to define collaboratively the set of relations among system
variables. These relations represented direct (and directed) causal
influences between a source and a target variable. Therefore, the
resulting models expressed agreements about what stakeholders
consider are appropriate representations of the focal system.
The fifth was a plenary session in which the four preliminary
model proposals were presented and discussed. The discussion
focused on the explanation and justification of the influence
relations defined. In the sixth session, a new group composed of
a member of each of the four original working groups developed
the final model proposal, which integrated the four initial ones
and considered the discussion outcomes of the previous session.
In the seventh session, the final version of the model system was
presented, discussed, and validated by all participants.

2.2.2. Sidigraphs
Signed directed graphs, or sidigraphs in short, represent
the relations between elements of a network. Elements are
displayed as vertices and relations between pairs of vertices are
represented as arcs that have direction and sign. Elements are
the state variables of the system, that must represent continuous
quantitative variables. An arc from element vi to element vj is
positive if vi exerts a direct positive influence on vj, i.e., ∂vj/∂vi >

0, negative if ∂vj/∂vi < 0 and zero if vi does not exert any direct
influence on vj. Due to the possible nonlinearities of relations,
we assume these derivatives are evaluated at a stable system
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TABLE 1 | Description of system variables, aprioristic scenarios (BAU, business–as–usual; SCS, social containment; TSS, tourism sustainability), and strategic priorities

(SEP, social-economic; ENVP, environmental).

Label Name Norm. value Target BAU SCS TSS SEP ENVP

1 Degree of informality of economic activities −1 N 0 0 0 1 1

2 Degree of integration of the territorial structure 1 Y 0 0 0 1 1

3 Degree of regulatory limitation to territorial development 1 Y 0 0 0 1 1

4 Development level of informal tourism activities −1 N 0 0 0 10 1

5 Governance strength 1 Y 0 1/3 0 1 1

6 Human capital training 1 Y 0 1/3 0 1 1

7 Income level 1 N 0 0 0 10 1

8 Intensity of conflicts over land tenure −1 Y 0 0 0 1 1

9 Level of biodiversity conservation 1 Y 0 0 0 1 10

10 Level of dependence of local economies on natural resources −1 Y 1 0 −1/3 1 1

11 Level of environmental quality 1 Y 0 0 0 1 10

12 Level of institutional development 1 Y 1 0 0 1 1

13 Migration risk −1 Y 1 0 0 1 1

14 Planing degree of tourism growth 1 Y 0 0 1/3 1 1

15 Pressure to create new spaces for tourism −1 N 1 0 −1/3 1 1

16 Public services level 1 Y 1 1/3 0 1 1

17 Quality of life level 1 N 0 0 0 10 10

The “trivial” scenario follows the normative values. The mixed priority is equal to the maxima between SCS and TSS, and the plain priority assigns equal values to all system variables.

Norm. value, normative value; Target: whether (Y) or not (N) the variable is manageable.

equilibrium point (Puccia and Levins, 1985). The corresponding
adjacency matrix A of a sidigraph with N vertices is an N × N
matrix, in which the entry aij can contain “1” or “−1” if there is
a positive or a negative arc from vertex j to vertex i. A “0” in the
entry aij indicates that there is no arc from vertex j to vertex i.

2.3. Public Policy Scenarios
As a first step, we split the system variables into two groups.
One group contained variables that we consider unfeasible or
impractical to intervene directly. Therefore, they are not subject
to management and should not be included in policy scenarios.
The second group is composed of variables that can be managed
with a reasonable investment and thus could be included in the
intervention scenarios we defined. Variables assigned to each
of the two groups are listed in Table 1 and graphically shown
in Figure 1. In our setting, intervention scenarios are sustained
pressures applied to the system. Specifically, they consist of
varying (increasing or decreasing) steadily the level of a non-
empty set of system variables.

We designed two types of intervention scenarios as potential
candidates for public policy. For the first type, we generated three
“aprioristic” scenarios: the business-as-usual scenario (BAU), the
social containment scenario (SCS), and the tourism sustainability
scenario (TSS). They were built from previous knowledge of the
tourism development in Barú Island and the main issues that
threaten its progress toward a sustainable eco-tourism economy.
This information was gathered during the modeling workshops
mentioned above. Since for aprioristic scenarios we exerted
simultaneous pressures on three system variables, we took care
that SCS and TSS scenarios, following a Saaty’s scale (Harker and
Vargas, 1987), were roughly equivalent in implementation costs.
The BAU scenario represents the major identified pressures that

FIGURE 1 | Sidigraph displaying the model system. The descriptions of

variables are shown in Table 1. Gray/orange nodes represent system variables

with positive/negative normative values. Nodes surrounded by cyan rings

indicate variables that are not targets for direct intervention. Orange links

ended in arrowheads represent positive influences. Green links ended in

circles represent negative influences.

steadily affect the tourism system of Barú from the surrounding.
This scenario can be considered as a control treatment, where no
intervention takes place. Perceived BAU pressures are increasing
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the level of dependence of local economies on natural resources,
increasing the level of institutional development, increasing
the migration risk, increasing the pressures to create new
spaces for tourism, and increasing the public services level.
Then, we built two contrasting alternatives for public policy
intervention. The SCS illustrates a reactive policy that attempts
to contain the major conflicts manifested within the tourism
development system, although it does not address the structural
aspects that generate them. The pressures that compose this
scenario are increasing governance strength, increasing human
capital training, and increasing public services level. Last, the
TSS illustrates a proactive public policy that attempts to drive
structural improvements to the system. The pressures are
decreasing level of dependence of local economies on natural
resources, increasing the planning degree of tourism growth, and
decreasing pressure to create new spaces for tourism.

Scenarios of the second type were “aposterioristic” ones.
They constitute agnostic intervention alternatives built from
the outcomes of the structural analysis of the model system.
We defined these agnostic scenarios as the simulated pressures
that resulted in a larger number of “successes,” relative to the
number of “failures.” We define a “success” as a projected
increase/decrease in the level of a variable with positive/negative
normative value, after applying a pressure on the system.
Conversely, a “failure” is a projected increase/decrease in the
level of a variable with negative/positive normative value, after
applying a pressure. We measured the goodness of a pressure—
as a potential intervention measure—by the “success ratio” r,
defined as

r =
s+ 1

f + 1
(1)

where s is the number of successes, and f the number of failures.
The normalized version of this index, SR, is

SR =
r(N + 1)− 1

N(N + 2)
(2)

with N being the number of system variables. Thus, SR assumes
values between zero (only failures) and one (only successes). Here
we test aposterioristic scenarios only composed of pressures on
a single system variable. Therefore, they constitute cost-efficient
alternatives in terms of effort and resources needed to implement
them. Finally, we also included a “trivial” (and unattainable)
scenario as a reference one, in which every positively valued
model variable was increased, and every negatively valued model
variable was decreased.

2.4. Strategic Priorities
The projected performance of each social policy scenario was
assessed via assigning weights to the predicted shifts in each
system variable. In particular, we defined four sets of weights
that represent different strategic priorities of public policy:
social-economic, environmental, mixed (i.e., social-economic
and environmental), and plain (i.e., all variables having the
same weight). Social-economic strategic priority (SEP) gives a
weight equal to 10 to shifts in the following variables: decreasing

development level of informal tourism activities, increasing
income level, and increasing the quality of life level, and a
weight equal to 1 to shifts in all other variables, respecting the
sign of their normative value. Environmental strategic priority
(ENVP) gives a weight equal to 10 to increasing the level of
biodiversity conservation, increasing the level of environmental
quality, and increasing the quality of life level. Shifts in other
system variables have a weight of 1, respecting the sign of their
normative value. Mixed strategic priority utilizes the maxima
between SEP and ENVP for each system variable. All weights
within each strategic priority are normalized to sum to one.
Table 1 shows the definitions and normative values of system
variables, together with the aprioristic scenarios and strategic
priorities defined.

2.5. Model Analysis
2.5.1. Sensitivity Matrix
The change in equilibrium level of each state variable after a
sustained perturbation exerted on the system is captured by the
sensitivity matrix S,

S = −A−1 (3)

where each entry of S, sij, shows the net effect of a sustained
increase pj in the value of element vj on the steady-state value

of element vi, i.e., sij =
∂v∗i
∂pj

(Nakajima, 1992; Dambacher et al.,

2003; Novak et al., 2016). This calculation integrates all direct and
indirect influences among system elements.

2.5.2. Matrix Randomization and Computer

Simulations
To analyze the system responses to alternative intervention
scenarios (see next section), we conducted the following steps.
First, we assigned random values to the entries of matrix A. To
do this, we multiplied each aij value (with i 6= j) by a random
number drawn from a uniform distribution in the range [1/2, 2].
This step allowed us to partially remove the potential dependence
of system responses to specific parameter values. For the diagonal
entries aii, we set a fixed negative value sufficiently small as to
obtain stable matrices according to the Lyapunov criterion (i.e.,
the largest eigenvalue being negative). In our study we set aii =
−3.5. For each random matrix Âk, with k = 1, 2, . . . ,m and
m = 1, 000 we calculated its sensitivity matrix Ŝk using Equation
(3). Then, we obtain the matrix S̄, whose entries s̄ij =

1
m

∑

k ŝijk.

Then, we rescaled the entries of S̄ to fall between 0 and 1. The
entries of the rescaled matrix ¯̄S were finally categorized to form
S through

sij =























−2 if ¯̄sij ≤ −UH

−1 if − UH < ¯̄sij ≤ −UL

0 if − UL < ¯̄sij < UL

1 if UL ≤ ¯̄sij < UH

2 if ¯̄sij ≥ UH

(4)

where threshold values were set as UL = 0.01 and UH = 0.7. In
this way, matrix S has entries representing potential net effects
between system variables, which are categorized as null (sij = 0,
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weakly enhancing (sij = 1), strongly enhancing (sij = 2), weakly
inhibitory (sij = −1), and strongly inhibitory (sij = −2).

2.5.3. Intervention Analysis
We define a public policy scenario as a set of sustained pressures
exerted on a set of system variables. Each pressure can be either
positive or negative and it is applied on a single variable vi with
intensity Ii. Here we incorporate a public policy scenario as an
additional variable in random matrices Âk. The pressures are
added as nonzero values in entries âijk of the column j that
represents the scenario.

As a simple measure of the potential performance of a public
policy scenario, we computed the “total benefit” projected by a
given scenario. This measure is simply the sum of the successes
(i.e., increases in positively valued variables and decreases
in negatively valued ones) minus failures (i.e., decreases in
positively valued variables and increases in negatively valued
ones), weighted by the values assigned to the potential shifts in
state variables, defined in a “strategic priority.”

Total benefit =
∑

i

SijViPi (5)

in which column j of S contains the pressures that define the
public policy being tested, Vi is the normative value (1 or −1)
of variable vi, and Pi is the value (1 or 10) of changing the
equilibrium value of vi in the direction of its normative value,
defined in the strategic priority.

3. RESULTS

The obtained model for the system of tourism development in
Barú Island is displayed as a sidigraph in Figure 1. The model
system has 17 variables and 34 directed links (i.e., arcs) between
variables. Relations are composed of 24 positive arcs and 10
negative arcs. System connectance, that is the fraction of all
possible links that are realized, is 0.125. System connectance C
is calculated as C = L/[N(N − 1)], where L in the number of
links in the system and N is the number of system variables.
The maximum of possible unidirectional links in the system is
N(N − 1), which does not consider self-links. The sidigraph is
strongly connected, that is, every vertex is reachable from every
other vertex, respecting the direction of the system links.

The sensitivity of system variables to a sustained increase in
every single variable is shown in Figure 2. Through reversing the
sign of the external pressure, we obtain projections with opposite
sign. The largest normalized success ratio SR after applying
pressures on single system variables were obtained by decreasing
variable 13 (SR = 1), decreasing variable 1 (SR = 0.94), and
decreasing variable 8 (SR = 0.89). Next, increases in variables 5
and 12 produced an SR value of 0.47, while increasing variable 6
gives SR = 0.44. These single-variable pressures, which produced
the higher SR values, were set as our aposterioristic scenarios,
with the exception of increasing variable 1, since this variable was
defined as non-target (see Table 1).

In Figure 3, we show the projected outcomes of the competing
public policy scenario, both aprioristic and aposterioristic ones,

considering the four alternative strategic priorities. An analysis
of Figure 3 reveals that the total benefit derived from intervening
in the system differs among public policy scenarios. Besides,
the magnitude of the differences among scenarios depend on
the adopted strategic priority. In all cases, the BAU scenario
was noticeably the worst, leading to the smallest total benefit
(between −0.14 and 0.27). Under the environmental strategic
priority, the total benefit from BAU (−0.14) was markedly lower
than the rest of the scenarios (≥0.91). However, under the socio-
economic scenario the difference in total benefit between BAU
(0.27) the other scenarios (≥0.5) was smaller. At low intervention
intensity, the trivial and the +5 scenario (i.e., increasing variable
5) rendered the highest total benefit (around 1.0), followed by
+12 and SCS (≥0.8). Most curves approach an asymptote at
intervention intensities between 3 and 4. At higher intervention
intensities, the aposterioristic scenario −13 (decreasing variable
13) led to the highest total benefit (≥1.02), followed by the
unattainable trivial scenario (1.0) and then by scenario +5
(between 0.98 and 1.0). The rest of scenarios, ordered from the
highest to the lowest total benefit rendered, were SCS, +12,
−8, +6, TSS, and BAU. Not considering BAU, the differences
in total benefit among the tested scenarios were wider under
the socio-economic priority (standard deviation of asymptotic
values = 0.18) and narrower under the environmental priority
(standard deviation = 0.04). Finally, when scenarios −13
and +5 are combined into a single one by pressuring the
implied system variables simultaneously, the obtained total
benefit is the highest at every level of intervention intensity (see
Supplementary Figure S1).

4. DISCUSSION

Our results suggest that an active public policy is needed for
the sustainable development of an ecotourism-based economy in
Barú Island. The business-as-usual scenario, which synthesizes
the major pressures that are taking place in the study site,
resulted to be the worst case among the analyzed scenarios, which
was most noticeable under the environmental strategic priority.
This finding underlines the need for proper intervention actions
whenever the ecological dimension plays an important role for
political decisions on tourism development.

In our study, tested aprioristic policies were composed of
a set of sustained pressures applied simultaneously on several
system variables. These policy scenarios emerged as a natural
outcome of stakeholder experiences, and guided by common
sense. The performance of the social containment scenario (SCS)
was higher than the tourism sustainability one (TSS). However,
the differences in total benefit projected from these policies
were the widest under the socio-economic strategic priority, the
narrowest under the environmental priority, and intermediate
under the mixed and plain priorities. Aposterioristic policy
scenarios were build as simpler policy scenarios in which a
single sustained pressure is exerted on a unique system variable.
They were chosen based on the sensitivity matrix of the model
sidigraph, as those single pressures that maximize projected
successes; that is, increases of positively valued variables and
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FIGURE 2 | Projected responses of state variables to sustained pressures on each single variable, which is numbered at the top of each plot. For example, the top left

plot shows the projected categorical shift (1: weak, 2: strong) in the equilibrium level of each variable (1–17 on x-axis) after externally increasing the level of variable 1.

Green/orange bars represent variables with positive/negative normative values.

decreases of negatively valued ones, without considering any
definition on strategic priority. At any given value of intervention
strength, there was at least one aposterioristic policy scenario that
outcompeted aprioristic ones. For intervention strengths over 4,
the univariate scenario −13, that is, reduction of migration risk,
was the best scenario under the four tested strategic priorities.
This policy scenario performed even better than the trivial
and unattainable scenario in which all variables are pressured
simultaneously according to their normative value. On the
other hand, at low intervention strength (roughly below 4), the
best policy scenario was increasing governance strength (+5).
Although the total benefit projected from this scenario was
slightly below that of the trivial policy, it was higher than any
aprioristic one. The simultaneous pressure on variables 13 and
5 showed an additive effect and gave the maximum total benefit
at every intervention strength, outcompeting all other tested
policy alternatives.

Our results suggest that, for our study case, an effective
intervention strategy should be based on strengthening local
governance and alleviating migration risk. Strengthening local
governance could imply increasing the presence and activity
of the local municipal administration on the island, and
generating new instances of local management, particularly those
responsible for sustainable tourism development. Besides, this
line of intervention policy should include strengthening social

organizations and increasing their participation in institutional
decision-making instances, in agreement with current inclusive
models of local governance (Welch et al., 2004). Furthermore, a
successful strategy should be based on proactive local migration
management, which could produce important benefits for the
local economy (Solimano, 2008; Migración Colombia, 2017). In
this vein, institutions and society should prepare for effective
social integration of the migrant population. This can be
fostered by the identification of productive vocations, business
opportunities, and local human capital needs. Such measures
would promote novel productive developments that could arise
from the entry of talents associated with migration. These
actions should be enforced by the implementation of effective
mechanisms for managing the negative residual effects related
to security, and by migration control procedures based on strict
respect for human rights.

Besides identifying a small set of candidate variables for,
through their intervention, promoting sustainable tourism in
the study site, our study serves as a template for implementing
a recursive procedure of modeling, analysis, policy proposal,
evaluation, back to modeling, and so forth. Our structural
approach is appropriate for supporting strategic decisions,
considering tourism development as a system (Mai and Smith,
2015; Roxas et al., 2020), instead a mere collection of services.
The design and monitoring of a sustainable strategic policy
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FIGURE 3 | Total benefit projected for the tested public policy scenarios, at various levels of intervention strength. Circles show aprioristic scenarios: BAU, SCS, TSS,

trivial. Squares show aposterioristic scenarios: increasing (+) or decreasing (−) variables 5, 6, 8, 12, and 13. Each plot shows the results for a defined strategic

priority: socio–economic, environmental, mixed, and plain.

for tourism development are especially important for the
study site and for the whole region of South America. From
the assessment of the state of biodiversity in Latin America
and the Caribbean, the UN Environment Programme World
Conservation Monitoring Centre explicitly advocates linking
tourism to development planning in coastal nations (UNEP-
WCMC, 2016). This region has some of the most diverse
ecosystems in the world. However, they are seriously threatened
by the inorganic impulses of the countries toward their economic
development. According to the National Biodiversity Index
(NBI) adopted by the Convention of Biological Diversity
(Convention of Biological Diversity, 2001), Colombia exhibits
the highest levels of biodiversity (corrected by surface) in South
America, with an NBI of 0.935, only outstripped globally by

Indonesia (NBI = 1.0). In South America, NBI of Colombia
is followed by those of Brazil (NBI = 0.877), Ecuador (NBI
= 0.873), Venezuela (NBI = 0.850), and Perú (NBI = 0.843).
The rest of the countries are below the regional mean of 0.722.
Nevertheless, South America exhibited the highest rate of net
forest loss in the world during the past decades. Between 1990
and 2020, this region lost 4.3 million ha/year on average, followed
by Africa with 3.5 million ha/year (FAO, 2020). Furthermore,
only 17% of forests have long-term management plans in South
America, compared to 96% in Europe. To foster biodiversity
conservation in the Colombian Caribbean, Aldana-Domínguez
et al. (2017) stress the need to develop, in the middle and the
long term, an integrated territorial planning and to promote
the social-ecological systems perspective, highlighting the still
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limited contribution of social sciences and interdisciplinary
studies to the biodiversity conservation knowledge.

Concerning the socio-ecological dimension of our study, the
sustainable development of the tourism system on Barú Island
faces great challenges that may become critical in the near
future. These challenges arise mainly from the interplay between
climate change, with uncertain effects on Caribbean ecosystems,
the risk of over-tourism (Peterson, 2020), derived from the
ongoing increase in visitors to the region, and the financial and
political decisions made by the governments. These decisions
determine the strategic priorities and the public policy adopted
for reconciling socio-economic development and the care of
local ecosystems. Ecotourism, as a sustainable economic activity,
depend on availability of infrastructure and trained staff in
varied sectors, such as accommodation, transportation, food, and
entertainment. However, the basis and distinction of ecotourism
lies in the quality of services provided by local ecosystems
(Phelan et al., 2020). The so-called cultural ecosystem services
(Milcu et al., 2013) were defined as “the nonmaterial benefits
people obtain from ecosystems through spiritual enrichment,
cognitive development, reflection, recreation, and aesthetic
experiences” (Reid et al., 2005). Therefore, safeguarding the
future of ecotourism is intrinsically linked to the preservation
of ecosystem services and the biodiversity that generates them
(Nahuelhual et al., 2014).

From a methodological point of view, we conclude that
aposterioristic scenarios derived from the sensitivity matrix
of a qualitative model can generate good and cost-effective
plan proposals for policy formulation. In particular, structural
qualitative modeling may give analytical support to the selection
of intervention measures from a structural perspective, based
on defined strategic priorities. We do not intend to give an all-
in-one solution for adopting complex strategic decisions. Our
study constitutes a partial guidance on how to approach a socio-
ecological goal from a systemic perspective. However, in this
study we only considered a set of local variables related to
tourism development. There are other relevant socio-ecological
aspects of this industry, such as the global consumption
of natural resources, carbon emissions, natural habitat loss,
among others (Chakraborty, 2020). Tourism system researchers
should include these variables when constructing models of
tourism development planned on broader geographical and
temporal scales.

There are also two limitations of ourmethodological approach
that are important to consider. First, there is an inherent difficulty
of building reliable models of socio-ecological systems. Second,
our analysis of the model, based on the sensitivity matrix, is
strictly valid only in the neighborhood of a stable equilibrium of
the system. The first caveat rests in that there is a wide variety
of potential variables composing social-ecological systems, from
which it is difficult to select a subset that represents the essence
of the system for the planned purposes. Besides, the causal links
between system variables are also difficult to determine, since
often all variables are related, but there is no unambiguous
procedure to discern between direct (those that define the
model) and indirect (those that emerge) causal relations. Thus,
we rested on participatory procedures to build a consensus

model which posses credibility for stakeholders. This choice
also implies to recognize and consider that other models could
also be valid and, more important, that the model should be
revised over time as new information becomes available. The
second problem is related to the equilibrium assumption. The
calculation of the sensitivity matrix rests on assuming that before
and some time after applying the intervention, the system is at
a stable equilibrium point. However, there is evidence that for
natural systems that hardly present a strict stable equilibrium,
this methodology passes empirical testing (Dambacher and
Ramos-Jiliberto, 2007). Recent advances in the theory of non-
autonomous dynamical systems (Kloeden and Pötzsche, 2013),
present “entire bounded solutions” as a generalization for fixed-
point equilibria, which appears as a promising avenue to extend
the structural qualitative analysis of social-ecological systems
beyond the limitations of local perturbations. In a broader
perspective, systems may exhibit noticeable changes on a short
timescale, alternating with long periods of either stasis or slow
gradual changes. This is consistent with the emerging quasi-
stationarity perspective in ecology (Coulson, 2020), potentially
applicable to socio-ecological systems. In fact, we observe abrupt
shifts in a wide variety of ecosystems (van den Elsen et al.,
2020). However, and perhaps more interesting, is that natural
and social catastrophes are often closely linked (Nel and Righarts,
2008), with natural disasters triggering social ones, including
wars (Lee, 2018) and revolutions (Manning et al., 2017). Under
the quasi-stationarity view, the equilibrium assumption is valid
for the static periods, with one model characterizing each period.
However, during the phases of abrupt shifts, the equilibrium
assumption seems to be no longer valid. In this vein, a great
advance would be to develop a theory that allows describing
a sequence of structural qualitative systems, their rules of
transformation, and tools for describing and analyzing their
transitional dynamics. In the meantime, we have to deal with the
equilibrium assumption and consider our models as contingent
representations of the study system, that need to be updated
over time.
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