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ABSTRACT 
When it comes to sustainability, watersheds and hydropower firms must be conceived as a whole. 
Namely, hydropower dams impact the three dimensions of sustainability of watersheds, while dams’ 
lifetime is lowered by unsustainable practices taking place in the watersheds. Management of 
hydropower firms aiming at sustainability might ensure the long-term use of dams without 
compromising ecosystems and society’s welfare. We aim to assess the impact of management efforts 
of a large hydropower firm on the sustainability of the influenced watersheds from the perceptions of 
society. We build on survey data assessing the social perception of the impacts caused by a large 
hydropower plants operation; and the firm’s management efforts aiming at sustainability. To this end, 
we perform a stepwise multilinear regression of ad-hoc impact management indices (independent 
variables) and impact indices (dependent variables). Data comprises more than 600 surveys from 
community, policymakers and industry, from two watersheds in Colombian Andes. Results revealed a 
positive correlation between all the impact indices and the management indices concerning 
environment and economy-society. The remaining management indices showed no (or low) 
correlation with impacts. Findings suggest that, despite firm’s sustainability awareness, society 
perceives low positive impact in due to (what they consider) firm’s few impact management efforts in 
environmental indices (i.e., erosion and deforestation) and socio-economic indices (i.e., income 
alternatives in agriculture, fisheries and tourism activities). Other efforts are not perceived as (positive 
or negative) consequences of the impact. Correlation results provided valuable information, for 
scholars and practitioners, on the interaction of dams and watersheds. On one hand, the theoretical 
implications showed how a holistic approach of sustainability is needed to better understand the 
complexity of this relationship. On the other, the management implications gave insights on how a 
large hydropower plant can operate in the long term while causing a positive impact on ecosystems 
and the local society. 
Keywords:  sustainability, hydropower, stepwise regression, social perception, watershed, social 
impact, environmental impact. 

1  INTRODUCTION 
The United Nations Sustainable Development Goals (SDGs) concerning energy aim to 
achieve global access to energy, reduce the severe health impacts of air pollution, and 
tackle climate change, which altogether might be achieved by substantially increasing the 
share of renewable energies. Hydropower, today’s primary renewable energy source, plays 
a crucial role in meeting the SDGs [1] since it helps to mitigate greenhouse gas emissions 
while reducing reliance on imported fuels, and it is an inexpensive power source that adapts 
to the different needs and possibilities of the emerging and developed economies [2]. 
Moreover, storing water in hydroelectric dams provides grid stability [3] and offers other 
advantages [4]–[7] that are particularly interesting for emerging economies (e.g., drought 
management, irrigation, water supply, flood control, aquaculture, tourism and other job 
opportunities). 
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Although hydropower has numerous benefits, it has been intensely criticized [8]–[10] 
due to its social and environmental adverse effects [11]–[14] related to its extractive nature 
[15]. That is, the construction and operation of dams lead to population relocation, social 
conflicts, landslides, habitat changes, among other relevant issues that threaten social and 
biodiversity welfare [15], [16]. It is well known that the social impact of large hydroelectric 
dams leads to social transformations [17] derived from the inequitable distribution of 
positive and negative impacts among the stakeholders [18]. Conflicts between hydropower 
firms and society have raised questions related to the sustainability of dams and the rights 
of the watershed’s inhabitants [19]–[21]. Moreover, emerging economies are particularly 
vulnerable to climate induced hydrological [22], [23] changes that threaten hydropower 
projects (i.e., erosion and sedimentation that shorten their lifetime and their production 
capacity [24]). 

Lessons learned from the past have taught that social and environmental issues have 
restricted the hydropower expansion projects of two of the world’s leading hydropower 
producers, China and Brazil [1]. Hence, the management of hydropower projects require 
guidance in environmental, social, financial, and technical sustainability criteria, from the 
joint perspective of industry, civil society, policy makers, and financiers [25]–[27]. 
Practical solutions to overcome hydropower drawbacks include developing of protective 
measures [26]; performing comprehensive impact assessments [7], risk evaluations and 
management plans involving the stakeholders [29], [30]; engaging stakeholders in the 
decisions related to the watershed [31]–[33]; and a benefit sharing scheme [34], [35]. 
However, adopting a holistic sustainability approach in the management of large 
hydroelectric firms [11] (e.g., corporate sustainability [36]) could be a solution to create 
value while strengthening the social and environmental development of watersheds. 

Colombia is an emerging economy with a large hydropower potential. The growing 
energy demand along with the national government priorities [16] placed Colombia among 
the top hydropower producers in the world [37], and it is expected to continue expanding 
[38]. Unfortunately, the intensive deployment of hydropower in Colombia has led to severe 
accidents [39] and environmental, social, and armed conflicts [15], [16], [18], [40], [41] 
often derived from deep inequalities [42], the lack of trust of the stakeholders and the weak 
interventions of the state [43]. 

The sustainability of the hydropower sector in Colombia has gained increasing 
awareness and financial support [44]. In recent years, sustainability issues related to 
hydropower in Colombia has been assessed, i.e., the management of sediments [45], [46], 
the sediments generation according to the land use [47], the payment for ecosystem services 
[48], the benefit sharing scheme [35], the governance for sustainability in a context of 
violence [20], the equity and sustainability of water allocation [49] and the political events 
that have led to social conflicts related to hydropower [16]. Other authors have modelled 
different scenarios and proposed policies to aid in the decision-making process [50]. In 
terms of corporate sustainability, Polanco [43] identified the relationship between the 
strategy and the political stance of the hydropower companies. Despite the numerous 
studies related to the sustainability of hydropower in Colombia, it is still necessary to 
establish a quantitative cause–effect relationship between sustainability and the 
management actions taken in hydropower firms. 

In a recent project intitled “A new measurement system design for monitoring 
sustainability performance of hydropower” our research team surveyed more than 600 
society members (including community, policymakers and industry) from two different 
watersheds in Colombian Andes to assess the social perception of the impacts caused by the 
operation of two large hydropower plants and the firm’s management actions to tackle such 
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impacts. Going beyond the surveys, we aim to assess the impact of management efforts of a 
large hydropower firm on the sustainability of the influenced watersheds from the 
perceptions of society. To this end, we performed a stepwise multilinear correlation of ad-
hoc sustainability management indices (independent variables) and impact indices 
(dependent variables) to establish a correlation that reveals valuable information (for 
scholars and practitioners) on the effectiveness of the firm’s actions. To the best of our 
knowledge, this is the first study (in the Colombian Andes) establishing a cause–effect 
quantitative relationship between the impact of hydroelectric dams and the management 
efforts aiming at sustainability. 

The remainder of this document is organized as follows. Section 2 establishes the 
hypothesis of our research, followed by a detailed description of the nature of data and the 
description of the statistical methods here used. Section 3 presents the main findings of the 
stepwise correlations and its implications, while conclusions that might be profitable for 
scholars and practitioners are drawn in Section 4. 

2  METHODS 
In this work we aim to establish cause–effect relationships between impact management 
efforts and sustainability. To do so, here we formally state the hypothesis to be tested 
through a stepwise regression of ad-hoc sustainability indices. Then, we provide details on 
the survey data and the construction of impact indices (assessing the social perception of 
the impacts caused by two large hydropower plants), and the impact management indices 
(assessing the social perception of the firm’s management efforts to tackle such impacts). 
We examine cause–effect relationships by performing stepwise correlations of the impact 
and impact management indices (according to their location and social segment). 

2.1  Hypothesis 

The hypothesis that we aim to probe is as follows: 
H1: Colombian Andes society perceives the impact of management efforts to improve 

the sustainability of the watersheds of a large hydropower firm on the three dimensions of 
sustainability, and its interactions. 

2.2  Data 

The data set consists of 694 social perception surveys made in 2018. Data belongs to two 
different watersheds of the Colombian Andes (R1 and R2, with 377 and 317 surveys, 
respectively), and three different social segments: Community (Com), Policymakers (Pol), 
and Industry (Ind) (with 605, 68 and 21 surveys, respectively). The measuring instrument 
comprises 25 questions measuring the perception in 1–5 Likert scale, where 5 is the most 
positive perception. A translated to English version of the 25-question survey used as 
measuring instrument is provided in the Appendix. The 25 questions are divided as follows: 
questions Q1–Q10 assess the social perception of impact, questions Q11–Q25 assess the 
social perception of impact management. The resulting 25 questions concerning evaluate 
two of the three dimensions of sustainability, and the interactions of the three dimensions of 
sustainability. For the sake of simplicity, we refer to the ensemble of the (aforementioned) 
two dimensions of sustainability and the three interactions as “categories.” 

We rely on the categories previously defined by Polanco [20], which are as follows: the 
environmental category (Env) concerns climate change, biodiversity, and the condition of 
natural resources, water, and soil; the social category (Soc) refers to building social capital, 
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trust, relationships, and organizational networks; the environment-economy category (Env–
Eco) is related to the economy of natural resources (supply and demand), pollution of the 
environment, and basic sanitation; the economy-society category (Eco–Soc) is associated to 
activities for subsistence, food security, production organization, and commercialization of 
farm products; and the environment-society category (Env–Soc) entails training, 
consciousness, and environmental culture in the territory. Noteworthy, the economic 
dimension of sustainability was not addressed here since it was studied in deep by Polanco 
et al. [51]. 

2.3  Indices construction and preliminary analysis 

We start by treating the results of the 25 questions as variables. We validated an eventual 
stepwise correlation by proving their linear independence via the rank of the matrix of 
variables (25 questions and 694 observations). Since, linear regressions with a large set of 
variables may lead to poor model predictions, we attempted to reduce the dimension of the 
problem without a significant loss of information by grouping variables through a principal 
component analysis (PCA). The PCA did not lead to linear combinations of variables 
leading to a reduced model (which fits the results of the linear independence test). 

Since variables were not significantly correlated, we grouped variables according to 
their categories, leading to five impact indices (I1–I5) and five impact management indices 
(I6–I10), i.e., one impact index and one impact management index per category. Fig. 1 
depicts the data structure and how questions are grouped (according to their category) to 
create impact indices and impact management indices. 

 
 

 

Figure 1:  Data structure and indices construction. 

Indices are calculated as the arithmetic mean of all the variables belonging to the same 
category (see Fig. 1). As an example, let us consider index I1 (perception of impact in the 
socioeconomic category). The index I1 is a 694-element column vector calculated as the 
average of columns corresponding to questions Q1 and Q2, where questions Q1 and Q2 
represent the impact perception of the 694 surveyed individuals, in the Eco–Soc category. 
We verified that there is no multicollinearity in the new matrix of indices (10 indices and 
694 observations) by calculating the rank the matrix. 

As a complementary analysis of the stepwise regression, we compared the average level 
of perception in each index and explored if there are significant differences in the 
perception level of impact and impact management according to the geographical locations 
and the social segments via two-way ANOVA. 
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2.4  Stepwise regression 

Stepwise regression is a well-known method that contrasts numerous multivariate linear 
regression models and selects the one with the best-fit of data [52]. The algorithm starts 
with an initial model and makes successive steps to improve it by adding and removing 
terms according to the significance of the independent variables (which is determined by an 
F-test hypothesis in each linear regression). In each step, the stepwise regression method 
uses the least squares method to estimate the model coefficients. The stepwise regression is 
an iterative process that terminates when the model does not improve with further steps. 

We used the MATLAB built-in stepwise regression algorithm to validate our 
hypothesis. In this correlation, the impact perception indices (I1–I5) represent the 
dependent variables and the impact management perception indices (I6–I10) represent the 
independent variables. 

Thereby, per each impact perception index, the stepwise regression method selects 
which of the five independent variables make significant contributions to the multilinear 
model. Since the perception of impacts and impact management might be significantly 
different according to the geographical location and social segment, we examined one 
stepwise regression for each impact index, for each region, and for each social segment 
(including the global set of data, denoted as ‘All’). This approach leads to 30 stepwise 
multilinear models shedding light on the cause–effect relationship between the impact 
management and the sustainability impacts derived from the intervention of hydropower in 
the Colombian Andes. 

3  RESULTS AND DISCUSSION 
In a preliminary analysis we compared the average perception values in the studied groups, 
which revealed that, as a general trend, the industry has the most favorable perception of 
impact and impact management, while the community is the most pessimistic social 
segment. Regarding the geographical location, in most of the impact and impact 
management indices, Z1 exhibited a better perception than Z2. At first glance, we observed 
differences in the perception level among groups, however the two-way ANOVA 
assessment discloses which of the differences are statistically significant. 

Results from the two-way ANOVA showed that the perception of Z2-Com, the most 
pessimistic group, is significantly different from the other groups in all the indices, except 
for I10 (impact management index related to training, consciousness, and environmental 
culture in the territory). The ANOVA results also showed that, excluding Z2-com, all the 
significant differences in perception are related to impact management indices, and not in 
impact indices. That is, the group Z1-com presents significant differences in indices I6, I7, 
I8, I9; the group Z1-Pol is significantly different in index I8; and the groups Z1-Pol and Z2-
Pol presents differences in I6. Later in this section, we will develop joint analysis of the 
results of the two-way ANOVA and the stepwise regressions. 

Once we validated that there is no multicollinearity in the matrix of indices (10 indices 
and 694 observations) by calculating the rank of the full data matrix, we performed 30 
multilinear stepwise regression models considering different geographical locations and 
social segments. The alpha value used to contrast the hypothesis was 1% (e.g., variables 
considered in each regression model have a significance level of, at least, 99%). 

The results of the coefficient of determination (R2) of each stepwise correlation model 
(following a color scale) are given in Table 1. It is worth mentioning that we aim to identify 
cause–effect relationships between the impact management indices and the impact indices, 
and do not aim to predict a precise value of the impact as a function of the impact 
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management. Hence, the relatively low values of the R2 are not a major concern for the 
scope of this study. 

Table 1:  Coefficient of determination (R2) of each stepwise model. 

Social segment 
Coefficient of determination (R2) 

I1 Eco–Soc I2 Soc I3 Env–Eco I4 Env I5 Env–Soc Average 

Ind  0.39 0.20  0.47 0.35 

Pol  0.09 0.19 0.14 0.12 0.13 

Com 0.38 0.38 0.36 0.37 0.28 0.35 

Z1 0.27 0.27 0.35 0.26 0.19 0.27 

Z2 0.30 0.30 0.26 0.38 0.25 0.30 

All 0.37 0.38 0.37 0.38 0.29 0.36 

Average 0.33 0.30 0.29 0.31 0.27  

 
Remarkably, three out of the 30 models are absent. No (or low) correlations entail that 

the studied social segment does not perceive any (positive or negative) effect of the 
management efforts to improve sustainability in the sustainability performance of the 
watershed. Industry and policymakers do not perceive a direct relationship between the 
Eco–Soc impact and any of the impact management indices. Similarly, the industry does 
not perceive correlations between the environmental impact and any impact management 
index. In addition, by comparing the R2 average values, we observe that the policymakers’ 
segment presents the weakest cause–effect correlations. The fact that industry and 
policymakers exhibit low and absent correlations could be explained due to the local 
economic activities are not directly impacted by the operation of the hydroelectric dams. 

We present in Table 2 the stepwise regression models (i.e., variable coefficients and 
intercept). By assessing the frequency of the impact management indices that appeared in 
correlations, we observed that I6 (Eco–Soc) and I9 (Env) appeared in 60% of the 
correlation models, followed by I10 (Env–Soc) which is present in 23.3% of the models, 
and I7 (Soc), and I8 (Env–Eco) which appeared in 20% of the models. 

The frequent appearance of indices I6 and I9 (firm’s efforts to improve economic 
activities of local inhabitants, and firm’s efforts in environmental protection and 
conservation, respectively) in the correlation models could be due to such indices are 
strongly associated to primary sector economic activities (the main economic activities in 
Z1 and Z2). Therefore, the firm’s actions promoting income alternatives in agriculture, 
fisheries and tourism activities; as well as the actions to prevent soil erosion and 
deforestation (which directly affects the availability of primary sector raw materials and 
products) are perceived by the society as a direct cause of sustainability improvement. By 
examining correlations of the remaining impact management indices, we observe that, in 
most of the social segments, the firm’s actions building social capital (I7) is perceived by 
the society as a direct cause of trust and organizational networks improvement (I2), and the 
promotion of environmental culture (I5) (only in the group All). While the efforts made on 
the economy of natural resources (supply and demand), pollution of the environment, and 
basic sanitation (I8) are perceived (mainly by Z1) as a cause of improvement in social (I2), 
environmental–economic (I3), environmental (I4) categories. The effect of training, 
consciousness, and environmental culture in the territory (I10) over indices I1, I3, I4 and I5 
appears to be conflicting since there are positive and negative correlations with the impact 
indicators. 
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Table 2:  Stepwise regression models results. 

Impact 
indicator 

Social 
segment 

Coefficient values 

I6 Eco–Soc I7 Soc I8 Env–Eco I9 Env I10 Env–Soc Intercept 

I1 Eco–Soc 

Ind       

Pol       

Com 0.77   0.23  −0.04 

Z1 0.61   0.33  0.15 

Z2 0.76    0.25 −0.26 

All 0.74   0.21  0.11 

I2 Soc 

Ind  0.60    1.62 

Pol  0.43    2.12 

Com 0.50 0.30 0.20   0.60 

Z1 0.43  0.33   1.35 

Z2 0.40 0.36    1.12 

All 0.46 0.34    1.16 

I3 Env–Eco 

Ind    0.74  1.26 

Pol     0.53 1.81 

Com 0.52   0.40  0.78 

Z1 0.24  0.28 0.42  0.75 

Z2 0.42   0.43 −0.21 1.52 

All 0.50   0.39  0.86 

I4 Env 

Ind       

Pol    0.52  1.60 

Com 0.38  0.24 0.40 −0.24 0.67 

Z1 0.33  0.30  0.23 0.33 

Z2 0.40   0.49 −0.21 0.97 

All 0.38  0.18 0.40 −0.19 0.68 

I5 Env–Soc 

Ind 0.93     0.45 

Pol    0.31  3.01 

Com 0.14   0.66  1.27 

Z1    0.39 0.35 1.35 

Z2    0.69  1.40 

All  0.13  0.62  1.38 

Average 0.49 0.36 0.25 0.45 0.06  

 
Next, we examined the magnitude and sign of the variable coefficient values. A fast-

track approach to compare the contribution of variables to the models consists of comparing 
the average of the variable coefficients (excluding zeroes). From this comparison we 
observed that, I6 and I9 are not only appearing frequently but also their contribution is 
higher than other variables. Noteworthy, most of the variable coefficients shown in Table 2 
are positive, except some of the variable I10 (Env–Soc) (in I3 Z2 and I4 Com, Z2 and All). 
The positive correlations among cause–effect variables were expected since impact 
management efforts are intended to improve sustainability. The few negative correlations 
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require more studies to disclose whether an eventual reverse effect of the management 
actions aiming at sustainability. However, since the magnitude of the negative variable 
coefficients is low (the average variable of the I10 variable coefficient is close to zero), the 
negative values could be due to noise, which would imply no correlation of I10 with I1–I5 
instead of a reverse effect between actions and sustainability. 

Finally, we performed a joint analysis of the ANOVA and stepwise regression results to 
link the correlation level with the level of positive perception. Noteworthy, social groups 
with highly positive perception (i.e., policymakers and industry) present (in general) weak 
correlations between impact and impact management. The fact that strong cause–effect 
correlations do not appear in groups with a better perception entails that their positive 
perception cannot be ascribed to the effectiveness of the firm’s management efforts. 
Moreover, the absent correlations in such groups may suggest that the impact management 
efforts done in the indicators that are not correlated are not even perceived by these social 
groups. The joint analysis also revealed that the most pessimistic groups (e.g., group Z2-
Com) perceives an evident cause-effect relationship between sustainability and impact 
management (i.e., present high correlation values between impact and impact 
management). This may suggest that, despite the firm’s sustainability awareness and the 
significant efforts made to improve the sustainable development in the watershed, these 
groups perceive that the impact management efforts in are low. 

4  CONCLUSIONS 
After performing a stepwise regression model, we can confirm our hypothesis. In fact, 
Colombian Andes society perceives the impact of management efforts to improve the 
sustainability of the watersheds of a large hydropower firm on the three dimensions of 
sustainability, and its interactions. 

Information retrieved from this study could shed light on where to concentrate more 
impact management efforts, and which efforts might be evaluated (since they are not being 
perceived). Particularly, impact management efforts perceived as direct cause of 
improvement of the local sustainability are those made in improving the economy of natural 
resources, reducing environmental pollution; making basic sanitation; preventing climate 
change; and protecting biodiversity, natural resources, water, and soil. Whereas 
management efforts that are less evidently perceived as a cause of sustainability 
improvement are those made on strengthening social capital, trust, relationships, 
organizational networks; improving activities for subsistence, food security, production 
organization, commercialization of farm products; and training, creating consciousness, and 
environmental culture in the territory. 

Despite the hydropower firm’s increasing awareness on sustainability, local inhabitants 
still do not perceive the firm’s impact management actions as an attempt to improve the 
sustainability of the region. Making progress in sustainability would require a shared 
awareness of sustainability among all the stakeholders. 

Correlation results provided valuable information, for scholars and practitioners, on the 
interaction of dams and watersheds. On one hand, the theoretical implications showed how 
a holistic approach of sustainability is needed to better understand the complexity of this 
relationship. On the other, the management implications gave insights on how a large 
hydropower plant can operate in the long term while causing a positive impact on 
ecosystems and the local society. 
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APPENDIX 

Table A1: Description of question subjects and indices. (Note: textual questions are not 
provided in Table A1 since the same subjects were differently written according 
to the social group). 

Type of indices Indices Question subject

Impact perception 
indices 

I1: Eco–Soc 
Activities for subsistence, food security, 
production organization, and 
commercialization of farm products

Q1: Income increase

Q2: New income sources 

I2: Soc 
Building social capital, trust, relationships, and 
organizational networks

Q3: Participation in decisions 

Q4: Trust in neighbours 

I3: Env–Eco 
The economy of natural resources (supply and 
demand), pollution of the environment, and 
basic sanitation 

Q5: Forest and soil protection 

Q6: Water quality and biodiversity 
availability 

I4: Env 
Climate change, biodiversity, and the condition 
of natural resources, water, and soil 

Q7: Amount of fish in water bodies 
Q8: Landslidings reduction 
Q9: Overflows reductions 

I5: Env–Soc 
Training, consciousness, and environmental 
culture in the territory

Q10: Nature caring awareness 

Impact 
management 
perception indices 

I6: Eco–Soc 
Activities for subsistence, food security, 
production organization, and 
commercialization of farm products 

Q11: Improvement of economic 
activities
Q12: Tool promoting economic 
activities
Q13: Players promoting economic 
activities

I7: Soc 
Building social capital, trust, relationships, and 
organizational networks 

Q14: Participation in local decisions 
Q15: Trust in players 
Q16: Tools motivating trust in actors 

I8: Env–Eco 
The economy of natural resources (supply and 
demand), pollution of the environment, and 
basic sanitation 

Q17: Nature use
Q18: Tools leading to good practices 
in nature use
Q19: Players involved in the good use 
of nature

I9: Env 
Climate change, biodiversity, and the condition 
of natural resources, water, and soil 

Q20: Nature conservation 
Q21: Tools promoting nature 
conservation
Q22: Players promoting nature 
conservation

I10: Env–Soc 
Training, consciousness, and environmental 
culture in the territory 

Q23: Nature awareness 
Q24: Tools promoting nature 
awareness
Q25: Players promoting nature 
awareness
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