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Preface 

Preface 
 

Nothing is casual. Given my professional activity as an environmental economist, 
one professor suggested to me to attend the Latin American and the Caribbean 
Environmental Economics Program (LACEEP) conference held in Mexico City in 
2015. Professors Nancy Olewiler, Sir Partha Dasgupta and Thomas Sterner were 
some of the inspiring speakers with whom I talked during the networking time. 

However, Lissandro Botelho, a great person from Brazil, was the herald who 
told me about the PhD program at Erasmus University. He was like an 
international relationships officer in charge of recruiting people from Latin 
America and the Caribbean to join the program. Thanks to Lissandro, I bought 
a ticket to embark on this PhD journey.  

After a couple of email exchanges and an online interview with the program 
director, Prof. Wim Hafkamp, the welcoming letter to the PhD program arrived 
and many questions popped up into my mind. How long would it take, how many 
examinations would I need to pass, how different would it be in comparison with 
a master’s thesis or how many hours per week would be necessary to succeed 
in writing the Ph.D. thesis. Nonetheless, doing research to change the world 
while combining economics and engineering sciences was a great motivation. 
Indeed, when meeting with Professor Bart van Hoof in Bogotá D.C. every three 
months in 2016 and 2017, I remember that my engineering rationale was made 
evident when I only focused on the physical dimensions of the problem of water 
overexploitation in agriculture. His wise words were deeply appreciated since 
he advised me to firstly focus on understanding the socio-physical problem. 

In 2017 an opportunity was given to me to continue the doctoral studies because 
this author was awarded a scholarship from the Administrative Department for 
Science, Technology and Innovation – now the Ministry of Science Technology 
and Innovation of Colombia. The money of scholarship was used to pay the 
participants that attended the field experiments. Professor Hafkamp and Yneke 

Steegstra´s support was fundamental in getting migration affairs done on time. 
Finally, my family members and I landed in The Netherlands in the summer of 
2018. We cannot forget that fans and cooling devices were sold out when we 

arrived, so the average 40°C were not easy to live with, but not so complicated 
to manage because part of us were born in a hot weather place in Colombia. 
Perhaps, an inevitable bias in my research is related to the adaptation to scarcity 
conditions in marginal terms. Moving from a 38°C average temperature to 40°C 
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make a change in people´s life, and this motivated me to pay attention to the 
effect of marginal changes. I trusted my instincts and marginal analysis is part of 
one the research articles that arose from the research questions.  

Farmers and urban citizen’s water user decision-making for adaptation to 

scarcity of water is sensitive to volume of water available, well-depths and time 
before the aquifers are projected to be exhausted. However, these variables 
should not be taken in average terms as accustomed in water planning, but it is 
suggested they should be managed in marginal terms. All three variables have 
different marginal effects on the probabilities of water users’ cooperation in 

water conservation depending on where on the water availability curve, the 
water users are located.     

This author’s ideas and writings evolved thanks to my routines at the Erasmus 
University library. Usually, lots of excuses were found for not staying in front of 
the assigned desk in the Mandeville Building. So, the library was the place where, 
for almost two years, my brain was trained to let me think, write, read, think, 

write and reflect on what was written. This routine was possible while reading 
two or three journal articles per day. But the best part was when taking hand 
notes because then I was able to think three times while scribbling and dashing 
off. However, my most valuable routine occurred when stepping out from my 
home and returning in the evening. In the morning I had the privilege to enjoy 

biking while taking my two kids Nailah and Jesús to school. When returning 
home, African music accompanied me while biking across the Kralingse bos (the 
Kralingse forest).  My kids´ happiness was a motivation for me to do my best 
while the resident permit was counter-clocking. When returning home, there 
was a magic moment while biking, staring at the ducks and hares and being care-
free due to the scenery of the flowery shrubbery in springtime. In winter and 

fall, I simply wanted to reach home swiftly to hug my wife and kids. 

In 2019, I had the opportunity to attend the course on Water Footprint 
Assessment (WFA) with Professor Arjen Hoekstra, the water management 
researcher who coined the concept. Professor Hoekstra was such a source of 
inspiration that WFA became one of my research topics. A round-trip of 400 
km twice a week from Rotterdam to Enschede to reach the University of 
Twente was worth doing, since the Intercity route landscape was full of built 
environments composed of water infrastructure that reminded me of the smart 

Colombian Zenúes Indigenous´ systems of canals and dikes. Perhaps, I still have 
the dream of seeing politicians and modern engineers becoming non-
conventional by retrieving Zenúe’s canny works to manage yearly floods, which 

stirred me to also stare at the dikes while travelling to meet Professor Hoekstra.  
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The Erasmus University’s International PhD program on sustainable 
development’s structure was unique in terms of the bilateral and trilateral 
sessions held with staff professors and candidates as well. The opportunities to 
meet them every summer from 2016 until 2020 were great opportunities to gain 

something new in my research process. It was even better to have the 
opportunity to have face-to-face conversations in 2018 and 2019 in Rotterdam. 
I am delighted to summarize what I was taught by my professors. In 2017 
Professor Frank Boons asked me a simple question: why should he finance my 
research project. This was a suggestion to convince an academic audience while 
writing up the research proposal. In 2018 Professor Donald Huisingh presented 

the course on systematic literature review and I became fascinated about the 
academic challenge of finding the literature research gap. This is like looking for 
a needle in a haystack. That year at the cafeteria of the 17th floor at Mandeville 
Building, Professor Jan Jaap Bouma suggested to me to use water availability as 
the key concept around which the three theoretical frameworks should be 
approached. What I have learned from bilateral sessions is that the more you 

present written ideas, no matter if they are draft versions, the more you gain 
during the face-to-face sessions with professors, and this is not about using 
Power Point presentations, but word versions of your ideas, statements and 
arguments. 

Thanks to Professors Hafkamp, Huisingh and van Hoof, the author was given the 

opportunity to coordinate the PhD program he was pursuing also. Preparing the 
2019 and 2020 summer intensives, sharing my knowledge with my colleagues in 
doing my literature review, and supporting them in administrative issues was a 
valuable personal experience, since a lot was learned from them as well. 
Professor Boons´ lecture on theory and mechanisms, Bouma´s lecture on 
document analysis, Huisingh´s course on sustainability, and the supplementary 

courses on multilevel analysis using the statistical programming package R were 
fundamental tools to improve the quantitative data analysis of my field 
experiments. 

In reference to experiments I traveled back to Colombia in 2020 to run the field 
experiments, but due to the COVID-19 pandemic, gathering people and 

travelling to other municipalities was not allowed for a long time. Therefore, I 
decided to write an article using Agriculture Census quantitative data about 
water use in agriculture. I also wrote another article about incentives, 

information and institutions in water use. Finally, I was able to run the 
experiments in 2021 and obtained some answers to my research questions 
based upon empirical data. On this entire journey, my supervisors Wim Hafkamp 

and Bart van Hoof were real mentors that combined wisdom in structuring the 
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research, firmness, horizontal-style discussions and frequent advice to make 
things simpler. Professor Hafkamp’s personal interest in making sure my family 
were having good times in The Netherlands is much cherished.  

The field experiments would not be possible without local guides living in the 

Caribbean region of Colombia. Gilberto Arrieta and Luis Morelos from Monitos 
– Córdoba; Juan Mendoza and Mrs Ledys Díaz hospitality in Fonseca – La 
Guajira; Otto Ehrhardt in Guamal and special commitment from Juan Pineda in 
Corozal, were crucial in my field journey. I am indebted to them because of their 
patiente, local knowledge; and without their orientation, simply, no data would 

be collected to write about. 

The author is not sure how many versions were written for each research 
chapter, but each version feedback was an opportunity to learn from errors. 
Some questions and suggestions transported the author´s mind to the thesis 
defense session of questions. Valuable feedback on manuscript chapters was 
provided by Professor Don Huisingh, my colleague Carlos Fúquene R. from 

Javeriana University of Colombia and my friend Andrés Palacio Ch. from Lund 
University of Sweden. My father´s reading habit and support in editing some 
sections are much appreciated. My personal editor, Andrés Torres was very 
helpful in helping to get my articles published in academic journals. However, 
the shark-tank style questions from my wife were decisive in refining the 

applicability of my research findings. Her questions as an environmental engineer 
were demonstrations of her love and intelligence.  

Nailah, Jesús and Liz´s involvement was valuable, since their courage in moving 

abroad with me, care and the shared love among us, and their interest in other 

cultures and sciences, showed that something good and new was added to their life 

as well. Our friendship with Natalia Wathion, Eric Dehaas, Toru Kikuchi and Chiharu 

Kikuchi made things easier abroad. My beloved mother Chela, my father and 

mother-in-law´s prayers were fundamental to keeping us mentally strong. My 

brother Francisco and my sister Sindy Marcela, and my friend Victor Niebles´ 

support was valuable to all family members as well. The occasional phone 

conversations with my friends Luis Carlos Granados, Denia Piñeres, Marlen Dávila, 

Elit Camargo, Elías Morales, Wilman Cerpa, Casto and Armando Machacado from 
San Martín de Loba were encouraging. I know my grandfather Antonio Echeverría 

V.´s spirit was present always.  

John Milton Asprilla Echeverría, 2023 
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1 Introduction  
 

1.1 Background  

1.1.1 Overexploitation of aquifers around the world 

 

Information on the status of aquifers across the world indicates that 

their depletion is a pervasive issue. In the Canary Islands, the rate of 
water level decrease amounted to 10 m/yr with extractions equaling 

0.1 km3/yr. After 12 years of constant pumping in a karst aquifer, the 

water level was reduced to 200 m (Margat J. & van der Gun, J.; 2013). 

In China and Japan, rapid population expansion has considerably 
increased pressure on water resources. About 50% of the U.S. 

population depends on groundwater for domestic uses, while 

agriculture in the west has played a key role in aquifer depletion 

(Margat J. & van der Gun, J., 2013; Unesco, 2004). In India, the number 

of groundwater extraction structures went from only 4 million in 1951 
to 17 million in 1997, while groundwater resource stress has caused 

remarkable over-exploitation problems over the past 50 years. In Latin 

America, groundwater is unevenly distributed, Brazil and Mexico being 

major forefront users. In Colombia, the most water consumers are 
found in the sugarcane region and in drought-exposed areas of the 

north coast. Demand for groundwater is growing due to increasing 

water demand from the agricultural sector, which represents 70% of 

global extraction, i.e., far greater than industrial and domestic 

demands.  

The volume and quality of information on the status of aquifer systems 

is increasing globally (van der Gun, 2023). The data on stock levels, 

extraction rates, and recharges are subject to satellite and on-the-

ground monitoring to better inform about underground water 
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availability. Aquifers1 can be found almost everywhere under land 

surface, from less than 10 m deep to close to 1 km deep (OECD, 

2017). However, despite excessive aquifer extraction and its 
overexploitation risk (OECD, 2017a; World Bank, 2018), a top-down 

informing process about water availability, extraction and recharge 

rarely occurs locally. Environmental and hydrogeological authorities 

have mostly managed this issue. 

There is insufficient dissemination of basic aquifer status information 
to water users (Unesco, 2004). Governments usually have direct 

access to this information, as well as some companies interested in 

groundwater, but it is rarely made available to villages and farmers. 

Governments mostly attempt to instruct water users to reduce their 
extraction volume by providing information that is mostly unspecific 

and simply tells users to extract less or “save water”. Nevertheless, 

the type and context of this information is essential to address the 

issue of excessive water extraction. Thus, to curb water extraction the 

quality and type of information offered to water users also plays a role.  

The normal channels of communication are mass media such as 

television news or radio and, in some urban areas, water bills. Farmers 

are suggested to be users of information on the status of water 

resources as a means of raising awareness on the evolution of this 
resource in time and space. Farmers, as main groundwater users, will 

not be asked to become as knowledgeable as a hydro-geologist when 

it comes to aquifer status data. Instead, useful information provision is 

needed for them to become users of hydrogeological information and, 

as such, to be able to make better extraction decisions, in consistence 
with aquifer status. This task is crucial since aquifer overexploitation is 

occurring at the same time as climate change affects water resources 

(Damania, et al. 2017). Numerous countries that do not presently use 

aquifer systems for farming activities will probably face similar 
challenges to those currently experienced where groundwater is 

already used intensively (OECD, 2017a). In critical drought periods, 

 
1 An aquifer is a permeable geologic unit that can receive, store and yield significant amounts 

of suitable quality groundwater to wells or springs in economically usable amounts (Smith and 

Wheatcraft, 1992; Sharp, 2017). 
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farmers can be part of the solution to address the physical problem of 

water table declination only if they become careful water managers.  

 

1.1.2 Aquifer declines in the Caribbean 

 
The whole hydrographic area of the Caribbean is classified as 

undergoing moderate to highly deficit aridity. Given the high aridity 

level, the majority of the populations living in urban and rural areas use 

groundwater as their fresh water source (IDEAM, 2014). Monitors of 
some water wells in the department of Sucre show declinations of 17 

meters/year, which is jeopardizing aquifer stocks (Carsucre, 2003). In 

Sucre and parts of Cordoba there were 1,788 water wells in operation2 

in 2011 over an area of approximately 645 km2, with different spatial 

well densities. In 1998 the extraction volume in Sucre was 29.1 million 
m3/year and in 2022 this figure soared to 41 million m3/year; this entails 

that the extraction rate increased by 39%. In agricultural lands in 

Corozal, Sampués and Sincelejo (Sucre), the number of wells has 

increased by 60% in 20 years. In the Morroa Aquifer – the main one in 
Sucre – the extraction rate ranged between 1,000 and 1,200 liters per 

second, but its natural recharge is 75 liters per second (Carsucre, 

2015)3. This water flow imbalance shows high overexploitation 

vulnerability and progressive lowering of reserves (Carsucre, 2015). In 

La Guajira, there was a record of 2,230 wells in operation by 2022, and 
this number tripled in 30 years. At the end of the 90’s, average water 

tables were around 40 m deep; in 2022, they reached 500 m deep. 

 

This information corresponds to official water extraction figures. 

However, environmental authorities recognize the existence of 
unrecorded water users exerting constant extraction at a similar pace 

to that of legal water-well users. Thus, reported extraction volumes 

tend to be underestimated.  

 
2 1.713 waterwells reported in the jurisdiction of CarSucre and 75 wells in the area 

of Regional Environmental Corporation CorpoMojana. 

3 The environmental authorities measure the average extraction and recharge rates using 

monitoring wells and hydrogeological parameters. 
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To collect data on aquifer decline and water tables I used multiple 

official sources: databases containing relevant information about 

water-well location, extraction flows awarded to users, and type of 
economic activity of those water users entitled with an extraction 

permit. I consulted old documents on water-well building, the National 

Study on Water Resources, the hydrogeological studies and municipal 

reports on water shortages. I realized that the core policy approach to 

address water scarcity consisted in declaring emergency status in 
municipalities. To this aim, the Ministry of Housing usually supports 

local communities by co-financing the building of new water wells and 

the distribution of water by trucks in neighborhoods. Thus, in times of 

public calamity, governments build deep boreholes and other 

engineering infrastructure as if it was only a physical issue. 

Instead, the behavior of farmers and other users are key factors that 

be incorporated into any serious water resource extraction plan. 

Nowadays, water shortage is communicated broadly to water users 

through mass media, radio broadcasting and loud-speakers throughout 
neighborhoods. The type and framework of water scarcity information 

might influence users’ behavior in the Colombian Caribbean region. In 

summary, policy approaches in times of scarcity have been based on 

the provision of unspecific information to water users and dealing with 
water table decline as a strictly physical issue, which is also done in 

other latitudes (Griffin, 2006; Zetland, 2009). Instead, the 

incorporation of ecosystem services with the capability of replenishing 

aquifers is missing in this approach, just as the affectation of these 

ecosystems.  

 

1.1.3 Social and biophysical relationships 

 
An aquifer system is more than a physical water source, since it 

encompasses intricate social and biophysical relationships. There are 
social variables such as pumping time, well location, extraction costs, 

well density and crop selection, all of which depend on water user 

decisions. There are also physical variables such as stocks, depression 

cones, water table, static level, or recharge rates, to mention a few. 
Among these variable types, there are crossed, direct and indirect 
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relationships. This can be seen in water tables affecting extraction costs 

and discharges to surface water bodies. Similarly, recharge rates 

influence extraction rates, pumping time and extraction costs.   

 

The biophysical dimension 
 
Aquifers and all water resources provide unique and valuable 

ecosystem services. In particular, groundwater provides fresh water 

for ecosystems and all vegetation dependent upon it (Humphreys, 
2006). Frequently, groundwater and surface water exhibit unnoticed 

water flow interactions (Glennon, 2002; Winter, Harvey, Franke, & 

Alley, 1998); this means that ecosystems dependent on surface water 

resources rely on the health and availability of the related aquifer 

systems as well. Aquifers are exhaustible resources governed by 
physical laws, and it is nature that governs the groundwater balance 

equation. This equation is composed of inflow sources such as 

recharge; and outflows led by farmer extractions and discharges from 

aquifers to rivers/marshes/lagoons and other flows in the water cycle. 
 

Water inflows into aquifers are determined by recharges. Aquifers are 

varied and complex in their inclination, permeability and depth. Thus, 

recharging flows mostly occur in the first hundred meters below the 

surface (van der Gun, 2023). If significant recharges take place, aquifers 
are considered as renewable water resources. Within a river basin, 

water resource availability is constrained by precipitation (A. Hoekstra, 

2020), which impacts the renewability of the aquifer, but is limited by 

drought. In this context, recharge zones are under risk, while artificial 

aquifer recharging has not been sufficiently researched. Precipitation, 
recharge and extraction altogether influence the water balance at the 

local and regional level. 

 

Water balance and water availability remain as the overarching 
concepts that influence the feasibility of groundwater extraction, which 

represents the most relevant flow for people relying on this resource. 

No matter what other physical characteristics are, farmers highlighted 

(during interviews and group discussions conducted in the current 

work) that their center of attention is on water extraction flows. 
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However, no connection was heard with the frequency and duration 

of extraction affecting water tables and remaining stocks. Thus, the 

biophysical characteristics of aquifers depend on both nature and social 
decisions led by extractions that influence aquifer status evolution in 

time and space. 

The social dimension 
 

The mentioned social dimensions result from complex decision-making 

processes of communities approaching aquifer systems to extract 

water. Farmers are the main actors in the water management systems 
studied in this research. Their decisions on groundwater appropriation 

finally determine the outcomes of the resource system. Whether or 

not ascribed to an institutional set of rules, productive or destructive 

outcomes will be mostly driven by the extraction decisions of 

groundwater users interacting within neighborhoods. As farm 
operators adopt pumping strategies, competition among users to 

capture the groundwater reserves arises (Negri, 1989). Whether or 

not farmers are aware of the consequences, their water extraction 

activity causes depletion of the aquifer. Once this becomes clear, it 
leads to competition for the remaining water in certain contexts, while 

in other contexts cooperative approaches are developed. 

  

In the villages under study, certain communities have learned how to 

share their common time and common lands, but this might not be the 
case for the water as a Common Pool Resource (CPR). Based on 

multiple interviews with farmers and authorities across several areas 

of study, I did not find evidence of self-organizing communities 

attempting to consciously manage their CPR to avoid overexploitation. 

However, cooperation is essential in preventing overexploitation. This 
means that formal or informal agreements among multiple actors are 

required.  

 

While living in their territories, it is assumed that farmers and all water 
resource users inherently expect that the resource will be available for 

their economic activities. Based on this argument, a common interest 

in conserving the CPR is expected on the part of farmers. However, 

as long as the supply-side (i.e, infrastructure provision) persists on 
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managing scarcity instead of preventing it, farmers will not have a 

means to materialize their common interest. 

 

1.1.4 The challenge of serving the common interest 

 
Assuming that farmers and all water users coincide in expecting that 

the resource be available for their economic activities; for such 
purpose, users have devised circumstantial and informal rules. 

However, water users seem not to have the means and capacities to 

serve their common interest in maintaining constant water availability. 

This system of informal rules in use by water users, also known as 

working rules, are not of common knowledge among them. This can 
be explained by the fact that the rules of adaptation have been built in 

conjunctures of scarcity, but not as a long-term process of adaptation 

to the looming threats of climate change. Instead, long-term social 

rules and institutions are a result of a trial-and-error process aimed at 
resource management (Ostrom, 2015). In chapter 3, the informal rules 

designed by communities and farmers are presented. 

 

 

1.1.5 The role of information in promoting conservation 

under a CPR setting. 
 

The challenge of digesting information on aquifer 

systems 
 
Beyond the political dimensions of water scarcity (Metha, 2007), this 

situation entails a physical dimension made evident in water table 

decline, coupled to a social dimension led by water extraction. The 

climate change effects on water resources that are inevitably 
motivating farmers to adopt adequate strategies to scarcity certainly 

influence both dimensions. Nevertheless, biophysical information is 

complex to understand and assimilate by farmers who, nonetheless, 

expressed their interest in being more knowledgeable about the status 

of the aquifers they depend on. These water users need to be informed 
about the effects that constant extraction has on water stocks. 
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Similarly, water users need to be informed on how to moderate 

extraction as a means of adapting to scarcity conditions.  

 
Since aquifers are different from one another, the hydrogeological 

relationships among pumping, water tables and stocks is complex. But 

engineering and hydraulic calculations can inform on these 

relationships, which should be available to communities of water users 

relying on aquifer systems. Notwithstanding, farmers are probably not 
interested in stocks, recharge flows, storativity coefficients and other 

relevant hydrogeological variables; contrarily, they get more benefits 

when straightforwardly informed about how much water to extract in 

each period of the year. The water extraction cap is suggested as an 
instrument to embed and digest such a complexity. Nowadays, farmers 

operate their pumps without a systematic knowledge on how much 

water is extracted. No working rules were identified on how much 

water is or should be extracted by each farmer to avoid 

overexploitation.   
 

The extraction cap was informed to farmers during experiments as a 

new rule to work with, when deciding how much water to extract. 

The cap was an instrument to activate the ability of farmers to design 
their own social institutions to live under water scarcity. Although caps 

must be relative to local/regional stocks, recharge and water table 

conditions, the tested cap was calculated using water volumes that 

were familiar to farmers. In a research article published on extraction 

caps as adaptation drivers, the limits to aquifer withdrawals were 
operationalized via remaining time and remaining water amounts. The 

statistical test was conducted on the probabilities of cooperation when 

exposed to extraction caps (see chapter 2).4 This cap was set at a value 

 
4 Formally, an optimal extraction rate should be calculated. To this aim, the theories and 

techniques of mathematical economics, optimization and natural resource economics are 

useful. Optimization in the provision of goods and services is presented and discussed in Field 

(2008), Conrad (2003) and Perman et al., (2011). In the present dissertation, an application 

of optimal extraction rates was developed using the Optimal Control Theory. Water use 

functions were built based on the types of crops and domestic water use in the department 

of Sucre (see Asprilla-Echeverría, J., 2021). Plan B water assessment: Efficiency and circularity 

for agricultural and municipal adaptation to water scarcity.  Journal of Groundwater for 

Sustainable Development, Volume 14, 100602. https://doi.org/10.1016/j.gsd.2021.100602  

https://doi.org/10.1016/j.gsd.2021.100602
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consistent with a scarcity period in which farmers were asked to 

extract less water and live under scarcity conditions. 

 
This instrument departs from the prevailing approach, in which 

environmental authorities declare the urgency to save water when 

scarcity and water shortages occur. In that approach, the information 

provided to farmers and all water users in urban and rural areas is 

broad enough not to convey a specific suggestion on what can be done 
to deal with scarcity. Thus, in the existent approaches, the rules to 

manage water extractions in drought-exposed areas of Colombia are 

yet unclear. Similarly, the demand side to incentivize cooperation in 

water conservation to adapt to scarcity conditions is not prominent. 
In aquifer management plans, water users are taken as receptors of 

information, without any reference to self-management possibilities to 

conserve aquifer systems. I published an article on the role of 

incentives, information and institutions to conserve aquifers, in a 

context of central management approach. In that article the structure 
of incentives for conservation is discussed as the steering mechanism 

aimed at moving agents’ behavior towards the desired cooperative 

direction (see Annex 4)5. In this research, the role of frequent 

information provided to farmers is found to be essential to curb water 
extraction. Thus, the type of information provided and its context in 

terms of the CPR status in which a collective action transpires certainly 

deserve special attention.  

 
 

 
 

 
 

 

 
5 An analysis was of the requests by farmers for extraction permits and the role of 

environmental authorities in granting them. This analysis is developed from the perspectives 

of institutional economics and the theory of incentives. See Asprilla-Echeverría, J. (2022). 

Aquifers and climate: Incentives, information and institutions. Journal of Groundwater for 

Sustainable Development, Volume 20, 100900. https://doi.org/10.1016/j.gsd.2022.100900    

https://doi.org/10.1016/j.gsd.2022.100900
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Collective action problems 

 
The collective actions aimed at accessing and extracting CPRs are 

framed in action situations shaped by collective-action6 problems. 

Action situations refer to social spaces where individuals interact, 

exchange goods and services, engage in appropriation and provision 

activities, solve problems or fight (E. Ostrom et al., 1994). Collective 
action problems relate to social dilemmas in which individuals receive 

a higher payoff for defecting than for cooperating, but everyone would 

be better off if they all cooperated (Dawes & Messick, 2000). In the 

case of aquifers, this determines if they last longer or are exhausted. 
Nonetheless, the core action showing the social dilemma takes place 

when users rush to extract and consume most of the resource in the 

present, since the water reserves might not be available to everyone 

in the future (Ostrom, 2015; Negri, 1989). Instead of defection, 

cooperative behavior in collective action problems is necessary as a 
means of avoiding aquifer exhaustion. However, this cooperation is 

intricate due to coordination costs and the free-rider problem (see 

more elaboration in Annex 2)7. Frequent interactions between free-

riders and cooperators under institutional settings provide a fertile 

ground for cooperation and interdependent decision-making. In CPRs, 
many users are present and it is difficult to exclude users or limit their 

extraction (E. . Ostrom, Burger, Field, Norgaard, & Policansky, 1999). 

In this research, the collective action problem was configured by the 

information that confronted the farmers to the dilemma of perceiving 
higher individual benefits in the present for not conforming to the cap. 

In this research, the concept of cooperation is operationalized as the 

 
6 Actions may involve deciding whether or not to extract more water than prescribed in the 

extraction permits and whether or not to exchange/sell the extracted water. Similarly, they 

may include devising their own rules for appropriation, assignment, and provision of a CPR, 

self-monitoring and enforcing rule breaking, or productively managing the resource (Elinor 

Ostrom, 2015). These decisions are possible if water tables are at reach, if there are no 

serious social conflicts to access productive aquifer spots, or if it is not very costly to operate 

pumps due to well-depth and extraction costs. 
7 Literature on CPR and action situations are presented in Asprilla-Echeverría, J. (2021). The 

social drivers of cooperation in groundwater management and implications for sustainability. 

Journal of Groundwater for Sustainable Development. Volume 15, 10068. 

https://doi.org/10.1016/j.gsd.2021.100668     

https://doi.org/10.1016/j.gsd.2021.100668
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willingness of water users to abide by the caps as a means of increasing 

water availability. Field experiments were used to operationalize this 

concept. Since the cap was suggested in each round of experiments, 
farmers were free to cooperate (or not) by choosing their water 

extraction volumes. The concept was statistically tested with 

experimental data and the results suggested that extraction caps were 

useful to incentivize farmers to cooperate. In chapters 2, 4 and 5 this 

concept was operationalized. Field experiments to test cooperation 
have been used in multiple works (Levitt and List, 2009); (Harrison & 

List, 2004); (Cárdenas, Rodríguez, & Johnson, 2011); (Cárdenas et al., 

2000); (Meinzen-Dick et al., 2016); (Suter et al., 2012). 

 

1.2 Research problem  
 

1.2.1. Definition of the research problem 

In the Caribbean region of Colombia water shortage mostly occurs 

between January and May. Reducing water extraction is a precondition 

to manage such a scarcity. Historically, Colombian governments have 

attempted to instruct water users to reduce their extraction volume 

by providing information. However, this information is mostly 
unspecific and simply aimed at reducing extract or saving water. The 

conventional channels of communication in rural areas are mass media 

such as television and radio news. The core of the problem is that little 

is known about the relationship between information provision and 

the behavior of water users. In addition, it seems that farmers mostly 
do not engage in cooperation to secure the availability of water from 

the aquifer in the long term. Governments do not approach scarcity 

conditions as a CPR issue, in which the actions and interactions of 

multiple actors underlie water extraction decision-making. Little is 
known about the propensity of water users to engage in cooperative 

behavior under water scarcity conditions.  

Based on this and on what is stated in section 1.1., the research 

problem is articulated as follows: There is lack of   understanding of 

the way information provision on water scarcity impacts the extraction 
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behavior of water users and their engagement with cooperative 

behavior.  
 

1.3 Research questions 
 
The overall goal of this research is twofold: (i) understanding the 

effects of information provided to farmers on their water extraction 
behavior and (ii) identifying alternative information provision strategies 

to help governments and environmental authorities achieve water 

extraction reductions.  

 
The central research question of this dissertation was: 

1. How does information on water scarcity affects the 

extraction behavior of water users and how can current 

information provision strategies be improved?  

 
In addition to this, three sub-questions were posed, looking forward 

to a deeper understanding of the driving mechanisms and institutional 

settings in which adaptation to water scarcity occurs. 

 
2. What are the main drivers and inhibitors of cooperation 

among water users in water management systems in dry 

regions? 

This question is useful to conduct a statistical estimation of those 

variables that better explain the cooperative behavior of water users. 
As indicated, the concept of cooperation is operationalized as the 

willingness of water users to conform to capping as a means to increase 

water availability. Thus, social, and biophysical variables were used to 

explain such a probability of cooperation. 

 
3. How do social rules coexist with legal rules in the 

overexploitation of aquifers in dry regions? 

While a common interest in conserving water resources is expected 

from water users, the sustainable management of aquifers is a core 
mission of environmental authorities. However, aquifer depletion has 

occurred despite the fact that both parts are interested in avoiding 

such a dire outcome. A formal system of rules was first released in 
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1974, but economic and domestic activities had been taking place since 

many years ago. Thus, since the informal or social rules designed by 

water users already existed when formal or legal rules were put in 
place, the understanding of the merging of social and legal rules is a key 

step before any institutional improvement is designed. 

 

4. How does egoistic behavior and free riding affect collective 

action in the adaptation to climate variability? 
 

In the practice of water extraction, neighbors affect each other’s 

behavior. Studying cooperative, egoistic and free-riding behaviors of 

individuals in CPR settings may help to develop better approaches to 
incentivize cooperation while water users daily interact in their 

communities. This research will help to empirically estimate the effects 

of the behavior of water users on their neighbors’ behavior. 

 

Answering these questions will help to deepen the understanding of 
the effect of information provision on incentivizing cooperation with 

water conservation. A research strategy was designed and 

implemented to find data gathering methods and respond the research 

questions. These methods were identified through comprehensive 
literature reviews. Multiple methods were combined to respond to 

each research question. Based on collected data, further analysis was 

possible and research articles were prepared, some of which were 

already published in peer-reviewed journals. In the next section, the 

research strategy is described. 
 

1.4 Research strategy 
 
In order to answer the research questions stated above, I drafted a 

research strategy that is depicted in Figure 1. Each of the steps in this 

strategy will be discussed briefly, after a theoretical briefing. 
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I drew on three bodies of theory: Common-pool resources (CPR) 

theory8, Institutional Economics9  and Behavioral economics10. I will 

briefly discuss why these three were selected. The CPR theory was 

used to address aquifers as depletable natural resources. The 

Institutional Economics theory was used to address aspects of 

institutional design and rules from inside and outside the communities 

of water users. The Behavioral economics theory was used to study 

the psychological factors influencing cooperation. The CPR theory 

addresses the factors influencing cooperation  (Elinor Ostrom, 1986, 

2015); (Cardenas, Rodriguez, & Johnson, 2011); (Anderies et al., 2013) 

and (Cárdenas et al., 2013). These authors have used lab and field 

experiments to test the role of communication and feedback provision 

to participants in experiments. From the Institutional Economics 

theories (Spithoven; Groenewegen; & Berg, 2010) and (Laffont & 

Martimort, 2009), the theory of incentives and the design of social 

 
8 See Asprilla-Echeverría, J. (2021). The social drivers of cooperation in groundwater 

management and implications for sustainability. Journal of Groundwater for Sustainable 

Development. Volume 15, 10068. https://doi.org/10.1016/j.gsd.2021.100668     
9 See Asprilla-Echeverría, J. M. (2022b). Aquifers and climate: Incentives, information and 

institutions. Journal of Groundwater for Sustainable Development. 20 

https://doi.org/10.1016/j.gsd.2022.1009000      
10 In three research articles, the Behavioral Economics perspective was developed and 

discussed. In one of them, which dealt with the behavioral aspects of farmer adaptation to 

water scarcity, the preferences, biases, and beliefs about water allocation were studied (see 

Research paper submitted to the Journal of Agricultural Water Management. Manuscript 

Title: How do farmers adapt to water scarcity? Evidence from field experiments. Status: under 

review). In another unpublished research article of this dissertation, egoistic behavior in water 

allocation was also researched (see Research paper submitted to the Journal of Water 

Resources and protection. Manuscript title: Egoism with purpose: Experimental evidence of 

cooperation in water scarcity management. Status: under review). In a third article, also 

published, the behavioral aspects of cooperation are analyzed. In doing so, the structure of 

incentives as steering mechanisms aimed at moving the behavior of agents towards 

cooperation is discussed. These mechanisms are deemed as internal when they come from 

agents, or external if they come from authorities who are in charge of sustainable water 

management. In the combination of rules from outside and inside a community, there are 

intrinsic and extrinsic motivations leading to different cooperation results (see Asprilla-

Echeverría, J. (2022). Aquifers and climate: Incentives, information and institutions. Journal of 

Groundwater for Sustainable Development, Volume 20, 100900. 

https://doi.org/10.1016/j.gsd.2022.100900). 

https://doi.org/10.1016/j.gsd.2021.100668
https://doi.org/10.1016/j.gsd.2022.1009000
https://doi.org/10.1016/j.gsd.2022.100900
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institutions to make “transactions” visible are discussed. The 

Behavioral Economics approach was used while combining elements of 

economics and psychology. To this aim, the farmers’ cognitive, 

emotional and decision-making preferences were assessed while 

implementing the field experiments and interviews. 

In Figure 1, the research strategy is composed of four steps (detailed 

in subsequent sections). As to the literature review on CPR, the 

definition of the key words was done after reading seminal papers and 

books by Elinor Ostrom. For the literature review on the social drivers 
of water conservation, I first read the works of authors such as Linda 

Steg, Kelly S. Fielding and Victor Corral-Berdugo. Based on these 

readings, it was possible to define the key words. With respect to the 

literature review on behavioral economics, I first read seminal articles 
and books by Daniel Kahneman and Amos Tversky, Urs Fischbacher, 

Simon Gächter, Ernst Fehr, and Colin Camerer. Since specific research 

by these authors on water-extraction related behavioral analysis was 

not identified, I confirmed my interest in understanding the behavioral 

aspects of water allocation in drought contexts. 
 

In the second step, I selected the research methods. I chose the field 

experiment method as the principal mechanism to understand the 

effect of information provision on farmers’ behavior (extraction, 
willingness to collaborate and willingness to share with neighbors). The 

key characteristic of field experiments is the possibility to resemble the 

socio-physical setting that farmers live in while dealing with the CPR. 

In the experiments it is suggested to recreate the microeconomic 

situation that participants face in their reality. In real life, groundwater 
users face diverse incentives, and they weight the costs and benefits of 

their extraction decisions. However, cooperation may or may not 

occur in real life situations, and the presence of free riders confirms it. 

Just as well, information may or may not play role in incentivizing 

cooperation with water conservation. For this reason, the field 
experiment design was chosen as the most convenient method to test 

cooperation. According to the literature, lab experiments and framed 

field experiments are the most common methods to understand the 

contribution to conserve public goods and CPR. 

https://agupubs.onlinelibrary.wiley.com/authored-by/Fielding/Kelly+S.
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I made some additional decisions with respect to the experimental 

design: 
 

- In this research, instead of inviting university students as 

participants in field experiments, I called farmers (real CPR users). 

- Instead of tokens, I used water volumes as the resource or 

commodity to be allocated. Other researchers have used crop 
selection, time devoted to extract from the CPR and other means.  

- The game resulting from this design departed from existing 

experiments that have dealt with extraction caps, which have been 

used as an institutional mechanism to test cooperation. 
- I used information provision as a tool to let farmers make water 

allocation decisions during the games. Two treatment groups were 

created in each village, plus a baseline group. One group group was 

given information in terms of remaining water in the aquifer, while 

the other was given information about remaining time before 
aquifer depletion. The third group was not given any specific 

information; they were simply asked to save water, which 

corresponded to the baseline situation. 

 
For additional information, I selected surveys as data collection 

method. Since explanatory variables were needed to estimate the odds 

of cooperation, the surveys offered contextual data for the water 

allocation figures. Important socioeconomic data, knowledge about 

formal rules, and perceived behavior of others, to mention a few 
parameters, were included in the survey. In addition, I chose to do 

interviews in order to comprehend the reasons for water allocation 

and the behavioral regularities revealed by water users. The document 

analysis was developed for three reasons: (i) to understand water 
regulatory measures and legislation on water access and water 

extractions, (ii) to identify the history of social rules in place and water 

access solutions implemented by local authorities through time, and 

(iii) to understand policy measures to tackle water scarcity. 

 
Data collection methods were implemented in step 3.  In the 

implementation process some decisions were made in terms of the 
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moment of the year, the type of participants in the field, the means of 

payment to participants, the number of participants, and the number 

of surveys and interviews. I chose to run the pilot test and the definitive 
field experiment games during the drought period of the year in the 

Caribbean region of Colombia. Farmers living in rural and semi-urban 

areas were selected as the most convenient participants in the games. 

The payment method used was local money (Colombian pesos), the 

amount of which depended on the decisions made by the participants. 
For each water unit allocated to the present, the subject could earn a 

10 $COP individual payoff. In turn, the payoff for allocating a water 

unit to neighbors was 5 $COP, and had the nature of a collective good. 

Finally, allocation to the future had the nature of a private benefit to 
be exploited later on, yielding a potential individual payoff of 4 $COP 

per unit. The aggregated payoff from all activities determined a 

subject’s earnings in the game. Participants had another source of 

game-profit in the sum of the contributions made by all participants 

(see section 2.2 for more details on these variables and the 
corresponding formula for the payment amount). 

 

Paying with money is suggested in the literature as a means of 

incentivizing decisions as if they were part of real life. The more money 
earned in the present, the better, but the dilemma arises if little water 

is left for the future. In total, I called 102 people from the three 

municipalities for the experimental games. Sixty two of them actually 

came to participate. People were called one day before the sessions 

on weekends. I also decided to run surveys for each participant of the 
games (62 surveys). Once the experiments ended, I applied the surveys 

in a face-to-face scheme. Since the number of in-depth interviews could 

not be defined in advance, as a researcher, I had to keep my ears open 

to hear the discussions that players held during the decision-making 
process. To run the experiments, I attracted two people in each 

municipality as research assistants. 

 

In step 4, data analysis was carried out, after some practical reflections. 

Since the analysis of the data relies on the type of variables to be 
collected, the first idea that came to mind was about estimating the 

odds of cooperation. To this aim, I considered whether I should build 
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a logistic multinomial model, a logistic conditional model or a binary 

model. For the sake of simplicity in providing the information options 

to the participants of the games, I chose the binary model. Thus, the 
dependent variable was a dichotomous one, where 0 and 1 

corresponded to the answers no and yes, respectively. The dependent 

variable was the propensity to cooperate and abide by the cap. The 

independent variables were water allocations to the present, the 

future, or neighbors, plus age, sex, income, time living in the 
community, water availability, well depth, and others than can be seen 

in sections 2.2., 4.3 and 5.2.  
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Figure 1. The research strategy  
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1.4.1. Developing systematic literature reviews  

A first systematic literature review was carried out to understand the 

social dimensions driving the adoption of water saving behaviors in 

urban households. Water conservation strategies have proved not to 

be a simple endeavor, neither in developing nor in developed 
countries. This is so because they demand a thorough understanding 

of incentives – both psychological and economic – and of the type of 

information provided to households. 

 
Salient aspects of the problem correspond to price elasticity of water 

demand, citizens’ awareness of water value and water conservation 

intentions. The management of these aspects is generally tackled 

through water price and non-price approaches. After reviewing 65 

papers, a series of categories of analysis drawn from the literature 
were introduced as the social factors that influence water conservation 

reduction, as follows:  

o Information on water-prices influencing consumer behavior. 

o Feedback information using water saving devices, smart 
metering, and household behavior. 

o Inflation of self-reported water savings (Information on real 

water consumption, allegedly known consumption level and 

the consumption each household wants others to know). 

o Intention and behavior gaps 
o Weakening of water reductions. 

 

The literature allowed creating the theoretical framework that guided 

the research. The literature review on the social drivers of water 

consumption and information provision feedback can be found in 
Annex 1. 

 

The second literature review dealt with the social and behavioral 

dimensions in common-pool resource (CPR) cooperation, with a 
special emphasis on groundwater management. Ninety-five articles 

were reviewed, taken from peer-reviewed journals related to water, 

collective goods, common-pool resources, and natural resource 
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economics. Suggestions are made in terms of the classification of the 

cooperation drivers, namely instruments, conditions, 

components/strategies, and assumptions. Aquifers present different 
hydrogeological characteristics, subject to complex social extraction 

decisions and physical changing circumstances such as climate change 

and climate variability. Groundwater conservation and experimental 

settings should not only reflect the complex physical interrelated 

elements, but the complex social institutions and rules governing the 
extraction patterns. The literature review on the drivers of CPR 

sustainable management can be found in annex 2. 

 

- Both literature reviews complemented each other. In rural areas, 
users must access water in CPR contexts by turning on the water 

pumps. In urban areas, users access water by turning on the tap. 

Occasionally in rural areas, once the groundwater is extracted, it is 

stored in containers; later on, it is available by turning on the tap, 

as it happens in urban areas. 
- Both reviews were published in peer-reviewed journals and are 

included in the appendix section of this manuscript. 

- The reviews provided the basis on which the research methods 
applied in this work were designed and implemented. The resulting 

field experiments and surveys are shown below.  
 

1.4.2. Research methods, experiment design and 

testing 
 

Research questions and research methods applied  

 
As indicated above, quantitative and qualitative research methods were 
combined to develop this research. To answer the research questions, 

framed field experiments were implemented as the main research 

method. Given that behavioral issues might not be totally captured in 

time-limited experiments, qualitative information was also collected. 
Researchers on the topics of cooperation in CPR management are 

presented in the annex 2. Those authors have complemented their 

field experiment data with qualitative information via surveys. Table 1-

1 summarizes the research questions and research methods. 
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Table 1-1. Research questions and research methods used in this research. 

Research questions  Research methods 

How does information on water scarcity 

affect the extraction behavior of water users? 

How can current information provision 
strategies be improved?  

In-depth interviews, Surveys 

Framed field experiments. 

What are the main drivers and inhibitors of 

cooperation among water management 

system users in dry regions? 

Framed field experiments. 

How do social rules coexist with legal rules in 

the overexploitation of aquifers in dry regions? 

In-depth interviews and 

document analysis. 

How does egoistic behavior and free-riding 

affect collective action in the adaptation to 

climate variability? 

 

Framed field experiments, 

In-depth interviews 

 

The choices made on the methods to answer the four research 

questions are as follows: 

RQ1. How does information on water scarcity affect 

the extraction behavior of water users, How can 

current information provision strategies be 

improved?  

First, I reflected on the type of information that could be provided to 

the participants during the experimental process. To this aim, I decided 

to create two key treatment information groups according to the ways 

in which scarcity is usually made evident. Thus, I opted for ‘amount of 

water remaining in the aquifer’ and ‘time before aquifer depletion’ as 

core treatments. Second, I reflected on the type of decisions that had 

to be made by the participants. In conventional games, players are 

asked to allocate tokens to private and collective goods. However, 

since I was interested in water allocation over time, I decided to assess 
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water allocation to the present, the future, and neighbors. This water 

distribution pattern was also qualitatively assessed through the surveys 

and interviews, which allowed a further understanding of the reasons 

for water allocation.  

 
RQ2. What are the main drivers and inhibitors of cooperation 

among water management system users in dry regions? 

The field experiments themselves offered limited information on the 

drivers of cooperation. Specifically, they did not allow getting 

information on the knowledge of environmental regulation, the 

perceptions about the roles of environmental authorities, and the 

communities’ endeavor to design aquifer management rules. 

Therefore, I used the surveys to collect those data. However, for a 

further understanding of the reasons for water allocation, I resorted 

to the in-depth interviews (which are detailed in sections 3.3 and 4.3.). 

My respondents on the surveys gave information on the motives and 

reasons for water allocation. As an example, according to the 

quantitative data, most of the farmers allocated much more water to 

the present, reflecting an egoistic preference. However, in the 

interviews I got the main reason of this. Some people keep water for 

themselves to make sure they consume it economically, thus sparing 

the community from irresponsible consumption.  Field experiments 

cannot stand alone in explaining cooperation; they are complemented 

by surveys and interviews. 

Field experiments were chosen as the main research method because 

they actually resemble real-life microeconomic settings. In this type of 

context cooperative behavior can be incentivized by balancing the 

costs and benefits of water allocation decisions. For their part, surveys 

and interviews do not easily allow players to interact, write their 

decisions and make personal calculations before allocating water. The 

second issue I dealt with was the context in which the participants of 

the field experiments would make their decisions, for me to 

understand the drivers of cooperation. To this aim, I considered the 
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two core treatment groups (time before aquifer exhaustion and 

remaining water amount), which allowed addressing the drivers of 

cooperation under time and quantity limits.  In the econometric data 

analysis, the way information affects the extraction behavior of water 

users was estimated through a probabilistic model of their willingness 

to cooperate.  

RQ3. How do social rules coexist with legal rules in 
the overexploitation of aquifers in dry regions? 

 
To respond to this RQ a review of the history of the formal and 

informal rule system was considered as a core research activity. I 
interviewed an expert in hydrogeology who is native from Sucre – 

Colombia. He suggested some books that documented the technical 

missions that have advised departmental water management plans. I 

got some books dated from 1940 and 1950, which contained 
hydrogeological studies undertaken to explore public water supply for 

Sampués, Corozal, Sincelejo, Morroa, Ovejas and Los Palmitos, all of 

them in Sucre. I used these and other sources from the Colombian 

National Geological Service to understand the water provision 

process. These readings showed that the supply side has always 
prevailed. To understand the formal system of rules on water 

allocation, I decided to use the oldest norms and regulatory 

frameworks. Similarly, during interviews with officials from the 

environmental authorities I was able to rebuild the sequences of water-
management-related events that had taken place in Sucre and La 

Guajira. For this purpose, I also found valuable information in the work 

of Orlando Fals-Borda ((Fals-Borda, 1986), a Colombian sociologist. 

This book was illuminating in my process of understanding the roles 

that farmers have taken in getting their own water supply, the 
technology they used and the rationale behind building boreholes for 

water wells.  

 

To answer RQ3, a review of the legal approaches to water shortage 

management in the Caribbean region was conducted. In doing so, 
declaring the state of calamity by the city halls was the prevalent formal 

rule to manage water scarcity situations. As part of the research 
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method for RQ3, I decided to visit some of the territories exposed to 

droughts and shortages. I realized that the local authorities use radio 

and loudspeakers to ask water users to save water. While interviewing 
local dwellers, they indicated that this was the common type of 

message they received.  

 

R4. How does egoistic behavior and free riding by 
neighbor users affect collective action in the adaptation 

to climate variability? 

When this question was posed, I noticed farmers interacting and 

reacting on each other’s water allocation decisions. I first considered 

designing the dictator and ultimatum games to test cooperation. In that 

type of game there is a player acting as proposer and another player 

acting as respondent. The proposer formulates a one-time offer and 
the respondent can choose to either reject it or accept it. The 

rejection causes both parties to receive a $0 payoff. The dictator game 

derives from the ultimatum game, and in the former, the respondent 

must accept the offer from the other player. Despite these two games 
can, indeed, be implemented in water allocation settings, they both 

simplify the real situations in which many farmers interact, fight, and 

share while living in neighborhoods. Therefore, I decided to use the 

data of the field experiments as the source of information to 

understand the role of neighbors in other farmers’ water allocation 
decisions. Since the interest of this question lies in the egoistic, free-

riding behavior, I included the question about neighbors’ extraction 

levels. With all the independent variables in mind, I decided to build 

the dependent variable around the probability of sharing water with 

neighbors, which leads to either egoistic or cooperative behavior. In 
practice, this probabilistic model implies that extraction decisions by 

neighbors affect the corresponding decisions of respondents. 
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1.4.3. Implementation of field experiments 

 

Pilot test and reasons to select the studied areas 

Pilot tests of the experiments and questionnaires were run in 2019 in 

Fonseca, La Guajira and San Onofre, Sucre. From the pilot test, three 

lessons were learned about water unit types, physical variables and the 

literacy rate of participants. The field experiments were performed in 
ten communities belonging to four municipalities in the Caribbean 

region (Fonseca – La Guajira, Riohacha – La Guajira, Corozal – Sucre, 

Guamal – Magdalena). The selected localities are part of the more than 

300 municipalities exposed to water shortages in Colombia. Sucre and 

La Guajira are characterized by being dependent on groundwater for 

agriculture. 

Farmer selection for the field experiments. 

In the first place, a list of 320 municipalities drawn from official reports 

on localities relying on aquifers, and exposed to droughts was 
reviewed. With this information, phone calls were made to three 

environmental entities in the Colombian Caribbean region, asking for 

the list of neighborhoods in question. Two neighborhoods in each of 

the three municipalities were randomly chosen from the list. Local 
leaders or guides were suggested by authorities to facilitate access to 

the territories. 

Six communities were randomly chosen and, upon visiting the places, 

some households were randomly selected with the support of local 

guides. Farmers and rural inhabitants who were actual users of local 
groundwater resources were invited to participate in the trials. The 

people were invited personally, so that face-to-face communication 

would make sure they dealt with frequent water extractions. Prior to 

recruitment, potential participants were given a brief explanation in 
which they were told that they would be making decisions in an 

“economic choice situation”. They were also informed that the money 

they would earn depended upon their own investment decisions and 

those of the others in the experimental group. The most appropriate 
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moment for running the field experiments was agreed with the 

majority of the visited farmers, who chose the weekends, since the 

associated opportunity cost was lower than in work days. Additionally, 
during the driest days no harvesting activities took place. Thus, I made 

sure I did not interfere with their economic activities. If the 

experiments were to be carried out during sowing, harvesting or 

commercial seasons, I would take the risk of not getting well-thought 

data during the experimental sessions. 

The studied communities have had a long well-building and water 

extracting tradition according to their needs for agricultural and 

domestic activities. To this aim, they hire a local well builder. People 

install a ½ or 1-HP electric pump to carry out extraction, although 
occasionally, they install a manual pump. Thus, farmers and rural 

inhabitants have a local tradition of accessing underground water, 

extracting and consuming it almost in a daily basis. 

Designing the experiments 

The treatments had time and water quantity as limiting factors. Since 

water users are often exposed to specific information in order to 

incentivize cooperation, the data provided in the experiments was 

intended to signal scarcity. Instead of only using tokens or extraction 

quotas, in this research I used water quantities and time before aquifer 

depletion as two instruments that resembled the reality of scarcity.  

 A Voluntary Contribution Capped Extraction Game (VcCeG) was 

designed, actually departing from conventional voluntary contribution 

games utilized in field experiments (see sections 2.2., and 5.2). The 

current capped experimental game was designed as an institutional 

mechanism to test cooperation under limiting factors that signaled 

water scarcity. The steps taken for the experimental design are 

presented below:  

 - At each location, three treatment groups were created to 
test the effects of information provision 

 - Groups 1 received information about remaining water in the 

aquifer, and communication between participants was allowed.  
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 - Groups 2 received information about remaining time before 

aquifer depletion, and communication between participants was 

allowed.  
 - Groups 3 received no information, and communication 

between participants was not allowed 

 

The participants of each treatment group were asked to allocate water 

volumes to three options: their own present consumption, the present 
consumption of their neighbors, and future consumption (for all water 

users). In each group, participants were suggested to allocate no more 

than the capped volume. They were asked to fill out a form in which 

water allocation was recorded (water allocation table). The table 
contained five columns: round number, allocation to present, 

allocation to the future, allocation to neighbors and the total amount 

of water allocated. The number of rows corresponded to the round in 

which the water was allocated. Each round corresponded to a period 

of time. 
 

Depending on water allocation to the three options (present, future 

and neighbors) a corresponding payoff resulted. The payoff function is 

composed of total water allocation (i.e., the cap); a discount rate that 
each individual assigned to his/her decision to conserve water for the 

future; the collective gain perceived by all participants as a result of 

their contributions and the marginal value of individual consumption in 

the present. In each treatment group, the participants were organized 

in groups of 4 or 5 people. These smaller groups resembled a 
neighborhood with several interacting farmers and allowed for 

communication between participants. Thus, people preferred to make 

water allocation decisions after discussing with their peer group 

members. They were informed of upcoming reduced or increased 
precipitation periods one round in advance. They used this new 

information to make new water allocation decisions in the next round. 

 

Implementing the experiments 

The experiments needed at least four key elements: definition of 
players, treatment design, number of rounds and payment method. 
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Sixty-two farmers from ten communities participated in the trials, 

wherein each of them played 12 rounds on average, formulating their 

decisions with pencil and paper. A total of 668 experimental rounds 
were carried out, resulting in 2,670 observations for empirical data 

analysis. The rounds corresponded to the years along which players 

distributed their allocated/extracted water units. The payoff function 

was defined and communicated and a first test was run to let them 

know how much they could earn. 

The participants earned money from both their own allocation 

decisions (present, future and neighbors) and the aggregated 

contributions of all participants. In each community, I spent two to 

three days collecting data, running the experiments and conducting the 

interviews. 

1.4.4. Surveys and interviews 

Surveys were applied to all participants in the experiments, while in-

depth interviews were conducted with selected participants. These 
methods helped to obtain information on issues that were 

unobservable in the games, but explained the decisions made by the 

players. The interviews and surveys sought to capture their behavioral 

regularities and rationale for water allocation to the future and the 

present. 

The surveys were used to collect relevant qualitative and quantitative 

data about social dimensions and socio-physical relationships: number 

of wells and their location, household size, planted crops, socio-

economic status, social relationships around groundwater, perceptions 
and knowledge about environmental norms and regulations, 

perception of water value, devising of community rules, and other 

pertinent issues that arose from face-to-face data collection. In the 

2670-row spreadsheet built with quantitative data from the field 

experiments, additional data from the surveys were included: sex, age, 
income, time living in the community, economic activity, preference to 

follow others’ attitudes, frequency of visits to environmental 

authorities, and frequency of visits from authorities. 
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The interviews were useful to comprehend the farmers’ rationale 

behind their water allocation decisions. With the 30 in-depth 

interviews, the farmers revealed their perceptions and values about 
water availability and scarcity. I used the water allocation sheets they 

had filled out to inquire about the reasons behind water allocation. In 

doing this, I was able to observe patterns, biases and preferences in 

their behaviors.  

Data from the experiments, surveys and interviews complemented 
each other. Upon data plotting and analysis, it could be observed that 

more water had been allocated to the present (see chapter 5). The 

explanation for this pattern was made possible due to the questions I 

made to the participants during the interviews. The descriptive data 
analysis showed that the depletion of the aquifer had been accelerated 

(increasing water volumes allocated to the present). The information 

obtained from the interviews provided an explanation to this 

phenomenon, upon directly asking the players why they had made 

these decisions.  

In chapter 3, the document analysis interviews were the principal 

methods used to understand the classification of social rules that the 

farmers have built to deal with water scarcity.  In chapter 4, the 

marginal effects of water allocation decisions by neighbors (data from 
field experiments) were complemented by data collected in the 

surveys.  

1.4.5. Data analysis  

 
With the water allocation data from the experiments carried out in 

three communities, I built a spreadsheet that contained 2670 rows of 

observations. The dependent variable of the econometric model was 

propensity to cooperate, operationalized as ‘(participant) abiding by 
the cap’. The independent variables were age, sex, income, time living 

in the community, water availability, well depth, and water allocation 

to the present, the future, or neighbors, among others. Since the 

propensity to cooperate was a probability, a logistical regression model 
was built with the dummy variable.  
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I used the statistical package Stata 17 to build an algorithm that would 

calculate the probabilities. For research question 2, an algorithm was 

built, intended to assess three parameters: (i) the fitness of the models 
for each treatment group, (ii) the conditional marginal effects using the 

Delta-method (Remaining Quantity and Time Before Exhaustion 

treatment groups) and OLS regressions, and (iii) the marginal effect of 

Time Before Aquifer Exhaustion on the decision to conform to the cap 

(Time before exhaustion treatment group). For RQ 4, another 
algorithm was built, also resorting to the Delta-method. It was 

intended to calculate the conditional marginal effect of information 

provision on water sharing likelihood and the marginal effect of water 

availability on the decision to share it with neighbors.  
 

To address the statistical relationship between variables, the Pearson 
chi-square chi(2) and likelihood-ratio chi(2) tests were chosen. The 

dependent variable was a dichotomous one, which informed about the 

fulfillment of the suggested water extraction cap as an expression of 

cooperation to conserve the resource [𝑦𝑖 = 0,1]. This variable was 

regressed against all the explanatory variables. The null hypothesis 𝐻0, 

is that there is no relationship between the dependent variable and 

each of the independent variables. In order to reject this 𝐻0, a 𝑃𝑟 <
0.05 value at a 95% confidence level was used. For almost all the listed 

independent variables, some relation with the dependent variable was 

found. 

The use of adequate statistics to check the goodness of the developed 

econometric model was assessed. Thus, in explaining the drivers of the 
adaptive water management system, the question on which model 

provides a better explanation of the causal relationships was 

addressed. Based on information measures, the Bayesian Information 

Criterion (BIC) and the Akaike Information Criterion (AIC) have 

become common model selection tools (see Table 7 1). Measures of 
Fitness for logit of Follow CAP (Quantity Treatment Group) (see Table 

7 2). Measures of Fitness for logit of FollowCAP (Time Treatment 

Group). In selecting the model, a comparison was made between two 

model types, which are separately presented to the Remaining quantity 

and Time before exhaustion treatment groups (see chapter 2). 
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Econometric models were used to test for cooperation among 

participants. The results, which were statistically significant, were 

presented in the papers that resulted from the present dissertation. 
One of the econometric models refers to the logistic one, in order to 

explain the odds of abiding by the extraction caps (see chapter 2); the 

second econometric model was a logistic regression to explain the 

probabilities of sharing water with neighbors (see chapter 4). 

For RQ3, the document analysis was developed by organizing the 
qualitative information. This data was analyzed using paper and pencil 

to identify the key categories related to the formal and informal rule 

systems. The similarities and the differences were discussed with 

lawyers, experts in environmental issues and employees from 
environmental entities. Correspondingly, the topics related to the 

informal rules devised by the communities were validated with water-

well builders from the departments of Magdalena and La Guajira, an 

official from the environmental authority of La Guajira and some 

members of the communities with whom I was acquainted. 

1.4.6. Results, conclusions and publications 

 

Answering the researc h questions 

 
For RQ1, the experiments provided the quantitative data for explaining 

water allocation under extraction caps. In-depth interviews and 

surveys applied after the experimental sessions were used to 
understand the underlying behavioral reasons of the decisions made by 

farmers. The main conclusions in responding this research question are 

as follows: 

(i) The Capped Extraction Game proved to be useful to 

understand adaptation to water scarcity.  
(ii) There is statistically significant evidence about people’s 

willingness to abide by extraction caps. 

(iii) People adapt better to water scarcity if they are given 

information in terms of remaining time at the current 
extraction rate. Since time has no substitute, people seem to 

take depletion more seriously when informed about the time 

that remains before aquifer exhaustion.  
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(iv) If users are given information in terms of quantity remaining in 

the aquifer, more water is allocated to the present. 

For RQ2, the experiments were the source of quantitative data, which 
allowed explaining the drivers and probabilities of cooperation under 

extraction caps. The main conclusions in responding to this research 

question are: 

(i) The Capped Extraction Game proved to be useful to 

understand adaptation to water scarcity.  
(ii) Social and physical variables such as well-depth, water 

availability, time (in fact: years) living in the community, years 

of education and preference for the future over the present, 

explain cooperation to adapt to scarcity and climate variability.  
(iii) Social variables such as additional years living in the 

community, additional years of schooling, or preference for 

the present over the future reduce the probabilities of 

cooperation. Water-well depth and remaining water stocks 

were inversely correlated to people’s likeliness to conform to 
extraction caps.  

(iv) Contrarily, the more water the neighbors extracted from the 

aquifer used in common, the greater the probabilities of 

cooperation.   

For RQ 3, document analysis and in-depth interviews offered the 

opportunity to identify the underlying social rules and institutions 

dealing with water management.  

(i) Social rules and legal rules coexist and are shaped over time.  

(ii) Water users have their own social rules based on different 
interests and seem to have followed their own trajectory, 

triggers and troubles in curbing water access and extraction. 

(iii) Asymmetries in information and vision exist among users, as 

well as between users and environmental authorities.   

(iv) Free-riding in extraction is abundant, while there seems to be 

little interest among users to collaborate with environmental 

authorities. 
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RQ4 was answered with quantitative data from the experiments, which 

were used to estimate the odds of sharing water with neighbors. In-

depth interviews and surveys applied after the experimental sessions 

were used to understand the underlying behavioral reasons for water 

sharing.  

(i) This research documented that people do not ignore their 

neighbors when deciding to allocate scarce water resources.  

(ii) The empirical data suggest that the behavior of neighbors in 

terms of extracted volume has a significant effect on the 
decision of individuals to spare water for them. Available water 

amounts and extractions by other participants negatively 

impacted the individual odds of sparing water for neighbors. 

A total of 30 interviews, which were applied to the selected 

participants, allowed not only asking them about the rationale behind 

water allocation decisions, but also observing their perceptions about 

water availability or scarcity and water as a CPR. Four research articles 

responding each research question were prepared, plus two additional 

ones related to understanding cooperation in aquifer management (see 

section on the annex 3). Up to date, a total of five research articles 

have been published, while the others have been submitted to peer 

reviewed journals (see annexes 1, 2, 3, 4, 5).  

 

1.4.7. Limitations of the research strategy 

 

- With the design of this research, the stability of cooperation could 

not be tested. An observation panel was expected to provide 

further insight into this issue. 

- Due to restrictions put in place during the Covid-19 pandemic, 

larger groups of participants could not be gathered and more 

municipalities could not be visited, all of which prevented building 

a larger sample of farmers and territories. 

- The reconstruction of historic data on water extractions from 

aquifers was not possible because no records were available. I was 
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able to glean data on water extraction occurring in 1940, 1950, 

1980 and 2000, but for the years in between, I did not find any 

information.  

- I was unable to include a hydro-geologist in my research team, 

whose participation would have been useful for further 

explanations to water users on the environmental and 

hydrogeological aspects of aquifer systems. However, basic charts 

were used to explain surface – groundwater interactions and the 

relation between aquifer systems and surface vegetation as 

examples of socio-biophysical interactions. On these grounds, the 

discussion on safe yield and the sustainability of aquifer systems 

was not deepened, since this would have required providing the 

participants with much more complex information during the 

experiments.  

- Testing the effects of multiple caps was not possible due to time 

and fund limitations.  

- Flyers and personal communication with water users were the 

only channel of communication used in these settings.  

Beyond the key aspects of this research (water availability, 

cooperation, time before aquifer depletion, effects of extraction caps 

and relationship between extraction and aquifer stocks and water 
tables), further aspects such as gender effect on water allocation, 

stability of cooperation, community size, or trust in environmental 

authorities were not included. These other dimensions could be 

addressed in a future research agenda, since they may play a role in 
cooperation. The gender dimension is important, since women have 

different risk aversion in comparison to men. The stability of 

cooperation with extraction capping is a critical issue. Over time, 

farmers may or may not develop a continuous adaptation process. 

Community size might influence cooperation, thus providing better 
insight into its promotion in bigger, more dispersed, and 

heterogeneous communities. Trust in authorities might also play a role. 

Once this dimension is operationalized, it may shed light on the 

willingness of farmers to build a system of social rules in which water 
availability is an organic part of cooperation and adaptation to climate 
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variability. Ecosystem services are necessary dimensions that are worth 

incorporating in experimental design processes. The task of including 

ecosystemic dimensions in field experiments deserves special 
attention.  The more information is provided to players, the more 

confused they may end.  

a. Findings related to the main drivers and inhibitors of 

cooperation among water users. 

 
The physical characteristics of aquifers and the socioeconomic 

characteristics of the participants representing the communities in the 

three studied municipalities explain the odds of cooperation as a means 

to adapt to scarcity and climate variability. Social variables such as the 
number years living in the community, level of education, and vision of 

the future were negatively related to the probabilities of cooperation. 

Physical characteristics such as water-well depth and remaining water 

stock were inversely correlated to people’s likeliness to conform to 

extraction capping. Contrarily, the more water the neighbors 
extracted from the aquifer, the greater the probabilities of 

cooperation, since farmers bear in mind the long-term collective effect 

of the non-cooperative behavior of others. 

 
The probabilities of adopting cooperative behavior varied with well 

depth and time before aquifer depletion, as illustrated by simulations 

of diverse scenarios using experimental data. An average well depth of 

100 m and a 15-year before aquifer depletion setting in community A 

were associated to a 94% probability of cooperation. The same time 
before aquifer depletion, coupled to a well depth of 400m determined 

an 82% a probability of cooperation in community B. This suggests that 

the probability of collaboration decreases with well depth. 

 
b. Findings about the coexistence of social and legal rules 

in the overexploitation of aquifers.  

 

A top-down hierarchical regulation scheme was found to prevail in the 

water governance system of the studied communities. Legal rules 
imposing extraction permits and authorized extraction flows have 

found little acceptance in communities. Free-riding in the extraction of 
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water was observed without acknowledgment on the part of 

environmental authorities. Communities of water users have their own 

rationale, perceptions and informal rule systems to manage aquifers. 
Document analyses and a series of interviews with water users and 

authorities evidenced information asymmetries between them. Indeed, 

officers do not seem to know the number of water users lacking an 

extraction permit. On the other side, water users report that 

environmental entities don’t understand their needs to manage water 
extraction. In fact, less than 5% of users recognize that environmental 

authorities attend water user calls to manage water-well issues. 

 

c. Findings about the effects of egoism and free-riding on 
collective behavior. 

 

Water availability is associated to people’s willingness to share water 

with others, as users do not ignore their neighbors when deciding to 

allocate scarce water resources. High amounts of available water and 
large extractions by neighbors negatively impact the probability that 

individuals decide to spare water for others. This evidence suggests 

that egoistic behavior – i.e., the preference for allocating more water 

to the present and not to share much with neighbors – may not be as 
undesirable as it seems, since it has a purpose: Some people keep water 

for themselves to make sure it is consumed economically, thus sparing 

the community from irresponsible use. They may also ‘hoard’ water, 

which may be unfair to others who will only have a small amount of 

water to use. 
 

d. Findings about the way information on water scarcity 

affects the extraction behavior of water users, and 

how current information provision strategies can be 
improved.  

 

Farmers adapt better to water scarcity if they are given information in 

terms of time remaining before aquifer depletion at the current 

extraction rate. Since time has no substitute, people seem to take 
depletion more seriously when informed about it. If users are given 
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information in terms of remaining water amounts, more water is 

allocated to the present.  

 
When an aquifer is nearing depletion and this information is made 

common knowledge, many water users may start to believe that time 

is revealing the exhaustible nature of this CPR. Hence, they may start 

extracting less water in the present, so that the resource may last 

longer. This implies that water users are confident that the water stock 
left in the pool is not consumed by many others in the present. A 

credible and reliable CPR status information system is essential to get 

water users to acknowledge and respect water budget status. 

 
e. Behavioral regularities about water extraction 

decisions learned through field experiments.  

 

Some behavioral regularities could be observed in the experiments: (i) 

Drowning kick reactions: At the end of experimental rounds,  farmers 
started allocating much more water to the future than to the present, 

as they perceived the looming threat of aquifer depletion; (ii) Present 

bias: A preference for higher allocation to the present; (iii) Smooth 

patience preference: Allocation to future consumption is 70% of 
allocation to the present; (iv)  Unlimited stock belief: In spite of water 

table declination, people continue to think of aquifers as limitless 

resources; (v) Outflow routine effect: Few efforts focus on increasing 

inflows to improve or replenish aquifer systems; (vi) Experience 

heuristics: There were episodes in which a tendency to repeat prior 
water allocation patterns was observed; (vii) Egoism with purpose: 

Many participants in the experiments allocated larger quantities of 

water to their present and future in order to gain control of the water 

to be shared with neighbors in the future. 

 

1.5 Relevance of the present dissertation 
 

This research may be of interest to different stakeholders. Public 

policymakers at national, regional and local levels play key roles in 
finding innovative options to incentivize water users to limit their 
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water consumption. Farmers, households, and industrial users are 

expected to adopt cooperative behaviors in conserving CPRs they 

depend upon. NGO´s implementing projects at the local level may 
benefit, since they work in the same direction with water users. Finally, 

scholars may find these research results useful for subsequent studies 

on cooperation within natural limits.  

 

The present research was addressed to scholars dedicated to the study 
of CPRs. What differentiates this from earlier relevant research is a 

deeper understanding of cooperation drivers in CPR management. 

Institutional Economics and the CPR theory offer authoritative 

perspectives and interpretations to the problem of CPR deterioration. 
Finally, from the perspective of behavioral economics, important 

conduct regularities were found to shape both cooperative and non-

cooperative attitudes.  

 

Given the public interest in water resources, policymakers will find 
value in these research results. Water and environmental authorities 

are invited to use these findings and recommendations in their evolving 

water management approaches. This thesis will likely help them design 

water sustainability policies and procedures aimed at managing limited 
water resources in equitable and sustainable ways.  

 

There appear to be good opportunities to overcome the current 

dysfunctionalities of CPR management. Precipitated solutions from 

decision-makers such as the drilling of new boreholes or water 
distribution by lorries became habitual for more than 40 years in 

Colombia. These practices treated groundwater declination as an 

emergency. Undoubtedly, water resource declination exacerbated by 

climate variations and population growth demands sober attention. 
The unproductive and reactive attitudes of policymakers are about to 

become obsolete and ineffective, especially in the context provided by 

the promising, alternative institutional options resulting from the 

collective efforts of water users. 

 
Water users play a central role in addressing the quest for stable 

cooperation towards sustainable water use, which largely depends on 
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the willingness and effectiveness of users in developing and following 

long-term groundwater management rules and institutions. Despite 

the role of policymakers in promoting sustainability, water users are 
also influential, since their commitments and stable cooperation are 

crucial to the necessary changes. The co-existence of external and 

internal rules for sustainable resource management can be a promising 

and socially innovative option.  

 
The findings of this research are applicable to other contexts in which 

managers of groundwater basins are facing droughts and overuse. An 

overarching purpose of this research was to provide empirical 

evidence that contributes to the discussion on effective approaches to 
sustainable water management. It is also connected to the Sustainable 

Development Goals (SDG) related to water use, in which number 6.4 

states that economies should “substantially increase water-use 

efficiency across all sectors and ensure sustainable withdrawals and 

supply of freshwater to address water scarcity and substantially reduce 
the number of people suffering from water scarcity”11.  

 
With respect to the fulfillment of SDG 6.4, a suggestion is made about 
the need not to focus heavily on the supply side of the problem, but 

also on the demand side and its associated behavioral aspects.  

 

If the behavioral and social dimensions of aquifer management are not 

consciously administered, they will put sustainability at risk. As 
suggested by the evidence, once water consumption reduction has 

been attained, it often vanishes in the short term when the resource 

becomes abundant again. New responses and insights are necessary to 

better understand the behavior of water users when facing not only 

scarcity of CPRs under the threats and opportunities of climate 
variability and drought conditions, but also in situations in which water 

reserves are not yet as limited.  

 

At an international scale, from Namibia and South Africa to the Middle 
East and North African Countries; from Cyprus, Malta and Spain in 

 
11 https://www.un.org/sustainabledevelopment/sustainable-development-goals/ 

 

https://www.un.org/sustainabledevelopment/sustainable-development-goals/
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Europe, to California and Texas in the USA and Perth in Australia, 

cities affected by water scarcity are often exposed to droughts. Hence, 

there is an urgent need to manage their water resources more 
effectively (World Bank, 2018). However, the price and infrastructure 

approaches implemented so far do not fully incorporate the behavioral 

and social dimensions of cooperation. 

 

1.6 Personal motivation and background 
 
The quantitative approach of this research comes from my personal 
background as an industrial engineer dedicated to environmental 

economics. Perhaps this is because of the challenges perceived in the 

small village where I was born, close to the Magdalena River in the 

Caribbean. The environmental interest was revealed when choosing a 

natural resource management program at the technical level, since the 
nearby public university did not offer environmental engineering.  

However, a bachelor program in industrial engineering with emphasis 

in environment and innovation at the Universidad del Atlántico was 

chosen later in 1998 in Barranquilla (Colombia). The frequent droughts 

observed in the Caribbean region of Colombia offered a setting for 
research on adaptation to climate variability. An opportunity was 

identified to see how to understand the supply-dominance of water 

allocation by authorities, complemented with the demand and social 

perspectives in aquifer management.  
 

Later, an opportunity was given to study a specialization in social 

evaluation of projects, with emphasis in environmental economic 

valuation. The guidance from Professors Raul Castro, Ramon Rosales 

and Juan Mendieta in the department of Economics at Universidad de 
Los Andes in Bogotá D.C. in 2005 were beneficial to me.  At that time, 

the Ministry of Environment released a norm that obliged 

infrastructure projects to develop environmental economic 

evaluations as a pre-requisite to obtain environmental licenses. The 
labor market gave me the opportunity to team up in more than fifteen 

environmental license studies in infrastructure projects.  
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In performing these environmental evaluations, multiple assumptions 

of economic theory were seen as being far from real life. Thus, the 

understanding of the social dimensions of environmental issues was 
expected to be gained when enrolling in a Master’s in Social Policy in 

2009, with emphasis on policy evaluation, environment and 

econometrics. However, at the end of this graduate program, a 

personal conclusion was drawn which held that environmental studies 

should be supported with empirical analyses. At that time, I was 
working as a consultant in poverty alleviation evaluation with Luis 

Corral who convinced me to study the Master’s in Economics. His 

advice was accepted, and I consequently, focused upon natural 

resources, environmental economics and econometrics, and decided 

to write a thesis on water economics12 in 2018.  

Water and water scarcity were part of my childhood history. In rainy 

seasons we used to walk to collect water from an artesian well, and in 

periods of droughts we went to fill water containers from the shrinking 

Magdalena River. We used few rudimentary methods to reduce 
turbidity of the water. Farmers like my grandfather planned crop 

sowing based on expected rain. During the last 20 years, artesian wells 

have had quality problems or have been depleted; farmers can no 

longer trust weather forecasts to sow and collect their crops; and the 
increasing populations living in urban areas started to build wells in 

their backyards to adapt to reduced water supply. 

Additionally, water policies for industries and agricultural sector, which 

were mostly focused in releasing laws and regulations, were observed. 

Then, a question was posed about to what extent prescribed and 
awarded water extraction rates were congruent with the need to 

conserve water, within the limits of water stocks and flow variations 

of nature. When water use petitioners’ approach environmental 

authorities to request a water extraction permit, hydrological and 
hydrogeological sciences should guide water policies, in establishing 

water extraction rates entitled to petitioners. For this objective, 

resource economics approaches are equipped with robust tools to 

 
12 The title of the master’s thesis was “Economics of Groundwater Extraction: An 

Optimal Control Application.” (Asprilla-Echeverría, 2017). 



Chapter 1. Introduction 

58 
 

calculate optimal extraction paths. Thus, a contribution could be made 

with an interdisciplinary and innovative water management approach, 

in which the limits of nature can be incorporated as binding 

restrictions. This was part of the ideal state of things envisioned. 

By reading books and journals about water management, the wisdom 

of ancient hydraulic systems of our Zenúes indigenous population that 

controlled floods and droughts was reviewed and served as a valuable 

foundation for the research done for this thesis. From the other side, 
key water related concepts were reviewed. For example, there are 

four types of droughts and complex hydrogeological laws; water 

scarcity was not the same as water shortages, water demand was 

different from quantity demanded and increasing water prices did not 

adequately curb water demand.  

In the industrial and agricultural sectors, a philosophical question 

appeared:  Why does such a polluting scheme of dirty production still 

prevail? Why are we have not been able to conserve the natural 

resources upon which we depend? I envisioned that industries and 
farms should be allocated with a limited volume of water to let them 

store, reuse, recycle and never pollute! These types of perspectives 

are still elating my spirit and strengthening my will power to continue 

to study with the objective of finding more questions and more 

answers.  

The interest and motivation for this research was stimulated by 

reviewing climate variations forecasts for municipalities in the 

Departments of Sucre and La Guajira in Colombia. Attention was paid 

to the drought episodes, and the Ministry of Housing reports in regard 
of water distributions by water lorries to tackle scarcity and droughts. 

The additional aspects that triggered my research were the 

environmental authorities’ reports on the water table declining by as 

much as seven meters a year in the Department of Sucre.  
 

For the last 20 years, the same picture was visible in Sucre and La 

Guajira of people jostling different times a year to fill water containers 

during droughts. So, the apparent lack of governmental will and 

capacity to properly manage water in periods of water scarcity was 
intriguing to me. I became interested in learning more about the 
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behaviors of water users who appeared to be trapped in a vicious 

circle, in which their individual positive results of gaining more muscle 

while crowding out other users in attempting to reach water lorry´s 
hosepipes. 

 

Occasional visits to Caribbean territories were done for more than 

five years, as an observer, and researcher my concerns became 

stronger about why, overall, the current institutional responses of 
water distribution by trucks and hurried borehole construction could 

not be sustainable strategies for climate variability adaptation. 

 

1.7 Structure of the thesis 
 

Chapter 1 introduces overexploitation of aquifers around the 
world through the current aquifer declination problem taking place in 

the Caribbean region of Colombia. This is presented as more than a 

physical problem, since it encompasses intricate social and biophysical 

relationships. The role of information in promoting conservation in a 

CPR setting and the challenge of digesting information on aquifer 
systems are presented as an opportunity to discuss the role of 

extraction capping in assimilating the complex dynamics of aquifer 

hydrogeological variables. The research problem, research questions 

and research strategy are presented. The four research questions are 
briefly elaborated, as well as the personal motivation and background 

connected to the scope of this research. The relevance and structure 

of the dissertation are included in the first chapter as well.  

 

Chapter 2 addresses the first research sub-question 13, together 
with empirical evidence on the system of relations that model 

cooperative behavior. Compliance with water extraction caps was 

used to operationalize cooperation. The Common-Pool Resource 

 
13 This section was based on an article published in the Journal of 

Groundwater for Sustainable Development. Drivers of adaptation to water 

scarcity: Extraction caps in field experiments., 2022. 

https://doi.org/10.1016/j.gsd.2022.100827   

https://doi.org/10.1016/j.gsd.2022.100827
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Theory provides the framework to analyze and understand the drivers 

of an adaptive water management system.  

 
Chapter 3 contains a comprehensive presentation and response 

to the second research sub-question14. In this chapter, an institutional 

analysis of the interaction between social and legal rules is conducted. 

Institutional Economics and the CPR theory were used to understand 

the evolution of rules and institutions leading to the overexploitation 
of aquifer systems in dry regions exposed to climate variability. A 

document analysis combined with interviews provided relevant data to 

respond the research question. In this section, the prevailing aquifer 

management setting was discussed, since it is an issue that may 
influence the possibilities to achieve sustainable water management at 

local and regional levels.  

 

Chapter 4 encompasses the responses to the third research sub-

question15. It presents empirical findings related to the way individual 
behavior is affected by the attitudes of neighbors and vice versa. Since 

aquifers are frequently approached by multiple agents, the CPR theory 

is used to frame the analysis. Thus, individual behavior under a CPR 

setting helps to understand the necessary cooperation in aquifer 
sharing and conservation. Field experiments and interviews were used 

as research methods for gathering evidence for these analyses. 

 

Chapter 5 presents the results of the empirical analysis, 

discussion and conclusions related to the overarching research 
question16, which is aimed at understanding how information provision 

influences cooperation on the part of water users. This chapter is 

presented as a concluding section for the previous chapters, especially 

those related to cooperation and decision-making. The concept of 

 
14 This section was based on an article submitted to the Journal of Water and 

Climate Change. Social and legal rules heading to aquifers overuse in dry areas 
15 This section was based on an article submitted to the Journal of Current Research 

on Environmental Sustainability. Egoism with a purpose: Experimental evidence of 

cooperation in water management 

16 This section was based on an article submitted to the Journal of Agricultural 

Water Management. How do people adapt to water scarcity? Evidence from field 

experiments. 
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cooperation is operationalized as the willingness of water users to 

conform to capping as a means of increasing water availability. 

Behavioral aspects are presented as part of the explanation of the 
drivers and inhibitors of adaptation under scarcity conditions. Field 

experiments and interviews were performed to gather data for this 

section.  
 

Chapter 6 presents the conclusions and discussion of the answers 

to the research questions. For this purpose, the responses to the four 
research questions were simplified in small boxes. Findings related to 

behavioral economics were briefly explained in terms of the biases and 

heuristics applicable to water scarcity management in drought 

contexts. The practical implications of the research findings were 

summarized in terms of their empirical results and corresponding 
suggestions made to water managers and environmental authorities in 

charge of water conservation. In doing so, the statistical significance of 

the independent variables that explain the probabilities of cooperation 

was taken into consideration to stress its causal relationship with the 

dependent variable. Finally, some reflections and research perspectives 
are suggested in this chapter.  

 

The chapter titles and corresponding research questions were listed in 

Table 1-1. The table shows how the materials resulting from this 
dissertation have been published or are currently submitted to 

publication in peer-reviewed journals. The reader may note that the 

main body of this work does not have one or more chapters dedicated 

to literature review. The literature reviews were published in peer-

reviewed academic journals. The two archives are included in the 

annexes. 



Chapter 1. Introduction 

62 
 

Annexes. This section includes17 two literature reviews18, one of 

them on water conservation in urban areas and the other one on the 

social dimensions of groundwater extraction19. In addition, a research 
article20 prepared during the beginning of the national restrictions due 

to Covid-19 is included. Since field work was not allowed at that time, 

official data from the Colombian Agricultural Census was used to build 

a water management CPR model for the research area. Finally, another 

article21 was prepared during this period, based on a document analysis 
to understand the institutions governing aquifer depletion in Colombia. 

 
17 The reason for this separation lays on the fact that the author could observe that once 

groundwater is collected by users, they store it in elevated containers from which they deliver 

it through pipes, which is close to what we observe in urban areas. Consequently, there is 

some similarity in terms of built infrastructure to deliver water for its final use in farms and 

other domestic activities. The difference lies in the effort required for water collection. 

18 This section is based on a review article published in the Journal of Cleaner Production. 

Cross-country evidence for social dimensions of urban water consumption during droughts 

https://doi.org/10.1016/j.jclepro.2020.120895  

19 This section is based on a review article published in the 

Journal of Groundwater for Sustainable Development. The 
social drivers of cooperation in groundwater management and 

implications for sustainability. https://doi.org/10.1016/j.gsd.2021.100668   

20 This section is based on a review article published in the Journal of Groundwater for 

Sustainable Development. Plan B water assessment: Efficiency and circularity for agricultural 

and municipal adaptation to water scarcity. https://doi.org/10.1016/j.gsd.2021.100602   

21 This section is based on a research article submitted to the Journal of 

Groundwater for Sustainable Development named Aquifers’ depletion and climate 

change: Incentives, Information and Institutions 

 

https://doi.org/10.1016/j.jclepro.2020.120895
https://doi.org/10.1016/j.gsd.2021.100668
https://doi.org/10.1016/j.gsd.2021.100602
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Table 1-2. Thesis outlook on Water Scarcity and User Behavior 

Research questions Chapters Concepts Status of publication 
 Chapter 1. Introduction Aquifers´ ecosystem 

services, water scarcity, 

cooperation and resilience 

-- 

How does information on water 

scarcity affects the extraction 

behavior of water users, and how 

can current information provision 

strategies be improved? 

Chapter 5. How do people 

adapt to water scarcity and 

climate variability? Evidence 

from field experiments 

Intertemporal trade-offs, 

extraction caps 

Under review. Journal of Agricultural Water Management. How 

do people adapt to water scarcity and climate variability? 

Evidence from field experiments 

What are the main drivers and 

inhibitors of cooperation among 

water users in water 

management systems in dry 

regions? 

Chapter 2. Drivers of 

adaptation to water scarcity: 

Extraction caps in field 

experiments. 

 

Cooperation and 

extraction caps 

Asprilla-Echeverría, J. M. (2022a). Drivers of adaptation to water 

scarcity: Extraction capping in field experiments. Journal of 

Groundwater for Sustainable Development, 19. 

https://doi.org/10.1016/j.gsd.2022.100827   

How does egoistic behavior and 

free riding affect collective action 

in the adaptation to climate 

variability? 

Chapter 3. Egoism with a 

purpose: Experimental 

evidence of cooperation in 

water management 

 

Behavioral regularities and 

symmetry of information 

Under review. Journal of Current Research on Environmental 

Sustainability. Egoism with a purpose: Experimental evidence of 

cooperation in water management 

 

How do social rules coexist with 

legal rules in the overexploitation 

of aquifers in dry regions? 

Chapter 4. Social and legal 

rules heading to aquifer 

overuse. 

 

Governance structure, 

symmetry of information 

and rules interaction 

Under review. Journal of Groundwater for Sustainable 

Development. Social and legal rules heading to aquifer overuse. 

 

 

 

 

 

 

 

Chapter 6. Conclusions and 

discussion. 

→Overarching scientific 

contributions. 

→Practical implications of 

research findings. 

Cooperation and 

extraction caps 

 

Behavioral regularities in 

water use 

 

Intertemporal trade-offs 

 

 

-- 

 

 

https://doi.org/10.1016/j.gsd.2022.100827
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→Discussion and answer to 

research questions 

→Recommendations  

→Reflections 

→Research agenda 

Appendixes 

→Review article: Cross-

country evidence for social 

dimensions of urban water 

consumption during droughts. 

 

Intention - behavior - 

stable reductions gap 

Asprilla, J. (2020). Cross-country evidence for social dimensions 

of urban water consumption during droughts. Journal of Cleaner 

Production. https://doi.org/10.1016/j.jclepro.2020.120895  

→Review article: The social 

drivers of cooperation in 

groundwater management and 

implications for sustainability 

Drivers of cooperation 

(conditions, assumptions, 

instruments, strategies) 

Asprilla-Echeverría, J. M. (2021b). The social drivers of 

cooperation in groundwater management and implications for 

sustainability. Journal of Groundwater for Sustainable 

Development, 15. 

https://doi.org/https://doi.org/10.1016/j.gsd.2021.100668  

→Research article: Plan B 

Water Assessment: Efficiency 

and Circularity for Municipal 

and Agricultural Adaptation to 

Water Scarcity 

Cooperation and water 

use efficiency 

Asprilla-Echeverría, J. M. (2021a). Plan B Water Assessment: 

Efficiency and Circularity for Agricultural and Municipal 

Adaptation to Water Scarcity. Journal of Groundwater for 

Sustainable Development, 14. 

https://doi.org/https://doi.org/10.1016/j.gsd.2021.100602   

→Research article: Aquifers’ 

depletion and climate change: 

Incentives, Information, and 

Institutions 

Asymmetrical information Asprilla-Echeverría, J. M. (2022b). Aquifers and climate: 

Incentives, information and institutions. Journal of Groundwater 

for Sustainable Development. 20  

https://doi.org/10.1016/j.gsd.2022.1009000      

 

 

https://doi.org/10.1016/j.jclepro.2020.120895
https://doi.org/https:/doi.org/10.1016/j.gsd.2021.100668
https://doi.org/https:/doi.org/10.1016/j.gsd.2021.100602
https://doi.org/10.1016/j.gsd.2022.1009000
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2 Drivers of adaptation to water 

scarcity: Extraction capping in 

field experiments 
 

This chapter contains empirical evidence on the causal relationships of the 

determinants of cooperative behavior. Water extraction caps compliance 

was used to operationalize cooperation. Common-Pool Resources Theory 

provided the framework of analysis to understand the drivers for adaptive 
water management. Quantitative data were drawn from framed field 

experiments. Empirical results suggest that the socio-physical setting better 

explains the adoption of cooperative decision-making than the physical 

model setting. When well-depth varies and remaining time for aquifer 

exhaustion differs, these variables have a differentiated marginal effect in the 
probabilities of cooperation. Intertemporal preferences on water 

allocations and physical variables have dissimilar marginal effects on 

cooperation as well; which in turn have implications for long-term plans of 

water use efficiency as stated in Sustainable Development Goals. 
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Highlights 

▪ Extraction caps were used to operationalize and signal water 

scarcity.   

▪ Concrete sustainability of CPR can be achieved under limited 

resources availability bounded by upper consumption limits.  

▪ Marginal analyses are needed to better design water cooperation 
plans under scarcity conditions.  

▪ Intertemporal preferences on water allocations and physical 

variables have dissimilar marginal effects on cooperation 

Abstract  
This research presents empirical evidence on what drives and inhibits cooperative 

behavior in groundwater management adaptive to climate change. Given the vital 

character of water, its availability should not be only an explanatory variable in 

adaptation; but an issue subject to socio-physical explanations on how farmers 

adapt to declining water stocks. Instead of studying if farmers relying on 

groundwater adapt to the status quo or projected climate conditions, a step 

forward was suggested in order to connect adaptation with sustainability. Water 

extraction caps were used to test cooperation. Limits to aquifer withdrawals were 

operationalized via the remaining time and quantities of water. Quantitative data 

were drawn from 668 experimental rounds, in framed field experiments 

implemented in dry regions in ten communities exposed to climate variability in 

Colombia. Empirical results suggest that the socio-physical setting better explains 

the adoption of cooperative decisions. Intertemporal preferences on water 

allocations and physical variables have dissimilar marginal effects on cooperation. 

The deeper the water well is, the less the probabilities to cooperate in water 

conservation. Nonetheless, the effect is dissimilar according to the remaining time 

for exhaustion of aquifer systems. Marginal effects are a step forward from using 

averages for water planning. If a groundwater management plan is put in place, the 

marginal characteristics of well-depths and residual time of aquifer existence, has 

implications for the successfulness of management strategies, which in turn have 

implications for long-term plans of water use efficiency as stated in Sustainable 

Development Goals. 

 

Key words: adaptation; aquifers; water scarcity; extraction caps; sustainability; 

field experiments; Colombia. 
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2.1 Introduction  
 

People living in dry regions for all their lives can be said to have 
independently developed multiple adaptation measures to water 

scarcity. But aquifer overexploitation and surface water impairment 

around the world (A. Hoekstra, 2020; OECD, 2017b; J. Peterson, and 

Smith, 2012) highlight the need to comprehend the effectiveness of 
adaptation strategies; the individual and collective water scarcity 

adaptation mechanisms; and how some communities cooperate while 

others fail to manage their commons. In regional migration contexts 

where climate change affects hydric resources, communities show 

dissimilar sizes and water constitutes a vital household and food 
production supply. In that migratory situation, there is also urgent need 

to better understand what drives adaptation to water scarcity.  

The number of people relying on aquifers in rural and urban areas is 

high in the world and also in Colombia. Aquifers provide fresh water 
for around half the global population, whose demand is expected to 

increase by 55% from 2000 to mid-century (OECD, 2017b; Siebert et 

al., 2010). In Colombia, at least 3 million people depend on aquifer 

systems, and more than 60% are located in the Caribbean region of 

the country (DANE, 2018; IDEAM, 2019). Although most people are 
assumed to remain in the current territories, drought conditions will 

become more severe and reduced precipitations are forecast for the 

Caribbean region (IDEAM, PNUD, MADS, DNP, & CANCILLERIA, 

2017). Under this setting, adaptation to groundwater resource decline 

and water scarcity was discussed.  

The physical and socio-institutional facets of scarcity affect people´s 

ability to adapt to it. The first, second and third orders of scarcity 

correspond to physical (engineering), economic (institutional) and 

socio-political issues, respectively (Metha, 2007; Wolfe, S. & Brooks, 
2003). Nonetheless, water scarcity can also be classified as economic 

or physical in nature. Economic scarcity occurs when the extraction 
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costs of the resource are higher than the benefits of extraction. Thus, 

adapting to rising costs of extraction might result complex for low and 
middle-income farmeres. Physical scarcity is more stringent; if the 

water table definitely declines and is close to saturated thickness, there 

is almost nothing to do. When some water reserves remain - with the 

existing technology and some financial capacity - investing in extraction 
is less beneficial than leaving the resource in place. Therefore, the 

adaptation to water table decline, demands having technological 

equipment and financial resources to access deeper water resources. 

In this context, it is important to ask: What factors stimulate or 

prevent water users to adapt to physical scarcity? 

This inquiry might be approached through a status quo water 

management strategy in which supply-side options are provided to 

match the demand (Griffin, 2006; Zetland, 2009). But since water 

supply is not unlimited, its demand needs to be understood in terms 
of those decision-making drivers that guide the adaptation to physical 

water scarcity. Rapid declination is the most patent evidence of the 

limited character of these resources. Groundwater table declination 

and droughts are pervasive phenomena in Western USA, Australia, 

Morocco, Mexico, Iran, Jordan, India, parts of China and other areas 
of Southern Asia (World Bank, 2018). Thus, the design of institutions 

and rules focused on reducing water extractions, and matching 

extractions with availability, in the context of physical scarcity is an 

urgent task in pursuing the sustainable use of groundwater resources 
in different regions. However, extraction can only be done if physical 

and economic conditions do not prevent it. On the other hand, the 

demand has much to do in reaching cooperative behaviors that are 

congruent with water declination when it comes to the sustainable use 

of this resource.  

Understanding water users’ willingness to cooperate, in their 

adaptation to water scarcity is relevant because this condition might 

become the norm in the coming years, because of impacts of climate 

change on hydric resources. Distinct reasons might prompt further 

research on cooperative behavior towards adaptation to physical 
water scarcity. First, the rapid overexploitation of groundwater 
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resources makes it necessary to decipher the intricate nature of 

cooperation. Second, water management sustainability should continue 
being approached under the limits provided by nature. Third, extant 

water management approaches have fallen short and are inefficient in 

averting overexploitation (Sandoval, 2004; World Bank, 2010).. Fourth, 

even though numerous cases of common-pool resource (CPR) self-
management have been documented, some caveats should be 

expressed for the case of aquifer resources. Since groundwater is an 

invisible resource and water users might only be familiar with water 

tables and well depths, the intricate interactions of hydrogeological 

variables may catch water users unaware of aquifer exhaustion without 
further notice22. Consequently, a community might be successful in 

creating a CPR self-management scheme, but if they remain unaware 

of aquifer status, they may end up managing a source that is about to 

run out of water. This is not to say that groundwater stocks and flows 
suffer abrupt or rapid alterations from one day to another, but ignoring 

CPR hydrogeological conditions may result in unfruitful management 

efforts.  

In response to these challenges, a paradigm change might be necessary 

to promote adaptable and sustainable water management systems. 
Business-as-usual approaches (i.e., central or self-management) do not 

guarantee an adequate adaptation to the scarcity of this resource. Since 

it is not unlimited and keeping in mind that hydrogeological conditions 

determine aquifer stocks and flows, some efforts should be put in place 
to understand its physical and social dimensions. Physical or 

environmental dimensions refer to variables such as water tables, 

stocks, flows and recharge levels. Social issues refer to extraction 

volumes, technology and well locations, to mention a few. More 

importantly, there are socio – physical interactions determining the 
status of the whole resource system. The main outcome of socio-

 
22 Despite farmers and all water users may prompt pumping deeper when noticing 

water table decine, the stock or reserves of the aquifers is harldy known by them. The 

stock, coefficient of storativity, the chemical composition of groundwater, and other 

relevant hidrogeologic variables play a role in the feasibility of continued water 

extractions. 
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physical interactions corresponds to the water balance that results 

from inflows (recharge) and outflows (water extraction). If the physical 
conditions are not met, extractions may be terminated. Thus, water 

availability and the resulting water balance are operationalized as 

“instruments” that suggest water extraction limitations. To this aim, 

adaptation to water scarcity is framed by compliance with water 
extraction caps, which are used to signal physical scarcity as it results 

from climate variability and climate change. Thus, water use 

sustainability should not only focus on understanding whether people 

adapt to scarcity or not, but how they do it as well.  

The current body of research may fall short of fully understanding how 
and why water users adapt to bounded water availability by suggested 

upper consumption limits. The experimental games on groundwater 

and CPR, usually approach water resource availability and scarcity as 

not subjected to limits decided by users themselves. Water scarcity 
adaptation drivers have multiple facets, approaches and explanations. 

The conceptualization of water scarcity has shifted from emphasis on 

scientific information and specific technologies to research on cultural 

environments and institutions (Wolfe, S. & Brooks, 2003). The 

behavioral dimensions referring to risk management, routines, beliefs 
and perceptions on adaptation to scarcity are still under construction 

in the literature on behavioral and institutional economics. (Singh, Ch.; 

Osbarh, H. & Dorward, 2018) underline the importance of risk 

perception in the implementation of strategies to adapt to water 
scarcity in India. They highlight social discernment on the meaning of 

scarcity. The role of memory regarding prior events of scarcity 

(particularly more recent ones) was found to play a key role in adapting 

to it, as well as the timing of adaptation capabilities. The water shortage 

adaptation strategies employed by communities from Ghana have been 
observed to be most reactive ones in the short term (Apraku, B.; 

Idinoba, M. & Amisah, 2008). Water management has been traditionally 

dominated by supply-side approaches (Asprilla-Echeverría, 2021; 

Griffin, 2006), while water governance has been understood from a 

top-down hierarchical regulation approach (Pahl-Wostl & Knieper, 
2014). Thus, engineering solutions are usually the first options in 

managing scarcity. That is why governments are told to bring abundant 
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water to all who demand it (Zetland, 2011), no matter if the resource 

is scarce or plentiful. Nonetheless, water scarcity management 
alternatives to physical options have been documented in connection 

to the type of scarcity addressed.  

Physical scarcity is often counterbalanced by engineering processes and 

supply-side solutions, as stressed by (Singh, Ch.; Osbarh, H. & 
Dorward, 2018; Wolfe, S. & Brooks, 2003). In this sense, the first, 

second and third categories of scarcity refer to physical (engineering), 

economic (institutional) and socio-political factors, respectively 

(Metha, 2007; Wolfe, S. & Brooks, 2003). Some scholars, indeed, 

depart from taking scarcity issues for granted and tend to challenge the 
problem through political transaction. Water scarcity, indeed, is often 

socially mediated, thus shifting from a natural condition, to the result 

of socio-political and institutional processes (Metha, 2007). 

In this context, the problem of scarcity is currently being debated from 
the perspectives of political ecology and institutional and supply-side 

approaches. Based only on the physical and observable character of 

water scarcity, overexploitation is being noticed in different regions. In 

places like South Asia, Brazil, Mexico and other Latin American 

countries, when surface water availability declines, groundwater 
sources are approached by pumping from water wells (Foster, S. and 

Hirata, 2011; Foster, Stephen ; Hirata, R; Vidal, ANA; Schmidt, 

Gerhard; Garduño, 2009). The volatility of surface water resources for 

agriculture will seriously increase the use of groundwater23 in the 

current and next generations of irrigated lands. Thus, numerous 

countries that do not substantially use aquifer systems for farming 

activities will probably face similar challenges to those currently 
experienced where groundwater is already used intensively (OECD, 

2017a). This situation, certainly challenges water managers and policy 

makers in terms of institutional adequacy to adapt to pressing changes 

on water availability. Institutional adaptation arrangements to the 
scarcity of water resources have not been swift enough. Instead, it has 

 
23 In chapter 1 a short presentation about the surface – groundwater 
interrelationhips is included.  
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been irregular and lagged far behind institutional needs in many 

countries (Saleth, 2014). Currently, regulations and norms aimed at 
ruling and controlling groundwater use to prevent exhaustion have 

been enforced in developing countries (OECD, 2015). Policy measures 

tend to restrict water use by allocating quotas over periods of 

extraction and denying extraction permits when hydric resource 
authorities consider that certain physical hydrogeological conditions 

are not met. However, the current management approach has come 

to be inefficient, partially due to the complexities of monitoring 

groundwater extraction and water users’ response in terms of passing 

over regulations (Sandoval, 2004). Governments mostly attempt to 
instruct water users to reduce their extraction volume by providing 

information. However, this information is mostly unspecific and simply 

telling users to extract less or “save water”. There exists insufficient 

dissemination of basic aquifers´ status information to water users 
(Unesco, 2004). Nevertheless, the type and context of information is 

essential to address the issue of excessive water extractions. Thus, to 

curb water extractions, the quality and type of information offered to 

the water users also play a role. Therefore, the institutional schemes 

detected in the water sector of most countries are still unsuitable and 

unsuccessful in resolving their water problems (Saleth, 2014). 

In addition, while water scarcity management approaches are 

discussed, climate change is influencing ecosystems and the water-

related dimensions of development. Hence, water scarcity remains a 
crucial limiting factor driving farmers’ vulnerability (Mertz, O.; Halsnæs, 

K. & Olesen, 2009; Singh, Ch.; Osbarh, H. & Dorward, 2018). The least 

developed countries are most vulnerable to water issues due to 

climate change, since their water technologies and capacities are 

inadequate and deficient (Bates, Kundzewicz, Wu, & Palutikof, 2008). 
Thus, vulnerability of water users – and more suggestively the demand 

side of scarcity problems – certainly requires special attention in terms 

of pursuing feasible adaptation plans, the implementation of which 

implies overcoming behavioral and governance barriers (O’Brien & 

Wolf, 2010). At this point, the embedded indigenous and local 
knowledge among the populations needs to be skillfully honored and 
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combined with scientific knowledge to reduce the inherent uncertainty 

and complexity of natural resource management (Ostrom, 2015).  

Natural resources such as groundwater are considered to be CPR, and 

thus subject to physical and economic changes like overexploitation 

and increasing extraction costs (e.g., pumping) (Barlow & Leake, 2012; 

Stevenson, 2005). It is in this context that behavioral driving forces 
(such as individual self-interest and collective initiatives aimed at 

resource management and conservation) operate. Farmers might adapt 

by shifting to new crops, drought-resistant crops or adopting water 

efficiency irrigation equipment (Komba, C & Muchapondwa, 2012; 

Mertz, O.; Halsnæs, K. & Olesen, 2009; Suresh-Kumar, 2007; Tirado, 
R. & Cotter, 20010). The question on how people perceive scarcity 

under a CPR setting has been addressed in the literature for case 

studies in Africa, Asia, but few cases exist for Latin America. The CPR 

character of aquifers entails competition for water units, stock 
exhaustion and other socio-physical issues that are worth 

incorporating into water scarcity analyses. Experiments are frequently 

used to improve our understanding of decision-making processes 

related to common pool and natural resource exploitation, together 

with those factors that affect cooperation. 

The current research focuses on providing answers to the question on 

what factors stimulate (or prevent) farmers and rural inhabitants to 

adapt to physical water scarcity, in order to further develop adaptable 

water management systems in dry regions. Responding to this inquiry 
offers key inputs to address the quest for cooperation in sustainable 

aquifer management. Socio-physical relationships between actual water 

users (acting as participants) and the variables that influence 

cooperation are analyzed. Field experiments were implemented in ten 

communities of four municipalities in the Caribbean region of 
Colombia: The municipalities of Riohacha and Fonseca in the 

Department of La Guajira, where the homonymous desert is located; 

and the municipalities of Guamal (in the Department of Magdalena) and 

Corozal (department of Sucre). The latter department is characterized 

by being almost fully reliant on groundwater for domestic activities, 
industries and agriculture. Given the distinctive characteristic of CPR, 
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i.e., the fact that its users are usually close neighbors, and the inter-

temporal character of water consumption, the participants of the 
experiments were asked to distribute extraction caps in three markets: 

Present consumption, allocation to the future and allocation to 

neighbors. The rest of this chapter contains a short description of 

relevant literature on water scarcity in section 0. Research 
methodology design is addressed in section 2.2, including the 

preparation of field experiments with the corresponding institutional 

setting. Additionally, a questionnaire was applied to collect qualitative 

data (see annex). Section 2.3 presents empirical findings, while the final 

sections tackle the discussion and conclusions.  

 

2.2 Methods  
 
To understand groundwater cooperative behavior as an adaptation to 

climate variability, a series of field experiments were designed as the 

main research method. Cooperation was approached in terms of 
people’s willingness to adapt to declining water availability, the actual 

adaptation mechanism being water extraction capping. I chose the field 

experiments method as the principal mechanism to understand the 

effect of information provision on farmers behavior (extractions, 

willingness to collaborate and willingness to share with neighbors). The 
key characteristic of the field experiments is the possibility to resemble 

the socio-physical setting that farmers live with while dealing with the 

CPR. In the experiments it is suggested to recreate the microeconomic 

situation that participants face in their reality. In real life, groundwater 
users face diverse incentives, and they weight the costs and benefits in 

making their extraction decisions. However, it is possible that 

cooperation may or may not occur in real life situation, and the 

presence of free riders is a demonstration of this possibility. 

Cooperation may or may not occur, information may or not play role 
in incentivizing cooperation in water conservation. For this reason, the 

field experiments designed was chosen as the most convenient method 

to test cooperation. According to literature reviews, lab experiments 
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and framed field experiments are the most common methods to 

understand the contribution to conserve public goods and CPR. 
 

Field experiments were performed by setting up CPR action situations 

in the referred Colombian municipalities. During the experiments, 

participants were asked to make water extraction decisions which 
granted them the possibility to earn some payoff money. The payment 

method used was money in the local currency of Colombian pesos. 

Payment amount depended on the decisions made by participants. For 

each water unit allocated to the present, the subject could earn an 

individual payoff of 10 $COP. In turn, the payoff for allocating one unit 
to the neighbors was 5 $COP, and had the nature of a collective good. 

Finally, allocation to the future had the nature of a private benefit to 

be exploited in the future, which could yield an individual payoff of 4 

$COP per unit of water. The aggregated payoff from all activities 
determined a subject’s payoff for the game. Participants had another 

source of earnings in the sum of the contributions made by all 

participants. Relevant socio-physical information provided as if coming 

from external institutions framed the decision-making process. It 

included data on water availability, time before aquifer depletion and 
neighbors’ extraction rates. Every single allocation decision had 

implications for future availability. Extractions might exert negative 

externalities on the participants and others. Thus, the information 

provided exposed farmers and rural inhabitants (i.e., water users) to 
social dilemma situationsi as part of the experimental design. The 

implemented treatments are briefly described in llustration 2-1 and 

llustration 7-1. The treatments were featured by the type of 

information used to promote water conservation among water users.  
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llustration 2-1. From the design of treatments to decision-making games 
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Treatment variables 
To test the effect of hydrogeological information (i.e., evaluating its 
consequences with respect to doing nothing), two treatments were 

designed, namely one in which communication between participants 

was freely allowed, and another one in which communication was not 

possible: 

- Design 1. Actors were not exposed to hydrogeological 

information and were not allowed to communicate in deciding 

how much water to extract. This corresponds to the baseline 
situation, because in the actual or real situation, water users do 

not receive any type of information about the aquifer status. 

Similarly, community planning of water allocations was not 

observed as common practice. 

- Design 2. Actors were exposed to different hydrogeological 

information regarding the state of aquifers.  

Three treatment groups were organized in the four municipalities. 
Three hundred and eighty-three rounds were run in treatment group 

1 in Guamal, Riohacha and Corozal; 285 rounds were performed in 

treatment group 2 in the same municipalities and, finally, 110 rounds 

were performed to build a baseline situation in treatment group 3, in 
Fonseca and Guamal. In each treatment group, 61 participants were 

able to reveal their water allocation decisions to the three destinations 

mentioned in llustration 2-1 as follows: (W(p)(t),  S(p)(t) and W(f)(t)). 

Treatment group design 
The treatment groups were exposed to different information 
frameworks before they made water allocation decisions. The framing 

messages were announced to them through fliers.  

- Different treatment groups received and read a flier. Some 

groups were informed about the remaining water quantity in 
the reservoir in question (see second column in llustration 2-1) 

- Other treatment groups received a different flier expressing 

the remaining time before aquifer exhaustion (see second 

column in llustration 2-1) 

- In the control treatment or baseline situation, participants did 
not receive any information prior to their decisions. 
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Besides, some additional information was provided to reflect changes 

in weather conditions. The moment (among the rounds) to provide 
the new information was randomized. The new information 

corresponded to a raining period which replenished the reservoir or a 

prolonged drought looming threat. Water could be allocated to the 

present, the future or neighbors (third column in llustration 2-1). 
 

Participants in the experimental games 
In the experiments, the participants formulated their decisions paper 

and pencil. In the first place, a list of 320 municipalities drawn from 
official reports on localities relying on aquifer systems was reviewed. 

With this data, phone calls were made to 3 out of 7 environmental 

entities in the Colombian Caribbean Coast, asking for the list of 

neighborhoods in question and the corresponding hydrogeological 

data on aquifer systems beneath these territories. Two localities in 
each of three municipalities were randomly chosen from the list. Local 

leaders or guides were suggested by authorities to facilitate access to 

the territories. Thus, six communities were randomly chosen and, 

upon visiting the places, random selection of households was carried 
out with the support of local guides. Farmers and rural inhabitants who 

are actual users of local groundwater resources were invited to 

participate in the trials. The studied communities have a long tradition 

in building their wells and extracting according to their needs. Prior to 

recruitment, potential participants were given a brief explanation in 
which they were told that they would be making decisions in an 

“economic choice situation”, i.e., choices impacting water levels, as 

suggested by (Meinzen-Dick et al., 2016; E. Ostrom et al., 1994). They 

were also informed that the money they earned depended upon their 
own investment decisions24 and those of the others in the 

experimental group. 

 
24 Paying with money is suggested in the literature as a means of incentivizing 

decisions as if they were in real life. The more money is earned in the present, 

the better, but the dilemma arises if few water is left for the future. 
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In order to design and implement the experiments, a field setting 

resembling a microeconomic system or action situation was prepared, 

consisting of a set of agents and institutions through which they 
interacted. The agents were the individual participants in the local 

economy. Each agent had his/her own characteristics, including 

resource endowment (cash, time, wealth), information about others’ 

preference endowments, technology (production functions) and 
preferred outcomes (Cassar & Friedman, 2004). (See “design of 

experimental sessions” in the annex). 

The Table 2-1 summarizes the data gathered during the experimental 

sessions. Since the participants representing community members had 

been living for a long time in their localities and were familiar with 
groundwater extraction (after having done it for almost all their lives), 

the experimental sessions were certainly appropriate in terms of the 

field context. 

Table 2-1 Summary of the number of observations and participants in the 

experimental sessions 
Municipality – 

Department 

Community Number 

of 

participa

nts 

Number 

of 

rounds 

Number of 

observations 

Fonseca – La 

Guajira 

Porvenir 5 50 200 

Villa Hermosa 4 40 160 

Riohacha – La 

Guajira 

La Trinidad 4 44 176 

La Reserva 4 44 176 

Los Ciruelos 4 44 176 

La Plazoleta II 4 44 176 

Guamal – 

Magdalena 

Paraquito  10 110 440 

San José de Paraco 5 55 220 

Corozal – 

Sucre 

Villa Luci 10 110 440 

Las Llanadas 11 126 506 

Total observations  62 668 2,670 

 

The nature of the participants and the commodity at stake 
(Harrison & List, 2004) were strictly related to the research 
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objective, which would not have been the case with abstract 
commodities or urban dwellers having little connection with 
groundwater resource extraction. The experimental settings involved 

the following elements: Participants, treatments, a payment method 

and water units allocated to collective goods (Cassar & Friedman, 
2004; Smith, 1992). Experiments were frequently used to obtain a 

deeper understanding of both the factors that affect cooperative 

choices and the way decisions on the use of natural resources are 

made (Anderies, J.; Janssen, 2013; Cárdenas, 2009).  

 
The data used in the analysis were obtained from 668 experimental 

sessions in ten communities, each of them resulting in a cluster of 

observations. Since each participant provided 4 data per round, 2,670 

observations were collected during the games. That is, participants 

were able to provide information on the extraction of water in the 

present - W(p)(t), water allocated to neighbors -S(p)(t), water allotted 

to future consumption - W(f)(t) and total extraction, which was 

referred to as the cap. The latter is considered to be additional data 

because people first decided if they would comply with it and then 
made their choices on water allocation to the three suggested goods. 

The participants played 12 rounds on averageii and none of them 

decided to quit the experimental sessions. 
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Table 2-2. Key elements for experimental settings 

Experimental 

setting 
elements 

Description  

The definition 
of participants 
or players 

One hundred and two people belonging to 10 communities that mostly depend 
on groundwater were invited to be part of the experimental games. However, 
only 62 of them actually showed up to participate. The communities in question 

are part of four municipalities characterized by being exposed to frequent 
droughts. 

Treatment 
design and 
application 

See llustration 2-1 
 

Rounds  Six hundred and sixty-eight series of experimental sessions were run with 62 

participants. The rounds corresponded to the years or periods of time in which 
players distributed their allocated/extracted water units. 

Payment25 
method 

For each water unit allocated to W(p)(t), the subject could earn an individual 

payoff of 10 $COP. In turn, the payoff for allocating one unit to S(p)(t) was 5 

$COP, and had the nature of a collective good. Finally, allocation to W(f)(t) had 

the nature of a private benefit to be exploited in the future, which could yield 

an individual payoff of 4 $COP per unit of water. The aggregated payoff from all 
activities determined a subject’s payoff for the game. Participants had another 
source of earnings in the sum of the contributions made by all participants 
 ∑ S(p)(t), which determined the value μ as a share of this total amount. The 

average earning was almost five times the minimum hourly wage in Colombia, 

i.e., $COP 19,000 per participant, which were paid in cash. 
 
The payoff assigned to an individual appropriator for investing in the collective 
resource depended on the aggregated investment made by the group in the CPR 
and on the appropriator’s investment as a percentage of the aggregated 
contributions (Ostrom, Gardner, & Walker, 1994b). The collective return on 

 
25 In a field experiment, the payment amounts can be variable or modified. The main 

issue is about how each  amount of money earned in each option (present, future and 

neighbors) relates to each other. For instance, more money is earned if more water 

allocation to the present consumption. 
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Experimental 
setting 
elements 

Description  

investment in the common pool resource is given by the following production 
function  μ ∑ S(p)(t). The payoff function (πi) has the following components:  

 πi = θ − α(w(p)(t)i) + W(f)(t)i (
b

(1+ρ)t) + μ ∑ S(p)(t)j
5
i=1 . The value θ 

represented the total water endowment (i.e., the cap); ρ corresponds to a 
discount rate that each individual i assigned to his/her decision to conserve 

water for the future; μ reflected the collective gain perceived by all i participants 
as a result of their contributions. This marginal payoff that resulted from 
contributing to the collective good is equal to 0.2. In other words, no matter 
how much water the participants contributed to the collective consumption by 
their neighbors, each participant received a 0.2 fraction of the aggregated 
contribution of all participants. The contribution in water units was to be 

converted into monetary payoff. The value α represented an individual’s water 
consumption marginal value in the present. 
 
Since a hyperbolic discount was considered, ρ corresponded to the discount 
rate that each individual i assigned to his/her decision to conserve water for the 
future. In the hyperbolic discount, this factor corresponds to b (1 + ρ)t⁄  (Phelps 
and Pollak, 1968)iii. If b < 1, this function discounts immediate delays more 
dramatically than an exponential curve because while the current utility weighs 
one, the utility corresponding to the subsequent period weighs b (1 + ρ)⁄ . 

Behavior and 
units allocated 

to the 
collective good 

The good under consideration is underground water, to which there is 
collective access. Participants were asked to decide how many units each of 

them was willing to extract. One unit referred to one cubic meter of water. 

Source: based on (Cartwright, 2019; Cassar & Friedman, 2004; Smith, 1992) 
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Field experiments can be designed with a twofold purpose: On the one 

hand, for collecting information on how people - in facing real-life 

challenges such as scarce water supplies - behave and work together 

to solve collective problems (Meinzen-Dick et al., 2016); and on the 
other hand, for testing the effectiveness of alternative institutional 

options intended to stimulate collective action (Cardenas, Rodriguez, 

& Johnson, 2011). The five elements contemplated in the design of the 

field experiments were carefully applied (see Table 2-2). Individuals 

refer to the profile of the farmers participating as players. Lab 
experiments mostly use students. In search for greater relevance, 

experimental economics are recruiting subjects in the field, rather than 

in the classroom (Harrison & List, 2004). The design and application of 

the treatments is the way to provide different versions of the 
experiments. Rounds are series of experimental sessions in which 

participants make their decisions when exposed to the different 

treatments. Rounds might correspond to years or months in which 

participants allocate water units. In respect to the payment method, it 

is convenient to motivate the subjects by paying them in cash right 
after the experiment (Smith, 1992). This will help achieving 

monotonicity and salience (Harrison & List, 2004). Monotonicity 

means that in a suitable reward medium, more is always better (or, 

alternatively, less is always better). Salience means that, for each agent, 

the reward corresponds to a clear outcome function, for example, 
profit or utility, and the subject understands this (Cartwright, 2019; 

Cassar & Friedman, 2004). 

 

The field experiments proposed in this research departed slightly from 
extant experimental design schemes. A connection is made between 

the purpose of understanding cooperation in groundwater 

management and the institutional mechanism of water extraction caps, 

looking forward to the sustainable management of aquifers. I refer to 

this setting as a Voluntary-Contribution, Extraction-Capped Game – 
VCeCG. The voluntary character comes from the autonomous 

willingness to contribute by individuals, while the modification with 

respect to VCM lays on the physical context surrounding decision-



Results  
Chapter 2. Drivers and inhibitors of adaptation to water scarcity  

 

86  
 

making. The design tested the extent to which individuals are willing 

to contribute, in order to accomplish physically contextualized water 
conservation caps, so as to adapt to water table declination. Thus, a 

socio-physical institutional setting was designed to understand how 

farmers adapt to these contextualized declinations. 

 
The methodology presented above refers to data collection. In the 

lines that follow, the data analysis method was briefly described. As to 

the logistic regression model, it is worthwhile noting that in some of 

these prototypes the dependent variable is usually a dummy one with 

value 1 if an event occurs and 0 if it does not occur. This is true of 

qualitative response models in which dependent variables fall on m 

mutually exclusive categories (Cameron, C. & Trivedi, 2005). In the 

present model, the dummy variable, which assesses the fulfillment of 

the suggested water extraction cap, was regressed against variables 

such as well-depth, gender, and time living in the community, among 
others. We predicted everyone’s probabilities of fulfillment, which was 

assessed through values 0 (nonfulfillment) or 1 (fulfillment).  

 

A more appropriate model is the logit one, which specifies pi =

Pr[yi = 1|xi] =
exp (β1+β2xi)

1+exp(β1+β2xi)
, clearly ensuring that 0 < pi < 1. 

Given that the present research considers two binary outcomes, 

estimation is usually done by maximum likelihood because data 

distribution is necessarily defined by Bernoulli’s model. If the 

probability of one outcome equals p, the probability of the other 

outcome must be 1 − p. For regression applications, the probability p 
will vary across individuals as a function of regressors (Cameron, C. & 

Trivedi, 2005). There is no loss of generality in setting the values at 1 

and 0 if the only parameter being modeled is p, which determines the 

probability of the outcome.  A regression model is formed by 

parameterizing the probability p, for it to depend on a regression 

vector x and a K x 1 parameter vector β. Commonly used models have 

a single-index form whose conditional probability is given by: pi =

Pr[yi = 1|x] = F(xi
´β).), where F(. ) is a specified function. To ensure 
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that 0 < 𝑝 < 1, it is natural to specify that F(. ) is a cumulative 

distribution function.  
 

Nonetheless, interest lies on determining the marginal effect of a 

change in a regressor on the conditional probability that y = 1. For the 

general probability model (and assuming change in the 𝑗𝑡ℎ regressor to 

be continuous), this is: 
∂ Pr[yi = 1|xi]

∂xij
= F´(xi

´β) βj. As for any linear 

model, the marginal effects differ with respect to both evaluation point 

xi  and the different choices made on function  F(. ). 

 

 

2.3 Empirical research results  
 
This section details the descriptive statistic treatment of the current 

findings. Quantitative and qualitative information are presented in 

order to explain adaptation to water scarcity as influenced by 
extraction caps. Special attention is paid to the dependent and 

explanatory variables captured through field experiments, 

questionnaires and interviews. Water availability was bisected in two 

categories that were familiar to the participants, namely time and 

quantity of available water, which were tested as overarching 
dimensions denoting binding limits to resource extraction. Water 

allocation to 𝑊(𝑝)(𝑡), 𝑊(𝑓)(𝑡) or 𝑊(𝑓)(𝑡)  was dissimilar in the 

remaining quantity and time before exhaustion treatment groups (see 

Table 2-3 and Table 2-4). 
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Table 2-3. Descriptive statistics for the remaining water quantity 

treatment group 

Variable Obs Mean Std. 
Dev. 

Min Max 

Extraction in the present 

(m3) 

384 530.62 635.78 0 5,050 

Allocation to neighbors (m3) 384 195.15 232.16 0 1,500 

Allocation to the future (m3) 384 516.85 744.63 0 5,500 

Available water (m3) 384 41,098 22,501 -27,825 80,000 

Age (years) 383 40.56 11.939 14 66 

Number of children  383 2.4 1.5 0 7 

Years of education (years) 383 11.36 3.28 5 17 

Monthly income ($) 335 770,447 745,644 0 2,500.000 

Time living in the 

community (years) 

383 33.407 17.251 1 66 

Well depth (m) 383 42.365 50.425 0 170 

Source: author´s calculation using Stata 17 

 
The descriptive statistics analysis suggests that when farmers are 
inquired on quantity allocation and informed about time before aquifer 

exhaustion, they reflect a more cautious behavior. The quantity 

treatment group assigned to the present somewhat more than 5000 

m3 at a maximum, the time treatment group distributed through 

utmost allocations of 1500 m3 per round. This same group exerted 
more pressure on aquifer resources, as can be seen in the minimum 

available water value. Maximum well depth is 170 meters, which indicates 

the great effort required to build it. It is worthwhile mentioning that 

this experimental setting allows water users to picture in their minds 
how deep the water table is and how deeper or shallower their wells 

are with respect to the other group members. The average earning 

was almost five times the minimum hourly wage in Colombia, i.e., 

$19,000 per participant, which were paid in cash. 
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Table 2-4. Descriptive statistics for the TIME before aquifer 
exhaustion treatment group 

Variable Obs Mean Std. Dev. Min Max 

Extraction in the present 

(m3) 

281 375.893 349.45 8 1,500 

Allocation to neighbors (m3) 280 206.107 212.791 0 1,000 

Allocation to the future 

(m3) 

281 616.55 567.19 0 1,940 

Available water (m3) 281 39,940 22,696 -6,315 80,000 

Age (years) 281 41.74 12.44 17 58 

Number of children  281 2.5 2.1 0 8 

Years of education (years) 281 9.3 3.9 3 16 

Monthly income ($) 257 744,630.4 71,6013 0 2,000.000 

Time living in the 

community (years) 

281 29.53 19.9 1 58 

Well depth (m) 281 74.64 53.67 5 170 

Source: author´s calculation using Stata 17 

 

Water allocation for future consumption also revealed some 
differences between the quantity and time before treatment groups. In 

the former group, the maximum allocated amount was as big as the 

one allotted to the present. In the time before exhaustion treatment 

group, the maximum allocation to the future was almost 30% greater 

than the one assigned to present consumption. The standard deviation 
values of both the present and the future allocations were greater in 

the remaining quantity treatment group. In other words, this group 

shows more varied allocation intentions. Thus, it can be concluded that 

communicating water availability information in terms of either 
remaining time or remaining volume before aquifer exhaustion 

certainly activated different allocation preferences. 

Exploring data on relationships between variables 

 

Before presenting the results addressing the drivers of the adaptive 

water management system, the question on whether there is a 
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relationship between variables is addressed. For this purpose, the 

Pearson chi-square chi(2) and likelihood-ratio chi(2) tests were 
chosen. The dependent variable (dep_var) is the mentioned 

dichotomous one which informs on the fulfillment of the suggested 

water extraction [𝑦𝑖 = 0, 1]. This variable was regressed against all 

explanatory variables (indep_vars). The null hypothesis 𝐻0, is that 

there is no relationship between dep_var and each of the indep_vars 

(Cameron, C. & Trivedi, 2005; Greene, 2003). In order to reject this 

𝐻0, a 𝑃𝑟 < 0.05 value at a 95% confidence level was used. Almost for 

all the listed indep_vars, some relation with dep_var was found. 

In the quantity treatment group, although the relationship between the 

dep_var and the indep_vars was found to be relevant for the model, it 

did not provide any causal relationships. Yet, some variables were 

observed to be associated with extraction capping cooperation. This 

is the case of the personal characteristics of the participants such as 

age or years of education; or socio-physical variables such as time before 

exhaustion and well depth. However, gender did not show any relation 

(see Table 7-3). 

Regarding the social variables under the control of the participants, 

such as water allocation to the present, water allocation to the future, 

or water left to the community, and the decision to follow extraction 

caps are significant also. In terms of personal characteristics such as 

age, years of education and gender, some relationships with the 

decision to follow the cap exist (see annex to chapter 5). 

Another relevant topic had to do with justifying the use of the logistic 

regression procedure instead of the classical Ordinary Least 

Regression (OLS). This is relevant for the case, since the chosen model 

restricts the type of statistical analysis than can be done on the data.  

Graph 7-1 and Graph 7-2, illustrate the different ways the models fit 

the data. In expressing the willingness to conform to extraction 

capping, the dependent variable is expressed only in terms of 0 or 1, a 
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data pattern that OLS is not able to capture. Contrarily, logistic 

regression can model the data cloud around 0 or 1. 

Measure of fitness 
Another important topic that demands careful attention refers to 

scalar measures of fitness. The use of adequate statistics to check the 

goodness of the developed econometric model is assessed. Thus, in 

explaining the drivers of the adaptive water management system, the 

question on which model provides a better explanation of the causal 
relationships is addressed. The classical statistic R2, which is usually 

employed in logistic regressions, is not convenient for different reasons 

that are beyond the scope of this research. An alternative approach to 

model fitness evaluation and comparison corresponds to information 

criteria, which are log-likelihood in nature and can have adjustable 
degrees of freedom. In general, the model with the smallest information 

criterion is preferred.  The essential intuition is that there is tension 

between model fitness (as measured by the maximized log-likelihood 

value) and the principle of parsimony, which favors a simple model. 
Although model fitness can be improved by increasing model 

complexity, parameters are only added if the resulting improvement in 

fitness sufficiently compensates the loss of parsimony. Based on 

information measures, the Bayesian Information Criterion (BIC) and 

the Akaike Information Criterion (AIC) have become common model 
selection tools (see Table 7-1. Measures of Fit for logit of FollowCAP 

(Quantity Treatment Group) and Table 7-2. Measures of Fit for logit 

of FollowCAP (Time Treatment Group). 

In selecting the model, a comparison is made between two model 
types, which are separately presented to the remaining quantity and time 

before exhaustion treatment groups. 

Remaining Quantity Treatment Group (measures 
of fitness) 

 
The first model only incorporated physical variables to explain the 

adoption of cooperative behavior as an adaptive management approach 
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to water scarcity (see Table 2-5). In other words, it considers that only 

environmental variables such as well-depth and water availability lead 
water users to adapt to scarcity. Similarly, two personal factors were 

included to explain the dependent variable. The key variable 

determining adaptive water management corresponded to well depth. 

For its part, the variable years of education was found to negatively 

influence adaptive management at a 10% significance level. 

The second model contemplates socio-physical variables. 

Neighbor_extraction level is significant at a 1% significance level, and so 

is years of education. Time living in the community was relevant at 5% 

significance. Regarding water-allocation time preferences, the present 
and the future were observed to be dominant at a 10% level of 

significance, whereas allocation to neighbors was not significant (see 

Table 2-5). 

Table 2-5. Model 1 (physical variables) and Model 2 (socio-physical 

variables) explaining adaptive water management drivers (remaining 

quantity Treatment Group) - Measures of fitness. 
Model → Model 2 Model 1 

Number of 
observations = 

384 384 

Prob > chi2 = 0.0000 0.0000 

FollowCAP Coefficient Coefficient 

Time_living in the 
community 

--- -.0267295 ** 
(.0133078) 

Well-depth -.0085056 * 
(.0028939) 

-.0143962 * 
(.0037905) 

Available water -4.68e-06 
(6.91e-06) 

-9.27e-07 
(6.28e-06) 

Years of education -.1280778 ** 

(.0519102) 

-.1888943 * 

(.0630682) 

Age -.008904 
(.0143848) 

 

Neighbor_extraction 
level 

--- .0006506 * 
(.0001531) 

Preference_present --- -1.465695 *** 
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Model → Model 2 Model 1 

(.7900728) 

Preference_future --- -1.298196 *** 

(.7588119) 

Preference_neighbors --- -.7317433 
(1.309013) 

Years of education --- -.1888943 * 
(.0630682) 

Income level_ --- 5.40e-07 *** 
(3.05e-07) 

_cons 4.42456* 
(1.081519) 

5.441625 * 
(1.441238) 

Source: Author’s calculation using Stata 17. 
*Statistically significant at 1%; **significant at 5%; ***significant at 10%. Standard errors in 

parenthesis  
 
In this context, model fitness constitutes the selection criterion in the 

comparison between the Bayesian Information and Akaike Information 

criteria (Table 7-1 and Table 7-2). Since the smallest criterion was 
preferred, the differences between the information criteria offer a 

direct response for model selection. In this case, model 2 (socio-

physical variables) provides a better explanation of adaptive water 

management, since a 5.336 difference between the two models in the 

BIC' supports model 2. 

 

Time before exhaustion treatment group 

(measures of fitness) 
 
Turning to the measures of fitness for the time before exhaustion 

treatment group, a comparison between the physical and socio-
physical models was also carried out. In this case, 281 observations 

were used to build models 1 and 2. In the first model, none of the 

explanatory variables were significant. Contrarily, in the case of the 

socio-physical model, three relevant variables accounted for the 
complexity of the definition of the model. Time living in the community 

was found to positively influence the adoption of cooperative behavior 
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towards water conservation at a 1% significance level. This means that 

the longer a person has been living in the territory, the more they will 
tend to conserve water resources. In turn, time before exhaustion was 

observed to negatively affect the desired outcome at a 5% level of 

significance. Additionally, the income level of the participants was 

significant as well, meaning that the more people earn, the less likely 
they are to follow a cooperative strategy aimed at complying with 

extraction caps (see Table 2-6),  

 

According to the information criterion, the model representing the 

physical variables provides a better explanation of the likeliness to 
adopt cooperative behavior. Nonetheless, a decision had to be made 

in terms of the capacity of the studied variables to account for a causal 

relationship between the explanatory and dependent variables. 

 
Table 2-6. Adaptive water management drivers according to Model 1 

(physical variables) and Model 2 (socio-physical variables) (Time 

Treatment Group) – Measures of fitness 

 Model 1 Model 2 

Number of 

observations = 
281 281 

Prob > chi2 = 0.4001 0.0280 
FollowCAP Coefficient Coefficient 

Time_living in the 

community 
--- .0679126 * 

(.0243784) 
Well-depth -.0072401  

(.0055907) 
-.0036724 
(.0057393) 

Available water -.0000171  
(.0000124) 

--- 

Remaining_time_water -- -.1334627 ** 
(.0684444) 

Preference_present
iv
 --- .7527549 

(.8961317) 

Preference_future
v
 --- -.1489235 

(0.7842) 
Years of education -.0172991  

(.0868526) 
.0349904 
(.089368) 
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 Model 1 Model 2 

Age -.013387  
(.028316) 

-.0629835 
(.0434708) 

Income level_ --- -1.15e-06 ** 
(5.29e-07) 

_cons 4.954571 * 
(2.141801) 

5.724326 * 
(2.290329) 

Source: Author´s calculation using Stata 17. 
*Statistically significant at 1%; **significant at 5%; ***significant at 10%. Standard errors in 

parenthesis  
 

According to Table 7-2, a difference of 7.13 in the BIC' supports model 
1. However, Table 2-6 shows how the variables differ in terms of 

significance level in both models. In the socio-physical model, four 

explanatory variables were highly significant at 1% and 5% significance 

levels. However, in the first model, only the constant was found to be 

significant, which might be disregarded because it does not account for 

any causal relationship. 

Thus, there is contrast between the information criterion and the 

significance of the variables. For this reason, model 2 was selected to 

carry out a deeper econometric analysis. On these grounds, 
determining the marginal effect of a change in a regressor on the 

conditional probability that 𝑦𝑖 = 1 provides some interesting research 

clues. The conditional probability is given by: 𝑝𝑖 = Pr[𝑦𝑖 = 1|𝑥] =

𝐹(𝑥𝑖
´𝛽), where 𝑥 represents the regressors and 𝛽 refers to the 

coefficients as shown in Table 2-5 and Table 2-6. For the general 

probability of this model on 𝑝𝑖 , and a change in regressor  𝑗𝑡ℎ, the 

marginal effect is 
𝜕Pr [𝑦𝑖=1|𝑥𝑖]

𝜕𝑥𝑖𝑗
= 𝐹´(𝑥𝑖

´𝛽)𝛽𝑗 (Cameron, C. & Trivedi, 

2005; Greene, 2003).   

 

The marginal effects 
 
The overall probability of 𝑦𝑖 = 1 is 92%, given that all predictors are 
set to their mean values as presented in Table 2-7.  However, chances 

are to present the marginal effect on the explained variable, when 
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independent variables are set at specific values. For instance, enquiries 

might be defined on how the probability to adopt a cooperative 
behavior might change when the well-depth changes from the mean 

value (42.7 m) to 100 m or more. The effect of more literate farmers, 

or more affluent families might be modelled as well. Similarly, marginal 

effects of a change of one additional unit of continuous or categorical 
variables might be of interest also (see Table 7-4 in annexes). 

 

As shown in the equation above, the derivative expresses that the 

marginal effect corresponds to a probability change, which takes place 

when the independent variable 𝑥𝑖𝑗  increases by one unit. As shown in 

Table 7-4, in the quantity treatment group, one additional year in the 

time living in the community variable reduces the probability to adopt 
cooperative behavior by almost 0.2%. For each additional 1000 m3 of 

water that neighbors extract, individuals increase the probability to 

follow the cooperative strategy by 4%. For individuals preferring to 

allocate more water to the present, the probability of a cooperative 

behavior decreased by 10%, and a similar effect was observed in 
farmers preferring to allocate more water to the future. As to the years 

of education variable, each additional year of schooling reduces this 

probability by 1.3%.  

In the time treatment group, time living in the community has a positive 

effect on the adoption on cooperative behavior, the probability of 

which increases by 0.1% per each additional year of life in the territory. 

In this group, the effect of income level has a negative significant effect.  

The Table 2-7 shows the corresponding OLS regression parameters. 

Each additional year lived in the community helps to increase the 

probability of cooperation in almost 0.0016 units (for the time before 

exhaustion and remaining quantity treatment groups) and each additional 

income unit reduces this probability in a small fraction. However, the 

main departure from logistic models refers to the insignificant effect 

that the time preferences have on the probabilities of cooperation. In 

general, OLS models do not fit the data properly, since less than 14% 

of the models were explained by the observations. 
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With respect to the marginal effect of one additional unit in the 

explanatory variables,  illustrates the relevance of this effect when it 
comes to explaining the adoption of the cooperative behavior in 

question. This example only shows this effect in the time before 

exhaustion treatment group. The deeper the water well is, the lesser 

the probabilities of cooperation with water conservation. 

Table 2-7. Conditional marginal effects using Delta-method (Remaining 

Quantity and Time Before Exhaustion treatment groups) & OLS regressions 

Model → Logistic marginal effects OLS parameters 
Variables 

 ↓ 
Remaining 

Quantity 

treatment 

group 

Time Before 

Exhaustion 

treatment 

group 

Remaining 

Quantity 

treatment group 
(R2 = 0.1329) 

Time Before 

Exhaustion 

treatment group (R2 

= 0.0585) 
Number of 

observations = 
384 281 384 281 

Time_living in the 
community 

-.0019088 ** 
(.000912) 

.0013939 * 
(.0005043) 

-.0018269*** 
(.0010053) 

.0015586** 
(.0007155) 

 

Well depth -.0010281 * 
(.0002526) 

-.0000742 
(.0001688) 

-.0012478* 
(.0003468) 

-.0001825 
(.0003137) 

 

Available_water -6.62e-08 
(4.48e-07) 

-1.22e-07 
(1.04e-06) 

3.73e-07 
(7.48e-07) 

1.25e-07 
(1.48e-06) 

Time before 

exhaustion 
---- -.0033124 

(.0057222) 
--- -.0076654 

(.0083709) 
Neighbor extraction .0000465 * 

(.0000105) 

--- .0000632* 
(.000014) 

-- 

Preference for the 

present 
-.1046688 ** 
(.0533827) 

.0246141 
(.0267119) 

-.0597743 
(.0575858) 

.0416846 
(.0457488) 

Preference for the 

future 
-.0927073 *** 
(.0520236) 

-.0055033 
(.0231664) 

-.062031 
(.059126) 

.0047269 
(.0445455) 

Preference for 

neighbors 
-.0522555 
(.0927661) 

0 
(omitted) 

-.0105863 
(.0955688) 

.0697446 
(.0645816) 

Years of education -.0134894 * 
(.0043534) 

.0022687 
(.0021222) 

-.0166944* 
(.005295) 

.0018408 
(.0036953) 

Income level 3.86e-08 *** 
(2.13e-08) 

-3.05e-08 * 
(1.26e-08) 

3.99e-08*** 
(2.43e-08) 

-3.98e-08*** 
(2.13e-08) 
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Model → Logistic marginal effects OLS parameters 
Variables 

 ↓ 
Remaining 

Quantity 

treatment 

group 

Time Before 

Exhaustion 

treatment 

group 

Remaining 

Quantity 

treatment group 
(R2 = 0.1329) 

Time Before 

Exhaustion 

treatment group (R2 

= 0.0585) 
_Cons   1.033968 .9493138 

Source: Author’s calculation using Stata 17. *Statistically significant at 1%; **significant at 

5%; ***significant at 10%. Standard errors in parenthesis  
Nonetheless, this effect changes with time before exhaustion, which, 

together with remaining water quantity, actually limit aquifer resource 

extraction. Thus, the marginal probabilities change depending on 

whether one assumes 5, 15 or 30 years before aquifer exhaustion. As 

expected, when the participants knew that the aquifer system would 
last 5 years (business-as-usual extraction patterns), there was a 96% 

probability of cooperative behavior in the 10 m – 250 m well-depth 

interval. However, this probability dropped to 90% in the 500 m – 650 

m interval, and to less than 80% when well-depth approached 900 m.  
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Graph 2-1. Marginal effect of Time Before Aquifer Exhaustion 

on the decision to conform to the cap (Time treatment group) 

Source: Author’s calculation using Stata 17 

 
The probabilities to adopt cooperative behavior are regressed against the well-depth 

variable (m). However, the probabilities are adjusted by the Time Before Aquifer 

Exhaustion variable. The Delta – method was used to calculate the marginal effect 

of changes in well-depth on these probabilities. 

When an aquifer system is alleged to last 30 years more, the adoption 

of cooperative behavior surrounds 70% in the 10 m – 60 m well-depth 

interval. But this probability falls to 50% when well-depths reach 340 
m to 440 m. Additionally, cooperation to preserve water resources 

drops to less than 20% when water-well depths are higher than 800 m. 
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In the case of aquifers that are expected to last for 15 years, the 

probability to adopt cooperative behavior is 93% in shallow wells (less 
than 40 m depths), while it drops to 90% when depths reach 150 m to 

200 m. An accelerated decay in cooperative behavior (from 76% to 

54%) is observed when water-wells are between 600 m – 900 m deep. 

 
These marginal effect results can be clearer with an example situation 

in which water-well depth is 100 m, and hydro-economic information 

on time before aquifer exhaustion is available. Observing , the 

probabilities to cooperate with aquifer conservation are 67% and 96% 

for 30 and 5 years before exhaustion, respectively. In 500 m well-
depths, the probabilities drop from 92% to 46% when there are 5 and 

30 years left before exhaustion, respectively. 

 

2.4 Discussion 

 
Individual and community cooperation in adaptation to water scarcity 

is not straightforward. Different factors influence people’s willingness 

to adapt to climate-change-related effects on water availability. 

Adaptation was studied here using conceptual instruments aimed at 
signaling water scarcity. Instead of studying if people relying on 

groundwater adapt to status quo or projected climate conditions, a step 

forward was suggested in order to connect adaptation to sustainability. 

For this aim, water scarcity was operationalized through the binding 

limits of nature. Thus, an extraction cap was suggested to the 
participants in the experimental sessions. As a substitute for abstract 

situations in which experiment participants are asked to allocate 

tokens (Cardenas et al., 2011; Fischbacher, Gächter, & Fehr, 2001; 

Gächter, 2007; Keser & Van Winden, 2000), the type of good at stake 
and the group of subjects in this research were closely related to the 

research purpose (Harrison & List, 2004). This is, water units and real 

rural water users (mostly farmers) were recruited, instead of 

university students who might not be familiar with the problem of 

aquifer overdraft and the deepest social problems of water scarcity. 
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Extraction capping is a recently claimed approach to adapt to declining 

water resources by managing both water footprints and the 
contradiction of water use efficiency improvement (Grafton, R.; 

Williams, J.; Perry, C.; Molle, F.; Ringler, C.; Steduto, P.; Udall, B.; 

Wheeler, S.; Wang, Y.; Garrick, D. & Allen, 2018; A. Hoekstra, 2020; 

A. Y. Hoekstra, 2013). In this respect, the literature review registers 
few similar (water extraction capping) experiments to the present one. 

Threshold game models usually investigate if thresholds increase 

contributions, ceteris paribus  (Ledyard, 1995). Stock quota games, 

which are closer to extraction capping, have been used to address 

different issues such as the problem of competition and the strategic 
externality effects of CPR  systems(Gardner, R.; Moore, M. & Walker, 

1997). Furthermore, the concept of “annual quota” has been suggested 

by those who have taken a closer look at the aquifer conservation 

approach (Smith, 1977) in order to define rights over annual 
groundwater recharges. Hence, extraction caps and quotas should be 

implemented to address the evident problem of aquifer 

overexploitation, which is pervasive around the world. Based on this 

topic, both caps and quotas should be consequent with the urgent need 

to avert overexploitation and recommend adequate extraction rates 

for this aim.  

Another modification with respect to extant CPR studies on 

cooperation lies in the type of binding limits suggested to players in the 

experiments. On top of the capping assumptions, two information 
treatment groups were formed: Time before exhaustion and remaining 

water quantity were employed as limiting categories to which players 

were able to react. The results indicate that cooperative behavior is 

more complex than just allocating a higher fraction than the one a Nash 

equilibrium would define (Andreoni, 1995; Cardenas et al., 2011; 
Gardner, R.; Moore, M. & Walker, 1997). Instead, it was delimited by 

social, behavioral and institutional settings, all of which might trigger 

the decision to conform to extraction capping. Thus, cooperation 

drivers were related to socio-physical variables which were, in turn, 

capable of configuring a decision-making model. An overarching finding 
on cooperation under the influence of extraction capping refers to the 

complexity of the interactions between those socio-physical variables 
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that explain cooperative behavior. More general studies state that 

cooperation was explained by reciprocity (Axelrod, R.; William, 1981; 
Axelrod, 1984; Gächter, 2007; Hamilton, 1964), trust on others (Cox, 

2004; Ostrom, 1997), communication easiness (Abrahamse & Steg, 

2013; M. A. Janssen, Holahan, Lee, & Ostrom, 2010; M. Janssen, Lee, & 

Tyson, 2014; Ostrom, Gardner, & Walker, 1994a; Sally, 1995, and the 
ability of communities to devise proper rule systems (Isaac, Walker, & 

Williams, 1994; Ostrom, 2015, 1990) and thus manage natural 

resources autonomously, among others. 

Nonetheless, due to interest in achieving sustainable aquifer 

management and Sustainable Development Goals (SDG), some 
challenges may appear in implementing these collective action drivers, 

framed in the collective adaptation to climate change as it affects water 

resources. These drivers are a matter of ‘social capital’. If they are 

weak, they will typically take a long time to become stronger. Social 
capital is not created overnight. Even though there is a lot of work on 

institutional theory, more practical applications in the field can be 

added. Since a CPR entails the presence of multiple agents interacting 

at multiple times and repeatedly carrying out water extractions from 

the CPR, understanding their decision-making processes is important 
to better understand the nature of the interactions. For this aim, a 

zooming in was developed to further appreciate these drivers, using 

information to detect behavioral dimensions of farmers’ extractions 

decisions, under water scarcity conditions. 

An in-depth analysis of cooperation drivers under extraction capping 

suggests a more elaborated set of explanatory variables. Water 

availability plays a role in cooperation, together with well-depth. In both 

cases, the marginal effect was negative. In the first case, the perception 

of plentifulness may not activate cooperation, since individuals might 
perceive that scarcity is still far. Similar results have been found when 

crop choice is linked to groundwater exhaustion, which actually leads 

farmers to cooperate (Meinzen-Dick et al., 2016). In the second case, 

the deeper the well is, the lesser the probability of cooperation, 

because this parameter is perceived as the socio-physical realization of 

scarcity. 
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Another relevant variable corresponds to time living in the community. 

In the time before exhaustion treatment group, this variable was found 
to be significantly positive, while in the water quantity group, a negative 

effect was observed. Thus, the socio-cultural connection with the 

territory has a dissimilar impact on the possibilities of cooperation. 

When water users are informed about the remaining time before 
aquifer exhaustion, the time they have lived in the dry region plays a 

role in deciding to adapt to water scarcity by conforming to a water 

extraction cap. In the water quantity group, the neighbors’ extraction 

level positively impacted the likelihood of cooperation. The more 

water the neighbor was assumed to extract, the more the individuals 
were willing to conform to capping. This reflects a departure from 

reciprocal behavior (Falk, Fehr, & Fischbacher, 2002; Milinski, 

Semmann, & Krambeck, 2002; Ostrom, 1998), since the more water 

the neighbors were assumed to extract, the more the individuals 
restricted their own extraction. Therefore, under water scarcity 

conditions, individuals preferred to adapt by restraining their own 

extraction instead of retaliating because of neighbors’ non-cooperative 

behavior. Thus, it can be said that climate change effects on the water-

related dimensions of development stimulate cooperation, perhaps 

because of the woes and encumbrances that result from water scarcity.   

The key practical implication of neighbors’ extraction under the time 

before exhaustion and quantity treatments, refers to the positive effect 

that this parameter had in stimulating cooperation to adapt to scarcity 
conditions. Thus, water managers and policy makers are suggested to 

include the collection and dissemination of key socio-physical 

information on time before aquifer exhaustion, remaining underground 

water quantities and neighbors’ extraction rates. Even though 

information sharing is complex to manage, this can be accomplished 
through innovative technological devices to make user consumption 

data and hydrogeological aquifer status more visible and accessible to 

all water users in each vicinity. Thus, the key drivers of cooperation 

can be turned into institutional information working for cooperation 

in our adaptation to climate change. 
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Finally, socio-economic factors halting adaptation to climate change 

might be managed with institutional and physical mechanisms. 
However, water availability exerts stringent limitations for livelihoods 

or farming (Ishaya, S. & Abaje, 2008; Komba, C & Muchapondwa, 2012). 

Thus, given the vital character of water, its availability should not only 

be an explanatory variable in adaptation to declining water stocks, but 
an issue subjected to socio-physical explanations about adaptation. 

 

2.5 Conclusions  

 
This research was focused on presenting the empirical evidence on the 

drivers and inhibitors of adaptive groundwater management. The 
empirical research results were mostly quantitative. Data used for the 

analysis were drawn from framed field experiments run in 10 small 

communities belonging to 3 municipalities of Colombia. The 

geographical setting corresponds to dry areas exposed to frequent 
droughts, water shortages and high dependence on aquifer systems. 

Field experiments were organized in two treatment information 

groups, namely time before exhaustion and remaining water quantity 

treatments. These were used to differentiate the water-allocation 

decision-making process when binding limits exist. 
 

Another justification for delimiting the experimental sessions refers to 

the fact that field experiments were aimed at finding collective action 

alternatives when institutional settings differ. The more field 
experiments resemble real-life situations, the better they will recreate 

practical decision-making. Thus, water table declinations and aquifer 

overexploitation, which are real situations faced by water users, have 

been practically addressed by the current experiments in order to 

capture and recreate socio-physical models of reality. For this reason, 
the participants in the experiments were asked to allocate water when 

time before aquifer exhaustion was made public, and when the 

remaining water quantity in aquifers is declining, as observed in daily 

life. 
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Empirical models in the time before exhaustion and quantity treatment 

groups were tested using the information criterion to assess 
regression fitness. A contrast was established between physical and 

socio-physical models to assess how the independent variables better 

explain the dependent variable. The latter, which refers to the ability 

of people to adopt cooperative behavior in conserving water 
resources, was measured via the probability to comply with extraction 

capping. The cap is consequent with the need to incorporate the 

limited water available units into water management systems. The 

empirical results show that socio-physical models provide a more 

comprehensive explanation of the drivers and inhibitors of 
cooperation. In the remaining quantity treatment groups, the longer the 

people have lived in the territory, the less inclined they were to 

cooperate, since one additional year reduces the probability to adopt 

cooperative behavior by almost 0.2%. Contrarily, in the time before 
exhaustion treatment group this relationship was positively significant, 

since one additional year living in the community was observed to 

increase the likelihood of cooperation by 0.1%.  

The inter-temporal preferences of water allocation were found to be 

significant, but a clear pattern was not found. In effect, cooperation 
likeliness declined by 10% in individuals preferring to allocate water to 

the present or the future. Additional years of education did not 

produce the expected result, since one additional year of education 

reduces the probability to cooperate by 1.3% in the remaining quantity 

group.  

Special attention was paid to the marginal effect of some variables on 

cooperation likeliness. Marginal changes in this probability were 

plotted against both well-depth and time before aquifer exhaustion. 

The marginal effect was a step forward from using averages for water 
planning. If a groundwater management plan was put in place, the 

marginal characteristics of well-depth and time before aquifer 

exhaustion have implications for the success of management strategies. 

Differentiations should be made in terms of well-depth where farmers 

live. The probability of adopting cooperative behavior is not the same 
if farmers are located over a 50m, 100 m or 500 m deep water-well. 
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For instance, two communities led to assume they had 30 years left 

before aquifer exhaustion showed contrasting probabilities of 
cooperation (72% to and 62%) in connection with well depth, which 

was, respectively, 50 and 200 m.  

These empirical results have implications when it comes to finding 

options for achieving Sustainable Development Goals, especially SDG 
6, which is related to water use efficiency. Water management 

cooperation drivers have a bearing on efficient water use. The 

behavioral effects that the time before exhaustion and remaining quantity 

approaches have on water extraction should not be overlooked if 

efficient water withdrawal is pursued. Before water is used efficiently, 
water withdrawal should be reduced to benchmark levels. These 

reductions are not easily attained if well-depth and information on 

aquifer duration are not geographically contextualized within water 

management strategies. 

Even though the current research strategy addressed groundwater as 

a specific CPR, it provides theoretical elements for other CPR settings 

such as forests, fisheries and irrigation systems, which are also affected 

by resource use dilemmas. Among the limitations faced by this 

research, the Covid-19 pandemic constrained the options to collect 
more data, since it was impossible to organize more groups of 

participants. Similarly, a new round of experimental sessions had been 

planned, but the epidemiological restrictions implied that mobilizing 

through the country to meet the people resulted unethical and risky. 
This situation also affected a second field experiment which was 

envisioned to measure how stable cooperation is in groundwater 

conservation under extraction capping. On the other hand, it was not 

possible to introduce extraction cap level variations due to limited 

participant-payment funds. Since the calculation of the extraction cap 
was based on agricultural-activity consumption figures, further 

research aimed at filling these gaps is suggested. 
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3 Social and legal rules 

heading to aquifers overuse 

in dry areas 
 
 

In this section, an institutional analysis on the interactions of social and 

legal rules was developed. Institutional economics and Common-Pool 

Resources theory were utilized to understand the evolution of rules 

and institutions, leading to the overexploitation of aquifer systems in 

dry regions exposed to climate variability. A document analysis 
combined with questionnaires provided the relevant data used to 

answer the research question. The prevailing aquifer management 

setting is discussed, since it is the point of departure in achieving 

sustainable water management, at local and regional levels. The results 
suggest that there have been trajectories, triggers and troubles, in 

curbing water access and extractions. The water management regimes 

in place in the dry research area have no clear boundaries. A joint 

management scheme is concluded as the emergent inter-institutional 

operating system of social and legal rules. 
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Highlights 

▪ An institutional analysis on interactions of legal and social rules 

was performed. 
▪ A joint management scheme was found as an emergent inter-

institutional system of rules. 
▪ Questions remain on whether extraction paths diverge or 

converge from sustainable paths. 
▪ Achieving SDGs on water use efficiency demand new incentives 

to merge social and legal rules. 

Abstract  

This research is about how social rules have interacted with formal legal 

rules in aquifer´s water extraction management. For sustainability of water 
resources, an appropriate sustainable management regime is needed. 

Sustainable water extractions will not come about without the efforts of 

communities of users, managers and other stakeholders of the water 

governance system. In this research, an institutional analysis on interaction 
of social and legal rules is developed. The Common-Pool Resources theory 

was utilized to understand the evolution of rules and institutions, leading to 

the overexploitation of aquifer systems in dry regions exposed to climate 

variability. The results documented that there have been trajectories, triggers 

and troubles, in curbing water access and extractions. Currently, the water 
management regimes in place in the dry research area have no clear 

boundaries. A joint management scheme was developed as the emergent 

inter-institutional operating system of social and legal rules. Water users and 

water managers, seem to follow their own trajectories in allocating, extracting 
and consuming water. The overarching difficulty in each trajectory lies in how 

extraction paths diverge or converge from sustainable paths. For Sustainable 

Development Goals on water use efficiency to be achieved, innovative 

institutions must be devised and implemented systematically. 

Key words:  sustainability; aquifer systems; social rules; legal rules 
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3.1 Introduction 
 

Some aquifer systems are managed under state-centered or co-
managament governance (Molle, et al 2018). However, the widespread 

evidence of aquifer overexploitation around the world (OECD, 2017b; 

Siebert et al., 2010) might lead us to think of aquifers, as classical 

examples of open access water resources. In open access settings, 

many users extract the most of it in the present with overexploitation 
as a result. Nonetheless, in many developing countries, formal rules 

exist to perform a central management of groundwater resources. In 

some dry regions in Western USA, the Middle East, China,  and Latin 

America countries and regions, continue to do centrally-managed 
interventions (OECD, 2015, 2017a, 2017b; World Bank, 2022) as 

prescribed to avoid the so-called ‘tragedy of the commons.’ However, 

many of these strategies to control groundwater extraction, have been 

proven to be ineffective and uncapable of exerting  the power from 

state (Molle, et al, 2018; Sandoval, 2004; World Bank, 2010). The 
presence of free-riders, strategies adopted by water users to 

circumvent regulations, and limited capacity of governments to 

monitor extractions and enforce regulations, indicate that 

groundwater is far from a centrally-managed resource. Consequently, 

aquifer management systems do not exhibit clear boundaries in 
management regimes. 

 

Thus, if water from aquifers provides fresh water for around half of 

the global population (OECD, 2017b; Siebert et al., 2010), some 
questions arise in terms of the management approaches utilized to 

govern water resources. This is not a trivial issue since rapid 

declinations of water tables and climate change effects on water 

resources, demand purposive sustainable management plans. No 

matter which management regimes are put in place, efforts should be 
made to understand the institutional nature of the resource in 

consideration.  The management regime refers to the types of 

management approaches utilized by different interacting stakeholders, 
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to govern the groundwater resources. The institutions make reference 

to the formal and informal system of rules in place to productively 

manage the resource. Both concepts are interrelated, since in each 
regime the types of incentives for productive management are 

different. Understanding the rules and institutions in place and the time 

that overtly or unintendedly may lead aquifers to exhaustion are of key 

importance.  
 

Although aquifer overexploitation comes with a lack of organization in 

resources management, legal and social rules have been put in place 

around the world. A further analysis on the interactions between social 

and legal rules, is a key step in understanding how to improve the 
institutional arrangements for aquifer management. Similarly, the 

interactions of institutions and rules in place, is a key to understanding 

how to attain water security at local level. Since keeping water 

quantities might not be enough for securing water provision, the 
institutional setting may play a role in preventing insecure water 

management. 

 

This research section was aimed at answering the question on how 

internal social rules have coexisted with legal external rules in the 
subsequent overexploitation of groundwater in dry regions. Internal 

rules makes reference to the system of formal and informal rules 

designed inside the communities by themselves. External rules are built 

and released by environmental and central authorities in charge of 

water management. Field work was performed in the Caribbean region 
of Colombia; more specifically in dry areas exposed to droughts and 

where climate variability effects have affected water resources the 

most. Ten communities belonging to four municipalities that fully 

depend on groundwater for agriculture, agroindustry and domestic 
use, were visited to conduct this research. In addition to this, a 

document analysis was performed in order to find evidence on the 

evolution of legal rules aimed at protecting aquifer systems. In addition, 

this research contains the findings on the institutional analysis of the 

interaction of social and legal rules in water access. 
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3.2 Review on theoretical models for 

managing aquifer systems 
 
Theoretical models to manage common pool resources (CPR), reflect 

the perspective of scholars and policy makers. In the same way, policies 

are fashioned from the way public officials, citizens, and scholars think 

about problems (Ostrom, Gardner, & Walker, 1994b). In this section, 
three archetypal theoretical models are discussed: private property, 

central planning and self-governance of water. 

 

Central planning models for managing water used in 

common 

 
Government property regimes exist where national, state or local 

governments or agencies, control resource rights and individual access. 

Water resources are government owned in most states, while the right 

to use water is allocated to individuals and other entities (Donohew, 

2005). 
 

Advocates presuming that a central authority must assume continuing 

responsibility to make unitary decisions (Ostrom, 2015) regarding 

water use, tend to limit their analysis to central planning models 
(Provencher & Burt, 1994a). Economists have long taken it for granted 

that the temporal allocation of groundwater would lead to welfare 

losses, if left to the free market, because all farmers pump from a 

common aquifer (Allen & Gisser, 1984). As inputs for planning, scholars 

built deterministic and stochastic water use models. They were 
intended to simulate the behavior of different types of water users and 

the options for optimal control.  

 

The centered-state management plays a role amongst different 
management stages. The state can determine the rules of access, rules 
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of withdrawals, exclusion, management26 and transferability (Asprilla-

Echeverría, 2022; Donohew, 2005). The main groundwater policy 

objectives are a combination of (1) attempts to control and regulate 
the number and expansion of wells; (2) controlling abstraction by 

existing wells; (3) managing supply (Molle, et al; 2018) In the state-

centered models, a central water planner decides on the optimal 

extraction rates to reach a steady-state and economic efficiency 
(Caswell & Zilberman, 1986; Chatterjee, Howitt, & Sexton, 1998; 

Krulce, D., Roumasset, J., & Wilson, 1997). At a more  regional or local 

level, other optimization models of groundwater extraction for 

irrigation were introduced by Hellegers, Zilberman, & van Ierland, 

2001; Lin Lawell, 2016; Patil, K., Mahadev, C., Bhat, G., & Manjunatha, 
2015; Safavi & Alijanian, 2011). Dynamic programming models by a.o. 

Burt, 1964, 1967; Provencher & Burt, 1994a are also used. Simulations 

for optimal allocation of limited water resources for the conjunctive 

use planning and management in irrigated agriculture was developed 

by Singh, 2014.  

In practice, some public programs to address groundwater 

overexploitation have failed due to physical issues and community level 

actions which circumvent regulations (World Bank, 2010). In public 

policy approaches, state control of water resources has been 
advocated, but neither the state nor the market have been uniformly 

successful in solving common-pool resource problems (Ostrom, 

2015). 

 

In developing countries, state control of groundwater resources – in 
addition to prohibiting water abstraction and imposing legal 

procedures against users who illegally drill new wells – has proven to 

be inefficient in attaining water sustainability goals (Meinzen-Dick et al., 

2016; Sandoval, 2004; World Bank, 2010). Top-down hierarchical 
(Pahl-Wostl & Knieper, 2014) regulatory policies may not guarantee 

sustainable use of groundwater, since water flow reductions are 

 
26 It is the duty paying extraction fees. to determine who has the rights to access or 

withdraw the groundwater resource ( Donohew, 2005) 
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forcing users to implement autonomous decisions at individual or 

community level to adapt to climate variability and climate change. This 

issue in sustainable water management requires investigating how 
people adapt to water scarcity. It is important to better understand 

what may influence individuals and communities towards water 

conservation, instead of ban-oriented policies which are difficult to 

monitor.  
 

To add complexity to the analyses, a few studies overtly indicate the 

reverse effects that central planners’ interventions may generate in 

promoting solutions for resource conservation. The intervention of 

the state is necessary in order to secure for people a Pareto-optimal27 
provision of public goods (Taylor, 1987), however the more the state 

intervenes in such situations, the more necessary it becomes, because 

positive altruism and voluntary cooperative behavior erode in the 

presence of the state and grow in its absence (Taylor, 1987). 
 

Individuals may cease to have any desire to make a direct contribution 

to the resolution of local problems, whether they are affected by these 

problems, once there is government regulation. They may feel that 

their responsibility to society has been discharged as soon as they abide 
by the law, and pay their taxes (Oliver, 1993; Taylor, 1987). This 

assumed reverse effect is relevant for sustainability analysis. To avoid 

a permanent state of imbalance in the hydrological budget of an aquifer 

(California Department of Water Resources, 2003; Gun, 2012), 

cooperation and social-institutions towards conservation are needed. 
The issue of cooperation in CPR has been subject to a long tradition 

among outstanding scholars who discuss the incentives, drivers and 

 
27 In a social dilemma, everyone faces a temptation to shift from the set of contributors 

to the set of those who do not contribute. At least one outcome exists that yields 

greater advantage for all participants. Thus, a Pareto-superior alternative exists, but 

rational participants making isolated choices are not predicted to realize this outcome. 

A conflict is posed between individual and group rationality. The problem of collective 

action raised by social dilemmas is to find a way to avoid Pareto-inferior equilibria and 

to move closer to the optimum (Ostrom, 1998). 
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inhibitors of cooperative behavior. In doing so, the assumptions on 

rationality of economic agents were discussed (see more details on the 

discussion about cooperation in CPR management in annex 2 on the 
literature review). 

 

Economic models for water use under central planning are based on 

the notion of competitive markets, without externalities and on the 
rationality of economic agents who pursue their own interest and 

maximize their utility (Griffin, 2006) based on their preferences and 

certain constraints. Another relevant topic discussed in the literature 

refers to whether the pursuit of economic efficiency, which is intended 

in central planning, will contribute to water conservation (Griffin, 
2006). 

 

Figure 3-1. Central planning for water management.  

Source: adapted from (Ostrom, 2015; Donohew, 2005; Provencher & Burt, 1994a) 
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In summary, central planning for water management assumes the 

rationality of economic agents. The theoretical models are based on 

water demand functions and calculation of optimal extraction rates. 
The expected results of central management are a reduction of water 

extraction levels by users. Nonetheless, key relevant issues remain 

unattended, among others, the fact that publishing data on water 

extraction rates for individuals´ fulfillment is not straightforward. This 
constitutes a field for further research. Finally, as shown in Figure 3-1, 

the main challenge for sustainability is to develop a deeper 

understanding of the transmission mechanism between extraction 

rates calculated or prescribed by environmental authorities and the 

implementation by water users. 

 

Private property model for water management 

 
Central control models as management solutions for CPR have been 
challenged by some scholars who argue that central control does not 

perform better than common property arrangements (Allen & Gisser, 

1984). A comparison was made of the free market model with the 

central control model in New Mexico. It showed no difference in 

efficiency (Allen & Gisser, 1984; Gisser, 1983). In California it was 
shown that a private property rights regime is a promising alternative 

to central control in California (Provencher & Burt, 1994a). Moreover, 

well-defined, transferable rights can more efficiently distribute 

groundwater than a central planner (Donohew, 2005). 
 

In private property under free markets, economic agents equate 

private marginal pumping costs with the marginal value of their benefits 

(Burt, 1967; Griffin, 2006) and a rational and selfish agent will equate 

only his or her marginal benefits to the marginal costs of public goods 
(Gächter, 2007). Agents know that there are economic and 

environmental externalities involved but, since the aquifer is a CPR, 

their rational response is a myopic management behavior, leading to 
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the degradation and eventual destruction of aquifer systems such as La 

Mancha in Spain (Esteban & Albiac, 2011). 

 
The private property rights regime initially requires the intervention of 

a regulator to distribute the initial stock of water and define rules 

concerning the allocation of recharge (Provencher & Burt, 1994a). This 

water allocation does not necessarily correspond to optimal levels of 
extraction, however complete, measured, enforceable, and enforced 

property rights that consider the physical properties of the resource, 

will induce the socially optimal rate of extraction in many cases (Lin 

Lawell, 2016). 

 
There is one private property model in which firms are granted an 

endowment of tradable permits to the in situ groundwater stock, 

which they control over time (Provencher & Burt, 1994a). In case that 

firms find that the water allocated and used through time is not enough 
to sustain their level of economic activities, they can buy permits. If 

through innovations in their production processes, they expect not to 

need all their water they can sell permits. Private property models have 

been studied with theoretical and economic models. In one extreme, 

free market imply every user equates private their marginal pumping 
costs with the marginal value of their benefits. Water users decide 

whether to continue extracting according to the cost of pumping or 

backstop technology. On the other hand, there is an external regulator 

who issues extraction permits to private agents. In these free market 

models, the future does not account (Esteban & Albiac, 2011). 
 

These models leave aside the risks of overexploitation and scarcity for 

all users. Simply including pumping costs externalities is not sufficient 

for sustainable water extraction. Additionally the monitoring capacity 
of governments is limited (Pearce, 2006; Sandoval, 2004) which 

threaten sustainable water management. 

 

Private property models provide relevant elements for the analysis to 

be developed in this study. Using the adequate assumptions, private 
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property models may capture some behavioral aspects of economic 

agents. Under the private property rights regime, the market for 

groundwater stock permits provides opportunities for risk 
management not available under central control (Provencher & Burt, 

1994a) however environmental externalities increase the welfare 

difference between policy and free-market regimes all along the 

planning period (Esteban & Albiac, 2011) and in its groundwater 
pumping decision each firm considers only its private benefit of risk 

reduction, and consequently it fails to extract groundwater at the 

socially optimal rate (Provencher & Burt, 1994a). 

 

In terms of sustainability goals, a private property model for water 
management does not reflect all relevant aspects. Leaving water 

management under the laws of the market may threaten or put at risk 

sustainability of water management. various issues are not addressed 

in the private property model. Environmental externalities, social 
consequences of pumping externalities for low-income users, the 

effects of possible market power of some private agents, the decisions 

and adaptation strategies due to climate variability and changes in 

water distribution and other issues, are quite relevant for sustainable 

water management 
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Figure 3-2. Private property for water management. 

Source: adapted from (Allen & Gisser, 1984; Gächter, 2007; Esteban & Albiac, 2011)) 

 
The Figure 3-2 presents an outline of the main assumptions and the 

essence of the private property model for managing the common, as 

well as the expected results and missing relevant issues and main 

challenges. 

 

Common-Pool Resources self-governance model 

 
As an alternative to private market or state control regime to manage 
common pool resources there is the option a self-management regime. 

Scholars have studied why some communities succeeded in solving 

problems of common pool resources, while others failed. They found 

that there are institutions that enable individuals to achieve productive 

outcomes when there are temptations to free ride (Lam, 2011; 
Ostrom, 2015; Ostrom et al., 1994b). The CPR settings in developed 

and developing countries are characterized by the presence of public 

water facilities. These entities are entitled to extract water from the 
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ground, to provide fresh water to communities as well as for farmers 

and households, who freely decide about drilling new wells in their 

backyards and farms (Foster, Stephen ; Hirata, R; Vidal, ANA; Schmidt, 

Gerhard; Garduño, 2009). A CPR is a natural or manmade system that 

is sufficiently large to make it costly to exclude potential beneficiaries 
from obtaining benefits from its use (Ostrom, Gardner, & Walker, 

1994a).  

 

Users who withdraw resource units of groundwater are known as 
appropriators. When multiple appropriators are dependent on a given 

CPR as a source of economic activity, they are jointly affected by 

almost everything they do. In every group there will be individuals who 

will ignore norms and act opportunistically when given a chance or 

decide not to contribute to resource conservation (Cárdenas, 2009; 
Ostrom et al., 1994a). 

 

The foundations of policy analysis applied to many natural resources, 

are ascribed in three models: the ‘Tragedy of the Commons,’ 

Prisoner’s Dilemma Game (PDG) and the logic of collective action 
(Ostrom, 2015). In PDG there is a paradox in which individually 

rational strategies lead to collectively irrational outcomes, which 

seems to challenge a fundamental belief that rational human beings can 

achieve rational results. 
 

At the heart of each of these models lies the free-rider problem. 

Whenever one person cannot be excluded from the benefits that 

others provide, each person is motivated not to contribute, but to 

free-ride on the effort of others (Cárdenas, 2009; Fleishman, 1988; 
Ostrom, 2015). 

 

Many analysts have argued that the incentives and choices for 

appropriators in CPR settings, where there are no restrictions on 
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access and use, are very similar to those facing players in PD game28 

(Ostrom, 2015). Each appropriator´s dominant strategy is to exploit 

the resource without constraint or to decline to contribute to its 
preservation and maintenance, regardless of what other appropriators 

do (Lam, 2011; Ostrom, 2015; Ostrom et al., 1994b). 

 

To inquire the cooperation of individuals for CPR conservation and 
understanding the role of institutions, the first analytical efforts were 

derived from the application of game theory (Agrawal, 2003; Cárdenas, 

2009; Meinzen-Dick et al., 2016; Ostrom et al., 1994b). Game theory 

is the systematic study of how rational agents behave in strategic 

situations, or in games where each agent must first know the decision 
of the other agents before knowing which decision is better for himself 

(Jehle, G. and Reny, 2011) and a game is a formal method of analyzing 

an action situation (Ostrom et al., 1994a). 

 
Game theory applied to private management models, reflect non-

cooperative games such as predicted by (Hardin, 1968).  In an open 

access resource such as a grassland, the individualistic behavior of 

agents would deplete the resource, because they assume there are no 

norms, external forces or any other institution with the capability to 
regulate over- exploitation. Since the ‘Tragedy of the Commons,’ 

phenomenon is analogous to the non-cooperative outcome observed 

in the realm of aquifer exploitation (Loáiciga, 2004), non-cooperative 

behavior arises when at least one groundwater user neglects the 

externalities of his adopted groundwater pumping strategy (Loáiciga, 
2004).  

 

Hardin´s model of the ‘Tragedy of the Commons,’ has often been 

formalized as a ‘Prisoner´s Dilemma game,’ (PD) (Ostrom, 2015). In 
non-cooperative games communication is forbidden or impossible or 

simply irrelevant. In PD game each agent chooses independently 

 
28 In a prisoner´s dilemma, players are collectively better off if they all ‘cooperate’, but 

players privately prefer to ‘defect’, whether others cooperate or not (Camerer et al., 

2004) 
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without the possibility to communicate and engage in binding 

contracts, so each agent chooses his/her dominant strategy29 which is 

to defect (Ostrom, 2015) or to not cooperate for resource 
conservation no matter the choices of other players. 

 

The policy advice to central control and regulation of natural CPR, has 

been illustrated by modifying Hardin´s game using the assumption that 
an external government decides (Ostrom, 2015) who can use the 

resource, when they can use it. If an external authority accurately 

determines the capacity of a CPR, assigns its capacity, monitors actions 

and sanctions non-compliance, then it can transform Hardin´s game 

into an optimal efficient equilibrium for users (Cárdenas, 2009; 
Ostrom, 2015). Nonetheless this central control model fails in 

assuming complete and accurate information on user behavior, 

sanctioning reliability and zero costs of administration and monitoring 

capability (Ostrom, 2015). 
 

Game theory applied to CPR self-governance has been proposed, in 

which users have the ability to design their own binding contracts for 

cooperation, and charge an external actor or arbitrator to enforce it 

(e.g. in cases of conflict). In every application of game theoretical 
models in this study we refer to rules, contracts and enforcement and 

these concepts rely on the scope of institutional analysis. 

 

 

 
29 Suppose we have a  two-player strategic form game, the special feature of this game 

that allows us to ‘solve’ it – to deduce the outcome when it is played by rational players 

– is that player 1 or 2 possesses a strategy that is best for him/her regardless of the 

strategy chosen by player 2 or 1. Once player 1’s decision is clear, then player 2’s 

becomes clear as well. Thus, in two-player games, when one player possesses such a 

‘dominant’ strategy, the outcome is rather straightforward to determine (Jehle, G. and 

Reny, 2011).   
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Figure 3-3. Common-pool management of water resources. 

Source: adapted from (Ostrom, 2015; Cárdenas, 2009; Ostrom, 2015) 

 
The study of institutions or rules that enable individuals to achieve 

productive outcomes in CPR management, offers proper insights and 

guidance to understanding the problem of groundwater conservation 
and the management of unstable surface water flows. Different 

scholars have applied a general framework called Social-Ecological 

System (SES), to understand self-organization for resource 

sustainability, in which appropriators and other users interact and 

cooperate, to solve the problem of groundwater conservation. In 
addition to the appropriators, the SES is composed of three more 

subsystems: resource system (groundwater wells), resource units 

(cubic meters of water) and the governance system (organization and 

rules) (Ostrom, 2009). 
 

In short, in common-pool management of water resources, individuals 

can self-organize while not shrinking to the temptation to free ride on 

the effort of other agents. The expected results are the productive 

gains due to self-management while avoiding free-riding and other 
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elements as shown in Figure 3-3. In the following section, results and 

discussion are presented on how social rules and legal rules have 

evolved. Environmental authorities play a role as central planners while 
water users have devised social rules. 

 

3.3 Research findings on the co-existence of 

rules 
 
In recent history, there are approximately eighty years of evidence on 
the social and political decision-making on water access in Sucre and 

La Guajira. Before the national environmental law was decreed in 1993, 

social institutions in water management were devised and put in place, 

to manage access to water resources. However, water access has been 

ruled since 1974 through the first legislative decision for groundwater 
protection. During contingencies of depletion or contamination of 

aquifers, new extraction permits might be denied, and the existing ones 

partially restricted or even canceled. In La Guajira the first water-wells 

were built by the Presidency of the Republic in the early 50´s. In Sucre, 
most water-wells were built around the 50´s, by a centralized 

institution in charge of municipal development named Infopal. In this 

period, the problem of groundwater access to supply freshwater for 

the increasing population, was already discussed by researchers 

(Jimeno, A.; & Tenjo, 1963). Since 1944, different hydrogeological 
studies have been done, which were aimed at exploiting aquifers for 

freshwater provision for bigger communities in Sucre.  

 

However, the evidence suggests that as the populations had limited 

access to water supplied by central institutions, communities devised 
social mechanisms to fill the access gap. Between recent history and 

factual evidence from XVII, some similarities exist. Since the 

foundation of small villages in Sincelejo (Sucre), at the end of the 1700s, 

water was scarce and artesian wells and holes were built to search for 
water (Fals-Borda, 1986). Before the 90´s, affluent families built 

artesian wells in backyards or big piles to collect rainwater. Similarly, 
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communities built their artesian wells in central community places. 

With these water access and storage facilities, neighbors were allowed 

to fetch water using buckets or small containers for free. Community 
wells facilities were accessed by all community members who collected 

water manually; for this purpose, small containers made of calabash 

tree fruit or metal were used. Construction of boreholes, as currently 

known, was a common practice almost exclusive for aqueduct systems 
and affluent farmers since 1950 (see Graph 3-1).  

 

Living with or adapting to  scarcity is deeply ingrained in part of what 

people already do. Since XVI inhabitants living in La Guajira, have had 

to find strategies to adapt to desert conditions and the lack of water 
(Sourdis-Nájera, 2006). In La Guajira, windmills for water extraction 

were built in the 1950´s across the region by the national government, 

especially in the desertic area. If wind conditions were favorable, 

groundwater extraction was possible. During drought seasons or low 
wind speed, access to water was impaired; so, people living across the 

desert were obliged to make a long round-trip trudge to collect water 

from distant ponds. Since containers were small, access to distant water 

was done individually and each family had to manage how to afford access 

to the precious liquid. In the past, collection of water for cattle feeding, 
and domestic activities was done exclusively on foot or by horseback; 

nowadays children and younger people use bicycles to help in this job. 

This was observed during the field work across La Plazoleta, Caimito, 

Buenos Aires and Maisanta Communities in Riohacha municipality in 

La Guajira (see Picture 1). In La Guajira, with climate change and 

ensuing reduced precipitations and drying of wells, the distances to 

which water must be collected are longer. Historically, in Sucre and 

Magdalena collecting water did not demand so much efforts. In 
Sincelejo and Corozal the availability of “closer” water sources created 

a different story. The construction of artesian wells in the backyards 

and some water-wells were more common, and neighbors needing 
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water, just walked across their neighborhoods. Sharing water with 

others has been a rule in these territories30.  

 
Currently, few artesian wells operate in urban areas, since access to 

water has been substituted by tap water, coming from groundwater 

distributed by pipe networks of water companies. Municipal aqueduct 

systems were firstly of public ownership, nowadays, aqueducts in 
bigger municipalities in Sucre and La Guajira are privately managed. In 

the early 1940´s, different hydrogeological studies were undertaken to 

explore public water supply for Sampués, Corozal, Sincelejo, Morroa, 

Ovejas and Los Palmitos in Sucre (Jimeno, A.; & Tenjo, 1963). Between 

1953 and 1993, 11 out 16 hydrogeological studies for municipal 
freshwater provision in Sucre, were undertaken by the National 

Institute of Geology (Carsucre, 2019). The hydrogeological knowledge 

was a monopoly led by this centralized public organization. Most 

hydrogeological studies in La Guajira have been undertaken by this 
national geology institution; and more recently, by the environmental 

authority and in academic research. From the beginning of 1990´s, 

private companies, individual experts and universities´ researchers, 

performed hydrogeological and contamination studies of Morroa 

Aquifer. In urban and some rural areas in Sucre, in which populations 
were less dispersed, more attention on water provision was rendered.  

Nonetheless, upon request of the Colombian Institute for Agrarian 

Issues (Incora), in 1963, geological studies were funded to find 

underground water alternatives, for agricultural and domestic 

purposes in Córdoba, Sucre and Bolívar Departments and few drilling 
companies existed, and different extraction technologies were used in 

that time. 

 

 
30 Some research suggest that this kind of ‘sharing’ is part of wider sharing 

arrangements, with water not being given or provided for free. In the context of this 

research in Sucre, La Guajira and Magdalena, the water sharing in the neighborhoods 

is a common practice in which, the ones who receive water does not need to return 

anything in kind or in cash. 
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Graph 3-1. Number of groundwater users in Sucre between 1957 - 1963 

Source: author´s calculation based on (Jimeno, A.; & Tenjo, 1963) 

 

In rural areas and in farming activities, manual and electrical pumps 

have been used since the 50´s. In those times, community and private 

solutions to access to water resources prevailed, and the latter 

similarly supported neighbor families in sharing water. In 1963, based 
on National Geological  Service information, 148 water-wells  were in 

operation across Sucre, Bolívar and Córdoba; and 105 of them 

belonged to Sucre (60 belonged to Corozal and 31 to Sincelejo) and 

29 for Córdoba (Jimeno, A.; & Tenjo, 1963). In comparison to others, 

Corozal´s 60 water-wells, registered best well´s information; which 
consisted of an average 80 m – 90 m well-depths, maximum flow of 

10.47 l/s and average abatement of 9 m (Jimeno, A.; & Tenjo, 1963). In 

rural areas in La Guajira, some water-wells powered by wind energy 

still pump water from 8 to 10 m deep. Nonetheless, in some 
communities in Fonseca, water flows without control when wind 

conditions are favorable. Few concerns exist on squandering water, 

and water users reply indicating that flows occur in that way since wells 

were built. The wasted water flows over the land surface on the 

streets, without any specific purpose of irrigation or commercial use.
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Figure 3-4. Population size, private and community water-wells  in Corozal, 

Sincelejo and Sincé in Sucre (1960 and 2020) - part 1 

 
 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 
 

 

 

 

 
 

 

 

 

 
Source:  author´s calculation based on  (Carsucre, 2019; DANE, 2015, 2018; Jimeno, 

A.; & Tenjo, 1963) 
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Figure 3-5. Population size, private and community water-wells  in Corozal, 

Sincelejo and Sincé in Sucre (1960 and 2020) - part 2 

 
Source: author´s calculation based on  (Carsucre, 2019; DANE, 2015, 2018; Jimeno, A.; & Tenjo, 1963) 

 

 
Source: author´s calculation based on  (Carsucre, 2019; DANE, 2015, 2018; Jimeno, A.; & 

Tenjo, 1963) 
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Source:  author´s calculation based on  (Carsucre, 2019; DANE, 2015, 2018; 

Jimeno, A.; & Tenjo, 1963) 
 

In the upper side panel, changes in population size for Corozal, 
Sincelejo and Sincé are presented in Figure 3-4. Sincelejo, the capital 

city of the department had only 50% the population size of Corozal in 

1778; but commercial activities and political status triggered changes 

in families location (Viloria, 2001). In 1870 the latter was 1.7 times 

Corozal and 2 times in 1960; in 2020 Sincelejo´s population size was 
almost 5 times Corozal. Special attention is paid to the period 1960 to 

2020 in which relevant information exists on groundwater access.  

Overarching interest lies in the coexistence of private 

entrepreneurship in water access and external rules in groundwater 
protection. Despite the mix of private ownership and public regulation 

is normal for water, the speed at which private wells were built 

without further notice, control and regulation by local authorities, 
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reveal a lack of total knowledge on water extarctions. Thus, in the 

upper right panel, changes in private and community water-wells are 

presented. In all cases, the number of private wells has increased 

exponentially; but water-wells serving communities have evolved 
differently.  A declining trend was observed for Corozal; but the 

number of water-wells built for public water supply has increased in 

Sincelejo and Sincé. The privatization of water service management in 

Corozal and Sincelejo has reconfigured the destination of groundwater 
extracted. Despite different wells being built in Corozal and Los 

Palmitos, the water company does not allocate all water extracted to 

these municipalities, but to the capital city Sincelejo. In Corozal, 

Sincelejo and Sincé, there exist aqueduct systems for urban and other 

water distribution systems for small villages. In the lowest part of  
Figure 3-5, the contrast between average inhabitants being served by 

water-well systems and average well-depths is shown. For instance, in 

Corozal, in 1960, the average well-depth was 91 m, nowadays this 

distance is 370 m on average for wells serving the aqueduct system. 

This trend has been influenced by population size and consequently by 
the number of inhabitants being served by each well under operation. 

In Sincelejo, the well-depths have increased from an average of 34 m 

to 337 m deeper. Wells deepening exhibit the evident dependence on 

groundwater systems, since the closest reiver is more than 150 km far 
from these municipalities. 

 

Interaction of social and legal rules  
 
In connection with the Table 3-1, an integrated stakeholder map of 

water management is presented in Figure 3-7. For each actor, the 

overarching rules are briefly included. Formal rules are dependent on 

environmental authorities´ actions and decisions. Rules stemming from 
authorities, being these environmental or not, might be classified in 

two categories: mandatory and optional. The mandatory ones are aimed 

at controlling and monitoring access to water resources and 

consequently, to promote sustainable water use. Optional formal rules 

might be focused on setting the conditions for making formal 
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transactions predictable and secure. More specifically, in water 

management, optional rules may help to improve the possibility for 

making market transactions in land-market more secure. That is, 

farmers interested in accessing new lands, may use the legal system to 
afford more water abundant lands via hydrogeological studies, which 

are not mandatory for the buyer nor the seller, but are optional. Thus, 

the more risk averse farmers may decide to scan land/water conditions 

before market transactions are realized. 
 

Social rules presented in Figure 3-7 can be classified in three levels: 

rules for access, adaptation and interactions as presented in Figure 3-6. 

Access refers to the physical possibility to collect water units from 

different sources, from the underground or from surface waters 
managed in common. Thus, social rules for water access31 refer to the 

norms (formal and informal) that allow people to make punches to 

extract water. Adaptation corresponds to the strategies and initiatives 

to manage the effects of water quantity and quality deteriorations, and 

the effects of climate change. Changes in water quantity and water 
tables have been documented by the climate change reports in which 

the reduced precipitation have been forecasted and verified. Changes 

in water quality, for instance, by seawater intrusion is indirecty 

influenced by climate change, since water tables decline in coastal 
aquifers, may become aquifers vulnerable to such an intrusion, which 

can lead to water degradation. So, social rules correspond to the 

decisions adopted by water users to manage scarcity and water quality 

issues. Finally, interaction rules correspond to the behaviors and 

actions that users do in a collective setting. 

 

 
31 Accessing water always requires infrastructure and technology – and thus 

investments. Shallow water wells building, installation of long tubes 

underground, heavy machinery for deepening wells passing through streets, 

noisy water pumps operating day and nights, and a whole network of tubes 

for water distribution in the neighborhoods, have shaped the water landscape. 
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Figure 3-6. Classification of social rules detected in the field 

 

Figure 3-7 shows six types of stakeholders.  The list of formal and 

informal rules is briefly included. Most formal rules lie in the 

environmental authorities’ realm and in market transactions as well.  

Since no evidence on the ‘agreed-and-signed,’ social rules were found; 

these rules can be classified as informal.  Basic characteristics of social 

rules refer that it used to be of common knowledge, and it transpires 
amidst community conversations, perceptions and reactions to 

suggested formal /legal rules.  Formally, legal rules are not engrained in 

individual and community decision-making on water access and 

Access

Sharing water is a 
community social norm

Community boreholes 
are built to manage cost 
and ease access for all.

Hydrogeological 
information is hardly 
used prior to building 

water-wells.

The community leaves 
the responsibility for 
well-characteristics to 

the well-builders 

Adaptation

If water quality of a well is 
impaired, people stop 

using it as drinking water 
or irrigation water

When aqueduct service is 
unstable and low quality 

of water is observed, 
building water-wells in 
backyards is a common 

practice.

Environmental authorities 
tend to stay  far from local 

territories, so individual 
and collective climate 

adaptation 
entrepreneurship is a 

norm

Interaction

What neighbors do 
influences others in 

water sharing decisions

Community knowledge 
on well features tend 
to rely on neighbors´ 

prior entrepreneurship 
and knowledge.

Free-riding in requesting 
extraction permits is a 

default norm and 
denouncing it is avoided 

because of risks of 
backfiring.
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extractions; instead, social and legal rules tend to follow their own 

trajectories (see Figure 3-8).  A joint management scheme was not 

detected.  

Instead of a joint management system, water and environmental 
authorities have transferred or delegated some competencies onto 

users and markets.  Hydrogeological knowledge is no longer kept in 

geological and environmental authorities’ headquarters, but private 

companies, universities and citizens, can hire and use available 
technology to do hydrogeological studies. The public monitoring tend 

to be performed through the impact assessment studies reports 

undertaken by private companies. The decentralized knowledge on 

aquifer characteristics do help in disseminating  information on this 

resources; but, few people, i.e. farmers and low-income water users 
can hardly afford to this information. Besides, well-drillings are no 

longer a centralized activity. 

While water regulations are designed and released in capital cities, 

water users use to ignore the scope and procedures for sustainable 

water management; thus, a disconnection exists between water 
extraction routines at rural and urban levels, and the good intentions 

of the decrees. But users express that if environmental authorities 

keep far from their territories, few possibilities are that community 

members accept external impositions about controlling extractions 
(see Table 3-1). Therefore, this finding reveals that authorities are not 

so close to what people are concerned about in terms of how to do 

better adaptation to climate change effects in water resources. 
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Figure 3-7. Map of stakeholders involved in formal and informal rules in water management  
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Reliance on abating aquifers is a tough issue to manage as reported by 

environmental authorities´ officials in Sucre and La Guajira. A 

recognition is made on different issues in exerting regulation 
compliance; while water users express their perception on authorities´ 

roles as well (see Table 3-1). 

 

Table 3-1. Issues of water use regulation compliance and water users´ 
perceptions  

Narratives and observations Source of narratives and 

observations  

o The real figures on the fraction of water 
users, non-entitled with extraction permits are 
unknown. 

Interviews with environmental 

entities´ officials. 

o For a few wells, complete and updated 
hydrogeological information exists. 

Environmental entities reports 

o Water users must report hydrogeological 
information about extraction flows, extraction timing 
and well depth periodically; in so doing, environmental 
authorities do not have the capabilities to make 

contrasting verifications in situ. 

Interviews with environmental 

entities´ officials. 

 

o The frequent activities of water-well builders 
are known by authorities 

Interviews with environmental 

entities´ officials. 

o In less than 10% of the cases, water users 
reported occasional visits of environmental authorities 
to the territories where water is extracted. 

Surveys implemented with 

water users in experimental 

sessions 

o Less than 5% of users recognize that 
environmental authorities respond to water users´ 
calls to manage water-well issues. 

Surveys implemented with 

water users in experimental 

sessions 

o Water users report that environmental 
authorities are not close enough to their territories to 

manage water extraction issues. 

During feedback after 

experimental sessions. 

o Users express that if environmental authorities 
keep far from their territories, few possibilities 

are that community members accept external 
impositions about controlling extractions.   

During feedback after surveys 

and experimental sessions. 
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In addition to the divergence between authorities and water users 

there is a somewhat invisible competition between water users and 

the municipal water facilities. This competition is physically evident but 
is not necessarily socially intended. In Sucre, 24 out of 26 municipal 

water facilities have built boreholes to collect water, to treat and to 

distribute it through aqueduct pipes. Public entities in charge of water 

management use powerful pumps to collect water from the 
underground and distribute water to households. Nonetheless, up to 

2011 there were 1.788 wells in operation32. Nonetheless, 89% of farm 

owners in Sucre report having access to water for agricultural activities 

(Asprilla Echeverría, 2021).  Thus, there is competition for water 

between irrigators and water service providers. The entire land area 
of Corozal, Sincelejo, Ovejas, Sampués, Los Palmitos and Morroa is 

covered by 9687 farms (DANE, 2015). This shows that there are no 

unique, centrally managed water distribution systems; instead, there is 

a collection of private and public boreholes. In La Guajira, 33% of its15 
municipalities use wells, as the main or backstop source for drinking 

water. Besides, there are some municipalities in which the official 

reports say that local water sources are river basins such as Cesar 

River and Rancheria River; but observed water access practices show 

a different pattern, because people build their own water-wells in their 
backyards. This is the case for the municipalities of Fonseca, 

Distracción and Barrancas. Extraofficial water extractions manifest that 

the water resources competition is even greater than shown in official 

data. 

 
In Figure 3-8, a summary on the coexistence of social and legal rules 

on water is made. There have been trajectories, triggers and troubles, 

in curbing water access33 and extractions in Sucre and La Guajira. In 

 
32 1.713 wells reported in the jurisdiction of CarSucre and 75 wells in the area of 

Regional Environmental Corporation CorpoMojana (IDEAM, 2019). 
33 The problem of water scarcity and difficulties in water access is manisfested in 

multiple ways. Being forced to take longer walks to fill water buckets, altering the 

timing of crops sowing due to reduced precipitation and water table decline, and 
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late XVIII rules on water access were under preparation by national 

authorities. Population growth of small villages, migratory process and 

sprawling movements of communities, started to define the conditions 
in terms of water access. Scarcity of water in Sucre and La Guajira was 

a common issue since the first communities located there (Fals-Borda, 

1986; Sourdis-Nájera, 2006). The water access approach was more 

community focused, and few private wells existed (see Figure 3-4). 
Water access facilities consisted of construction of artesian wells in 

central places. Families in Sucre had to lean on the built-in 

infrastructure to collect water with artisanal buckets (see Picture 2). 

In La Guajira, the distance to water sources has always been longer, 
and families (women and kids) have had to trudge to water springs. 

Nowadays, younger people go by bicycle to fetch about 15 to 20 liters 

of water/trip. Between late XIX and the commencement of 1900´s 

commercial activities in some municipalities in La Guajira and 

agricultural activities in Sucre, led communities´ settlement in what are 
current territories. Cattle raising, rum production and tobacco 

plantations led Sucre economic activities between 1880 and 1920 

(Viloria, 2001). In these activities water was surely demanded in 

significant volumes and farmers pioneered  water extraction 
technology adoption. For less affluent farmers, modern extraction 

technology was not affordable and reliance on precipitation was easier 

for them, perhaps the only option. Other social rules were built on the 

perception of having bought a land – water package as currently 

occurs. For neighbor farmers with low access to water in drought 
seasons, sharing of water, has become a social norm in the 

communities such as La Trinidad, La Reserva, Los Ciruelos, La 

Plazoleta II in Riohacha and in Villa Luci in Corozal.  

 
From the perspective of political rules, there existed a monopoly on 

technical hydrogeological knowledge that was managed by the Institute 

for Geological Service. Around 1940, the Institute for Municipal 

Improvement (Infopal) was in charge of water-well construction for 

 
reducing the frequency of crops irrigation, reveal the difficulties that farmers 

experience in periods of prolonged droughts.  
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domestic and partially for agricultural purposes. The investments in 

technology and infrastructure was done by the national and local 

governments. Thus, the water-wells landscape was mostly centralized 
and reliant on Infopal´s political decision-making, on how to allocate 

water to rising communities. In the early 60´s the Colombian Institute 

for Agrarian Issues (Incora), funded geological studies to find 

underground water alternatives to serve agricultural and domestic 
purposes in Córdoba, Sucre and Bolívar Departments. Thus, to some 

extent, the legal rules in time and place, propelled groundwater 

extraction of agricultural plots. Since surface water was erratic, 

groundwater resulted as a feasible solution at hand for fresh water 

provision (Jimeno, A.; & Tenjo, 1963), groundwater extraction seemed 
to be the unavoidable and unique water source. Consequently, legal 

rules in time acted as a trigger for increasing extractions of water. The 

co-existence of political ruling with private initiative was made patent 

in Corozal and Sincelejo in the early 60´s. For instance, in Corozal 
there were 22 community water-wells facilities built by Infopal and 13 

private wells built with their own means. In Sincelejo there were 13 

community water-wells and 21 private facilities to access groundwater. 

Thus, the access to water started a decentralization process out of 

Infopal and governors´ will. 
 

In the 1970´s first water regulations were decreed. The extraction 

permits started to be mandatory for water users, especially for farmers 

and public water facilities. This has been the overarching legal rule. The 

Decree 2811/1974 stated that a landowner has preferential rights (as 
compared to newcomers interested in land and water resources) 

when appealing to permits for pumping entitlement; similarly, this 

norm makes brief reference to the limited character of this 

underground resource. The Decree 1541/1978 emphasizes the need 
to request extraction permits from the environmental authority. The 

decree states that in case the environmental authority is 

knowledgeable about any groundwater basin depletion problem, the 

permit cannot be granted. Key variables such as maximum authorized 

water flows for users, were incorporated and the distance with 
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neighbor´s water-wells is requested to the water petitioners.  Despite 

decentralized water-well drilling being allowed, legal rules started to 

signal the need to conserve water. Extraction flows authorized are not 
unrestricted and wells´ location is key for sustainability of aquifer 

systems.  Thus, legal rules began to pull down extraction patterns 

characterized by some signs of aquifers´ depletion.  

 
Formal system of rules were first released in 1974, but economic and 

domestic activities have happened many years before. Thus, since the 

informal or social rules designed by water users already existed when 

formal or legal rules were put in place. Thus, users of legal rules could 

not pretend to sweep away social rules. Instead, attempts to merge 
social and legal rules have not been detected yet. Instead, “pulling-

down” strategies consisting of forcing water users to abide by legal 

rules has been attempted by authorities. 

 
Nonetheless, pulling-down legal initiatives have been put in place 

where social rules have evolved and been implemented. Pull-down 

attempts refer to legal instruments aimed at reducing accelerated 

water extraction behaviors undertaken by farmers and other users. As 

shown in Figure 3-8, additional rules involving the roles of water-well 
builders have been found to being enforced in the field. In Magdalena, 

Sucre and La Guajira, these actors play a key role in aquifer systems. 

This also shows that water-well builders have hydrogeological 

knowledge. Borehole characteristics are determined by water well 

builders. Water users hardly influence decision-making on well 
characteristics such as diameter, flow or pump capacity. Thus, there is 

a complete delegation of the infrastructure features on external agents. 

Part of the narratives of builders refer to the motto, “extracting as 

much as possible”, since according to them, “the more that is 
extracted, the more productive the water-wells are”.   A key issue in 

groundwater extractions corresponds to the aquifer conditions. When 

asked about beforehand information for water -well drillings, well 

owners have a lack of knowledge about the relevant issues such as 

water table, aquifer stocks, recharge levels and the like.  Thus, 
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hydrogeological information is not a norm for water access. Instead, 

some well-builders use rudimentary technologies to gauge water 

availability underground, while others drill without certain knowledge 
on the likelihood to reach the water table.  An alternative to aquifer 

knowledge observed in place, refers to the social norm of relying on 

neighbors who build wells before others do. Well-depth is the most 

common variable shared with others; thus well´s feature’s knowledge 
is sequential, since there is a sequence of knowledge sharing amidst the 

neighborhoods. As the social rules have evolved and increased; legal 

rules have evolved as well.  

Commands arising from Decree 1640/2012 provides instructions 

about planning and implementing groundwater management, and 
protection of the resource through the Environmental Management 

Plan of selected aquifers. Meanwhile water-well construction continues 

to be decentralized. In this decentralization, water users used to 

suggest that environmental authorities stay far from them (see Table 
3-1). Particularly, in less than 10% of the cases, water users report 

occasional visits of environmental authorities to the territories where 

water is extracted. Thus, some alternatives should be found to co-

work with the environmental authorities and find options to catalyze 

more cooperative co-working between both sides.
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Figure 3-8. Coexistence of social and legal rules on water access and extractions in time and place  
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In Figure 3-8, the vertical axis represents the trends in water access 

and water extractions in the territories. Only the tendency has been 
presented because aggregation of groundwater extraction data was 

not possible. The old documents revised provided few possibilities to 

build numbers reflecting real figures on volumes of water extracted by 

farmers, households and industries. The horizontal axis shows the 

different time periods in which the system of rules was configured. 

 
In Figure 3-8, the tendencies in water access and extractions are 

shown. Aggregation of water extraction data for a period of two 

hundred years was complex. Nonetheless this illustration is supported 

by Figure 3-4 in which population growth and number of wells under 

operation, have increased steadily since the nineteenth century. In this 
long period of time social and legal rules have been evolving until the 

present time. 

 

While this evolution of social and legal rules have occurred, the aquifer 

depletion have happened also. Specifically, the monitors of some water 
wells in Sucre have revealed that constant water pumping is heading to 

declinations of 17 meters/year, which is jeopardizing aquifer stocks 

(Carsucre, 2003). In 1998 the extraction volume in Sucre was 29.1 

million m3/year and in 2022 this figure soared to 41 million m3/year; 
this entails that the extraction rate increased by 39%. The extraction 

rate ranged between 1,000 and 1,200 liters per second, but its natural 

recharge is 75 liters per second (Carsucre, 2015). While living in their 

territories, it is assumed that farmers and all water resource users, 

inherently, have a common interest in expecting that the resource will 
be available for their economic activities. Simultaneously, the 

environmental authorities have been in charge of water conservation. 

Nothwitstanding, while farmers and authorities converge in not 

reaching sustainable extraction of water, the aquifers get depleted 
underground.  

 

The coexistence of social and legal rules has different dimensions in 

terms of the water management stages. In Figure 3-8, a brief mention 
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on access and extractions has been made; however, interactions in 

water management have occurred at other interconnected levels as 

well. Apparently, legal environmental rules are focused on extractions; 

but some attempts have been made to control consumption of water 
also. Water users exhibit preferences and interests for extractions 

only; but prior valuations are considered to be crucial steps. Similarly, 

the relationships between social and legal rules have not occurred 

without a purpose. Environmental authorities pursue sustainable water 
use, while water users exhibit a high valuation for water resources and 

manage adaptation to scarcity of water.  About 95% of the people 

expressed concerns for future water availability and recognize the 

relevance of water saving for their permanence in the territory. Thus, 

rules have coexisted to address scarcity and manage sustainable water 
use. 

 

Notwithstanding, the coexistence of social and legal rules should have 

a purpose of moderating the extraction rates. The climate change 

effects on water resources is already exerting pressures on authorities, 
and on water users to better adapt to reduced precipitation, and 

reduced water availability. The key thing is that whether under legal –

social agreements or not, the severity of the water table decline and 

stocks depletions, may occur more rapidly before the parties reach to 
agreements for social-legal confluence of interest in observable water 

conservation practices. The problem is much more complex since the 

whole hydrographic area of the Caribbean is classified with a moderate 

and highly deficit aridity index. Monitors of some water wells in Sucre 

have revealed that constant water pumping is heading to declinations 
of 17 meters/year, which is jeopardizing aquifer stocks (Carsucre, 

2003). In 1998 the extraction volume in Sucre was 29.1 million m3/year 

and in 2022 this figure soared to 41 million m3/year. In agricultural lands 

in Corozal, Sampués and Sincelejo in Sucre, the number of wells has 
increased in 60% in 20 years. In the Morroa Aquifer – the main one in 

Sucre - the extraction rate ranged between 1,000 and 1,200 liters per 

second, but its natural recharge is 75 liters per second (Carsucre, 
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2015)34. This water flow imbalance shows the high vulnerability to 

overexploitation and progressive lowering of its reserves (Carsucre, 

2015). In La Guajira, there was a record of 2.230 wells in operation up 

to 2022; and the number of wells tripled in 30 years. At the end of 90’s 
average water tables were around 40 m deep and in 2022, it has 

reached 500 m deep. 

This information correspond to official figures on water extractions, 

however environmental authorities recognizes the existence of 
unrecorded water users exerting constant extractions at similar paces 

of legal water-well users. Thus, the extraction volumes reported tend 

to be underestimated.  

 

3.4 Water management stages, social 

institutions and coexistence of rules 
 
Addressing the issue on how people and authorities coexist to address 

adaptation to water scarcity, demands the understanding of prevailing 

norms and rules related to water management at local level. The status 

quo situation on water valuation, access, extraction, use and water 

consumption, has intricate complexities worth analyzing. Despite every 
single water user, acting as a player, assigns a high value to water 

resources, revealed preferences aimed at cooperating to adapt to 

water availability are not straightforward. Current social institutions 

and working rules, operate under a sort of divergent water 
management system. In water scarce territories, valuation of water is 

high and there is a perception of water as a vital resource whose 

availability depends on their own efforts to collect water units. The 

main social institution detected is that water is life; this makes sense 

since most participants have been living for approximately 31 years in 

 
34 The environmental authorities measure the average extraction and recharge rates 

using monitoring wells and hydrogeological parameters to gauge the corresponding 

rates. 
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the territory; and have witnessed the need to build deep wells. This 

dependency have created social connections with aquifers, since 

despite of its overexploitation, it is perceived as a valuable resource 

they depended on for long time. Water is so highly valued that almost 
all participants would not follow a social norm in which neighbors in 

the locality adopt a spendthrift behavior. Contrarily, 98% of the 

participants would prefer being deferential to water saver users.  

 
Access to water units is inertial in terms of land ownership and entering 

into contracts with managers of aquifers to satisfy water-dependent 

activities. Most water is allocated to irrigation of crops such as yucca, 

maize, yam and plantain crops and to water the cows, poultry and goats 

on a daily basis in Sucre, La Guajira and Magdalena. Accessing water 
resources is delimited to private plots or to some locations where 

community water-wells exist. Since aquifers provide the main source 

of water for agriculture and domestic activities, there is not such ease 

to build infrastructure to access distant wells or surface water 

resources. 
 

Farmers who share water volumes with neighbors, do not exert any 

control in terms of water volumes delivered, but in only delimiting the 

timing of pump operation. Usually, water pumps owner allow for 
neighbors to extract by no more than 2 hours. Thus, they share water 

and infrastructure. In this act, well owners do not know whether the 

neighbors they share water with, consume more or less water than 

they do. More importantly, the latter are not usually knowledgeable 

on how neighbors waste or apply water to their crops or to domestic 
activities. A ½ HP water pump operating during 2 hours, and, with a 

90 l/min water flow, would deliver around 10 m3 in 2 hours. 

Consequently, the social norm of water sharing is exerted without 

prerequisites or requirements in terms of the relationships between 

operating pumps → connect a pipe → neighbor storing/applying water 

→ [water units wasted: water units applied] → water use efficiency. 

There is no such feedback from the owner’s standpoint, since there is 

water solidarity without limits for irrigation water. Until now, 
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participants were not focused on putting limits on water sharing to let 

others access water units. That means water-well owners do not 

restrict water access to their neighbors.  

 
In respect to water access, only 8% of water users have formally 

requested extraction permits for water access. But these applications 

have been mostly made under externally funded projects. The main 

reason for by-passing access to regulations is the high cost, which 
according to them, may represent one or two months of family 

income. Whether justified or not, this attitude exhibits a money saving 

strategy; but if being deferential to water access norms is borne in 

mind, then, water users could find options to collectively funding 

extraction permits, as have been occurring in Guamal (Magdalena). The 
problems in water access on existing social rules, are summarized as 

follows: 

 

o Lack of rule compliance in requesting permission for water 

access, and high amounts of water extracted without further 

knowledge of water-well´s owners and authorities. → free-

riding issue is a default norm.  
o Application to the mandatory water extraction permits is 

hardly observed → extraction permit cost is justified as a 

reason for not complying with the rule. 

o Between the period of water access benefits and the water 

permit costs, there are short-term perspective biases → the 

access cost and income are projected per month; but the cost 

should be paid annually, and the benefit is reported during 12 

months, instead of only once. 

o Elusion of compensation rates → if extraction permits are 

overlooked, payment of compensatory rates is hardly 

observed, since 0% of users expressed having paid this rate. 

o Disregarding the obligation to report extraction flow → 

mandatory reports of flows extracted are not a social norm. 
Installation of water monitoring devices is hardly observed. 
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o Low rates of renovation of extraction permits → for the few 

cases in which extraction permits were requested and granted, 

updating the permit is not a social working rule. 

 

Water extraction flows determine changes in aquifers´ stocks. In 

extraction flows some social institutions were identified as being 
active, but institutions governing aquifer reserves are missing or not 

fully detectable. Working rules in extraction flows are referred to the 

following issues:  

 

o Observed extraction activities are disconnected from external 
regulations coming from environmental authorities which 

legally put some limits on extraction volumes. 

o Gauging the hydrogeological characteristics of wells before 

building a water well is not feasible yet. Instead of a deliberated 
process permeated by hydrogeological information, the action 

of building a well is automatic and there is private autonomy in 

doing this in randomly selected places. 

o Concerns on water quality issues such as salt concentrations 

and changes in color, are not easy to be translated into actions 
aimed at tackling the problems. Tradition in land tenure and 

being tied to a fixed plot, use to force occupants to adapt to 

water quality changes. Community norms on this topic refer 

to inform city hall representatives. But, the “adaptive norm” is 
resisting changes in more water-demanding activities, and 

appealing to neighbors with better quality conditions, to feed 

fewer-consuming activities such as drinking water. Irrigation of 

crops with lower water quality, has become complicated to 

manage, and adaptation strategies consist of resigning to lower 
quality and the consequent reduced productivity, and brackish 

water-resistant crops are not foreseeable for them. 

o Borehole characteristics are determined by water well 

builders. Water users hardly influence decision-making on well 

characteristics (see Figure 3-9).  



Results 

Chapter 3.  Do social rules coexist with legal rules  
in the overexploitation of aquifers in dry regions? 

 

155  
 

o Social rules in borehole construction do not demand 

heterogenous water well characteristics adapted to aquifer 

spot’s location. Water well builders use to install homogenous 

infrastructure and equipment of 2-inches diameter wells 
 

Figure 3-9. Well drillers and water users’ incentives and perspectives 

respect to boreholes´ use 

 

 
The decisions on water use are partially determined by regional or 

local conditions. Specific crops planted depend on the cultural 

traditions, meteorological conditions, soil nutrients and private 

investment choices. In this sense, water usage is allocated to chosen 

crops or agro-industrial activities and, consequently economic 
activities are selected first, and corresponding water usage practices 

come later. These patterns of water use depend on the economic 

activities that characterize local communities. In addition to this, as 

occur in other places, if private investors and new or current farmers 
decide to invest in legal economic activities that demand the use of 

more water, no social restriction exists on groundwater use.  
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The volumes of water consumed indicate the relationship between 

volumes extracted and final application on intended productive 

activities. Part of the water withdrawal can be consumed in irrigation, 

industrial or domestic activities efficiently. In the framework of this 
research, consumption focuses on the final volumes of water applied 

to socio-economic activities. Consumption of water in agriculture in 

Sucre, Magdalena and La Guajira is still unclear and not reported in the 

grey literature. Besides, there is no distinction regarding consumptive 
and non-consumptive usage.  

 

3.5 Discussion 

 
The review of an array of books and reports about the water allocation 

processes in the Caribbean region of Colombia, resulted in valuable 

inputs for the discussion on how legal rules have evolved since 1950. 
It is assumed that rules for water extractions should be enforced by 

the law. The environmental authorities have released norms and 

regulations to influence the regionally-centralized extractions. In the 

norms, there are clear rules about the procedures for permits, tariffs, 

water well densities, conditions for updating of permits and even, the 
environmental management of aquifers. Meanwhile, it is expected that 

at least the water users should be knowledgeable about the mandatory 

characteristics of the rules. However, this is not the case and, instead, 

communities have devised rules of access, rules of adaptation and rules 
of interaction. In some circumstances the legal rules are abided by the 

social system of rules. Thus, there are intersections between both 

systems of rules, but they do not contain a clear purpose in terms of 

water conservation. 

  
More interestingly, water users and water managers seem to follow 

their own trajectories in the way water is allocated, extracted and 

consumed. The overarching difficulty in each trajectory lies in how 

extraction paths diverge or converge to sustainable paths. The 
deviations from the extraction rules issued by the authorities initially 
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signal a departure from maximum extraction rates, which are assumed 

to be carefully calculated and prescribed. However, a challenging 

question might be posed on whether a unique, well-defined 

management regime can be developed. 
 

Since multiple social rules and institutions exist, and evolve, it is up to 

environmental authorities to intelligently co-evolve with these social 

institutions, and thereby contribute to a new generation of legal-social 
systems of rules for sustainable management of aquifers.  

 

In this research, a joint management scheme is concluded as the 

emergent inter-institutional operating system of rules. Water users 

perceive having a land-water package in dealing with aquifer systems. 
An informal system of social working rules was observed, without a 

declared implicit or explicit system of rules. It is considered informal 

because a specific water administration scheme is not embedded in 

water extraction management, control and sanctioning mechanisms 

have not been devised while free-riding is a norm. On the other hand, 
water and environmental authorities have attempted, on paper, to 

implement a centralized central management of aquifer systems. But 

due to reduced monitoring capacity of aquifer extractions the system 

has inefficiencies in controlling water use (Sandoval, 2004; World Bank, 
2010). Therefore, social and legal rules in operation have not been able 

to avert overexploitation of aquifers. Amongst the options to make 

the joint management of water through the legal and social rules, the 

information and data on the aquifers status, may play role. As shown 

in chapter 2 and 5, the information provision is useful as an instrument 
to incentivize cooperation in water conservation. Specifically, empirical 

resuls suggest thet farmers and wate users are willing to abide by the 

extraction caps. Based on this statistically significant result, the 

environmental authorities ruling the extractions, should take the 
opportunity to provided the information on aquifer status and work 

together with communities in making the information on limited 

availabilities as part of the social rules put in place and time by local 

users of water. 
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There are many opportuninities to use information instruments that 

may help in this task of information provision. For instance, 

geographical information systems, remote sensors and  geolocalization 
of water extraction activities, may help in reducing the costs of 

monitoring and gaining as well as sharing more accurate information 

on water outflows (Erhan Sener, E.; Davraz, A. & Ozcelik, 2005; Jha, 

M.; Chowdhury, A.; Chowdary, V. & Stefan, 2007). Formally, water 
authorities grant an extraction permit to petitioners and a maximum 

prescribed extraction flow should be observed. Instead of unfruitful 

and costly attempts to monitor scattered borehole drillings and 

extractions, well-designed information systems may help in gauging 

how the water demand behaves. Few environmental officials in service 
to copious demand monitoring, can be supported by aggregating the 

copious demand behavior and bringing key data to the authorities 

desks. Data on socio-physical variables could be converted into 

information for decision-making, and  in doing so, multiple benefits 

could exist.  Using Big Data, AI, IoT and various other digital 
approaches, real time monitoring of extraction flows can be achieved. 

Thereby, water-table levels can be monitored at thousands of sites, 

simultaneously. 

 
Data may help in making better water allocations; data may be used as 

instruments to get water users engaged, while making them aware of 

the water balance and the socio-physical implications of extractions. 

The gathered data have a key potential to spark a trial-and-error 

productive management of water resources. Productive outcomes are 
the ensuing results of effective institutions, that allow individuals to 

overcome temptations to free-ride and to be non-cooperative. 

(Ostrom, 2015). Thus, productive rules leading to proposed collective 

action, aimed at reaching and maintaining sustainable outcomes in 
groundwater resources management are needed. In this perspective, 

environmental authorities, as central water managers, have relevant 

roles to play. Among those roles authorities should provide relevant 
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hydrogeological information before entitling an extraction permit to 

petitioners.  

 

Nudging schemes to lead water users to stay within the maximum 
quantities of water extraction volumes, should be utilized. The key 

issue is not to intervene a lot at the local level, but to facilitate the 

decision-making. In doing this, cautious and systematic planning based 

on data can be achieved by the central planners with close 
collaboration with water users. 

 

Nonetheless, in this central-management regime, a critical review of 

the operationalization of this economic model can be made. A key 

question is how the prescribed extraction rates can be achieved. After 
calculating optimal extraction rates, different questions remain. We 

need to inquire how to lead the water users, towards optimal use and 

how to monitor aggregated water use, that also respects stock levels 

so as to avoid overexploitation. In this centrally-managed model it is 

not clear how the different actors will be expected to react to the to 
be prescribed rates. It is convenient to inquire how the prescribed 

optimal extraction rates, may be incorporated into the working rules 

and existing social rules, and how the external prescriptions will fit into 

the social institutions. There is an urgent need to develop a full 
understanding of the relationships between external ruling and social 

data embbedenes, in order to formulate more effective water 

conservation policies. The urgency arises from the need to devise 

water policies adaptive to climate change variations; since climate 

change and climate variability generate additional pressures, stress, and 
tensions for water use and water allocation among stakeholders at 

local and regional levels (Bates, Kundzewicz, Wu, & Palutikof, 2008; 

Shen, D.; Wu, 2016; Yang, Chan, & Scheffran, 2016). Additionaly, 

human population increases in each of the regions is another giant 
dimension that must be factored into any/all water usage/management 

plans. 
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Central planning models based on optimal groundwater extractions 

are key inputs for improved water resources planning (Hellegers et al., 

2001; Patil, K., Mahadev, C., Bhat, G., & Manjunatha, 2015; Pitafi & 

Roumasset, 2009; Provencher & Burt, 1994b; Roumasset & Wada, 
2010). Nonetheless, these models currently fall short from adequately 

incorporating social institutions in place and time in the CPR 

management.  

 
Certainly, the economic theory of rational agents interacting in 

competitive markets does not fit into the social-legal system of rules. 

The world is more complex than described and prescribed by 

theoretical economic models. Assuming engineering and economic 

calculations of optimal extraction rates are accurate and useful, 
releasing this type of data for individual´s fulfilment is not 

straightforward.  

 

The data can be an ‘empty’ or a useful Instrument with or without the 

capacity to influence decision-making. Multiple conditions add 
complexity to any aquifer status data embeddedness process. 

Communities may have a particular system of information formats, 

which may be far from technical formats. Similarly, technical data need 

some capabilities on the side of the users to be interpreted (Jones, 
1999; Simon, 1972). Only then can they become an input for decision-

making. Providing data on the status of groundwater aquifers is an 

urgent responsibility since in social, legal and physical terms the key 

issues are occurring locally. In social terms, the free-riding is almost 

inevitable, in legal terms, the costs of monitoring well-drillings and 
extractions is high, and physically, frequent droughts at local level are 

expected as well. All these conditions will push water users to 

compete for water stocks.  Thus, instead of chasing free-riders, co-

institutional-arrangements driven by data for CPR ‘joint-management’ 
are urgently needed. 
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3.6 Conclusions 
 

In this chapter, an institutional analysis was made of the interactions of 

social and legal rules in groundwater water access. The results of this 
analysis are mostly qualitative. Data were drawn from surveys, 

interviews and the narratives expressed by water users during 

experimental sessions. Data were gathered from 10 small 

communities, belonging to 3 municipalities in Colombia. A document 

analysis was done to complement historical events aimed at addressing 
water access management. Documented water management events 

encompass political decision-making since 1940 for Sucre and since 

1950 for La Guajira. In those times, water access facilities were built 

as a process of urban planning, the political rationale was building wells 

close to where people live. Construction of water access facilities was 
a centralized activity. As time passed, private entrepreneurs did the job 

as well. Before 1970, hydrogeological knowledge for water access and 

extractions, was a centralized task of the National Geological Service; 

however, over time, individual researchers, universities and 
environmental authorities played a similar role, by building upon 

previous research. The first studies expressing concerns for aquifers 

exhaustion were reported in the early 1960´s. At the time, population 

growth and agricultural activities triggered an dramatic increases of 

water extractions.  
 

Over time, water users have devised their own social rules and 

institutions, aimed at managing water access and extractions. The types 

of social rules have increased, with different and interesting intricacies. 
Legal rules follow a ‘command-and-control’ rationale in which 

compliance is expected by users. Nonetheless, water users´ decision-

making on water access and extractions seems to have followed its 

own trajectory. Land use tenancy has created a sort of land – water 

package. Observed extraction activities are disconnected from 
external regulations by environmental authorities which legally, put 

some limits on extraction volumes. Key elements are in the 
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coexistence of social and legal rules. Water users assign a high value 

to water; hydrogeological information on the status of aquifer systems 

is scarce. Free-riding in extraction is abundant, while there is an 

eagerness among users for guidance by environmental authorities. 
Water users report that environmental authorities are not sufficiently 

close to their territories to manage water extraction matters. Less 

than 5% of the users recognize that environmental authorities do 

respond to water users´ calls to manage water-well issues. In response, 
the real figures on the fraction of water users non-entitled with 

extraction permits are unknown by authorities. Similarly, for few wells, 

complete and updated hydrogeological information exist. Thus, 

asymmetric information exists in terms of extraction volumes. But this 

asymmetry on water volumes extractions, does not only exist between 
users and authorities. Internal asymmetries exist as well at water user 

level. For water pumps in operation, volumes extracted can be 

monitored, but recording these data is not a common practice. As time 

passes, rules and institutions from both sides will continue evolving and 

adapting to variability of water resources. Inevitably, the climate change 
will influence the design of institutions that result congruent to the 

need to implement and effectively monitor and manage sustainable 

aquifers management.  

 
A relevant issue in the coexistence of social and legal rules is the risk 

of getting a rules trajectory divergent from sustainable path. This is 

shown in Fig. 3.7, where the red line indicates that the trajectory of 

social rules is above that of the legal rules in terms of observable water 

extractions. In other words, if left to the social institutions alone, there 
may well be over extraction of groundwater.  “Institutional bypasses” 

will be needed in such cases, to curb extractions. A joint effort from 

communities, environmental authorities and other stakeholders is 

needed. The so-called bypass refers to innovative institutional designs 
which aim at positively impacting social rules towards sustainable 

extractions from aquifers. Influencing social rules might not be 

spontaneous, especially because more than five decades have elapsed 

during which authorities attempted to manage aquifer systems. 
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Understanding social rules is a relevant first step, before undertaking 

the improvement of institutional arrangements to pursue real 

sustainability objectives. Institutional settings might be a key issue in 

pursuing Sustainable Development Goals related to water use 
efficiency. Since efficiency is more related to consumption patterns, it 

might be difficult to maneuver. If water access is difficult to manage, 

curbing consumption will be even more complex to decipher and 

manage. 
 

Different limitations exist in doing this research. Access to old 

documents related to water management history was limited. Getting 

calls for interviews responded by environmental authorities, was not 

always successful. Further research is suggested with respect to the 

transmission mechanisms of legal rules adoption by users. Similarly, 
understanding how to merge social and legal rules in searching for 

sustainable extraction paths would benefit water management at local 

level. 
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4 Egoism with purpose: 

Experimental evidence of 

cooperation in water scarcity 

management 
 

This section is about the empirical findings on how individual behavior 

is affected by neighbors’ attitudes and behavior as well as the other 
way around. Field experiments and interviews were utilized as 

research methods for this analysis. The Common-Pool Resources 

Theory (CPR) is utilized to frame research analysis. Individuals´ 

behavior in CPR setting may help to understand cooperation in 

aquifer sharing and conservation. The empirical data suggest that 
neighbors’ behavior on volume extracted, has a significant effect on 

the decision of individuals to leave water to them. The amount of 
water available and the neighbors’ extractions, negatively impacted 

the probability that individuals decided to leave water to neighbors. 
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Highlights  

• Instead of a boundless possibility to access water, extraction 
capping is proposed as a means of testing and understanding the 

sustainable use of groundwater resources. 

• The probability that individuals share water with neighbors was 

calculated. 

• New evidence suggests that egoistic behavior is not as undesirable 

as it may seem, since it has a purpose 

• Some people keep water for themselves to make sure they 

consume it economically, thus sparing the community from 
irresponsible consumption. 

 

Abstract 

Access to water as a Common-Pool Resource (CPR) in rural and urban areas 

inevitably influences the actions and interactions of individuals. Widespread 

evidence of aquifer overexploitation reflects the fact that, when it comes to 

collective interactions, the institutions presently in place are not creating 

productive CPR management outcomes. As time passes, interactions 
between individuals will continue, but there is an urgent need to understand 

how neighbors can cooperate to manage their CPRs. This research is focused 

on the relationship between individual behavior and neighbors’ attitudes. 

Field experiments and interviews implemented in drought-exposed areas in 
Colombia were used as research methods to provide data for these analyses. 

The Common-Pool Resource theory was used to frame the analysis. Instead 

of allowing the users unlimited access to water, extraction capping was 

proposed as a means of testing and understanding the use of groundwater 

resources. In this setting, experiments were designed to ask individuals to 
share water with neighbors, thus drawing attention to the contested CPR 

nature of aquifers. Thus, the probability that individuals share water with 

neighbors was calculated. The results suggested that the amount of available 

water, together with neighbors’ extractions, negatively impacts the probability 

that individuals decide to spare water for their neighbors  
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Based on previous research, new evidence suggests that egoistic behavior – 
i.e., the preference for allocating more water to the present and not to share 

much with neighbors – is not as undesirable as it may seem, since it has a 

purpose: Some people keep water for themselves to make sure they 

consume it economically, thus sparing the community from irresponsible 

consumption. These findings may have policy implications, since they can 
benefit water and other CPR sustainable management programs in terms of 

properly characterizing water users who do care about both the physical 

status of the CPR and what neighbors do with it. 

 

Key words: Egoism; water extraction caps; marginal effects; climate 
adaptation; sustainability; Colombia. 
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4.1 Introduction 
 

Reaching cooperation in groundwater conservation is a situation in 

which individuals acknowledge and give up the temptation to merely 

pursue self-interest in aquifer management. Deciding whether or not 
to fall into this temptation and free-ride on Common-Pool Resources 

(CPRs) is something that actually takes place under institutional 

settings. In those conditions, individuals must decide whether to 

comply with external rules or not. They might have motivations to 

either move backward and forward from the free-rider to the 
contributor status or to remain steadily in one of them. However, 

cooperation in productively managing an aquifer is not only an issue of 

complying with external rules. Some communities have successfully 

reached productive outcomes in managing their commons while 

overcoming the temptation to free ride on the efforts of other 
members (Rostrum, 2015; Schlager, 2002). In doing so, external rules 

are not necessarily incorporated into decision-making. However, 

positive outcomes in aquifer management are not the focus of this 

research, since the general evidence reveals aquifer overexploitation 
in contexts of drought or water scarcity, seemingly arising from the 

combination of external rules imposed by local governments and water 

user rules and decisions. 

 

Intermingled rules and daily decision-making by water users make up a 
complex situation. Water users might be challenged if they start an 

autonomous trial-and-error process aimed at devising productive 

rules. This situation might be manageable for an individual belonging to 

a hundred-household community. But in sprawling neighborhoods in 
middle-income countries, which house thousands of inhabitants, a 

more elaborated collective action strategy might be necessary. 

 

Every week and every year, individuals decide whether or not to 

request the water extraction permit as the formal rule determines, and 
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whether or not to consume most of the resource in the present and 

free-ride if collective work is needed. Nonetheless, numerous users 
take independent decisions and actions.  (Asprilla-Echeverría, 2021). 

Since everyone wants to secure water for their daily activities, when 

free-riders interact with cooperators, it is not easy for the latter to 

continue acting cooperatively. Free-riding in water management occurs 

when water users, do not engage in devoting time and efforts to 
extract few amounts of water, do not help in building and doing 

maintenance to the infrastructure to access it, but do benefit from the 

efforts undertaken by others. Thus, two contrasting responses to CPR 

management are observed under competition for collective resources, 

namely cooperative vs. non-cooperative (free-riding) attitudes. The 
latter represent the case of egoistic resource users pursuing the 

private benefits of CPR appropriation, while cooperators bear the 

burden of reduced consumption in the present. The cooperative 

attitude is supposed to arise from a collective effort of like-minded 
resource users. However, since the current research findings do not 

correspond to successful community management of water as a CPR, 

departures from cooperation do not necessarily reflect a damaging 

egoistic attitude of multiple users, as is shown in section 4.3 of this 

chapter. Therefore, egoism plays a role that is worth understanding, 
especially under the conditions provided by the interactions of an 

increasing number of neighbors contesting CPR like aquifers.   

 

Field experiments were used to understand interactions 
between/among individuals who know how much water their 

neighbors have extracted. Thus, assessing water allocation through 

experimental sessions had a twofold purpose: Understanding the level 

of individual cooperation towards sustainable water allocation and 

inquiring how neighbors’ behavior influences cooperation. Among the 
set of variables captured during the experiments and surveys, special 

attention was paid to those of water users and neighbors’ interactions. 

Since a 2000 m3 water extraction cap was suggested, the participants 

kept an eye on their neighbors’ extraction activities regarding the cap, 

which provided the framework to understand their reactions and 
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decisions. Instead of unlimited access to water, extraction caps are a 

means of testing, understanding and seeking to achieve sustainable use 
of groundwater resources. 

 

In this chapter, the author investigated how individual behavior affects 

collective decision-making in adaptation to water scarcity. Experiments 

were developed in ten Colombian communities exposed to frequent 
droughts. Complementary interviews provided a further 

understanding of water users’ decision-making processes and allowed 

validation and connection of qualitative information through 

quantitative findings. The reminder of the section corresponds to the 

present introduction. In the second part, empirical findings were 
incorporated.  In the final part the conclusions are drawn from 

empirical research evidence. 

 

4.2 Literature Review 
 

Access to water as a CPR in rural and urban areas inevitably entails 

individual actions and interactions between individual actios. As part of 

coexistence, daily interactions to approach and extract CPRs implies 

that certain rules and institutions are put in operation (Knight, 1992), 
such that they facilitate collective decisions which can be enforced for 

all users (V. O. E. Ostrom, 1977). Neoclassical economic (NE) theory 

predicts that egoistic behavior will prevail when individuals pursue their 

own benefit.  The NE adopts that individuals are rational, make optimal 
decisions, have stable preferences, and are not influenced by emotions. 

Nonetheless, the evidence also shows the existence of cooperative 

attitudes and abundant cases of self-organized communities pursuing 

collective and productive outcomes (Ostrom, 2015). Self-organization 

implies a kind of interaction with real interest on the behaviors of others 
(Runge, 1984), a concept that has inspired a plethora of research in the 

realm of CPR management cooperation. The hypothesis of egoistic 

attitudes has been contrasted with the notion of voluntary cooperation 
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regarding public goods and CPR management. While individuals might 

have altruistic preferences because they want to benefit others 
(Andreoni, 1995; Cox, 2004), they may also exhibit conditional 

cooperation in the sense that their contribution is a function of what 

others do (Gächter, 2007; Keser & Van Winden, 2000). Thus, 

cooperation in CPR settings is intricate and, as such, it has no 

straightforward set of explanatory incentives.  
 

In the present review, key categories shaping cooperation in CPR 

management were taken into consideration. Group size was relevant 

since increased populations trigger the competition for resources by 

larger groups. The discussion on egoistic versus cooperative behavior still 
prevails in the literature (Cardenas, Rodriguez, & Johnson, 2011; 

Gächter, 2007, Schlager & Ostrom, 1992). The site where CPR users 

were located is important in terms of the time when the benefits of CPR 

appropriation are reaped. The research methods in which some 
restrictions were suggested to the participants in experimental games 

to demand special attention, since CPRs are limited and climate change 

imposes additional pressures to adapt to declining water resources 

(Bates, Kundzewicz, Wu, & Palutikof, 2008b; Shen, D.; Wu, 2016; Yang, 

Chan, & Scheffran, 2016). 

 

Group size and cooperation 
 
In the late nineteenth century, Hume explained how complex it is to 

design and implement activities to maintain shared resources, as it is 

the case of meadows: 
 

“the difficulty and impossibility that a thousand persons should agree in 

draining a meadow used in common, being difficult for them to converge 

around such a complicated a design, and still more difficult to execute it, 

since each of them seeks a pretext to free himself of the trouble and 
expense, and would lay the whole burden on others” (Hume, 1896). 
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Hume referred to relevant and contemporarily studied issues such as 

group size, interests, coordination, free-riding and communication. 
The greater the group size, the increasingly smaller and sub-optimal 

the amount of collective benefits will be (Olson, 1971). Nonetheless, 

while the group size effect is negative in some situations, it can be 

positive in others. The details of a particular situation need to be 

known to assess how group size will affect collective action (Oliver, 
1993), which is actually a social dilemma. The latter appears when an 

individual notices an increasingly larger payoff when choosing an 

unsupportive strategy instead of a cooperative one. Nonetheless, all 

individuals are wealthier if they all choose to cooperate instead of 

defecting (Dawes & Messick, 2000). Thus, the short-term egoistic 
interest leads all individuals to worse outcomes than cooperative 

decisions (Ostrom, 1998). Expected productive outcomes demand 

efforts to influence groups of individuals with respect to the joint costs 

of non-cooperation and the joint benefits of contributions aimed at 
managing CPRs productively and sustainably. This endeavor might 

become manageable for individuals belonging to a hundred-household 

community, but in reference to sprawling neighborhoods located in 

densely populated low and middle-income countries – which shelter 

thousands of inhabitants - a more elaborated collective action strategy 
might be necessary. 

 

The CPR collective action is not trivial since numerous users 

conforming these groups make it almost impossible to prevent any 
individual from harvesting the shared resource (E. Ostrom et al., 1994; 

Runge, 1984; Schlager & Ostrom, 1992). Thus, cooperation is at odds, 

since all cooperative strategies seem to be equally challenging. Non-

excludability from CPR benefits motivates rational water users to act 

as free-riders, while others invest time and effort in providing the 
goods provided by the CPR (J. C. Cárdenas, 2009; P. E. Oliver, 1993; 

Ostrom, 2015; Taylor, 1987).  

 

Changing non-cooperative behavior entails the need to understand the 

prevailing rules and institutions in place and the way they may be put 
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to work under repetitive interactions between free-riders and 

cooperators. Since the working rules of these social institutions, 
operate in a context of social interdependence35 among resource users 

(Knight, 1992), they must be common knowledge to all community 

members. Attaining joint cooperative behavior under steady 

circumstances depends on the tangible likelihood of frequent 

interactions among participants (Axelrod, 1984), which may turn the 
quest for cooperation into a complex issue whose stability may not be 

guaranteed, since behavioral aspects appear in the context of the 

multiple interactions. 

 

The daily interactions of groundwater users attempting to satisfy 
essential needs prompts different behavioral patterns. Daily 

groundwater extraction routines, periodic interactions with neighbors 

and water extraction attempts from a scarce source provide a setting 

to seek to understand the behavioral commonalities. This socio-
physical setting may generate conditions for water users to build up 

habits and ways of reasoning, problem solving mechanisms, and mental 

strategies to face scarcity and to adapt to climate variability and 

changing circumstances that affect water availability. 
 

While living in their territories, it is assumed that farmers and all water 
resource users, inherently, have a common interest in expecting that 

the resource will be available for their economic activities. While 

extracting water for their economic activities, users have devised 

circumstantial and informal rules. However, water users seems not 
having the means and capacities to serve to their common interest in 

being able to keep water available all the time. This system of informal 

rules in use by water users, also known as working rules, are not of 

 
35 In the practice of water extraction, neighbors affect each other’s behavior. Studying 

cooperative, egoistic and free-riding of individuals in CPR settings may help to develop 

better approaches to incentive cooperation while water users daily interact in their 

communities. In this research empirical estimation on the effects of the behavior of 

water users on their neighbors’ behavior was developed. 
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common knowledge among them. Perhaps this is explained because, 

the rules of adaptation have been built in conjunctures of scarcity, but 
not as a long-term process of adaptation to the looming threats of 

climate change. Instead, long-term social rules and institutions are a 

result of a trial-and-error process aimed at resource management 

(Ostrom, 2015). In chapter 3, the informal rules designed by 

communities and farmers are presented. 
 

Resource allocation and users’ location 

 

One of the CPRs that have received more research attention due to 

the asymmetric position of multiple users corresponds to irrigation 

systems. Since crop irrigation water is a critical factor for agricultural 
productivity, the specific site where each water user is located is 

relevant in terms of the time dedicated to sufficient water collection 

and the corresponding extracted volumes. Anderies, Janssen, Lee, & 

Wasserman (2013) studied irrigation systems in which players shared 
asymmetric locations. As expected, head-enders and tail-enders of 

irrigation waterways perceive asymmetric water collection rights. 

Irrigation game players were asked to solve the problems of canal 

infrastructure provision and asymmetric water access turns. In periods 

of scarcity, users located at the head of canals have an incentive not to 
share water with tail-enders. Similarly, users located at the end of 

canals feel incentivized not to contribute to maintaining the 

infrastructure if they are prevented from collecting water as others do 

(Anderies, Janssen, Lee, & Wasserman, 2013). 
 

As a step further in understanding irrigation dilemmas, Janssen, 

Anderies, Pérez & Yu (2015) tested the effects of information provision 

on management of irrigation systems. They found that limited 

information availability did not alter the mean performance of the 
group of players in terms of their ability to provide irrigation 

infrastructure. Nonetheless, when information was available, both the 

distribution of their earnings and the capacity to cope with 
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disturbances were positively affected. Similarly, inequalities affecting 

irrigation infrastructure investment or water appropriation across 
players have been observed to be more pronounced in experiments 

where resource users have limited information about the actions of 

others (Janssen, Anderies, Pérez & Yu, 2015). In addition to this, the 

level of contributions to collective benefit also depends on rules 

designed to pursue fair water distribution.  
 

In a study performed in Tanzania, Lecoutere et al. (2010) found that 

when players located downstream they have the opportunity to 

impose a sanction on upstream users, the latter reply with more 

egoistic actions in the following stage of the game. Cardenas, 
Rodriguez, & Johnson (2011) reported research results from Kenia and 

Colombia using a Voluntary Contribution Mechanism (VCM) and an 

Irrigation Game (IG). The effect of communication was positive, since 

it increased water contributions from all users. While contributions by 
other game participants in the previous round had a positive effect in 

the VCM, they had a negative effect on current contribution in the IG. 

This might be explained by asymmetries in appropriation, in the sense 

that players in the IG are less capable of observing the benefits of 

augmented total contributions as the order moves downstream. 
Cultural factors and social capital profile play a role in explaining 

cooperation under scarcity and abundance situations. D’Exelle, 

Lecoutere, & Van Campenhout (2009) developed a water distribution 

game in which fairness and equal distribution of resources were a social 
norm. However, the authors highlighted the fact that increased water 

scarcity may accelerate competition and legitimate deviations from 

uniform allocation. Equal water distribution remained as the most 

favored alternative in the abundance treatment. This was also the case 

in the scarcity treatment, in spite of a remarkably foregone efficiency 
income. Upstream users were observed to consume more water in 

the scarcity treatment. 

 

Thus, the way one acts as affected by the behavior of others, plays a 

central role in collective action analysis. Pfaff, Vélez, Ramos & Molina 
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(2015) developed an irrigation game which assessed extraction 

decisions as a function of sequential scarcity treatments and users’ 
location order along the water source. Prior resource scarcity was 

contrasted with behavior regarding others. This study found that 

although upstream farmers extract more than others, they take lesser 

amounts when the resource is abundant. Additionally, they harvested 

a larger portion of abundant water when they had experienced lesser 
availability in earlier rounds. 

 

Economic theory on egoism and rationality of 

economic agents 

 
Groundwater and CPR issues can be sensibly approached from the 
theory of N-person finitely repeated games. On top of this, we may 

examine the conditions under which the non-cooperative game theory 

is supported by the results and where it fails in CPR and public goods 

management (Elinor Ostrom et al., 1994).   

 
“Public-good,” games typically institute a situation in which 

cooperation pays, but acting non-cooperatively forms the Nash 

equilibrium (Elinor Ostrom et al., 1994; Vatn, 2009). That is, non-

cooperation (defection) constitutes the Nash equilibrium of a one-shot 

public-goods game (Vatn, 2009), and since this equilibrium involves 
maximization, it also embodies the basic individual rationality 

assumptions of neoclassic economics (Elinor Ostrom et al., 1994). 

Nonetheless, the game theory does not differentiate the constraints of 

the physical and biological world from those imposed by the rules 
developed and designed by communities in order to limit what can be 

done in a particular setting (Elinor Ostrom et al., 1994). The game 

theory assumes that rules are always imposed by an external 

representative who holds complete information about user 

preferences. Allegedly, an external agent such as a governmental 
agency is able to enforce formal rules and norms.  
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The law and related regulations proceed under the assumption that 

people are rational (Jolls, Sunstein, & Thaler, 1998). Nonetheless, in 
the realm of water management the success of household water 

demand strategies depends on our accurate understanding of what 

people think about water and water use (Jorgensen, Graymore, & 

O’Toole, 2009). 

 
A rational and selfish agent will only equate their marginal benefits to 

the marginal costs of providing the goods, whereas efficiency requires 

that the sum of marginal benefits equals the sum of marginal costs. 

Thus, there is tension between individual and collective rationality, 

which is typical of many cooperation problems (Gächter, 2007). In this 
respect, and under the joint assumption of rationality and selfishness 

(Gächter, 2007), it can be assumed that in the free-rider problem 

everyone is incentivized by their hope that others will contribute to 

water resource conservation (Cárdenas, 2009; Elinor Ostrom, 2015).  

The theory predicts that participants will act as selfish rational human 

beings when faced with a decision that involves individual costs and 

benefits (Anderies, J.; Janssen, 2013). For its part, the “Tragedy of the 

Commons,” predicts that the individual interest prevails over collective 

rationality when managing resources used in common. Nonetheless, 
topical research has shown that people do not make decisions exactly 

in that way, thus making the strict self-interest hypothesis  inconsistent 

with the degree of cooperation we observe around us (Anderies, J.; 

Janssen, 2013; Gächter, 2007; Elinor Ostrom, 2015; Elinor Ostrom et 

al., 1994).  

In water resource management, this implies that when people try to 

satisfy their own needs and decide to access and collect water units, 

there is tension between private interest and care about the needs of 

others. Nonetheless, the evidence suggests that each individual 
evaluates the outcomes in terms of their impact not only on him/her 

as a decision-maker, but also on others whom their decisions might 

affect (Cárdenas, 2009; Elinor Ostrom, 2015). Many people value 

fairness and equity and prefer a more balanced distribution of payoffs 
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rather than maximizing their own earnings (Anderies, J.; Janssen, 2013). 

Economics traditionally conceptualizes a world populated by 
calculating, unemotional maximizers that have been labeled as Homo 

Economicus (Mullainathan & Thaler, 2000). But empirical and 

experimental evidence reveals how people actually exhibit bounded 

rationality, bounded self-interest, and bounded willpower (Jolls et al., 

1998), all of which mounts against the stark predictions of unbounded 

rationality (Mullainathan & Thaler, 2000). 

As a bounded ability, rationality has its limits (Simon, 1972). Rather 

than making assumptions about decision making and mathematically 

modeling the implications of aggregate behavior, bounded rationality 

adopts an explicit behavioral stance (Jones, 1999). The limits of 
rationality are partially explained by the notions listed below (Simon, 

1972):  

▪ Individuals face risks and uncertainty about the 

consequences of each alternative course of action. 
▪ Actors have incomplete information about the set of 

alternatives. 

▪ Complex mathematical functions and maximization 

constraints hinder the understanding of the quantitative 

dimensions involved in decision-making. 

Bounded rationality assumes that actors are goal-oriented, but 

bounded rationality takes into account the cognitive limitations of 

decision makers in attempting to achieve those goals (Jones, 1999). 

Psychology has made outstanding contributions to the debate that 

involves rationality, decisions and thinking process.  

4.3 Research methods 
 
To address the question on how individual behavior influences 

cooperative, collective action in contexts of adaptation to water 

scarcity, field experiments were used as the main research method. 

The most important factor evaluated to assess cooperation was the 

willingness of individuals to share water with neighbors. Thus, they 
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were asked to adapt to scarcity by sharing water with other users of 

the CPR in the context of an extraction cap, instead of boundless 
access conditions.  

 

During the experiments, the participants were asked to make water 

allocation decisions, having been previously provided with related 

socio-physical information from external institutions, including data on 
water availability, time before aquifer depletion and neighbors’ extraction 

rates. Every single water allocation choice had implications for future 

availability, to the point that it might exert negative externalities on the 

individual, as well as on others. Thus, the information provided 

exposed water users to social dilemma situations6.  
 

The Table 4-1 summarizes the data gathered during the experimental 

sessions. Participants representing community members had been 

living and extracting water for a long time in their localities. 
Consequently, they were familiar with this activity, which made the 

experimental sessions appropriate in terms of field context. 

 

The nature of the commodity at stake and the subject pool (Harrison 

& List, 2004) were strictly related to the research aim, instead of 
abstract commodities or urban dwellers having little connection with 

groundwater resource extraction. The experimental settings involved 

the following elements: Participants, treatments, payment methods and 

the definition of the water unit employed to measure the allocation of 
this resource to collective goods, all of which are explained below (see 

Table 4-1).  

Table 4-1. Summarized numbers of observations and participants in experiments. 

Municipality – 

Department 

Community Number 

of rounds 

Number of 

observations 
Fonseca – La Guajira Porvenir 50 200 

Villa Hermosa 40 160 
Riohacha – La Guajira La Trinidad 44 176 

La Reserva 44 176 
Los Ciruelos 44 176 
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Municipality – 
Department 

Community Number 
of rounds 

Number of 
observations 

La Plazoleta II 44 176 
Guamal – Magdalena Paraquito  110 440 

San José de 

Paraco 

55 220 

Corozal – Sucre Villa Luci 110 440 
Las Llanadas 126 506 

Total observations  668 2,670 

 

The data used in the analysis were obtained from 668 experimental 

rounds in ten communities. Each participant provided 4 observations 

per round, resulting in a total of 2,670 observations collected during 
the games. That is, participants were able to provide information on 

water extraction in the present (𝑊𝑝(𝑡)), water allocated to neighbors 

𝑆𝑝(𝑡) and water allotted to future consumption, plus the total 

extraction amount, which was referred to as the cap. The latter was 

considered to be additional data, because people first decided whether 

to abide by the extraction cap and later on proceeded to allocate water 

to the three suggested goods. The participants played 12 rounds on 
average and none of them decided to quit the experimental sessions.   

 

Field experiments can be designed not only to collect information on 

how people behave and work together to solve collective problems 

such as water scarcity (Meinzen-Dick et al., 2016), but also to test the 
effectiveness of alternative institutional options for stimulating said 

organizational dynamics (Cardenas, Rodriguez, & Johnson, 2011). In 

the present work, the five field-experiment-design components 

described in Table 7-6) were followed in detail. Individuals refer to the 

profile of the people participating as players. Although laboratory 
experiments have regularly resorted to students as participants, 

experimental economics are currently recruiting subjects in the field, 

rather in the classroom, in search for greater relevance (Harrison & 

List, 2004). The design and application of the treatments was the way 
to provide different versions of the experiments. Rounds were 
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comprised of a series of experimental sessions in which participants 

make their decisions when exposed to the different treatments. 
Rounds might correspond to years or months in which participants 

allocate water units. With respect to the payment method, it was 

effective to motivate the subjects by paying them in cash right after the 

experiment (Smith, 1992). This helped to achieve monotonicity and 

salience (Cassar & Friedman, 2004). The former means that in a 
suitable reward medium, more (or less) is always better. Salience 

means that, for each agent, the reward corresponded to a clear 

outcome function such as profit or utility, and the subject understood 

that (Cartwright, 2019; Cassar & Friedman, 2004).  

 
The methodology presented above refers to data collection. In the 

lines that follow, the data analysis method, which includes a logistical 

regression model, is briefly described. For some models, the 

dependent variable is usually a dummy one taking value 1 if an event 
occurs and 0 if it does not occur. This is the case with qualitative 

response models in which the dependent variables fall on 𝑚 mutually 

exclusive categories (Cameron, C. & Trivedi, 2005). In the present 

case, the dummy variable (whether the participants fulfilled the 

suggested water extraction cap or not) was regressed against variables 
such as well-depth, gender, time living in the community, and others. 

The prediction from this OLS regression was interpreted as the 

likelihood to fulfill the cap. However, using OLS entails interpretation 

problems (Baltagi, 2011; Cameron, C. & Trivedi, 2005)): 

 

A more appropriate model is the logit one, which specifies 𝑝𝑖 =

𝑃𝑟[𝑦𝑖 = 1|𝑥𝑖] =
𝑒𝑥𝑝 (𝛽1+𝛽2𝑥𝑖)

1+𝑒𝑥𝑝(𝛽|1 + 𝛽2𝑥𝑖 )
 and clearly ensures that 0 < 𝑝𝑖 <

1. For regression purposes, the probability 𝑝 varies across individuals 
as a function of the regressors (Cameron, C. & Trivedi, 2005). There 

is no loss of generality in setting the values at 1 and 0 if all that is being 

modeled is 𝑝, which corresponds to the actual probability of the 

outcome. A regression model is formed by parameterizing 𝑝, for it to 

depend on regression vector 𝑥 and a 𝐾𝑥1 parameter vector 𝛽. 
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Commonly used models have a single-index form with a conditional 

probability given by 𝑝𝑖 = 𝑃𝑟[𝑦𝑖 = 1|𝑥] = 𝐹(𝑥𝑖
´𝛽), where 𝐹(. ) is a 

specified function. To ensure that 0 < 𝑝 < 1, it is natural to specify 

𝐹(. ) as a cumulative distribution function. Nonetheless, the interest 

lies in determining the marginal effects of a change in a regressor on 

the conditional probability that 𝑦 = 1. A general probability model 

with change in the 𝑗𝑡ℎ regressor, which is assumed to be continuous, 

can be expressed as: 
𝜕𝑃𝑟[𝑦𝑖 = 1|𝑥𝑖]

𝜕𝑥𝑖𝑗
= 𝐹´(𝑥|𝑖´𝛽)𝛽𝑗. As for any linear 

model, the marginal effect differs from point of evaluation 𝑥𝑖  and 

changes according to different choices of 𝐹(. ). 

 

4.4 Research Findings 
 

Water allocation by the participants in the experiments was presented 
in the context of their neighbors’ perspective. In the practice of water 

extraction, neighbors affect each other’s behavior. Studying 

cooperative, egoistic and free-riding of individuals in CPR settings may 

help to develop better approaches to incentive cooperation while 

water users daily interact in their communities. Thus, attention was 
focused on the effects of the behavior of neighbors on the willingness 

of individuals to cooperate. The participants were asked to assign 

water to their present, future and neighbors, if they considered it 

possible. According to , in almost all the represented time periods, the 
participants allocated much more water to the present than to 

neighbors. This preference can be said to be stable across all 

experimental results, being only overtaken by allocation to the future 

in the last three rounds. On average, players allocated 3 times more 

water to the present than to neighbors. From the 7th to the 11th round, 
this ratio was 4 to 1. In explaining their reasons for this allocation 

pattern, which at first sight seems egoistic, the participants said they 

intended to guarantee water for their own future consumption. Instead 

of expecting others to allocate water to the future (i.e., a collective 
benefit), they actually preferred to trust themselves. This 
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𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟⁄  allocation pattern was observed in all 

experimental sessions, whereas the supporting narrative was reported 

in Riohacha – La Guajira and Guamal – Magdalena.   
 

This was an interesting finding. It revealed a tension between private 

and collective rationality. The prevalence of allocations to private and 

present consumption instead of neighbors might constitute clear 

evidence of egoism. Nonetheless, as expressed by the participants, this 
egoistic behavior was not ‘self-centered bias’, but an act of temporary 

egoism aimed at future collective benefit. This temporary egoism had 

a purpose for these participants, resulting in a new approach to the 

justification of this particular allocation 𝑊(𝑝)(𝑡) 𝑆(𝑝)(𝑡)⁄  rationale. 

 

Graph 4-1. Water allocation during the experimental sessions 

Source: Author’s elaboration 
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In this graph, water volume allocation preferences are depicted. The 

horizontal axis represents the rounds in which the participants made their 

decisions. The left vertical axis shows average water volumes allocated to 

each one of 3 goods (present - 𝑊(𝑝)(𝑡), future - 𝑊(𝑓)(𝑡) and neighbors 

- 𝑆(𝑝)(𝑡)).The right vertical axis presents the aggregated water volumes, 

which were considered against the 2.000 m3 extraction cap. 

 

Now the author focusses on what occurred in the first rounds of the 

experiments, at the beginning of which the participants allocated half 

of the extraction cap to the present. That is, out of a 2000 m3 suggested 
extraction cap, about 1000 m3 were allocated to the present. This was 

an automatic reaction observed in the participants when they were 

aware of the cap. This tendency to allocate a considerable fraction to 

the present reveals that the participants were willing to cooperate in 

sustainable usage of groundwater, as far as the cap was not exceeded. 
Thus, the fact that individuals were told to conform to an extraction 

cap while being part of a group triggered individual decisions to secure 

a significant amount of water for themselves in the first place. 

 

Despite the fact that participants preferred to allocate much more 

water to the present than to their neighbors, the latter certainly 

influenced individual water sharing decisions, together with a series of 

key socio-physical variables. Time living in the community, water 

availability and neighbors’ extraction were likely to explain water 

sharing probabilities. Therefore, attention was focused on determining 

the marginal effects of changes in these three regressors on the 

conditional probability that water was shared with neighbors, i.e., the 

probability that 𝑦𝑖 = 1. Setting all predictors at their mean values, the 

global probability that 𝑦𝑖 = 1 was 38% (see Table 4-2).  
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Table 4-2. Delta-method for calculating marginal effects at mean values 

Source: Author’s calculation using Stata 17. *Statistically significant at 1%; **Significant at 

5%; ***Significant at 10%. Standard errors in parenthesis  
 

However, while the mean values were only informative, conditional 

marginal effects provided better inputs for research purposes. In fact, 

they enabled understanding of how individual behavior affects 
collective action in groundwater use. Water availability and neighbors’ 

extraction had a negative effect on the probability that individuals 

decided to save water for their neighbors. Contrarily, time living in the 

community positively influenced this probability, which increased by 

0.3% per each additional year that people lived in drought-exposed 
territories. For each additional 1000 water units extracted by 

neighbors, water users’ resource sharing likelihood was reduced by 

8%. 

 
Table 4-3. Conditional marginal effects on water sharing likelihood as 

calculated by the delta-method 
Available_water -2.54e-06 * 

(1.20e-06) 
Neighbor’s extraction -.0000789 ** 

(.0000207) 
Time_living in the 

community 
.0033549 ** 

(.0014943) 
Source: Author’s calculation using Stata 17. 

*Statistically significant at 1%; **Significant at 5%; ***Significant at 10%. Standard errors 

in parenthesis  
 

Number of observations = 384 

_cons .381* 
(.02554) 

Mean values 

Time_living in the community =    33.42969  (mean) 

Available_water =    41098.57  (mean) 

Neighbors’ extraction =     2461.25  (mean) 
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The effects of the predictors was initially calculated at mean values. 

Subsequently, the conditional marginal effects on the probability to 
share water with neighbors was briefly described. Then, attention was 

focused on the trajectory of this probability, according to the 

neighbors’ decisions and water availability in the CPR (see ).  
 

Graph 4-2. Marginal effects of water availability on the decisions to 

share it with neighbors 

Source: Author’s calculation using Stata 17 

The probability that individuals share water with neighbors (axis y) was regressed against 

available water (axis x), which was expressed in cubic meters. However, the probability was 

adjusted by the water volumes extracted by neighbors. The Delta method was used to 

calculate the marginal effect of water availability changes on this probability. 
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The water availability was associated with people’s willingness to share 

water with others. The more water that was available in aquifer 
systems, the lesser the odds that people shared it. Nonetheless, this 

probability is also affected by neighbors’ decisions at dissimilar levels, 

depending on the amounts of water they extracted (see ). Since 

individuals were suggested to extract no more than 2000 m3 per round 

during each experimental session, when they observed that neighbors 
had extracted a lower or higher volume, they changed their own 

sharing decisions. When neighbors extracted an average of 1000 m3 

and there were 6000 m3 remaining in the CPR, the sharing probability 

was 60%, which dropped to 40% when the common pool was almost 

full7. With the same water pool availability, when neighbors had 
decided to extract an average of 3000 m3, the sharing probability was 

25%. Yet, under the same neighbor extraction conditions, this 

probability was much higher (44%) when the CPR was about to be 

depleted. Thus, the willingness to cooperate increased when the CPR 
was exhausted, and neighbors had exceeded the cap. A shorter 

description of these marginal effects is presented in Table 4-4. . 

Table 4-4. Water sharing probabilities 

  CPR stock 

Neighbor’s 

extractions 

 Almost 

depleted  

Almost full  

3000 m3 44% 25% 

1000 m3 60% 40% 
 Source: Author’s calculation using Stata 17 

 

Paying attention to the horizontal axis in , when the CPR was almost 

exhausted (e.g., 6000 m3), the marginal effect of water availability 
showed different effects. In the 5000 m3 to 6000 m3 water remaining 

range, the sharing probability was about 59% when neighbors had 

extracted 1.000 m3. It dropped to 43% when neighbors had extracted 

3000 m3.  
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The marginal effects of well-depth (see ), extraction by neighbors and 

water availability (see ) on cooperation drivers were different from the 
above. At the margin these three variables do not play a role 

individually but, when taken together, they do have different impacts, 

depending on the value of each variable. Amongst these variables there 

exists a synergistic effect in terms of how they interact to determine 

the level of cooperation. For instance, the individual effect of well-
depth on the probability of cooperation is negative, small and 

statistically significant; the effect of available water was negative, very 

small, and not significant; and the effect of extraction by neighbors was 

positive, significant and small. Nonetheless, when neighbors extracted 

an average of 1000 m3 and there were 6000 m3 remaining in the CPR, 
the sharing probability was 60%, which dropped to 40% when the 

common pool was almost full. Thus, the simultaneous effects of these 

variables generated a combined effect in explaining the probabilities of 

cooperation using the marginal effects of the variables taken together. 

 

The quantitative evidence shown in ,  and Table 4-4.  was supplemented 

with qualitative information stemming from surveys, interviews and the 

narratives heard during the experimental sessions. The probability 

that, given certain neighbor extraction levels, an individual adapted to 
water scarcity by reducing his/her consumption (observing a cap) was 

discussed in previous research in this thesis. In the present case, the 

interest lies on the probability that water users are deferent to the CPR 

nature of an aquifer, thus sparing water for their neighbors. This decision 
was made based upon noticing whether neighbors were complying 

with the water cap or not. In this setting, individuals were free to share 

water or not, but these decisions were intricate, as shown in their 

reflections on the time it takes to maintain a stable cooperative 

behavior. Table 4-5.  provides a short description of narratives related 
to the role of neighbors in cooperative decision-making by farmers and 

households. 
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Table 4-5. Reactions of farmers who decided to cooperate with the 
neighbors’ cooperative decisions 

Reactions on neighbors’ roles on 

decision- making  

Sources of observation  

“I will not save as much as before when 

neighbors extract more water than I 

do” 

In La Guajira people usually express this 

perspective. 

“We must save more water than the 

amounts we allocate to others”. 

Narratives observed in La Guajira and 

Magdalena while deciding on water 

allocation to 𝑊(𝑝)(𝑡), 𝑊(𝑓)(𝑡) and to 

neighbors - 𝑆(𝑝)(𝑡) 
Ninety two percent of participants 

replied that they would never behave 

as water squanderers even if neighbors 

did so.  

Semi-structured questionnaire form 

applied to all participants in the 

experimental sessions.  

Ninety six percent of participants 

replied that they would definitely 

behave correctly with regards to water 

saving if neighbors also followed this 

attitude. 

Semi-structured questionnaire form 

applied to all participants in the 

experimental sessions. 

“We reacted late, and did not see that 

our neighbors were not doing their 

job” 

Narratives observed in Community Villa 

Lucy, in the municipality of Corozal 

“We never know when we will need 

from others” 

Narratives observed in Community Villa 

Lucy, in the municipality of Corozal 

(Sucre) and in Community La Reserva, in 

the municipality of Riohacha (La Guajira)  

 

Key factors about the role of neighbors on individual water sharing 

decisions can be found between two opposite tendencies, namely 

saving at all costs and acting egoistically because others do not 
cooperate. Complications occurred around the uncertainty of the 

future and the fact that neighbors will always be in the vicinity, as 

reported by participants in Guamal (Magdalena) and Corozal (Sucre). 

Thus, the current research findings referred to the expected number 
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of interactions with neighbors while performing continued water 

extractions.  

Repeated extractions, repeated interactions. 

 
Given the essential nature of water for life, it was the object of multiple 

extraction events in which different choices were made. This applied 

to a single household, a farmer or a business manager. However, the 

household was not isolated and did not have exclusive access to water 
from aquifers. Instead, the family belonged to a community36 in which 

more families performed the same extraction event every day or every 

week. A farmer and his/her neighbors simply owned or made use of 

some hectares of land, but the underlying aquifer was of common use, 
despite the fact that the density of population and economic activities 

in the rural sector was far lower than in urban areas. 

The daily scene corresponded to multiple actors inevitably accessing 

the common resource at different times. Some communities shared a 

collective borehole, to which each household approached when 
needed, thus physically meeting one another while taking turns for 

converging extraction events. In some other cases, each household 

simply built their borehole in their backyards or at any other place in 

their private property. In this case, there was not necessarily physical 

 
36 The studied communities have had a long tradition in building their wells and 

extracting according to their needs for agricultural and domestic activities. 

Communities in Corozal – Sucre are dedicated to cultivate cassava, sesame, plantain, 

maize and other crops. Almost 100% of the families and farms depend on groundwater 

for crops irrigation. The closest river (San Jorge river is around 130 km far from this 

municipality). In Riohacha - La Guajira, the families are exposed to morer prolonged 

droughts. Family members must take long walks to find temporary water springs  and 

some of them build water –wells to access water for domestic and agricultural 

activities. Goat farming is very common in this region of the country. In Guamal - 

Magdalena families are mostly dedicated to cassava, maize and cattle rising. Despite 

the Magdalena rover is relatively close, families in rural areas of Guamal rely on 

groundwater and rudimentary rainwater harvesting to access and consume water. 
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contact with neighbors, but extraction events might be carried out 

simultaneously by different households in their private wells.  

During the experimental sessions, the participants were provided with 

basic information37 on aquifer systems. Thus, the aquifer stock came 

to be acknowledged as a public resource. External institutional 

information on the need to adapt to remaining water amounts and time 

before aquifer exhaustion was announced as part of the experiments. 
The pool, which was directly available to all the neighborhood, was full 

at time 𝑡1. Each user was told they could collect water (𝑤𝑖) whenever 

they needed by using a hose connected to a pump. In 𝑡1 all the 

neighbors would lean on the pool and collect ∑ ∑ 𝑤𝑖𝑡
𝑇
𝑡=1

𝑁
𝑖=1  water 

units. As indicated by water users, some of them would store it in 

containers which might last for a week and others just collected what 

they needed for the day. During the following period (round), 

individuals approached the pool and collected a volume 𝑤𝑖2 < 𝑤𝑖1. In 

other periods, a contrasting situation was observed due to drier 

conditions announced as part of the experiments. Some issues arose 

from this situation, as follows: 

a. There was long-term interest in the future. Households, farmers 

or businessmen were interested in preserving water for the 

present and the future. This was probably the reason why, 
during repeated interactions, allocations to the future were 

around 0.7 times those they allocated to the present → Over 

time, neighbors’ decisions do not hinder the cooperative attitude of 

others. 

 
37 At each location, three treatment groups were created to test the effects of 

information provision. Groups 1 received information about remaining water in the 

aquifer, and communication between participants was allowed. Groups 2 received 

information about remaining time before aquifer depletion, and communication 

between participants was allowed. Groups 3 received no information, and 

communication between participants was not allowed. During the experimental 

sessions, participants were announced about the upcoming rainy season that would 

replenish the aquifers. 
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b. The participants knew that they would interact with others 

during all the time taken by the experiment. The likelihood of 
further encounters among water users was high, all the more 

because they continued to live in the same neighborhood or to 

make use of the same farm, thus accessing the same water 

source → As part of society, neighbors were not ignored. The 

neighbor’s role was similarly played by everyone. 

c. There was a finite time horizon for a water user. The 

participants in the experimental sessions observed the limited 
character of water as a resource and the limited lifetime during 

which it might be consumed. 

d. Inter-temporal consumption preferences were observed. 

Particularly, the present was more important than the future → 

A perception of the existence of the future was observed. 

e. Water volumes allocated to neighbors were placed last in the 

priority order → Neighbors were not fully ignored within water 

allocation. 

f. Co-responsibility in detecting rule breaking in the neighborhood 
and denouncing it before environmental authorities was absent. 

Data drawn from surveys revealed that despite expressed 

concerns about the presence of water squanderers, denouncing 

them was not a norm since it could have backfired. → This result 

indicates that people prefer being silent to avoid retaliations. 

 

In summary, the participants perceived the need to adapt to available 
water amounts and, in doing so, neighbors’ behavior did not impair 

their willingness to cooperate and share their water. During the 

feedback sessions within the experiment, the players indicated its 

constructive character in terms of increasing their awareness of the 

CPR nature of the aquifer beneath. Thus, there were benefits from 
making information on aquifer characteristics and neighbors’ behavior, 

public knowledge. 
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4.5 Discussion 
 
Groundwater users live in communities where aquifers as CPRs are 

approached in multiple occasions. The vital character of water makes 

it inevitable that multiple users interact in its extraction. The 
interactions may occur in a community-borehole setting or near 

private water-wells, where one individual may realize that neighbors 

have turned on water pumps to extract water. The effects of every 

individual’s water extraction activity on collective aquifer management 

was a crucial issue in the need to raise awareness on the CPR nature 
of frequent extractions. Since water extraction was not a zero-impact 

activity, its effects on others cannot be denied. No matter whether 

water users were aware of the consequences of frequent pumping or 

not, the physical effects will be observed somewhere in time and space. 
Thus, physical interactions in water pumping inevitably exist, in the 

sense that frequent extractions impinge negative externalities on 

others also relying on the CPR. That is, physical pumping affects 

hydrogeological variables such as stocks and flows and this, in turn, 

impacts others also relying on aquifers. 
 

Hence, social interactions are not only inevitable, but necessary for 

sustainable aquifer management. Thus, it is possible to make these 

social interactions lead to productive instead of destructive outcomes 

(i.e., aquifer depletion). Therefore, the roles of each individual and their 
neighbors were modeled in this research as a factual representation of 

social interactions. As a result, they increased the understanding about 

the extent individuals are willing to cooperate in sharing water with 

neighbors. 

The CPR nature of aquifers entails key characteristics with relevance 

for its sustainable use. Competition for water units exists and different 

externalities arise when water-wells are used. Economic theory 

predicts that individuals compete and will extract the most water in 

the present because the remaining quantities left in the pool might not 
be available in the future (Hardin, 1968; Negri, 1989; Ostrom, 2015). 



Results 

Chapter 4. How individual behavior affect collective action  
in the adaptation to climate variability and climate change? 

 

199  
 

However, significant drivers indicate that individuals may depart from 

egoistic behaviors: Preference for reciprocity, trust on others, face-to-
face communication skills, and the possibility to devise rules and 

institutions for CPR self-management, among others, are key 

determinants of cooperation (Abrahamse & Steg, 2013; Axelrod, R.; 

William, 1981; Axelrod, 1984; Cox, 2004; Hamilton, 1964; Isaac, 

Walker, & Williams, 1994; Janssen, 2013; Ostrom, 2015).  

However, new evidence suggests that egoistic behavior is not 

undesirable at all! Although there is preference for allocating the most 

water to the present of the individual and not to share much with 

neighbors, it is actually ‘egoism with purpose.’ Allocation of a significantly 

lesser amount of water to neighbors in the present is aimed at 
distributing it in the future. Participants want to make sure they have 

control of future water consumption, thus trusting themselves more 

than others in the possibility to allocate water for the future benefit of 

all. In this way, they act egoistically today through the purposive 
postponement of cooperative behavior, which will show up tomorrow. 

In this sense, individuals exhibit awareness of the CPR nature of all 

water users’ current extractions. 

Multiple reasons may account for this rationale. Since individuals have 

perceived rapid water table declination in their neighborhoods, they 
are aware of others’ non-cooperative behavior. Thus, the participants 

preferred to not delegate to others, the responsibility of securing the 

necessary water volumes for all the community in the future. 

Nonetheless, this 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟⁄  rationale may be signaling 

erosion of trust on others, plus some risk aversion preference because 
of uncertainty and anxiety about harsher water scarcity conditions in 

the future. 

 

This finding might be understood as an adaptive strategy to manage 

free-riding and the instability and unpredictability of other’s 
cooperative behavior. Alternative strategies that users may adopt refer 

to excluding others, which is costly (Gardner, Ostrom, & Walker, 

1990), or imposing penalties or entry limitations in the present 
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(Molinos-Senante, Hernández-Sancho, Mocholí-Arce, & Sala-Garrido, 

2014; E. Ostrom, 2006). Although these alternatives are intricate and 
may provoke conflicts, transaction costs may trigger coordination of 

such institutional arrangements. Thus, new evidence suggests that 

people prefer to avoid the woes and difficulties of leading others 

towards cooperation, resorting instead to a purposive egoistic 

attitude. Hence, the current research findings provide new evidence of 
human preferences regarding CPR allocation to resource users. That 

is, neither pure egoism nor pure cooperation have been observed, but 

a temporary egoism in the present with CPR sharing intentions in the 

future. This certainly constitutes an alternative human rationale 

regarding CPR management. This finding lies between egoistic 
preferences (cf. Gordon, 1954; Donohew, 2005; Hardin, 1968; 

Provencher & Burt, 1994) and the deviations from selfish behavior 

predicted by economic theory (Gardner et al., 1990; Elinor Ostrom, 

2015; Velez et al., 2009). 
 

Since cooperation entails different drivers and inhibitors, preferences 

for cooperation in terms of water sharing are hardly homogeneous. 

First, individuals do prefer others to cooperate as they would do. 

Recent evidence on cooperation and preference heterogeneity 
suggests the existence of a social interaction effect in voluntary 

cooperation, in the sense that conditional cooperators adapt their 

behavior to the group they belong to (Gächter, 2007). If some 

individuals decide to shirk, the others decide to shirk as well. If others 
cooperate, individuals will cooperate as well (Gächter, 2007). Further 

elaborations suggest that socio-physical variables and contexts play 

roles in understating cooperation. Water availability, time living in the 

community, and the water volumes that neighbors allocate to 

consumption characterize cooperative behavior. In other words, 
stating that individuals cooperate because others do may fall short to 

explain the intricacies of decision-making in CPR management. Some 

individuals might be prone to cooperate when observing that others 

have done so; but chances are that this attitude could be mined by 

knowledge on the available water pool. Similarly, the amounts of water 
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extracted by neighbors affect the probability that individuals decide to 

spare water in the stock for them. Thus, water volumes extracted by 
neighbors have a marginal effect on the probability that an individual 

cooperates in water sharing.  

However, if the right conditions are met, individuals are willing to adapt 

their behavior in order to pursue a cooperative attitude. This is not 

only about like-minded cooperators, since people can reach this status 
after changing their mind. Individuals are able to develop and follow a 

cooperative strategy once they realize that scarcity conditions have 

been exacerbated.  

Allowing participants to communicate does not necessarily mean that 

they were about to decide a consensual extraction decision. It was up 
to them whether to follow an agreement or a particular suggestion on 

how much to extract or not. Since each participant in the experimental 

sessions had his/her own preferences, communication episodes were 

an opportunity to reveal new preferences in the context of new 
institutions. Nonetheless, institutions were not relevant in themselves. 

Relevance depends on the capacity to activate intrinsic incentives. 

 

4.6 Conclusions 
 

This research is about understanding individuals’ cooperation in 

managing aquifers as CPRs. Even though water users may exert an 

egoistic attitude in groundwater extraction, this CPR character was 

explained and made clear through experimental games used as a 
research method to activate water allocation preferences. Participants 

were asked to allocate water to the present, to the future and to their 

neighbors, although attention was focused on the former and the 

latter. In the context provided by a suggested water cap (which 

introduced the notion of aquifer management sustainability), 
participants were free to allocate all water to the present or their 

neighbors. The CPR nature of aquifers set the scenario to reveal the 
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relationships between individual behavior and collective action in 

cooperative and sustainable groundwater extraction. Empirical 
evidence and narratives observed in the ten communities where data 

were collected, provided relevant results to get drivers for 

cooperation revisited. 

 

Cautious behavior was observed in the participants at the beginning of 
the experiments. Since they allocated to the present, half the water 

amount specified by the extraction cap, it can be said that the presence 

of neighbors activated a preference for keeping a substantial provision 

of water. Across the sessions, allocations to the present were steadily 

superior to allocations to neighbors. The participants explained that 
despite their willingness to share water with others, they preferred 

allotting more water to the future of all the neighborhood, instead of 

waiting for others do that job. This was being purposively egoistic, as 

indicated by the players in the experimental games.  

Empirical data suggest that neighbors’ behavior in terms of extracted 

water volumes has a significant effect on the decision of individuals to 

save water for neighbors.  Available water amounts and neighbors’ 

extractions negatively impacted the probability that individuals decided 

to spare water for neighbors. This result has a dynamic effect, since 
the position of the individual decision-maker is relative in the sense 

that, for others, he/she is a neighbor as well. Thus, an individual may 

take the water saving decisions of others into consideration when 

making his/her decisions. Consequently, all participants are neighbors 
and all users’ behaviors influence each other’s decisions on the amount 

of water they leave in the CPR. Similarly, water availability has a strong 

relationship with people’s willingness to share water with others. The 

more water that is available, the lesser the probability that individuals 

decide to share this CPR with others. This probability was influenced 
by neighbors’ actions as well. When neighbors extracted less water 

than the suggested cap, the individuals were more willing to leave 

water in the stock for others to use. In this situation, the likelihood of 

sharing was almost 60% when the CPR was almost exhausted, whereas 
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it was 40% when the aquifer stock is close to full storage. The impact 

of water availability on the probability to share it shows differential 
effects depending on the combination of water stock levels with the 

participant’s perception of water plentifulness and water extraction by 

neighbors. These combinations reveal a non-linear marginal effect of 

water availability on CPR sharing.  

Lessons learned from experimental methods are relevant as well. Once 
the experimental sessions had ended, feedback sessions were held with 

all participants in each community. The players expressed their 

productive learning while making decisions during the rounds. Most 

participants stated that they were now more aware of the CPR nature 

of the aquifer beneath and that communication with others helped 
them find alternatives to adapt to scarcity. But, allowing participants to 

communicate during the experiments does not necessarily mean that 

participants were about to come to a consensual extraction decision. 

It was up to them, whether to follow an agreement or a particular 
suggestion on how much to extract or not. Since each participant had 

his/her own preferences, communication episodes were an 

opportunity to reveal new preferences under the presence of new 

institutions (for instance, suggested caps). Nonetheless, a new 

institution was not significant in itself, since relevance depends on the 
capacity to activate intrinsic incentives to share the CPR with others, 

which, actually lies at the heart of sustainable aquifer management. 

The practical implications of this research section are diverse. Aquifer 

protection programs to which water users are invited, might benefit 
from these research findings. An individual approach in which 

participants are addressed as single users might fall short in terms of 

the incentives, drivers and issues that activate cooperation. Individuals 

do care about others’ behavior in terms of the amount of water they 

extract. In turn, water availability is similarly important, since scarcity 
and plentifulness exert different effects on individual water sharing 

decisions when cooperating with CPR management. For this purpose, 

providing information on aquifer hydrogeological characteristics such 
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as stocks, extraction or aquifer recharge plays a key role in getting 

sustainable aquifer management promoted at the local level. 

Research limitations refer to time and fund limits to run more 

experiments. More sessions might be useful for learning more about 

cooperation stability. Thus, further research might go deeper into 

decision-making under more blatant free-riding conditions, in order to 

see how far tolerance and patience can go. 
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5 How does information on 

water scarcity affects the 

extraction behavior of water 

users, and how can current 

information provision 

strategies be improved?  
 

This chapter is about how farmers adapt to water scarcity. Field 

experiments and interviews were performed in a region exposed 
to severe scarcity in Colombia. Cooperation was operationalized 

through water users´ compliance with extraction caps. The 
results suggest that people are inclined to follow the caps, 

because, among other things, people still believe the future will 

exist and then, in intertemporal water allocations, the weight for 

the future is 0.7 times the present. The findings have favorable 

implications for implementation of the Sustainable Development 
Goals, especially SDG 6 related to water use efficiency. The 

target goal 6.4, establishes that by 2030 water efficiency and 
sustainability in water extractions should be accomplished. Thus, 

water policy interventions might benefit from the empirical 
contributions of this research. The outcome section involves a 

concise description of the data – information gathered as a result 

from the application of the interviews and framed field 
experiments.  
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Abstract  
 
This research is about how farmers adapt to water scarcity. Field 

experiments were carried out in a region exposed to severe water scarcity in 
Colombia. Willingness of water users to cooperate in conforming to 

extraction caps as a means of adapting to water availability declination was 

calculated. Two information treatment groups were implemented in order to 

assess water allocation decisions when: (i) the amount of water was reduced 

and (ii) time before aquifer exhaustion was announced. Extant literature on 
cooperation in common-pool resources has focused on demonstrating to 

what extent resource users depart from egoistic attitudes. Alternatively, the 

sustainability of water resources requires more research in order to further 

understand cooperative behavior. Since the literature on water scarcity is 
classified in three orders, namely physical, institutional and socio-political, 

behavioral dimensions are suggested as a subdivision of the social order. This, 

in turn, may help to operationalize strategies aimed at improving adaptation 

to all orders of scarcity. The quantitative results suggest that people are 

inclined to follow the cap. The main difference between the quantity and 
time treatments differs in that in the time treatments people allocate much 

more water to be consumed in the future, whereas in the former, they prefer 

to allocate more water to be consumed in the present. Adaptation options 

provide favorable inputs for implementing the Sustainable Development 
Goals, especially SDG 6, which is related to water use efficiency. Target 6.4 

establishes that, by 2030, water efficiency and extraction sustainability 

should be accomplished. Thus, water policy interventions might benefit from 

this contribution. However, since success in water conservation programs 

might be difficult to achieve due to complexity in human-decision making, 
more research is needed to deepen our understanding of cooperation drivers 

in aquifer conservation. 

 

Key words: water extraction caps; water scarcity; adaptation; social 

institutions; sustainability; Colombia. 
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5.1 Introduction 
 
Adaptation to water scarcity will very likely be the norm in dry regions 
in the forthcoming years. Climate variability and uncertainty, rainfall 

shocks and water scarcity exert pressure on water users, for them to 

implement adaptation strategies. Looming threats of climate change 

and variability generate pressures, stresses and tensions for water 

allocation among stakeholders at the local and regional levels (Bates, 
Kundzewicz, Wu, & Palutikof, 2008; Shen, D.; Wu, 2016; Yang, Chan, 

& Scheffran, 2016). Pervasive groundwater scarcity trends might 

motivate water users to build adaptive social institutions and rules that 

are able to persist under scarcity conditions. Thus, the question is: 

How do water users adapt and make decisions under water scarcity 
and drought conditions? 

 

Individuals using aquifers and other CPRs need to engage in 

cooperative behavior to sustainably manage depletable water 
resources. However, economic theory suggests that people will usually 

rush to extract the most water in the short-term because the 

remaining stock might not be available in the future (Hardin, 1968; 

Negri, 1989; Ostrom, 2015). Contrarily, the CPR theory predicts that 

individuals are willing to cooperate and deviate from egoistic and selfish 
behavior (Gardner, Ostrom, & Walker, 1990; Ostrom, 2015; Velez, 

Stranlund, & Murphy, 2009). The key issue of cooperation has many 

interconnected dimensions that need to be studied so that better 

management practices should be developed. Cooperation should not 
be limited to demonstrating to what extent resource users depart 

from egoistic attitudes. Alternatively, sustainability of water resources 

management demands some refinement to further comprehend and 

implement cooperative behavior. Sustainability requires understanding 

that cooperation must not only be studied as a broad concept, but as 
a cooperative issue focused on preventing overexploitation of those 

valuable and depletable resources. 
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Particularly, sustainable water extraction as the expected result of 
cooperation might constitute a step forward from the seminal research 

on whether individuals contribute tokens or not, to maintain or 

provide public goods or CPRs. This entails that if sustainable 

extractions guided by extraction caps are incorporated into integrated 

water resources management, cooperative behavior amongst water 
users, could be attained. As experimental rounds were played, 

cooperative attitudes had behavioral dimensions that were valuable. 

Conventional experimental designs study cooperation in measuring the 

number of tokens contributed to public goods (Fischbacher, Gächter, 

& Fehr, 2001; Gächter, 2007; Keser & Van Winden, 2000). In this 
research, cooperation was considered to be an issue that departs from 

having players allot some tokens to the provision of a CPR. Between 

rounds of the experimental sessions in the study of a CPR, there were 

relevant regularities, strategic actions, biases in terms of water 
allocation in situations of scarcity, and reactions pertaining to the 

management of uncertainties about water availability. 

 

Sustainable water management demands a more holistic and integrated 

conceptualization around which cooperation is analyzed and 
operationalized. Different reasons exist for pursuing more challenging 

and demanding elaborations of cooperative behavior including: 

  

First, to prevent rapid overexploitation of groundwater resources, 
further research is needed for deciphering the intricate nature of 

cooperation. Second, the sustainability of water management must be 

approached within the limits of nature.  Third, many  water 

management approaches have fallen short and were ineffective in 

preventing overexploitation (Sandoval, 2004; World Bank, 2010).  
Fourth, even though many CPR self-management cases have been 

documented, some the following considerations should be clarified in 

the case of aquifer resources:  
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Since groundwater is an invisible resource and water users might only 

be familiar with water tables and well depths, the intricate interactions 
of hydrogeological variables may catch water users unaware of aquifer 

exhaustion without further notice. Consequently, a community might 

be successful in performing a CPR self-management scheme, but if 

people remain unaware of the aquifer’s status, they possibly expect to 

continue managing an aquifer that might be about to become extinct. 
This is not to say that groundwater stocks and flows suffer abrupt or 

rapid alterations in the resource system from one day to another but 

ignoring hydrogeological conditions of CPR status may result unfruitful 

if those efforts of extractions continue. 

 
In response to the for-mentioned challenges, a change of paradigm is 

needed to promote sustainable water management. Business-as-usual 

approaches38, be they central or self-management schemes, may not 

guarantee adaptation to scarcity conditions. Since groundwater 
resources are not unlimited and hydrogeological conditions determine 

aquifer stocks and flows, systematic and holistic efforts should be 

implemented to understand the resource’s physical and social 

dimensions. Physical or environmental dimensions refer to variables 

such as water tables, stocks, flows and recharge levels. The social issues 
refer management of extraction volumes, the technologies used and 

the well location, to mention a few. These are classified as social 

variables because it depends on human decisions instead of the physical 

ones that depend on nature.  
 

 
38 Historically governments in Colombia have attempted to instruct water users to 

reduce their extraction volume by providing information. However, this information 

is mostly unspecific and simply authorities tell users to extract less or save water. 

Similarly, in the business-as-usal situation the core policy approach to address water 

scarcity consisted of declaring the emergency states in municipalities. For this aim, the 

Ministry of Housing use to support local communities in co-financing the new water 

wells building, and the distribution of water by trucks in central places of the 

neighborhoods. Thus, in times of declaration of public calamities, governments use to 

build deep boreholes and other engineering infrastructure as if it only consisted of a 

physical issue. This approach reveal a predominant supply side perspective. 
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More importantly, there exist socio – physical interactions determining 

the status of the resource system. The main outcome of interactions 
refers to water balance resulting from inflows (recharge) and outflows 

(water extractions). If physical conditions are not met, extractions may 

not be possible due to over withdrawal result unproductive. Although 

different rules and institutions can be designed to manage aquifers, the 

physical limitations of the water balance is governed by nature that 
imposes limits to water extraction from each aquifer. 

 

Availability and water balance are overarching variables that determine 

the evolution of the resource system’s stocks and flows. Consequently, 

if climate change generates pressures on water resources, the resultant 
water balance is a crucial variable when it comes to understanding 

adaptation to scarcity conditions. In order to achieve sustainable 

aquifer management, the balance between recharge and extractions 

must be systematically monitored and controlled. 
 

Since this research thesis is focused on the role of quantitative 

information (water availability, timing, neighbors´ extractions), in case 

of the climate change effects on water resources exacerbate, the 

ensuing water balances play a role in adaptation to scarcity conditions. 
Thus, the evolving water balances are key pieces of information for 

farmers’ ability to adapt to scarcity. This is consistent with Negri 

(1989); Rubio & Casino (2001) since farm operators adopt pumping 

strategies that depend on the reserve stock of water. 
 

Water extraction caps that consider water balance are essential to help to 

ensure the sustainability of groundwater resources. The extraction cap 

used in the present research was based on agricultural-activity-related 

water consumption figures. Due to water scarcity and water footprints 
of consumption and production, water extraction caps by watersheds 

have been discussed as part of sustainability strategies and to address 

the paradox of water use efficiency gains (Grafton, R.; Williams, J.; 

Perry, C.; Molle, F.; Ringler, C.; Steduto, P.; Udall, B.; Wheeler, S.; 

Wang, Y.; Garrick, D. & Allen, 2018; Hoekstra, 2013). Models in which 
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crops are simulated can be used to gauge the prospective impact on 

water-use efficiency and productivity of altering relevant attributes 
(Condon, Richards, Rebetzke & Farquhar, 2004). Water efficiency39 

studies have been specially focused on crop types such as rice, 

sorghum, soybean, maize, wheat which are part of the staple crops 

consumed across the world. Relevant examples of water use efficiency 

studies have been developed in Western USA, Israel, South Asia, 
Middle East, Western and Eastern Australia (Condon, et al. 2004, 

Hatfield, et al., 2001). In some of these countries upgrades have been 

made in the irrigation systems to improve water use efficiency while 

improving agricultural production. 

 
In addition, to the best of our knowledge, field experiments on water 

extraction caps were not reported in the literature. In this experiment, 

as water availability was dwindling and became scarce, individuals were 

challenged to clarify their preferences to adapt to scarcity conditions and to 
decide how to allocate water units. This was manifested while realizing 

the water allocations to the presente, to the future and to the 

neighbors. Each decision has implications for future availability, and 

excessive extractions exert negative externalities on the individuals 

and the group. Thus, the information provided exposed water users to 
social dilemma situations. Social dilemmas exist when individuals 

interact through their decisions. They are challenged by options in 

which the short-range egoistic interests result in worse outcomes for 

all individuals than alternative cooperative options (Ostrom, 1998). 
 

This research was focused upon understanding how people adapt to 

water scarcity under suggested extraction caps. The field experiments 

were performed in ten communities belonging to four municipalities in 

the Caribbean region of Colombia: Riohacha and Fonseca in the 
Department of La Guajira, where a desert area exists; Guamal 

(Department of Magdalena) and Corozal (Sucre). The latter 

 
39 Just to mention that the “crop per drop” concept have grown attention in the 

discussions on the need to reduce the Water Footprint of water applied to 

agriculture. 
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department is characterized by being almost entirely dependent on 

groundwater for agriculture.  
 

This article was organized as follows: Section 5.1 includes the 

introduction, in which a series of preliminary comments that clarify the 

nature of the study of cooperation in CPR management, sustainable 

water extraction and, clarifies how water extraction caps create a 
practical framework. Section 5.2 presents the research methods, which 

were focused upon field experiments and in-depth interviews, which 

documented the participant’s water allocation preferences. A 

literature summary is incorporated in the discussion section. In section 

5.3 the research results were described. A subdivision between 
empirical evidence of cooperation under extraction caps, on the one 

hand, and social institutions and adaptation options, on the other hand, 

helped to summarize details about both of those aspects of the 

problem. In the result’s section, the intricacies of social and behavioral 
issues in the different facets of adaptation to water scarcity were 

reviewed. The discussion of results and conclusions were presented in 

the two final sections. 

 

5.2 Methods 
 

The understanding of cooperative behavior of groundwater 

management, as an adaptation to climate variability was addressed by 

using field experiments as the main research focus. The overarching 
parameter used to understand cooperation, was focused upon 

willingness to adapt to declining water availability. A key assumption of 

this research refers to the interest of farmers to continue living in 

theier territories, and in doing so, a necessity for adaptation to water 

scarcity would exist. The mechanism used to operationalize that 
adaptation was based upon a water extraction cap. 

 

Allocation of water units was not designed as if there were unlimited 

resources. Contrarily, the participants were challenged to appeal to 
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their own capacity to think carefully on the intertemporal dimensions 

entailed by their water consumption. But this mental capacity was 
capped by a water limit mechanism. A suggested extraction cap was 

announced in every single round of the game, and players were free to 

conform and distribute it to the present - 𝑊(𝑝)(𝑡), water allocated to 

neighbors - 𝑆(𝑝)(𝑡), and water allotted to consumption in the future 

𝑊(𝑓)(𝑡). The players could decide first to follow the capping rule or 

not, and then proceed to allot their selected amounts in each round 

to the present, future and neighbors. 

 

Field experiments were run by setting up CPR action situations in the 

selected Colombian municipalities. During the experiments, the 
participants were asked to make decisions about water extraction. 

Relevant socio-physical information coming from external institutions 

was provided prior to decision-making, including data on water 

availability, time before aquifer depletion and neighbors’ extraction rates.  
 

The nature of the commodity at stake and the subject pool (Harrison 

& List, 2004) were strictly related to the research objective. Actual 

rural dwellers replaced the usual abstract commodities administrated 

by urban dwellers having little connection with the extraction of 

groundwater resources.   

The experimental settings included the following elements: 

participants, treatments, payment method and the water unit allocated 

to collective goods (Cassar & Friedman, 2004; Smith, 1992). These 

elements are explained below in Table 5-1. Experiments are frequently 
used to get a deeper understanding of natural resource use decision 

making and the  factors affecting cooperation decisions (Anderies, J.; 

Janssen, 2013; Cárdenas, 2009).  

The data used in the analysis were generated in 668 experimental 
sessions across ten communities, wherein, participants generated an 

equal number of observation clusters. Since each participant provided 

4 observations per round, 2,670 observations were collected during 

the games. That is, the participants were able to provide information 
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on the extraction of water 𝑊(𝑝)(𝑡), 𝑆(𝑝)(𝑡), and 𝑊(𝑓)(𝑡). Total 

extraction was referred to as the cap, which is considered to be 

additional data because farmers firstly decided whether to abide by the 

extraction cap and later on configured their specific allocation of water 

units to the three suggested pools. The participants played 12 rounds 
on average and none of them decided to quit the experimental 

sessions. 
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 Component description 
Definition of the 
participants.  

Out of the 102 rural dwellers who were invited to participate in the experimental games, 62 
individuals showed up during the trials. The participants belonged to 10 communities mostly 
depending on groundwater, which are part of four municipalities characterized by being exposed 
to frequent droughts. 

Treatment design 
and application 

▪ The participants were divided into two groups:  
i. No hydrogeological information and no communication allowed. 
ii. Hydrogeological information provided and communication allowed. 

▪ Two treatment information groups were organized to differentiate water allocation decision-
making: Allocation when the amount of water in the aquifer was declining and allocation when 
the remaining time before aquifer exhaustion was announced. 

Rounds  A total of 668 series of experimental sessions were run with the 62 participants. The rounds 
corresponded to the years or time periods in which players, distributed their allocated/extracted 
water units. 

Payment method For each unit allocated to activity 𝑊(𝑝)(𝑡), the subject earned an individual payoff of 10 $COP. The payoff 

for allocating one unit to activity 𝑆(𝑝)(𝑡)was 5 $COP and had the nature of a collective good. Allocation to 

𝑊(𝑓)(𝑡) had the nature of a private benefit to be exploited in the future, which yields an individual payoff 

of 4 $COP per unit of water. The aggregate payoff from all activities determined a subject’s payoff for the 
game. The participants had another source of earnings, which corresponds to the sum of the contributions 

made by every participant ∑ 𝑆(𝑝)(𝑡). They received a share 𝜇 of this total amount. In the experiment, the 

average earning was almost five times the minimum hourly wage in Colombia, i.e., $19,000 in cash was 
paid to each participant. 
The payoff was assigned to an individual appropriator for investing in the collective resource depended on 
the aggregated group investment in the CPR and on the appropriator’s investment as a percentage of the 

Table 5-1. Key components of experimental settings 
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 Component description 
aggregated contributions (Ostrom, Gardner, & Walker, 1994b). The group’s return on investment in the 
common pool was calculated by the production function 𝜇 ∑ 𝑆(𝑝)(𝑡). The payoff function (𝜋𝑖) had different 

components, as follows: 𝜋𝑖 = 𝜃 − 𝛼. 𝜃 represented the endowment (cap) of water; 𝜌 corresponded to the 

discount rate that each individual 𝑖 made his/her decision to preserve water for the future; 𝜇 reflected the 

collective gain perceived by all participants upon the contributions of 𝑗 individuals. This marginal payoff for 
contributing to the collective good was equal to 0.2, indicating that no matter how much the participants 
contributed to the collective consumption, each of them received a 0.2 fraction of the aggregated 

contribution of all participants. The contribution in water units was converted into the monetary payoff, 

where 𝛼 represented the present marginal water consumption for individuals. 

Since a hyperbolic discount was considered, 𝜌 corresponded to the discount rate that each individual 𝑖 
assigned to his/her decision to preserve water for the future. In the hyperbolic discount factor, 𝑏 (1 + 𝜌)𝑡⁄  

(Phelps and Pollak, 1968)8. If 𝑏 < 1 this function discounts immediate delays more dramatically than an 
exponential one, because the current utility has a weight of one, while the utility one period from now has 

a weight 𝑏 (1 + 𝜌)⁄ . 

Behavior of the 
participants and 

their allocation to 

the collective good 

The good under consideration refers to water from the underground which entailed a collective 
access character; participants were asked to decide or choose how many units each one was willing 

to extract. Units referred to cubic meters of water. 

 Source: based on (Cartwright, 2019; Cassar & Friedman, 2004; Smith, 1992) 

Table 5-1. Key components of experimental settings 
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The field experiments proposed in this research slightly departed from 
the original experimental design schemes. A connection was made 

between the aim of understanding cooperation in groundwater 

management and water extraction caps as an institutional mechanism, 

for looking forward to the sustainable management of aquifers. I 

referred to this setting as a Voluntary Contribution Extraction Capped 
Game – VCeCG. The voluntary character comes from the participants’ 

autonomous willingness to contribute, wherein the modification with 

respect to the VCM lies in the physical context surrounding decision-

making. Testing the extent to which individuals were willing to 

contribute to accomplish physically-contextualized caps for water 
conservation was intended. The extraction caps were congruent with 

the need to adapt to water table declination. Thus, a socio-physical 

institutional setting was designed to understand how people adapted 

to these contextualized declinations.  
 

The methodology presented above refers to data collection. The 

method for data analysis is briefly described in the lines that follow. 

With this aim, the logistic regression model is summarized. 

 
For some models, the dependent variable is usually a dummy one with 

values 1 if an event occurs and 0 if it does not occur. This referred to 

qualitative response models in which dependent variables fall on 𝑚 

mutually exclusive categories (Cameron, C. & Trivedi, 2005). Dealing 

with dummy variables with explanatory power on the right side of the 
regression was the common case. But what additional problems arose 

when this dummy variable appeared on the left side of the equation? 

What is wrong with running Ordinary Least Square (OLS) on this 

research? After all, it is a feasible procedure (Baltagi, 2011). In the 

present case, we regressed the dummy variable (i.e., whether the 
participants are willing to fulfill the suggested water extraction cap or 

not) against variables such as well-depth, gender, time living in the 

community and others. The prediction from this OLS regression was 

interpreted as the likelihood to fulfill the cap. The problems with this 
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interpretation are the following (Baltagi, 2011; Cameron, C. & Trivedi, 

2005)): 
 

i. We were predicting probabilities of fulfillment for each 

individual, whereas the actual observed values were 0 and 1.  

ii. There was no guarantee that 𝑦�̂�, the predicted value of 𝑦𝑖 , was 

going to remain between 0 and 1. Furthermore, the OLS 

regression of 𝑦𝑖 on 𝑥𝑖 ignored the discreteness of the 
dependent variable and did not constrain the predicted 

probabilities between 0 and 1. In fact, one can always find 

values of the explanatory variables whose corresponding 

output would be outside the (0, 1) range. 

iii. Even if one is willing to assume that the true model is a linear 

regression given by         𝑦𝑖 = 𝑥𝑖
´𝛽 + 𝑢𝑖,  this will result in 

heteroskedastic disturbances (Baltagi, 2011). 
 

A more appropriate model was the logit one, which specified that: 𝑝𝑖 =

𝑃𝑟[𝑦𝑖 = 1|𝑥𝑖] =
𝑒𝑥𝑝 (𝛽1+𝛽2𝑥𝑖)

1+𝑒𝑥𝑝(𝛽|1 + 𝛽2𝑥𝑖 )
 and clearly ensures that 0 < 𝑝𝑖 <

1. Given that the current work considers two binary outcomes, the 

estimation was usually done by maximum likelihood, because the 

distribution of the data was necessarily defined by Bernoulli’s model. If 

the probability of one outcome equals 𝑝, the probability of the other 

outcome must be 1 − 𝑝. For regression applications, the probability 𝑝 

will vary across individuals as a function of regressors (Cameron, C. & 
Trivedi, 2005). There was no loss of generality in setting the values at 

1 and 0 if all what is being modeled is 𝑝, which determines the 

probability of the outcome. A regression model is formed by 

parameterizing probability 𝑝, for it to depend on a regressor (vector 

𝑥) and a 𝐾𝑥1 parameter vector 𝛽. Commonly used models take a 

single-index form, with a conditional probability given by: 𝑝𝑖 =

𝑃𝑟[𝑦𝑖 = 1|𝑥] = 𝐹(𝑥𝑖
´𝛽), where 𝐹(. ) is the specified function. To 

ensure that 0 < 𝑝 < 1, it was natural to specify 𝐹(. ) as a cumulative 

distribution function.  
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Nonetheless, the interest lies in determining the marginal effect of a 

change in a regressor on the conditional probability that 𝑦 = 1. A 

general probability model assumed to be continuous and representing 

change in the 𝑗𝑡ℎ regressor would be expressed as: 
𝜕𝑃𝑟[𝑦𝑖 = 1|𝑥𝑖 ]

𝜕𝑥𝑖𝑗
=

𝐹´(𝑥|𝑖´𝛽)𝛽𝑗. As for any linear model, the marginal effect depends on 

point of evaluation 𝑥𝑖 and varies with different choices of 𝐹(. ) 

 

5.3 Results  
 

During the experimental sessions, reactions to socio-physical 

information were observed in water users’ decision-making process. 

Due to the imperceptible nature of aquifers, the experiments were 

used to build a sort of three-dimensional image of aquifer stocks in the 

mind of the participants40. Water users were able to see the 
connection between water flows extracted from round to round (i.e., 

along successive time periods) and the corresponding change in the 

underground water stock. As time passed, water stock declination 

could be observed as a signal of scarcity and a real issue that was worth 

understanding and managing.  
 

The understanding of scarcity and aquifer stocks started by getting the 

participants acquainted with the aquifer reserves and their depletable 

nature. Less than 10% of the participants were familiar with the basic 
variables41 such as reserves, recharge level or the inclination of the 

aquifer system beneath. This information was difficult to acquire and 

digest by users. Obliviousness on these topics reveals a sort of 

disconnection with the characteristics of the water source they depend 

upon. In this respect, the experimental sessions focused on making 
sure the participants were always knowledgeable on the availability of 

 
40 Illustrations on aquifers were used during experiments.  
41 Information obtained during interviews with farmers and all wáter users 

participating in the experiments. 
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water resources. The common-pool nature of aquifer resources, in 

which the actions undertaken by different participants may yield 
productive or destructive outcomes on availability was explained as 

well. For this reason, the central piece of the analysis on outcomes was 

about water availability and this availability was utilized as an overarching 

variable across experimental sessions. 

 

Descriptive statistics of the participants 

 
The Table 5-2 summarizes the data gathered during the experimental 

sessions. Participants representing community members have been 
living for a long time in their localities. Since they were familiar with 

groundwater extraction for almost all of their lives, the experimental 

sessions were appropriate in terms of the field context. 

 
Table 5-2. Summary of number of observations and participants in 

experimental sessions 

Municipality – 

Department 

Community Number 

of rounds 

Number of 

observations 

Fonseca – La Guajira Porvenir 50 200 

Villa Hermosa 40 160 

Riohacha – La 

Guajira 

La Trinidad 44 176 

La Reserva 44 176 

Los Ciruelos 44 176 

La Plazoleta II 44 176 

Guamal – Magdalena Paraquito  110 440 

San José de Paraco 55 220 

Corozal – Sucre Villa Luci 110 440 

Las Llanadas 126 506 

Total observations  668 2,670 

 
On average, the people from the studied sites had been living at least 
half of their lives in their communities. As shown in Table 0-7 and Table 

7-8, the mean age of the participants was 41, whereas the oldest ones 
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were respectively 66 and 58 in the quantity and time treatment groups. 

The mean educational level corresponded to high school, i.e., 11 years 
of education. The most common activities among the participants were 

farming and merchandising.   

 

Empirical evidence of cooperation under extraction 

caps 

 
This section contains descriptive statistics about the current research 

findings. Quantitative and qualitative information were presented to 

provide evidence about the drivers of adaptation to water scarcity 

under an extraction cap setting. Special attention was paid to the 

dependent and explanatory variables captured through field 
experiments, questionnaires and interviews. Water availability was 

bisected into two categories that were familiar to the participants, 

namely time and quantity of available water, which were tested as two 

overarching dimensions, denoting binding limits to water extraction 

from aquifers. Water allocation to 𝑊(𝑝)(𝑡), 𝑆(𝑝)(𝑡) and 𝑊(𝑓)(𝑡) was 

dissimilar for the water quantity and time before exhaustion treatment 
groups (see Table 7-7 and Table 7-8). 

 

The descriptive statistics suggested that when people were informed 

on time before aquifer exhaustion, they had a more thoughtful 

behavior. In the water quantity treatment group, people allocated a 
maximum quantity of 5000 m3 to the present (see last column in the 

first row in Table 7-7, whereas in the time group, they allocated a 

maximum of 1500 m3 per round to the same pool (see the last column 

on the first line in Table 7-8). As it can be observed, the quantity 
treatment group exerted more pressure on their aquifer resources, as 

can be seen in the minimum amount of available water left by this 

group. Maximum well depth was 170 meters, which implies a great 

building effort. Similarly, water users may form a graphical idea of how 
far the water table was from the surface and how much deeper or 

shallower their wells were with respect to those of the other group 

members.  Average earnings were almost five times the minimum 
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salary hourly wage in Colombia, that is, $19,000 per participant, were 

paid in cash42. 

 

With respect to water allocation to future consumption, visible 

contrasts were also found between the quantity and time treatment 

groups. In the first group, the maximum quantity allocated to this pool 

was as big as the one allotted to the present. In the time treatment 
group, the maximum allocation to the future was almost 30% greater 

than the one assigned to present consumption. The standard deviation 

values of the present and future allocations were higher in the quantity 

treatment group. This showed greater variability in the decision-

making process for this group in terms of how to allocate the available 
water. The participants’ water allocation preferences were activated 

by the information contrast between the quantity and time groups.  

 

Some cross-tabulation descriptive statistics were added to 
contextualize the current results. For instance, in the distribution of 

the decision to abide by the extraction cap was presented by gender. 

Among those that decided not to abide, 54% were women and 46% 

were men. Among the females, 13.68% preferred not to follow the 

suggested rule and, contrarily, 86% preferred to follow it. Among the 
men, the proportions were 11.4% and 88.6% respectively. 

 

In Table 7-10 and Table 7-11, the cross tabulations were focused on 

well depth and time preferences. It can be hypothesized that the 

people benefiting from shallow aquifers might be less inclined to 

allocate the most water to the future. Although this section does not 

provide any inferential analysis, some descriptive clues can be shown. 

 
42 Field experiments were chosen as the principal research method because 

it does better in resembling the real-life situation of microeconomic settings. 

In microeconomic contexts, cooperative behavior can be incentivized by 

balancing the costs and benefits of decisions made on water allocations. For 
this aim, the money earned reflected the benefits and costs that water 

allocations entailed. 
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Sixty three percent of the people living in territories where aquifers 

are shallow (less than 20 m deep) preferred not to allocate the most 

water to future consumption, while 38% of them did so. Among the 

people living over deeper water-wells, slight differences could be 

observed between the two preferences (66% and 34%, respectively). 

The situation changes when well-depth is shifted. For greater than 40-

meter well-depth reference points, 80% of players preferred not to 

allocate the most water to the future and only 20% did so. In turn, 

these figures were 41% and 59% for those relying on less than 40 m 

deep wells. 

With respect to water allocation to the present, this was the 

preference of 50% of the people relying on more than 20-meter-deep 

wells. For more than 40-meter-deep water-wells, a clearer preference 

for the present was- observed in 63% of the participants, as it can be 
seen in Table 7-11. 

 

The empirical data suggests that people adapt to water scarcity 

differently when exposed to the limits of time and water quantity, as 
shown in Graph 5-1 and Graph 5-2. Quantitative information on 

adaptation was firstly discussed on the preferences revealed by the 

participants when faced to declining water amounts. In this information 

treatment group, the data suggest that people were willing to abide by 

extractions caps, and only in the first two rounds this cap was 
bypassed. The adoption of an extraction cap as a guiding rule for water 

extraction decision-making suggests that it is possible to reach a stable 

cooperative behavior. The observed, smooth declinations of water 

allotted to the present, the future and neighbors show that people can 

consciously decide on how to adapt to water scarcity.  
 

In order of preference, people adapted by allocating more water to 

the present during most of the rounds, while allocation to the future 

was in second place. Allocation to neighbors exhibits a preference for 
non-egoistic behavior. During half of the decision-making periods, 

people allotted around 30% more water to the present than to the 
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future. At the beginning of the second half of the rounds, people 

exhibited sudden reactions in amounts of their declinations; they 
almost doubled their allocations to the present. However, at the end 

of the periods, the allocation to the present declined with respect to 

the future, which ended up playing a dominant role. Thus, dynamic 

reactions to water availability declinations instead of static or naive 

feedbacks were observed during the three segments of the 

𝑊(𝑝) (𝑡) 𝑊(𝑓)⁄ (𝑡) trade off (see Graph 5-1). 

 
Graph 5-1. Water allocations (remaining quantity treatment group) 

Source: author’s elaboration 
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This graph depicts water extraction volume preferences. Field experiments 

were used to collect data. The horizontal axis represents the rounds in which 

the participants made their decisions. The vertical left axis shows average 

water volumes allocated to each one of three pools (present - 𝑊(𝑝)(𝑡), 

future - 𝑊(𝑓)(𝑡) and neighbors - 𝑆(𝑝)(𝑡)). The vertical right axis represents 

the aggregated water volumes, which were compared to the 2.000 m3 

extraction cap. The data correspond to the remaining water amount before 

aquifer exhaustion treatment group. 

 
Special attention was given to the last segment of 𝑊(𝑝)(𝑡) and 𝑊(𝑓)(𝑡), 

in which, on average, the latter surpassed the former. In the last 
segment different issues came to water users´ minds, but overarching 

fact referred to the situation in which the aquifer water availability was 

much scarcer, and few time periods existed for consuming this water. 

So, a precipitous decision to think of more in the future appeared. Why 

did that occur? Was it the late recognition that the future exists? Did 
the people react late to allocating water reserves to face looming 

threats of scarcer situations and shortages? Was it a sort of drowning 

kick reaction to what was almost exhausted? People stated that since 

daily life activities are developed in the present, preference for higher 

allocations to this good 𝑊(𝑝)(𝑡) were stated (present bias). However, 

this argument may fall short when observing the distance between 

𝑊(𝑝)(𝑡) and 𝑊(𝑓)(𝑡) in Graph 5-1. 

 
Despite of not presenting any metric that measures a fair or close 

relationship between allocations, present to future, opportunities exist 

to express that assigning an average 1.3 ratio present future⁄ , might 

result as a conservative water allocation in favor of the future. That is, 

the future was borne in mind as the time passed and as water users 
were making intertemporal decisions. But, why trust in an upcoming 

future when uncertainties exist? Uncertainty on water availability 

comes from weather conditions, risks of food insecurity, pandemic 

situations like Covid-19 and other sources of risks and uncertainties. 

Perhaps, the probabilities that people assign to living in the future with 
some water units, are permeated by the fact that dealing with tough 
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situations in water scarcity is easier when scarcity is part of the 

landscape; so, facing an extreme situation on scarcity, does not 
discourage people to have some belief in the future. 

 

The intertemporal water consumption trade-off implies an intention to 

safeguard some water flows for the future. Ignoring future 

consumption not only threatens the sustainable availability of this vital 
resource, but also might be extremely costly when it comes to 

guaranteeing its affordability. Choosing to follow a sustainable 

groundwater extraction path is a matter of intertemporal choice 

between immediate or distant sacrifice. Consumers seem to be of two 

minds about intertemporal consumption: when sacrifices are distant, 
patience predominates (Laibson, 1998). The current experiments 

required the participants to initiate the adoption of immediate 

sacrifices through limiting maximum water amounts consumed along 

sequential periods. More suggestively, extraction caps allotted to the 
present, future and neighbors went beyond willingness to cooperate 

with a CPR. Delaying consumption by allotting high water volumes to 

the future reveals concern about tomorrow. During the first half of 

the extraction periods (first 7 rounds), the average allocation to future 

consumption represented 70% of the present one. This may be a sort 
of adaptation based on smooth patience preference instead of abrupt 

changes in extraction paths. Perhaps the provision of the 

hydrogeological context, interactions with neighbors and sustainability 

indicators led by extraction caps were not capable of activating a sharp 
differentiation between present and the future. Indeed, reserving high 

water volumes to be consumed in the future suggests that people 

prefer to reserve for tomorrow, similar levels of satisfaction to those 

they have in the present. Thus, this intertemporal rationale indicates a 

certain level of sacrifice in the present, in favor of a corresponding 
satisfaction in the future.  

 

The willingness to incur, in the short or the long-term, marginal 

consumption sacrifices that may change depending on water 

abundance or scarcity. Marginal conditions may be relevant when 
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comparing people’s willingness to face sacrifices in the near and distant 

future. Adaptation to sacrifices in groundwater consumption on the 
part of groups accustomed to plentifulness or scarcity may be at odds. 

For instance, water “carries important aesthetic, social status, and 

recreational affordances, which are deeply ingrained in upper middle-

class lifestyles” (Harlan et al., 2009, p. 705). Similarly, the maintenance 

of property value and the importance of a healthy and attractive garden 
as a symbol of economic status and house values within a 

neighborhood are all more important than conserving water (Harlan, 

Yabiku, Larsen, & Brazel, 2009; Spinti, St. Hilaire, & VanLeeuwen, 

2004). On the other hand, people living in drought-exposed regions in 

developing countries might exhibit a different rationale. Switching 
human minds when facing lesser availability of a given resource is not 

a straightforward issue, especially when comparing a community that 

departs from abundance to one that already starts from a condition of 

scarcity.   
 

One may inquire which type of water user is more able to postpone 

his/her accustomed water extraction level just to facilitate aquifer 

recovery. Delaying a habitual extraction level would require a mental 

process to get rid of habits. Similarly, requesting water users to reduce 
extraction requires certain knowledge and information on current 

extraction levels. Without approximate extraction volume information 

there are no reference points to compare with, since real sustainability 

concerns deserve gauging basic variables such as extraction volumes. 
 

The path of allocation to present, future and neighbors is closely 

related to intertemporal decisions on preferred water amounts, which, 

in turn, revealed intertemporal trade-offs. For instance, farmers who 

plant water-intensive crops were asked about key water adaptation 

indicators such as water volumes applied to crops (𝑚3|ℎ𝑎), land 

productivity (𝐾𝑔|ℎ𝑎) and the effect of irrigation on crop yield 

(𝐾𝑔|𝑚3). However, these indicators were unknown, as reported by 

90% of the interviewed water users. In the setting of the field 

experiments, during the interviews the farmers were asked how to 
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reduce water extraction from the ground. In response, different 

elements came to the scene, as shown in Table 5-3. 

One of the first reactions observed in the quest for adaptation to 
water scarcity among farmers was appealing to confront their habits. 

This comes from replies observed in La Guajira and Sucre, such as: “I 

must irrigate my crops in the present”; “we have some customers to 

supply with our vegetables, tubers and all the products of our crops, 
so we do not know how to change irrigation patterns”; “we have 

become accustomed to collecting water from underground, and there 

are few options to collect water from distant places”. After 

confronting habits, people usually think about the effects of water 

extraction changes on their expected profits. Replies on reductions in 
available water in Sucre focused on “how should we adapt to declining 

water tables if our farms sustain our local economies?” Similarly, in La 

Guajira there is high expectation of the influence of declining water 

tables on agricultural profits. This is especially relevant for 

communities dependent on external funding for irrigation projects. If 
extraction should definitely be reduced, people inquire if the other 

farmers are about to follow this implementation as well. Narratives 

recorded in La Guajira and Magdalena revealed that the participants 

inquired if other water users in the vicinity were being similarly asked 

to engage in extraction reductions and water saving.  

When extraction reduction becomes part of a set of feasible strategies 

intended to adapt to water scarcity, people start making efforts to 

calculate volumetric extractions. When people relying on aquifer 

systems are asked about extraction volumes, it can be seen that they 
only have partial knowledge on this topic. Some mental calculations are 

done before reporting this figure.
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Table 5-3.. Reactions of farmers when asked how to adapt to water table declinations 
Reactions observed in the field Source of narratives 

o Farmers usually confront their habits → Replies observed in La Guajira and Sucre during experimental sessions. 

o Calculating the effect on expected profits → Replies on available water reductions observed in Sucre and on exacerbated droughts observed 
in La Guajira. 

o Thinking of alternative water sources → Narratives after field experiments in Magdalena, Sucre and La Guajira. 

o Inquiring on water reduction duration → During all field experimental sessions, the players asked whether the sacrifice in terms of water 
extraction reduction would last all rounds, or less or more than the 12 or 13 rounds.  

o Inquiring if the other farmers are about to be 
involved in the same water extraction 
reductions. 

→ Narratives observed in La Guajira and Magdalena after field experiment discussions. 
 

o Making some efforts to calculate volumetric 
extractions. 

→ Actions observed during experimental sessions in Sucre and La Guajira (Fonseca and La Reserva 
Communities), while people used calculators for this counting. 

o The custom of favoring water outflow over 

inflow. 
→ Concluded while observing respondents in La Guajira (Community La Plazoleta) and Sucre 
(Community Las Llanadas). 

o Despite water table declination, people 
usually think of aquifers as limitless resources. 

→ Narratives and expressions observed in different communities in Fonseca (La Guajira) and 
Guamal (Magdalena). 

o Water-well builders usually suggest that the 

more water is extracted, the more productive 
wells become. 

→ Perceptions observed in Riohacha (La Guajira) and Guamal (Magdalena) during interviews with 
well builders. 

o Building community boreholes. → During discussions held after field experiments in different communities in Fonseca and 
Riohacha (La Guajira) and in Guamal (Magdalena), in communities Los Andes and San José de 

Paraco. 

o Shifting or improving extraction technology  → Feedback reports from participants in interviews and field experiments in Sucre, La Guajira and 
Magdalena. 

o Other behavioral issues worth further 
investigation 

 

→ Uncertainty, lack of knowledge on socio-hydrogeologic issues, routines, belief that underground 
water stocks have an effect on the adoption of adaptive behavior to scarcity. 
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As a researcher, one usually finds some cues about using water pump 

horse-power or water flow capacity to have a slight idea of this volume. 

Otherwise, the size of the container where water is stored is similarly 

used to calculate volumetric extractions. In some cases, in La Guajira 

and Sucre, people grabbed the calculator to do some math on how 

much they might reduce water application to the crops to adapt to 

declinations. However, water table declination does not necessarily 

activate mental adaptation. Despite water table declination, people 

usually think of aquifers as limitless resources (see Table 5-3). So why 

measure something that will not be exhausted during life on earth? 

(unlimited stock belief). The tendency to keep extracting as an adaptive 

strategy (i.e., favoring outflows) shows how it actually prevails over the 

possibility to favor inflows. Water users mostly focus on outflows and, 

therefore, have little interest in increasing inflows aimed at improving 

or replenishing aquifer systems (outflow routine effect).  Few 

respondents in La Guajira (Community La Plazoleta) and Sucre 

(Community Las Llanadas) replied to the need to improve the recharge 

capacity of aquifers, i.e., increasing inflows instead of simply extracting. 

In cases in which building private boreholes is not feasible, people 

appeal to collective action to access groundwater. During the groups 

discussions on the learning process that the experiments left to the 

participants, few people suggested the urgent need to replenish aquifer 

systems as a means of balancing the aquifer stocks.  

Building community boreholes is a collective strategy intended to cope 

with the costs of water-well construction and water extraction. For 

farmers and households with limited access to groundwater or limited 
financial means to build deep private boreholes, the construction of 

community water-wells has been implemented to satisfy water needs. 

This was observed in different communities in the municipalities of 

Fonseca and Riohacha (La Guajira) and in the communities of Los 

Andes and San José de Paraco of the municipality of Guamal 
(Magdalena). When the available private or collective water access 

technology does not allow affordable extraction, improved extraction 
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technology has been proposed as an adaptation strategy. In Sucre, La 

Guajira and Magdalena, some farmer-level initiatives to deal with 
reduced well productivity and declining water tables were frequent. 

Some farmers reported shifting to powerful pumps, changing hoses and 

pipes in the irrigation network, building tall water tanks, giving 

maintenance service to boreholes and other measures to apply more 

water to crops. Nevertheless, these solutions might not last long if 

individual approaches continue. 

On the other hand, different incentives may promote cooperative 

behavior when users observe water declination and they are faced with 

information on the remaining time before aquifer exhaustion. 

Information on time before aquifer exhaustion led the participants to 
declare their water allocation preferences by allotting more water to 

the future than to the present or for their neighbors. On average, 

people allocated almost two times more water to the future than to 

the present (see Graph 5-2). 
 

The likely reasons for this preponderance of the future over the 

present may come from people’s incentives and mental considerations 

in times of water source exhaustion. Since the time dimension is more 

familiar to water users, this variable may activate a preference for more 
patient behaviors. Time is embedded in daily life issues. For instance, 

growing crops takes time. Sowing and harvest periods are planned 

according to the expected time of the rainy seasons. Deciding the 

moment for bringing kids to life is a matter of random or planned 
timing. The age of children is born in mind to wait for their support in 

farming activities. In accomplishing production goals, farmers recognize 

the time taken by nature to yield. While some water can be gathered 

from partners or neighbors, aquifers themselves cannot be forced to 

yield over their inflow rate, just as you cannot harvest any fruit, 
vegetables, tubers or cereals before they have completed their natural 

growing cycle.  Specifically, stocks take time to change because flows 

take time as well (Meadows, 2008). The weekly or monthly mass 

gained by plants cannot be accelerated as wished. Meanwhile, a crop’s 

yield stock can be sped up and accumulated by buying products from 
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other places where harvest comes first or through imports. However, 

in these situations the productive flows take time to increase. In any 
case, producers may have incentives to accelerate productivity by 

investing in genetically modified seeds or other adaptive investments. 

But, the productive flows take time, and it is up to nature, not the 

producer, to do that task. 

 
Being aware of this situation entails the need to smoothly adapt to 

changes. Instead of big leaps in average allocations per period, flat 

declinations were observed from the beginning to the end of the 

games. At the middle of the experimentation time, an abrupt shift in 

the declining trend was observed, resulting in the steepest declination 
of all. For allocations to neighbors and the present, there are episodes 

in which a tendency to repeat prior allocations is observed. This might 

be an adaptive strategy to manage uncertainty or to 

gauge/analyze/understand the issue of extraction rate, which might be 
called the experience heuristics when uncertainty, indecision and lack of 

knowledge become evident. 
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Graph 5-2. Water allocations (remaining TIME before aquifer 
exhaustion) 

Source: Author’s elaboration 

In this graph the preferences on volumes of water extraction are depicted. Field experiments 

were used to collect data. The horizontal axis represents the rounds in which participants made 

their decisions. The vertical left axis shows average water volumes allocated to each one of 3 

pools ((𝑊(𝑝)(𝑡), 𝑊(𝑓)(𝑡) and 𝑆(𝑝)(𝑡)). The vertical right axis represents the aggregated 

water volumes, which were used to compare with the 2.000 m3 extraction cap. The data shown 

correspond to the TIME before aquifer exhaustion treatment group. 

 
Finally, some differences between the quantity and time models are 

presented: 
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o Time is more implacable than quantities. For instance, 

reductions in water quantities can be related to reductions in 
crop production. Farmers might plea or negotiate with 

neighbor farmers who might have experienced a higher water 

use efficiency and have gotten greater yields. However, since 

time for aquifer exhaustion affects every farmer similarly, 

fewer options exist to extract water to produce in that specific 
territory. Thus, over time the water stock reductions will 

affect each farmer. 

o Marginal changes in water allocation to the present are less 

pronounced in the water quantity context, with respect to the 

time before the aquifer exhaustion situation.   
o In both treatment groups, the acceptance of extraction caps 

was swift. The main difference between them refers to the 

good to which water is mostly allocated, since in the quantity 

context people preferred to allocate more water to the 
present, while in the time situation, they allocated much more 

to the future. 

 

5.4 Discussion  
 
Adaptation to climate-change, water-related issues is multifaceted and 
has intricate dimensions that are important to investigate. By focusing 

on a severe blue-water scarcity region9 in Colombia (Mekonnen, M. 

Hoekstra, 2016), a contribution was made to the dialogue on how 

farmers adapt to water scarcity. The setting for the understanding of 
adaptation strategies was demarcated by the social institutions and the 

working rules observed in the field and the limits imposed by nature. 

The latter was incorporated because taking action in institutional 

settings should not be freely done if the necessary physical conditions 

are not locally met in terms of aquifer stocks and flows. For this reason, 
the central piece of analysis for this research was about water availability 

and, consequently, about water balance. Although different rules and 

institutions to sustainably manage aquifers can be designed, the physical 

limitations of water balance governed by nature impose binding limits 
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to water extraction. Thus, a socio-physical setting is proposed as a 

background resembling water users’ mental map. Instead of abstract 
situations in which participants in experiments are asked to allocate 

tokens (Cardenas, Rodriguez, & Johnson, 2011; Gächter, 2007), the 

nature of the commodity at stake and the subject pool (Harrison & 

List, 2004) in this research were strictly related to the research aim. 

 
Extraction caps have been suggested to address water scarcity and the 

paradox of water use efficiency gains (Grafton, R.; Williams, J.; Perry, 

C.; Molle, F.; Ringler, C.; Steduto, P.; Udall, B.; Wheeler, S.; Wang, Y.; 

Garrick, D. & Allen, 2018; Hoekstra, 2013). In addition to this, and to 

the best of our knowledge, field experiments on water extraction caps 
have not reported in the literature.  

 

Closer models to capped games refer to threshold games and usually 

respond whether thresholds cause contributions to increase ceteris 
paribus (Ledyard, 1995). The evidence suggests that increases in 

thresholds increase contributions, together with the probability of not 

reaching the target (Ledyard, 1995).  

 

The extraction-capped game designed for the time versus water 
quantity treatment groups was useful to capture intertemporal time 

preferences. Time group allocated more water to the future and the 

latter preferred to assign more to the present. While different 

explanations of this pattern may be considered, the results suggested 
that referring to time, activates a more intense cooperative behavior 

towards water conservation. Perhaps dealing with water amounts makes 

it easier to figure out how to fetch water, since people who have lived 

in the territory for 40 years on average, can be said to have developed 

multiple adaptations to remain in it. Thus, in periods of water scarcity 
or declining water tables, they surely have conceived alternatives to 

afford their necessary water supply with some support from 

governmental agencies. Instead, dealing with time before aquifers get 

exhausted can be taken more seriously, because time might be more 

stringent. In other words, there might be substitute water sources, but 
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the time of an event cannot be substituted. If there are any beliefs on 

a delayed time for aquifer exhaustion, this was permeated by the 
probabilities, guesses or hunches people construct, based on their long 

experience in managing and progressively adapting to water table 

declinations for generations. Thus, the contrasting forces that operate 

between reactionary and anticipatory behaviors (Apraku, B.; Idinoba, 

M. & Amisah, 2008) seem to be reflected in the quantity and time 
contexts, respectively. Despite being knowledgeable on qualitative 

deterioration of aquifer conditions, people still believe that the future 

waits ahead, which is the reason why more water units were allocated 

to it. The cap played a role in suggesting that changing the social 

decision-making on water extraction might be a useful working rule, 
aimed at adapting to the limited character of aquifer systems. 

 

The limited nature of aquifers was not fully addressed by users and 

well builders. In extraction activities, different incentives and 
information exist to address borehole management. Water well 

owners and builders have different perspectives on groundwater 

access and extraction stages. Private well builders and engineers in 

charge of the maintenance of public water wells have the perception 

that engineering solutions might always be found to dig deeper and find 
underground water. In doing so, water shortage is tackled simply as a 

physical problem, i.e., a first order scarcity (Metha, 2007; Wolfe, S. & 

Brooks, 2003).  

 
Just as central managers, environmental authorities usually act as 

hierarchical regulators. However, water management is no longer a 

top-down administrative issue (Pahl-Wostl & Knieper, 2014). The role 

of environmental authorities might be more productive if they give the 

technical information they have as a beneficial input for helping their 
societies to adapt to scarcity. Technical information, if combined with 

folk knowledge, might work in reducing knowledge gaps about scarcity 

conditions. But there may be good reasons to avoid exaggeration and 

thereby prevent panic. Hence, the current predictions do not really 

indicate the seriousness of the water scarcity situation (Apraku, B.; 
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Idinoba, M. & Amisah, 2008). In turn, this affects the possibilities of 

individuals and communities to transform and adapt social institutions 
to physical scarcity, due to information shortage and asymmetry. 

 

Nonetheless, communities living with physical scarcity usually devise 

progressive adaptive strategies. In this respect, social institutions and 

behavioral regularities operate and provide valuable inputs for 
managing physical water scarcity by addressing social, cultural and 

behavioral issues. This represents a departure from the classical 

supply-side approach (Griffin, 2006) and top-down regulations (Pahl-

Wostl & Knieper, 2014) that govern water resources. Behavioral and 

institutional aspects were drawn from the narratives and quantitative 
data resulting from the current experimental sessions and in-depth 

interviews carried out with water users, environmental authorities, 

borehole drillers and engineers in charge of borehole maintenance. 

Similar to borehole technicians and engineers, in the context of water 
table declination people usually think of aquifers as unlimited 

resources. So, there is a tendency to ask themselves: Why measure 

something that will not end during life on earth? This propensity might 

be named the unlimited stock belief. When people are asked to reduce 

extraction and implement activities to increase inflow (recharge), this 
requires a paradigm change. Thus, people are not familiar with 

increasing inflows to replenish aquifer systems, which might represent 

an outflow routine effect.  

 
These and other types of behavioral dimensions referring to risk 

management, routines, beliefs and perceptions are still under 

construction in the literature on behavioral and institutional 

economics. (Singh, Ch.; Osbarh, H. & Dorward, 2018) highlight the 

relevance of risk perception on the adoption of strategies to adapt to 
scarcity in India. Similarly, the social perception of the meaning of 

scarcity was stressed. The role of memory and the consequences of 

past scarcity events with respect to recent ones played key roles in 

adaptation to scarcity and, particularly, exhibited a bias toward recent 

events. All the coping strategies employed by communities for water 
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scarcity adaptation in Ghana were mainly reactionary in the short term 

(Apraku, B.; Idinoba, M. & Amisah, 2008). Since scarcity is understood 
from physical, institutional, economic and behavioral standpoints, 

alternative solutions to observed water table declination go beyond 

engineering and supply-side solutions, as stressed by (Singh, Ch.; 

Osbarh, H. & Dorward, 2018; Wolfe, S. & Brooks, 2003). More 

research is needed to support people’s ability to adapt to the physical 
and socio-institutional facets of scarcity. In this research, a subdivision 

of the orders of scarcity can be drawn, thus facilitating the placement 

of the behavioral side of the problem. The first, second and third 

orders of scarcity were respectively the physical (engineering), 

economic (institutional) and socio-political ones (Metha, 2007; Wolfe, 
S. & Brooks, 2003). This allows placing the behavioral dimension in the 

social order of scarcity, which may help to operationalize improved 

strategies for adapting to water availability and quality declinations. 

There exist also relevant ecological dimensions integrated via recharge 
of aquifers dynamics announced to players in the experiments. 

However, the interconnection between extraction rates and the water 

availability to crops, plants animals go beyond the scope of this 

research and surely could be part of the research agenda. Similarly, the 

dynamics of human population growth and how that increases the 
demand for/need of water and food and all other goods that must be 

produced and maintained; many of which will require more water than 

the previous or today’s populations. 

 

5.5 Conclusions  
 
This section was designed for presenting the results on how farmers 

adapt to water scarcity. Framed field experiments were run to collect 

quantitative data on the decisions made by farmers when they were 

exposed to reductions in water availability. Time and water quantity 

treatment groups were prepared to test their effects on water 
allocation as limited by suggested extraction caps. Quantitative and 

qualitative analysis of data and information were carried out. 

Behavioral regularities and social institutions were drawn from the 
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quantitative data and graphics and the narratives expressed by the 

players after the experiments.  
 

The setting for the understanding of adaptation strategies was 

demarcated by the limits imposed by nature. For this reason, water 

availability as a physical limiting factor for water extraction was used 

as an instrument to connect allocation, decision-making and 
intertemporal consequences for adaptation. Thus, limited availability 

under time and quantity limits pushed the farmers (players) to decide 

whether to cooperate or not in water conservation. Thus, the 

individuals who cooperated better were considered to be actually 

adapting to water scarcity. More precisely, the farmers informed on 
time before aquifer exhaustion revealed greater awareness about the 

possibilities of cooperation. Since the stability of cooperation was part 

of the research aims, providing quantitative information to farmers on 

extraction decisions and the remaining time of aquifer availability was 
found as a key factor for helping to plan more stable adaptation actions 

to reduce climate change and for better management of the anticipated 

water scarcity conditions.  

 

In any water management program aimed at incentivizing water 
extraction reduction, time related strategic information should be 

clearly designed and delivered to community users. In the ‘business-as-

usual’ water management schemes, top-down hierarchical regulation 

prevails (Edelenbos & Teisman, 2013; Pahl-Wostl & Knieper, 2014), 
and regulatory processes focused on enforcement measures are put in 

place (Foster, Stephen ; Hirata, R; Vidal, ANA; Schmidt, Gerhard; 

Garduño, 2009; Sandoval, 2004). However, these types of measures 
underestimate the behavioral dimensions of decision-making, which 

are broader than forthright adoption of regulatory approaches.  

A further elaboration of the behavioral dimensions that must be borne 

in mind when it comes to water users’ adaptations to climate change 
and water scarcity was suggested as part of a strategic behavioral 

change towards incentivizing cooperation. For instance, a couple 

behavioral regularities were mentioned: Unlimited stock belief and 
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drowning kick reactions. With respect to the stock belief, a key aspect 

to contrast this behavioral topic refers to making the figures on aquifer 
variables visible and accessible to all as a common knowledge factor. In 

doing this, the belief in the existence of infinite groundwater pools may 

help to reduce user consumption rates. In summary, making visible 

what is currently invisible, may help people realize that there are limits 

to aquifer water supplies. 

The implication is that solid, dependable hydrogeological information 

must be documented and supplied to help water users become 

engaged in joint ‘management’ of the valuable, limited, groundwater 

resources. Since aquifer status data are a specialized issue and building 

hydrogeological data is costly and demands special expertise, the 
environmental authorities have a key role to play in building and 

disseminating the information and gaining or recovering trust on their 

roles in promoting societal sustainability. 

The drowning kick regularity stresses that farmers tended to allocate 
more water to the future at the end of the experimental sessions. 

When an aquifer is nearing depletion and this information is made 

common knowledge, many water users may start to believe that time 

is showing the exhaustible nature of the CPR, and they may start to 

extract less water in the present to help to ensure that the total 
resource may last longer into the future. This implies that water users 

are confident that the water stock left in the pool for the future is not 

consumed by many others in the present. A credible and reliable 

information system on CPR status is essential to convince water users 

to acknowledge and respect the water budget status. 

Finally, socio-physical options to adapt to climate-change-related water 

scarcity are presented. Adaptive strategies were drawn from the 

narratives observed during experimental sessions and in-depth 

interviews. Discussions are presented on the feasibility of some 
alternatives which mostly demand paradigm changes, investments in 

infrastructure and other implications. Adaptation options were 

deliberated under social institutional contexts. In doing so, behavioral 

issues were detected. Biases, beliefs and heuristics were considered to 
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be downscaled contributions to the discussion on the understanding 

how and why people decide to cooperate with groundwater 
conservation. Adaptation options have favorable implications in 

pursuing Sustainable Development Goals, especially SDG 6, which is 

related to water use efficiency. The research findings are related to 

development and water policy for regions exposed to droughts and 

water scarcity. In order to increase the successfulness of water 
conservation plans, behavioral dimensions should not be overlooked, 

since water users are not straightforward policy adopters. Instead, 

they formulate dynamic considerations to the information framework 

in question. The social institutions and working rules currently 

operating in communities are relevant since external regulations and 
policies cannot pretend to sweep away people’s perceptions and 

beliefs. Similarly, working social rules regarding water access, 

extraction, consumption and efficiency assessment play important 

roles in adaptation to scarcity. 
 

This research has several limitations. The Covid-19 pandemic situation 

restricted the possibilities to perform a broader data collection since 

more groups of participants could not be investigated.  Similarly, a 

second round of experimental sessions was expected, but the 
pandemic situation continued to impose limits on mobilization 

throughout the country, thus making it impossible to meet people in 

their territories. A second field experiment was intended to gauge the 

stability of the cooperation in groundwater conservation under the 
extraction caps. In addition, different extraction cap levels could not 

be tested due to limited funds to pay the participants. However, the 

applied extraction cap used was based on agricultural activity water 

consumption figures, so the suggested cap was familiar to farmers. 

However, varying the cap figure might generate different cooperation 
decisions as well. The types of rules and institutions needed to be 

better adapted to scarcity conditions led by stringent extraction caps 

would provide valuable, new insights. Further research is needed on 

the social institutions and the water management stages in which 

allocation decisions transpire. 
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6 Conclusions and 

recommendations 
 

 

This chapter summarizes the research findings on the influence of 
information provision on cooperation among users of groundwater in 

dry regions in Colombia. Information on availability of water resources, 

competition for resources, spatial dispersion of water-wells, types of 

users and institutions in time and place, were tested as part of the 

research method. Contributions of this research highlight the research 
agenda for cooperation in sustainable CPR management, beyond 

aquifers and surface waters, to fisheries, forests and irrigation systems, 

also exposed to overexploitation. This chapter presents the answers 

to the research questions, which were addressed in detail in the 

previous chapters. In the second part of this chapter, the contributions 
to literature were discussed and recommendations were made for 

practices involving decision-makers among policymakers, water users, 

and water managers.  
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6.1 Answers to research questions 
In this section the overarching research question I was addressed. 

However, the sub questions 2, 3 and 4 were responded to first because 

the RQ 1 is a general question that summarizes the responses of the 

questions 2, 3 and 4.  

Box 1. What are the main drivers and inhibitors of 

cooperation among water users in the water management 

systems of dry regions? A simple and short answer. 

Social and physical variables such as well-depth, water availability, time (in fact: 
years) living in the community, years of education and preference for the future 
over the present, explain cooperation to adapt to scarcity and climate variability. 
Social variables such as additional years living in the community, additional years 
of schooling, or preference for the present over the future reduce the 
probabilities of cooperation. Water-well depth and remaining water stocks were 

inversely correlated to people’s likeliness to conform to extraction caps. 
Contrarily, the more water the neighbors extracted from the aquifer used in 
common, the greater the probabilities of cooperation.   
 
Nonetheless, the probabilities of adopting cooperative behavior are not the same 
if people are located over a 50m, 100m or 500m deep water-well. Besides, 
these probabilities change if the aquifer stocks are estimated to last for 5, 10, 
15 or 30 more years. In a hypothetical example, Community A´s average well-
depth is 100m and Community B´s average depth is 400 m; and both of them 
know that 15 years remain if the current extraction patterns continue. In 
Community A, the probability of cooperation is 94%, and in Community B, it is 
82%.  

 
Field experiments and questionnaires were used to study causal relationships 
that explain cooperative behavior. Compliance with water extraction caps was 
used to operationalize cooperation in protecting aquifers. More specifically, the 
probabilities that people follow extraction caps were calculated. Due to the 

complexities of explaining cooperation, a non-linear regression model was built. 
Social and physical variables were compared to configure the model that better 
explains cooperation and adaption to climate variability.  
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Box 2. How do social rules coexist with legal rules? A simple 

and short answer. 
Social rules and legal rules coexist and are shaped over time. Water users have 
their own social rules based on different interests and seem to have followed 

their own trajectory, triggers and troubles in curbing water access and 
extractions. Asymmetries in information and vision exist among users, and also 
among users and environmental authorities.  Free-riding in extraction is 
abundant, while there seems to be little interest among users to collaborate with 
environmental authorities. 
 

For the sustainability of water resources, a purposive sustainable management 
regime or organization is needed. Sustainable water extractions will not be 
attained spontaneously. This requires the efforts of communities of users, 
managers and other stakeholders of the water governance system. Research 
results suggest that there have been trajectories, triggers and troubles in curbing 
water access and extractions. But the water management regimes in place in 

the dry research areas do not have clear boundaries. Instead, a joint 
management scheme was found to be the emergent inter-institutional operating 
system of social and legal rules. Water users and water managers seem to follow 
their own trajectories in the way they allocate, extract and consume water. As 
time passes, the overarching difficulty in each trajectory is how extraction paths 

diverge or converge towards sustainability. In order to achieve the Sustainable 
Development Goals on water efficiency, innovative social-legal institutions should 
be developed. This should be done jointly by all stakeholders in the water 
governance system 
 
A document analysis and a series of questionnaires were implemented to gain 

understanding of how social rules interact with formal legal rules in aquifer water 
extraction management. In the present water governance system, a top-down 
hierarchical regulation scheme prevails. Legal rules imposing extraction permits 
and authorized extraction flows have found little acceptance in communities. 
Free-riding in the use of aquifers was observed without acknowledgment on the 
part of environmental authorities. Communities of water users have their own 

rationales, perceptions and informal rule systems to manage aquifers. Whether 
a top-down or a bottom-up approach works better is not the key issue.  
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Box 3. 4. How does egoistic behavior and free riding 

affect collective action in the adaptation to climate 

variability? A simple and short answer. 

This research documented that people do not ignore their neighbors when 

deciding to allocate scarce water resources. However, high amounts of 
available water and large extractions by neighbors water negatively impact 

the probability that individuals will decide to save water for them (see Table 

4-3, Table 4-4, ). If, for instance, an aquifer is almost depleted, and neighbors 

extract 3000 m3 the probability of cooperation is 44%; if the extraction is 

only 1000m3 the probability increases to 60%. If the aquifer is almost full 
and the neighbors extract 3000 m3 the probability of cooperation is 25%. 

However, if the extraction is only 1000 m3, the probability of cooperation 

increases to 40%.  

 
Groundwater users live in communities where aquifers are approached 

multiple times per day from backyards or collective water-wells built in 

central squares. Field experiments and questionnaires were used to study 

cooperative behavior on people’s willingness to share water with neighbors. 

It became clear that this willingness was conditioned by water availability and 
neighbors´ extractions. This pair of variables play a key role in communities´ 

contributions to sustainable management of aquifers.  

 

Sustainability also demands cooperation in terms of being able to share water 

instead of being selfish. For this purpose, the probabilities that people share 
water stocks and flows with others were calculated. Participants in the 

experiments were given an extraction cap and made aware of the limits of 

the common aquifer. In allocating their extraction caps they were free to 

assign water extraction to their own present use, their own future use, and 
the use by their neighbors. A combination of the three options was also 

possible. 
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6.2 Research Question 1. How does 

information on water scarcity affects the 

extraction behavior of water users, and 

how can current information provision 

strategies be improved?  
Box 4. How does information on water scarcity affects the 

extraction behavior of water users? A simple and short answer. 

People adapt better to water scarcity if they are given information in terms 

of time remaining at the current extraction rate. Since time has no substitute, 

people seem to take depletion more seriously when informed about the time 

that remains before the water source will be exhausted. If users are given 

information in terms of quantity remaining in the aquifer, more water is 
allocated to the present.  

 

Field experiments were implemented in the form of games in which players 

were asked to cooperate and declare their preferences on how to adapt to 

water scarcity and climate variability. Given that aquifers are being depleted, 
avoiding their exhaustion is a matter of time and reduction of water 

extraction rates through capping strategies. Thus, in the experiments, two 

groups were formed. The “Time” group was given information on the 

remaining stock of water in each round. The “Quantity” group was given 
information in terms of the remaining water volumes in each round. 

 

Additionally, a sustainability condition was suggested in the form of a water 

extraction cap. Caps were used as a mechanism to understand how and why 

limiting conditions may lead water users to allocate water to the future.  
Allocations to the present and neighbors were part of the options that were 

made available to the participants; the allocation of water to the future was 

the overarching interest in this research.  

 

6.3 Contributions to literature 
 

The theoretical contribution of this research, highlights the integration 

of social and physical dimensions in Common Pool Resource theory, 
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and recommends Voluntary Contribution Capped Extraction 

experiments, as a research method to obtain evidence on people’s 

willingness to abide by extraction caps under diverse institutional 

settings. The Capped Extraction Game to address the socio – physical 

interactions which determine the status of the resource system, was 

operationalized to understand adaptation to water scarcity. There is 

significant evidence about people´s willingness to abide by extraction 

caps. To the best of our knowledge, capped games were not reported 

in the literature, except for the extraction quotas games (Pfaff, et al, 

2015; Velez, et al, 2006). The key difference from the existing 

knowledge, are the findings that the CPR stock balance resulting from 

the socio-physical setting, was intentionally connected to the urgent 

need to keep resource extraction under the limits of nature.  

Additional contributions identified behavioral regularities resulting 

from information on quantity and time, in water cap dynamics such as: 

(i) Drowning kick reactions: allocated much more water to the present 

than to the future, (ii) Presents: A preference for higher allocation to 

the present, (iii) Smooth patience preference: allocation to future 

consumption is 70% of the allocation to the present, (iv)  Unlimited 

stock belief: in spite of water table declination, people continue to 

think of aquifers as limitless resources, (v) Outflow routine effect: few 

efforts focused on increasing inflows to improve or replenish aquifer 

systems, (vi) Experience heuristics: there were episodes in which a 

tendency to repeat prior water allocations was observed, (vii) Egoism 

with purpose: many participants in the experiments allocated large 

quantities of water to their own use in the present in order to 

gain/retain control of the water.  

A more detailed elaboration on the drivers of cooperation reveals the 

marginal10 effects of well-depth, extractions by neighbors and water 

availability on cooperative behavior (see Box 5 and Box 6). The 

marginal effects of well-depth, extraction by neighbors and water 

availability on cooperation drivers are different from the above. At the 
margin, these three variables do not play a role individually but, when 

taken together, they have different impacts, depending on the value of 
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each variable. Amongst these variables there exists a synergistic effect 

in terms of how they interact to determine the level of cooperation. 

For instance, the individual effect of well-depth on the probability of 
cooperation was negative, small and significant; the effect of available 

water was negative, very small, and not significant; and the effect of 

extraction by neighbors was positive, significant and small. 

Nonetheless, when neighbors extracted an average of 1000 m3 and 

there were 6000 m3 remaining in the CPR, the sharing probability was 
60%, which dropped to 40% when the common pool was almost full. 

Thus, the simultaneous effect of these variables generate a combined 

effect in explaining the probabilities of cooperation using the marginal 

effects of the variables taken together. 

 

Table 6-1. Comparisons between the marginal and substantial 
effects for individual and synergistic relationships of variables 

Variables → Individual Synergistic 

Delta 

Marginal  

0 or yet 

significant  

0 or yet 

significant 

Substantial  Small effect Large effect 
Source: based on Table 2-7, Table 4-3, Graph 2-1 and Graph 4-2  

Marginal analyses of the relationship between remaining water 

quantities and probabilities of cooperation was missing in the existing 

literature on the drivers of cooperation and water sharing (cf.Axelrod, 

R.; William, 1981; Axelrod, 1984; Ostrom, 1990; Ostrom, Gardner, & 
Walker, 1994; Isaac, Walker, & Williams, 1994; Sally, 1995; Fehr & 

Schmidt, 1999; Cox, 2004; Velez et al., 2009; Abrahamse & Steg, 2013; 

M. A. Janssen, Holahan, Lee, & Ostrom, 2010; Cardenas, Rodriguez, & 

Johnson, 2011; Janssen, Lee, & Tyson, 2014; Ostrom, 2015). 

 

The long-term challenges of water management sustainability make it 

necessary to understand the relations among intentions, behaviors and 

stable reduction gaps. Contributions to CPR literature are presented 

in Figure 6-1. 

. 
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Figure 6-1. Empirical contributions amidst extant literature on drivers of 

cooperation in CPR management. 

 

 

Source: author´s elaboration 
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6.4 Contributions to policy 

 
The current research findings are related to water policies for regions 

exposed to drought and water scarcity. The answers to the four 

research questions provide cues, recommendations and inputs that are 

likely to improve the way aquifers and surface waters (valued as CPRs) 
are managed at local and regional levels in the future.  

 

How does information on water scarcity affects the 
extraction behavior of water users? 

 

The inclusion of the behavioral patterns deserves special attention, 

since water management programs developed and implemented within 

communities or are led by external environmental agencies cannot 
pretend to override working rules and social institutions. A further 

elaboration of the behavioral dimensions that must be borne in mind 

by policymakers are summarized below. 
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Table 6-2. Practical implications of behavioral regularities on people’s adaptation to water scarcity. 

Behavioral 
regularities in 

adaptation to 

water scarcity 

Practical implications 

Drowning kick 

reactions →  

When an aquifer is nearing depletion and this information is made common 
knowledge, many water users may start to believe that time is displaying the 

exhaustible nature of the CPR. Similarly, they may start to extract less water in the 
present to help ensure that the total resource may last for longer in the future.   

(If they withdraw and store larger quantities in the short-term, to try to ensure that 

they have a supply in the longer term, this demands an installed storage capacity which 
is not available in the present). 

This implies that water users are confident that the water stocks left in the pool for the 

future are not consumed by others in the present.  

A credible and reliable CPR status information system is essential to help to ensure that 

water users acknowledge and respect the water budget status. 

Present bias →  Moving from high to low social discount rates, demands a long process affected by 
many factors. Confidence in policies, fulfillment of basic needs, high literacy rates, social 

capital, and management of uncertainty, all play important roles in this process. 

Smooth 
patience 

For people who tend to allocate more water to the future, the socio-physical conditions 
should be met to make sure that water users find it sensible and trustworthy to extract 
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Behavioral 

regularities in 
adaptation to 

water scarcity 

Practical implications 

preference →  less water today and to postpone extraction for future consumption. Institutions and 

infrastructure should be carefully discussed, built, monitored and evaluated with the 
continuous participation of water users and other stakeholders at the local and regional 

levels. 

Unlimited stock 

belief → 

In order to counter the incorrect belief among users and other actors involved in water 

extraction that the stock is unlimited, it is of key importance to turn the figures on 
aquifer variables into common knowledge, that is visible and accessible to all users. 

This may help to reduce user extraction rates. In summary, making visible what is 
currently invisible, may help people realize that there are limits to aquifer water 

supplies. 

 

The implication is that solid, dependable, hydrogeological information must be 

documented and supplied to help water users engage in the ‘joint management’ of 
their valuable and limited, groundwater resources. Since aquifer status data are a 

specialized issue and building hydrogeological data is costly and demands special 
expertise, the environmental authorities have a key role to play in building and 

disseminating the information and in gaining or recovering trust on their roles in 

promoting societal sustainability. 
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Behavioral 

regularities in 
adaptation to 

water scarcity 

Practical implications 

Outflow11 

routine effect → 

Aquifer replenishment demonstration projects should be done and made common 

knowledge to water users. The key issue is to provide information to help them clearly 
see the connections between recharges and changes in water flows in the future. 

Recharge areas and protection projects should be designed with the involvement of 
water users from the very beginning. Nature-based solutions for recharging may sound 

more familiar to users. Besides, the teaching of optimal practices involved in aquifer 

recharge cases from other latitudes may help water users gain knowledge and 
awareness that inflow practices are feasible. 

 
These implications entail relationships with other areas of development. Since natural 

solutions are contemplated, the involvement and empowerment of public and social 

organizations dedicated to ecosystem service management is required. 
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6.5 Research agenda 
 

The relationship with other types of CPR. 

 
This researcher addressed groundwater as a specific CPR. It provides 
theoretical elements for other CPR settings such as forests, fisheries 

and irrigation systems, which are also affected by resource use 

dilemmas. It also applies in the quest for reduced energy consumption 

as part of the energy transition from fossil fuel-based systems to 

renewable energy-based systems.  
 

Additionally, in all these CPR contexts the quest for cooperation for 

resources conservation is needed. For instance, the deforestation in 

tropical areas is releasing carbon dioxide and negatively affecting the 

provision of ecosystem services; in some fisheries areas, the depletion 
of many fish species is occurring without further notice and irrigation 

are subject to  higher pressures due to drought conditions. Some 

countries are attempting to test putting some limits to energy 

consumption as an adaptation to reduced energy sources. Therefore, 
in all these settings the socio-physical -ecological relationships can be 

addressed further than only imposing legal rules on the groups of 

resource users. Thus, resource extraction or use caps might be put to 

work as part of the combined strategies to curb resource use by 

signaling the scarcity conditions. 
 

Further research questions for research agenda  

 

For each of the addressed research questions, some limitations were 

expressed for complementing the research agenda. Evidence of aquifer 
overexploitation around the world (OECD, 2017b; Siebert et al., 2010) 

makes it necessary to undertake assiduous efforts aimed at improving 

society’s understanding of aquifers and other CPR conservation 

challenges. Table 6-3 presents a suggested list of questions for this 
future agenda.  
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Table 6-3. Proposed research questions. 
Questions addressed in 
this research 

Proposed questions for future research 

How does information on 

water scarcity affects the 
extraction behavior of water 
users, and how can current 
information provision 
strategies be improved? 

How should we involve and consult 

stakeholders in the calculation of CPR 
extraction caps? 

How should we coordinate with all 
stakeholders in the implementation of CPR 
extraction caps? 

What are the main drivers and 

inhibitors among water users 
in water management systems 
in dry regions? 

What are the drivers of adaptation under 

stringent CPR scarcity conditions? 

How do farmers and water users adapt to 
CPR scarcity under data-driven resource 
management? 

How do social rules coexist 

with legal rules in the 
overexploitation of aquifers in 
dry regions? 

How to better understand the dynamics of 

social and legal rules, and design effective 
instruments for the productive management 
of over-exploited CPRs? 

What type of technological combinations 
might work better in building more resilient 
climate change adaptation local capabilities? 

How does egoistic behavior 
and free riding affect collective 
action in the adaptation to 
climate variability? 

What is the stability of water sharing 
cooperation under scarce CPR availability? 

What mechanisms might work better to 
discourage non-cooperation?  

How can we design and implement 
trustworthy and applicable sanctions and 

penalties under situations of stringent 
scarcity? 
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Calculation of extraction caps 

Since the main research category signaling water scarcity referred to 

water extraction caps, a key topic for the research agenda inevitably has 

to do with their calculation. This task demands interdisciplinary efforts 
aimed at managing water stocks and flows in time and space, so as to 

guarantee their availability for ecosystems and water users. Thresholds 

for the blue and green water footprints of human activities need to be 

established for each water body (A. Hoekstra, 2020). Water inflows 

and outflows influence the hydrogeological status and ecosystem 
services provided by water sources. The existence of these water 

bodies in the territory determines the availability of stocks and flows 

over time. In the particular case of river basins, water resource 

availability is constrained by the amount of precipitation (A. Hoekstra, 

2020; Dracup, Lee, & Paulson, 1980; Nagarajan, 2010)). However, 
droughts limit the quantities of precipitation and the subsequent 

replenishment of water stocks. The relation among the diverse 

parameters determines water balance, the evolution of which should 

be iteratively calculated and made public knowledge, because 
sustainable water management at the local and regional levels is not 

feasible if this quantitative information is not provided and used.  

 

Data-driven CPR governance under severe climate 

change effects  

A new generation of CPR management schemes led by extraction caps 

and data-driven governance systems might be part of CPR sustainability 
transitions around the world. In the era of digitization, the Internet of 

Things (IoT) and automation, many opportunities exist to put 

technology at the service of the common good. Existing initiatives of 

remote sensing for the tracking aquifer status should be translated into 
manageable and usable information for water users. However, there is 

much more to do to connect aquifer status to water user decision-

making through technological means (e.g. sensors and monitoring 

devices) combined with local knowledge.  

 
Although technology is not an end in itself, its proper and innovative 

use can help to ensure aquifer sustainability and CPR management. For 
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this aim, goal-oriented water governance or extraction-capped governance 

systems need to be developed based upon forecasting and providing 

feedback to all stakeholders. This will only be possible if communities, 
authorities and other stakeholders are willing to cooperate to change 

damaging management patterns which are currently heading to CPR 

exhaustion. One way to promote this is by using data-driven plans to 

guide the transition towards sustainable CPR management. No data 

means no evidence of improvement or its absence in water 
management systems 

 

Technological combinations and climate change 
Climate variability and uncertainty, rainfall shocks and scarcer water 

resources exert pressure on users to implement adaptation strategies. 

Pervasive groundwater scarcity trends might force water users to build 

adaptive and persistent social institutions to face conditions of scarcity. 
Technological devices combined with local knowledge and practices 

should be integrated to support communities in building more 

adaptation capabilities.  

 

Merging social and legal rules  

Further research on the mechanisms of community adoption of legal 

rules for water users is suggested. Similarly, expanding our 
understanding about adequate means of merging social and legal rules 

in the search for sustainable extraction paths would certainly benefit 

water management at the local level. Legal permits do not work alone. 

Authorities are responsible for designing and implementing 

appropriate incentives such as prices and tariffs according to 
consumption. This should be combined with provision of information 

reflecting the CPR status. Similarly, the incorporation of tariffs per 

volumetric extraction should reflect scarcity as well. Thus, a 

combination of mechanisms, instead of only legal permits are required 
to more appropriately achieve the convergence of social and legal rules 

towards water conservation. 

Pilot studies designed to measure the socio-physical impacts of merging 

social and legal rules are suggested. Scientific evidence must be 
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obtained on the drivers of co-institutional arrangements to envision 

and implement successful sustainable water management systems.   

Dealing with free-riding 

In the context of widespread non-compliance with environmental rules 

(i.e., free-riding), further research should be conducted on individuals’ 

decision-making processes under more barefaced free-riding, so as to 

see the extent to which tolerance and patience are overtaken.  Further 
interdisciplinary research on this topic would help in addressing new 

proposals aimed at decreasing free-riding. 

Stability of cooperation 

A longitudinal experimental approach was planned, but the Covid–19 

pandemic made it impossible to conduct it. Thus, more rounds of 

experimental sessions are needed. More field experiments with the 
same communities would be helpful to measure cooperation stability. 

On the other hand, varying the extraction cap might be helpful to 

measure the effects of caps and thresholds on the degree and 

effectiveness of cooperation. 

Intertemporal allocations 

Since the declaration of preferences regarding cooperation with 

neighbors and water allocation to the present or the future do not 

occur spontaneously and without a context, additional research is 

needed to improve the efficacy and efficiency of the social institutions 

working in all water management stages in which allocation decisions 

transpire. 

Rule design for CPR management.  

There are suggested rules and institutions that might work for 

sustainable groundwater extraction management. These include 

submitting to obligatory groundwater extraction permits, limiting the 
number of wells on water users’ lands, restraining pumping extraction 

times or rates, planning strategies and instruments to solve conflicts, 

establishing tracking systems and imposing rules. Key questions arising 

from these suggested rules refer to the coordination mechanisms to 

make it all happen. For instance, how to guarantee that each water 
user obeys their own rules and institutions? Which mechanisms might 
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work better to discourage non-cooperation? How to design, 

implement and enforce, trustworthy and applicable sanctions and 

penalties under situations of stringent scarcity? How to restart and 
change the practices where free-riding has become the norm? These 

and many other questions underscore the needs for designing and 

implementing rules for sustainable CPR management.  

It is necessary to continue decoding the intricate challenge of keeping 

CPR users as cooperators and more importantly as stable 
cooperators. Climate change effects on water resources have not been 

fully revealed physically, thus, more droughts and more fluctuations in 

precipitation patterns will occur at the local level. Some changes might 

lead the stakeholders in a CPR to implement a proactive of social and 
legal rules. In other cases, these same changes might bring about 

unexpected, negative behavioral and social reactions. All of these and 

other dimensions need to be systematically researched in the near 

future. 
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English summary 
 

Fresh water is a scarce and depletable resource that has been studied 

by analyzing declinations of groundwater tables in various regions 

throughout the world. Climate change effects on water resources are 

pressing all types of water users to implement adaptation measures. So 
far, the management of groundwater has been mainly studied from the 

supply-side and engineering perspectives. This is necessary, but not 

sufficient to solve the problem of overexploitation of groundwater 

resource. There has been less research on the demand side of the 

problem, on how to induce cooperation among users to conserve 

water resources.  

Water scarcity in a location results when extraction rates of users, 

exceed the available water stock and the recharge capacity of the 

aquifer. Therefore, adaptation to water scarcity depends on how the 
water users adjust their water extraction - over time - to the recharge 

capacity of the aquifer. This requires water users to have knowledge 

on water extraction volumes of all water users of the aquifer, and the 

recharging capacity of the aquifer. Based on this information, water 

users might consider the connection between water inflows, outflows 
and stock determinants of the water balance, as a key concept for 

sustainability of ground water resource management.  

 

This research was focused upon the demand side of water scarcity in 
three Colombian municipalities Corozal (Sucre), Guamal (Magdalena), 

and Riohacha (La Guajira) with the objective to better understand the 

nature of cooperation among water users. This researcher analyzed 

drivers of cooperation, behavior and institutional mechanisms, using 

complementary lenses of common pool resource theory, behavioral 
economics and institutional economics.  

 

This general research question used for structuring this research was:  
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1. How does information on water scarcity affects the extraction 

behavior of water users, and how can current information 

provision strategies be improved?  
Subquestions involve:  

2. What are the main drivers and inhibitors of cooperation 

among water users in water management systems in dry 

regions? 

3. How do social rules coexist with legal rules in the 
overexploitation of aquifers in dry regions? 

4. How does egoistic behavior and free riding from neighbor 

users affect collective action in the adaptation to climate 

variability? 
 

The research strategy to collect empirical data involved field 

experiments, review of historical documents on institutional 

developments in water management in Sucre and la Guajira, and 

interviews of water users. Experimental sessions were designed to 
understand the decision-making processes of farmers, by providing 

them information on competing extraction sources and information on 

well capacity. The effect of information on decision-making was 

measured as part of the experiments. For each type of information, 
two experimental groups, were organized: (i) information on water 

extraction quantity was provided to all participants and free 

communication was allowed, and (ii) information on time remaining 

before aquifer exhaustion. In the two control groups, as part of the 

experiment, communication among participants was limited and also, 
allowed to test the effects of the possibility to design agreed upon 

decisions on extractions. 

 

The field experiments were implemented as games in which players 
were asked to allocate water caps under diverse scenarios of depletion 

including suggestions to extract a balanced volume of water or take 

into account the remaining time for sustainable aquifer management. 

Participants were asked to allocate water resources for their current 

and future use, for themselves and their neighbors. Collaborative 
behavior of participants was tested by measuring compliance with 

suggested water extraction caps.  
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In total 62 farmers representing 10 communities participated in the 

field experiments, took part in 668 experimental rounds, based upon 

2,670 observations used for empirical data analysis. The qualitative 
analyses included 40 semi-structured interviews with selected 

participants.  Both quantitative analyses of data obtained through the 

field experiments, and qualitative data resulting from semi-structured 

interviews, provided the evidence for answering the research 

questions:  
 

• What are the drivers and inhibitors of cooperation among water 

users in water management systems in dry regions? 

Physical characteristics of the aquifer and socioeconomic 

characteristics of the participants representing the communities in the 
three municipalities, explain cooperation probability to adapt to 

scarcity and climate variability. Social variables such as the number 

years living in the community, level of education, and vision for the 

future, were negatively related to the probabilities of cooperation.  

 
Physical characteristics such as water-well depth and remaining water 

stocks were inversely correlated to people’s likeliness to conform to 

extraction caps. Contrarily, the more water the neighbors extracted 

from the aquifer, the greater the probabilities of cooperation, since 
farmers bear in mind the long-term collective effect of non-cooperative 

behavior of others. 

 

Probabilities of adopting cooperative behavior varied considering 

different well depths and diverse times remaining for aquifer depletion. 
Simulations of diverse scenarios using experimental data illustrated 

how, community A´s average well-depth of 100m, combined with a 

depletion time of the aquifer of 15 years, probability of cooperation 

was 94%, while in community B with a well depth of 400m and an equal 
depletion time of the aquifer of 15 years, the probability for 

cooperation was 82%: collaboration was less probable if the well depth 

was greater.  
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• How do social rules coexist with legal rules in the overexploitation 

of aquifers in dry regions?  

Social rules and legal rules coexist and are shaped over time. Water 

users have their own social rules based on different interests and seem 
to have followed their own trajectories, triggers and troubles in 

curbing water access and extractions. Asymmetries in information and 

vision existed among users, and also among users and environmental 

authorities.  Free-riding in extraction was abundant, while there 
seemed to be little interest among users to collaborate with 

environmental authorities.  

 

In the present water governance system in the communities studied, a 

top-down hierarchical regulation scheme prevailed. Legal rules 
imposing extraction permits and authorized extraction flows have 

found little acceptance in communities. Free-riding in the extraction of 

water was observed without acknowledgment on the part of 

environmental authorities. Communities of water users have their own 

rationale, perceptions and informal rule systems to manage aquifers. 
Document analyses and a series of interviews with water users and 

authorities, evidenced the asymmetries in information among users 

and users and environmental authorities. Water authorities don’t seem 

to have the knowledge about the number of water users who are non-
entitled with extraction permits. On the other side water users report 

that environmental authorities don’t understand their needs to manage 

water extraction. In particular, less than 5% of users recognize that 

environmental authorities attend water users´ calls to manage water-

well issues. 
 

The understanding of the relationships between external ruling 

towards communities´ embeddedness, is urgent to achieve more 

effective water conservation policies. This urgency arises from the 
need to devise water policies adapted to climate change variations; 

since climate change and climate variabilities generate pressures, 

stress, and tensions for water use and water allocation among 

stakeholders at local and regional levels. 
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• How does egoistic behavior and free riding by neighbor users 

affect collective action in the adaptation to climate variability? 

This researcher found that water availability is associated with people’s 

willingness to share water with others, as users do not ignore their 
neighbors when deciding to allocate scarce water resources. High 

amounts of available water and large extractions by neighbors 

negatively impact the probability that individuals decide to spare water 

for them. This evidence suggests that egoistic behavior – i.e., the 
preference for allocating more water to the present and not to share 

much with neighbors – may not be as undesirable as it seems, since it 

has a purpose: Some people keep water for themselves to make sure 

they consume it economically, thus sparing the community from 

irresponsible consumption.  They may also ‘hoard’ the water and 
thereby make it unfair to others that will only have a small amount of 

water to use. 

 

This outcome suggests that egoistic behavior is may not be undesirable 

at all. Participants want to make sure they have control of future water 
consumption, thus trusting themselves more than others in the 

possibility to allocate water for the future benefit of all. In this way, 

they act egoistically today through the purposive postponement of 

cooperative behavior, which will show up tomorrow. In this sense, 
individuals exhibit awareness of the CPR nature of all water users’ 

current extractions. 

 

• How does information on water scarcity affect the extraction 

behavior of water users, and how can current information provision 

strategies be improved? 
People adapt better to water scarcity if they are given information in 

terms of time remaining at the current extraction rate. Since time has 

no substitute, people seem to take depletion more seriously when 

informed about the time that remains before the water source gets 
exhausted. If users are given information in terms of quantity remaining 

in the aquifer, more water is allocated to the present extraction.  

When an aquifer is nearing depletion and this information is made 

common knowledge, many water users may start to believe that time 

is revealing the exhaustible nature of this common pool resource, and 
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they may start to extract less water in the present to help to ensure 

the resource may last longer. This implies that water users are 

confident that the water stock left in the pool is not consumed by many 
others in the present. A credible and reliable information system on 

this common pool resource status, is essential to get water users to 

acknowledge and respect the water budget status. 

 

The practical implication of neighbors’ extraction within the time 
before exhaustion and quantity treatments, refers to the positive effect 

that this parameter had in stimulating cooperation to adapt to scarcity 

conditions. Thus, water managers and policy makers are suggested to 

include the collection and dissemination of key socio-physical 
information on the time before aquifer exhaustion, on the remaining 

underground water quantities and about the neighbors’ extraction 

rates.  

 

Although information sharing is complex to manage, this can be 
accomplished through innovative technological devices to make user 

consumption data and hydrogeological aquifer status information more 

visible and accessible to all water users in each vicinity. Thus, the key 

drivers of cooperation can be turned into institutional information 
working for cooperation in adaptation to climate change. 

 

The contribution of this research highlights the integration ofsocial and 

physical dimensions in Common Pool Resource theory and 

recommends Voluntary Contribution Capped Extraction experiment 

as research method to evidence on people’s willingness to abide by 

extraction caps under diverse institutional settings. Additional 

contributions identify behavior regularities resulting from information 

on quantity and time, in water cap dynamics such as: (i) Drowning kick 

reactions: allocated much more water to the present than to the 

future, (ii) Presents: A preference for higher allocation to the present, 

(iii) Smooth patience preference: allocation to future consumption is 

70% of the allocation to the present, (iv)  Unlimited stock belief: in 

spite of water table declination, people continue to think of aquifers as 

limitless resources, (v) Outflow routine effect: few efforts focused on 
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increasing inflows to improve or replenish aquifer systems, (vi) 

Experience heuristics: there were episodes in which a tendency to 

repeat prior water allocations was observed, (vii) Egoism with purpose: 

many participants in the experiments allocated large quantities of 

water to their own use in the present in order to gain control of the 

water.  

Future research directions highlight the importance of local setting on 

availability of water resources, competition for resources, spatial 

dispersion of water-wells, types of users and institutions. Therefore, 
the research agenda should focus upon searching for additional drivers 

of stable cooperation in sustainable CPR management which can be 

applied not only to aquifers and surface waters, but also for other CPRs 

such as fisheries, forests and irrigation systems exposed to 
overexploitation.  
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Dutch Summary 
 

Samenvatting 

 
Zoet water is een schaarse en uitputtelijke hulpbron die is onderzocht 

door de daling van grondwaterstanden in verschillende regio's over de 

hele wereld te analyseren. De gevolgen van de klimaatverandering voor 

de watervoorraden dwingen alle watergebruikers ertoe maatregelen 
te nemen. Tot nu toe is het beheer van grondwater vooral bestudeerd 

vanuit de aanbodkant en de technische perspectieven. Dit is 

noodzakelijk, maar niet voldoende om het probleem van de 

overexploitatie van de grondwatervoorraden op te lossen. Er is minder 

onderzoek gedaan naar de vraagzijde van het probleem, naar de manier 
waarop gebruikers tot samenwerking kunnen komen om de 

watervoorraden te behouden. 

 

Waterschaarste op een locatie ontstaat wanneer de extractiesnelheid 

van gebruikers de beschikbare watervoorraad en de 
aanvullingscapaciteit van de watervoerende laag overschrijdt. Daarom 

hangt de aanpassing aan waterschaarste af van hoe de watergebruikers 

hun waterwinning – in de loop van de tijd – aanpassen aan de 

oplaadcapaciteit van de watervoerende laag. Dit vereist dat 
watergebruikers kennis hebben van de wateronttrekkingsvolumes van 

alle watergebruikers van de watervoerende laag, en van de 

oplaadcapaciteit van de watervoerende laag. Op basis van deze 

informatie zouden watergebruikers het verband tussen de instroom en 

uitstroom van water en de voorraadbepalende factoren van de 
waterbalans kunnen beschouwen als een sleutelconcept voor de 

duurzaamheid van het grondwaterbeheer. 

 

Dit onderzoek was gericht op de vraagzijde van waterschaarste in de 
drie Colombiaanse gemeenten Corozal (Sucre), Guamal (Magdalena) 

en Riohacha (La Guajira) met als doel de aard van de samenwerking 

tussen watergebruikers beter te begrijpen. Deze onderzoeker 

analyseerde de drijvende krachten achter samenwerking, gedrag en 

institutionele mechanismen, met behulp van complementaire lenzen uit 
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de common pool resource theorie, gedragseconomie en institutionele 

economie. 

 
Deze algemene onderzoeksvraag waarmee dit onderzoek is 

gestructureerd was: 

1. Hoe beïnvloedt informatie over waterschaarste het 

winningsgedrag van watergebruikers, en hoe kan de huidige 

informatievoorziening worden verbeterd? 
Subvragen hebben betrekking op: 

 

2. Wat zijn de belangrijkste drijfveren en belemmerende factoren 

van samenwerking tussen watergebruikers op het gebied van 
waterbeheersystemen in droge gebieden? 

3. Hoe kunnen sociale regels samengaan met wettelijke regels bij 

de overexploitatie van watervoerende lagen in droge 

gebieden? 

4. Hoe beïnvloeden egoïstisch gedrag en free-riders uit de buurt 
de collectieve actie bij de aanpassing aan klimaatvariabiliteit? 

 

De onderzoeksstrategie om empirische gegevens te verzamelen 

omvatte veldexperimenten, beoordeling van historische documenten 
over institutionele ontwikkelingen op het gebied van waterbeheer in 

Sucre en la Guajira, een enquete van en interviews met 

watergebruikers. Experimentele sessies waren bedoeld om de 

besluitvormingsprocessen van boeren te begrijpen, door hen 

informatie te geven over concurrerende winningsbronnen en 
informatie over de capaciteit van de put. In de experimenten werd het 

effect van informatie op de besluitvorming gemeten. Voor elk type 

informatie werden twee experimentele groepen georganiseerd: (i) 

informatie over de hoeveelheid wateronttrekking werd aan alle 
deelnemers verstrekt en vrije communicatie was toegestaan, en (ii) 

informatie over de resterende tijd voordat de watervoerende laag 

uitputte. In de twee controlegroepen was, als onderdeel van het 

experiment, de communicatie tussen de deelnemers beperkt en 

werden ook de effecten getest van de mogelijk overeengekomen 
beslissingen over extracties. 

 



 English and Dutch summaries  

294  
 

De veldexperimenten werden geïmplementeerd als spellen waarin 

spelers werd gevraagd te beslissen over waterextractie onder 

verschillende scenario's van uitputting, inclusief suggesties om een 
verantwoorde  hoeveelheid water te onttrekken of rekening te houden 

met de resterende tijd voor duurzaam aquiferbeheer. Deelnemers 

werd gevraagd watervoorraden toe te wijzen aan hun huidige en 

toekomstige gebruik, voor zichzelf en hun buren. Het 

samenwerkingsgedrag van de deelnemers werd getest door het meten 
van de naleving van de voorgestelde maximale waterextractie. 

 

In totaal namen 62 boeren, die 10 gemeenschappen 

vertegenwoordigden, deel aan de veldexperimenten. Ze namen deel 
aan 668 experimentele rondes, die 2.670 observaties opleverden voor 

empirische data-analyse. De kwalitatieve analyses omvatten 40 semi-

gestructureerde interviews met geselecteerde deelnemers. De 

analyses van kwantitatieve gegevens uit de veldexperimenten en de 

kwalitatieve gegevens uit de semi-gestructureerde interviews leverden 
het bewijs voor het beantwoorden van de onderzoeksvragen: 

 

• Wat zijn de drijfveren en belemmerende factoren van 

samenwerking op het gebied van waterbeheersystemen in 

droge gebieden? 
 

Fysieke kenmerken van de watervoerende laag en sociaal-economische 

kenmerken van de deelnemers die de gemeenschappen in de drie 

gemeenten vertegenwoordigen, verklaren de waarschijnlijkheid van 

samenwerking om zich aan te passen aan schaarste en 
klimaatvariabiliteit. Sociale variabelen zoals het aantal jaren dat men in 

de gemeenschap leeft, het opleidingsniveau en de visie voor de 

toekomst, waren negatief gerelateerd aan de kansen op samenwerking. 

Fysieke kenmerken zoals de diepte van waterputten en de resterende 
watervoorraden waren omgekeerd gecorreleerd met de 

waarschijnlijkheid van mensen om zich aan de extractielimieten te 

conformeren. Integendeel, hoe meer water de buren uit de aquifer 

haalden, hoe groter de kansen op samenwerking, omdat boeren 

rekening houden met het collectieve langetermijneffect van niet-
coöperatief gedrag van anderen. 
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De kansen op coöperatief gedrag varieerden, rekening houdend met 

de verschillende putdieptes en de verschillende resterende tijden voor 
uitputting van de watervoerende laag. Simulaties van diverse scenario's 

met behulp van experimentele gegevens lieten zien hoe bij een 

gemiddelde putdiepte van gemeenschap A van 100 meter, 

gecombineerd met een uitputtingstijd van de watervoerende laag van 

15 jaar, de kans op samenwerking 94% was, terwijl in gemeenschap B 
met een putdiepte van 400 meter en een zelfde uitputtingstijd, de kans 

op samenwerking 82% was. Samenwerking was minder waarschijnlijk 

als de putdiepte groter was. 

 

• Hoe bestaan sociale regels naast wettelijke regels bij de 
overexploitatie van watervoerende lagen in droge gebieden? 

 

Sociale regels en wettelijke regels bestaan naast elkaar en worden in 

de loop van de tijd gevormd. Watergebruikers hebben hun eigen 

sociale regels, gebaseerd op verschillende belangen, en lijken hun eigen 
trajecten, triggers en problemen te hebben gevolgd bij het beperken 

van de winning van water. Er bestonden verschillen in informatie en 

visie tussen gebruikers, maar ook tussen gebruikers en 

milieuautoriteiten. Free-riding bij de winning was er volop, terwijl er 
onder de gebruikers weinig belangstelling leek te bestaan om samen te 

werken met de milieuautoriteiten.  

 

In het huidige waterbeheersysteem in de bestudeerde 

gemeenschappen heerste een hiërarchisch reguleringssysteem. 
Wettelijke regels die extractievergunningen en geautoriseerde 

extractiestromen opleggen, hebben weinig acceptatie gevonden in de 

gemeenschappen. Free-riding bij de waterwinning kwam voor zonder 

medeweten van de kant van de milieuautoriteiten. Gemeenschappen 
van watergebruikers hebben hun eigen beweegredenen, percepties en 

informele regelsystemen om watervoerende lagen te beheren. 

Documentanalyses en een reeks interviews met watergebruikers en 

autoriteiten hebben de asymmetrieën in informatie tussen gebruikers 

en gebruikers en milieuautoriteiten aangetoond. Waterschappen lijken 
niet op de hoogte te zijn van het aantal watergebruikers dat geen recht 
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heeft op een winningsvergunning. Aan de andere kant melden 

watergebruikers dat milieuautoriteiten hun behoeften om de 

waterwinning te beheren niet begrijpen. In het bijzonder erkent minder 
dan 5% van de gebruikers dat milieuautoriteiten gehoor geven aan de 

oproepen van watergebruikers om problemen met waterputten aan te 

pakken. 

 

Het begrijpen van de relaties tussen externe regelgeving en de 
verankering van gemeenschappen is dringend nodig om een effectiever 

beleid voor waterbehoud te kunnen realiseren. Deze urgentie komt 

voort uit de noodzaak om een waterbeleid te ontwikkelen dat is 

aangepast aan de klimaatverandering; aangezien klimaatverandering en 
klimaatvariabiliteit druk, stress en spanningen veroorzaken voor het 

watergebruik en de watertoewijzing onder belanghebbenden op lokaal 

en regionaal niveau. 

 

• Hoe beïnvloeden egoïstisch gedrag en freeriding collectieve 

actie bij de aanpassing aan klimaatvariabiliteit. 
 

De beschikbaarheid van water bleek verband te houden met de 

bereidheid van mensen om water met anderen te delen, omdat 

gebruikers hun buren niet negeren bij het besluit om schaarse 
watervoorraden toe te wijzen. Grote hoeveelheden beschikbaar water 

en hoge niveaus van waterwinning door buren hebben een negatieve 

invloed op de kans dat individuen besluiten water voor hen te sparen. 

Dit bewijs suggereert dat egoïstisch gedrag – d.w.z. de voorkeur om 

meer water toe te wijzen aan het heden en niet veel te delen met 
buren – misschien niet zo onwenselijk is als het lijkt, omdat het een 

doel heeft: sommige mensen houden water voor zichzelf om er zeker 

van te zijn dat het op een verantwoorde manier gebruikt wordt. Ze 

kunnen het water ook ‘oppotten’ en daarmee het oneerlijk maken 
tegenover anderen die maar een kleine hoeveelheid water willen 

gebruiken. Deze uitkomst suggereert dat egoïstisch gedrag helemaal 

niet ongewenst is. Deelnemers willen er zeker van zijn dat zij controle 

hebben over het toekomstige waterverbruik, en vertrouwen daarmee 

meer dan anderen op de mogelijkheid om water toe te wijzen voor 
het toekomstige voordeel van iedereen. Zo lijken ze vandaag egoïstisch 
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te handelen door het doelbewust uitstellen van coöperatief gedrag, dat 

er morgen wel zal blijken te zijn. Individuen tonen zich bewust van het 

CPR-karakter van grondwater. 
 

• Hoe beïnvloedt informatie over waterschaarste het 

winningsgedrag van watergebruikers, en hoe kan de huidige 

informatievoorziening worden verbeterd? 

 
Mensen passen zich beter aan de waterschaarste aan als ze informatie 

krijgen over de resterende tijd bij het huidige onttrekkingstempo. 

Omdat tijd geen alternatief kent, lijken mensen uitputting serieuzer te 

nemen als ze worden geïnformeerd over de tijd die resteert voordat 

de waterbron uitgeput raakt. Als gebruikers informatie krijgen over de 
hoeveelheid die in de watervoerende laag achterblijft, wordt er meer 

water toegewezen aan de huidige winning. 

Wanneer een watervoerende laag bijna uitgeput is en deze informatie 

algemeen bekend wordt, kunnen veel watergebruikers gaan geloven 

dat de tijd de uitputtelijke aard van deze gemeenschappelijke bron aan 
het licht brengt, en kunnen ze in het heden minder water gaan 

onttrekken om de watervoorziening te helpen garanderen. hulpbron 

kan langer meegaan. Dit houdt in dat watergebruikers erop kunnen 

vertrouwen dat de watervoorraad die in het zwembad achterblijft, 
momenteel niet door veel anderen wordt verbruikt. Een geloofwaardig 

en betrouwbaar informatiesysteem over de status van deze 

gemeenschappelijke hulpbronnen is essentieel om watergebruikers de 

status van het waterbudget te laten erkennen en respecteren. 

 
De praktische implicatie van de extractie door buren binnen de tijd 

vóór uitputting en kwantiteitsbehandelingen verwijst naar het positieve 

effect dat deze parameter had bij het stimuleren van samenwerking om 

zich aan te passen aan schaarsteomstandigheden. Daarom wordt 
waterbeheerders en beleidsmakers voorgesteld om de verzameling en 

verspreiding van belangrijke sociaal-fysische informatie over de tijd 

beschikbaar tot de uitputting van de watervoerende laag, over de 

resterende ondergrondse waterhoeveelheden en over de 

winningssnelheden van de buren, ter hand te nemen. 
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Het delen van deze informatie is lastig maar wel mogelijk met 

innovatieve technologische middelen om gegevens over verbruik en 

hydrogeologische informatie over de status van de watervoerende 
lagen beter zichtbaar en toegankelijk te maken voor alle 

watergebruikers in elke omgeving. Zo kunnen de belangrijkste 

drijfveren van samenwerking worden omgezet in institutionele 

informatie die bijdraagt aan samenwerking bij de aanpassing aan de 

klimaatverandering. 
 

De bijdrage van dit onderzoek benadrukt de integratie van sociale en 

fysieke dimensies in de Common Pool Resource-theorie en beveelt het 

Voluntary Contribution Capped Extraction-experiment aan als 
onderzoeksmethode om de bereidheid van mensen aan te tonen om 

zich aan maximale extractievolumes  te houden. Verder identificeert 

dit onderzoek gedragspatronen die voortkomen uit informatie over 

hoeveelheid en tijd, in de dynamiek van maximale extractievolumes. 

Het gaat ondermeer om: (i) Verdrinkingsreacties: veel meer water 
toegewezen aan het heden dan aan de toekomst, (ii) Presents: een 

voorkeur voor een hogere toewijzing aan het heden, (iii) Voorkeur 

voor soepel geduld: toewijzing aan toekomstige consumptie is 70% van 

de toewijzing aan het heden, (iv) Onbeperkt voorraadgeloof: ondanks 
de daling van de grondwaterstand blijven mensen watervoerende lagen 

beschouwen als onbegrensde hulpbronnen, (v ) Uitstroomroutine-

effect: weinig inspanningen gericht op het vergroten van de instroom 

om aquifersystemen te verbeteren of aan te vullen, (vi) 

Ervaringsheuristieken: er waren episoden waarin een neiging werd 
waargenomen om eerdere watertoewijzingen te herhalen, (vii) 

Egoïsme met een doel: veel deelnemers aan de experimenten hebben 

in het heden grote hoeveelheden water voor eigen gebruik bestemd 

om controle over het water te krijgen. 
 

Toekomstige onderzoek zou zich moeten richten op het belang van de 

lokale setting voor de beschikbaarheid van watervoorraden, de 

concurrentie om hulpbronnen, de ruimtelijke spreiding van 

waterbronnen, soorten gebruikers en instellingen. Verder moet de 
onderzoeksagenda zich richten op het zoeken naar aanvullende 

factoren voor stabiele samenwerking op het gebied van duurzaam 
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CPR-beheer, die niet alleen kunnen worden toegepast op aquifers en 

oppervlaktewateren, maar ook op andere CPR's zoals visserij, bossen 

en irrigatiesystemen die zijn blootgesteld aan overexploitatie. 

  



Annexes 

300  
 

7 Annexes to preceding 

chapters 
 

Annexes to Chapter 2 
 

Table 7-1. Measures of Fit for logit of FollowCAP (Quantity Treatment 

Group) 

Model: Model 2 Model 1 Difference 

Logit logit 

N: 384 384 0 

Log-Lik Intercept Only: -144.680 -144.680 0.000 

Log-Lik Full Model: -120.959 -138.503 17.545 

LR: 47.442(9) 12.353(4) 35.089(5) 

Prob > LR: 0.000 0.015 -0.015 

AIC: 0.682 0.747 -0.065 

AIC*n: 261.918 287.007 -25.089 

BIC: -1983.623 -1978.287 -5.336 

BIC': 6.114 11.450 -5.336 
Source: Author´s calculation using Stata 17. 

Table 7-2. Measures of Fit for logit of FollowCAP (Time Treatment Group) 
Model: Model 2 Model 1 Difference 

Logit logit 

N: 281 281 0 

Log-Lik Intercept 

Only: 

-58.547 -58.547 0.000 

Log-Lik Full Model: -48.817 -56.525 7.708 

LR: 19.460(8) 4.044(4) 15.416(4) 

Prob > LR: 0.013 0.400 -0.388 

AIC: 0.412 0.438 -0.026 

AIC*n: 115.634 123.050 -7.416 

BIC: -1435.998 -1443.136 7.138 

BIC': 25.647 18.510 7.138 
 Source: Author´s calculation using Stata 17. 
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Graph 7-1. Ordinary Least Square (OLS) regression between decision to 

follow the cap and the allocation to the present (Quantity Treatment 

group) 

 

Source: Author´s calculation using Stata 17 

Water allocations in the present are shown in x-axis and the probabilities on the 

decision to follow an extraction cap is presented in y-axis. The graph fits the data 

under a linear model approach using Ordinary Least Squares. 
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Graph 7-2. Logistic regression between decision to follow the cap and the 

allocation to the present (Quantity Treatment group) 

 

Source: Author´s calculation using Stata 17 

Water allocations in the present are shown in x-axis, and the probabilities on the 

decision to follow an extraction cap is presented in y-axis. This graph does not 

assume a linear but a non- linear model of the data; for this purpose, a logistic 

model is used to fit the data, which revolves around 0 and 1 interval. 

 

A note on logistic regression model 

selection  
 

Dealing with dummy variables as explanatory variables at the right side 

of the regression, but what additional problems arise when this dummy 

variable appears on the left side of the equation? What is wrong with 

running Ordinary Least Square (OLS) on this research? After all, it is a 
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feasible procedure (Baltagi, 2011). For the case of this research, we 

regressed the dummy variable on fulfilling the suggested water 

extraction cap or not, on variables such as well-depth, gender, time 

living in the community and other variables. The prediction from this 
OLS regression was interpreted as the likelihood of fulfilling the cap. 

The problems with this interpretation are as follows (Baltagi, 2011; 

Cameron, C. & Trivedi, 2005)): 

 

i. We are predicting probabilities of fulfilment for each individual, 
whereas the actual values observed are 0 and 1.  

ii. There is not guarantee that 𝑦�̂�, the predicted value of 𝑦𝑖 is going 

to be between 0 and 1; more probably, the OLS regression of 

𝑦𝑖 on 𝑥𝑖 ignores the discreteness of the dependent variable and 

does not constrain predicted probabilities to be between 0 and 

1. In fact one can always find values of the explanatory variables 
that would generate a corresponding prediction outside the (0, 

1) range. 

iii. Even if one is willing to assume that the true model is a linear 

regression given by         𝑦𝑖 = 𝑥𝑖
´𝛽 + 𝑢𝑖; 𝑖 = 1, 2, … , 𝑛. But, 

heteroskedastic disturbances result in this case (Baltagi, 2011). 

 

Design of experimental sessions  
 

Experimental sessions  
At the beginning of each experimental session, participants were told that 
(1) they will make a series of investment decisions in different rounds, (2) 
all individual’s investments decisions were anonymous to the group and 
(3) they would be paid their individual earnings (privately and in cash) at 
the end of the experiment (Cassar & Friedman, 2004; E. Ostrom et al., 
1994). The amount of money paid to participants is not a payment for a 

job, but it acts as a mechanism to motivate the participation and to 
connect it with the market system in which every decision implies 

economic consequences. (See third column in llustration 2-1). 

Most field experiments pay individuals based on their “earnings” during 
the game.  In line with the principles of experimental economics, a real, 
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substantial incentive was provided for the decisions to be made, yielding 
the corresponding payoffs (Keser & Van Winden, 2000; Meinzen-Dick et 
al., 2016). Participants were instructed that in each decision round they 
were asked to contribute to prevent aquifer deterioration. Before making 

the decisions, they were informed about the aquifer’ physical 
characteristics and the water extraction caps to promote sustainability 
and to avoid exhaustion of the CPR. 

As shown in llustration 7-1, participants decided whether to follow the 

expected cap or to consume their preferred water quantity. Participants 

were told that the announced cap was a suggested one but not a 
mandatory rule.  

llustration 7-1.  Aquifer allocation options of water endowment/caps  

 

 
 

 

 

 

 

 

 
 

 

 

 

Aquifer extraction caps

Good 1. Individual/private benefit 
for own extraction in the present 

(𝑊 𝑝 (𝑡))

Good 2. Collective/social benefit for 
not extracting more than allowed or 

recommended in the present (𝑆 𝑝 (𝑡))

Good 3. Individual/private benefit for 
own extraction in the future (𝑊 𝑓 (𝑡))
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Table 7-3. Exploring relationships between dependent variables and 

explanatory variables (quantity and time for exhaustion treatment 

groups) 
Variable  Statistical relationship indicator 

(quantity for exhaustion 
treatment group) 

(time for exhaustion 
treatment group) 

Pearson 
chi2 

likelihood-
ratio chi2 

Pearson 
chi2 

likelihood-
ratio chi2 

Time living & well depth Pr= 0.000 Pr= 0.000 Pr= 0.087 Pr= 0.105 

Neighbor´s extraction Pr= 0.000 Pr= 0.000 --- --- 

Remainining_time_exhaustion --- --- Pr= 0.005 Pr= 0.004 

Time-living in the community Pr= 0.000 Pr= 0.000 Pr= 0.49 Pr= 0.282 

Education Pr= 0.002 Pr= 0.001 Pr= 0.018 Pr= 0.012 

Well-depth  Pr= 0.000 Pr= 0.000 Pr= 0.002 Pr= 0.008 

Gender Pr= 0.499 Pr= 0.499 Pr= 0.041 Pr= 0.021 

Age  Pr= 0.000 Pr= 0.000 Pr= 0.11 Pr= 0.184 

Income level --- --- Pr= 0.105 Pr= 0.066 

Water left_present Pr= 0.000 Pr= 0.000 Pr= 0.000 Pr= 0.032 

Water left_future Pr= 0.000 Pr= 0.000 Pr= 0.027 Pr= 0.414 

Water left_community Pr= 0.000 Pr= 0.001 Pr= 0.004 Pr= 0.396 
 Source: Author´s calculation using Stata 17 
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Table 7-4. Delta-method for marginal effects calculation at mean 

values (Remaining Quantity and Time Before Exhaustion treatment 

groups) 

 Remaining Quantity 

Treatment group 
Time before exhaustion 

Treatment group 
Number of 

observations = 
384 281 

_cons .9225963* 
(.0165848) 

.9694824* 
(.0131836) 

Mean values 

Time_living in the 

community 
=    33.42969  (mean) =    29.78626 (mean) 

Well-depth =    42.71094  (mean) =     73.4084 (mean) 

Available_water =    41098.57  (mean) =    39455.92 (mean) 

Neighbor’s extraction =     2461.25  (mean) --- 

Time before exhaustion  ---- =    6.583969  (mean) 

Preference for the present =    .5078125  (mean) =    .3358779 (mean) 

Preference for the future =    .3541667  (mean) =    .5343511 (mean) 

Preference for neighbors =    .0416667  (mean) =           0 (mean) 

Years of education =    11.36458  (mean) =    9.122137 (mean) 

Income level =    672135.4  (mean) =    688435.1 (mean) 

Source: Author’s calculation using Stata 17. *Statistically significant at 1%; **significant at 

5%; ***significant at 10%. Standard errors in parenthesis  
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Annexes to Chapter c.2 
Table 7-5. Number of groundwater access facilities built in Sucre between 
1957 and 1963 

Type of water user 

Number of 

water access 
facilities 

Aqueduct (urban areas) 26 

Farms 7 
Industrial users 3 

Households  25 

Small villages 18 

Total  79 
Source: author´s calculation based on (Jimeno, A.; & Tenjo, 1963) 

 

Graph 7-3. Average well-depths in Sucre between 1957 - 1963 

 

Source: author´s calculation based on (Jimeno, A.; & Tenjo, 1963) 

 
 

The horizontal axis represents municipalities for which water access information exist. Vertical 

axis refers to well-depth of former water-wells in early 60´s in Sucre. Shallow aquifers were 

reported for Corozal, while deeper water tables were found in Sincé. 
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Picture 1. Children biking to obtain water from distant water springs 

 
Source: the author (13/02/2021) 

This picture was “made-on-the-spot” while two kids passed close to the road towards La 

Trinidad Community. When asked about how long it takes the roundtrip, they said it is 

around 2 hours. 
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Picture 2.  A typical artesian well built in a central square in Sincelejo at 

the end of 1700 

 
Source: (Fals-Borda, 1986) 

 

This picture shows the collective facilities built in Sucre for water extraction, before aqueduct 

systems were deployed across the territories. In section 3, a mention was made about the 

roles of central authorities in freshwater provision for communities through this type of wells. 
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Annexes to Chapter 4 
 

Table 7-6. Key elements for experimental settings (see Table 2-2) 
 

 

Annexes to Chapter 5 
 

Table 7-7. Descriptive statistics for the remaining water quantity 

treatment group 

Variable Obs Mean Std. 

Dev. 

Min Max 

Extraction in the present (m3) 384 530,62 635,78 0 5.050 

Allocation to neighbors (m3) 384 195,15 232,16 0 1.500 

Allocation for the future (m3) 384 516,85 744,63 0 5.500 

Available water (m3) 384 41.098 22.501,1

8 

-27.825 80.000 

Age (years) 383 40,56 11,939 14 66 

Number of children  383 2,4 1,5 0 7 

Years of education (years) 383 11,360 3,28 5 17 

Monthly income ($) 335 770.447,

8 

745.644,

7 

0 2.500.0

00 

Time living in the community 

(years) 

383 33,407 17,251 1 66 

Well depth (m) 383 42,365 50,425 0 170 
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Table 7-8. Descriptive statistics for the remaining TIME treatment 

group 
Variable Obs Mean Std. Dev. Min Max 

Extraction in the 

present (m3) 

281 375,893 349,45 8 1.500 

Allocation to 

neighbors (m3) 

280 206,107 212,791 0 1.000 

Allocation for the 

future (m3) 

281 616,55 567.19 0 1.940 

Available water (m3) 281 39.940,83 22.696,53 -6.315 80.000 

Age (years) 281 41.74 12,44 17 58 

Number of children  281 2,5 2.1 0 8 

Years of education 

(years) 

281 9,3 3.9 3 16 

Monthly income ($) 257 744.630,4 71.6013,2 0 2.000.000 

Time living in the 

community (years) 

281 29,53 19.9 1 58 

Well depth (m) 281 74,64 53.67 5 170 

 
 

Table 7-9. Crosstabulation between the willingness to abide an 

extraction cap and gender 
 Gender  

Follow CAP 0 (Female) 1 (Male) Total 

0 (No) 26 22 48 

54.17 45.83 100 

13.68 11.40 12.53 

1 (Yes) 164 171 335 

48.96 51.04 100 

86.32 88.60 87.47 

Total 190 193 383 

49.61 50.39 100 

100 100 100 

Source: Author´s calculation using Stata 17 
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Table 7-10. Crosstabulation between preferences for the future and 
well-depths  

 Shallow_aquifer 

Preference_for-

future 

>20 

meters 

depth 

>40 

meters 

depth 

<20 

meters 

depth 

<40 

meters 

depth 

Total (20 

meters 

depth) 

Total (40 

meters 

depth) 

0 (No) 150 80 98 168 248 248 

60.48 32.26 39.52 67.74 100 100 

65.79 80.00 62.82 59.15 64.58 64.58 

1 (Yes) 78 20 58 116 136 136 

57.35 14.71 42.65 85.29 100.00 100 

34.21 20.00 37.18 40.85 35.42 35.42 

Total 228 100 156 284 384 384 

59.38 26.04 40.63 73.96 100 100 

100 100 100 100 100 100 

Source: Author´s calculation using Stata 17 

 
 

Table 7-11.. Crosstabulation between preferences for the present 

and well-depths  
 Shallow_aquifer? 

Preference_for

-present 

>20 

meters 

depth 

>40 

meters 

depth 

<20 

meters 

depth 

<40 

meters 

depth 

Total (20 

meters 

depth) 

Total (40 

meters 

depth) 

0 (No) 115 37 74 152 189 189 

60.85 19.58 39.15 80.42 100 100 

50.44 37 47.44 53.52 49.22 49.22 

1 (Yes) 113 63 82 132 195 195 

57.95 32.31 42.05 67.69 100 100 

49.56 63 52.56 46.48 50.78 50.78 

Total 228 100 156 284 384 384 

59.38 26.04 40.63 73.96 100 100 

100 100 100 100 100 100 

Source: Author´s calculation using Stata 17 
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Notes to Chapter 1. Introduction  

 

 
i  Social dilemmas exist when individuals interact in decision-making, they 

are challenged by options in which the short-range egoistic interest, produces 

outcomes leading all individuals in worst off condition than alternative cooperative 

options. 
ii In some experimental sessions participants decided to stop playing the game at round number 10 or 

11; despite 12 rounds were informed to participants as a fixed numbers, in some cases players found 
the game so enriching that they played for 13 rounds. 
iii  Cited in (Camerer, 1998) 
iv  This variable was built using a cutoff point of 0.6 or 60% of water allocated to 

the present time option. 
v  This variable was built using a cutoff point of 0.6 or 60% of water allocated to the future 

time option. 

6 Social dilemmas exist when individuals interact in decision-making, thus being challenged by 

options in which the short-range egoistic interest produces worse collective outcomes than 

those resulting from cooperative alternatives (E. Ostrom, 1998). 
 
7 As indicated in section on methods, a CPR of 80000 m3, it was shared by all 

players participating during experimental sessions. 
8 Cited in (Camerer, 1998) 
9 The Caribbean region of Colombia where this research was developed is 

characterized by severe blue-water scarcity during the months of January until June; 

this is part of the regions where severe water scarcity is observed at least 1 month 

of the year (Mekonnen, M. Hoekstra, 2016). 

10Notes to Chapter 6 – Conclusions and Discussion 
 
The notion of “marginal” in economics refers to the effects of a particular variable’s 

incremental change on another variable. In this case, the effects of well-depth and 

available water (measured in meters and cubic meters, respectively) are analyzed in 

terms of their incremental effect on the willingness to cooperate. An opposite analysis 

to marginal effects might address the relation between average well-depth and water 

availability on cooperation, which assumes a similar or equal effect of explanatory 

variable on cooperation, no matter how the distribution of data is. 
11 The groundwater system depends on the groundwater balance equation which is expressed as follows: 

{𝑔𝑟𝑜𝑢𝑛𝑑𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑓𝑙𝑜𝑤}{𝑔𝑟𝑜𝑢𝑛𝑤𝑎𝑡𝑒𝑟𝑜𝑢𝑡𝑓𝑙𝑜𝑤} +
{𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑟𝑒𝑝𝑙𝑒𝑛𝑖𝑠ℎ𝑚𝑒𝑛𝑡} + {𝑟𝑒𝑡𝑢𝑟𝑛𝑓𝑙𝑜𝑤} + {𝑎𝑟𝑡𝑖𝑓𝑖𝑐𝑖𝑎𝑙𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒} +
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{𝑖𝑛𝑓𝑙𝑜𝑤|𝑠𝑡𝑟𝑒𝑎𝑚𝑠 ∧ 𝑙𝑎𝑘𝑒𝑠} − {𝑠𝑝𝑟𝑖𝑛𝑔𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒} −
{𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛} − {𝑝𝑢𝑚𝑝𝑎𝑔𝑒 ∧ 𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒} = {𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 ∈
𝑣𝑜𝑙𝑢𝑚𝑒𝑜𝑓𝑤𝑎𝑡𝑒𝑟𝑠𝑡𝑜𝑟𝑒𝑑 ∈ 𝑎𝑞𝑢𝑖𝑓𝑒𝑟}; where all terms express volume of water during the 

balance period  (Jacob Bear, 1979).    Inflows might be sourced from 𝑅𝑟+𝑅𝑐 + 𝑅𝑖 + 𝑅𝑡 (rate of 

rainfall recharge 𝑅𝑟 , rate of recharge from canal seepage 𝑅𝑐 , rate of recharge from field irrigation 𝑅𝑖 , 

rate of recharge from tanks 𝑅𝑡). 
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a b s t r a c t

A systematic literature review is carried out to understand the social dimensions driving the adoption of
water saving behaviors in urban households. Salient aspects of the problem correspond to price elasticity
of water demand, citizens’ awareness of water value and water conservation intentions, the management
of which is generally tackled through water price and non-price approaches. However, the evidence falls
short to explain the social drivers and inhibitors of stable water consumption reductions. After reviewing
65 papers documenting research conducted in North America, Australia, United Kingdom, Middle East,
Mexico, China and Japan, a series of categories of analysis drawn from the literature are introduced as the
social factors that influence water conservation reduction. Although the brink of the state of the art
mentions the existence of an intention e behavior gap, sustainability requires further aspirations than
short-term water consumption reduction by households. The long-term challenges of sustainability
require the understanding of intention e behavior e stable reduction gaps. Further research is needed to
fill this double gap. Understanding the determinants and insights behind the dissipation (or stabilization)
of water consumption reductions through time are certainly rich areas of analysis for the social sciences.
© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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awareness of water value and their expressed intention to conserve
water, the evidence falls short to explain the social drivers and
inhibitors of stable reductions in water consumption after the
implementation of water price and non-price approaches and other
management strategies.

Water management refers to the dynamic and adaptive process
of matching the relation between water availability and the needs
of households, communities and other stakeholders, as evaluated
in terms of quantity and quality through space and time
(Chartzoulakis and Bertaki, 2015). The adoption of water manage-
ment practices comprises social behavior, technical and legal is-
sues, institutional settings and users’ habits. Said implementation is
intended to ensure the equitable operation and optimum usage of
existing water systems (Chartzoulakis and Bertaki, 2015;
Nyamwanza and Kujinga, 2017).

Water conservation and drought conditions are closely inter-
mingled. The conservation strategy is aimed at guaranteeing a
sustainable administration of this resource, combating scarcity is-
sues and considering both the demand and source sides of the
problem (Aprile and Fiorillo, 2017). Water conservation is a matter
of attitudes and behavior for the benefit of indoor consumption
(Randolph and Troy, 2008). In this regard, conservation theoretical
underpinnings come from the environmental sciences (Aprile and
Fiorillo, 2017).

Provided that, on the one hand, water demand has grown and,
on the other hand, climate change, drought conditions and water
quality issues are exacerbating the risks of running out of water in
different regions (Abdulrazzak and Khan, 1990; Balling et al., 2008),
water scarcity has actually replaced abundance (Zetland, 2011).
Emerging threats to water security have occurred in Rome, Italy,
and Cape Town, South Africa (World Bank, 2018). Particularly, water
table declination and droughts are pervasive in Western USA,
Mexico, Iran, Jordan, North Africa, Iran, India, parts of China and
other areas in South Asia (World Bank, 2018).

Local planning is faced with guaranteeing the satisfaction of
water demand via increased supply, the promotion of water con-
servation or the reduction of consumption by stakeholders. Supply
augmentation and infrastructure enhancement are lately becoming
limited due to rising costs (Abdulrazzak and Khan, 1990; Russell
et al., 2007; Katz et al., 2016),1 pollution of water sources (Russell
et al., 2007; Salameh, 2008), reduction of aquifer stocks, climate
change projections of drier summers (Watson, 2017) and reduced
precipitation levels, with their consequent impact on the replen-
ishment of water reserves.

Supply alternatives include desalination plants, reservoir ca-
pacity amplification, drilling of newwells and deepening of existing
ones, enhancement of freshwater treatment capacity, fixing of
outpouring pipes, and other engineering solutions.

The desalination of seawater has been contemplated as a pri-
mary supply augmentation option. However, due to its high costs,
policymakers have encouraged the more cost-effective demand

management options (Katz et al., 2016). These alternatives include
water price increase, subsidies granted for attaching to low-flow
pipelines, seasonal restrictions of water use and awareness-rising
campaigns (Berk et al., 1993; Katz et al., 2016; Lowe et al., 2014).2

In order to achieve sustainable water management, current
discussions are no longer focusing on either supply enhancement
or demand management, but on a thorough understanding of de-
mand drivers and the social dimensions of water conservation.
Spending resources exclusively on supply improvement improperly
incentivizes consumption, in the sense that it strengthens the
perception of unlimited supply solutions, with disregard for con-
sumption patterns or water use perceptions. Thinking beyond
supply enhancement, price increases or mandatory restrictions has
become a must when it comes to water sustainability (Lowe et al.,
2014).

Across different countries, price and non-price management
approaches have been implemented to curb water demand
(Renwick et al., 1998). Pricing policies have receivedmuch attention
by economists who consider the price to be the best instrument to
induce water conservation. They consider that the welfare loss
implied in water restrictions (such as supply interruption) usually
exceeds that of price increase (Millock and Nauges, 2010; Roib�as
et al., 2007).

In the field of water management, non-price approaches to
conservation require voluntary implementation and straightfor-
ward compliance to restrictions. They usually ask and encourage
consumers to adopt recommended consumption patterns and at-
titudes, together with the use of technological devices. Further-
more, non-price strategies expect consumers to voluntarily
consume less water both in-doors and out-doors. The problemwith
the voluntary adoption of prescribed behaviors lies on the risk of
not sufficiently encouraging people to curb water consumption
patterns, which may threaten the sustainability of water provision.

Different advocates of pricing policies argue that this strategy is
an adequatemechanism to signal scarcity. Water price rising during
low precipitation periods is expected to lead consumers to use less
water by either decreasing or removing habitual usages, depending
on individual preferences (Olmstead and Stavins, 2009; Renwick
and Green, 2000).

Notwithstanding, price as a driving mechanism to reach water
conservation depends on key issues such as the different aspects of
demand price elasticity. At the household level, this parameter is
usually around e 0.51 (Olmstead and Stavins, 2009), which repre-
sents an inelastic water demand. This technically means that de-
mand changes are less than proportional to price increases. The
economic theory states different reasons to explain the price
inelasticity of urban water demand: (1) there are not very similar
substitutes for different water uses; (2) the water bill share tends to
be small with respect to the usual domestic budget; and (3) water
demand is complementary to that of other goods (Renwick et al.,
1998). A primary implication of water demand price inelasticity is
the need for considerable price raises (which tend to be politically

1 (Abdulrazzak and Khan, 1990) perform a comparative review on the relative
costs of consumer-oriented domestic water conservation practices, authors high-
light the high costs of pricing and rationing as a conservation strategy which
basically result effective under enforcement schemes. In addition to this, findings
for Saudi Arabia has been realized, that desalinization does not represent a viable,
long-term water source because of the high costs associated with desalinization
technology and long-distance conveyance (Russell et al., 2007). underscore that
Tunisia and Morocco are attempting to charge irrigators an amount designed to at
least cover the average cost of delivery of the water (Katz et al., 2016). make a
comparison between demand management oriented policies such as pricing and
campaigning and supply management options such as desalinization in Israel and
find that messaging may lead to a savings of nearly 1.2 cubic meters per household
for the five week period, which is more cost-effective than the cost of supplying
additional water via desalination.

2 (Berk et al., 1993) show how households in the Los Angeles and Bay areas
reduced their water consumption through a variety of mechanisms. Reductions in
water consumption were mostly driven by acquisition of new technology, re-
strictions to outdoor and indoor use and water pricing. The results of Katz et al.
(2016), for Israel imply that price increases may be effective in achieving water
conservation but are unlikely to have a long-term effect if the price is lowered.
Conversely, conservation campaigns may be as effective as price increase in
achieving water conservation and may also have a longer-term effect. In Australia
(Lowe et al., 2014) found that a social marketing campaign has the potential to be a
highly effective approach to changing use behaviors for household water con-
sumers. However, in this case, social marketing was supported by other measures
including restrictions and subsidies.
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unacceptable: Rodriguez-Sanchez et al., 2018) to attain substantial
declines in water use (Katz et al., 2016).

For their part, non-price strategies may still provide feasible and
cost-effective options to manage water demand (Katz et al., 2016)
and curb its consumption. Non-price approaches include examples
such as water saving campaigns; restrictions to outdoor water use;
restrictions in periods of severe water scarcity; limitations to
certain water targets per day. Through the incorporation of the
social aspects of the problem, non-price approaches try to under-
stand how the different elements of the water management system
interact and integrate in the promotion of water conservation. This
perspective constitutes an interrelated system that goes beyond
price increase, which might be no more than a unidirectional and
isolated element of the management system.

Based on the drawbacks of supply enhancement options, both
water companies and public organisms have deviated their atten-
tion to water policies aimed at incentivizing demand behaviors as a
better alternative, especially during drought conditions (Fielding
et al., 2012; Martínez-Espi~neira and García-Vali~nas, 2013). The
present work precisely develops this point, mainly focusing on
non-price water management strategies, as the author is acquain-
ted with the potential of behavioral and social drivers when it
comes to reaching sustainable levels of water consumption at the
household level.

1.1. Summary of research methods

The current paper presents a systematic review of the social and
behavioral dimensions of water conservation in urban areas of the
world. It is built upon the revision of sixty-five articles published in
peer-reviewed journals related to water, climate change, social and
environmental psychology, pro-environmental behavior and
ecological economics.

The time span covered by this review includes articles published
from 1980 to 2018. To execute the analysis, the author summarized
the key elements of each article in terms of the central tenets of the
study, the findings, conclusions, methods, and the country inwhich
the reviewed water management programs or policies were
implemented. This systematic process allowed identifying the
principal categories of analysis of the theories and characteristics of
the social dimensions of water conservation.

Almost 50% of the reviewed water conservation research works
were performed in Australia and the United States of America. In
the USA, most studies came from California, Texas, Arizona and
Atlanta. Middle East studies represent 10% of the papers. Drought
and climate variability are socio-environmental issues to solve in
some of listed countries, for instance Australia and some parts of
Western USA (see Fig. 1).

For each study, the most relevant information related to a
thorough understanding of water conservation was extracted and
classified.3 The main topics analyzed in this process included
weather conditions and their examination, key policy drivers to
promote water conservation, managers’ and water users’ perspec-
tives, and main conservation challenges.

The leading research question of this review inquired about the
key findings of the studied papers in terms of the social drivers of
water conservation programs around the world.

2. Key social categories of analysis reported in the literature

Water conservation strategies have proved not to be a simple
endeavor, neither in developing nor in developed countries, since

they demand a thorough understanding of incentives, both psy-
chological and economic, and of the type of information provided
to households. This section introduces five categories of analysis
drawn from the literature.

In pretending to achieve sustainable water consumption by
households, current discussions no longer focus on supply
enhancement or demand management, but on understanding the
demand drivers and social dimensions of water conservation.

As water demand has grown, water scarcity has replaced
abundance (Zetland, 2011), and climate change, drought conditions
andwater quality issues are exacerbating the risks of running out of
water in different regions (Abdulrazzak and Khan, 1990; Balling
et al., 2008). The option of increasing water supply is becoming
much more limited due to water scarcity - which certainly rises the
cost of supply enhancement - contamination of surface and
groundwater sources and forecasted drier seasons in certain re-
gions of the world (Abdulrazzak and Khan, 1990; Russell et al.,
2007; Katz et al., 2016).4

2.1. Water-prices influencing consumer behavior

The economic theory states that if watermanagers choose prices
to maneuver water demand, the most important variable to un-
derstand is water price demand elasticity. This is due to the fact that
a raise in the water price leads to a demand reduction, all else equal
(Olmstead and Stavins, 2009). Notwithstanding, different studies
have found a less than proportional response of water consumption

Fig. 1. Regions/countries in which different water management studies have been
conducted.
Source: author’s elaboration

3 The complete spread sheet is available upon request.

4 (Russell et al., 2007) suggest that a simple uniform emission charges applied
across all sources and perhaps adjusted by trial and error will not produce given
ambient quality standards at least resource cost. In addition to this, economic in-
struments for water quality context imply that attaining efficiency in any realistic
situationdusing emission charges or tradable rightsdrequires a great deal of in-
formation and the solution of an optimization (cost minimizing) model for the
region at issue (Abdulrazzak and Khan, 1990). suggest that future demands will
increase, unless severe policies are implemented to conserve water and adapt to the
public to scarcity of their water resources; if demand increases, it will result in
accelerated exploitation of groundwater, expansion of desalinization capacity, and
generation of more wastewater, resulting increased costs. Countries categorized as
chronic water scarce depending also on desalinization, are searching for more cost-
effective demand management options due to high costs of existing water sources
(Katz et al., 2016).
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to price increase. This price inelasticity means that, e.g., a one
percent raise in price provokes a less-than-one percent reduction in
water consumption. This is, water users’ reaction is less than pro-
portional to price increase (Jehle and Reny, 2011; Renwick et al.,
1998).

A further discussion on the price and non-price approaches to
the promotion of water consumption reduction is referred to the
need to substantially increase water fees and block rates. Advocates
of increasing water prices argue that these reflect and signal the
scarcity of the resource. The scarcer the resource, the higher the
price of the fees paid by the consumers, because it is more
expensive to collect the liquid from limited sources. Hence, either
higher prices or scarcity surcharges come to rise the total price,
thus reducing the demand and preventing shortage (Zetland, 2011).

In cases of water availability contraction, conservation is stim-
ulated through commands or “moral suasion” instead of price
raising (Collinge, 1994). This author reports on an efficient-pricing
alternative developed to promote conservation without affecting
distributional equity in San Antonio e Texas. There, a system of
water coupons could be traded among water guzzlers and water
frugal users by means of instruments of transferable rate
entitlements.

In line with price increases and surcharges, a key issue is the
baseline water price from which the increase may apply. Despite
the fact that the money disbursed on the water bill is usually a
comparatively minor portion of the household domestic expenses
(Renwick et al., 1998), price increases have different effects on
households according to income level, status and attitudes.

Price elasticity and other findings related to the effect of price on
water use are presented in Table 1. In most of these studies, do-
mestic water demand tends to be price inelastic due to its small
comparative cost in the household consumption basket (see
Table 2).

In some other cases, the water rates are too low to significantly
curb consumption. Relevant cases show how charging flat water
rates does not encourage conservation (Randolph and Troy, 2008;
Van Vugt, 2001), as it has been observed in places like Australia and
the United Kingdom. Charging increasing bills for higher water
charges seems to decrease water use in comparison to applying flat
fees. This variable tariff system provides a direct incentive for
households to lessen consumption (Van Vugt, 2001).

We are currently facing cases of water fees ranging from low to
very low to encourage conservation (Randolph and Troy, 2008).
This implies almost no price for water with respect to its value and
scarcity. It is assumed that such cheap prices were established in

situations of abundance when water managers just delivered the
liquid where it was needed, no matter the cost, because it was
overflowing and easily accessible.

In terms of baseline water prices and income levels, households
with lower income respond better and more positively to water
charge increases when compared to richer household groups
(Renwick et al., 1998). This is a relevant issue in most emerging
countries, especially when considering that low-income house-
holds are a large share of the total.

Researchers that defend non-price approaches instead of pricing
policies argue that augmenting the price of water might not be an
efficient strategy to motivate water conservation when it comes to
wealthy users, who may perceive price increase as a slight cost
(Corral-Verdugo et al., 2012). However, even non-price approaches
may prove useless in the case of affluent households.

The predictions of the influence of earnings are clearer when
referring to water-saving practices. The opportunity cost of time for
wealthier families might lead these households to perceive that
water-saving habits alter their productivity. In contrast, less-
affluent households may be more willing to adjust their behavior
to water conservation (Martínez-Espi~neira and García-Vali~nas,
2013). Even though rich households may afford some costly water
saving equipment, they may not value their contribution to water
savings as low-income families do. This is explained by the
diminished marginal utility of income that accompanies wealth
(Millock and Nauges, 2010).

In addition to the negligibility of water prices and time oppor-
tunity cost, higher income households tend to be influenced by key
subjective consumption drivers. High water consumption in
middle-upper class and rich households is mediated by recreational
reasons, lifestyle and status. At these social levels, using water at
home is more than supplying basic domestic necessities, since it
offers the possibility to keep a big, attractive, clean, and recreation-
centered house that allows exhibiting social prestige (Harlan et al.,
2009).

This type of result has been relevant in explaining out-door
water use in Arizona, California and Australia. Phoenix dwellers
consume much more water in comparison to a representative ur-
ban dweller. This is mostly due to outdoor activities, since the
typical family consumes approximately 650,000 L/year. This mode
of water usage is driven by irrigation schemes that prevail over
temperature and rainfall conditions (Balling et al., 2008).

Keeping the economic value of a house is positively signaled by a
leafy and good-looking gardenwhich, as an indication of prestige in
the neighborhood, may come to bemore relevant than savingwater

Table 1
Mechanisms involved in price inelasticity of water demand and substantial price raising.

Key mechanisms found in the literature Country/region

Price raising and water trading entitlements, rather than the implementation of non-price
strategies, are able to significantly decrease the economic burden of reaching water
consumption declination (Collinge, 1994; Olmstead and Stavins, 2009).

San Antonio e Texas

Increasing water tariffs according to consumption levels appears to allow better reactions than
those obtained when charging flat water tariffs. This variable tariff system provides a direct
incentive for households to reduce consumption (Van Vugt, 2001).

United Kingdom

More affluent family groups showed a weaker reaction to higher water prices than households
with lower income levels (Renwick et al., 1998).

Santa Barbara and Goleta - California

Water charges were too low to be an important driver of water consumption reduction. In
Sidney e Australia, the water charges were perceived as not being able to activate water
conservation (Randolph and Troy, 2008).

Sidney, Australia

Substantial price increases due to demand inelasticity (Katz et al., 2016). Israel.
Due to its small participation in the usual household budget, domestic water demand tends to

be price-inelastic in most cases (Renwick et al., 1998; Worthington and Hoffman, 2008).
A survey of studies for Perth, Sidney in Australia, Arizona, Illinois, Texas in
USA, Kuwait, Hawaii, California, Spain, Indonesia, others.

Residential water demand is known to be price inelastic. Managers of water utilities have often
preferred to impose restrictions on water use instead of raising prices (Millock and Nauges,
2010).

OECD countries
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(Harlan et al., 2009; Spinti et al., 2004). When people choose to live
in big houses which involve using water-demanding artifacts, they
are attributing water a simple-input affordance instead of consid-
ering it as a scarce and valuable resource (Harlan et al., 2009). In
Southern Australia, families that belong to the greater group of
consumers are aware of the elevated consumption trend on the
part of those having large gardens that are weekly watered, which
certainly surpasses water use frequency restrictions (Pearce et al.,
2014).

Some cues indicate an apparent asymmetry between water fees
and water availability. Thus, it is convenient to inquire about the
connection between a no-longer-abundant water resource and its
current low or flat rates, without expressing any preference for the
price or non-price approaches. In this sense, it is important to
analyze the way managers have administered the relation between
the facilities to collect, treat and deliver water and the corre-
sponding low or flat prices charged to consumers (Randolph and
Troy, 2008; Van Vugt, 2001; Zetland, 2011). It can be reasonably
assumed that the more difficult it is to collect and distribute fresh
water, the more scarcity-awareness the consumers should express
and the more collaborative they should they be in practicing
conservation.

Water managers should probably contemplate their job from
the perspective of water consumers, to step aside from their rela-
tive passiveness and become more cooperative partners in collec-
tively reaching water conservation goals. Notwithstanding, the
relation between been knowledgeable of water value and its cor-
responding conservation attitude is not straightforward (Jorgensen
et al., 2009; Pearce et al., 2014).

Illustration 2-1 summarizes the price and non-price water de-
mand management strategies. The main difference with respect to
conventional policy approaches is that such assumed linearity be-
tween water use prescriptions and water users’ abidance does not
exist.

An additional issue refers to the extent to which any proposed
substantial price increase may considerably affect the
budget allocation of low-income households. There is general
agreement on the redistributive and parity effects of significant
water price increases (Grafton and Ward, 2008), and this affects
both developing and developed countries, the latter being partic-
ularly sensitive through low-income households. In this regard,
international organizations have called the attention to the fact that
water is a human right. Taxes (e.g., VAT) form part of the water bill
people receive, which ranges from zero to 28 percent. However, the
discussions about human right to water resources deserve especial
attention and fall out of this article aim.

In discussing the range of low to very low water prices, it is
important to consider the differential marginal effects provoked by
price augmentation, depending on the household budget share of
water fees. If a price increase surpasses certain thresholds, doubts
might be cast on the need to support the water charges of low-
income households. Potable water production and distribution
costs tend to be rarely recovered via water fees, so this is usually

attained by subsidizing the price (IWA, 2016).

2.2. Water saving devices, smart metering and household behavior

Considerable research has been devoted to estimating the effect
of smart metering and water saving devices at the household level.
This type of analysis has been almost exclusive for wealthy places
such as Spain, United Kingdom, Sidney, South Wales, Queensland
and Perth in Australia, and Colorado and California in the United
States of America.

To the best of the author’s knowledge, no studies have been
conducted to estimate the effect of smart metering and water
saving artifacts in developing countries. This might be strictly
related to the lack of implementation of this technology to promote
water conservation and management in these countries.

A smart meter is a piece of advanced equipment aimed at
obtaining more accurate and sophisticated information on water
consumption (Beal et al., 2013; Liu et al., 2016). Nowadays, tech-
nological progress allows families to get immediate information on
water use (Seyranian et al., 2015). In comparison to conventional
monthly metering, the modern smart water metering assists
households in gathering water consumption statistics at a greater
detail (Liu et al., 2015).

One of the main assumptions of smart metering research is that
noticeable water consumption data can further encourage users to
preserve the resource (Landon et al., 2018; Nguyen et al., 2018).5

In Switzerland and Spain, relevant projects have focused on
stimulating water users to save water by means of “a socio-
technical information system”,6 which provides personalized
feedback on water consumption (Novak et al., 2018).

The provision of innovative means to measure water con-
sumption is a key stage towards urban water conservation.
Notwithstanding, water consumption measurement by techno-
logical devicesmight be innocuous if water data is not provided and
analyzed properly. For instance, in Australia, despite thorough data
collection through smart equipment during summer and winter
times, information feedback to households is limited (Liu et al.,
2016).

Despite the technological attributes of water measuring, there
are different social elements bridging smart metering and water
conservation. The smart metering strategies implemented in the
United Kingdom are still somewhat sightless with respect to the

Table 2
Water saving devices and associated behaviors.

Mechanisms found in the literature Country/region

Behavioral offsetting can undermine the effectiveness of water saving appliances (Fielding et al., 2012) Queensland, Australia
Water saving technologies produce less savings than expected (Renwick et al., 1998). Santa Barbara and Goleta -

California (USA)
Water savings resulting fromwater efficient appliances can be offset by behavioral changes prompted by the technology (Olmstead and

Stavins, 2009)
Different countries

Smart water initiatives remain somewhat blind to the complexity of cultural practices, subjectivities, dispositions, and affective
responses of customers when confronted with strategies intended to shift their attitudes and behaviors (Watson, 2017).

United Kingdom

5 (Nguyen et al., 2018) designed an intelligent water management system
(Autoflow©) and tested it in Australia suggest that embracing digital technologies
will let customers to continuously get updated and highly detailed water end use
data provided through web and phone applications, which significantly enhance
their awareness of consumption trends, providing them with the impetus to
manage their demand.

6 Examples include the web-based application has been deployed in Switzerland
and Spain. Besides providing information on water consumed by households, it
provides additional incentives such as household profile, achievements in savings,
self-set goals, saving tips and a leader-board to let others compare with themselves
consumption (Novak et al., 2018).
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intricacy of cultural habits, biases, and emotional reactions of water
users when confronted to alternative approaches aimed at modi-
fying their behaviors (Watson, 2017). Olmstead and Stavins (2009)
postulate that using water saving equipment not necessarily leads
to consumption reduction because once the appliances are in use,
they may activate behavioral variations that undermine water
saving (Fielding et al., 2012; Olmstead and Stavins, 2009).

This offsetting arises because the users expect water efficient
technology to effectively reduce consumption, which is probably
interpreted as leeway to develop contrary behaviors (Fielding et al.,
2012). Water saving devices should not be understood as an end in
themselves, but as a mean to water reduction. Hence, the instal-
lation and some instructions about the benefits of saving the
resource are not enough to reach real and sustainable reductions.

2.3. Inflation of self-reported water savings

Water conservation studies reveal the existence of discrepancies
between three water consumption information levels. First, real
water consumption; second, the consumption level allegedly
known by households; and third, the consumption each household
wants others to know.

2.3.1. Real water consumption
The real water consumption of potable water is widely variable,

with large gaps across cities. Per capita household consumption
ranges worldwide from 28 to 631 L per day, which is a 20-fold
variation. In 2014, the specific household water consumption in

Washington D.C. and New York was over 500 L/capita/day. Daily
consumption records ranging from 200 to almost 400 L/capita/day
(IWA, 2016) have been reported for different Japanese cities, the
average Thai city, Perth e Australia, Puebla and Monterrey e

Mexico, different Chinese cities, and Los Angeles e California (USA)
(listed in increasing order according to consumption records).

2.3.2. Allegedly known consumption level
Despite the elevated average water consumption observed in

wealthy and developing countries, individuals do not exhibit
complete knowledge and understanding about the consumption of
this utility. Widespread unawareness of water consumption on the
part of consumers has been reported in Sidney, Australia (Randolph
and Troy, 2008) and China (Fan et al., 2013). In South-Queensland
(Australia) there is a considerable knowledge gap about the role
played by residential final water use (e.g., showers, washing ma-
chines, taps and toilets) in its biased assessment on the part of
consumers (Beal et al., 2013; Liu et al., 2016).

Different reasons may explain why individuals lean towards
ignoring their own consumption. In choosing to live in large houses
with high water-use profiles, people in Arizona e USA are attuned
to water as a good they pay for, while fewer understand it as a
scarce and valuable resource (Harlan et al., 2009). Randolph and
Troy (2008) argue that in Australia pricing controls may well be
meaningless to raise awareness about water used by households.

In wealthy households, if awareness of the water pricing
structure is low, cognizance of water consumption is expected to be
correspondingly low (Harlan et al., 2009). In Sidneye Australia, one

Illustration 2-1. Observed water conservation levels and water policy prescriptions.
Source: author’s elaboration
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of the reasons why few people knew how much water they
consumed were the numerous fixed fees included in the quarterly
water bills, which actually mask the cost of water consumption and
tend to reduce the relative significance of variation in seasonal
consumption (Randolph and Troy, 2008).

Many water authorities provide information on how to read a
water meter, expecting that knowledge of water consumption will
assist users in conserving water. Determination of water con-
sumption within a household, however, requires specific knowl-
edge on how, where, when and who makes use of the utility (Willis
et al., 2011).

The way administrators release and communicate the data
generated from water meters has different effects on household
water consumption. These data are usually released as social
comparisons with standards, neighbors and other social norms.

One of the most popular and widely used social influence ap-
proaches to encourage behavior change is undoubtedly the use of
social norms as part of information and feedback provision
(Abrahamse and Steg, 2013). This is done instead of traditional
approaches that attempt to promote conservation by appealing to
environmental protection motives, financial goals or raw metering
information provision (Fielding et al., 2013; Schultz et al., 2014).
Social norms refer to the beliefs that individuals hold about what
most of other people do or approve of doing Schultz et al. (2014).

In San Diego e California (USA), a comparative analysis was
performed between information-only,7 descriptive norms8 and
aligned norms.9 The tests of the information-only condition
showed that providing tips about ways to save water did not pro-
duce a significant reduction in water consumption relative to a no-
treatment control (Schultz et al., 2014).

In Los Angeles (California, USA), a comparison of four different
interventions to curb water consumption in an affluent neighbor-
hood was developed. The results of the study suggested that,
among heavy water consumers, those households exposed to in-
formation alone (knowledge deficit approach) exhibited the high-
est consumption levels both in the short and the long term, when
compared to heavy water users in all other conditions (Seyranian
et al., 2015).

In Queensland e Australia, Fielding et al. (2013) found that
households who received descriptive norm information or water
final use feedback showed a similar consumption pattern to that of
the information only group. One reason for the effectiveness of the
information-only approach may be recent experience of drought in
the region. Hence, water conservation probably remained a salient
and personally involving issue which led to consider water con-
servation activities as normative (Fielding et al., 2013). Similar ar-
guments are provided by Berk et al. (1993), who suggest the
importance of keeping in mind that, during the California droughts,
there was a lot of publicity surrounding the drought and some
evidence of palpable pressure to conserve.

2.3.3. The consumption each household wants others know
Water conservation social norms have a twofold effect. While

they positively influence water conservation, they also motivate
individuals to underreport their real consumption. The reporting of
socially desirable water consumption may occur indistinctly during

periods of drought or threatened scarcity. During the nineties in
California (USA), there was abundant drought publicity and some
evidence of palpable pressure for conservation. There is a real
possibility that the social desire for water conservation practices
has inflated the figures (Berk et al., 1993).

The findings of the present literature review are summarized in
Table 3.

2.4. Intention e behavior gaps

A common approach to promoting water conservation is
providing information to the users about water deficiencies and
motivating them to save water by explicit water-saving advise
(Seyranian et al., 2015). Through information provision, water au-
thorities assume there is some kind of knowledge deficit.
Communication and information provision are regularly carried out
through leaflets and flyers containing relevant data and indoor and
outdoor water saving tips, with inclusive messages through
different communication channels (Dolnicar et al., 2012; Kurz et al.,
2005; Seyranian et al., 2015)10.

In dealing with the curbing of domestic water demand, man-
agers should bear in mind that users may have different reactions
when exposed to water policy information. In some occasions,
indeed, people respond reactively instead of proactively (Beal et al.,
2013; Sharp, 2006). Thus, it is important to know how people
process their understanding of initiatives and policies (Sharp,
2006), among other reasons because there is nothing like
straightforward implementation of recommended water rates,
conservation practices or water saving behaviors.

The ultimate intention underlying information provision, pro-
environmental strategies and water conservation campaigns
(which are still in use by water companies and local authorities) is
to reduce knowledge gaps about water consumption and conser-
vation (Schultz, 2002; Seyranian et al., 2015). The overarching
assumption is that once these knowledge gaps are resolved, water
users will consequently implement saving practices (Seyranian
et al., 2015).

Individuals engaged in pro-environmental attitudes attempt to
affect the environmental resources as little as they can, or even
better, they try to favor them (Steg and Vlek, 2009). One of the most
common methodologies to understand the associations between
intention, environmental behavior and resource conservation is the
Theory of Planed Behavior (TPB),11 which states that the intentions
resulting from a stimulus to adopt an action are the most direct
explanatory variable of the observed behavior (Clark and Finley,
2007; Fielding et al., 2012). This theory has been used to predict
people’s intention to get involved in water conservation. When
individuals are inclined to water saving, they usually acknowledge
that water resources are valuable, understand saving as a moral
need, and are capable of adopting efficient water-use behaviors
(Pearce et al., 2014).

In some situations, individual users engage in pro-
environmental behavior considering that it positively benefits
them (Lindenberg and Steg, 2007). Notwithstanding, this argument
might be contradicted by the fact that free riders also know that

7 Households received tips on how to reduce water consumption (no normative
feedback).

8 Households received personalized information about their own water usage
compared with the water usage of similar households in their neighborhood
(descriptive message).

9 They received personalized information about their water usage as compared to
similar households in their neighborhood, accompanied by a happy or sad face
conveying social approval or disproval (descriptive and injunctive message).

10 (Dolnicar et al., 2012) suggest that in Australia, since people who already
engage in water conservation behaviors tend to watch less TV and read more
newspapers, TV would be a good communication channel for reaching those whose
water conservation behaviors could be improved. For Perth, Western Australia
Neither information leaflets nor socially comparative feedback produced significant
reductions in water use, compared to controls (Kurz et al., 2005).
11 The TPB encompasses three explanatory behavioral variables: the attitude to-
wards the behavior (ACT), subjective norm (SN), and perceived behavioral control
(PBC) (Ajzen, 1991).
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conservation is good for them, but do not contribute to it because
they benefit on the effort of others (G€achter, 2007; Ostrom et al.,
1999).

The advocates of the TPB argue that a behavioral intention is the
closest explanatory variable of its execution (Landon et al., 2016).
However, there are few researchers analyzing these connections
and, in fact, they have found quite weak interactions between
intent and observed behavior (Gregory and Di Leo, 2003; Landon
et al., 2016).

Landon et al. (2016) examined water use attitudes towards
conforming with a swaying water saving platform in College Sta-
tion, Texas e USA. Although behavioral control was postulated to
have a direct effect on behavior, they did not find any support for
that relation. In Bulgaria, despite the fact that residents exhibited
positive perceptions on water value and, consequently, some kind
of intention to conserve it, the promotion of this behavior proved
ineffective (Clark and Finley, 2007).

On the other hand, an assessment of the effect of pro-
environmental identity in Italy provided support to the TPB
(Carfora et al., 2017). Similar results were found for South Africa in
the sense that positive attitudes towards water saving were asso-
ciated to robust intentions to engage in expected actions
(Onyenankeya et al., 2018). In the context of water conservation in
Iran, Yazdanpanah et al., (2014) suggest that looming water crises,
risk perception and self-rewarding sentiments raise the intention
to save the water resource.

In a case study in Reno, Nevada e USA, people with similar
current and past pro-environmental valuations were found to be
more inclined to positively react towater saving programs (Trumbo
& O’Keefe, 2005). This case reveals a key element in explaining
intent and actual engagement with water conservation, which is
previous knowledge and awareness about the value of this utility.
In this case, we suggest it is not possible to draw conclusions about
the effect of information on water conservation behavior because
there is a positive bias in the individuals who already know and
practice conservation.

The analysis of the links between water conservation intention
and actual pro-environmental behavior are summarized in Table 4.
In this table cross-country evidence of intention e behavior gaps is
presented.

Affluent families with high educational levels in Spain and
California have been found to be more inclined to install water-
saving equipment at home12 (Berk et al., 1993; Martínez-
Espi~neira and García-Vali~nas, 2013). Low-income families, i.e.,
those characterized by a low water use baseline, tend to be more
conscious of water conservation issues and seem to have robust

water saving routines (Gregory and Di Leo, 2003; Martínez-
Espi~neira and García-Vali~nas, 2013). In terms of gender, water
conservation habits and pro-environmental behavior, women are
more prone to preserve the resource (Olli et al., 2001; Şener and
Hazer, 2008).

The behavior of others appears as a barrier in effectively con-
verting intentions into water saving behaviors. When a person is
engaged in saving water, only if other family members are also
engaged, that individual’s actions will lead to water reduction at
home (Fielding et al., 2012).

Water-usage habits (e.g., daily use of washing machine, hair
washing and longer showers promoted by the media) constitute
another barrier opposing conservation strategies (Fielding et al.,
2012; Watson, 2017). Habits are mostly measured as behaviors
adopted in the past (Fielding et al., 2012; Gregory and Di Leo, 2003)
and intentions to conserve are measured through qualitative (e.g.,
Likert) scales (Clark and Finley, 2007; Millock and Nauges, 2010;
Şener and Hazer, 2008).13

When pro-environmental behavior is associated to morals,
difficult implementation processes and some degree of individual
sacrifice, people are less prone to commit to saving. (Gilg and Barr,
2006; Lindenberg and Steg, 2007). Positive engagement takes place
when consumers foresee positive consequences for them
(Lindenberg and Steg, 2007).

Different authors have provided evidence and insight into un-
derstanding the effects of norms, normative social influence and
normative appeals in water conservation (Bernedo et al., 2014;
Corral-Verdugo and Frías-Armenta, 2006; Landon et al., 2018;
Lindenberg and Steg, 2007).

Normative instructions advise on the amount of water people
should consume (Landon et al., 2018). They are important when it
comes to pro-environmental behavior, in the sense that it connects
to what is right or wrong with respect to the environment
(Lindenberg and Steg, 2007).

An important aspect of normative and social comparisons has to
do with the risk posed by a high water consumption level that
performs as a reference between relatively heavy and frugal con-
sumers. When a social norm is not very demanding, it is convenient
to encourage real conservation. Notwithstanding, when a social
group has elevated average consumption levels, weak norms may
induce those who were formerly below the average to increase
consumption.

In College Statione Texas (USA), families belonging to the upper

Table 3
Mechanisms of self-reported water saving inflation.

Mechanisms found in the literature Country/region

Underreporting related to social desirability (Beal et al., 2013). California, USA
Most consumers underestimate their water consumption (Fan et al., 2013). China
Motivations to engage in conservation when it is perceived as socially desirable or as a common (Cialdini et al., 2006; cited in Schultz et al., 2014). Arizona, USA.
Low correlation between self-reported and observed behavior (Corral-Verdugo, 1997) cited in (Steg and Vlek, 2009). Mexico
Social desirability of water conservation and inflation of figures (Berk et al., 1993). California, USA
Socially desirable habits are more likely to be overreported by households (Millock and Nauges, 2010). OECD countries
As to reported consumption behavior, there is no full agreement between attitudes and preferences (De Oliver, 1999). San Antonio, Texas,

USA
If water users are unaware of the amount of water they are using, pricing controls may well be meaningless (Randolph and Troy, 2008). Sidney, Australia

12 Examples of water-saving equipment include water-saving technologies,
including water-efficient washing machines and showerheads, as well as
dual ¼ flush toilets (Martínez-Espi~neira and García-Vali~nas, 2013); low flow
showerheads and low volume toilet (Dupont and Renzetti, 2013).

13 (Clark and Finley, 2007) asked respondents to indicate how likely (on a 5-point
Likert scale from very unlikely to very likely) they were to adopt the water saving
activities during the coming year to examine determinants of intention to conserve
water among residents of Blagoevgrad, Bulgaria. Millock and Nauges (2010)
implemented a survey in OECD countries which included questions about house-
holds’ attitudinal and behavioral factors measured on a 5-point Likert scale. In
Turkey (Şener and Hazer, 2008), asked respondents could score 1, 2 or 3 on the
three-point scales of the importance of values.
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30% of the water consumer range reacted notably to a conservation
intervention by decreasing the monthly average water use to
2659 gallons. Normative comparisons14 have proved effective in
influencing a shift in familiy water use, when compared to a pseudo
control (Landon et al., 2018). In California (USA), urban dwellers
who were exposed to normative figures tended to use less water
than a randomly selected comparison group (Schultz et al., 2014).

Research conducted in Mexico provides evidence that norma-
tive views about water conservation positively impact observed
pro-environmental behavior, especially when people consider that
water wasters or polluters should be punished (Corral-Verdugo and
Frías-Armenta, 2006). In attempting to predict people’s intention to
conserve water in Taiwan (China), Lam (2006) concluded that at-
titudes and subjective norms altogether influenced the intention to
retrofit. Consequently, normative goal-frames can be said to work
better when individuals are conscious of environmental issues,
which certainly rises the probability to engage in this type of
behavior (Lindenberg and Steg, 2007).

In Iran, a group of farmers were classified as users of new and
traditional water use schemes, the latter exhibiting lower norma-
tive proclivity than the new adopters (Yazdanpanah et al., 2014).
After informative communication provision, a group of Israely
households revealed 7.6% less water consumption with respect to
reference households. This represented savings of around 1.2 cubic
meter per family for a perod of five-weeks (Katz et al., 2016).

In a deeper analysis in New South Wales, Australia, Liu et al.
(2015) analyzed the type of normative feedback preferred by wa-
ter users. This study raises attention to the need to understand not
simply the information feedback provided to households, but the
way these consumers prefer this information. In situations of
normative contrasts, local benchmarks have been compared to
complementary benchmarking (Liu et al., 2015). The results indi-
cate that water users seem to be less interested in knowing about
water use at national or regional levels than at neighboring levels.

Results obtained in both developing and wealthier countries
suggest that normative information, when presented in the form of
comparative comments, might be more efficient than the provision
of technical information only (Ferraro and Price, 2013; Seyranian
et al., 2015). However, the success of these normative messages
has been found to decline over time (Ferraro and Price, 2013;
Fielding et al., 2013; Lindenberg and Steg, 2007).

In a deeper discussion regarding goal-frames, Lindenberg and
Steg (2007) argue that individuals are more willing to perform

pro-environmentally when a normative15 goal or target frame can
be robustly sustained instead of hedonic or gain goals. In the cases
studied by the mentioned authors, gain16 and hedonic17 goal-
frames referred to personal interests. In contrast, a normative
goal-frame entails collective and environmental interests
(Lindenberg and Steg, 2007).

The results of the above-mentioned works regarding the effec-
tiveness of normative frames and the deterioration of saving
behavior, call for further research and analysis to understand how
to successfully design stable water saving strategies. Recent eval-
uations of behavioral shifting strategies, show the presence of
‘intention-behavior gaps’ (Novak et al., 2018). This is a key finding
in the understanding of the strategies to promote water conser-
vation, because intentions are not enough in seeking conservation
behavior among household residents.

This notion is supported by research work performed since the
first decade of the XXI century. Gregory and Di Leo (2003)
concluded that there is no consistency between general attitudes
and predicted conservation behavior. Clark and Finley (2007) found
that residents in Bulgaria have positive attitudes toward water
conservation but feel ineffectual in applying water conservation
measures. After conducting research in Australia, Jorgensen et al.
(2009) and Pearce et al. (2014) argue that awareness of scarcity
and consequent restrictions are not altering consumption behav-
iors. Therefore, residents with positive attitudes may not always
exhibit positive behavior. In Texas e USA, attitudes and subjective
normative beliefs have not shown direct relationship with behavior
(Landon et al., 2016).

Sustainablewater conservation needsmay remain unattended if
we focus on the intention e behavior gaps. Defining ‘behavior’ as
observed or reported actions when discussing about people’s water
consumption (Randolph and Troy, 2008) is not enough, since the
evidence falls short to demonstrate that intentions are concretely
converted into actions. In fact, not all households interested in
conserving water report corresponding actions (Liu et al., 2015;
Randolph and Troy, 2008).

Sustainability requires further aspirations than short-term

Table 4
Mechanisms involved in the intention - behavior gap.

Mechanisms found in the literature Country/region

The relations between intention and observed behavior are weak (Landon et al., 2016). Texas e USA
Dwellers exhibiting affirmative attitudes not necessarily reveal the same positive behavior (Jorgensen et al., 2009). Australia
Lack of consistency between general attitudes and conservation behavior (Gregory and Di Leo, 2003). New South Wales,

Australia.
Pro-environmental attitudes do not translate into corresponding behavior (Berenguer et al., 2005) cited in (Pearce et al., 2014) Australia
Awareness of scarcity and restrictions observed in connection with unaltered consumption behaviors (Pearce et al., 2014). Australia
Link between intention and observed/actual behavior is fragile (Gregory and Di Leo, 2003) New South Wales,

Australia.
Dwellers exhibited positive perceptions of water value, which, however, were not effective within a water conservation strategy (Clark and

Finley, 2007)
Blagoevgrad, Bulgaria

Low correlations between self-reported and observed behavior (Corral-Verdugo, 1997) Mexico
Although knowing the problems of scarcity of water and corresponding restrictions, water guzzlers did not massively modify consumption

behaviors (Pearce et al., 2014).
Australia

Positive attitudes and willingness to save water favor individual intentions to engage in water saving actions (Onyenankeya et al., 2018). Cape Town - South
Africa

14 Specifically, the program provided water users with information regarding their
outdoor water use (compared to an efficient standard) and their neighbors’.

15 A normative goal frame activates all sorts of sub-goals associated to appropri-
ateness such as behaving the right way, contributing to a clean environment, and
showing exemplary behavior. They make people especially sensitive to what they
think they ought to do (Lindenberg and Steg, 2007).
16 A gain-goal frame refers to shifting people’s personal asset endowment
(Lindenberg and Steg, 2007).
17 A hedonic-goal frame mobilizes several subgoals connected to the possibility to
rise or expand the way an individual feels in a particular situation. For instance,
avoiding pain or effort (Lindenberg and Steg, 2007).
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water consumption reduction by households. The long-term chal-
lenges of sustainability require the understanding of intention e

behavior e stable reduction gaps (see Fig. 4). Steady reductions
reveal real pro-environmental behavior achievements of a whole
water management system. In it, water users embed sustainable
habits of water consumption into specific saving targets (Olmstead
and Stavins, 2009; Steg and Vlek, 2009).

Illustration 2-2 shows three different water consumption levels.
The first one corresponds to the observed consumption behavior
prior to intervention, to which households are accustomed. Once
pro-environmental behavior is campaigned, people usually reduce
water consumption to a level which, although lower than the prior
one, is not steadily maintained. This is so because intention is
hardly converted into sustainable action, no matter if it initially
turns into observed reductions, because it actually tends to wane
through time (see section 2.5 below). The third level refers to stable
reduction inwater consumption, which should be themain focus of
the sustainability analysis of urban water consumption. Thus, one
question arises on how to design policy interventions to achieve
stable water consumption reductions on the side of households?
This question opens the door to an emerging field of analysis
related to behavioral transitions to sustainability. This is especially
important for initiatives aimed at accelerating the transition to
sustainable cities in terms of its water management systems.
Transitions framework proposed by (Brown et al., 2009) in regard
of sustainability of water in cities, reveals promising tools to assist
water strategist in identifying the attributes of more sustainable
city states. Notwithstanding, cultural aspects of transitions, go
beyond institutional arrangements and regulatory frameworks;
social and behavioral dimensions should not be overlooked in this
transitioning.

2.5. Weakening of water reductions

Pricing and water restraints are well recognized as water con-
sumption regulators in periods of acute scarcity. However, there is
no concluding evidence on the effect of this type of approach once
the supply of water upsurges and scarcity is gone (Jorgensen et al.,
2009), or when prices are reduced to pre-shortage levels.

The concluding statement about the short-term effect of water
saving programs around the world is that water conservation gains

tend to be ephemeral or reverted to pre-intervention consumption
levels (Fielding et al., 2013; Lindenberg and Steg, 2007). This
reversion effect has come to be called “intention e behavior gap”
(Novak et al., 2018), due to the fact that intention falls short to
maintain conservation behavior among household residents. In
Illustration 2-3 an open loop is perceived in respect of the high
levels of water consumption observed in households despite rules
and regulations are put in place, and similarly when water con-
servation campaigns cease. This loop seems to be dominated by a
memory in which habits and vain policy efforts are not be able to
lead to expected steady reductions in water consumption
behaviors.

Part of the current debate on price and non-price strategies rests
upon the time span of policy measures. While extensive environ-
mental programs (which are implemented as short-term responses
to water crises) may influence behavior, this is probably not real-
istic for municipalities intending to attain sustainable demand re-
ductions (Berk et al., 1993; Dolnicar et al., 2012; Seyranian et al.,
2015). However, said short-term interventions constitute a com-
mon practice during droughts.

Between 1986 and 1991, California’s longest water scarcity to
date led to a vivid consumption reduction on the part of the pop-
ulation (Berk et al., 1993). Yet, this was influenced by strong
advertising and conservation pressures during the drought, which,
however, were weakened during the wet weather period (Berk
et al., 1993; Maggioni, 2015). In South-Eastern Australia, Aisbett &
Steinhauser (2014) studied the effect of shifting water stock avail-
ability for urban use in situations of persistent drought. The results
revealed that a 10% reduction in dam availability activated a
deliberate saving of approximately 5.5% throughout the water
scarcity period. Similar results were found in Atlanta (USA), where
the water authorities implemented an objective domiciliary
messaging operation during the 2007 drought. In this case,
normative pleas had an intense saving effect onwater consumption
during the first few days, to decline by approximately 50% during
the first year after the intervention (Bernedo et al., 2014). In the
case of the drought that lasted for 12 years in different parts of
Victoria (South-Eastern Australia), the restraints imposed by the
authorities were perceived as a short-term response to counter-
balance limited-supply and increasing-demand (Dolnicar et al.,
2012). Results obtained in Switzerland, Spain, Queensland

Illustration 2-2. Intention e behavior e stable reductions gap.
Source: author’s elaboration
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(Australia), Israel, Mexico and California reveal how water use re-
ductions tend to dissipate or revert to pre-shortage periods (Beal
et al., 2013; Katz et al., 2016; Lindenberg and Steg, 2007; Novak
et al., 2018), as it is described in Table 5.

A partial general conclusion suggests that if water consumption
reductions tend to decrease after interventions cease, these should
last for longer or become part of long-lasting programs.

The call for longer and more intense interventions implies the
need to repeatedly inform the households. In providing more
consumption and social norm information feedback to consumers
in different formats, it is assumed that people will accumulate
knowledge and be more acquainted and aware of the real impor-
tance of conservation, thus adopting sustainable attitudes and be-
haviors (Seyranian et al., 2015; Willis et al., 2011).

Notwitstanding, a crucial challenge for this assumption rests
upon intriguing findings. Households with better knowledge about
water conservation and more pro-environmental personal norms
have shown relatively little response to normative feedback when
compared to those with more relaxed personal norms (Schultz
et al., 2014). This might be explained by the decreasing marginal
effect of information provision according to prior knowledge level.
The association between information provision and water con-
sumption reduction through time might exhibit a decreasing
pattern. This brings out the need to analyze the frequency and type
of information provided to people with varying degrees of knowl-
edge on water conservation.

Illustration 2-4presents a summary of the social dimensions
that explain water conservation behavior. The first category of

Illustration 2e3. Open loop around high levels of water consumption observed in households in presence of rules and campaigns.
Source: author’s elaboration

Table 5
Mechanisms associated to fading water consumption reductions.

Mechanisms found in the literature Country/region

Individuals are likely to return to prior attitude once the (dis)incentives come to an end (Lindenberg and Steg, 2007). Different studies
Possible rebound effect after the intervention (Novak et al., 2018) Switzerland and

Spain
Conservation gains tend to be ephemeral (Fielding et al., 2013). Queensland,

Australia
Water use reduction dissipates (Fielding et al., 2013) Queensland,

Australia
Ceasing interventions return water usage to previous levels (Fielding et al., 2013) Queensland,

Australia
An approximate 50% reduction was observed 1 year after intervention. This confers an important role to short-lived behavioral adjustments that wane

rapidly (Bernedo et al., 2014).
Atlanta e USA

Price increases may be effective in achieving water conservation, but are unlikely to have a long-term effect if the price is lowered (Katz et al., 2016). Israel
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analysis (IWA, 2016) reveals excesive water consumption around
the world. While the UN recommend a minimum availability of 50
lt/person/day, some regions consume up to 600 lt/person/day.

3. Discussion

Upon growing water demand, climate change, drought condi-
tions and water quality issues are exacerbating the risks of running
out of water in different regions (Abdulrazzak and Khan, 1990;
Balling et al., 2008). In response, policy makers tend to implement
price and non-price approaches to promote water conservation
(Millock and Nauges, 2010; Renwick et al., 1998).

Water price as policy mechanism to promote conservation de-
pends on the different aspects of demand price-elasticity. Average
water demand responses at the household level have been found to
be relatively inelastic to price increase. As an alternative to drive
water demand, non-price approaches appear as a combination of
the social, psychological and other dimensions of demand.

Notwithstanding, non-price approaches do not actually trigger
straightforward compliance on the part of water users. Once
household members receive the conservation information, they do
not act as passive recipients. Instead, different levels of con-
sciousness activate corresponding reactions (Sharp, 2006). The key
issue is a sort of iterative and continuous valuation by household
members, who glance at leaflets (Kurz et al., 2005) and confront
their own water allocation preferences (Bernedo et al., 2014;
Olmstead and Stavins, 2009; Sharp, 2006) to their needs. In this
way, they decide whether to buy water saving devices and afford
the opportunity cost of allocating time to water saving (Russell
et al., 2007; Martínez-Espi~neira and García-Vali~nas, 2013; Millock
and Nauges, 2010). As a result of this in-house process, household
members decide whether they adopt a negative or positive attitude
towards water conservation programs. Consequently, they either

resist or engage, finally resulting in what has come to be called the
intention to conserve (Clark and Finley, 2007; Lam, 2006; Trumbo
& O’Keefe, 2005).

However, this intention to conserve is characterized by two
factors: People tend to ignore their own water consumption and to
report socially desirable figures about it (Beal et al., 2013; Fan et al.,
2013; Liu et al., 2016; Randolph and Troy, 2008). In response, policy
makers and water managers provide contrasting feed-back about
real consumption, together with normative and regulation news
put in place during droughts.

In response to regulation, norms and rules, householders may or
may not react through short term proactive behavior and con-
sumption reduction. Since policies to manage water tend to focus
on regulations for price and non-price approaches, an overarching
aim of this article if to is to call the attention on the urgent need to
provide empirical and theoretical evidence, to find out effective
ways to accomplish Sustainable Development Goals (SDG) related
to water use. The target goal 6.4, states that by 2030 water effi-
ciency and sustainability in water withdrawals should be accom-
plished. More specifically target aims at “substantially increase
water-use efficiency across all sectors and ensure sustainable
withdrawals and supply of freshwater to address water scarcity and
substantially reduce the number of people suffering from water
scarcity”.18

The call I make to fulfil this SDG-6.4.-goal, refers to the need to
not to largely focus on the supply side of the problem, but on the
demand and behavioral side coming from surface and groundwater
users. Despite of being a plausible SGD-goal, sustainable with-
drawals, entails puzzling social dimensions, worth to incorporate in
project designs and implementation. Behavioral and social

Illustration 2e4. The social dimensions of urban water conservation.
Source: author’s elaboration

18 https://www.un.org/sustainabledevelopment/sustainable-development-goals/.
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dimensions, if left apart may put sustainability under risk; since as
suggested by the evidence, once reductions in water consumption
are observed, the gains use to vanish in the short term.

A general implication of fading proactive behavior after ceasing
an intervention is that water conservation programs should prob-
ably be in place for longer periods of time. Nonetheless, the in-
tensity or duration of the information and knowledge disseminated
by authorities do not necessarily produce the stable adoption of
conservation patterns. We argue on the likely existence of a
decreasing marginal effect of water conservation information over
time.

Although the brink of the state of the art ponders the existence
of an intention e behavior gap, sustainability requires further as-
pirations than short-term water consumption reduction by
households. The long-term challenges of sustainability require the
understanding of ‘intention e behavior e stable reduction’ gaps.

Further research is needed to fill this double-gap. Studies aimed
at understanding the drivers behind both the dissipation and sta-
bilization of water consumption reduction through time are
missing in the literature.

4. Conclusions

The present literature review is aimed at understanding the
social and behavioral dimensions shaping urban water conserva-
tion attitudes. Strategies to curb water consumption patterns are
related to technological advance, time allocation preferences
regarding water saving patterns at the household level, and the
implementation of home appliances. In most developed countries,
smart metering, elaborated messaging and behavioral approaches
are being tested. Notwithstanding, in both developing and devel-
oped countries, there is a behavioral regularity reflecting the
presence of a gap between intention and effective behavior in
conserving water in households.

Given the essential and public character of fresh water, policy-
makers have vast challenges to tackle this behavioral issue. There is
need to continue exploring the complicated human dimensions of
water consumption.

To reaffirm our understanding of the social dimensions of urban
water saving patterns, we summarize the existence of five note-
worthy social and behavioral issues. 1. Price inelasticity of water
demand leads to substantial price raising, which, in turn, is dis-
approved by water users. 2. Regarding water saving devices, smart
metering and household behavior, households tend to adopt con-
sumption raising attitudes. 3. Inflation of self-reported water sav-
ings. Water conservation studies reveal the existence of
discrepancies between three types of data regarding water con-
sumption levels. First, real water consumption; second, the alleg-
edly known household consumption level; and third, the desired
consumption each household wants others know. 4. Intention e

behavior gaps related to the fact that, despite individuals’ con-
sciousness of the resource scarcity problem and their expressed
intention to save water, the effective or real actions reveal a devi-
ation from intention. 5. Water consumption reduction waning. The
general evidence suggests that the observed reductions in water
use tend to dissipate.

The evidence shows promising and worthy findings which
should certainly encourage scholars and policymakers to continue
discovering better ways to reach stable reductions in water con-
sumption. However, it is important to take into consideration the
role of other type of water users who similarly demand water in
urban areas.

The present review is affected by different limitations. The
possibility to summarize the quantitative effects of the imple-
mented water saving strategies was limited. Provided that some

good urban water conservation practices may have not been pub-
lished in scientific journals, the sources of information to review
the extant studies might be correspondingly limited.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jclepro.2020.120895.
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A B S T R A C T

The present article develops a methodical literature review on the social and behavioral dimen-
sions in common-pool resources (CPR) cooperation, especially in groundwater management. It is
built upon the revision of ninety-five articles published in peer-reviewed journals related to wa-
ter, collective goods, common-pool resources, and natural resources economics. The time span
covers the published books and articles from 1964 until 2018 and makes special reference to
Hume (1898) explanations on how complicated the maintenance of resources used in common is.
If sustainability in CPR management programs is pursued, drivers for cooperation should be un-
derstood to make it manageable and operationalizable. Suggestions are made in terms of the clas-
sification of the drivers for cooperation, namely instruments, conditions, components/strategies,
and assumptions. Apart from presenting the literature reviewed, the implications for CPR sus-
tainability are discussed. Aquifers present different hydrogeological characteristics, subject to
complex social extraction decisions and physical changing circumstances such as climate change
and climate variability. Groundwater conservation and experimental settings should not only re-
flect the complex physical interrelated elements, but the complex social institutions and rules
governing the extraction patterns.

1. Introduction
Although it is tempting to view groundwater management as an infrastructure provision problem, continuing to focus on this issue

in such a way, would be to mischaracterize the nature of the resource. In situations of water scarcity, supply enhancement infrastruc-
ture to improve water provision is observed in developing countries like Colombia, Brazil, Paraguay, Mexico; Middle East countries
(OECD, 2017a). Aquifer recharge, water wells deepening, new boreholes construction and other engineering activities dominate the
socio-political setting in groundwater management. Besides infrastructure or supply-side dimensions, the rules and institutions gov-
erning the common-pool resources (CPR) play a fundamental role in resource management. The extant groundwater management ap-
proaches should no longer overlook social institutions and behavioral dimensions shaping the cooperation in water resources conser-
vation. Infrastructure and institutions might be complementary in searching for aquifers sustainable management approaches and to
face aquifers overexploitation at global scale.
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An urgent call is made on the need to find hands-on alternatives to promote sustainable management of aquifers and prevent re-
source overexploitation. The evidence documents the existence of disseminated groundwater resource overexploitation in dry regions
around the world (Barlow and Leake, 2012; Meinzen-Dick et al., 2016; OECD, 2017b). Groundwater plays an increasing role for irri-
gation in the agricultural sector in semi-arid regions; it has recently reached a 38% of global irrigation use and water from aquifers
provides fresh water for around half of the global population (OECD, 2017b; Siebert et al., 2010). Surface water volatility and
weather shocks will expand the role of groundwater in current and future irrigated areas. As a result, several regions that do not sig-
nificantly use groundwater for agriculture, will likely do so in the future and risk facing the same challenges, currently experienced in
the regions which already use groundwater intensively (OECD, 2017b).

Part of the problem lies in ascribing the scarcity challenges as a supply-side issue. Conventional responses to scarcity include engi-
neering solutions, which in turn, will not always supply keys to avoid observed overexploitation, since the aquifers cannot be ex-
ploited in perpetuity. The top-down hierarchical central environmental authorities' approach may continue being unfruitful in con-
trolling dispersed borehole construction and groundwater extraction. Balanced supply-enhancement infrastructure and water con-
sumption curbing might go with possible sustainable management of CPR. By definition, in Common-Pool Resources it is costly to ex-
clude potential beneficiaries from obtaining benefits from their use (Gardner et al., 1990) and each person subtracts from the quan-
tity of resource units available to others (E. Ostrom, Gardner and Walker, 1994). Since the aquifers’ overexploitation is clear world-
wide, understanding the nature of the resource in consideration is needed.

Groundwater access entails a certain competition for resource system units, the depletable character of most aquifers demand its
conservation. Aquifers' protection requires that stakeholders cooperate in avoiding overexploitation; cooperation inevitably requires
that the interactions of multiple actors lead them to formal or informal agreements. However, this cooperation is at odds due to the
free-rider problem and the coordination costs. Consequently, instead of simply finding supply-side solutions, water managers should
face the core issue of responding how to increase cooperation towards sustainable groundwater access and consumption.

The access to natural resources used in common such as groundwater, inevitably bring about water users’ interaction and organi-
zation (Axelrod, 1984; Knight, 1992; V. O. E. Ostrom, 1977). Access to CPR involves the implementation of formal, informal, and au-
tonomous social rules by communities and usually water authorities play a role in promoting resource conservation and regulating
water access. Which are the conditions to avoid CPR overexploitation? Which are the conditions to reach stable cooperative attitudes
and actions in conserving water from the ground? In CPR as groundwater, since individuals cannot be prevented from benefiting, co-
operators and free-riders use to interact and live in the same communities. While the latter use to lurk at the formers to benefit on the
effort of others, the temptation to free-ride is present (Ostrom, 2015; Schlager, 2002). Individual cooperation tends to be unstable.
This is, there is a latent incentive to detach from a strategy of cooperation and the defectors or free-riders, have few incentives to
move away from a strategy of non-cooperation (Elster, 1985; E. Ostrom, 1998b); Cooperators may not maintain his/her cooperative
attitude in conserving the resource, which implies cooperators not necessarily will follow a steady conservationist behavior in the
long-term. Relevant question with sustainability implications is being a matter of inquiry in the literature.

Scholars have found promising responses to the social problem of managing CPR. Results demonstrate that individuals using CPR
deviate from egoistic and selfish behavior predicted by the economic theory (Gardner et al., 1990; Ostrom, 2015; Velez et al., 2009).
Economic theory predicts that every individual rush for extracting the most of the resource in the present, because the remaining
stock might not be available in the future (Hardin, 1968; Negri, 1989; Ostrom, 2015).

Giving answers to previously suggested questions has long tradition among researchers, who focus the explanations for coopera-
tion on drivers such as reciprocity (Axelrod and William, 1981; Axelrod, 1984; Hamilton, 1964); trust on others (Cox, 2004); ability
to communicate (Abrahamse and Steg, 2013; M. A. Janssen, Holahan, Lee and Ostrom, 2010; M. Janssen, Lee and Tyson, 2014; E. .
Ostrom, Gardner and Walker, 1994; Sally, 1995); capacity of communities to devise their own rules and institutions, to self-manage
natural resources (Isaac et al., 1994; Ostrom, 2015; E. Ostrom, 1990); inequity aversion (Cox, 2004; Fehr and Schmidt, 1999; Velez
et al., 2009) and other causes that explain cooperation in CPR management.

Based on the criteria of pursuing sustainable aquifer management through applicable and manageable strategies, a claim is made
on the need to organize the existing literature on CPR drivers of cooperation. For this aim, the present article develops a methodic lit-
erature review on the nature of social and behavioral dimensions in groundwater conservation. It is built upon the review of ninety-
five articles published in peer-reviewed journals related to water, collective goods, common-pool resources, and natural resources
economics. The time span covers the published books and articles since 1.896 since Hume's explanations of how complicated is en-
deavoring in designing and implementing activities to maintain resources used in common such as meadows.

The reminder of this article is organized as follows. Section I includes the present introduction in which the existing gap in litera-
ture is presented. The role of social institutions and working rules are discussed in section II, in which the evolution of institutions and
its role in reaching sustainability are emphasized; since social, environmental and economic circumstances use to change, similarly,
institutions are expected to follow the trends of changes. In section III, the drivers of cooperation are discussed. Fig. 1 is used as a piv-
otal instrument to describe the social and behavioral drivers for cooperation in CPR management. Apart from presenting the litera-
ture reviewed, the implications for CPR sustainability are discussed. Aquifers present different hydrogeological characteristics that
become them in renewable or non-renewable resources, subject to complex social extraction decisions and physical changing circum-
stances such as climate change and climate variability. Most studies dealing with the understanding of social and behavioral dimen-
sions of cooperation in CPR, are based on field, lab and framed experimental settings. Thus, a discussion on the way how empirical
work can be improved in incorporating the complex socio-physical interactions that characterize CPR is presented in section IV. In the
final sections, discussion and conclusions and future research agenda are briefly described.



Fig. 1. Institutional design for sustainable CPR management and cooperation.
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2. Social institutions in groundwater overexploitation
Social institutions are present whenever we work or live together (Knight, 1992) and solutions to CPR problems inevitably involve

some form of organization to ensure collective decisions that can be enforced against all users (V. O. E. Ostrom, 1977). The access to
water resources used in common, imply making interrelated actions between water users. Economic theory predicts selfish behavior
from economic agents pursuing their own benefits. Evidence suggests the existence of cooperative attitudes and a plethora of exam-
ples, showing how individuals self-organize in pursuing collective and productive outcomes (Ostrom, 2015). Self-organization re-
flects a sort of interdependence and true interest on others' behaviors, since individuals hold expectations about the behavior of oth-
ers (Runge, 1984).

CPR scholars claim that some communities have successfully reached productive outcomes in managing their commons, while
overcoming the temptation to be a free-rider on the contributions of the others (Ostrom, 2015; Schlager, 2002). On the opposite side,
many other communities and governments have failed in pursuing productive outcomes (E. Ostrom, 2002; 2008a). In some cases,
communities have overtly tried to self-manage, while others have not intended a trial-and-error process of self-organization.

Failures in productively managing the commons, are part of the predicted tragedy of the commons (Hardin, 1968). Different au-
thors, from the assumption that all CPR are overexploited, question how privatization has been agreed as the only solution
(Stevenson, 2005) or whether state-owned management is the solution to avoid this result (Ostrom, 2015; Schlager, 2002). Based on
such gloomy forecasts, not surprisingly, policies aimed at averting the tragedy of the commons, called for the intervention of external
actors, because the acting individuals under rationality assumption, are not able to liberate by own efforts and an external agent does
(Ostrom, 2015; Schlager, 2002). Rather a robust centralized authority is essential to protect and enhance the viability of natural re-
sources (J. C. Cárdenas, 2009; Schlager, 2002).

Some dry regions in Western USA, Middle East, China, Latin American countries, and other regions of the world, are experiencing
external interventions as prescribed to avoid the so-called tragedy. At the same time we are experiencing clear evidence of overex-
ploitation of groundwater resources (OECD, 2015).

After facing the constant extraction by urban communities and farmers living in dry regions, little is known about the social and
institutional dynamics leading to aquifer overexploitation. Actually, in developing countries there exist external norms and regula-
tions pretending to ensure sustainable use to avoid exhaustion of groundwater (OECD, 2015). Policy measures include, limited use by
allocating water quotas by periods of extraction and the negation of extraction permits, when water authorities consider that certain
physical hydrogeological conditions are not met. However, to the extent that the majority of individuals do not request permits or
pass over regulations (Foster et al., 2009; Sandoval, 2004; World Bank, 2010), extraction dynamics behave as a no limit to entry. Ac-
cordingly, we are facing a heterogeneous common resource, with certain open access characteristics predestined to exhaustion. Simulta-
neously, we are exhibiting the existence of rules from outside the communities, pretending to avert commons’ tragedies in state –
owned resources, through limitation of entry and assignation of quotas. We may say that the property scheme of groundwater is het-
erogeneous, in the sense that the water users who request the permits to extract the water, treat the resource as a centrally-managed
resource, while the “illegal” appropriators treat the groundwater as an open access resource, without any coordinated management.

Social dimensions of overexploitation in different regions are made patent in different circumstances. For instance, the incomplete
complies of the external rules (permits to extract); in the perception about the resource value and the materialized extraction (inten-
sive extraction) and, in the perception about the role of environmental authorities dictating norms (top-down hierarchical manage-
ment). More outstandingly some social dimensions have operated, via communities' own rules and institutions devising. Rules and in-
stitutions have been subject of inquiry by scholars, while overexploitation has remained subject to engineering analysis.

Rules from outside approaching from central water authorities are expected to avoid the collapse of natural resources, while pro-
moting its conservation and regulation compliance. We may not necessarily assume that there is a clear and effective delivery process
of new regulations to be abided by every single water user. Some proportion of urban and rural water users have a certain lack of
knowledge about rules and regulations in place (Ostrom, 2015) and the daily interaction in accessing water resources, entail the de-
vice of their own rules. But not certainly the overexploitation of groundwater resources, corresponds to a clear example of failed cen-
tral regulation from water authorities. Thus, a co-existence of internal/social rules and institutions in combination with external
rules, still unable to avoid overexploitation in specific territories, is hypothesized.

Institutions refers to the rules and norms that guide the interactions among us and the environments that sustains us (Anderies and
Janssen, 2013), more widely it refers to the set of working rules that are used to determine (…) what actions are allowed or con-
strained, what procedures must be followed, what information must or must not be provided, and what payoff will be assigned to in-
dividuals dependent on their actions (Ostrom, 2015; E. Ostrom, 1986).

Working rules imply social institutions are present during the social interdependence (Knight, 1992) between resource users. In
case of institutions are stable, and this stability is of common knowledge by all members of a community or among a group, this con-
dition facilitates the type of attitudes requested to succeed in cooperating (Knight, 1992). Achieving mutual cooperative behavior un-
der stable conditions, rely on the real possibility of continuous interaction among the actors (Axelrod, 1984). Stable institutions are
relevant to achieve the benefits of acting together while cooperation is an ideal state in managing common resources. However, the
institutions and the cooperation evolve (Axelrod, 1984; Ostrom, 2015).

The evolution of social institutions may have implications in reaching sustainability. Actual overexploitation of groundwater re-
sources in some dry regions in Western USA, Middle East, China, Latin American countries, may reflect a detrimental evolution of social
institutions in managing the resource. The social institutions have the capacity to influence the society's ability to get used to changing
circumstances (Spencer, 1969). Changing circumstances include population growth the competition among communities for available
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resources (Spencer, 1969),1 climate change and climate variability generating tensions for water use at local and regional levels
(Bates, Kundzewicz, Wu and Palutikof, 2008b; Shen and Wu, 2016; Yang et al., 2016) and increasing group sizes which tend to influ-
ence cooperation2 (P. E. Oliver, 1993; Olson, 1971).

The challenge with the inevitable changing circumstances, rests in how changes influence reaching sustainable outcomes in collective
action. Collective action problems relate to situations of social dilemmas. A dilemma is present when an individual each time per-
ceives a greater utility or payoff when he/she chooses a defect strategy instead of a cooperative strategy; however all individuals are
in a better situation if all decide to choose the strategy of cooperation than defecting from this (Dawes and Messick, 2000). Social
dilemmas exist when individuals interact in decision-making, and they are challenged by options in which the short-range egoistic in-
terest produces outcomes leading all individuals in worse condition than alternative cooperative options (Ostrom, 1998). The chal-
lenges with social dilemmas lie in how individuals may adapt to changing circumstances. Thus, evolving changes may impact the so-
cial institutions in place and time, which should be a matter of inquiry. One may suggest the need to inquire other ways around also;
this is, how social institutions impact the evolving changes, especially the effects of changes.

Population growth spurs the competition for resources by larger groups. Climate change alters hydrogeological variables such as
recharges, which in turn affect wells productivity and physical and economic3 scarcity. Put simply how evolving social institutions alter
the stocks and flows of the aquifers through time and space. The first impression we may have about the relationship between institutions
and changes, is perceived in the evident overexploitation of aquifers as appointed by (OECD, 2017b; Siebert et al., 2010). Notwith-
standing, in this relationship there might not be a straightforward connection and causal relations. In the evolving and dynamic
changes looming from climate change, water scarcity and more competition for the resources, the social institutions and rules are not
inert.

The working rules in place and time are not static, since some communities endeavor in a trial-and-error process to manage re-
sources (Ostrom, 2015). The devise and implementation of social institutions are not straightforward, especially when physical condi-
tions change. In sustainability challenges, understanding the extent to how social interdependence evolves to create new rules is
needed. I refer to productive rules that lead to intended collective action, to achieve sustainable outcomes in managing the ground-
water resources. People may access water from different sources; individual access to tap water at private households is different from
collective efforts to appropriate water units from a CPR. Devising productive institutions and incentives to conserve the groundwater
may differ from institutions in access to tap water (see (Asprilla Echeverría, 2020) and Chapter 2 – Social drivers of urban water con-
sumption).

2.1. Individual and collective incentives for cooperation
The connection to a public water network to access tap water, produce different saving mechanisms (C. Smith, 2013; Ternes,

2018) and diverse conservation incentives to individuals; in comparison to accessing water from aquifers by own efforts. Sparing wa-
ter use patterns are scarce among people accustomed to fresh running water into household taps, which is seen as “naturally” abun-
dant in many rivers (C. Smith, 2013; Watson, 2017). People are accustomed to water's affordances as a good and fewer are accus-
tomed to water as a scarce and a valued resource (Harlan et al., 2009). Meanwhile, the reliance on limited groundwater supplies
likely makes private wells sites of more cautious water usage (Ternes, 2018).

Consumers connected to the grid perceive the water supply as a shared commodity (Basmajian, 2014), while consumers relying on
groundwater, manage the water as a common-pool resource (Meinzen-Dick et al., 2016; Ostrom, 2015; E. Ostrom, 2008b). The latter
allocate time and effort to collect water, to consume later and the former, just consume and pay tariffs without producing any physi-
cal effort to access it.

This difference might be seen as a contrast between accessing and consuming water by public utility provisions and a sort of indi-
vidual management (Ternes, 2018) to extract water from aquifers, store and consume the resource. The individual management in-
volves investing in equipment and infrastructure and allocating financial resources, which after a costly effort, cautiousness and care-
ful management of the resource would be expected, as appointed by (Ternes, (2018)). A cautious management is expected from
knowing the limited character of groundwater supply and in turn, the conservation of the resource is expected. This means that in-
vesting resources in building wells and extracting limited natural resources from aquifers, would provide the basis for individual con-
servation incentives. Notwithstanding, water from aquifers brings about a collective character in extraction, involving the action and
interaction of different private individuals, households, agricultural and industrial users.

The groundwater extraction by different types of users entails the production of externalities arising from private exploitation. In-
dividuals pursuing to collect water from the ground, generates two causes of non-static inefficiency in managing the property of a
common aquifer: an externality arising from the pumping costs and a “strategic externality” that emerges from the race between re-
source users to hold the groundwater stocks (Negri, 1989). That is, in groundwater ownership a “rule of capture,” disincentives indi-
vidual groundwater users to overlook the combined consequences of groundwater extraction, and generates incentives to continue
using the water from the ground before another party does (Donohew, 2005).

The natural resources economics theory predicts that every individual will rush for extracting the resource and consuming the
most of it in the present, because the remaining stock, might not be available to each one in the future (Hardin, 1968; Negri, 1989).

1 Cited in (Knight, (1992)).
2 In some situations, the effect of the size of the group might be positive, while in other the effect is negative. Previous to know how the size of the group will affect the

collective action, it is suggested to get acquainted of the characteristics of a specific case (P. E. Oliver, 1993).
3 Economic scarcity occurs when the costs of resource extraction are greater than the benefits of extraction. There may be remaining reserves of the resource,

notwithstanding with the existing technology, it results less benefiting to invest in extracting than leaving the resource in place.
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This strategic behavior of competition for groundwater reserves lead to overexploitation of the resource (Negri, 1989). Notwithstand-
ing, one may argue that between strategic behavior and overexploitation, there is not such a straightforward implication. This pro-
voking argument offers the opportunity to do further inquiries on the behavioral regularities stemming from the evolution of rules,
the institutions and subsequent overexploitation.

Where resource use is unrestricted and many users are present, overexploitation results as a tragic consequence. This dire predic-
tion was appointed by (Hardin, (1968)) in his analysis of grassland use. Hardin concluded that every herder is embedded into a situa-
tion that induces him to augment the size of his herd in an unrestricted way, in an environment that is bounded. Hardin's outstanding
result, revealed a clear example of how individual interest overcomes collective interest, in the sense that every herdsman has incen-
tives to add another animal to the open access grassland. This type of incentive is present in spite of the marginal revenue of every an-
imal added is less than not adding it, when sustainable yield has been reached (Stevenson, 2005).

The degradation of natural resources has been attributed to the tragedy of the commons; similarly it has been accepted as the
source of dire predictions for natural resources accessed in common (Schlager, 2002; Stevenson, 2005). Different authors, from the
assumption that all commonly used resources are overexploited, conclude that privatization is the only solution (Stevenson, 2005) or
state-owned management is the solution to avoid this result (Ostrom, 2015; Schlager, 2002). Based on such gloomy forecasts, the in-
tervention of external actors is requested because individuals by themselves are not able to liberate by their own efforts and an exter-
nal agent does (Ostrom, 2015; Schlager, 2002). To challenge the definitions of natural resources issues and decisions made by individ-
uals, evidence has proved that individuals are able to devise their own mechanisms, institutions and rules to manage commonly used
resources (Ostrom, E.; Gardner, 1994; Ostrom, 2015; E. Ostrom, 2008b; Schlager, 2002) as they are not always incapable, confined in
tragic situations created by themselves, nor are central governments all the time almighty and all-knowing (Schlager, 2002). Like-
wise, the models resembling the tragedies of the commons are based on individuals who make independent decisions; consequently
these models fall short in not capturing the opportunity of cooperation (Schlager, 2002). Most clearly Hardin's tragedy argues that
without external influence, individuals would not have enough incentives to cooperate and avoid exploitation.

The essential problem of cooperation in managing a CPR, is how to reduce the joint cost of extraction and increase the joint benefit
of cooperation (V. O. E. Ostrom, 1977). The overarching commonality across situations of using scarce resources, refers to the need
that all beneficiaries should share the long-term gains and the short-term losses (Madani and Dinar, 2012). Institutional facilities
must be established to change the structure of incentives and deterrents (V. O. E. Ostrom, 1977) in collective action to manage CPR.

Water resources used in common, have been subject of analysis by scholars aiming at understanding the nature of collective use
and collective action. Water resources such as aquifers, canals, lakes and fishing – grounds, entails a common interest of individuals. Re-
source users intrinsically expect that the resources are always available, since the resources are the sources of fresh water, fishing, envi-
ronmental amenities and other types of benefits. The character of common use encompasses different elements worth to note. There
exists a common interest in resource preservation; there is not one but many individuals pursuing its extraction to reap the benefits of
using it, and there exists a group concerned to maintain a shared interest. As happens in public goods, the resources are categorized
by their jointness of supply and the consumption is made by distinct groups (Runge, 1984). Inside the groups, it is impossible to reject
any individual from using or consuming the resource (E. . Ostrom et al., 1994; Runge, 1984; Schlager and Ostrom, 1992). A group
member can make use of a shared and divisible resource, creating a dilemma that leads to the exhaustion of the resource (Ostrom
et al., 1994).

Social scientists generally assumed that there was a straightforward convergence between the interests of individuals and the in-
terest of the groups (P. E. Oliver, 1993) and in case of groundwater, private wells’ owners relying on limited groundwater supplies,
are assumed to be cautious of water usage (Ternes, 2018). A careful use of water may result as a conservationist group norm in which
all CPR users share a unique common interest. However, being acquainted with group norms and becoming it into a working rule are
two distinct issues. More outstandingly, turning it into a stable attitude that matches individual and group interests, that overcomes
the egoistic temptation to free-ride on the efforts of others is a complex issue.

Appealing to the traditional economic theory, people, in spending their limited budget, act in their own interest, displaying egois-
tic behavior. Thus, individuals would not voluntarily contribute to water resources conservation. Individuals would not allocate fi-
nancial resources to maintain waterways, to recharge aquifers, to let the aquifer static-level recover after sustained extractions and
will not implement other necessary investments to guarantee sustainable water sources use. The natural tendency of individuals to re-
ject voluntary contribution to commonly used resources, explains the imposition of coercive taxation (P. E. Oliver, 1993) and the jus-
tification of the state, because people would not successfully cooperate in realizing common interest (Hardin, 1968; Taylor, 1976,
1987).

In CPR many users are present and it is hard to reject users or bind the extraction of resource units (E. . Ostrom, Burger, Field,
Norgaard and Policansky, 1999) in public goods (PG), once it is delivered to one of the members of the group, the resource cannot be
withdrawn from another member (Hardin, 1968) or put simply once the good is provided by one member of the group, the others per-
ceive the benefits of provision, no matter whether he/she provided it too. The non-excludability in perceiving the benefits of CPR and
PG provision, motivate rational individuals to behave as free-riders on the effort of others (J. C. Cárdenas, 2009; P. E. Oliver, 1993;
Ostrom, 2015; Taylor, 1987).

3. Drivers for cooperation in groundwater sustainable management
In case sustainability plans to manage aquifers are pursued, the understanding of the drivers for cooperation is suggested. Some

drivers are referring to social capital issues that might be difficult to implement, while others are more practical and tangible which in
turn would result in more operationalizable in practice.
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The drivers for cooperation elaborated and discussed in the literature can be classified in four categories. The drivers that lead to
explain cooperation in CPR management, correspond to different levels of materialization. To design governmental interventions
aimed at promoting efficient uses of CPR at local level, an adequate understanding of the incentives and strategies by the users of the
resource is required (Velez et al., 2009). For instance, conditions for cooperation such as reciprocity may incentivize a cooperative at-
titude amidst water users; but if assumptions such as low transaction costs are not met, efforts to coordinate users for cooperative
management may gradually disappear.

In Fig. 1, the above classification is made on the drivers in four groups: instruments, conditions, components/strategies and as-
sumptions. Instruments refer to the palpable tools that allow designing and maneuvering a program to promote groundwater conser-
vation. Instruments in place may arise from water authorities, communities and individuals. Conditions make reference to the key cul-
tural patterns and structural characteristics of social relationships. These might be deemed as necessary to sustain cooperation. As-
sumptions are key sensitive issues which are expected to work for stable cooperative behavior in groundwater use. In some cases, if
relevant assumptions are favorable, individuals might not find enough incentives for cooperation and decide to resign. In case of high
transaction costs, trust in others is low or the perceived net gains from CPR is lower than others, some actors may avoid getting in-
volved in collective action and the regimes to administer the resource may not be implemented or ill-timed in its adoption. Similarly
it could be changed with more binding constraints or the cooperation may erode (Ayres et al., 2018; J. Cárdenas, 2009). Components
and strategies correspond to relevant decisions and activities needed to improve the local circumstances, to facilitate or enforce coop-
eration. Drivers allocated to each four groups, do not prevent the possibility to find some cases in which, for instance a strategy is con-
nected to an instrument; or an assumption is dependent on a condition. Similarly, the drivers and its relationships occur under an in-
stitutional setting and a context set by nature.

Nature governs the groundwater balance equation. This equation is influenced by socio-physical interactions. Groundwater as
part of the hydrological cycle, depends on recharges to ensure available stock; meanwhile, water tables depend on extractions, the
aquifer geological characteristics and the discharges to surface water bodies (see central part in Fig. 1). Social and physical character-
istics of water bodies system may change through time. Changing circumstances may arise from climate change, climate variability,
army conflicts, technological changes, population growth or migratory events. In this research, special attention is paid to the effects
of socio-physical changes. As examples of changing circumstances and its effects, one can mention population growth stimulating the
competition for resources by larger groups, which may cause aquifer depletion. Climate change altering aquifers recharges, which in
turn affect wells productivity and physical and economic scarcity. Migration to urban areas (Lahariya, 2008; Lucas, 2004; Todaro,
1969) in the developing world will exert more pressures on urban water demand. Technological changes in water extraction may in-
crease extracted volumes; technical changes for water saving at household or agricultural levels, may produce the so-called rebound
effect.

Thus, changes and its effects may spark the design of social institutions able to manage the consequences of changes in water
stocks, water availability, scarcity, and water flows. The importance of understanding how evolving social institutions alter the stocks
and flows of the aquifers through time and space is suggested. Water stocks and flows are the factual realizations of groundwater
management systems. These realizations make up the observable effects of the changing circumstances among social institutional set-
tings. In the definition of social institutions, stakeholders determine which actions are allowed or constrained (Ostrom, 2015; E.
Ostrom, 1986). However, the undertaking of actions should not be at will exercised if the physical-needed conditions are not met lo-
cally in terms of flows and stocks of aquifers. For this reason, the water availability and, so the water balance is central, because it de-
termines water stocks (inflows driven by recharges) and water extractions (outflows). Despite different rules and institutions to sus-
tainably manage aquifers can be designed; the physical limitations of water balance governed by nature, impose binding limits to wa-
ter extractions.

In summary, for adaptive and stable social institutions that lead to sustainable CPR management, we need to work out an effective
combination of the four categories of the drivers of cooperation. Thus, an institutional design configured by assumptions, conditions,
strategies and instruments, may be arranged to put to work at local level. Notwithstanding, since social and legal institutions are al-
ready in place (see inner rectangle in Fig. 1), the four groups of drivers may help in re-configuring a transition towards a new genera-
tion of institutional arrangements focused in sustainable CPR management, centralized in stimulating cooperation.

3.1. A. Sustainability of CPR among existing social institutions
Different scholars have made outstanding contributions to explain the drivers for cooperation and groundwater resource conser-

vation. Drivers to cooperation go further than classical economic theory prescriptions, which states that budget constraints, prices
and preferences will lead to resource demand attenuation (Pollitt and Shaorshadze, 2013). Since Hume's explanations of the human
condition, more clues have been found to understand human behavior in resources accessed in common (Hume, 1896). stated the
“difficulty and impossibility that a thousand persons should agree in an action of draining a meadow used in common, it being difficult for them
to concert so complicated a design, and still more difficult for them to execute it; while each seeks a pretext to free himself of the trouble and ex-
pense, and would lay the whole burden on others”. Hume asserted relevant and contemporarily studied issues such as group size, inter-
ests, coordination, free-riding and communication. Hume started from the assertion that men are mostly governed by interest
(McMillan, 1979).

Reaching cooperation in groundwater conservation, represents a situation in which individuals abandon the temptation to merely
pursue their self-interest, in order to contribute to collective interest in managing aquifers. Accessing water resources used as a CPR,
imply making interrelated actions between water users. This interrelation is guided by a set of rules and norms, more specifically by
working rules that determine which actions are allowed or constrained and the corresponding payoff depending on actions (Anderies,
J.; Janssen, 2013; E. Ostrom, 1986, 2015).
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The norms and working rules are called social institutions. We may argue that the actual overexploitation of groundwater re-
sources, occurred between internal institutions devised and evolved inside the communities and external institutions devised by cen-
tral governments. Since the latter aims at avoiding overexploitation, in the former, actors may have different knowledge and point of
view, punishments based on trust may be unmanageable, and the possibility to use conflict mechanisms may not exist (Patterson,
2017). Keeping this business-as-usual non-productive institutional relationship, do not guarantee the hydrological balance of
aquifers, especially in dry regions exposed to climate variations. To achieve groundwater sustainable yield and particularly, to avoid
causing a permanent state of imbalance in the hydrological budget of an aquifer (California Department of Water Resources, 2003;
Gun, 2012), cooperation and social-institutions inclination for conservation are needed.

How to devise stable social institutions to promote sustainable groundwater management? Responses are not simple and may de-
pend on the management model under consideration. Three theoretical models named private property, central planning and CPR
self-governance of water resources, have been subject of theoretical, conceptual and empirical analysis. Central planning for water
management assumes the rationality of economic agents. This theoretical model is based on water demand functions and calculation
of optimal extraction rates. Since individuals' compliance is not straightforward, the main challenges for sustainability, refer to the
need to develop a better understanding of the transmission mechanism, between extraction rates calculated or prescribed by environ-
mental authorities and the actual extraction by water users. The private property model for water management does not reflect some
relevant variables. Environmental externalities, social consequences of pumping externalities for low-income users, the effects of pos-
sible market power of some private agents, changes in water distribution and the capability to equitably adapt to climate variability,
are quite relevant for sustainable water management as well. The CPR self-management approach has demonstrated that the tempta-
tion to free-ride can be reduced or overcome; a Social-Ecological System exists in which agents self-manage the System Resources and
productive outcomes are achieved. Notwithstanding, not all communities are prone to self-organize and cooperation tends to be un-
stable. Thus, alternative models to manage the CPR and avoid its exhaustion are demanded.

The discussion whether implementing centrally managed instead of private property regime, may change according to hydrogeo-
logical conditions. It seems that the need to create a private regime of property rights for the groundwater resources, only appears
when a water basin has reached a stage of steady overdraft (Donohew, 2005). Sustainability of groundwater brings about avoiding
the unwanted condition of overdrafts. Under private property regimes, the value of scarcity of water from aquifers is highlighted;
which is reflected in the market prices and allocations of water to its highest-valued uses as stated by Donohew. Anyhow, societies
should ponder whether resigning to wait until aquifers are over-drafted or not, to start valuing groundwater and water scarcity.

In this section, the four categories of the drivers for cooperation are described. All drivers are needed since all of them correspond
to interconnected elements having distinct functions and implications. This applies in case an aquifer sustainability program was
planned and implemented. If instruments to promote cooperation were implemented in isolation, crucial intangible dimensions be-
longing to the social capital arena or external factors influencing decision-making would be missing. So, the intended social institu-
tions about to be built would skip indispensable foundations. More importantly hidden social and cultural values shaping communi-
ties' actions and decisions in water management, may work in favor or may impose hurdles to participation in program implementa-
tion (Meinzen-Dick et al., 2016; T. Van Der Voorn, 2008). Thus, donors' attempts of technology transfer cannot assume communities
are passive actors when external values are transferred to them (T. Van Der Voorn, 2008). Similarly, if a water management sustain-
ability program focused only on cultural and social dimensions, it would miss the tangible elements aimed at making cooperation a
workable stage in resource management. This is, tangible and intangible dimensions are similarly proper for a new generation of wa-
ter management programs, and social aspects and institutions cannot longer be overlooked. As stated above, the access to common-
pool resources inevitably brings about water users’ interaction and organization (Axelrod, 1984; Knight, 1992; V. O. E. Ostrom, 1977)
and social institutions are present amidst these interactions (Knight, 1992). More suggestively, the formal and informal institutions
consist of cognitive, normative, and regulative pillars that provide firmness to social behavior (Scott, 2014). However, most water
management programs put emphasis on regulatory aspects only, which in turn make it inefficient because people ignore regulations,
and regulatory systems are hindered due to complex legal procedures to control scattered water extractions (Sandoval, 2004; World
Bank, 2010). Rules and laws as part of regulative pillars, are symbolic systems carried; but other carriers such as relational systems,
activities and artifacts, configure regulative, cultural-cognitive and normative pillars as well (Scott, 2014). Thus, in the cross-
tabulation between three pillars and four carriers, more than twelve management aspects appear and rules are only one of them (see
(Scott, 2014)).

Table 1, Table 2, Table 3 and Table 4, summarize the existing empirical and theoretical work related to CPR management and co-
operation towards conservation. The practical implications for sustainability are shortly described and simultaneously, some cri-
tiques are presented and key elements to take into consideration to discuss how feasible the drivers for cooperation are.

3.2. Instruments to stimulate cooperation
Provision of information and especially providing feedback has found to be a relevant driver for water conservation (Abrahamse

and Steg, 2013; Liu et al., 2015; Seyranian et al., 2015). Thus, feedback provision tends to show the adoption of similar behaviors by
others. For instance a higher consumption by other individuals influences the adoption of high consumption by the participant, and
feedback representing economical consumption led to curb consumption also (Van Dijk, De Cremer, Mulder and Stouten, 2008).
These findings may be interpreted as being suggestive of group members to take on the “correct” action (Van Dijk et al., 2008).

When referring to correct strategy and normative feedback used by participants to define his/her own strategy, there exist some
risks in how convenient the numbers in consideration are. The level of others' water consumption might send a misleading signal
about the optimal levels of consumption. This is, the consumptions of others as a reference number to guide consumption, not neces-
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Table 1
Instruments as drivers for cooperation in groundwater management and implications for sustainability.

Drivers
influencing
cooperation

Authors Practical implications for groundwater management and sustainability Critiques and suggestions to drive towards
cooperation

Communication
and Face – to
face
communication

Sally
(1995)
Abrahamse
& Steg
(2013)
(M.
Janssen
et al.,
2014)
(E. Ostrom
et al.,
1994)
(M. A.
Janssen
et al.,
2010)
Walker &
Ostrom
(1989)
(E.
Ostrom,
2006)

Individuals able to follow an institutionalized and costless-communication,
can create spoken agreement to implement rent improving approaches and
manage non-conforming players (Walker and Ostrom, 1989).
Communication enhances the likelihood of individuals shifting from
relatively self-interested decisions to more group-oriented ones (Cardenas
et al., 2000). → communication among participants involved in CPR
management should not be overlooked.

Communication need some effort and time to be
maintained (Walker and Ostrom, 1989).
Creating and reinforcing norms and exchanging
mutual commitment, are significant processes
that allow communication to be more effective
(E. Ostrom, 1998a).

Learning how to
cooperate and
trial and error
process

(E.
Ostrom,
1990)
Ostrom
(2015)
Isaac et al.
(1994)
(E.
Ostrom,
2002)

In case of extremely erratic situations, a time-consuming trial and error
process is desirable before individuals are able to devise their own rules
aimed at producing considerable positive net revenues over a sufficiently
long time horizon (Ostrom, 2015; E. Ostrom, 1998b). → sustainable
management of CPR should not expect straightforward achievements after first
attempts in program implementation: failures are part of learning process.

To reach sustainability, the lessons learnt in
successful and failed attempts to conservation
should be documented or transmitted between
generations. In endeavoring to try to devise ways
to cooperate, we need for example an individual
willing to ignite collective action.

Group identity
and group size

Dawes
et al.
(1990)
Ostrom
and
Walker
(1997)
Isaac et al.
(1994)
Olson
(1971)

In some circumstances, the size of the group affects positive or negativelya.
The greater the group size, the amount of collective benefits provided will
become increasingly suboptimal and the absolute amount of collective
benefits provided will decline (Olson, 1971). → The size of the groups with
whom negotiations/agreements are made should be arranged properly.

The difficulty to concert to agree with thousand
people on maintaining a resource used in
common, and even more complicated for them
to accomplish it; while each individual strives to
avoid the concern and cost, and would prefer to
place the entire problem on others (Hume,1896).

a Previous to know how the size of the group will affect the collective action, it is suggested to get acquainted of the characteristics of a specific case (P. E. Oliver,
1993).

sarily correspond to the socially optimal level of water consumption, especially when the reference of consumption levels by others is
higher than optimal.

Consequently, a simple feedback on others' water consumption without meeting each other, would not result in sufficient opportu-
nities to communicate. People might communicate to reach certain agreements on how to coordinate efforts to cooperate in manag-
ing aquifers among the existing limits of the resource.

Allowing communication among individuals and especially face-to-face communication is one of the most clear drivers for CPR con-
servation and channel for promoting cooperation. Communication boosts the prospect of individuals to shift from quite self-
interested choices towards group-oriented decisions (Cardenas et al., 2000). Individuals can contrive spoken covenants to implement
rent improving tactics and manage non-conforming individuals (Walker and Ostrom, 1989). The main challenge to ensure sustainable
management of groundwater, when allowing the ability to communicate between individuals, arises from the fact that communica-
tion needs some effort and time to be maintained (Walker and Ostrom, 1989). The format, framing and timing of communication is
similarly a matter of careful design since what operates in some communities does not necessarily work in others.

Developing a communication design entails the need to understand the local contexts and the purpose of communicating the pur-
pose of sustainable management. Sustainability of aquifers management may have different meanings in terms of socioeconomic con-
text, weather conditions, storage equipment, extraction technologies used by community members. For instance, for low-income wa-
ter users, there might be hidden institutions in water allocation because of alleged connivance of politics and economic sectors, so,
they might conceive sustainability as a fair water allocation; if migration inflows frequently occur, already living households may per-
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Table 2
Conditions as drivers for cooperation in groundwater management and implications for sustainability.

Drivers
influencing
cooperation

Authors Practical implications for groundwater management and sustainability Critiques and suggestions
to drive towards
cooperation

Reciprocity (Axelrod
and
William,
1981)
McCabe
et al.
(1996)
Hamilton
(1964)
Axelrod
(1984)

An individual with the intention to pursue an approach of conditional cooperation, is pursuing an
approach of reciprocal behavior (Velez et al., 2009) → reciprocal behavior is critical in designing CPR
sustainability programs.

Attitudes such as
reciprocity might not be
enforced or easily
incorporated/promoted to
be put into practice.

Fairness and
inequity
aversion

Ostmann &
Meinhardt
(2007)
Fehr &
Schmidt
(1999)
Falk et al.
(2002)
Ahn et al.
(2003).

People resist inequitable outcomes (Fehr and Schmidt, 1999). → the underlying perception of inequity
may ruin CPR management programs.

Attitudes such as fairness
and inequity aversion
might not be enforced or
easily
incorporated/promoted to
be set into practice.

Conditional
cooperation,
Social
expectations
and
Information
about other
actions

Fischbacher
et al.
(2001)
Frey &
Meier
(2004)
Chaudhuri
et al.
(2016)
de Oliveira
et al.
(2015)
Rustagi
et al.
(2010)
(M. A.
Janssen,
2013)
Nikiforakis
(2010)
Villena &
Zecchetto
(2011)
(M. Janssen
et al.,
2014)
Sell &
Wilson
(1991)
Runge
(1984)

Conditional cooperators adapt their behavior to the group they belong to. If some individuals decide
to shirk, the others decide to shirk as well; if others cooperate, individuals will cooperate as well
(Gächter, 2007). A conditional cooperator is able to decide on a small harvest if the person believes
others likewise will conserve the resource and decide on harvesting a greater amount if he/she
presumes others to do the same (Velez et al., 2009). → Sustainability would imply allowing individuals
to know how other individuals have contributed to the provision of the collective good.

How to promote positive
conditional cooperation in
groundwater
consumption? How to
make sure that
cooperators become a
reference point for others'
behavior?

ceive sustainability as forcing migrants to abide to working rules and to formal and informal institutions. If hydrological or meteoro-
logical droughts are persistent and rainfall are scanty, sustainability strategy aimed at balancing groundwater extractions to aquifer
natural recharge would not make sense for farmers or households. If storage kits and technological tools are rudimentary, implement-
ing a sustainability program based on measurement of data might result not applicable or unfeasible. Since physical and social cir-
cumstances tend to change, the designing of communication mechanism, should similarly adapt to the changes if the organization of
the communities is expected towards CPR productive outcomes.

In case of extremely erratic situations, a time-consuming trial and error process is desirable before individuals are able to devise
their own rules aimed at producing considerable positive net revenues over a sufficiently long time horizon (Ostrom, 2015; E.
Ostrom, 1998b). The attempts to promote social institutions based on community self-organization, would fit into the category of in-
struments, because it may imply the need to disseminate a purpose through different communication strategies. The ones endeavor-
ing in promoting the organization, may come from inside the communities or from external actors who dare to make a change.
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Table 3
Assumptions as drivers for cooperation in groundwater management and implications for sustainability.

Drivers
influencing
cooperation

Authors Practical implications for groundwater management and sustainability Critiques and suggestions to drive towards
cooperation

Transaction
costs

Coase
(1960)
Johnson
and
Libecap
(1982)
Ayres
et al.
(2018)

The reorganization of rights to solve the problem in assignation of property rights, will
only be carried out, once the incremental value of production consequent upon the
reorganization is higher than the costs that the rearrangement brings (Coase, 1960). →
the costs of negotiations to reach mutual agreements should be monitored and managed in
favor of sustainability management.

In the negotiation process to reach
agreements, aggregate revenues do not
exclusively explain this; instead individual
benefits and costs and transaction costs do
matter as well (Ayres et al., 2018).

3.3. Conditions to reach stable cooperation
Individuals in situations of interdependence of outcomes are concerned with both their outcomes and the outcomes of others

(Gallucci and Perugini, 2000; Runge, 1984), and reciprocity may reflect an array of conjointly contingent interchange of gratifica-
tions (Gouldner, 1960). The sustainability goals to avoid groundwater overdrafts, would benefit from reciprocal behavior of the wa-
ter users who overtly express their preferences for conservation. The key tasks for the same water users belonging to communities re-
lying on this resource, and key challenges for water facilities and water authorities, lay in promoting reciprocity in water consump-
tion behavior. Reaching massive social transformation towards reciprocal behavior might be a fruitless mission or might take a long
time, since this type of values are rooted in cultural patterns socially channeled and intrinsic reciprocity characterize preferences of
individuals (Sobel, 2005). The same arguments might work for drivers such as fairness and inequity aversion, since these are part of
the social and economic characteristics which might not be straightforwardly modified through conservation programs. Conceivably,
drivers of this dimension works better as conditions for cooperation and not as instruments for reaching sustainable groundwater and
common-pool resources use.

An individual with the intention to pursue an approach of conditional cooperation, is pursuing an approach of reciprocal behavior
(Velez et al., 2009). Conditional cooperators, refers to individuals who are disposed to make more contributions to a public good
when they perceive the others are contributing more (Fischbacher et al., 2001). In a CPR game, a conditional cooperator is able to de-
cide on a small harvest if she believes others likewise will conserve the resource and decide on harvesting a greater amount if she pre-
sumes others to do the same (Velez et al., 2009). How to promote positive conditional cooperation in groundwater consumption? Al-
lowing individuals to know how other individuals have contributed to the setting up of the good used in common, might be a produc-
tive way to disseminate cooperative behavior among individuals. This is, searching for individuals exhibiting cooperative behavior
and reference them as massive cooperation disseminators, might work in promoting sustainable groundwater use.

Conditions for cooperative behavior might operate as prerequisites aimed at setting the scene for stable contributions to aquifers'
conservation. Cooperation demands cooperation from others, because human behavior is not inert to what the others do in using a
CPR. This is specially the case in situations of scarcity; if water is scarce and is used more intensively and wastefully by some individu-
als, chaotic events may result. In case of a prolonged drought persisting, a personal dilemma may crop up in terms, for instance, be-
tween the capacity to irrigate crops and avoid economic losses and the awareness of the need to reduce irrigation and put crops under
risk of water stress. However, to some extent, climate variability and uncertainty, rainfall shocks and scarcer groundwater resources
exert pressure on water users to implement adaptation strategies; consequently, pervasive groundwater scarcity trends might force
water users to build adaptive social institutions and rules to persist under scarcity conditions. However, needed adaptive institutions
from water users and other stakeholders, would require an adaptive management approach as well. The (re)design of adaptive insti-
tutions to climate change and its effects, is a key step; but an effective administration of changing conditions is crucial to make it long-
lasting. Physical and social circumstances in water management tend to change and uncertainty prevails (Bates, Kundzewicz, Wu and
Palutikof, 2008a; Colvin and Saayman, 2007). Thus, adaptive management is capable of improving management of Social-Ecological
Systems (SES), under unpredictable future conditions (Tom Van Der Voorn, Pahl-Wostl and Quist, 2011). The adaptive feature lies in
a cyclic and iterative policy development and implementation process able to sustain the changes (Tom Van Der Voorn et al., 2011).

3.4. Assumptions in support of cooperation
Adaptive social institutions may arise if some external factors work in favor of cooperation. Said this, a reference is made on the

assumptions or positive expectations on key factors shaping stable cooperative behavior. If assumptions are not realized, cooperation
might be at odds since daily life issues such as the existence of transaction costs, social and climatic uncertainty, climate variability
and trust on others, are borne in mind before or after decisions are made on water allocations. People might adopt cooperative atti-
tudes for a certain time, but if expectations on low transaction costs, trustworthy relationships and low rainfall shocks are not made
patent, cooperative behavior towards water conservation might be abandoned.

Reaching stable cooperation levels in sustainably managing groundwater extractions entails the need to coordinate water users to-
wards this purpose. This coordination, despite being costly as well, would reduce the transaction cost of reaching cooperation. Attaining
groundwater management cooperation requires water users to renounce the lure to purely pursue self-interest, to contribute to collec-
tive interest in managing their aquifers. The essential problem of cooperation in managing a CPR has to do with reducing the joint
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Table 4
Strategies/components as drivers for cooperation in groundwater management and implications for sustainability.

Drivers influencing
cooperation

Authors Practical implications for groundwater management and sustainability Critiques and
suggestions to drive
towards
cooperation

Graduated sanctions
Monitoring rules

(E. .
Ostrom
et al.,
1994)
(P. Oliver,
1980)

Rules for managing the resource include the imposition of penalties to individuals who defect
from cooperative behavior. Sanctions may arise from the communities who agree and monitor
it or from external agents.

Sanctions for
adopting non-
cooperative
behavior based on
trust and social
interactions could
be complicated to
apply (Patterson,
2017).
The existence of a
controller coming
from outside,
crowded out
behavior relative
to others, which in
turn lead to higher
self-interest
(Cardenas et al.,
2000).

Pumping restrictions and
timing in extractions

Stevenson
(2005)
Ayres et al.
(2018)

Restrictions to water pumping and aquifer conservation, imply the definition of goals.
Sustainability of groundwater resources is tied to calculation of aquifer safe yields (Donohew,
2005). → Quantification of optimal extraction levels from the CPR system deserves special attention
and more importantly, how to abide by these extraction caps.

Water users are
more likely to
come to an
agreement on
extraction limits
where aggregate
benefits exceed
transaction and
implementation
costs (Ayres et al.,
2018).

Mutual
agreements/commitments

(Leonard
and
Libecap,
2015)
(E.
Ostrom,
1998a)
Demsetz
(2009)

Each community member is able to come to an agreement and restrict the level at which the
land is treated, in case the costs of negotiation and policing are zero (Demsetz, 2009). → the
costs of negotiations to reach mutual agreements might be rarely zero; consequently it should be
monitored and managed in favor of sustainability management.

It is obvious that
the costs of
reaching such an
agreement will not
be zero. What is
not obvious is just
how large these
costs may be
(Demsetz, 2009).
Negotiating costs
will be large,
especially when
each hold-out has
the right to work
the land as fast as
he pleases
(Demsetz, 2009).

Property rights,
Groundwater rights and
markets

Gordon
(1954).
Lin Lawell
(2016)
Donohew
(2005)
Hardin
(1968)
Kuwayama
& Brozović
(2013)
Provencher
& Burt
(1994)

The tragedy of the commons is averted by setting a private regime in property combined with
legal heritage (Hardin, 1968). The definition of property rights might work better during a
state of sustained overdraft. Private owners recognize the value of scarcity of water from
aquifers; which is exhibited over the market prices and allocations to its highest-valued uses
(Donohew, 2005). Complete, measured, enforceable, and enforced property rights that consider
the physical properties of the resource will induce the socially optimal rate of extraction in
many cases (Lin Lawell, 2016). → Property rights and water markets are weakly defined in
developing countries and the cost of this definition may result in high and problematic to be digested.

Sustainability of
groundwater
brings about
avoiding the
unwanted
condition of
overdrafts.
Societies should
not resign to wait
until aquifers are
over-drafted to
value groundwater
and water scarcity.
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cost of extraction and increasing the joint benefit of cooperation (V. O. E. Ostrom, 1977). However, a sustainable CPR management
rearrangement depends on balancing its own costs with the productive value increase that it likely entails (Coase, 1960). Such an
arrangement demands a coordination process among resource users focused on groundwater sustainable management. Based on the
socio-physical contexts of groundwater overexploitation, it implies moving from an uncoordinated, independent, and selfish water
units appropriation, to a system of new social rules and institutions aimed at reaching stable productive outcomes. The purpose of the
coordination is therefore, focused on comprehensive rules and social institutions capable of adapting water extraction decision mak-
ing to scarcity conditions.

Social institutions may include but not limited to:
▪ Following the mandatory groundwater extraction permit.
▪ Restricting the number of wells on own lands.
▪ Limiting pumping extraction timing.
▪ Limiting pumping extraction rates.
▪ Devising mechanisms to resolve conflicts.
▪ Defining, monitoring and enforcing rules.

Issuing (new) rules and implementing and keeping institutional work takes time and demands role assignation, individual and col-
lective efforts, and expenses. It entails the need to decipher the complex challenge of keeping individuals as steady cooperators. Coop-
eration should, indeed, be the unique route towards climate change adaptation and to its effects on water resources. Therefore, a new
generation of adaptive social institutions should be an intended purpose and not a result of a sheer coincidence.

If groundwater systems, are about to continue exposed to shocks affecting water stocks and flows, we might say that this system
demands iterative and adaptive social institutions to changing circumstances.4 This is, no matter how deep the water table is, we can
inquire whether social institutions and rules adapt to changing water availability levels or not. Since changes in water availability
may impact physical scarcity, the social dimensions of the groundwater extraction problem need to focus on socio-economic scarcity
as well. Physical and socioeconomic scarcity are interrelated but dissimilar. The former refers to observed declination of water tables
heading to exhaustion; the latter results from the relationship between the marginal extraction costs and the marginal benefits of con-
suming water units extracted; similarly, it refers to the cost of improving groundwater quality due to contamination with agricultural
chemical inputs, salt-water intrusion and other sources that reduce water quality. So, the groundwater table might be close to the sur-
face; but it may result in a socially scarcity due to the costs of purification. In summary, the need to understand social institutions and
rules definitions under scarcity conditions is suggested. Conceivably, the changes or evolution of social institutions in time and place,
might result as alternative adaptation strategies to climate change and climate variability.

In the social institutions' adaptation to scarcity conditions, each water user may differently perceive alluded assumptions. Some
caveats in terms of individual and collective decision making, should be expressed amidst discussed assumptions for cooperation in
CPR management. In case social and physical expectations are not met, resigning from cooperation would not essentially rely on oth-
ers' behavior. If people observe that what affects their life and decision-making is not working in favor of them, they probably make a
decision in isolation; this is, an individual perspective may operate without any organization or coordination with others. However,
since the decisions made by water users might be observed through the time, some reactions may be provoked onto others as well.
The expected increased pressures of climate change would force individuals to devise wise and evolved social institutions of water use
rules towards climate adaptation. Right there is where the real challenge of adaptation lies. Adaptive and cooperative behavior to the
inevitable changing circumstances, may be sparked when individuals realize that the unmet assumptions on climate variability result
not being episodic, but long-lasting.

Consequently, if climate variations exert more pressures on the need to adapt to its effects in water flows and stocks; changes in
status-quo practices on water extractions are similarly needed. New generation of groundwater management plans should work un-
der an old lesson of nature, which refers to working within the limits of the aquifers resource systems. Aquifer recharge is limited, in-
filtration as well; reserves and water table are not unlimited, and indeed, groundwater resources are overexploited (Barlow and
Leake, 2012; OECD, 2017a). If interrelated elements of aquifer resources are limited, water extraction should likewise be limited and
congruent with the urgent need to define extraction caps as a concrete strategy to promote CPR sustainable management.

3.5. e. Strategies or components as building blocks aimed at structuring cooperation
Preventing aquifers over-exploitation and overdraft entails the definition of limits to withdrawals. The definition of limits might

be possible in centrally managed aquifers and self-managed common-pool aquifers. In private property, depending on whether rights
are demarcated as fixed quantities or a portion of a groundwater resource reserve or flow (Donohew, 2005), it may be conceivable to
designate limits. Notwithstanding, converting extraction caps as pivots or cores of aquifer sustainable management is not a straight-
forward task. It might be a disruptive scheme to promote sustainability of aquifer resources. Centrally managed or private manage-
ment might result irrelevant when it comes to humans characterized by multiple incentives, customs, knowledge, life principles and
beliefs. This is especially the case when in contexts of scarcity, to some extent, individuals are/were accustomed to extracting higher-
than-needed water quantities, and turning towards extraction caps entails breaking routines of water consumption patterns to which
people are accustomed to.

4 Changes may arise from population size, climate change, climate variability, variations in social preferences; which all seem to be inevitable.
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Consequently, issuing extraction caps stands for a new social institution, that despite being well-intentioned in any aquifer sus-
tainability plan; it demands an entire process to become it as a working rule. When existing working rules have been under operation
for a long time, the promotion of new institutions delimiting extraction volumes, would demand a long time to be incorporated in
users' mental maps. This is not a minor issue since aquifer resource systems are limited and demand careful management. So, institu-
tions should work under the limits of nature. Embedding extraction caps amidst already-existing rules and institutions in the commu-
nities, demands a smooth transition process, and strategies and components acting as building blocks to structure cooperation, are vi-
tal to sustain cooperative behavior.

If water extraction exists, monitoring mechanisms are vital to record objective measurements of inflows and outflows; sanctioning
rules are useful to avert free-riding proliferation. Since conflicts may arise due to deviations from agreed extraction paths, some for-
mal and informal mechanisms would be needed to avoid chaotic situations and anarchy. Consequently, mutual agreements and com-
mitment towards cooperation shall be requested as part of cooperative efforts. It is obvious that the costs of reaching such an agree-
ment will not be zero; what is not obvious is just how large these costs may be (Demsetz, 2009). In addition to this, since water users
own their land plots and are in conditions to make autonomous decisions, the definition of pumping restrictions would be enforced or
negotiated and for this aim the definition of property rights are important to make sure the interactions and political transactions are
kept formally. Negotiating costs will be large, especially when each hold-out has the right to work the land as fast as he pleases
(Demsetz, 2009). Consequently, there exists a challenge in matching or merging the right to extract water from own lands with the
duty of abiding to an extraction cap due to the public interest of CPR.

Therefore, if a basin's sustainable yield is the reference point for limiting groundwater extraction, it would entail that the rights to
exert the pumping activity should not be greater than under unrestricted pumping situations (Donohew, 2005). Collective action is
essential to effectively apply restrictions to groups of groundwater users, because pumpers in summation are in better condition if fol-
lowing the restrictions to pump, however no water user perceives an one-sided incentive to diminish extractions (Ayres et al., 2018).

Notwithstanding most cases of water conservation policies in water savings, specific targets are not borne in mind (Olmstead and
Stavins, 2009) and restrictions to water pumping and aquifer conservation, imply the definition of goals. Sustainability of groundwa-
ter resources is tied to calculation of safe yield. There is feasible hydrological information that can be assessed, for instance annual
natural replenishment of aquifers and the groundwater reserves too (Donohew, 2005) and it is assumed this type of technical infor-
mation, costly to assess, might be provided by water authorities instead of individuals and communities.

Finally, the drivers for cooperation presented in Table 1, Table 2, Tables 3 and 4, cropped out from different theoretical frame-
works and methods. Notwithstanding, most studies dealing with the understanding of social and behavioral dimensions of coopera-
tion in CPR, are based on field, lab and framed experimental settings. Implementing lab experiments benefit economic analysis due to
different reasons such as comparing environments; find empirical uniformities as a foundation for new theory and use the laboratory
as a setting for institutional design (V. Smith, 1992; V. L. Smith, 1976). In an experiment, the experimenter controls the environment
using reward procedures, and controls the institution by means of the experimental instructions describing the rules of interaction of
the participants (Cassar and Friedman, 2004; V. Smith, 1992). Subjects are free to make whatever choices they wish; these choices
make up the behavior observed by the experimenter.

4. Water stocks and flows and experimental settings
Results and insights presented in Table 1, mostly arise from experimental settings. Some studies were performed in the field and

others in lab environments. The suitability or the ability of laboratory experiments to resemble the real-life situations in managing the
commons will not be discussed. The key point is the capacity of some lab experiments to closely represent action situations in ground-
water management and cooperation for conservation. Experimental tools pose opportunities to comprehend properly the interrela-
tionships between behaviors, institutions, and ecosystems (J. Cárdenas, 2009).

In allusion to hydrological information, it is important to emphasize that water is a natural resource governed by natural cycles.
Although stocks and flows of water are influenced by human behavior, water continues falling and replenishing water bodies in ac-
cordance with hydro-meteorological conditions. Human decisions influence water stocks and flows in diverse ways. Public sector
agencies entitled to provide water to water users, usually develop and authorize investments aiming at enhancing water supply
(Griffin, 2006). Dams, river deviation, land use changes and agricultural and public utility infrastructures all have an impact on water
stocks and flows.

The water stocks and flows in specific regions need to be understood and analyzed in their complex interrelationships between
natural and social elements. The existing evidence explaining the determinants and drivers of cooperation in CPR, has done a partial
analysis of the decision-making of individuals sharing a resource. Groundwater wells sourcing water for domestic and agricultural
purposes have different physical properties (J Bear and Levin, 1967; Jacob Bear, 1979; Koundouri, P. y Xepapadeas, 2003). Well-
depth, extraction costs, water quality, aquifer recharges, water flow and static level; are key variables governing aquifers productiv-
ity. The incorporation of this kind of variables and conventional issues in the water extraction practice, may ease the decision making
in a more realistic way. Hydrological variables govern the economic and physical feasibility of water extraction through the time.

Given that hydrological components influence feasible and observable water extraction levels, promoting groundwater sustain-
ability, demands the definition of extraction caps congruent with hydrological conditions. From another side, in most economic stud-
ies for groundwater optimal management, spatial location of boreholes is overlooked, and any water unit of water abstracted from the
aquifers, provokes a similar marginal effect at all points of the aquifer, which is incorrect (Brozović et al., 2010). All these socio-
physical issues should not be unnoticed in the decisions made on water extractions volumes. This is, limits of hydrogeological vari-
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ables can be put to work for social decision-making on extractions. Bearing this in mind, experimental settings in which participants
are asked to make decisions should be able to resemble these socio-physical issues.

The understanding of groundwater extraction should incorporate key missing variables in economic and social institutional analy-
sis. Hydrogeological variables, spatial location of wells and the marginally differentiated impact of water extraction should be care-
fully incorporated in the socio-physical experimental settings for water conservation analysis. Recent evidence has intended to par-
tially fill the complex socio-physical water resource use perspective gaps. Different scholars designed experiments to analyze the so-
cio-physical interrelationships between the users of water resources, infrastructure and the cooperative behavior of water users
(Anderies et al., 2013). focus on situations in which actors share asymmetric locations compared to the CPR, such as irrigation sys-
tems. Since head-enders and tail-enders of irrigation canals produce asymmetric right to use to the water, in the interdependence on
the resource, each actor has incentives to cooperate and reach favorable outcomes. The interdependence of incentives varies under
environmental unpredictability that provokes uncertainty about resource availability.

The irrigation game is one of the most usual experimental settings where contribution to watershed is tested. In (Cardenas et al.,
2011) four treatments are incorporated: baseline situation, communication allowed, high penalty imposed, and low penalty. The
games explore the provision and appropriation decisions under asymmetric or sequential appropriation, complemented by a volun-
tary contribution mechanism experiment. The scholars follow the strong evidence reflecting how the opportunity to communicate in-
fluences cooperation and coordination (Cardenas and Carpenter, 2008; E. Ostrom, 1998a). The results indicate that in contrast to an
imperfectly enforced regulation from outside, the most effective treatment corresponds to face-to-face communication.

As a means to provoke further discussion about the treatments in (Anderies et al., (2013); Cardenas et al., (2011)) games, one
might indicate the need to incorporate subtle variations in the treatments. Issues such as the scarcity of the water resource, the possi-
ble power relationships between actors, the differentiated cost of delivering the water to crops, the irrigation technology, and the pos-
sible social practices such as water sharing between neighbor producers, among other variables might influence the complex socio-
physical dynamics in water accessed in common.

(Cardenas et al., 2000) designed and conducted different experiments aimed at studying the consequences of external regulation
to control the quality of the environment at local level. The participants in the experiments were tested to choose the quantity of time
(in months) they would employ in gathering firewood from a neighboring forest land. Individuals were able to recognize that fire-
wood extraction would adversely affect the quality of adjacent water bodies due to looming soil erosion. Each group of individuals
acting in the game, plays a series of rounds in two contexts: without any regulation imposed on them, and without the possibility to
communicate with the other players.

In deciding whether to assign a certain amount of time to collect the common firewood, which is related to fresh water quality5in-
dividuals may take into consideration another key variable such as precipitation forecasts, backstop sources of domestic energy, dif-
ferent provisioning and wood endowment preferences and other variables. If individuals are aware that precipitation may increase,
they might care less for water quality, because of the practice of collecting stormwater for domestic needs. If individuals have back-
stop sources of domestic energy, in the case that they choose to extract a few quantities of wood during the years, it may send a false
message in terms of their cooperation for forest conservation. Individuals with different provisioning and firewood preferences might
choose to spend a few months collecting firewood in comparison to others, but perhaps in this short time might collect larger amounts
of wood to be better endowed and manage the risk of forest depletion.

However, the changes in experimental settings, in the treatments tested with participants during every round, should be overtly
captured through added variables or controls resembling real situations in decision-making for contribution to the commons. There is
opportunity to replicate (Cardenas et al., 2000) work by incorporating central features of the setting of the naturally arising location
in regard to the goods, assignment, stakes, and information set of the subjects (Levitt and List, 2009) which correspond to the type of
framed field experiments.

Several academic contributions have reported social and ecological dynamics in games. Recent evidence has been aimed at appre-
hending the social and biophysical background factors that could help elucidate the choices made by individuals, using the elements
that influence groundwater use in the real setting (Meinzen-Dick et al., 2016). The games allow participants to make explicit connec-
tions between crop choice – income perceived – water extracted – water table. The games were contextualized with the announce-
ment of upcoming dry seasons, which characterized the study area.

(Suter et al., 2012) designed experimental treatments to estimate how the effect of modifications in the hydrogeological model,
impact the perceived pumping rates, the strategic behavior, and the outcomes in terms of social efficiency. Results confirmed that dis-
similarities in hydrological models through the treatments lead to substantial differences in extraction rates. This outstanding work
explicitly considers physical variables governing the movement and evolution of water tables, also incorporates future extraction
costs and certain levels of interaction between participants. The experiments explicitly use complex settings aiming at reflecting socio
– physical dimensions of groundwater exploitation. Notwithstanding, key social dimensions related to the problems of collective ac-
tion such as coordination, rules from external authorities and conditional cooperation, remain uncovered in this relevant contribu-
tion.

In line with the observed complexity in experimental designs, (Cárdenas et al., 2013), incorporated a set of ecological complexi-
ties regarding a social dilemma in the use of a CPR such as resource dynamics in forestry. In these experiments, participants were ex-
posed to penalties and scheduling in harvest. In fishery games the design considered resource dynamics, fishers decide how much ef-
fort to allocate to different fishing spots and tried to test (among other things) opportunistic behavior. In water irrigation games, par-

5 In some communities, water is drawn from local rivers and residents are aware that extracting forest products can lead to lower water quality (Cardenas et al., 2000).
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ticipants were located in asymmetric locations to harvest from a public good; participants located upstream, faced the temptation to
exhaust the resource used in common and decide whether to reserve remaining volumes of water for participants located down-
stream.

As revealed in this section, in decision-making, individuals are exposed to various sources of information, pressures and drivers
leading to exploitation of resources. Special attention should be paid to the stress produced by climate variations in water allocation
at local and regional levels (Bates et al., 2008b; Shen and Wu, 2016; Yang et al., 2016). Some experimental designs to study decision-
making, test conservation incentives in the field and in labs, but these might be limited to reflect the complex reality of collective ac-
tion challenges. More studies such as (Cardenas et al., 2000; Meinzen-Dick et al., 2016; Suter et al., 2012), are needed to incorporate
sound quantity of subcomponents in experimental settings, reflecting the variables and interconnections in a groundwater Socio/Eco-
logical System.

5. Discussion
Achieving cooperation in managing aquifers and other CPR is complex, but efforts should continuously be made to reach sustain-

able management of depletable resources. The present management paradigm to face aquifers overexploitation, is focused on water
supply improvements and regulation of water access, issuing mandatory extraction allowances and restrictions to extractions.
Notwithstanding, water supply is limited, and regulatory practices tend to be unsuccessful. Meanwhile farmers and industrial sector
entrepreneurs located in areas exposed to droughts, continue to plan their investments assuming that the water utility agency will is-
sue the extraction permits (Donohew, 2005). Notwithstanding regularly, one or the other, for political or other reasons, such permis-
sions are not in reality requested or groundwater users tend to pass-over regulations (Donohew, 2005; World Bank, 2010) and legal
procedures against illegal groundwater users, are continuously hindered because of the complexity to administer these measures
(Sandoval, 2004). Consequently, shifting the top-down approach to manage groundwater is suggested. Policy-makers and water man-
agers should make a halt in the inertial style of aquifers management and acknowledge the socio-physical nature of aquifers as CPR.
The CPR are subject to competition and free-riding; a collective action problem exists, instead of a simple individual issue. Conse-
quently, informal and formal institutions may be devised by communities. The essence of shifting the management approach consists
of understanding the need for cooperation in managing the aquifer systems.

There exists a vast literature on the understanding of cooperation in CPR management and its drivers. Although there are out-
standing findings that explain cooperation, difficulties arise when sustainable management plans are put in place. A further discus-
sion on the ability of the drivers for cooperation to make aquifers sustainability plans materializable in the field is presented. Some
drivers might be easy to implement during short periods of time, meanwhile others simply need a long time to make it happen (if pos-
sible). Designing communication strategies by setting the scene for face-to-face communication (E. . Ostrom et al., 1994; Sally, 1995;
Walker and Ostrom, 1989) and feedback provision (Liu et al., 2016; Novak et al., 2016; Schultz et al., 2014), might be implemented
in different occasions; and this activity may incentive cooperation. Similarly, strategies such as pumping restrictions (Ayres et al.,
2018; Stevenson, 2005), monitoring extractions and promoting mutual agreements (Demsetz, 2009; Leonard, B; and Libecap, 2015;
E. Ostrom, 1998a), despite of being difficult and takes time as well, are materializable in the practice. However, other types of drivers
are not straightforwardly operationalizable but are an ideal asset to sustain cooperation. Trust on others, inequity aversion and reci-
procity result in fundamental social capital assets to withstand cooperative behavior of water users. Thus, any management plan
aimed at promoting conservation of CPR resources should not leave these cooperation determinants overlooked. Some efforts can be
made in measuring it and some strategies to improve it are suggested.

Notwithstanding, configuring capital domain assets is complex, takes time and cannot be built in the short term. It depends on the
social and psychological profile of individuals that constitute a community of water users. The key question refers to whether trust on
others, preferences for equity and reciprocity can be improved as part of a program intervention of external actors or not, or it is a
lengthy process arising from the daily interaction of individuals who shares principles, culture, beliefs and many other intangible at-
tributes. Ignoring the roots of social assets may result inconvenient in pursuing sustained efforts to increase cooperation towards sus-
tainable aquifer management. Cooperative behavior results crucial to deter CPR overexploitation until its exhaustion. The evidence
suggests that the second option on the sources of social capital assets is more feasible because, for sustainable management of this
kind of resources, neither the state nor the market is uniformly successful in enabling individuals to sustain long term use of natural
resources (Ostrom, 2015). Undoubtedly, central governments play a role as well in incentivizing cooperation via social capital consol-
idation. Since there exists a positive and direct effect of trust on governments and the acceptation of climate policies (Adaman et al.,
2011; Hammar and Jagers, 2006), governmental accountability, transparency and performance, definitely influence the possibilities
to make social capital increased inside the local communities.

Opportunely an immense number of cases of communities’ self-organizing for CPR sustainable management have been observed
around the world. Some communities endeavor to reach productive outcomes in managing their commons, while overcoming the
temptation to free ride on the effort of others (Ostrom, 2015; Schlager, 2002). Productive outcomes are the resulting outcomes of suc-
cessful institutions that enable individuals to overcome temptations to free-ride and shirking (Ostrom, 2015). Institutions are not cer-
tainly automatically designed and expert entrepreneurs who take community members by hand to lead them to productive outcomes
may not exist. Devising productive institutions takes time and demands a trial and error and learning process heading to self-
organization (Isaac et al., 1994; E. Ostrom, 2002).

Despite the abundance of relevant cases of self-organization for CPR management worth to note, recent questioning arguments
arise. In Social Ecological Systems, problem boundaries may be unclear, actors may have different knowledge and points of view,
punishments based on trust may be demanding or unmanageable to apply, and the possibility to use conflict mechanisms may not ex-
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ist (Patterson, 2017). Since successful principle design implementations in CPR management have been documented, evident wide-
spread overexploitation groundwater basins, calls the attention to the further understanding of social institutions shaping complex
CPR overexploitation and cooperation.

Researchers on CPR have mostly used lab and field experiments to gain knowledge on contributions to cooperation. However, the
groundwater management setting differs from deciding whether contributing or not contributing to resource conservation. Many
problems of collective action in field settings involve choices from a range of strategies rather than a choice between dichotomous
strategies (Walker and Ostrom, 1989), such as whether to contribute or not to contribute to CPR. The key argument showed, refers to
the need to incorporate more elements in the collective action contribution analysis. In the reviewed literature, we perceive frag-
mented experimental settings pretending to investigate the way how individuals make decisions and make a contribution, which is in
the middle of the free-rider situation and the efficient level (J. C. Cárdenas, 2009; Iturbe-Ormaetxe et al., 2011) in facing social dilem-
mas.

Individuals and farmers taking part in field and lab experiments may meet the experimental designs, its questions, and commands
for filling out forms, simpler and more abstract than the complex real situations faced in daily decision – making. Since lab and field
experiments are recommended to be simple to avoid confusion among participants (Cassar and Friedman, 2004), the need to add
complexity to the experimental settings, making sure to not confuse participants and cram them with information in experiments is
suggested.

As indicated, households, farmers and other types of water users (demand-side) not only react to the possibility to communicate
with others, to afford more environmental information or to respond to relevant drivers such as trust, reciprocity and commitment.
Water users are continuously exposed to more sources of information and pressure. Some cases watershed actors have power to influ-
ence water management institutional arrangements (Cardenas et al., 2011). The way how water consumption patterns are aligned
with a state of balance in the hydrological budget of an aquifer; how farmers and industrial business expect being issued with permits
while others proceed to illegally extract water, how the detection of free-riders results practically in vain; are part of the real-life con-
text of groundwater extraction settings. Similarly, extant field and lab experiments research methods, do not fully incorporate the
limits of nature in terms of real decreasing water availability conditions. Since water resources tend to be limited, participants in ex-
periments should be challenged to reveal their preferences on how they adapt to reduced water stocks and flows. Rooms for improve-
ments exist for a new generation of experiments able to resemble the limits of nature in terms of quantities of water and in timing be-
fore aquifers get exhausted. In doing so, social and behavioral regularities may arise in terms of how people react when exposed to
limits of nature and restricted extractions.

In summary, the analysis of social dimensions of groundwater overexploitation offers an opportunity to delve into the intricacies
of behavioral and social dimensions of water use. These dimensions may include, i. the drivers of individual decisions to coopera-
tively extract the water, ii. the inhibitors of collective action towards sustainable extraction, iii. the perception about the (a)symmet-
ric neighbors’ ability to collect water (Anderies et al., 2013), iv. the competition for the resource units (Negri, 1989; Ostrom, 2015),
v. the interaction and reactions to external rules, vi. the creation of autonomous rules and its evolution and embeddedness inside the
communities, viii. the dynamic of choice in public goods provision and individual preferences (Taylor, 1987) viii. how social institu-
tions evolve when individuals experience stress due to declining precipitation, more extended drought periods and other evidence of
climate change and climate variability in the region are similarly relevant.

After performing this literature review new questions arise. How internal social rules have coexisted with legal or external rules in
the subsequent overexploitation of groundwater in dry regions? To what extent the contributions to the commons preservation by
rules compliant are enough to avoid overexploitation? This is, which is the trade-off between the benefits arising from the water users
abiding by the regulations and the cost of sustained extraction from free riders? Sustainability and groundwater conservation deserve
a further analysis and understanding to better advise policy instruments.

6. Conclusions
In this article a literature review on the social and behavioral dimensions of CPR has been presented. A reorganization of the dri-

vers for cooperation is proposed as a means to promote aquifer sustainable management. This proposal is especially relevant to
achieve Sustainable Development Goals (SGD) referred to water use efficiency. For this aim, a classical supply-enhancement ap-
proach of environmental and water authorities may fall short in succeeding in curbing water extractions and water consumption.

The understanding of the complexities of cooperative behavior would support the need to persist on the sustainability of aquifer
resources and another CPR. In CPR management coordination efforts demanded among individuals belonging to the resource gover-
nance structure; if cooperative attitudes are achieved in managing the CPR, it does not entail that cooperation would last endlessly.
So, reaching cooperation and keeping it for a long time, requires that the proper incentives need to be devised and implemented in a
collective action setting instead of a top-down regulation setting.

Scholars are still pursuing rigorous answers to the problem of collective action. Different researchers have found promising re-
sponses to the social problem of managing resources used as CPR. Economic theory predicts that every individual will rush for ex-
tracting the most of the resource in the present, because the remaining stock might not be available in the future (Hardin, 1968;
Negri, 1989; Ostrom, 2015). For the benefit of natural resources used in commons, the evidence indicates that individuals using com-
mon-pool resources deviate from egoistic and selfish behavior predicted by the economic theory (Gardner et al., 1990; Ostrom, 2015;
Velez et al., 2009).

In searching for answers to the problem of collective action, researchers have focus the explanations for cooperation on drivers
such as reciprocity (Axelrod and William, 1981; Axelrod, 1984; Hamilton, 1964); trust on others (Cox, 2004); ability to communicate
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(Abrahamse and Steg, 2013; M. A. Janssen et al., 2010; M. Janssen et al., 2014; E. . Ostrom et al., 1994; Sally, 1995); capacity of com-
munities to devise their own rules and institutions, to self-manage natural resources (Isaac et al., 1994; Ostrom, 2015; E. Ostrom,
1990); inequity aversion (Cox, 2004; Fehr and Schmidt, 1999; Velez et al., 2009) and other causes.

A discussion is presented on the possibilities and feasibility of implementing a CPR conservation plan aimed at pursuing sustain-
able aquifer management. To make it possible, applicable and manageable strategies are needed. In support of putting the drivers of
cooperation to work, a contribution in organizing the existing literature on CPR cooperation is made in four groups namely: instru-
ments to stimulate cooperation, conditions to reach and sustain stable cooperative behavior, assumptions and positive expectations in
support of cooperation and strategies and components as building blocks aimed at constructing cooperative behavior.

Since groundwater are relevant sources for agricultural and domestic affairs around the world, there are still different issues to un-
derstand, especially because of the clear overexploitation suffered by this natural resource. Water users, water authorities, communi-
ties and other actors interact in managing the resource used as CPR. In this interaction there is still more to study on the behavioral di-
mensions of attitudes heading to overexploitation and attitudes heading to cooperation in contexts of scarcity and climate variability.

The interaction of actors entails the design of formal and informal rules called institutions. Working rules imply social institutions
are present during the social interdependence (Knight, 1992) between resource users. However, the challenge in understanding the
institutions rests in how to promote stable institutions adaptive to climate change and other changing circumstances. Stable institu-
tions are relevant to achieve the benefits of acting together while cooperating, an ideal state in managing common pool resources.
However, the institutions and the cooperation evolve (Axelrod, 1984; Ostrom, 2015).

The evolution of social institutions may have implications in reaching sustainability and social institutions have the capacity to in-
fluence the society's ability to get used to changing circumstances (Spencer, 1969). The challenge with the inevitable changing circum-
stances, rests in how changes influence reaching sustainable outcomes in collective action. Collective action problems relate to situa-
tions of social dilemmas. A dilemma is present when an individual each time perceives a greater utility when he/she chooses a defect
strategy instead of a cooperative strategy; however all individuals are in a better situation if all decide to choose the strategy of coop-
eration than defecting from this (Dawes and Messick, 2000).

The hydrological status and aquifer balance are important variables to consider achieving groundwater sustainable yield, cooper-
ation and social-institutions inclination for conservation are needed. Based on this argument there are old questions still under discus-
sion such as which are the conditions to avoid common resources overexploitation? Which are the conditions to reach stable cooperative
attitudes and actions in conserving water from the ground? Which are the behavioral dimensions of water consumption in contexts of
scarcity and climate change? In line with earlier statements, there is still more to investigate to get acquainted about what drivers
work better in promoting cooperation for groundwater conservation, especially the behavioral side of institutions. Finally, adaptive,
and cooperative behavior to the inevitable changing circumstances, may be sparked when individuals realize that the unmet assump-
tions on climate variability result not being episodic, but long-lasting.
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A B S T R A C T   

Municipal supply of water under climate variations, growing population, uncertainty, and scarcity, requires 
water planners to devise feasible and sustainable water sourcing plans; especially for territories relying on 
groundwater. The conventional ways to cope with water scarcity will no longer guarantee reaping the maximum 
benefits of declining available water resources. Efficiency and circularity of water are claimed as essential criteria 
for seeking solutions in designing long-term supply management. A Plan B water assessment applied to a group of 
municipalities in dry areas of Colombia, is proposed as a hydro-economic model aimed at providing inputs for 
water resources planning, in which the depletable and common-pool character of aquifers are incorporated. A 
declination speed index is introduced in two ways: the surface → water table distance and water table → 
saturated thickness distance. This issue should not be overlooked if spatial differentiation in water tables is 
incorporated in groundwater extraction permits analysis for multiple and convergent water users. Research re-
sults are promising for sustainability of water management in dry areas around the world. Respect to status quo 
situation a 22% of efficiency gain might be achieved in the next 20 years in Sucre – Colombia, under an efficient 
model of water consumption. If an efficient and circular water management model is endeavored, multiple gains 
would be harvested for the benefit of water users and ecosystems relying on aquifers. Increased efficiency is 
mostly driven by 30 million m3 sewage water recirculated in agriculture, which in turn would prevent aquifer 
extraction for this activity. In business-as-usual scheme, water efficiency gap will be wider; extraction costs will 
rise to prohibitive levels for low income municipalities; the declining water tables will oblige to make new 
punches by simultaneous water users and water declination index calculated would reflect a precipitous decay. 
Research results provide empirical evidence to the discussion on possible solutions for sustainable and efficient 
water management as stated in Sustainable Development Goals; specifically target goal 6.4 determines that water 
efficiency and sustainability in water withdrawals should be accomplished. Local setting on water resources 
availability, competition on resources, types of users, sewage water treatment technology, energy costs, and 
institutions in time and place, would determine the replicability of research results.   

1. Introduction 

Different cities in the Caribbean of Colombia are exhibiting perilous 
signs of vast pressures on water systems. Surface water are suffering of 
water flow attenuation and groundwater tables of aquifer are declining 
even in rainy seasons. Municipal supply of water under climate varia-
tions, growing population, uncertainty, and scarcity, requires water 
planners to devise feasible and sustainable water sourcing plans; espe-
cially for territories relying on groundwater such as municipalities over 
Morroa Aquifer (Sucre and Córdoba Departments), in which water 

supply to match demand is running down groundwater at a high rate. 
Managing water supply to match levels of water demand is a 

reasonable economic and management approach, since tense situations 
created by water shortages are to be circumvented. Despite the envi-
ronmental and water authorities’ efforts, to implement economic and 
political instruments to manage groundwater competition and efficient 
water allocations (OECD, 2015; 2017a), repeated water shortages create 
perceptions of government failure (World Bank, 2018). Whether plen-
tiful or scarce, water managers are told to bring abundant water to all 
who demand it (Zetland, 2011). Notwithstanding, when referring to 
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groundwater management the analysis might not be so simple as 
matching supply with demand. 

Shared aquifer systems by different municipalities, represent a case 
in which groundwater stocks exhibit a puzzling interdependent matter. 
Different municipal water utilities abstracting from shared aquifer cells, 
might be independently confident that their aquifer water supply is 
enough to satisfy demand in their jurisdictions. However, one munici-
pality’s demand may impinge a limited supply onto other neighboring 
municipalities. For instance, some adjacent municipalities endowed 
with less technological capacity for water abstractions, would reap less 
benefits from groundwater resources in comparison to the better 
equipped ones. 

Since every single municipality must independently manage water 
resource, it does not mean that interdependent aquifer resources may 
prevent that an interdependent water resources management plan by 
multiple municipalities might be devised. Interdependency in ground-
water resources is palpable through different hydrogeological variables. 
More outstandingly groundwater and surface water exhibit unnoticed 
water flow interactions (Glennon, 2002; Winter et al., 1998). For illus-
tration, the steady groundwater abstraction in waterwells under oper-
ation create a cone of depression. The interdependent feature arises 
when cones of depression are overlapped when multiple wells are active. 

Another two factors demonstrating this interdependence, make 
reference to Environmental Flow Requirements (EFR)1 and groundwater 
extraction costs. Water contamination impair streams and lakes due to 
point and non-point sources (Peterson, J. and Smith, 2012) and natural 
flow regimes is essential in sustaining the health of river ecosystems 
(Richter et al., 2012). Because EFRs are ignored, the quantity of water 
available for human consumption globally is probably overestimated 
(Gerten et al., 2013). Second factor refers to rising extraction costs when 
water table declines (Krulce, D., Roumasset, J., & Wilson, 1997). Indeed, 
this is part of the externalities arising in typical common-pool resources 
(CPR).2 Neighbor municipalities sharing a single cell aquifer may 
experience different extraction costs. Some of them might be located 
over more productive spots, meanwhile the others might be placed over 
deeper water tables, which oblige them to incur in higher cost to collect 
needed water units. 

Groundwater table declination and droughts are pervasive phe-
nomena in Western USA, Australia, Morocco, Mexico, Iran, Jordan, Iran, 
India, parts of China and other areas in South Asia (World Bank, 2018). 
Climate shocks are taking a toll on many urban centers and amplifying 
the unpredictability of freshwater availability, which is exacerbated due 
to increasing numbers of prolonged droughts affecting competing users 
(World Bank, 2018). Different municipalities in the Caribbean region of 
Colombia relying on groundwater for domestic and agricultural pur-
poses, exhibit frequent water scarce and drought situations (IDEAM, 
2014) and water use altogether entail interdependent effects of water 
extractions. 

The interdependency of extractions should be assessed and incor-
porated in water planning. Water supply should be consistent with the 
declining water tables, and all the pressures upcoming from climate 
change and the hidden competition of water in shared aquifers. Simi-
larly, given the observed pervasive declinations of water tables in the 
area of study and around the world, there is an urgent call to pursue a 
sustainable management of water resources. Therefore, how to design 
and implement groundwater sustainability plans for interdependent 
water users, represent the main research question of this article. One 
may think of sustainability of water resources in terms of matching 
water demanded to actual and forecasted water supply. Otherwise, one 

may prefer to challenge extant water demand patterns and drive it to-
wards efficient water consumption levels; consequently, efficiency 
would probably imply consuming less than different water users are 
accustomed to. 

In reference to efficiency, one may question whether consuming 110 
l/person/day3 at household levels is an excessive volume of water or 
not; whether actual volumes of water applied to agricultural activities 
are efficient enough to reap the greatest efficiency potential per cubic 
meter applied to the crops, and whether each volume of water consumed 
by industries is treated simply as another production input or as a 
resource which is potentially subject to reuse or recycling. Since water 
use interdependency appears, and indeed is complex, it should not 
prevent water planners to trigger water resources efficiency and sus-
tainability plans as part of serious water policies. Managing any resource 
efficiently (“Pareto efficiency”) occurs when a water allocation can 
provide no further gains in production or satisfaction without simulta-
neously creating a loss (Harou et al., 2009). Efficiency, refers to the ca-
pacity of water applied to the agricultural and industrial processes to 
apprehend the maximum potential of water consumed without creating losses 
to neighbor users. For this aim, best available agricultural practices are 
used as benchmarks as a mean to address sustainability in consumptive 
water use. The benchmarks do not necessarily represent a verified sus-
tainable case in terms of environmental footprints; instead, they show 
that reductions in water consumption in agriculture, industry and 
households are possible. 

The present research is relevant to Sustainable Development Goals 
(SDG). The research question aim is related to providing empirical ev-
idence about possible strategies to sustainable and efficient water 
management. The target goal 6.4 of SDGs, states that by 2030 water 
efficiency and sustainability in water withdrawals should be accom-
plished. For this SDG efficiency and circularity of water are taken as key 
criteria for sustainability. 

An efficient and circular Plan B is proposed. Plan A represent the status 
quo in which supply is matched with the demand. The proposed models do 
not pretend being all-encompassing; but it incorporates the need for 
water from neighboring municipalities, it includes the Environmental 
Flow Requirement of ecosystems depending on groundwater as well. An 
Optimal Control Theory model is utilized to optimize extractions for 
each municipality (i) given the optimal extraction of the neighbor mu-
nicipalities (- i). In this case, Sincelejo (Sucre) is used as the initial point 
of departure for optimization analysis. 

This article is organized as follows; introductory statements and 
justifications are included in this section 1. Problem statement is added 
to summarize some stylized facts and to make it comparable with other 
regions of the world. In Section 2, a short description of literature review 
of relevant publications is developed, keywords such as water man-
agement, scarcity and groundwater were used. Section 3, presents the 
research methods mainly focused in Optimal Control Theory application 
to calculate optimal extractions. Section 4 consists of research results. It 
includes water efficiency gap, water table declination index calculated 
and scenarios presented to discuss efficiency gains. Finally, in discussion 
and conclusions (sections 5 and 6) attention is drawn on the need to 
abandon the inertial water supply management scheme of simple 
matching supply with demand. 

1.1. Problem statement 

Since the aquifer stock is not part of the observed key variables in 
municipal long-term planning, the exhaustible nature of aquifers is 
rarely embedded in ex-ante analysis of municipal water planning. 
Focusing only on water table declination, does not guarantee complete 
knowledge of aquifers as a water source for ecosystems and humans, 
whose resources may end exhausted. Water planning instruments such 

1 Quality, quantity and timing of water flows required to sustain freshwater 
and estuarine ecosystems and the human livelihoods and well-being that 
depend on these ecosystems (IRF - International River Foundation, 2007).  

2 For discussions about the nature of Common-Pool Resources see (Negri, 
1989; Ostrom, 2015; Ostrom et al., 1994). 3 Reported water consumption level in Sucre up to 2018. 
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as Water Efficient Use and Saving Plans and Aquifer Environmental 
Management Plans reflect a sort of myopic analysis in terms of the un-
attended interdependent effects of water abstractions. Municipalities 
relying on aquifers for freshwater provision and agricultural activities 
may impose negative effects onto other municipalities. This is especially 
relevant for municipal water companies, industries and farmers’ bore-
holes built over single-cell aquifers. 

The problem statement is relevant for more locations in Colombia 
and water scarce cities around the world. For this particular context, 
urban and rural areas reliance on abating aquifers is a tough issue to 
manage in Sucre (Colombia) because there is a sort of invisible 
competition for water resources between water users and the municipal 
water facilities. In Sucre, more than 90% of municipalities rely on 
groundwater to provide water for domestic and agricultural uses. Public 
entities in charge of water management use powerful pumps to collect 
water from the underground and distribute it to households. Some 
waterwells have experienced declinations around 17 m/year which 
threaten aquifer sustainability (Carsucre, 2003). Aside, up to 2011 there 
existed 1.788 water wells under operation.4 It shows that there is not a 
unique centrally-managed water distribution system; but a collection of 
private and public boreholes which are jeopardizing water resources. 

However, competition for groundwater reserves is not symmetric. 
When observing Map 1, groundwater access is uneven for a single mu-
nicipality (for instance in Ovejas or Sampués) since pretending to punch 
water wells in south-east locations may result fruitless. Consequently, 
alternative Plan B water sourcing analysis for some locations should be 
consciously devised. This is especially the case of actual circumstances, 
in which some locations better endowed with underground water are 
overexploiting reserves. Which are the feasible scenarios for asymmetric 
water access and declining water tables for each municipality for next 
10, 30, 50 and more years? How to assess and implement future 
municipal water sourcing plans to meet water demand under the chal-
lenges of interdependent water abstractions from neighbor 
municipalities? 

In this research, the Plan B Water Assessment is introduced as an 
alternative approach which might be useful to support municipalities in 
adapting to declining water resources. Plan B is based on some criteria 
named efficiency and interconnectedness of the effects of water 
extraction. This interconnection is close to the circular economy of 
water approach, since some opportunities arise in reaping multiple 
benefits from water while using this resource in the economy. 

1.2. Common-pool resources, efficiency and circular economy approach 

One municipality relying on surface water for freshwater provision 
and agricultural activities, might be prone to explore groundwater 
sources when surface water flows are declined to critical levels. How-
ever, new water wells should not be built over randomly selected places, 
since every well spot represents differing implications in terms of ade-
quacy for aquifer sustainability analysis. Some well spots might not be 
convenient due to possible deep-water tables, presence of recharge 
zones, cones of depression conformed underground and other key 
hydrogeological aspects worth to be noted if sustainability becomes a 
priority. Similarly, if one municipality devise a plan to explore alter-
native water sources, the need to access water by other neighbor mu-
nicipalities and users, should not be ignored if bad-mannered 
competition over water stocks and flows does not want to be sparked. 

Each municipality is demanded to take a further inward look at their 
water flows management. A take – make – waste model (Leonard, 2011) 
in water management should no longer persist as the status quo. Water 
should not be wasted few steps after it is taken out from underground 
and similarly, sewage water should not waste surface water systems at 

the end of the flow. Since this is the reported case in Sucre for last 20 
years, water wasted from the underground source and degenerative 
flows driven by sewage water at the end, seems to be the social norm. In 
regional water management and comptroller’s documents, excessive 
non-accounted water is reported and main creeks serve as point of 
sewage discharge. Despite the intended efforts to tackle so high unde-
tected water squandering, non-accounted water is still kept as the social 
norm. Non-accounted water reported in 2003 was 46% (Defensoría del 
Pueblo, 2005). Shockingly, water losses in Sincelejo were greater than 
67% and greater than 55% in Corozal in 2017 (Aguas de la Sabana, 
2017) and reduction goals for next five years are conservative, since 
expected water losses are 55% and 43% respectively (Aguas de la 
Sabana, 2017). Reducing water losses represent a tough endeavor. 
Notwithstanding, the urgent need to efficiently manage and adapt to 
water scarcity and climate variability, demand serious exertions to 
reduce pressure on groundwater systems. There are rooms for im-
provements stemming from reduction of water losses; however further 
opportunities exist in order to turn to water use efficiency. A claim is 
placed on the need to reap the maximum benefit of water flows. 

Pressures on groundwater might be reduced by means of a change in 
water management paradigm as well. Instead of continuing exerting 
more water outflows to distribute it to water users, a halt should be 
made in the logic of outflows allocation. Actual water management 
dynamic is governed by the logic of bringing abundant water to all who 
demand it (Zetland, 2011) and increase water supply at the pace of 
population demand, is how things stand. Water volume outflows should 
be treated as a valuable resource object to a circular logic as a planned 
design. A circular approach of water would definitely assist in reaping 
the maximum potential benefit of water volumes until the last drop of 
utility is attained. Water used at industries and households should not 
use water as a simple raw material or as an input for products processing 
or indoor domestic activities. In its place, a new logic aimed at attaining 
the highest potential of each liter of water should be imperative. 

2. Literature review 

Groundwater may have been put to beneficial use for many thou-
sands of years, but the fundamental principles of sustainable ground-
water management are very young (Howard, 2015). Conceivably, the 
more comprehensive concept encompassing the aspirations of effi-
ciency, sustainability and water management refers to Integrated Water 
Resources Management (IWRM). IWRM is aimed at promoting the co-
ordination in development and management of water, land and related 
resources, in order to maximize the economic and social welfare in an 
equitable manner without jeopardizing the sustainability of vital eco-
systems (GWP, 2000). One of the recommendations of Paris Statement 
2007 to promote sustainable development of water resources, refer to 
using the entire water cycle (including groundwater) with all its com-
ponents and their interactions, as a unifying framework for effective 
management (Howard, 2015). Adding the concept of water cycle might 
become IWRM as a more complex issue to implement and operation-
alize. Indeed, IWRM does not provide any real guidance to water pro-
fessionals and policy makers, so as to make planning, management and 
decision-making processes, more rational and efficient to achieve (Bis-
was, 2008). 

As an alternative, hydro-economics offer practical applications for 
the integration of different disciplines supporting sustainable water re-
sources management. Hydro-economic models represent spatially 
distributed water resource systems, infrastructure, management options 
and economic values in an integrated manner, to address the complexity 
of urban water supply arising from consumers’ dependence on multiple 
interconnected sources of water (Harou et al., 2009; Srinivasan et al., 
2010). 

Hydrogeological models play a key role in building conceptual maps 
encompassing basic hydrological variables. These models are aimed at 
providing relevant information in regard of estimated water storage, 

4 1.713 waterwells reported in the jurisdiction of CarSucre and 75 wells in the 
area of Regional Environmental Corporation CorpoMojana. 
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recharge levels of aquifer and the water balance at regional level. 
Gauging groundwater reserves and recharge of aquifer should be a pri-
ority for municipalities/regions relying on aquifers. Ignoring stock and 
recharging levels simply face municipalities and regions to a sort of 
blind planning, which might surprise water managers to unadvertised 
severe declinations of water table, contamination and saltwater intru-
sion; due to limited capacity to systematically monitor aquifer charac-
teristics. This in turn would prevent water planners to devise timely 
plans to adapt to water scarcity and climate change. In short, water 
managers relying on aquifers should get a grip on the overarching 
relevance of hydrogeological knowledge. Notwithstanding, the hydro-
geological dimension of aquifer systems planning, fall short in under-
standing the complex dimensions of optimal water use. Different 
approaches might be useful to make a wide-ranging counterpart for 
water demand and water supply analysis to guarantee clean water 
provision in the cities. 

In the developing world it will be important for the future that 
groundwater be used more widely on an efficient and sustainable basis 
for urban water-supply (Foster, S. and Hirata, 2011). Promoting effi-
ciency and sustainability of aquifer systems demand interdisciplinary 
planning. Engineering and hydrogeology are well equipped with the 
essential knowledge to understand aquifer characteristics. However, 
multiple dimensions would remain missing or unattended if ground-
water planning if not supported by other disciplines. In many cases, 
groundwater is either ignored, or it is simply lumped together with 
surface water, despite the fact that groundwater and surface water 
operate on distinctly different scales of time and space (Howard, 2015). 
Hydro-ecology may help in understating water stocks and flows essen-
tial to sustain freshwater and estuarine ecosystems. Sociology may help 
in approaching water users and understand how reliance on aquifers 
affects water literacy, well ownership and water awareness; it may 
emphasize on the ethics of conserving and staying mindful of aquifers as 
well (Ternes, 2018). Achieving the Sustainable Development Target 
Goal 6.4, demand the understanding of the complex factors shaping 
water-use efficiency and sustainable withdrawals. 

However, it is important to not largely focus on the supply-side of the 
problem, but on the demand and behavioral side. Sustainable water 
withdrawals5 entails puzzling social dimensions worth to incorporate in 
project design and implementation to curb water consumption (Asprilla 
Echeverría, 2020). For this reason, further research of social sciences 
would play a key role in disentangling the reductions in urban water 
consumption. 

The economics of natural resources is equipped with robust eco-
nomic and mathematical tools aimed at analyzing optimality in resource 
extractions. Despite all criticism to economic sciences due to sophisti-
cation of models and strong and unreal assumptions, it may provide 
valuable inputs for efficiency and sustainability analysis. In Burt (1964) 
the method of dynamic programming is used, using the principle of 
Bellman optimality for aquifers in California. A net profit function is 
built which depends on the amount of resource used and the amount for 
the remaining per period. As a general condition of optimality, it is 
concluded that the level of production must be expanded to the point 
where the net marginal product per unit of water is equal to the negative 
of the marginal cost of pumping with respect to the water in the storage. 
In Burt (1967) applied to San Joaquin Valley in California as well, the 
author uses first order differences equations to solve the model of dy-
namic programming. In this model, the net marginal product with 
respect to the extraction rate is equal to the net marginal product 
capitalized with respect to the stock. Besides, it determines the existence 
of a balance stock level from which recharge and optimal extraction 

depend on. 
(Provencher and Burt, 1994b) discuss the effectiveness and conve-

nience of comparing centralized groundwater management control 
schemes with respect to models such as privatization, understood as the 
allocation of property rights for the Madera County in California. The 
authors demonstrate that, with the privatization model (which provides 
a marketable permit endowment of the on-site stock, which agents 
control over time), higher earnings are obtained in well-being of water 
users than traditional forms of centralized control, because the market 
allows the management of risks (Krulce, D., Roumasset, J., & Wilson, 
1997). use the optimal control theory for coastal aquifer analyses in 
Hawaii, where they model desalinated water as a replacement or 
backstop technology for water extracted from the ground. In this exer-
cise an optimal control problem is built with infinite time horizon and 
there are three optimal stages are found. Firstly, an increasing stage in 
which the height of the aquifer must be retained; in the following period 
there is an “overdraft” or reduction and the water table is decreasing and 
a finally stage in which the height of the aquifer follows a steady state to 
infinity. 

In another relevant models such as (Noel et al., 1980) the optimal 
control theory is employed as well. The research calculates socially 
optimal temporal and spatial allocations between agricultural and urban 
uses, with a quadratic linear control model with economic and hydro-
logic components to model the joint use of ground and surface water. 
This model is applied to several watersheds in Yolo County in California. 

Based on the fact that possibly users who live in the present would 
not be willing to sacrifice their consumption (Pitafi and Roumasset, 
2009) propose a model that allows to increase the political feasibility of 
regulating the use of aquifers in Hawaii. This is done through a mech-
anism whereby those experiencing welfare losses can be compensated 
for the efficient management of the resource and applied to a 
spatial-temporal context. 

More recently, an optimal path of extraction of groundwater was 
built for the Chitradurga District in India (Patil, K., Mahadev, C., Bhat, 
G., & Manjunatha, 2015). The authors applied the Maximum Principle of 
Pontryagin. A linear inverse demand function, a linear cost function and 
also a total rainfall-dependent recharge function were used. With this 
information, coupled with information on characteristics of agricultural 
producers, an optimal control model for steady state equilibrium was 
estimated. 

In reference to application of optimal control theory different models 
might be developed to calculate optimal extraction rates of control 
variables. Some models might incorporate different specifications for 
the transversality condition. This condition applies for the terminal 
condition for state variable (for this research aim, state variable refer to 
aquifer stocks – see 3.3 below). Terminal condition of zero, means that 
the shadow price of aquifer stock should be driven to zero at the terminal 
time, consequently reaping benefits from aquifer extraction within the 
period [0,T] would matter, and that whatever water stock that still exists 
at time T, being too late to put to use, would have no economic value to 
water users or water planners.6 

Despite being plausible in providing an image of possible time for 
aquifers getting exhausted, there are still missing issues in resource 
economics models. For instance, I would stress the need to manage 
minimum stock level of groundwater, so as to not approaching the water 
as resource subject to exhaustion. Real aquifer sustainability models 
should treat terminal state variable (stock of aquifer S(t)), as 
S(T)>S(t)min, instead of S(T) = freeor  zero. A closer look to the concept 
of groundwater sustainability may refer to aquifer sustainable yields. 
Sustainable yields can be derived from conservation of mass principles 

5 Conceptualization of sustainability in groundwater resources is quite 
complicated and subject to current discussions among hydrogeologist and water 
planners. For some cases there has to be recognition that groundwater resource 
is not renewable and its use therefore be sustainable (Kalf and Woolley, 2005). 

6 Adapted from Chiang (1992). 
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in a groundwater basin Inflow(I) − Outflow(O) = ΔS/t (Kalf and Wool-
ley, 2005).7 Inflows are mostly determined by nature8 while outflows 
are mostly driven by social dimensions (abstractions) and to a lesser 
extent by the nature (natural discharges). A sustainable groundwater 
management system would benefit from greater inputs than outputs 
through the time. 

Sustainability of aquifer systems, mass equilibrium in groundwater 
basin, time dimensions and variables determining the groundwater flow 
properties are discussed in (J. Bredehoeft, 1997; Kalf and Woolley, 
2005). The time taken to attain equilibrium will depend on the magni-
tude of the abstraction rate aquifer characteristics, and distances to 
recharge boundaries (Kalf and Woolley, 2005). Notwithstanding in (J. 
Bredehoeft, 1997; J. D. Bredehoeft, 2002; Kalf and Woolley, 2005) 
groundwater system planning takes social dimensions for granted and 
more importantly do not recognize the common-pool nature of the 
resource. The CPR characteristic of aquifers, means there exists 
competition to reap the most of benefits of abstraction in the present; the 
free-rider problem; variations in time horizon perceptions about the 
resource value and other issues leading to productive or destructive 
outcomes as appointed by Hardin (1968); Negri (1989); Ostrom (2015). 

3. Methods 

Before embarking in designing empirical methods, a document 
analysis of water policy and regional water planning documents was 
developed. Special attention to the approaches made to tackle water 
scarcity was paid; and the way how water supply of groundwater re-
sources has been addressed by water managers is discussed. Basic 
descriptive analysis of water consumption reports released by water 
companies were analyzed as well. Monthly data on households, in-
dustries and commercial uses are available since 2002 through 2018. 
Data on agricultural water consumption, were more disperse but mostly 
obtained from the recent National Agricultural Census and official 
General Comptroller environmental reports. Information and data on 
the hydrogeological characteristics of aquifer were collected from 
different sources such as research thesis, environmental authority con-
ceptual hydrogeologic maps and the National Institute of Geological 
Service. With all this information, water balances needed to prepare 
scenarios to analyze changes in water flows were performed. This 
included the analysis of modifications of water flows aimed at esti-
mating changes on environmental pressures on groundwater systems. 

Reducing the burden on groundwater makes sense, since aquifer 
stocks are rarely unlimited resources. Despite replenishment of aquifers 
may provide the control mechanism to convert it into a renewable 
resource, extant aquifer recharge in dry areas tend to be scanty. 
Certainly, in Sucre, for more than 40 years groundwater reserves have 
been running out because people annually extract more water than it 
seeps into the ground (Carsucre, 2015). 

Consequently, one key assumption utilized in building models, refer 
to treat aquifer as a non-renewable resource due to scant replenishment 
and forecasted reductions in precipitations in the area of Sucre and the 
Caribbean (IDEAM, PNUD, MADS, DNP, & CANCILLERIA, 2017). Some 
additional assumptions refer to policy measures that might not be 
implemented; for instance, efficiency analysis may estipulate sewage 
water treatment for recycling, which might not be put in place shortly, in 
order to reduce pressure on surface and groundwater systems. Some 
assumptions in regard of new activities demanding water are incorpo-
rated as well. Population would rise at a 1.0% growing rate (keeping 
actual rates according to DANE). It is also assumed that people would 
continue moving to urban areas. 

3.1. Hydro-economic methods 

Given the complex characteristics of efficiency and interdependency 
of groundwater extractions, research methods combine different disci-
plines such as hydrology, hydrogeology and economics. Hydrologic 
models provide key elements such as groundwater inventory, aquifer 
recharge and stocks; hydraulics of groundwater offer relevant aspects 
such as water flows, permeability and storage capacity. Hydrogeologic 
variables were used to estimate water balance, which are represented 
through water flow diagrams to facilitate representation of water flows 
in the territory. 

Economics provide useful tools to understand and assess efficiency of 
water resources. Optimization of water consumption is supported on 
Optimal Control Theory. Optimal control formulation of a dynamic 
optimization problem focuses upon one or more control variables that 
serve as instruments of optimization. Optimal control foremost aim is 
the determination of the optimal time path for a control variable u∗(t)
(Chiang, 1992; Chiang and Wainwright, 2005). Control variables in-
fluence state variables paths. The former includes examples such as the 
extraction rates, pumping timing and waterwells location and the latter 
refer to variables such as aquifer stock and aquifer saturated thickness. 

Optimal control entails the specification of the objective functional 
subject to maximization, the definition of state function, initial and end 
values for state variables and the specifications regarding boundaries 
and control set. For instance, the control set might be an open or a closed 
set. The most important result in optimal control theory – a first-order 
necessary conditions – is known as the Maximum Principle (Chiang 
and Wainwright, 2005). The research aim focused on sustainably inte-
grate socio-physical interdependence in regional water planning, entail 
the definition of the management scheme in defining the economic 
models. This definition is relevant to determine the role of stakeholders, 
the control and state variables subject of analysis. It is also assumed that 
actual water management system of central planning is kept. The main 
interest of the environmental authority as a central planner is maxi-
mizing the net present economic value of the added benefit of water 
consumption. It refers to the benefits in production for relevant agri-
cultural crops, environmental flow requirement and domestic ground-
water demand function for Sincelejo, Corozal, Sampués, Morroa, Los 
Palmitos and Ovejas in Sucre. 

In addition to this, the authority is interested in maintaining water 
units for other neighboring municipalities and ecosystems depending on 
ground and surface water. Therefore, the optimal water extraction rates 
for the major types of beneficiaries should be chosen by the environ-
mental authorities. 

The economic model consists of two state variables given by the 
stock or water reserves, denoted as S(t) and the height of the aquifer h(t). 
The dynamics of state variables are driven by the nature but are influ-
enced by control variables as well. 

Extraction permits entitled to water petitioners who approach before 
the Regional Environmental Corporation provide the mechanism of how 
control variables are chosen. Wd, Wm,Wya and Wy, represent the 
extraction of water by domestic consumers, maize, yam and yucca 
producers respectively. The extraction can take values less than or equal 
to the aquifer stock size, thus 0 ≤ (Wd + Wm + Wya + Wy) ≤ S0. S0 

correspond to initial exploitable9 stock which is estimated in 3247 

7 Where ΔS correspond to change in storage in L3 and I and O in L3 T− 1.  
8 Natural processes such as recharges led by infiltration of precipitation, 

leakage from streams and lakes, artificial recharge (Kalf and Woolley, 2005). 

9 There exists an important difference in the type of aquifer reserves. 
Exploitable reserves is different from total reserves, elastic reserves and stored 
reserves (Carsucre, 2003). 
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million m3 (Carsucre, 2003). In addition, it is assumed that this stock is 
stored in an irregular aquifer.10 In economic and physical terms, the 
stock is constituted in a state variable that the hydrogeology defines as 
the total amount of water that is confined in the rocks and that can be 
drained or not, according to characteristics like porosity, the specific 
retention, among others (IDEAM, 2014). As part of sustainability 
approach, the environmental authority is concerned with the intergen-
erational justice and the common-pool character of aquifer used by 
other neighbor municipalities. Consequently, a minimum level of stock 
of the aquifers is considered, so that total water availability is not 
jeopardized. The randomness of rainfall as a source of aquifer recharges 
makes this issue worth noted. 

3.1.1. Specification of economic models 
The functions of benefit for water used are specified for main agri-

cultural activities and domestic users. Efficient and sustainable 
groundwater allocation to main water users represent one of the key 
policy instruments for environmental authorities pursuing sustainable 
use of groundwater reserves. In Table 1 a summary of function of ben-
efits is presented. For more details and explanation on the equations see 
Annexes section. 

3.1.1.1. Extraction cost function. Cost function is represented as a 
reserve dependent model for which (Krulce, D., Roumasset, J., & Wilson, 
1997) is followed. In this model, h corresponds to the vertical distance 
between the level of the water table and the depth of the saturated 
thickness11 of the aquifer. This saturated thickness is the lower physical 
limit of the aquifer. The lower the level, the more costly the water 
withdrawal. As the aquifer approaches exhaustion (ht = 0), the extrac-
tion costs grow rapidly. In this sense, the average cost of water extrac-
tion of the aquifers is modeled as a convex, positive and decreasing 
function of the height of the aquifer as follows: 

c(h) ≥ 0, c ´(h) < 0, c ´́
(h) ≥ 0

lim
h→0

c(h) = ∞ 

So, the total water extraction cost for Wd, Wy, Wya and 
Wmsummarized in W, corresponds to c(h)W. It is assumed that invest-
ment costs for boreholes and maintenance are lower compared to 
recurrent monthly energy costs. Besides, when the aquifer is dry, the 
costs lean towards infinite since there would be no available water and 
the energy cost and pumping time are increased. 

Therefore, the cost function is adjusted by incorporating the energy 
costs (cener): 

c(h)= cener

[
ho

ht

]α

*
∑

i
Wt (6) 

Where ho is the initial height of the water table (distance from land 
surface to water table). α corresponds to the rate at which water table 
approaches zero, for this case it is equal to 0,8% given the average actual 
water table declination speed. ho = 275 m is the average well-depth 
observed in Sincelejo, Morroa and Corozal (Carsucre, 2003). The cost 

of energy will be taken as a cost per kilowatt-hour for the study area. 

3.1.1.2. State variable functions. Variables subject to rules of nature 
correspond to aquifer stock (St) and the height (ht) of water table 
(Provencher and Burt, 1994b). propose a recursive function given by 
st+1 = st + rt − wt , where the resource status depends on the recharge of 
the aquifer rt and extractions by different users.

The depth of the aquifer is represented by the following linear model: 

hit(St,Wt)= hir − β

(

St −
∑

i
Wt

)

(7)  

hirrefers to the distance between saturated thickness and actual water 
table for municipality i in time t; (hir = [100 m, 500 m]). β represent a 
conversion factor to transform volume units into height units, in this 
case β = 3,82x10− 8. St refers to the aquifer stock over time, initiating in 
S0. 

4. Results 

Excel Solver functionalities were utilized to run optimization model. 
Fig. 1 shows a sort of a water stock efficiency gap. The forecasted evo-
lution of Morroa Aquifer stock is shown for the status quo situation and 
for the groundwater reserves under optimality circumstances. The gap 
measures the groundwater foregone reserves, which is a lost valuable 
opportunity in pursuing sustainable management of aquifer systems. 

A steady widening efficiency gap is observed as the time passes. 
Stock decay has implications in water tables. Water table declination is 
spatially unevenly distributed. Municipalities placed over deeper satu-
rated thickness may be benefitted from more productive water spots. 
Plan B incorporates differentiations in spatial and underground char-
acteristics of water table. In doing this, the distance between surface → 
water table (h0) and the distance between water table → saturated 
thickness hr is used in the hydro-economic model. Making this distinc-
tion is meaningful since more probably, Morroa Aquifer is characterized 
as a synclinal one, with deeper inclination to the east of Sucre (Carsucre, 
2003) and in some moment in the future, punches over the surface will 
result unfruitful while in other sites, it still will result feasible. For the 
former, water sourcing alternatives shall be devised while in the latter, 
there would be water available for them and for closer neighboring 
municipalities. The steeper the h0/hr index the quicker the water table 
gets farther from the surface and, the quicker it approaches the saturated 
thickness. Consequently, a steeper h0/hrindex represents a sort of a pre-
cipitous declination velocity. This issue should not be overlooked if spatial 
differentiation in water tables is incorporated in groundwater extraction 

10 The complex and heterogeneous nature of the aquifer hydrogeology must 
require a more detailed modeling of the optimization process, for example 
treating as a multi-cell aquifer with interconnections between them. Notwith-
standing, the analysis with a single-cell can offer a good approximation to the 
study of the optimal extraction, given the dynamics of geographic concentra-
tion of the users who most extract the natural resource from the underground.  
11 The saturated thickness depends on whether it is a saturated, unsaturated, 

free or multi-layered aquifer. For confined aquifers, the thickness is equal to the 
physical thickness of the aquifer between the aquicludes above and below it. 
This applies to the confined parts of a free aquifer. In both cases the saturated 
thickness is constant over time. For cases of unconfined aquifers, the thickness 
corresponds to the difference between the water table and the aquicludes. 
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permits analysis. Assuming a continuous extraction of groundwater for 
agricultural, domestic and industrial purposes, this differentiated 
declination is part of the mode how socio-physical interdependence in 
water consumption is made patent. More importantly, this spatial dif-
ferentiation is crucial in understanding sustainability of groundwater 
resources. If equitable water distribution is intended by environmental 
authorities, extraction permits petitions by sparsely distributed water 
users, should be consistent with the users’ needs and their water 
accessibility. 

According to Fig. 2, at 20th year in Sincelejo, water table declination 
velocity from the surface, would be 2 times quicker than the speed at 
which the saturated thickness is approached. This speed relationship is 
fewer in Morroa and Corozal since declination speed is half and a third 
respect to Sincelejo. For Sampués, Los Palmitos and Ovejas municipal-
ities the relationships are different. The speed at which water table ap-
proaches the bottommost of the aquifer, is quicker than it gets distant 
from the surface. 

Differences in declination speed have social implications as well. 
Water users are more interested in how many meters the aquifer static 
level is. The feasibility of water extraction depends on how much 
building, maintaining and operating a borehole cost. A water user might 

be ignorant on different hydrogeological characteristics of the aquifer 
system; notwithstanding, the static level depth is uppermost in water 
users’ minds, because it is closer to the price per meter that he/she has 
paid to get waterwells built. In order to avoid observed steady decli-
nations in aquifer stock and water tables in status quo situation, optimal 
extraction rates are suggested, especially to agricultural users. In Fig. 3 
extraction paths for three staple crops are presented. Differences in 
optimal extraction rates are explained by the fact that different 
maximum efficiency of water use are obtained per crop. 

Following (Mercado et al., 2014; Trout and DeJonge, 2017; Yao and 
Goué, 1992) maize gets a maximum at 4 m3 of water applied per hectare 
and at 108 m3 of water, yucca crops reach a maximum in water use 
efficiency. This is consistent with the fact cassava crops adapt well to 
water deficit (De Tafur et al., 1998) and contrarily, maize crops are 
sensitive to water stress (Steduto et al., 2012). Consequently, at the 
margin, yucca crops appear to be more nurtured with each water unit 
applied in comparison with maize crops. 

Optimal extraction in m3/day/hectare for the first year for maize, 
yucca and yam producers correspond to 0,93 m3, 3.8 m3 and 3 m3 for 
yam producers, respectively. On a daily or monthly basis, this water 
volume might be unevenly distributed. In rainy seasons, less water 
would be abstracted from the underground while in the dry season, a 
greater volume could be extracted for irrigating crops. These water 
volumes per day per hectare might be used as policy instruments aimed 
at promoting efficiency extraction caps. Consequently, a serious insti-
tutional setting to progressively make this water abstraction caps, as 
part of sustainability action, shall be looked-for. 

Municipalities and farms lying over the less deep saturated thickness 
zones are demanded to be more productive in terms of water use effi-
ciency. Conversely, in case of business-as-usual scheme of water ex-
tractions continuing, some projections are made in terms the effect of 
simultaneous punches over the surface by the action of neighbor mu-
nicipalities. Five steps are included in these projections as shown in 
Ilustration 1.  

1. Actual well-depth are based on (Carsucre, 2003, 2015; Contraloría 
General Departamental de Sucre, 2013, 2014; Contraloría Municipal 
de Sincelejo, 2017).  

2. Since population tend to increase and water table continue to 
decline, new or deeper punches are expected from different munic-
ipalities relying on Morroa Aquifer system. Corozal and Sincelejo are 
the ones suffering greater extractions since they concentrate most of 
departmental population. 

Table 1 
A summary of function of benefits for water use.  

Type of user Function of benefit for water use Description 

Domestic users  

BMg(Wd(t)) = 4x106e− 0,438 Wd (1)     

Demand curve is used to calculate marginal benefit of consumption according to the following expression: 

Benefitconsumption =

∫w2

w1

f − 1

⎛

⎝Wd , y,N)dWd to wi+1 (2)   

Using the sequence of marginal benefits of water consumption from unit wito wi+1(i = 1, 2,…w water units)  
Maize producers  

M(Wm(t)) = 0.1 − 0.25W2
m + 2Wm (3)     

Maize crops are sensitive to water stress and water productivity losses due to stress are difficult to 
compensate despite stress period is overcome with water applied through irrigation or precipitation ( 
Steduto et al., 2012). Wm represents irrigation water applied in m3 and M(.) corresponds to maize yield in 
Mgha− 1. At some high stress level, the plant would not be able to produce grain and harvest index would be 
zero (Trout and DeJonge, 2017).  

Yucca producers  
(
Wy(t)

)
= − 6 * 10− 4W2

y + 0.113Wy − 1.643 (4)     

Cassava crops tolerates well the prolonged water deficit (De Tafur, El-Sharkawy and Cadavid, 1998). The 
characteristic of tolerance to droughts and unfertile soils, underlie the increasing importance of the crop in 
dry and semiarid environments (DANE, 2016; De Tafur et al., 1998). Wyrepresents irrigation water applied 
and Y(.) corresponds to yucca yield in gha− 1.  

Yam producers  

Ya
(
Wya(t)

)
= − 0.25W2

ya + 1.3Wya (5)     

Consumption of yam in Sucre is pervasive and part of the essence of people’s gastronomic tradition. 
According to (DANE, 2015) data, there existed around 2000 ha of yam planted in six municipalities of this 
study area. A water productivity of 1.3 kg/m3 was found for the critical period (Mercado et al., 2014).  

Fig. 1. Evolution of aquifer stock under optimal and status quo conditions for 
the first 50 years. 
Source: Author’s calculation 
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Fig. 2. The evolution of water table declination index (h0/hr) for Sincelejo, Morroa, Sampués, Corozal, Ovejas and Los Palmitos.  

Fig. 3. Optimal extraction rates per year by type of agricultural users. 
Source: Author’s elaboration 
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3. Water table declination, conformation of cones of depression would 
probably lead to punches made on close aquifer spots.  

4. The evolution of water table is based on hit(St,Wt) = hir−

β
(

St −
∑

i
Wt

)

. Water stock (St) incorporates the influence of mul-

tiple neighbor municipalities exercising extractions. 
5. Extraction costs are projected for deepening water tables. Two mu-

nicipalities are presented as an example for the way how additional 
extraction costs might spread over municipal water users, namely 
domestic and agricultural producers. 

Alternatively, in case of prohibitive extraction costs as shown in 
Ilustration 1, municipalities might start to think of distant water sources, 
such as other aquifers in Sucre Department. In this case, six munici-
palities (Sincelejo, Morroa, Corozal, Los Palmitos, Sampués and Ovejas) 
might need to invest financial resources to build new boreholes over 
Tolu Viejo Aquifer and Golfo de Morrosquillo in the north-west or La 
Mojana Aquifer in the south. However, these alternatives might result 
unfeasible for low income farmers and households since bringing water 
from 35 km or 43 km far (see Map 2), undoubtedly add transportation 
costs to extraction costs. 

Instead of costly alternatives shown in Map 2, three scenarios are 
introduced to provide useful options for municipalities interested in 
finding sustainable options in managing scarcer groundwater, under the 
pressing forces of climate change. Different scenarios configure the 
research results. Gradual changes are incorporated in the presented al-
ternatives, which are aimed at improving the efficiency of water supply 
and demand management. Large leaps in expected efficient supply- 
management enhancement, may result inconsistent within the con-
texts of developing countries, where many financial and cultural chal-
lenges in water conservation overflow. Climate variability would be 

driven by forecasted reductions in precipitations in the area of Sucre and 
the Caribbean (IDEAM et al., 2017) and consequently scant recharge 
rates are expected for all scenarios, consequently, reductions in water 
volumes extracted and efficient use is demanded. 

4.1. Scenario 0. status quo: keeping water losses and increasing water 
stock efficiency gap 

If water users may keep actual water consumption behaviors, water 
companies are asked to increase supply. More water wells are punched 
in order to match population increase and non-accounted water is taken 
as normal or part of the working social norms in place. Technical and 
commercial losses surround 50% of all water distributed from fresh-
water treatment plants. Reduced precipitations are assumed. Two key 
characteristics of this scenario are presented as follows:  

o Non-accounted water losses surround 50%.  
o Wastewater is discharged to different creeks without any previous 

treatment to reduce chemical or biological load. 

Following Ilustration 2, in this scenario a total extraction volume of 
187,4 million m3 for next 20 years might be expected. Agricultural ac-
tivities contribute with 43% while potable water production plants 
would extract more than 50% of this volume and 53% of the latter would 
get wasted due to technical and commercial losses. Circular analysis of 
water use in Sucre is limited since wastewater treatment plants are 
practically inexistent (see section 3.1 above). 

In the status quo situation, for the next 5 years between 2021 and 
2030 there is a potential of 67 million m3 of wastewater been generated. 
Business-as-usual, this volume, in turn would be discharged to different 
creeks that cross the municipalities. In circular economy terms this 

Map 2. Projected distance to alternative water sources respect to Morroa Aquifer’s actual users. 
Source: Author’s elaboration based on (Carsucre, 2003, 2018) 
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would be a degenerative and damaging-by-design process. 

4.2. Scenario 1. Audacious steps in the right direction: increasing water 
use efficiency 

It focusses on maintaining the actual water supply capacity and 
progressive reductions of water losses. Groundwater outflows are care-
fully planned, and relevant hydrogeological variables are monitored. 
Water volume outflows are treated as a valuable resource object of a 
circular logic by design. Special attention is paid to the urgent need to 
guarantee Environmental Flow Requirements for ecosystems relying on 
surface water. More specifically, elements and assumptions, shaping 

scenario 1 are presented as follows: (see Ilustrations 3 and 4)  

o Steady reductions of water losses (between 5% and 10% per year for 
10 years)  

o Wastewater treatment plants are built and operated.  
o A halt shall be made in collecting water from ponds and marshlands 

and surface water is left for Environmental Flow Requirement.  
o Public – private investments in switching to more efficient irrigation 

techniques is demanded. 
o Adaptation measures to tackle scarcity are put in place (e.g., rain-

water harvesting, sharing excess of water among farmers). 

Ilustration 1. The effect of projected simultaneous punches over aquifer spots by different municipalities over Morroa Aquifer.  

Ilustration 2. Status quo situation of water consumption from Aquifer Morroa.  
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67 million m3 of wastewater been generated in the status quo situ-
ation, might be put to beneficial use. A high potential in finding new 
sources of water for agricultural activities exists. Notwithstanding, this 
potential would not straightforwardly be achieved. Audacious efforts 
materialized in financial investments must be exerted. Political resolu-
tion is demanded as a prerequisite to get waste water treatment plants 
built and put under operation. Similarly, modifications in the distribu-
tion of municipal sewage water networks are needed, since in the actual 
design, the deployed ends of pipes, discharge sewage water in the 
different creeks crossing Sucre municipalities. Whether intended to 
circulation or not in the economy, waste water flowing different creeks, 
must get Chemical Oxygen Demand (COD) and Biological Oxygen De-
mand (BOD) reduced to levels that do not get riparian ecosystems 
impaired. 

4.3. Scenario 2. Stringent and feasible but urgent: efficiency + circularity 

It entails a reduction in water volumes extracted from Morroa 
Aquifer and progressively, focusses on asking water users to reduce 
water consumption as much as possible to more efficient levels (see 
Ilustration 4). This scenario specifically includes: 

o Water treated in wastewater treatment plants circulated for agri-
cultural purposes.  

o Halting the collection of water from ponds and marshlands and 
surface water is left for EFR.  

o Reuse and recirculate water treated at industrial plants.  
o Adaptation measures to tackle scarcity are put in place (rainwater 

harvesting, sharing excess of water among farmers, switching to 
more efficient irrigation techniques).  

o A serious water conservation policy is put in place.  
o Autonomously devised cultural practices around CPR conservation, 

are embedded among different communities. 

Respect to status quo situation a 22% of efficiency might be achieved 
in the next 20 years. If an efficient and circular management model is 
endeavored, multiple gains would be harvested for the benefit of water 
users and ecosystems relying on aquifers. Increased efficiency is mostly 
driven by 30 million m3 stemming from sewage water treatment. Water 
recirculated in agriculture would prevent aquifer extraction for agri-
cultural activities. 

5. Discussion 

Actual models of water supply planning are based on isolated 
extraction activities by different water utilities and individual water 
users in the Caribbean region of Colombia. Since the intended or unin-
tended competition for water resources is made patent in water table 
declination, this would not avoid egoistic attitudes in extractions to 
continue; therefore, public municipal water managers may play a key 
role in activating regional and interdependent water supply planning. 
For this aim, awareness on common-pool resource character of aquifer 
and hydrogeological conditions of shared aquifer systems are needed. 
CPR character is not overtly incorporated in existing hydro economic 
models such as (Pulido-Velazquez et al., 2016; Srinivasan et al., 2010; 
Zhu et al., 2015). Existing hydro-economic models incorporate utility, 
consumer, reservoirs, groundwater, tanker modules, from a systemic 
approach (Srinivasan et al., 2010); water conservation concern and 
options for extensions of infrastructure taking account of operational 
allocations under variable water availability (Rosenberg et al., 2008); 
water supply state along the river system and the water demands by the 
various sectors using water resource (Ringler et al., 2004). Notwith-
standing the common-pool resource (CPR) nature of water resources, 
especially groundwater, are not observed in the extant analysis. I suggest 
that ignoring the CPR character of aquifer and surface water systems 
may put long-term water planning under risk, since one municipality 
might be confident of expected water stocks, while other competing 
municipalities and other users, may accelerate extractions and running 
aquifer water table far from feasible access. Thus, water supply planning 
for neighboring municipalities should no longer be performed in isola-
tion but at a regional scale in which CPR character of water sources is 
incorporated. 

Collective planning demands a shifting in status quo among planners 
and users. Extant model of water planners role dedicated to match 
supply with demand represent the Plan A. Conversely, a Plan B demands 
to introspective analysis in terms of how efficient the water consumption 
is. Key issue for efficiency analysis entails questioning to what extent the 
capacity of water applied to the agricultural and industrial processes is 
utilized to apprehend the maximum potential of water consumed. 

Efficiency and circularity might be sound criteria for sustainable 
regional water management. For instance, given actual degenerative 
situation of extant waste water management, rooms for improvement 
exits for turning to regenerative-by-design waste water management. 
Waste water discharged to different surface water bodies do not fit into 

Ilustration 3. Increasing water use efficiency in agriculture (reduced precipitations → reduced aquifer recharges).  
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the definition of efficiency. Efficient water use refers to reaping the 
maximum benefit of each cubic meter of water. Waste water has a 
continued potential in water applications to agricultural and industrial 
processes. However, waste water treatment plants deployed over Sucre 
are basically inexistent, and political resolution might be a must, since 
public goods such as water quality remains on public entities’ charge. 
Opportunities exist for associated water users endeavoring in investing 
in treatment plants as well to reduce the pressure on the aquifer. Morroa 
Aquifer demand special attention since declination speed is threatening 
the aquifer stocks for the future. New governance schemes led by 
extraction caps might help in groundwater conservation. An area that 
can affect both water demand and supply is conservation. Conservation 
can reduce demand for a particular use enabling the saved water to be 
allocated to other uses. In order to accomplish this, water conservation 
measures need to be less expensive than the cost of the water saved 
(Booker et al., 2012). Similarly, efficiency and common-pool rationale 
should replace actual independent water planning and the collective 
thinking should be sparked from dared entrepreneurs interested in 
conservation and limiting extractions. 

An alternative governance scheme led by extraction caps, may be 
part of the urgent transition towards regenerative thinking and action 
and efficient water consumption, in groundwater dependent regions. 
Quantitative data on optimal extraction rates may support decision- 
making in extant institutional settings. Existing rules and institutions 
in groundwater governance systems, should open the door to utilizing 
quantitative inputs due to the declining and exhaustible nature of 
groundwater resources. However, due to different sources of uncer-
tainty, the definition of optimal extraction rates should be cautiously 
prescribed as stated in Burt (1964); Noel and Howitt (1982); Provencher 
and Burt (1994a). This is, optimal extraction paths for long horizons 
such as 70, 80 or 90 years may result impractical due to that a lot of 
environmental alterations may occur and water users may shift extrac-
tion behaviors in the long term. Instead, cautious and iterative calibra-
tions of optimal extraction levels might be implemented. We may refer 
to prescribing optimal rates for 35 or 50 years; without take no notice of 
future generations. A 50-years’ time horizon does not mean wittingly 
making aquifer depleted in 50 years. Instead, as new data on hydro-
geological conditions influencing water stocks and flows are produced, 
updated optimal extraction rates might be calibrated for the subsequent 
50 years. This iterative process should always be performed under the 
limits of state variables such as exploitable stocks and similarly, 
imposing constraints of abstractions to minimum stocks. Minimum 

levels of reserves may act as a precautionary principle. Long-term 
perspective is needed while devising cautious short-term water supply 
planning. 

Since traditional water supply forecast use to simply match demand 
with supply, there exists an inertial supply management scheme in 
which water managers, just rush for satisfying the demand. In the pol-
itics of water planning, water managers are told to bring abundant water 
to all who demand it (Zetland, 2011). However, business-as-usual water 
demand projections data, tend to hide bad habits in water consumption, 
degenerative waste water management, inefficient water application to 
agricultural and industries and spendthrift attitudes. Instead, inefficient 
and damaging water consumption customs should be overtly recognized 
and disclosed. Once stakeholders become aware of caveats, risks, 
detrimental actions and opportunities, rooms for improvement should 
collectively be built, based on efficiency and circularity principles. Cir-
cular economy of water should be a compulsory criterion for water 
supply and demand forecast. In doing this, different users would use, 
reuse and recirculate water, which in turn would reduce water deman-
ded. It does not only refer to an instrumental shift in water consumption; 
but an awareness-based shift towards sustainability. A long-term shift 
would imply a change in water use paradigm. Water should be utilized 
not as a simple input for agricultural, domestic or industrial activities 
but as a valuable natural entity serving nature as well. 

A circular and efficient model would be a cost – effective strategy for 
climate variability adaptation. Otherwise, since declinations in pre-
cipitations are expected up to 2100 (IDEAM et al., 2017), a deeper water 
table would place higher pressures on alternative water sources, unless 
water users are willing to collect water around 1 km deeper. Well-depths 
for differentiated water users will demand serious discussions on justice 
in water access. Rising water tables and rising energy costs would 
impose financial burdens on low income households and farmers. 
Conceivably, further water tables might trigger new reconfigurations of 
livelihoods location and new punches over surface would be developed. 
As trends on increasing urban sprawls have been observed, relocations 
in urban areas shall be convenient reasons for rethinking the prevailing 
water supply planning scheme. A new water governance deal led by 
extraction caps shall be needed. A Plan B water assessment applied to 
each municipalities and corresponding neighbors, would be needed as 
an integrative model aimed at providing inputs for water resources 
planning, in which the depletable and common-pool character of aqui-
fers is incorporated. 

Ilustration 4. Stringent and feasible but urgent: efficiency + circularity (reduced precipitations → reduced aquifer recharges).  
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6. Conclusion 

This research was aimed at integrating the common – pool resource 
and depletable character of aquifers in municipal water supply planning. 
Efficiency and circularity of water in the economy were two criteria used 
for seek sustainable consumption of water. The term water productivity 
is kept when respective authors use it; however, the concept on water 
use efficiency is utilized in this research. 

A hydro-economic model was built. It incorporates an optimization 
model aimed at calculating maximum efficiency in water applied to 
crops cultivated in the region of analysis. Optimal levels of extraction 
pretend to reap the maximum benefit of drops applied to three main 
crops namely, yucca, maize and yam. Optimal extraction was compared 
to status quo situation and an efficiency gap was found. In more strin-
gent scenario for the conceivable future an efficiency gain of 22% in 
water saved for the economy. In actual situation there seems to be a 
degenerative-by-design waste water management since these waters are 
discharged directly to creeks crossing Sucre territory. Reducing water 
pollution is urgent and beneficial since enhancement of surface water 
ecosystems is a must. Instead of discharging to surface water bodies, 
recirculation of treated water in agricultural and industrial activities 
would reduce the pressures on aquifer in the order of 30 million m,3 this 
reduction would stem from sewage water treatment plants for the next 
20 years, in case they are built and operated. Hydro-economic models 
entails different steps. Knowledge of waterwells location and the un-
derstanding of hydrogeology of aquifers are binding pre-requisites. 

The model presented in this research may result relevant for other 
contexts of declining aquifer systems as well. Overarching conceptual 
setting refers to the fact that in the foreseeable future, neighbor mu-
nicipalities interested in water extractions to supply water for different 
users, might be planning to make punches over concurrent or adjacent 
surface spots. In thinking and doing this, some caveats should be made 
public. Future water sources do not simply refer to think horizontally 
but vertically as well. This is, the finding of new water sources due to 
water table declination, should not only bear in mind horizontal dis-
tances in the vicinity of municipalities but the vertical distances to cones 
of depressions and to the inclination of aquifer systems. For this aim, a 
declination speed index is introduced in two senses: the surface → water 
table distance and water table → saturated thickness distance. This issue 
should not be overlooked if spatial differentiation in water tables is 
incorporated in groundwater extraction permits analysis. Declination 
speed has crucial social implications derived from differentiated 
extraction costs for users. It is estimated that the exacerbation of water 
table declinations will accelerate the predicted externalities in CPR 
management. An externality arising from the pumping costs and a 
“strategic externality” that emerges from the race between resource 
users to hold the groundwater stocks (Negri, 1989). The economic the-
ory predicts, that each individual haste for mining the resource and 
consuming the majority in the present, because the residual stock, might 
not be available to each one in the future (Hardin, 1968; Negri, 1989). 
This strategic behavior of competition for groundwater reserves lead to 
overexploitation of the resource (Negri, 1989). Rising awareness on this 

issue is needed among water planners and environmental authorities 
and, consequently a regional planning might work better in seeking 
sustainable and equitable groundwater extraction. 

This research applies to contexts of urban water supplied by mu-
nicipalities that mainly rely on aquifers for freshwater provision and 
agricultural activities. In addition to this, private waterwells are built by 
individual households using electric pumps in urban areas and rural 
sectors demanding water for irrigation. This combination of public and 
private provision of water is applicable for international contexts such as 
Brazil and Paraguay (Foster et al., 2006), India (Patil, K., Mahadev, C., 
Bhat, G., & Manjunatha, 2015; Srinivasan et al., 2010), México (OECD, 
2015; Sandoval, 2004), Western USA, Middle East, Israel (OECD, 2017b). 
Due to steady declinations of water tables, inevitably, water utilities and 
individual water users will be gradually forced to explore and exploit 
new water sources. Alternatively, instead of thinking of searching for 
new water sources, communities, water managers and individual water 
users, should make a halt in the inertial behavior of increasing con-
sumption and instead, increase efficiency in consumption of current 
water supply sources will become more mandatory as the climate 
change exacerbates its effects on water resources. Similarly, a collective 
planning scheme might put to work since interdependent water 
extraction is made patent in the presence of externalities and every cubic 
meter extracted from one municipality may influence the extractions of 
neighbor municipalities and extraction costs of water as well. Conse-
quently, water users located over more productive spots, might be 
hassle-free while others might experience stressful situation due to 
costly water supply because of rapid water table declination, especially 
in contexts of droughts. 

However, referring to regional planning must be treated with 
caution, since the greater the regional scope of analysis, the more 
complex and entangled the analysis might be. Notwithstanding, water 
planners should make a halt in the inertial style of simply exploring how 
deep the waterwells could be exploited; instead, a reflexive interdisci-
plinary plan for efficient and sustainable use of existing and new water 
sources, should be done for the foreseeable future. 

6.1. Limitations 

Location of every single water user was not possible at all, however 
data for main water user was collected through different sources. Data 
for water consumed at industry level were scarce as well. Water quality 
issues were not fully discussed either which may indeed affect extraction 
volumes for all the activities. Due to actual COVID-19 pandemic situa-
tion some additional data collection and pilot tests activities were not 
possible. 
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Annexes. 

Annex 1. A general overview of the region’s water resources 

Glancing at the hydrologic map of Sucre (Colombia), we may have a mixed impression in terms of water distribution. Six watersheds encompass the 
whole department. Some basins are shared with environmental authorities of other regions different from Sucre. Northern basins correspond to 
different streams such as San Antonio, Matatigre, Enmedio, Palmar, El Tigre, Cascajo y Pechilín; which mostly drain its waters to Caribbean Sea. These 
are mostly seasonal streams since they use to run water flows during rainy seasons lasting for less than 3 months a year. Listed streams run over 
municipalities of Sampués, Sincelejo, Morroa, Corozal, Los Palmitos and Ovejas. Another basin is distributed over the middle part of the department. It 
runs in direction northwest to southeast draining waters to some swamplands and San Jorge River. 

Available surface water supply in the shared watersheds in the northern part in rainy years correspond to 1714 million m3 and it drops to 429 million 
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m3 in drier years. For Low San Jorge – La Mojana watershed water supply is much higher since it sums up to 11,932 million m3 for humid years and 
drops to 3068 million m3 in dry seasons (Carsucre, 2018). However, most water supply in Sucre is provided by groundwater sources. Aquifer systems 
in Sucre are represented in Map 1. 

Morroa Aquifer lays under the area of five municipalities (Sampués, Sincelejo, Corozal, Morroa, Los Palmitos and Ovejas). The aquifer encompasses an 
area of 60,964 ha. This aquifer is endowed with exploitable12 water stock estimated in 719,691,835 m3 and 3,247,746,000 m3 of stored reserves 
(Carsucre, 2003). The reserves have been used to serve freshwater provision for more than 70 years. In Sucre, 24 out of 26 municipal water companies 
have built boreholes to collect water, treat and distribute it through aqueduct pipes (data from IDEAM, 2014). In addition to this, up to 2011 individual 
households, farmers and industries have built more than 1.788 water wells which are all under operation13 and it is assumed that this figure has 
increased. 89% of farm owners is Sucre report having access to water for agricultural activities. The whole area of this six municipalities is composed 
by 9687 farms (DANE, 2015). Yucca, maize and yam are predominant crops planted in this portion of Sucre as shown in Fig. 4.

Map 1. Hydrology of the Sucre Department (Colombia). Source: Author’s elaboration based on (Carsucre, 2003, 2018; Contraloría General Departamental de Sucre, 
2013; Contraloría Municipal de Sincelejo, 2017). 

Agricultural activities in Corozal, Los Palmitos, Morroa and Ovejas are largely depended on groundwater, since in more than 75% of farms this is 
the reported water source. In Sincelejo and Sampués groundwater is used in 44% of farms and the rest of them use water from lagoons and marshes 
(DANE, 2015). 4233 built water wells are reported for farms located in the six listed municipalities (DANE, 2015). 

Since last three decades the capital city Sincelejo and Corozal have been served by the same water company. 61,500 households are connected to the 
aqueduct grid in Sincelejo and 12,027 more in Corozal benefit of freshwater distribution. Both municipalities sum around 320,000 inhabitants. 
Sincelejo and Corozal aqueduct system are supplied by 25 boreholes punching over Morroa Aquifer. Currently, boreholes are subject to groundwater 
abstractions for up to 18 h/day and water flows from each water well fluctuate between 6 l/s and 105 l/s; this flow let the water company to abstract 
between 12,000 and 204,120 m3/month. On 2018 water consumption by households totaled 6.5 million cubic meters and industries and commercial 
businesses added up half million cubic meters in the same year. Sampués is served by the municipal water unit, water provision in Morroa is organized 
in three private and community companies, and Los Palmitos and Ovejas water service are privatized. 

Agricultural water users in Sucre contribute with higher figures to water abstractions. Every year almost 9700 farms (DANE, 2015) collect water 
for crops irrigation and cattle raising activities. Most important sources are boreholes and lagoons. The latter case is applicable for Sincelejo and 
Ovejas in which 16% and 31% of their farmers respectively, report using water from this type of ponds. On average 60% of farms in Sucre use 
groundwater to sustain agriculture. Morroa and Los Palmitos are above this average with 70% and 80% of farms dependent on this important source. 

12 There exists an important difference in the type of aquifer reserves. Exploitable reserves is different from total reserves, elastic reserves and stored reserves 
(Carsucre, 2003).  
13 1.713 waterwells reported in the jurisdiction of CarSucre and 75 wells in the area of Regional Environmental Corporation CorpoMojana. 
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Assuming a 4-h/day and an average of 0.2 l/s extraction pattern, agricultural sector abstract around 5.7 million m3/year for the main three crops 
planted in the six municipalities. 

In respect to waste water generated, the situation deserves especial attention due to shocking damaging practices to ecosystems. Sincelejo sewage 
system is drained directly to two sanitary districts, the first discharge 105.6 l/s to Colomuto Brook in the northern part of the city in San Miguel area 
(this represents 36% of total discharges) and the southern district discharges 182.8 l/s to Caimán Book (collecting 63.4% of total sewage generated) 
(Contraloría Municipal de Sincelejo, 2017). Sewage water in Ovejas is drained to Mancomojan Brook. Sampués Municipality pour out sewage water to 
different interconnected brooks in six discharge points. Main sewage receptor is Canoa Creek which is served by Zanjón Creek from the south, Pachotó 
and Pasatuza Creek from the north (Contraloría General Departamental de Sucre, 2014). Los Palmitos Municipality counts with oxidation ponds 
(Carsucre, 2018) and Ovejas discharge sewage water to Mancomoján Creek which is 58 km long (Carsucre, 2015, 2018). Municipal sewage water in 
Morroa are discharged in Morroa and La Muerte Creeks, which in turn affect Morroa Aquifer as well (Contraloría General Departamental de Sucre, 
2013). Chemical Oxygen Demand and Biological Oxygen Demand surpass ambient water quality conditions for ecosystems. 

Annex 2. Specification of economic expressions for different water users 

Domestic users 
Domestic consumers demand water for activities at home. They incur in energy costs for pumping. Then, the price for the consumption of water 

given by pp, includes the private energy cost (cener) along with groundwater license fees, given by τd
t . This rate is regulated by the environmental 

authorities.14 Actual extraction fees sum $4.70/m3 for domestic users, while ceneris the cost of water collection corresponding to the energy bill. The 
energy consumption required to lift 1 m3 of water is about 0.0164 KWh (Chaitra and Chandrakanth, 2005). Recently the average energy price totals 
$111/KWh (ACOLGEN, 2017), which implies that extracting each cubic meter represents a private cost of $1.82/m3. Inverse demand curve for 
domestic users is based on (PNUD & DNP, 2008) for municipalities located below 1000 m above sea level, which is expressed as follows: 

P(t)=
(
e3,59N0,27Y0,05

)3,85

(Wd(t))3,85 (A1) 

N represents the household size in average five people and Yrefers to average family income given by a minimum salary. Demand curve is used to 
calculate marginal benefit of consumption according to the following expression: 

Benefitconsumption =

∫w2

w1

f − 1

⎛

⎝Wd, y,N)dWd to wi+1 (i= 1, 2,…w water units), the  subsequent  expression  results: (A2)  

BMg(Wd(t)) = 4x106e− 0,438 Wd (A3)  

Maize producers 
Maize crops are sensitive to water stress and water productivity losses due to stress are difficult to compensate despite stress period is overcome 

with water applied through irrigation or precipitation (Steduto et al., 2012). Maize crop yields have increased since last 60 years. Despite yields in USA 
and France are above 9 ton/ha and reported yields in countries such as Argentina, China, South Africa and Brazil are between 1/3 and ½ of the former 
countries, in all of them a growing trend of yields is observed (Steduto et al., 2012). Sustaining irrigated agriculture and meeting future food demand 
of the rising global population will request increasing crop productivity per unit of water (Hoekstra, 2013; Trout and DeJonge, 2017). Maize crops in 
Colombia represent 29% of total crops in the country and this is part of the two types of crops contributing to 79% of green water footprint in 
agricultural sector (IDEAM, 2019). Water use efficiency in maize crops is based on (Trout and DeJonge, 2017) and is determined as follows: 

M(Wm(t)) = 0.1 − 0.25W2
m + 2Wm (A4) 

Wm represents irrigation water applied in m3 and M(.) corresponds to maize yield in Mgha− 1. At some high stress level, the plant would not be able 
to produce grain and harvest index would be zero (Trout and DeJonge, 2017). 

Yucca producers 
Cassava crops tolerates well the prolonged water deficit (De Tafur et al., 1998). The characteristic of tolerance to droughts and unfertile soils, 

underlie the increasing importance of the crop in dry and semiarid environments (DANE, 2016; De Tafur et al., 1998). Yucca is a one of the most 
common sources of carbohydrates for human consumption in the Caribbean Colombian Region. Among the six municipalities of the study area there 
are almost 7000 ha of planted yucca crops, 50% concentrated in Ovejas Municipality. Annual production of this tuber sum up to 74000 tons in this 
group of municipalities and average crop yield correspond to 10.7 ton/ha (DANE, 2015). 

A water use efficiency study of cassava crops was performed by Yao and Goué (1992) in which relevant data were produced. Based on (Yao and 
Goué, 1992) laboratory results, a water use efficiency function is built as follows: 

Y
(
Wy(t)

)
= − 6 * 10− 4W2

y + 0.113Wy − 1.643 (A5)  

Wyrepresents irrigation water applied and Y(.) corresponds to yucca yield in gha− 1. 
Roots of yucca in Colombia are mainly used as fresh tuber preparation in households; as an input for food industry and as a raw material for starch 

and animal food industry due to its high starch, sugar and protein contain (Aguilera-Díaz, 2012; Vergel Cabrales, 1999). 

14 Extraction fees are updated each year according to regional factors and the type of watershed level in Sucre. 
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Yam producers 
Consumption of yam in Sucre is pervasive and part of the essence of people’s gastronomic tradition. According to (DANE, 2015) data, there existed 

around 2000 ha of yam planted in six municipalities of this study area. 50% of this area is located in Ovejas and another 25% of yam crops are planted 
in Sampúes and Corozal. Yam harvests in Sucre are predominantly allocated to human consumption; despite this use, yam has high potential for 
pharmaceutical industry (Reina-Aranza, 2012). Average crop yields for this region correspond to 2 ton/ha (DANE, 2015) which is slightly higher than 
data from 2012 whose use efficiency was between 0.1 ton/ha in Los Palmitos, 1.1 ton/ha in Ovejas and 1.5 ton/ha in Morroa (Aguilera-Díaz, 2013). 

Studies about water use efficiency for this crop are scarce. A specific analysis for yam productivity in Sucre is reported by Mercado et al. (2014). 
Different irrigation schemes were included in the authors’ experimental designs for two species of yam (irrigation in critical grow period, irrigation in 
the whole period and no irrigation). A water use efficiency of 1.3 kg/m3 was found for the critical period (Mercado et al., 2014).15 

Ya
(
Wya(t)

)
= − 0.25W2

ya + 1.3Wya (A6)  

Annex 3. The maximization problem 

Optimal intertemporal allocation of water should balance actual water stock between its use in the present and future use. An intertemporal social 
discount rate of r = 0, 1is used. 

maxV{Wd , Wy , Wya , Wm}

V =

∫∞

0

e− rt

⎡

⎣
∫Wd+ Wy+ Wya+Wm

0

{
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))

+ nmM
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*
∑

i
Wt

⎫
⎬

⎭
+Ω

(

S0 −
∑N

k=1
Wkt − Wit

)⎤

⎦dt (A7) 

The last term pre-multiplied by Ω represents the externalities arising from the water use by k = 1, 2,…K users and i = user through the time t. Ω 
represents the marginal return for all group of municipalities and farmers, for conserving the CPR. This is, for not depleting the aquifer stock. Ω =

$132/m3; is the marginal return calculated as the avoided cost of withdrawing water from alternative sources such as surface water.16 Given the 
location of Sucre, “feasible” surface water sources may correspond to Magdalena, Cauca or San Jorge Rivers or groundwater from further locations. 

State variable equations  

[1] Ṡ(t) = S0 + R(t) − Wd(t) − Wy(t) − Wya(t) − Wm(t)
S(0) = S0, S(T) = Smin  

[2] St ≥ Smin  

[3] ḣ(S(t),W(t)) = hir − β
(

St −
∑

i
Wt

)

[4] Wd(t),Wy(t),Wya(t),Wm(t) > 0 

The Hamiltonian function is presented as follows: 
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∑
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+ θt(St − Smin) (A8) 

λt y μt represent stock variable and height of aquifer shadow prices, respectively. The necessary conditions for an optimal solution with the 
application of the Maximum Principle, are as follows: 

Ṡ=
∂H
∂ λt

= S0 + R(t) − Wy(t) − Wd(t) − Wya(t) − Wm(t) (A9) 

The previous expression recovers the equation groundwater stock. Now we present co-state variable for the resource stock.  

λ̇t = rλt −
∂H
∂S

= rλt − λ0 + μtβ + Ω0 − θt (A10)  

St ≥ Smin; θt ≥ 0; θt(St − Smin)= 0ḣ=
∂H
∂μt

= hir − β

(

St −
∑

i
Wt

)

(A11) 

As in the previous case, the last equation allows to recover the second state variable. Now we present co-state variable for the evolution of water 
table. 

15 This high productivity is related to the high density of yam seeds sowed. Density corresponds to 10000 plants/ha and traditional tillage was the plowing 
technique used.  
16 Cost of hiring water lorries to distribute water to communities lacking freshwater. 
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μ̇t = rμt −
∂H
∂h

= rμt + α Wcener

[
ho

h

]α − 1[ho

h2

]

− μt (A12) 

Now we proceed to develop the Maximum Principle for control variables. 

∂H
∂Wd

= 1, 75x106e− 0,43Wd − cener

[
ho

h

]α

− λt + μtβ ≤ 0, si Wd = 0 (A13) 

The optimization condition for the water extraction for domestic consumption, basically introduces the demand function of water, which depends 
on the rate that is charged for the extraction and the costs of energy to do so. It is assumed that in the long term, the costs of equipment and other 
supplies for the extraction are smaller compared with the expenditures for energy consumption. 

∂H
∂Wm

= nm*pm(2+ 0, 5Wm(t)) − cener

[
ho

h

]α

− λt + μtβ ≤ 0, if Wf = 0 (A14)  

∂H
∂Wy

= ny*py
(
0, 113 − 12 * 10− 4Wy(t)

)
− cener

[
ho

h

]α

− λt + μtβ ≤ 0, if Wp = 0 (A15)  

∂H
∂Wya

= nya∗pya
(
0, 113 − 12∗10− 4Wy(t)

)
− cener

[
ho

h

]α

− λt + μtβ ≤ 0, if Wp = 0 

The first two terms of each of the last three expressions, represent the marginal effect by using water. This effect is given by the short-term marginal 
utility/benefit (BMG), understood as ∂H

∂Wd
, ∂H

∂Wf
, ∂H

∂Wp
, multiplied each case by market prices. 

In the private or decentralized case, it is considered optimal that users simply extract as much water as they need, until the marginal benefit is equal 
to the marginal cost of production of groundwater resource, this is C ´(W) = p ∂H

∂W. 
For the centralized situation, in last three expressions can be grouped in the following way. 

BMg − cener

[
ho

h

]α

− λt + μtz ≤ 0 (A16) 

From this expression, we obtain 

BMg= cener

[
ho

h

]α

+ λt − μtz ≤ 0 (A17)  

Annex 4. Crops area in six municipalities of Sucre (Colombia)

Fig. 4. Crops area in six municipalities of Sucre (Colombia) 
Source: author’s calculation based on (DANE, 2015) 

Annex 5. Yucca crops area in six municipalities of Sucre (Colombia) 
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Map 3. Yucca crops location in Sucre up to 2018. Source: Author’s elaboration based on (DANE, 2015).  
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• Smart and innovative incentives may 
trigger convergence toward authorities’ 
water conservation objectives. 

• The aggregated yearly water extraction 
rates in each location is unknown for 
environmental authorities and for water 
users. 

• The more the asymmetry in water status 
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• Incomplete contractual delegation and 
hidden institutions exists in ground-
water access.  
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A B S T R A C T   

Sustainable water provision for rural and urban territories, demands the understanding of institutions and in-
centives governing groundwater use under climate change. The extant institutional design in Colombia falls short 
to sustainably manage pervasive groundwater extraction and rule enforcement. This article is aimed at under-
standing the extant contractual delegation of groundwater extraction on farmers as the main water users across 
the country. This understanding is a relevant first step before undertaking the improvement of institutional 
arrangements to pursue real sustainability objectives of water use for agriculture. Despite pervasive free-riding 
water access, to a certain extent, extraction permits act like social contracts with implicit clauses determined by 
the law. In entitling extraction permits, principals unavoidably delegate on agents, although their interests tend 
to diverge. In this relationship, socio-physical information about groundwater status is certainly asymmetric, 
which is not problematic per se. Difficulties arise from widened gaps between groundwater management in-
formation portions managed by different actors. Besides, contract design should operate under the natural limits 
of aquifer systems, which are usually recognized after granting extraction permits. Notwithstanding crude ca-
veats should be considered: incomplete delegation and hidden institutions exists, and if ignorance on informal 
and formal water volumes extracted continue, sustainable management of aquifers would not only be incomplete 
but an illusion. Real sustainable management of aquifer systems when deciding upon water extraction permits, 
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should incorporate aquifer limits as an ex-ante condition and innovative incentives that trigger institutions to-
wards capped aquifer extractions.   

1. Introduction 

Sustainable and secure water provision for rural and urban terri-
tories, demand the understanding of institutions and incentives gov-
erning water use. Groundwater in developing countries like Colombia is 
a centrally-managed resource being this at state or regional level. At 
best, the authority, as a principal, grants a resource-usufruct permission 
to a water agent (farmer), who pays a fee for it. Amidst this transaction, 
there is an implicit contract with clear legal clauses. In its role as Prin-
cipal, the authority is expected to monitor contract compliance. But 
monitoring extraction is complex. Water regulation systems are 
continuously hindered because the administration of legal procedures is 
complex and time consuming (Madani and Dinar, 2012; Sandoval, 
2004). Hence, the authority unavoidably delegates its duty to multiple 
agents for them to sustainably manage water extraction. Notwith-
standing, delegation can be diverted to some extent from the Principal’s 
conservation objective, due to the presence of free-riders and spendthrift 
agents. The extant groundwater management institutional setting seems 
to occur on a long alleyway without foreseeable end solution. 

Despite the fact that communities can self-organize and get to 
manage Common-Pool Resources (CPR), it is assumed in the present 
work that central governments, will continue to be responsible for na-
tional and regional water conservation objectives. Under this setting, 
new or improved institutional arrangements should be implemented. 
Business-as-usual principal - agent relationships certainly accelerate the 
exhaustion of groundwater resources. Groundwater sustainable man-
agement is relevant since the evidence reveals spread groundwater 
overexploitation in dry regions around the world (Barlow and Leake, 
2012; OECD, 2017a, 2017b). If true water resource sustainability is on 
top of the priority list of the authorities, both delegation and the social 
contract should be innovatively enforced. In turn, smart and innovative 
incentives, which may crop up from the positive and careful activation 
of the intrinsic motivations of thrift water extraction, may trigger 
convergence toward the water conservation objectives of the Principal. 

As the monitoring and enforcement of the social contract on the part 
of central and regional governments is currently so limited, what al-
ternatives do governments have to exert productive delegation on 
farmers and other water users? The answers to this question are not 
simple, since the evidence suggests that incentives may crowd-out in-
dividuals from contributions to conservation (Cardenas et al., 2000; 
Gneezy et al., 2011). Possible solutions should contemplate different 
variables such as timely control of extraction before depletion, fluctu-
ations due to climate variability and water scarcity, multiplicity of 
agents, sustainable yield as related to aquifer stocks, and rules intended 
to prevent over-exploitation, to mention just a few. This is a titanic so-
cietal task that pursues sustainable extraction rates in which collective 
contribution is claimed. More importantly, sustainability requires 
further discussion on effective incentives to generate stable extraction 
declinations, not just expressing whether crowding out or crowding in 
occurs. 

In this article, the author discusses theory of incentives, plus a short 
analysis of asymmetrical information as seen through the lens of 
Colombia’s groundwater management law. Elements are provided to 
illustrate the existence of a sort of social contract with clear clauses, the 
compliance with which might make groundwater management trans-
actions more predictable and less perilous for the existence of aquifers. 
This analysis is conducted in the Caribbean Region of Colombia and 
other regions, wherein droughts and water scarcity are exacerbated by 
the looming threat of climate variability. In this respect, the institutional 
economics theory allows explaining incentive analysis, asymmetric in-
formation regarding aquifer status, and the transaction costs of 

coordination for sustainable aquifer management. However, extant sit-
uation reflects an unbalanced outflow ↔ inflow relationship, in the 
sense that extractions tend to outpace recharge levels. 

In the context of study, different institutions have formally and 
informally evolved and led aquifer systems to overexploitation and 
water table declination. In Sucre, La Guajira, Magdalena, southeastern 
part in Casanare, in Tunja, Bogotá D.C. and Boyacá in the Andean re-
gion, there is some knowledge on recharge rates of aquifer systems but 
real figures on extraction is completely ignored. Understanding un-
awareness of extraction activities by authorities, the complete insubor-
dination to formal rules of extraction permits request, and existing 
institutions governing informal/illegal extractions are intricate tasks. 

The aim of this work is to understand the extant contractual dele-
gation of groundwater extraction to farmers and other water users in 
Colombia, to find out innovative incentives to manage aquifers under 
climate change. This understanding is a relevant first step before under-
taking the improvement of institutional arrangements in water management 
in agriculture to pursue sustainability objectives under the threats of climate 
change. As to the research methods, document analysis allowed exam-
ining the groundwater decrees that regulate extraction from aquifers. 
Just as well, interviews were conducted with environmental authority 
officials, borehole technicians and farmers from the Departments of La 
Guajira, Bogotá, Córdoba and Sucre. 

This article is organized as follows. The first part includes this 
introductory section. The second part makes brief reference to theory of 
incentives and transaction costs concepts as applied to water and CPR. 
Special attention is paid to Contract Theory, since a hydro-social con-
tract allegedly exists between principal and agents entitled to extract 
water. In the third section, the Theory of Incentives is introduced since, 
in entitling extraction permits, principals unavoidably delegate on 
agents, although their interests tend to diverge. Hence, incentives for 
groundwater conservation are discussed in their relationship with social 
institutions. The final sections convey the discussion and conclusions. 

1.1. Overview of groundwater norms and regulations in Colombia 

Groundwater and specifically aquifers are legally protected natural 
resources under national environmental law. The first legislative deci-
sion towards groundwater protection was released 48 years ago through 
Decree 2811/1974. Without mentioning any forecast about climate 
variability or drought, this norm makes brief reference to the limited 
character of this underground resource. Nonetheless, it establishes 
contingencies in case of evident risk of dangerous depletion or 
contamination of aquifers or progressive shrinkage of extracted water. 
In these eventualities, the decree states that new extraction permits may 
be denied and the existing ones partially restricted or even cancelled. 
Government entities bestow on individuals, public water facilities, 
farmers or companies the right to extract water for a renewable period. 
Public water facilities might be entitled for up to a period of 50 years, 
while other water users might be allowed extraction for up to 10 years. 
All these maximum periods of extraction may be renewed. Nevertheless, 
Decree 1541 states that when land is used only for domestic purposes, 
there is no need to request an entitlement to extract water from the 
underground. The entitlement of an underground-water extraction 
permit entails the payment of a retributive rate, which is intended to 
offset the negative consequences of the economic activities arising from 
groundwater use. Remarkably, Decree 2811 refers to the need to keep 
enough water stocks and preserve the environment when prioritizing 
aquifer allocations. 

The Decree 1541/1978 states that in case the environmental au-
thority is knowledgeable about any groundwater basin depletion 
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problem, the permit cannot be granted. However, an explicit statement 
about the need to conduct investigation into the causes of depletion, 
contamination and existing economic activities is mainly formulated 
from the engineering perspective. Yet, it does not explicitly mention the 
common-pool resource (CPR) character of aquifers.1 Likewise, the need 
to address externalities arising from competition and extraction costs is 
missing. Formal rules are focused on entitling or denying extraction 
permits to petitioners. 

In legal terms, the centralized control of groundwater allocation to 
water claimants aims at guaranteeing groundwater sustainability. 
Notwithstanding, there are different sources of complications, risks, 
asymmetric information and limited adherence to institutions and rules. 
These difficulties, which are listed below, limit the possibilities that the 
parties involved fulfill their side of the agreed social contract. 

⁃ Groundwater extraction by the users entails the production of ex-
ternalities arising from private exploitation.  

⁃ Free-riders benefiting from the CPR actually piggyback on the effort 
of others.  

⁃ Monitoring withdrawals and legal procedures against users who 
illegally drill new wells reveals how the government is often defeated 
(Madani and Dinar, 2012; Sandoval, 2004).  

⁃ The environmental authority should know the extant locations and 
extraction rates of wells under operation. However, the transaction 
costs of monitoring dispersed users make this a complicated and in 
vain task.  

⁃ The water regulatory system is continuously hindered because of the 
complexity and the time needed to administer legal procedures 
(Madani and Dinar, 2012; Sandoval, 2004). Is there any need to 
implement formal contracts intending to reduce uncertainty and 
enforce water rules?  

⁃ Are uncertainty and high monitoring and transaction costs valid 
reasons not to enact extraction permits via contracts? Or, despite 
such hindrances, is it justified to endeavor in formal agreements? 

⁃ Agents are more likely to agree on pumping limits when the aggre-
gate benefits exceed transaction and implementation costs (Ayres 
et al., 2018). 

This is a short list of elements to take into consideration when it 
comes to agreeing on verbal or written contracts among water users and 
central governmental agencies. Actually, the problems associated to 
devising and implementing social contracts should not deter govern-
ments from finding more institutional options to manage valuable water 
resources for all kinds of users with different types of contractual water 
allocations. 

2. Document analysis and literature on transaction costs and 
theory of incentives 

Transaction cost theory is relevant for groundwater management, due 
to the existence of coordination tradeoffs which crop up between the 
endeavor to collectively reach productive outcomes and the costs of 
reaching them. Interactions and cooperation in conserving a CPR can be 
rather complex, especially when a set of individuals repeatedly use the 
same common resource in different locations over long periods of time. 
All transactions are concluded with some form of contract, which, ac-
cording to Contract theory, is established when the parties involved 
consider they have reached an agreement that benefits all of them 
(Ostmann and Meinhardt, 2008; Groenewegen et al., 2010). 

Nevertheless, the types of social contracts should bear in mind the ef-
fects of climate change on water resources. 

Therefore, multiple sources of uncertainties on available water and 
flows stocks appear and the stakeholders involved in the social contracts 
should add flexibility to water extraction activities. This is, no matter if a 
farmer is awarded a certain water flow, he/she should be willing to 
reduce extraction volumes if a severe drought is forecasted. Certainly, 
the delegation to exert extractions should be adaptable to the pressures 
of climate change effects on water resources. Thus, new and innovative 
incentives should be devised to make contracts as useful instruments for 
sustainability under the shared responsibility of users and governments 
in charge of water use control. 

To the best of the author’s knowledge, formal groundwater extrac-
tion contracts are not common in the literature. In this context, the 
formal petition of extraction permits and respective entitlement, is taken 
as a formal contract between governments and water users (see 
Tables 1–1). Thus, we may understand groundwater extraction permits 
as social contracts. Once an extraction permit is entitled, there seem to 
be explicit clauses for sustainable groundwater management. This 
assumed social contract contains overarching rules, sanctions in case of 
rule breaking, criteria for contract amendments and other elements 
shaping the permission, which are described in the lines that follow. 

2.1. Transaction cost economics challenges in practice 

Reaching stable cooperation levels in sustainably managing 
groundwater extractions, entails the need to coordinate water users to-
wards this purpose. Attaining groundwater management cooperation 
requires water users to renounce the lure to purely pursue self-interest, 
in order to contribute to collective interest in their commonly managed 
aquifers. The essential problem of cooperation in managing a CPR has to 
do with reducing the joint cost of extraction and increasing the joint 
benefit of cooperation (V. O. E. Ostrom, 1977). Social scientists used to 
think there was a natural tendency for people with shared interests to act 
together in pursuit of those interests (Oliver, 1993). Notwithstanding, 
such natural tendency might not be straightforward, so people would 
not automatically agree on cooperating to conserve or maintain their 
CPR. Paraphrasing (Coase, 1960), a sustainable CPR management 
rearrangement depends on balancing its own costs with the productive 
value increase that it likely entails. 

What does a coordination for CPR extraction sustainable manage-
ment mean? Based on the socio-physical contexts of groundwater 
overexploitation, it implies moving from an uncoordinated, indepen-
dent, and selfish water units’ appropriation to a system of new social 
rules and institutions aimed at reaching stable productive outcomes. 
Tables 1–1 lists a series of sound rules and institutions that might work 
for sustainable groundwater extraction management. Accordingly, there 
exist institutional dimensions towards sustainable aquifer management 
worth to note.  

⁃ Complying with the mandatory groundwater extraction permit. 

Fulfilling the legal obligation to request an extraction permit firstly 
implies confirming that every single prospective water user is acquain-
ted with this norm. Having done this, an individual may confront their 
personal principles to the costs and benefits of compliance. Income level, 
socioeconomic background, social status, and many other variables may 
play a role in the decision to abide by the external norm. People might 
even deliberate with neighbors to exchange perceptions about it.  

⁃ Restricting the number of wells on own lands. 

Wells placed over urban or rural areas are private goods that belong 
to landowners or lessors. This fact differentiates aquifers from open- 
access resources such as forests or fishing areas. The (surface) plots 
where the wells are built are excludable, and the private character of 

1 At first glance, aquifers appear to be typical CPR. As such, although they are 
subjected to rivalry, they are non-excludable in nature. Nevertheless, govern-
mental attempts to control access and bestow extraction permits, seem to turn 
aquifers into club goods, which are, in turn, defined as non-subjected to rivalry, 
but excludable in nature. 
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wells impede other neighbors to collect water from them.  

⁃ Limiting pumping extraction timing to be consistent with declined 
precipitations caused by climate change.  

⁃ Limiting pumping extraction rates to be consistent with reduced 
aquifer stocks availability caused by reduced precipitations caused 
by climate change. 

However, agents are more likely to agree on pumping limits where 
aggregate benefits exceed transaction and implementation costs (Ayres 
et al., 2018).  

⁃ Devising mechanisms to resolve conflicts in case of water shortages 
occur.  

⁃ Defining, monitoring, and enforcing rules. 

The question is, how can this simple and short list of rules and in-
stitutions be implemented? There is no single or clear-cut answer to the 
necessary design to make these rules work. Who could lead the design of 
these new rules to adapt to the pressures of climate change effects on 
water resources? What type of information would be needed to deter-
mine the most adequate timing and extraction rates under climate 
change scenarios? How to ensure that every single user complies with 
their own rules and institutions? What type of mechanisms might work 
better to discourage non-cooperation and implement credible and 
applicable sanctions? How to restart or upsurge cooperation in cases of 
free-riding proliferation? How to regain trust and cooperation while 
moving towards a profitable decision in case of deviation from agreed 
extraction paths? In periods of severe scarcity, who should be put in 
charge and how should sustainable extraction paths be recalculated and 
updated? What instruments might be used to provide water extraction 
feedback and who could oversee their administration? Questions such as 
these picture a real norm design, implementation, and monitoring sit-
uation. In fact, issuing (new) rules and implementing and maintaining 
institutional work, takes time and demands role assignation and indi-
vidual and collective efforts and expenses. In short, it entails the need to 
decipher the complex challenge of keeping individuals as steady 
cooperators. 

2.2. Theory of incentives in practice 

The theory of incentives addresses the alignment of the different 
members of an organization with its central objectives (Laffont and 
Martimort, 2009). In the agriculture sector, the landowner hires some 
workers to perform sowing, maintenance and other activities; inside a 
company, the managers hire employees to perform operative and 
managerial activities; police departments recruit men and women and 
train police officers to enforce the law on the streets; government min-
isters hire public employees to delegate on them the obligation to serve 
the citizens. In each of these cases, there is an assignment from orga-
nizational leaders. For a number of reasons, the head of the organization 
must delegate various tasks to its members, which naturally raises in-
formation flow management complications (Laffont and Martimort, 
2009). 

The landowner expects his laborers to plant as many seeds as possible 
and to harvest high amount of Kg/ha. Even though in some cases the 
payment is based on performance, he expects them to harvest as much as 
they can, following quality assuring procedures. The police commander 
wants his troops to be physically and mentally able to manage crime 
situations, without exerting excessive force or abusing from authority. 
At the end of the day, he would not like to attend disclosing and fierce 
media interviews. The minister expects his employees not to step out 
frequently to have coffee or keep distracted in their smartphones while 
the office phone is ringing, or citizens wait in line. He expects them to 
remain seated and produce during a minimum number of hr/day. In all 
of these organizations there is a principal who delegates assignments 
and an agent who executes them and is expected to keep the information 
they have received, in order to adequately perform the tasks. As soon as 
the principal delegates a task, they expect it to be executed by their 
agents and wonder: How will they behave while I am not shadowing on 
them? Conflicting objectives and decentralized information are the two 
basic ingredients of the incentives theory (Laffont and Martimort, 2009). 

Similarly, groundwater management is a principal → multi-agent 
relation. In the former cases, there is a direct subordination relation: 
You do the task I request, and I pay you for this! In groundwater 
extraction management, the task is quite different. At least in most 
OECD countries, groundwater is a state property. It means that the 
principal “represents” the owner of the resource, and the agents “must” 

Table 1 
Implicit contract clauses in groundwater management.  

Assumed contract 
clauses 

Competences/liabilities 

National environmental authority Local environmental authority, water 
agencies 

Water users 

Overarching rules ⁃Determining general criteria for extraction permits. 
⁃Determining water allocation priorities according to 
users’ needs. 

⁃Determining water allocation rates 
according to economic development 
plans. 
⁃Revoking extraction permits 

⁃Applying for an extraction permit 

Operative procedures ⁃Outreaching new rules and regulations before regional 
environmental authorities. 

⁃Collecting water extraction rates. 
⁃Randomly monitoring of water 
extraction. 

⁃Reporting extracted groundwater volumes. 
⁃Renewing extraction permits if necessary 

Rules breaking ⁃Determining the general sanctioning regime ⁃Applying sanctions to rule breakers 
⁃Cancel extraction permits 

⁃Co-responsibility in detecting rule breaking in the 
neighborhood and denouncing it before 
environmental authorities. 

Relevant liabilities ⁃Releasing new regulations for extraction limits. ⁃Investing groundwater extraction 
fees in aquifer and river basin 
protection. 

⁃Being deferential to groundwater extraction 
conditions (volume, timing of extraction, well 
diameter). 
⁃Paying extraction fees. 

Property rights 
definition 

⁃Determining whether extraction permits or quotas are 
tradable or transferable. 

⁃Withdrawing temporary water 
extraction rights if necessary. 

⁃Trading, leasing or transferring extraction permits if 
allowed. 

Criteria for “contract” 
amendments 

⁃Observing evident risks of dangerous depletion or contamination of aquifers and progressive water 
extraction shrinkage. 
⁃Limiting existing extraction permits 

– 

Operative 
responsibilities 

Updating and releasing new decrees in which innovative 
formulas, methods and restrictions are applied to water 
extraction permits. 

⁃Applying regional factors to define 
extraction fees. 

⁃Declaring the environmental effects of the new 
wells. 
⁃Gauging the hydrogeological characteristics of wells 
to apply to extraction permit. 

Source: Author’s elaboration based on Decree 2811/1974 and Decree 1541/1978 
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request a permission to usufruct it. However, there is legal subordination 
since the principal dictates water extraction level norms. In the case of 
industry, the principal pays the agents because he/she perceives the 
resulting productivity. In the groundwater management case, agents pay 
the principal because they perceive the marginal benefit of extraction. 

Groundwater resources can be separated into five rights: 1. Access, 2. 
Withdrawal, 3. Management, 4. Exclusion and 5. Transferability 
(Donohew, 2005). These listed rights are connected to groundwater 
management stages, the principal – agent model being at stake in each 
stage. 

The information condensed in Table 1 is quite idealistic for different 
reasons. Firstly, CPRs have many users, and this raises many issues. 
Given that CPRs are affected by non-excludability, if an agent cannot be 
barred from benefiting from the contribution of other agents who do 
respect the delegation, the former is motivated not to contribute, but to 
free-ride on the contribution of others (Cárdenas, 2009; Fleishman, 
1988; Ostrom, 2015a). Secondly, in the groundwater management 
setting, the interests of different stakeholders (principal ↔ agents ↔ 
other actors) may differ (Edelenbos et al., 2013). This is the case of 
free-riders, who are certainly not aligned with formal institutional ob-
jectives. Besides modest free-riders, in Colombia there exist powerful 
companies from mining and agricultural sectors with the capacity to be 
entitled to extract abundant water resources, while neighboring 
low-income communities remain unattended in fulfilling human right to 
water access. Thirdly, the principal’s capability to monitor delegation 
tends to be limited. Indeed, officials face constraints to cope with the 
complex and scattered phenomenon of deep-well drillings (Sandoval, 
2004). As a result, in practice the principal says: “I delegate onto you, 
but I cannot monitor you, so I trust you follow my rule!“. Given anom-
alies in power relations in water access, pervasive free-riding and un-
stable cooperation; this might be understood as an incomplete delegation 
among a pervasive and dispersed extraction activity. 

However, if this type of incompleteness is found in formal relation-
ships, informal markets in water extractions, content a sort of hidden 
institutions governing water access. In Colombia 64,000 groundwater 
sources are registered and for only 30,000 (IDEAM, 2019) of them, some 
hydrogeological information is gathered by environmental authorities. 
This is, for the unlicensed 52% of aquifer users no information is 
available. This incomplete knowledge on water extraction is widespread 
across the country. In the northeast extreme of the country in La Guajira, 
out of 2631 wells there is only information for 15% of them, for the 
remaining 2210 wells, real figures on extractions are unknown. In Sucre, 
in the north of the country the authority reports having knowledge of 
almost 100% of 1713 groundwater users; however, according to the 
National Agricultural Census Every year almost 9700 farms (DANE, 
2015) mostly collect groundwater for crops irrigation and cattle raising 
activities. In the south of the country in Macarena region, the authority 
reports having reports on 20% of groundwater users; this is a special 
case since army conflict may have exacerbated the limitations in getting 
water users monitored. In the central part of Colombia in Boyacá, there 
is information for only 30% of users, and in the Sabana of Bogotá, au-
thorities officially report ignoring information on 28% of its users 
(IDEAM, 2019); but “illegal” or “informal” groundwater users represent 
60% of total users in this region (CAR, 2015). In central western part in 
Tolima where the biggest rice producer companies exist, there is full 
ignorance on the groundwater extraction behavior since out of 3830 
wells reported, there is 0% knowledge on water extractions. A similar 
situation is registered in Magdalena in the northern part of the country; 
in the group of municipalities close to Medellin in the northwest of 
Colombia; in the eastern part in Santander and in the southwestern part 
in Valle del Cauca to mention just a few. In all these cases, water users 
are managing significant water volumes without any recorded figures 
and the delegation to extract authorized water units wit is impossible or 
inexistent in informal water markets. How may water wells be built 
under complete ignorance of authorities? How formal water-wells con-
struction markets co-exist with illegal/informal water extraction 

markets? 
If hidden markets of water-wells building, co-occur with formal rules 

of extraction permits, so, hidden institutions may be present as well. 
Accessing water without authorities’ notice is not simply about hiding 
soil perforation equipment before building wells in private plots; but 
hiding the reasons why approaching CPR without revealing any rule 
consistent with the need to conserve water. Hidden institutions in 
informal or illegal water access refer to collecting water under an un-
limited stock believe and without reporting extraction levels. Governing 
groundwater sustainably must eliminate this knowledge gap. If igno-
rance on informal and formal water volumes extracted continue, sus-
tainable management of aquifers would not only be incomplete but an 
illusion. 

Different questions may turn up over the alleged incompleteness in 
formal water markets. How to handle this unavoidable delegation of the 
extraction activity by the environmental authority (principal) on water 
users (agents)? Under what conditions may groundwater sustainability 
come up amidst this incomplete principal to agent delegation? In this 
case, the category unavoidable, conveys the notion that, if delegation 
were not possible, the government agency would have to collect the 
water from centralized-boreholes and distribute it to farmers, house-
holds and companies. Alternatively, the principal could also visit every 
single plot and turn on or operate the water pumps according to the 
permission conditions. This complex, time consuming and cost- 
ineffective groundwater extraction management alternative, just does 
not make sense. Under certain circumstances, it may be possible for a 
principal to induce agents to behave exactly as he/she would do in 
sharing the agents’ skills and knowledge (Sappington, 1991). In this 
principal - agent model, the environmental authority simply wishes 
every agent requests the permit, keep up to its conditions and do not 
extract beyond sustainable levels. 

Delegation being sensibly unavoidable, it certainly constitutes a 
challenging responsibility for the principal. Through each permission 
granted, there exist intertemporal implications for sustainable aquifer 
management. If wastefully water use is admitted and replenishment 
conditions are not met, each water unit wit (i = 1,2,…,N individuals. t =

0,1,…,T time periods) granted today will simply not exist in the future. 
When the principal delegates, he/she should have access to truthful 
information because each water unit counts. While performing the 
groundwater management function, the principal receives many claims 
for water extraction. He/she might decide whether w11 < w21 or 
w11 > w21; i.e., they must decide whether to allocate more water units to 
one agent in time 1 or more to another agent in time 2. At the end of the 
day, the principal should know the sum of water units granted for 
extraction (

∑N
i=1
∑T

t=1wit). The relevance of this information is not 
trivial. The total extraction volume is useful to determine to what extent 
the aquifer stock is being “portioned” for the periods of permission. 
Ignoring the relevance of the size of wit and 

∑N
i=1
∑T

t=1wit may jeopardize 
the opportunities to sustainably manage the aquifer stocks and flows 
under climate change conditions. 

Consequently, every wit granted to the agents might be understood as 
a rule-oriented delegation, commanding them to “Extract a water vol-
ume less or equal to the entitled one (≤ wit) during the determined time 
limit”. Notwithstanding, due to the presence of free-riders and spend-
thrift agents, one may observe some divergence from the delegation and, 
hence, from the principal’s objective. That is, the principal says: “I want 
the agent to follow my rule, but they just pass it over”. The objective 
states that the agents should extract limited amounts of water units 
because the resource is not unlimited and future generations deserve 
using it. Hence, wit is much more than a number; it represents a flow of 
data processed through hydrogeological formulas, leading to a feasible 
water volume extraction. wit embodies a great deal of aquifer status 
information, taking into account aquifer recharge levels, precipitation, 
evapotranspiration, and other variables governed by nature. 

Based on this argumentation, principals should devise new or 
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improved incentives to trigger convergence toward their objectives. In 
this claim, it is suggested that better, meaningful and relevant infor-
mation may play a role as an incentive aimed at triggering intrinsic 
motivations. 

One may wonder what type of information it is, as well as its format, 
channel, frequency and mechanism of dissemination. These issues, 
caution that information provision is not a straightforward task. 
Departing from typical status-quo information delivered to water users, it 
can be observed that water managers and environmental authorities 
usually release information on prices (extraction charges) and allowed 
extraction amounts. These price and non-price approaches may fall short 
in generating sufficient incentives aimed at curbing water extraction or 
keeping entitled water volume. Indeed, pervasive overexploitation 
around the world seems to support this conjecture. 

Incentives to trigger cooperative building motivations should be 
reasoned in the context of free-riding and the conventional competition 
for CPR units. Said this, incentives need to be contextualized in situa-
tions of collective damage or collective productive outcomes. Compe-
tition, free-riding and the delegation to extract wit units involve worth- 
to-note basic dimensions:  

a. Time for extraction and (likely) eventual depletion,  
b. The need to adapt to scarcity and climate change,  
c. Multiplicity of agents,  
d. Sustainable yield and stocks under climate change scenarios,  
e. Rules delivered to prevent over-exploitation. 

One of the challenges of this rule’s delivery from the principals refer 
to embedding incentives in the existing social institutional setting, 
wherein free-riders and cooperators interact inside communities and 
intricate hidden institutions in water allocations exist. In this case, 
cooperative behavior implies keeping up to the entitled wit units. 
However, free-riders neither request permits nor attach to any pre- 
determined wit unit amount. For this reason, the rule itself – which is 
not the only resource at hand – might not be an incentive at all. So, there 
is room for improvement in incentives design. 

2.3. Incentives, rules from inside and outside 

(Laffont and Martimort, 2009) have discussed the need to design 
institutions aimed at incentivizing economic agents to accomplish the 
principal’s objectives. Complementarily, it is suggested in the current 
work that incentives operate bidirectionally, as shown in Fig. 1. 
Groundwater management systems require the design of incentives to 
spark productive social institutions and rules in dealing with water 
extraction. Similarly, formal and informal institutions are necessary to 
activate positive incentives. 

Let us assume that, at certain point in time, there are N agents 
distributed among farmers, households and businesses. For each type of 

agent, a segment of them, is following the formal rules stated by the 
principal (asking for a water extraction permit, paying charges, report-
ing consumption, limiting extraction to agreed wit units – see Table 2), 
while another group just lives in anarchy. Later on, some movements 
occur between both groups; so, those who cooperate and follow the rules 
decide to break their cooperative behavior and shirk extant institutions, 
while free-riders regret and begin to follow the rules. Back and forth 
swaps do not come from nowhere. 

Belonging to one group and swapping to the other might be 
permeated by a collection of motivations. The level of knowledge on the 
current water availability, and the expectations on the occurrence of 
severe droughts in the upcoming days, put farmers to reveal to which 
group they belong to. Individualistic and collectivistic intrinsic moti-
vations are revealed during harsh drought conditions. Some farmers are 
more prone to risk aversion, inequity aversion and reciprocity when 
dealing with water shortages in Magdalena and Sucre. Meanwhile in La 
Guajira, where the driest conditions occur; some farmers are more in-
clined to argue that they definitely cannot lose crops due to lack of 
irrigation; so, they will proceed to irrigate crops no matter what the rule 
is (see Tables 2 and 3Table 4). The environmental authority is expected 
to activate smart rules from outside and be able to merge external with 

Fig. 1. Incentives and their relationship with social institutions. 
Source: Author’s elaboration 

Table 2 
Principal – agent formal delegations at different groundwater managing stages 
in Colombia.  

Stage Principal’s information 
and expectation 

Agent delegation 

Access ⁃Geo-referenced aquifer 
stocks, water tables and 
well density. 

⁃Requesting an 
extraction permit. 

Withdrawal ⁃Bestow water claimants 
a limited water flow. 
⁃Issue an extraction 
charge document/ 
invoice 

⁃Being deferential to 
groundwater extraction 
conditions (volume, 
timing of extraction, 
well diameter). 
⁃Paying extraction fees. Management (It is the duty 

to determine who has 
the rights to access or 
withdraw the 
groundwater resource ( 
Donohew, 2005)) 

⁃Process information on 
groundwater status. 
⁃Renew, cancel, or deny 
permissions 

Exclusion ⁃When physical 
conditions are not met, 
proceed to deny 
permissions requested. 

⁃Not extracting water if 
permission is not 
granted. 

Transferability ⁃If market conditions are 
met, determine whether 
extraction permits or 
quotas are tradable or 
transferable. 

⁃If legally possible and 
depending on risk 
preferences, deciding on 
transferring property 
rights to extraction 
quotas. 

Source: author’s elaboration based on (Donohew, 2005) 
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internal rules, bearing in mind the intrinsic factors that motivate farmers 
to conserve water through extraction limits compliance. In addition, 
since some communities have successfully reached productive outcomes 
in managing their commons and overcome the free-riding temptation 
(Ostrom, 2015b; Schlager, 2002), bold entrepreneurs are needed to (re) 
start social institutions that work for the people. This entrepreneurship 

is suggested to firstly understand the social institutions in time and place 
and especially the evolution of institutions under the presence of 
external changes. Issues such as the looming threats of climate effects on 
water availability cannot expect that institutions keep inert. Therefore, 
the expected cooperation to conserve water in periods of droughts is 
complex, since institutions evolve and similarly the incentives to 
conserve. The left side of Fig. 1 depicts the corresponding structure of 
incentives, which are understood as steering mechanisms aimed at 
moving agents’ behavior towards the desired direction of cooperation. 
These mechanisms are deemed as internal when they come from agents’ 
determination, or external if they come from authorities who in paper 
seek for sustainable water management. 

It is suggested here that between rules, the devising of institutions 
and the structure of incentives, there is not such a leap. Instead, (new or 
improved) rules add, subtract or transform the existing institutions prior 
to activating positive or desired incentives. That is, rules are initially 
digested before turning into a desired incentive. Examples of rules are as 
follows (see Tables 2–2). 

Rules from outside are usually implemented through price and non- 
price approaches. One of the most relevant incentives provided by 
standard economics refers to the influence of prices on demand. The law 
of demand declares an inverse relationship between prices and quanti-
ties. If prices of a certain good rise, the demanded good amount de-
creases. Notwithstanding, prices as driving mechanisms to reduce the 
demand for a good (in this case to reduce water extraction) rely on key 
issues such as price elasticity of the demand in the short and long term 
also. Average price elasticity at the household level has been found to be 
around − 0.51 (Olmstead and Stavins, 2009), which represents an in-
elastic water demand. This inelasticity leads water agencies and envi-
ronmental authorities to implement non-price approaches as extrinsic 
incentives to curb water demand. Tables 2 and 3 presents a short list of 
extrinsic motivations deemed as upcoming from water authorities. In 
turn, some intrinsic motivations that may arise from water users acting 
as agents before the principal’s regulations are included. 

The referred intrinsic motivations work in favor and against coop-
eration towards the sustainability of groundwater rules. Inequity aver-
sion (Cox, 2004; Fehr and Schmidt, 1999; Velez et al., 2009), reciprocity 
(Axelrod, 1984; Axelrod, R. William, 1981; Hamilton, 1964) and trust 
(Cox, 2004) may benefit cooperative behavior as a means of keeping 
actual cooperation and motivate others by setting the norm. Contrarily, 
some internal motivations such as pursuing individual objectives in 
agricultural or industrial activities do not favor cooperation and even 
might spark retreat from it. In other intrinsic motivations, there is more 
room for improvement when searching cooperation. 

The literature on crowding out and the provision of extrinsic in-
centives concludes that the latter do not last for long (Cardenas et al., 
2000). warn that discreetly imposed local environmental policies may 
not be effective, while (Meier, 2007) informs that people decrease their 
contributions after the motivational mechanism has been removed. 
Furthermore, compensations have been insinuated to hinder the per-
formance of individuals (Gneezy and Rustichini, 2000). 

It is suggested here that a discussion on whether incentives provoke 
crowding out or not, falls short when referring to sustainable manage-
ment of water resources. Sustainability requires further discussion on 
effective incentives to generate stable extraction declination, not just 
expressing whether crowding out or crowding in occurs. 

As described in Tables 2 and 3, intrinsic motivations may abound and 
go beyond price approaches, menaces and sticks from the principal. In 
relation to promoting sustainable groundwater management, incentives 
should be carefully designed in order to avoid eroding personal and 
collective engagement with water conservation. Extrinsic incentives 
may, in some way, crowd out intrinsic motivations that are important to 
produce the desired behavior (Gneezy et al., 2011). 

For example, in some contexts such as performance at workplace, 
health services, education completion or employment search, some in-
centives might be provided to encourage productivity increase at work, 

Table 3 
Rules from outside and from inside found in the field.  

Rules from outside Rules from inside 

⁃Requesting an extraction permit is 
mandatory. 
⁃The amount of water to be extracted 
must be limited to wit . 
⁃Paying an extraction fee is mandatory. 
⁃In case that the sum of granted water 
flows (

∑N
i=1
∑T

t=1wit) exceeds sustainable 
stocks, new permits might be denied, or 
existing ones cancelled or amended. 
⁃Permits might be cancelled or amended 
if scarcity conditions occur. 
⁃Extraction permits shall consider well 
density. 
⁃Pumping time shall be restricted. 
⁃Law will be enforced, and sanctions 
applied in case of rule breaking. 
⁃In case of water shortage, new boreholes 
might be built, and water lorries will 
supply the neighborhoods. 

⁃Water sharing between agents in case of 
scarcity or shortage is demanded. 
⁃Agents should take extraction turns. 
⁃Creation of a special committee to deal 
with conflicts and rule breaking is 
optional. 
⁃Agents decide to use local knowledge to 
gauge and monitor water table. 
⁃Risk averse agents may suggest that 
rainwater harvesting and other 
measures be implemented to reduce 
extractions. 
⁃Options for anonymous reporting of 
wasteful neighbors are contemplated. 
⁃If serious externalities against water 
table are observed by small users, some 
negotiation mechanisms to deal with 
large groundwater use agents such as 
farms and industries may be 
implemented. 
⁃Low-income agents know that 
organizing a strike against big 
companies that extract lots of water is 
complicated and risky. 
⁃For low-income water users, there 
might be hidden institutions in water 
allocation because of alleged conniv-
ance of politics and economic sectors. 

Source: author’s elaboration 

Table 4 
Intrinsic motivations and extrinsic incentives reported in the literature and 
found in the field.  

Extrinsic incentives Intrinsic motivations 

⁃Monetary reward (Gneezy and 
Rustichini, 2000). 
⁃Monetary sanction or compensation. 
⁃Subsidies for electricity which, in turn, 
facilitate groundwater extraction. 
⁃CPR exclusion threats 
⁃Restricted issuance of electricity 
connections for pumps or regulated 
electricity supplies to wells 
(Meinzen-Dick et al., 2016). 
⁃The existence of alleged hidden 
institutions in water allocations may 
reduce trust on formal institutions. 

⁃Inequity aversion (Cox, 2004; Fehr and 
Schmidt, 1999; Velez et al., 2009). 
⁃Reciprocity (Axelrod, 1984; Axelrod, R.; 
William, 1981; Hamilton, 1964); 
⁃Trust (Cox, 2004) 
⁃Judgement of activities based on 
affection can lead to negative/positive 
outcomes (Poortinga and Pidgeon, 
2003). 
⁃Level of difficulty in implementing 
rules. 
⁃Level of uncertainty on the outcome of 
rules. 
⁃Balance between normative, gain and 
hedonic goal-frames. 
⁃Someone might argue that they 
definitely cannot lose crops due to lack 
of irrigation; so, they will proceed to 
irrigate crops no matter what the rule is! 
→ Individualistic intrinsic motivation. 
⁃Someone argues that they definitely 
cannot stop processing their inputs into 
products, because of the need to fulfil 
clients’ demand. 
→ Individualistic intrinsic motivation. 
⁃The neighbors’ behavior may determine 
increased or decreased water extractions 
of others. 

Source: Author’s elaboration 
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getting rid of detrimental habits for health, increasing school attendance 
or improving people’s ability towards employability. If the structure of 
incentives does not achieve switching behaviors or the latter do not 
persist through time, some alternatives may arise. For instance, em-
ployees might be sacked or transferred to other positions. Patients may 
opt for taking more medication and students might move to other 
schools or alternative education methods. 

In the standard incentive effect, the motivation to perform a task 
without an additional motivation can be permanently reduced (Gneezy 
et al., 2011), for which purpose some alternatives might be found by the 
agent. Notwithstanding, sustainability issues related to water conser-
vation, Green House Gas emission reductions, ecosystem protection, 
endangered species preservation and other top essential-for-life issues, 
would require a carefully designed structure of incentives. The latter 
must ensure that positive behaviors in favor of natural resource con-
servation do not vanish in the long-term. 

Given the vital character of water, in the principal → agent re-
lationships the former should bear in mind that, before promoting their 
objective, it is necessary to understand what stimulates people (see 
Fig. 2–). Monetary rewards (Gneezy and Rustichini, 2000), sanctions or 
compensations do not necessarily lead to curbing water extraction. More 
specifically, money and prices may encourage or discourage desired 
behaviors (Titmus, 1970). provided an outstanding theoretical input 
from economics to the discussion on monetary rewards and contribu-
tions to desired behavior. This author asserted that offering money to 
individuals in exchange for blood donations may undermine their 
intrinsic motivations to follow voluntary donation social norms. 

Urban water management literature suggests the short-term impact 
of water saving programs around the world. Water conservation 
achievements tend to be transitory, to the point that, sometimes, gains 
revert to prior-to-intervention levels (Fielding et al., 2013; Lindenberg 
and Steg, 2007). In a CPR setting, an environmental policy can be more 
detrimental than beneficial, especially when allowing individuals to 
collectively meet local environmental dilemmas without interference 
(Cardenas et al., 2000). The authors argue that the main reason for 
observed weak performance of an external intervention by environ-
mental authorities, is that the control measures crowded out 
group-regarding behavior in favor of (stronger) selfish behavior. 
Consequently, external control, monetary rewards and pricing ap-
proaches seem not to incorporate enough drivers to curb CPR extraction. 

In order to provide any type of incentive for achieving plausible 
objectives or extraction goals (say, limited to wit), it is necessary to 
achieve a better understanding of the real intrinsic motivation and 
extrinsic incentives that underlie an agent’s conformity with an 
extraction rule. As depicted in Fig. 2–, before devising incentives and 
jumping to expected extraction goals, it may be necessary to get 
acquainted with the mentioned motivations. It is suggested here that the 
fulfilment of extraction goals should be evaluated as a means of 
providing updated feedback on people’s motivation. 

The devising of intrinsic and extrinsic incentives should ponder that, 
for example, at time t1, N individuals living over or in the surroundings 
of a CPR ground are accustomed to certain water extraction patterns. 
Suppose that the authority visits the productive plots in order to update 
their figures about regulation compliance. Farmers collect groundwater 

to irrigate their crops according to plant growth periods. Businesses 
extract groundwater units to perform their productive activities and 
households do the same to fulfil water consumption requirements. The 
authority finds that some agents display the granted permits while many 
others do not. Later, at time t5, some (new) agents have requested per-
mits, while others have ignored this obligation or are simply not moti-
vated to do it. Those who requested the permits may be extracting larger 
or lesser amounts than wit; (wi0 ≤ wit+1,…,T ≤ wit∕=0). wi0 is the extracted 
amount when the agent commences their extraction activity. Similarly, 
at time t5, the authority finds that in not-priorly-visited-locations, new 
collective efforts to self-manage aquifers have arisen inside the com-
munities (see examples in Tables 2–2). In the latter case, caution might 
be required prior to any rule delivery (if applicable) because external 
control may crowd out group-regarding behavior in favor of a stronger 
selfish behavior (Cardenas et al., 2000). 

The case of autonomous devising of aquifer management rules de-
serves special attention, since it shows how a promising self- 
management endeavor could be fused with external regulations. 
Contrarily, perhaps the autonomous endeavor should be left untouched 
by external agents, in order not to destabilize or damage the devising of 
productive social institutions. However, the socio-physical setting on 
which the present research has focused corresponds to non-registered 
groundwater-resource-management institutional arrangements. 

In summary, the principal ↔ agent model analyzes goal alignment 
between delegation on the part of the principal and implementation by 
the agents. As mentioned before, divergences may occur between both 
parties. As a complement to these deviations, asymmetries may arise in 
the type of information that each party is able to handle and afford. 

2.4. Asymmetric information on water stocks and flows 

Groundwater management sustainability is a matter of stocks, flows 
and water quality. The evidence of aquifer overexploitation reflects 
groundwater availability declination. The sustainable use of both 
renewable and nonrenewable aquifers entails the need to maintain sig-
nificant water amounts for current and future generations. Groundwater 
availability is governed by variables such as recharge rates, extraction 
rates by different users, discharges to surface water, precipitation levels 
and other more complex hydrogeological variables. 

Physical or environmental variables such as precipitation, water 
table, static and dynamic levels, and recharge and discharge rates in-
fluence socio-economic variables such as extraction rates, extraction 
costs, and well-productivity. In some cases, the relation is inverted, and 
social variables end up influencing bio-physical ones. This is the case 
when, for example, extraction rates affect the water table and, conse-
quently, the depression cones. Hydrogeological laws describe the gen-
eration of a depression cone when a well is under operation. When 
several wells are close to each other, their depression cones may overlap 
(Glennon, 2002; Kalf and Woolley, 2005). In case that some water users 
continuously extract much more water than others, wider depression 
cones may be formed and overlap with neighbor ones. Cone overlapping 
may influence the productivity of surrounding wells. Likewise, extrac-
tion rates alter the static and dynamic levels of aquifer stocks. 

For another thing, social variables such as extraction rates alter other 

Fig. 2–. Provision of incentives. 
Source: Author’s elaboration 
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social variables as well. Social variables such as volumes of extraction, 
extraction timing, number of wells, well density on the surface, depends 
on human decisions. More suggestively, social variables depend on 
interrelated human decisions among water users. For instance, the 
higher the extraction rate by single users, the higher the cost of 
extraction for all water users in the vicinity of a well. The higher and 
more constant the extraction rate, the higher the probability to perceive 
the social effects of wider cones of depression in the underground. As 
mentioned above, depression cones overlapping alters the productivity 
of the wells involved, thus negatively affecting their users. 

Given the difficulty to foresee socio-physical interactions, getting 
acquainted with them requires the capability to monitor different social 
and physical parameter data. CPR users use to know their location 
respect to the resource system. More specifically (Anderies et al., 2013), 
presents evidence on contexts where participants share asymmetric 
positions respect to irrigation systems. Given that players located close 
to the head or to the end of the irrigation canals, obtain asymmetric right 
to use to the water, each player has incentives to cooperate and reach 
favorable outcomes. In contexts of provision and appropriation de-
cisions under asymmetric or sequential appropriation, the opportunity 
to communicate influences cooperation and coordination (CARDENAS 
et al., 2011; Ostrom, E.; Gardner, 1994). In these contexts, there exists 
asymmetrical information on the locations, benefits perceived and 
quality of information on the resource stock conditions. In the aquifer 
systems farmers use to know how far they and neighbors are from water 
tables; besides farmers have a slight idea of water flows in their vicin-
ities; nevertheless, knowledge on water stocks is lacking. Water stocks 
and flows are not always perceived in time, since this demands tech-
nology and financial resources that allow gathering an updated data 
repository of water table, stock level, and recharge and discharge data. 

It is ordinarily assumed that physical variables are best monitored 
and collected by environmental authorities, since this type of informa-
tion requires sophisticated equipment and is costly and difficult to 
collect. Unless for academic purposes, one can hardly picture individuals 
and farmers approaching to environmental authority offices to inquire 
about hydrogeological variables. This is not to say that, farmers are not 
interested in relevant environmental variables, since the necessary 
processing capacity and technical knowledge tends to keep them away 
from this pursuit. It is observed here that sophisticated information 
about physical variables is mostly managed by environmental author-
ities instead of the public, who are not familiar or not interested in it. 

In turn, individuals, households, and communities are more likely to 
be acquainted with certain social and economic variables. They are 
probably more familiar with the relevant information they need to ac-
cess water. Farmers have more knowledge about borehole building 
costs, how long it takes to fill a thousand-liter tank or what equipment 
was used to extract water. 

There are probably few people from urban and rural neighborhoods 
with precise knowledge about the storativity and transmissivity co-
efficients, recharge rates or depression cone shape of the aquifers they 
benefit from. Furthermore, they may not need to know this technical 
information, indeed difficult to process. Farmers tend to take into 
consideration those hydrogeological variables they personally need. For 
example, they are more interested in how deep the water table is and how 
deep they must punch to get a bore hole built. 

Environmental authorities have information on the extensive 
margin, that is, how many wells have been legally built and where they 
may be located. In case a groundwater user formally/legally requests a 
permit, this is the opportunity for the environmental authority to collect 
this type of information. However, some of these entities in Colombia 
acknowledge that “illegal” or “informal” groundwater users represent 
60% of total users in certain regions. For their part, individuals and 
households might rather have information on the intensive margin. For 
example, they may know their truthful extraction volume if they have a 
consumption measuring device which is not the rule, but the exception 
in the research area. A key concern for the sustainability of aquifers is 

that neither environmental authorities nor farmers are acquainted on 
the approximate water volumes being aggregately extracted. Authorities 
partially dominate the data on the physical variables and water users 
have some knowledge on social variables; however, the knowledge on 
the key socio-physical variable concerning the time series of extraction 
rates is missing for both. In general, it can be said that socio-physical 
data about groundwater status flows in asymmetric information settings. 

Reaching symmetric information scenarios in groundwater man-
agement may result difficult to pursue. Environmental and water au-
thorities have their own roles, limitations, constraints, and restricted 
monitoring capacity. Individuals, households, and communities spend 
time pursuing personal, economic, and social needs. That is, people are 
busy working, doing domestic or productive activities and not always 
have time to get acquainted with physical and hydrogeological vari-
ables. Especially when people face water scarcity, they are busy col-
lecting and storing some cubic meters of water. In carrying out personal 
and productive activities, people may face limitations regarding time, 
budget and even interest in environmental issues. 

Notwithstanding, asymmetries in groundwater socio-physical infor-
mation may have implications for the extraction and sustainability of 
this resource. Information asymmetries are not problematic per se, 
because each actor is playing their role in a limited framework. Diffi-
culties arise from widened information gaps between different actors in 
groundwater socio-ecological systems. Reducing socio-physical infor-
mation asymmetries between principal and agents, should be a top 
priority in climate change adaptation based on data for decision-making. 

3. Discussion 

Curbing water extraction demands understanding the type of moti-
vations that incentivize adhesion to sustainability purposes. Since water 
conservation might be considered a socially desirable norm and a public 
interest issue, incentives directed to water users may either crowd them 
in or out from the expected results. Indeed, on behalf of sustainability 
interests, smart and alternative incentivizing approaches are required. 
The structure of incentives should consider that a set of rules from 
outside and from inside operate locally. These cannot be taken for 
granted when designing the intrinsic and extrinsic models to motivate 
farmers to treat aquifers as depletable resource worth to be conserved. 

This research has studied intrinsic and extrinsic forms of motivation, 
but results do not necessarily lead to desired behaviors in ensuring that 
farmers in Colombia abide by the rule of requesting extraction permits. 
The formal environmental rules in Colombia, still take rule compliance 
for granted without providing additional incentives further than 
releasing information on the legal procedures. Extrinsic (dis)incentives 
such as sanctioning rule breakers has not been reported in the field in 
Colombia. If this would happened this would signal farmers and all users 
about the urgency and relevance of water conservation. Extrinsic mo-
tivations such as monetary rewards (Gneezy and Rustichini, 2000), 
restricting the pump power connection or regulating power supply to 
wells (Meinzen-Dick et al., 2016); discreetly imposed local environ-
mental policies (Cardenas et al., 2000); monetary sanctions, imposed 
restrictions, or threating exclusion from CPR benefits, all have proven to 
be insufficient to incorporate the abundant intrinsic motivations that 
drive CPR users. It is suggested here that it is time not only for users to be 
more active, but for administrators to treat them as center pieces in 
devising stable and robust incentives aimed at encouraging cooperation 
in water conservation. 

In connection with incentivizing desired behaviors, some social 
programs in developing countries promote the accomplishment of 
nutrition, health, education and labor indicators by motivating in-
dividuals through monetary rewards. These strategies have proven 
effective in accumulating human capital to address the needs involved in 
people’s lifecycle. However, fund availability for monetary and non- 
monetary incentives is not the main issue at stake regarding contract 
delegation in groundwater extraction. The real issue that should be 
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collectively deliberated has to do with the interaction between the 
design of contract clauses and the nature of the CPR in question. Nature 
and, more precisely, aquifer systems, have limits, but these are usually 
recognized after granting extraction permits. Authentic sustainable 
management of aquifer systems should incorporate aquifer limits or 
extraction caps as an ex-ante condition to decide on the amount of water 
(wit) granted through an extraction permit. 

Formal regulation and extraction permit practices by environmental 
authorities in Colombia, timidly mention the risk of groundwater 
depletion and extracted water declination as an alleged criterion for 
“contract” amendment or denial of new extraction permits. The gener-
ation of new regulatory systems for aquifer management should be 
overtly bounded by specific aquifer characterization and interactions 
between hydrogeological factors. The latter may perform as pre- 
conditions for setting the most responsible extraction rates (e.g., either 
caps or target extraction rates) as delimited by sustainable extraction 
paths. 

As suggested by some environmental authority officials in La Guajira 
and Sucre, water claimants often complain when informed about lower 
extraction flow entitlement. This issue sets the scene to discuss the po-
litical and social opposition to delimited water flows. Pressure on water 
authorities often comes from watershed stakeholders who are interested 
in unlimited development (Donohew, 2005), to the point of exerting 
power to guide water management institutional arrangements (Carde-
nas et al., 2011). Furthermore, free-riding is still an obstacle for 
groundwater extraction permits and formal agreements. The transition 
from free-riding to stable cooperative attitudes takes long. Water and 
environmental authorities, and all involved governmental agencies, 
should search for alternative institutional environments aimed at 
improved delegation on water users as part of the pre-requisites for 
aquifer sustainable management under any climate change scenario. 

All stakeholders of water management should start to implement 
pilot test aimed at rearranging the conditions to design credible social 
contracts adapted to local conditions. Physical conditions on the status 
and characteristics of the aquifer systems, should become as common 
knowledge (Ostrom, 2015b; E. Ostrom, 2002) in multiple and simple 
formats. Information provision (Landon et al., 2018; Sell and Wilson, 
1991) may progressively activate the intrinsic motivations on water 
users to design social institutions consistent with the looming threats of 
climate change effects on water resources. Recent evidence has sug-
gested the relevance of extraction quotas (Pfaff, A.; Vélez, M.; Ramos, P. 
& Molina, 2015) in using a CPR and the information about remaining 
water stocks and remaining time for aquifer depletion as a means of 
signaling scarcity and to promote cooperation (Asprilla Echeverría, 
2022). Nonetheless, the information provision to activate cooperation 
and signaling water scarcity is part of the equation aimed at building the 
foundations of social institutions adaptive to climate conditions. Infor-
mation is only an instrument since more elements configure the drivers 
of cooperation. The drivers for cooperation which might be classified in 
four drivers such as: i. Instruments to stimulate cooperation, ii. Condi-
tions to reach stable cooperation, iii. Assumptions in support of coop-
eration and iv. Strategies as building blocks aimed at structuring 
cooperation (Asprilla-Echeverría, 2021). Notwithstanding, these drivers 
cannot be put to work without stakeholders’ engagement in a partici-
patory process. 

A structured participatory (re)design of institutions should system-
atically activate these drivers. The method of the participatory process 
to stimulate cooperation cannot be unique and would depend on the 
contexts. Knowledge of inputs and resources under consideration, 
stakeholders’ engagement, pathway development and impact are 
deemed as part of the participatory conditions to promote cooperation 
for climate adaptation (van der Voorn et al., 2017). More interestingly, 
the adaptive capacity (Smit and Wandel, 2006) and resilience (Holling, 
1973) for climate change adaptation to manage aquifer systems, can be 
part of the strategy development stage in catchment management 
Strategy (CMS) suggested by (van der Voorn et al., 2012). The CMS steps 

consists of inception of engagement reports, continues with the assess-
ment stage in which water resources and environment are assessed. The 
following step is about the vision for the catchment area and finishes 
with the strategy development and its approval (van der Voorn et al., 
2012). Applying this CMS to aquifer systems demand the need to un-
derstand the system as CPR in which lots of incentives and disincentives 
for cooperation exists. 

4. Conclusion 

This article is aimed at comprehending the extant contractual dele-
gation of groundwater extraction to water users in Colombia, to find out 
innovative incentives to manage aquifers under climate change. This 
understanding is a relevant first step before undertaking the improve-
ment of institutional arrangements to pursue aquifer management 
adaptive to climate change effects. Particular attention is paid to 
drought areas of Colombia relying on aquifers for domestic and agri-
cultural activities. The current top-down hierarchical regulatory scheme 
seems to fall short in accomplishing the control of pervasive ground-
water extraction. It is certainly concerning to see that, while water 
continues to be extracted and water tables steadily decline, the current 
institutional setting seems to be lumbering and is seemingly unable to 
overcome the challenges of sustainability and climate change effects on 
water resources. 

In the field of aquifer central management, the authority acts as the 
principal and, as such, they are entitled to granting extraction permits. 
In turn, water users act as agents on whom water extraction is legally 
delegated. This principal → agent relationship holds an implicit contract 
aimed at taking care of aquifer resources. Delegation implies following 
some instructions and constraints in order to “avoid” groundwater 
depletion. The problem is that, while depletion is occurring, the dele-
gation structure has not changed. Since delegation is practically un-
avoidable, we may question why the principal – agent relationship is 
divergent from the principal’s alleged purpose. Is it that agents are un-
aware of this outstanding delegation, or the expectations of the parties 
actually diverge, while sustainability is only at top-governmental level 
discussions? 

One of the challenges of this rule’s delivery from the principals, re-
fers to embedding incentives in the existing social institutional setting, 
wherein free-riders and cooperators interact inside communities and 
intricate hidden institutions in water allocations exists in the areas 
exposed to droughts in Colombia. One might focus on water users’ un-
derstanding and practice of sustainability, but given steady water table 
declination, an acid test may cast some doubts on that approach. 
However, this is not to be blamed on water users. Since they are the 
reason for water regulatory systems, a better understanding of their 
rationale is urgent. Should we always end up unsatisfied in under-
standing how a group of people witness the depletion of their CPR while 
maintaining current inertia in implemented rules and institutions? How 
to deal with the task of delegating limited water extraction on agents if 
asking the principal to carry out extraction themselves tends to be 
unfeasible? 

This alleged delegation is complex since users rarely apply for an 
extraction permit. Free-riding on water access is pervasive and both 
extensive and intensive information on aquifer status is asymmetric. 
Water users tend to gather intensive data such as extracted water vol-
umes, extraction costs and neighbors’ conservation drivers. For their 
part, authorities know more about water tables, recharge levels and 
numbers of users as they change in time and space. Information asym-
metry is not a problem in itself. Troubles arise as a consequence of 
widening gaps in the information managed by different actors involved 
in groundwater socio-ecological systems. 

If true sustainability of water resources is on top of the priority list of 
authorities, the social contract and a re-engineered delegation should be 
innovatively enforced. Innovations may crop up from positive and 
careful activation of intrinsic motivations. Smart and innovative 
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incentives may trigger convergence toward principal’s water conserva-
tion objectives. For this aim, the design of social institutions able to 
activate extrinsic incentives and intrinsic motivations should not take 
extant institutions for granted. 

Thus, in the structure of incentives design, the drivers of cooperation 
(see (Asprilla-Echeverría, 2021), should be properly differentiated; since 
some incentives might work in dealing with instruments to activate 
cooperation but fall short or inadequate to promote the needed condi-
tions for the stability of cooperation. Since information provision is 
taken as part of the instruments to activate cooperation, the corre-
sponding structure of incentives should properly signal water scarcity 
situations, because farmers prefer to avoid the woes of living without 
sufficient water. Among the conditions to support stable cooperation, 
reciprocity and fairness preference are included; however, the incentives 
design to build positive reciprocity in conserving water, takes time and it 
corresponds to the needed social institutions to guarantee cooperation. 
As part of the assumptions supporting cooperation we can mention the 
expected low transaction costs of reaching the agreements to conserve 
water. In this case, the structure of incentives to ensure that the costs and 
complexity of working together are lower respect to the benefits of 
cooperation, is challenged by the presence of free-riders who may 
disincentive cooperators to keep as stable cooperators. 

The overarching limitations of this research lie in the difficulty to 
further understand the design of incentives to put more drivers of 
cooperation to work. This research was limited to understand the role of 
information provision as part of the instruments to stimulate coopera-
tion. Nevertheless, the drivers pertaining to social capital arenas such as 
reciprocity, trust, inequity aversion, transaction costs and others were 
far from the scope of this research, but would result as good comple-
ments to further comprehend what motivates farmers to build these 
social capital aspects. This research had multiple limitations. Holding 
interviews with directive of environmental authorities was intended to 
broaden the perspectives on incentives and disincentives construction at 
local level, but only the sub-directors and engineers responded the calls. 
The field work was developed only in three municipalities exposed to 
frequent droughts. Key comparisons with area exposed to less frequent 
droughts would result of interest to understand the structure of in-
centives, level of information on aquifer conditions, and the social in-
stitutions built locally under less pressures and stress of reduced water 
availability. 

A continued research agenda is suggested in order to test the effects 
of incentives design for each type of drivers for cooperation. Aquifer 
systems provide water for half global population and for 38% of irri-
gated agricultural land (Barlow and Leake, 2012; OECD, 2017b), 
therefore more efforts should be exerted to understand how farmers 
using groundwater intensively but facing water scarcity, are able to trust 
on others ability to reduce water extractions. This is especially appli-
cable to Sustainable Development Goal 6 pursuing water use efficiency. 
This efficiency demands water consumption declinations and users’ 
cooperation to conserve water as a CPR; which is not straightforward; 
thus, depending on the stage of groundwater sustainable management, 
drivers and incentives might be put to work productively. 
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• Extraction caps were used to operationalize 
and signaling water scarcity. 

• Concrete sustainability of CPR can be 
achieved under limited resources avail-
ability bounded by upper consumption 
limits. 

• Marginal analysis is needed to better design 
water cooperation plans under scarcity 
conditions. 

• Intertemporal preferences on water alloca-
tions and physical variables have dissimilar 
marginal effects on cooperation.  
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This research presents empirical evidence on what drives and inhibits cooperative behavior in groundwater 
management adaptive to climate change. Given vital character of water, its availability should not be only an 
explanatory variable in adaptation; but an issue subject to socio-physical explanations on how farmers adapt to 
declining water stocks. Instead of studying if farmers relying on groundwater adapt to status quo or projected 
climate conditions, a step forward is suggested in order to connect adaptation with sustainability. Water 
extraction caps compliance were used to test cooperation. Limits to aquifer withdrawals are operationalized via 
remaining time and quantities of water. Quantitative data were drawn from 668 experimental rounds, in framed 
field experiments implemented in dry regions in ten communities exposed to climate variability in Colombia. 
Empirical results suggest that socio-physical setting better explain the adoption of cooperative decisions. 
Intertemporal preferences on water allocations and physical variables have dissimilar marginal effects on 
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Notwithstanding, the effect is dissimilar according to the remaining time for exhaustion of aquifer systems. 
Marginal effect is a step forward from using averages for water planning. If a groundwater management plan is 
put in place, the marginal characteristics of well-depths and residual time of aquifer existence, has implications 
for the successfulness of management strategies, which in turn have implications for long-term plans of water use 
efficiency as stated in Sustainable Development Goals.  
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1. Introduction 

People living in dry regions for all their lives can be said to have 
independently developed multiple adaptation measures to water scar-
city. But aquifer overexploitation and surface water impairment around 
the world (A. Hoekstra, 2020; OECD, 2017b; Peterson, J. and Smith, 
2012) suggest the need to comprehend the effectiveness of adaptation 
strategies; the individual and collective water scarcity adaptation 
mechanisms; and how some communities cooperate while others fail to 
manage their commons. In regional migration contexts where climate 
change affects hydric resources, communities show dissimilar sizes and 
water constitutes a vital household and food production supply, there is 
urgent need to better understand what drives adaptation to water 
scarcity. 

The number of people relying on aquifers in rural and urban areas is 
still high. Aquifers provide fresh water for around half the global pop-
ulation, whose demand is expected to increase by 55% from the year 
2000 to mid-century (OECD, 2017b; Siebert et al., 2010). In Colombia, 
at least 3 million people depend on aquifer systems, and more than 60% 
are located in the Caribbean region of the country (DANE, 2018; IDEAM, 
2019). Although most people are assumed to remain in the current 
territories, drought conditions will exacerbate and reduced pre-
cipitations are forecast for the Caribbean region (IDEAM, PNUD, MADS, 
DNP, & CANCILLERIA, 2017). Under this setting, adaptation to 
groundwater resource declination and water scarcity is discussed. 

The physical and socio-institutional facets of scarcity affect people’s 
ability to adapt to it. The first, second and third orders of scarcity 
correspond to physical (engineering), economic (institutional) and 
socio-political issues, respectively (Metha, 2007; Wolfe, S. & Brooks, 
2003). Nonetheless, water scarcity can also be classified as economic or 
physical in nature. Economic scarcity occurs when the extraction costs 
of the resource are higher than the benefits of extraction. Physical 
scarcity is more stringent; if the water table definitely declines and is 
close to saturated thickness, there is almost nothing to do. When some 
water reserves remain - with the existing technology and some financial 
capacity - investing in extraction is less benefiting than leaving the 
resource in place. In this context, it is worthwhile asking: What factors 
stimulate or prevent water users to adapt to physical scarcity?1 

This inquiry might be approached through a status quo water man-
agement strategy in which supply-side options are provided to match the 
demand (Griffin, 2006; Zetland, 2009). But ever since water supply is 
not unlimited, its demand needs to be understood in terms of those 
decision-making drivers that guide the adaptation to physical water 
scarcity. Rapid declination is the most patent evidence of the limited 
character of these resources. Groundwater table declination and 
droughts are pervasive phenomena in Western USA, Australia, Morocco, 
Mexico, Iran, Jordan, India, parts of China and other areas of Southern 
Asia (World Bank, 2018). Thus, the design of institutions and rules 
focused on halting water extraction rates in the context of physical 
scarcity is an urgent task in pursuing the sustainable use of groundwater 
resources in different regions. However, extraction can only be done if 
physical and economic conditions do not prevent it. On the other hand, 
the demand has much to do in reaching cooperative behaviors that are 
consequent with water declination when it comes to the sustainable use 
of this resource. Hidden cultural patterns inevitable play a role; since 
farmers and people are not passive actors when water management 
plans are put in place by authorities (T. Van Der Voorn, 2008). Aquifers 
are invisible and scarce, nonetheless cultural factors are invisible but 
made patent in daily decision-making on water use and consumption. 
Thus, cultural dimensions are embedded in social and economic drivers 
of cooperation and adaptation to scarcity. 

Understanding water users’ willingness to cooperate in their adap-
tation to water scarcity is relevant because this condition might be the 
norm in the coming years, due to the effect of climate change on hydric 
resources. Different reasons might prompt further research on cooper-
ative behavior towards adaptation to physical water scarcity. First, the 
rapid overexploitation of groundwater resources makes it necessary to 
decipher the intricate nature of cooperation. Second, water management 
sustainability should be approached under the limits provided by na-
ture, which is not a common approach worldwide. Third, extant water 
management approaches have fallen short and inefficient to avert 
overexploitation (Sandoval, 2004; World Bank, 2010). Fourth, despite 
the fact that copious cases of common-pool resource (CPR) 
self-management have been documented, some caveats should be 
expressed for the case of aquifer resources. Since groundwater is an 
invisible resource and water users might only be familiar with water 
tables and well depths, the intricate interactions of hydrogeological 
variables may catch water users unaware of aquifer exhaustion without 
further notice. Consequently, a community might be successful in con-
cocting a CPR self-management scheme, but if they remain unaware of 
aquifer status, they may end up managing a source that is about to run 
out of water. This is not to say that groundwater stocks and flows suffer 
abrupt or rapid alterations from one day to another, but ignoring CPR 
hydrogeological conditions may result in unfruitful management efforts. 

In response to the mentioned challenges, a paradigm change might 
be necessary to promote adaptable and sustainable water management 
systems. Business-as-usual approaches (i.e., central or self-management) 
do not guarantee an adequate adaptation to the scarcity of this resource. 
Since it is not unlimited, and keeping in mind that hydrogeological 
conditions determine aquifer stocks and flows, some efforts should be 
put in place to understand its physical and social dimensions. Physical or 
environmental dimensions refer to variables such as water tables, stocks, 
flows and recharge levels. Social issues make reference to extraction 
volumes, technology and well locations, to mention a few. More 
importantly, there are socio – physical interactions determining the 
status of the whole resource system. The main outcome of socio-physical 
interactions corresponds to the water balance that results from inflows 
(recharge) and outflows (water extraction). If the physical conditions 
are not met, extractions may result unproductive. Thus, water avail-
ability and the resulting water balance are operationalized as “in-
struments” that suggest water extraction limitations. To this aim, 
adaptation to water scarcity is framed by water extraction caps, which 
are used to signal physical scarcity as it results from climate variability 
and climate change. Thus, water use sustainability should not only focus 
on understanding whether people adapt to scarcity or not, but how they 
do it as well. 

The current body of research may fall short to understand how and 
why water users adapt to limited water availability, all the more when it 
is bounded by suggested upper consumption limits. Contributions by 
water management scholars usually approach water resource avail-
ability and scarcity as static issues not subjected to limits decided by 
users themselves. Water scarcity adaptation drivers have multiple facets, 
approaches and explanations. The conceptualization of water scarcity 
has shifted from emphasis on scientific information and specific tech-
nologies to research on cultural environments and institutions (Wolfe, S. 
& Brooks, 2003). The behavioral dimensions referring to risk manage-
ment, routines, beliefs and perceptions on adaptation to scarcity are still 
under construction in the literature on behavioral and institutional 
economics (Singh, Ch.; Osbarh, H. & Dorward, 2018). underline the 
importance of risk perception in the implementation of strategies to 
adapt to water scarcity in India. They highlight social discernment on 
the meaning of scarcity. The role of memory regarding prior events of 
scarcity (particularly more recent ones) was found to play a key role in 
adapting to it, as well as the timing of adaptation capabilities. The water 
shortage adaptation strategies employed by communities from Ghana 
have been observed to be most reactive ones in the short term (Apraku, 
B.; Idinoba, M. & Amisah, 2008). Water management has been 

1 Based on this question, the category of drivers refers to the social/institu-
tional, economic or physical factors that make water users able to adapt to 
physical scarcity or prevent it to happen 
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traditionally dominated by supply-side approaches (Asprilla-Echeverría, 
2021; Griffin, 2006), while water governance has been understood from 
a top-down hierarchical regulation approach (Pahl-Wostl and Knieper, 
2014). Thus, engineering solutions are usually the first options in 
managing scarcity. That is why governments are told to bring abundant 
water to all who demand it (Zetland, 2011), no matter if the resource is 
scarce or plentiful. Notwithstanding, water scarcity management alter-
natives to physical options have been documented in connection to the 
type of scarcity addressed. 

Physical scarcity is often counterbalanced by engineering processes 
and supply-side solutions, as stressed by (Singh, Ch.; Osbarh, H. & 
Dorward, 2018; Wolfe, S. & Brooks, 2003). In this sense, the first, second 
and third categories of scarcity refer to physical (engineering), economic 
(institutional) and socio-political factors, respectively (Metha, 2007; 
Wolfe, S. & Brooks, 2003). Some scholars, indeed, depart from taking 
scarcity issues for granted and tend to challenge the problem through 
political transaction. Water scarcity, indeed, is often socially mediated, 
thus shifting from a natural condition, to the result of socio-political and 
institutional processes (Metha, 2007). 

In this context, the problem of scarcity is currently being debated 
from the perspectives of political ecology and institutional and supply- 
side approaches. Based only on the physical and observable character 
of water scarcity, overexploitation is being noticed in different regions. 
In places like South Asia, Brazil, Mexico and other Latin American 
countries, when surface water availability declines, groundwater sour-
ces are approached by pumping from water wells (Foster, S. and Hirata, 
2011; Foster, Stephen; Hirata, R; Vidal, ANA; Schmidt, Gerhard; 
Garduño, 2009). 

Reliance on abating aquifers is a tough issue to manage in the 
research area in Sucre and La Guajira (Colombia). the study is located in 
the north coast of Colombia (South America), where drought events are 
repeated each year. In this region there is a sort of invisible competition 
for water resources between water users and the municipal water fa-
cilities. This competition is physically evident but is not necessarily 
socially intended. In Sucre, 24 out of 26 municipal water facilities have 
built boreholes to collect water, treat and distribute it through aqueduct 
pipes. Public entities in charge of water management use powerful 
pumps to collect water from the underground and distribute water to 
households. Notwithstanding up to 2011 there existed 1.788 wells under 
operation.2 It shows that there is not a unique centrally managed water 
distribution system; but a collection of private and public boreholes. In 
La Guajira, 33% of its15 municipalities use wells as the main or backstop 
source for drinking water. Besides, there are some municipalities in 
which the official reports say that local water sources are river basins 
such as Cesar River and Rancheria River; but observed water access 
practices exhibit a different history, because people build their own 
wells on backyards. This is the case for the municipalities of Fonseca, 
Distraccion and Barrancas. Extraofficial water extractions manifest that 
the water resources competition is even greater than official data. 

The competition for water resources is made patent in water table 
declinations in the aquifer systems. The main aquifer of Sucre is called 
Morroa Aquifer. The extraction rates of this aquifer surround 1000 to 
1200 L per second; but its natural recharge has been decreasing up to 75 
L per second. This water balance shows the high vulnerability of the 
aquifer due to overexploitation and progressive lowering of its reserves 
(Carsucre, 2015). From the other side most of municipalities in the 
medium and high zones in La Guajira, use aquifers to satisfy domestic 
needs. The high hydrologic deficit compels individuals, communities 
and public entities to continuously exploit aquifers (Corpoguajira, 
2017). 

(Carsucre, 2015) indicates that the intensive exploitation to which 
Morroa Aquifer has been exposed for more than 40 years, is gradually 

running out the groundwater reserves. This occurs because people 
annually extract more water than it seeps into the ground. Water 
imbalance between aquifers reserve levels, extractions and recharge are 
leading to unsustainable aquifer management in the territories. Up to 
2003, the intensive flow of some wells in the region of Sucre have 
generated water table decreasing between 7 and 12 m per year (Pacheco 
and Villegas, 2003). In the past, the population were able to build wells 
up to 100 m deep, nowadays is necessary to build (on average) 400-m 
wells to extract water from the underground. Some wells have experi-
enced declinations around 17 m/year which threaten aquifer sustain-
ability (Carsucre, 2015). Therefore, different physical (uncertainty of 
precipitation patterns) and social factors are influencing water stocks 
declinations and water needs for drinking, irrigation and industrial ac-
tivities are exerting more pressures on remaining reserves. 

The volatility of surface water resources for agriculture will seriously 
increase the use of groundwater in the current and next generations of 
irrigated lands. Thus, numerous countries that do not substantially use 
aquifer systems for farming activities will probably face similar chal-
lenges to those currently experienced where groundwater is already 
used intensively (OECD, 2017a). This situation certainly challenges 
water managers and policy makers in terms of institutional adequacy to 
adapt to pressing changes on water availability. Institutional adaptation 
arrangements to the scarcity of water resources have not been swift 
enough. Instead, it has been irregular and lagged far behind institutional 
needs in many countries (Saleth, 2014). Currently, regulations and 
norms aimed at ruling and controlling groundwater use to prevent 
exhaustion have been enforced in developing countries (OECD, 2015). 
Policy measures tend to restrict water use by allocating quotas over 
periods of extraction and denying extraction permits when hydric 
resource authorities consider that certain physical hydrogeological 
conditions are not met. However, the current management approach has 
come to be inefficient, partially due to the complexities of monitoring 
groundwater extraction and water users’ response in terms of passing 
over regulations (Sandoval, 2004). Therefore, the institutional schemes 
detected in the water sector of most countries are still unsuitable and 
unsuccessful in resolving their water problems (Saleth, 2014). 

The extant formal system of rules for water access in Colombia 
comprise financial requirements, permissions and water depletion 
avoidance. The first legislative decision towards groundwater protection 
was released almost 50 years ago through Decree 2811/1974. The De-
cree 1541/1978 underlines the mandatory character of extraction per-
mits before the environmental authorizes. At best, the authority, grants a 
resource-usufruct permission to a water user, who pays a fee for it. 
Remarkably, this norm declares that in case the authorities realize any 
groundwater basin depletion problem occurs, the extraction permit 
cannot be granted. More recently, the Decree 1640/2012 rules the 
Environmental Groundwater Management plans design aimed at pro-
tecting aquifers. However, all policy instruments remain inefficient in 
driving water users to abide by the rule of extraction permits and more 
importantly to prevent aquifers depletion. 

In addition, while water scarcity management approaches are dis-
cussed, climate change is influencing ecosystems and the water-related 
dimensions of development. Hence, water scarcity remains a crucial 
limiting factor driving farmers’ vulnerability (Mertz, O.; Halsnæs, K. & 
Olesen, 2009; Singh, Ch.; Osbarh, H. & Dorward, 2018). The least 
developed countries are most vulnerable to water issues due to climate 
change, since their water technologies and capacities are inadequate and 
deficient (Bates et al., 2008). Thus, vulnerability of water users – and 
more suggestively the demand side of scarcity problems – certainly re-
quires special attention in terms of pursuing feasible adaptation plans, 
the implementation of which implies overcoming behavioral and 
governance barriers (O’Brien and Wolf, 2010). At this point, the 
embedded indigenous and local knowledge among the populations 
needs to be skillfully honored and combined with scientific knowledge 
to reduce the inherent uncertainty and complexity of natural resource 
management (Ostrom, 2015). 

2 1.713 wells reported in the jurisdiction of CarSucre and 75 wells in the area 
of Regional Environmental Corporation CorpoMojana 
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Natural resources such as groundwater are considered to be CPR and 
thus subject to physical and economic changes like overexploitation and 
increasing extraction costs (e.g., pumping) (Barlow and Leake, 2012; 
Stevenson, 2005). It is in this context that behavioral driving forces 
(such as individual self-interest and collective initiatives aimed at 
resource management and conservation) operate. Farmers might adapt 
by shifting to new crops, drought-resistant crops or adopting water ef-
ficiency irrigation equipment (Komba, C & Muchapondwa, 2012; Mertz, 
O.; Halsnæs, K. & Olesen, 2009; Suresh-Kumar, 2007; Tirado, R. & 
Cotter, 2010). But the question on how people perceive scarcity under a 
CPR setting has not been fully addressed in the literature. The CPR 
character of aquifers entails competition for water units, stock exhaustion 
and other socio-physical issues that are worth incorporating into water 
scarcity analyses. Experiments are frequently used to improve our un-
derstanding of decision-making processes related to common pool and 
natural resource exploitation, together with those factors that affect 
cooperation. 

The current research focuses on providing answers to the question on 
what factors stimulate (or prevent) farmers and rural inhabitants to 
adapt to physical water scarcity, in order to further develop adaptable 
water management systems in dry regions. Responding to this inquiry 
offers key inputs to address the quest for cooperation in sustainable 
aquifer management. Socio-physical relationships between actual water 
users (acting as participants) and the variables that influence coopera-
tion are analyzed. Field experiments were implemented in ten commu-
nities of four municipalities in the Caribbean region of Colombia: The 
municipalities of Riohacha and Fonseca in the Department of La Guajira, 
where the homonymous desert is located; and the municipalities of 
Guamal (in the Department of Magdalena) and Corozal (department of 
Sucre). The latter department is characterized by being almost fully 
reliant on groundwater for domestic activities, industries and agricul-
ture. Given the distinctive characteristic of CPR, i.e., the fact that its 
users are usually close neighbors, and the inter-temporal character of 
water consumption, the participants of the experiments were asked to 
distribute extraction caps in three markets: Present consumption, allo-
cation to the future and allocation to neighbors. The rest of this chapter 
contains a short description of relevant literature on water scarcity in 
section 1. Research methodology design is addressed in section 2, 
including the preparation of field experiments with the corresponding 
institutional setting. Additionally, a questionnaire was applied to collect 
qualitative data (see annex). Section 3 presents empirical findings; while 
the final sections tackle the discussion and conclusions. 

2. Methods 

To understand groundwater cooperative behavior as an adaptation 
to climate variability, a series of field experiments were designed as the 
main research method. Cooperation was approached in terms of peo-
ple’s willingness to adapt to declining water availability, the actual 
adaptation mechanism being water extraction capping. 

Field experiments were performed by setting up CPR action situations 
in the referred Colombian municipalities. During the experiments, par-
ticipants were asked to make water extraction decisions which granted 
them the possibility to earn some payoff money. Relevant socio-physical 
information provided as if coming from external institutions framed the 
decision-making process. It included data on water availability, time 
before aquifer depletion and neighbors’ extraction rates. Every single allo-
cation decision had implications for future availability. Extractions 
might exert negative externalities on the participants and others. Thus, 
the information provided exposed farmers and rural inhabitants (i.e., 

water users) to social dilemma situations3 as part of the experimental 
design. The implemented treatments are shortly described in Fig. 1 and 
Fig. 2. The treatments were featured by the type of information used to 
promote water conservation among water users.  

a. Treatment variables and control group 

To test the effect of hydrogeological information (i.e., evaluating its 
consequences with respect to doing nothing), two treatments were 
designed, namely one in which communication between participants 
was freely allowed, and another one in which communication was not 
possible:  

- Design 1 – Control situation. Actors are not exposed to hydrogeological 
information and are not allowed to communicate in deciding how 
much water to extract. This corresponds to the baseline situation.  

- Design 2. Actors are exposed to different hydrogeological information 
regarding the state of aquifers. 

Three treatment groups were organized in the four municipalities. 
Three hundred and eighty-three rounds were run in treatment group 1 in 
Guamal, Riohacha and Corozal; 285 rounds were performed in treat-
ment group 2 in the same municipalities and, finally, 160 rounds were 
performed to build a control group or baseline situation, in Fonseca and 
Guamal. In each treatment group, 61 participants were able to reveal 
their water allocation decisions to the three destinations mentioned in 
Fig. 1 (W(p)(t), S(p)(t) and W(f)(t)).  

a Treatment group design 

The treatment groups were exposed to different information frame-
works before they made water allocation decisions. The framing mes-
sages were announced to them through fliers.  

⁃ Different treatment groups received and read a flier. Some groups 
were informed about the remaining water quantity in the reservoir in 
question (see second column in Fig. 1)  

⁃ Other treatment groups received a different flier expressing the 
remaining time before aquifer exhaustion (see second column in 
Fig. 1)  

⁃ In the control group or baseline situation, participants did not receive 
any information prior to their decisions. 

Besides, some additional information was provided to reflect 
changes in weather conditions. The moment (among the rounds) to 
provide the new information was randomized. The new information 
corresponded to a raining period which replenished the reservoir or a 
prolonged drought looming threat. Water could be allocated to the 
present, the future or neighbors (third column in Fig. 1).  

b. Participants in the experimental games 

In the experiments, the participants formulated their decisions paper 
and pencil. In the first place, a list of 320 municipalities drawn from 
official reports on localities relying on aquifer systems was reviewed. 
With this data, phone calls were made to 3 out of 7 environmental en-
tities in the Colombian Caribbean Coast, asking for the list of neigh-
borhoods in question and the corresponding hydrogeological data on 
aquifer systems beneath these territories. Two localities in each of three 
municipalities were randomly chosen from the list. Local leaders or 

3 Social dilemmas exist when individuals interact in decision-making, they 
are challenged by options in which the short-range egoistic interest, produces 
outcomes leading all individuals in worst off condition than alternative coop-
erative options. 
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guides were suggested by authorities to facilitate access to the terri-
tories. Thus, six communities were randomly chosen and, upon visiting 
the places, random selection of households was carried out with the 
support of local guides. Farmers and rural inhabitants who are actual 
users of local groundwater resources were invited to participate in the 
trials. The studied communities have a long tradition in building their 
wells and extracting according to their needs. Prior to recruitment, po-
tential participants were given a brief explanation in which they were 
told that they would be making decisions in an “economic choice situ-
ation”, i.e., choices impacting water levels, as suggested by (Meinzen--
Dick et al., 2016; E. Ostrom et al., 1994). They were also informed that 
the money they earned depended upon their own investment decisions 
and those of the others in the experimental group. 

In order to design and implement the experiments, a field setting 
resembling a microeconomic system or action situation was prepared, 
consisting of a set of agents and institutions through which they inter-
acted. The agents were the individual participants in the local economy. 
Each agent had his/her own characteristics, including resource 
endowment (cash, time, wealth), information about others’ preference 
endowments, technology (production functions) and preferred out-
comes (Cassar and Friedman, 2004). (See “design of experimental ses-
sions” in the annex). 

Table 1 summarizes the data gathered during the experimental ses-
sions. Since the participants representing community members had been 
living for a long time in their localities and were familiar with ground-
water extraction (after having done it for almost all their lives), the 
experimental sessions were certainly appropriate in terms of the field 
context. 

The nature of the participants and the commodity at stake (Harrison 
and List, 2004) were strictly related to the research objective, which 
would not have been the case with abstract commodities or urban 
dwellers having little connection with groundwater resource extraction. 
The experimental settings involved the following elements: Participants, 
treatments, a payment method and water units allocated to collective 
goods (Cassar and Friedman, 2004; Smith, 1992). Experiments are 
frequently used to get a deeper understanding of both the factors that 
affect cooperative choices and the way decisions on the use of natural 

Fig. 1. From Design of treatments to decision-making games.  

Table 1 
Summary of the number of observations and participants in the experimental 
sessions.  

Municipality – 
Department 

Community Number of 
participants 

Number of 
rounds 

Number of 
observations 

Fonseca – La 
Guajira 

Porvenir 5 50 200 
Villa 
Hermosa 

4 40 160 

Riohacha – La 
Guajira 

La Trinidad 4 44 176 
La Reserva 4 44 176 
Los Ciruelos 4 44 176 
La Plazoleta 
II 

4 44 176 

Guamal – 
Magdalena 

Paraquito 10 110 440 
San José de 
Paraco 

5 55 220 

Corozal – Sucre Villa Luci 10 110 440 
Las Llanadas 11 126 506 

Total observations 62 668 2670  
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resources are made (Anderies, J.; Janssen, 2013; Cárdenas, 2009). 
The data used in the analysis were obtained from 668 experimental 

sessions in ten communities, each of them resulting in a cluster of ob-
servations. Since each participant provided 4 data per round, 2670 ob-
servations were collected during the games. That is, participants were 
able to provide information on the extraction of water in the present -, 
W(p)(t) , water allocated to neighbors -S(p)(t), water allotted to future 
consumption - W(f)(t) and total extraction, which was referred to as the 
cap. The latter is considered to be additional data because people first 
decided if they would comply with it and then made their choices on 
water allocation to the three suggested goods. The participants played 
12 rounds on average4 and none of them decided to quit the experi-
mental sessions. 

Field experiments can be designed with a twofold purpose: On the 
one hand, for collecting information on how people - in facing real-life 
challenges such as scarce water supplies - behave and work together 
to solve collective problems (Meinzen-Dick et al., 2016); and on the 
other hand, for testing the effectiveness of alternative institutional op-
tions intended to stimulate collective action (Cardenas et al., 2011). The 
five elements contemplated in the design of the field experiments were 
carefully applied, as shortly described in Table 2. Individuals refer to the 
profile of the farmers participating as players. Lab experiments mostly 
use students. In search for greater relevance, experimental economics 
are recruiting subjects in the field, rather than in the classroom (Harri-
son and List, 2004). The design and application of the treatments is the 
way to provide different versions of the experiments. Rounds are series 
of experimental sessions in which participants make their decisions 
when exposed to the different treatments. Rounds might correspond to 
years or months in which participants allocate water units. In respect to 
the payment method, it is convenient to motivate the subjects by paying 
them in cash right after the experiment (Smith, 1992). This will help 
achieving monotonicity and salience (Harrison and List, 2004). Mono-
tonicity means that in a suitable reward medium, more is always better 
(or, alternatively, less is always better). Salience means that, for each 
agent, the reward corresponds to a clear outcome function, for example, 
profit or utility, and the subject understands this (Cartwright, 2019; 
Cassar and Friedman, 2004). 

The field experiments proposed in this research slightly depart from 
extant experimental design schemes. A connection is made between the 
purpose of understanding cooperation in groundwater management and 
the institutional mechanism of water extraction caps, looking forward to 
the sustainable management of aquifers. I refer to this setting as a 
Voluntary-Contribution, Extraction-Capped Game – VCeCG. The 
voluntary character comes from the autonomous willingness to 
contribute by individuals, while the modification with respect to VCM 
lays on the physical context surrounding decision-making. The design 
intends to test the extent to which individuals are willing to contribute, 
in order to accomplish physically-contextualized water conservation 
caps, so as to adapt to water table declination. Thus, a socio-physical 
institutional setting is designed to understand how farmers adapt to 
these contextualized declinations. 

The methodology presented above refers to data collection. In the 
lines that follow, the data analysis method is shortly described. As to the 
logistic regression model, it is worthwhile noting that in some of these 
prototypes the dependent variable is usually a dummy one with value 1 
if an event occurs and 0 if it does not occur. This is true of qualitative 
response models in which dependent variables fall on m mutually 
exclusive categories (Cameron, C. & Trivedi, 2005). In the present 
model, the dummy variable, which assesses the fulfillment of the sug-
gested water extraction cap, was regressed against variables such as 

well-depth, gender, and time living in the community, among others. We 
predicted each individual’s probabilities of fulfillment, which was 
assessed through values 0 (nonfulfillment) or 1 (fulfillment). 

A more appropriate model is the logit one, which specifies pi =

Pr[yi = 1
⃒
⃒xi] =

exp(β1+β2xi)
1+exp(β1+β2xi)

, clearly ensuring that 0 < pi < 1. Given that 
the present research considers two binary outcomes, estimation is usu-
ally done by maximum likelihood because data distribution is neces-
sarily defined by Bernoulli’s model. If the probability of one outcome 

Table 2 
Key elements for experimental settings.  

Experimental setting 
elements 

Description 

The definition of 
participants or 
players 

One hundred and two people belonging to 10 communities 
that mostly depend on groundwater were invited to be part of 
the experimental games. However, only 62 of them actually 
showed up to participate. The communities in question are 
part of four municipalities characterized by being exposed to 
frequent droughts. 

Treatment design 
and application  

⁃ See Illustration 1 

Rounds Six hundred and sixty-eight series of experimental sessions 
were run with 62 participants. The rounds corresponded to 
the years or periods of time in which players distributed their 
allocated/extracted water units. 

Payment method For each water unit allocated to W(p)(t), the subject could earn an 
individual payoff of 10 $COP. In turn, the payoff for allocating 
one unit to S(p)(t) was 5 $COP, and had the nature of a collective 
good. Finally, allocation to W(f)(t) had the nature of a private 
benefit to be exploited in the future, which could yield an 
individual payoff of 4 $COP per unit of water. The aggregated 
payoff from all activities determined a subject’s payoff for the 
game. Participants had another source of earnings in the sum of 
the contributions made by all participants 

∑
S(p)(t), which 

determined the value μ as a share of this total amount. The average 
earning was almost five times the minimum hourly wage in 
Colombia, i.e., $COP 19,000 per participant, which were paid in 
cash. 
The payoff assigned to an individual appropriator for investing in 
the collective resource depended on the aggregated investment 
made by the group in the CPR and on the appropriator’s 
investment as a percentage of the aggregated contributions ( 
Ostrom et al., 1994). The collective return on investment in the 
common pool resource is given by the following production 
function μ

∑
S(p)(t). The payoff function (πi) has the following 

components: 

πi = θ − α(w(p)(t)i) + W(f)(t)i

( b
(1 + ρ)t

)

+ μ
∑5

i=1
S(p)(t)j . The 

value θ represented the total water endowment (i.e., the cap); ρ 
corresponded to a discount rate that each individual i assigned to 
his/her decision to conserve water for the future; μ reflected the 
collective gain perceived by all i participants as a result of their 
contributions. This marginal payoff that resulted from contributing 
to the collective good is equal to 0.2. In other words, no matter how 
much water the participants contributed to the collective 
consumption by their neighbors, each participant received a 0.2 
fraction of the aggregated contribution of all participants. The 
contribution in water units was to be converted into monetary 
payoff. The value α represented an individual’s water consumption 
marginal value in the present. 
Since a hyperbolic discount was considered, ρ corresponded to the 
discount rate that each individual i assigned to his/her decision to 
conserve water for the future. In the hyperbolic discount, this 
factor corresponds to b/(1 + ρ)t (Phelps and Pollak, 1968) a. If 
b < 1, this function discounts immediate delays more dramatically 
than an exponential curve because while the current utility weighs 
one, the utility corresponding to the subsequent period weighs 
b/(1 + ρ). 

Behavior and units 
allocated to the 
collective good 

The good under consideration is underground water, to which 
there is collective access. Participants were asked to decide how 
many units each of them was willing to extract. One unit referred 
to one cubic meter of water. 

Source: based on (Cartwright, 2019; Cassar and Friedman, 2004; Smith, 1992) 
a Cited in (Camerer, 1998). 

4 In some experimental sessions participants just decided to make a halt at 
round number 10 or 11; despite 12 rounds were informed to participants as a 
fixed numbers, in some cases players found the game so enriching that played 
for 13 rounds. 
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equals p, the probability of the other outcome must be 1 − p. For 
regression applications, the probability p will vary across individuals as 
a function of regressors (Cameron, C. & Trivedi, 2005). There is no loss 
of generality in setting the values at 1 and 0 if the only parameter being 
modeled is p, which determines the probability of the outcome. A 
regression model is formed by parameterizing the probability p, for it to 
depend on a regression vector x and a K x 1 parameter vector β. 
Commonly used models have a single-index form whose conditional 
probability is given by: pi = Pr[yi = 1

⃒
⃒x] = F(x´iβ).), where F(.) is a 

specified function. To ensure that 0 < p < 1, it is natural to specify that 
F(.) is a cumulative distribution function. 

Notwithstanding, interest lies on determining the marginal effect of a 
change in a regressor on the conditional probability that y = 1. For the 
general probability model (and assuming change in the jth regressor to 

be continuous), this is: ∂Pr[yi=1|xi ]

∂xij
= F´(x´iβ) βj. As for any linear model, the 

marginal effects differ with respect to both evaluation point xi and the 
different choices made on function. F(.)

3. Empirical results  

a. Descriptive statistics 

This section details the descriptive statistic treatment of the current 
findings. Quantitative and qualitative information are presented in 
order to explain adaptation to water scarcity as influenced by extraction 
caps. Special attention is paid to the dependent and explanatory vari-
ables captured through field experiments, questionnaires and in-
terviews. Water availability was bisected in two categories that were 
familiar to the participants, namely time and quantity of available water, 
which were tested as overarching dimensions denoting binding limits to 
resource extraction. Water allocation to W(p)(t), W(f)(t) or W(f)(t) was 
dissimilar in the remaining quantity and time before exhaustion treatment 
groups (see Table 3 and Table 4). 

The descriptive statistics analysis suggests that when farmers are 
inquired on quantity allocation and informed about time before aquifer 
exhaustion, they reflect a more cautious behavior. The quantity treat-
ment group assigned to the present somewhat more than 5000 m3 at a 
maximum, the time treatment group distributed through utmost allo-
cations of 1500 m3 per round. This same group exerted more pressure on 
aquifer resources, as it can be seen in the minimum available water value. 
Maximum well depth is 170 m, which indicates the great effort required 
to build it. It is worthwhile mentioning that this experimental setting 
allows water users to picture in their minds how deep the water table is 
and how deeper or shallower their wells are with respect to the other 
group members. The average earning was almost five times the mini-
mum hourly wage in Colombia, i.e., $19,000 per participant, which 
were paid in cash. 

Water allocation for future consumption also revealed some differ-
ences between the quantity and time before treatment groups. In the 
former group, the maximum allocated amount was as big as the one 
allotted to the present. In the time before exhaustion treatment group, the 
maximum allocation to the future was almost 30% greater than the one 
assigned to present consumption. The standard deviation values of both 
the present and the future allocations were greater in the remaining 
quantity treatment group. In other words, this group shows more varied 
allocation intentions. Thus, it can be said that communicating water 
availability information in terms of either remaining time or remaining 
volume before aquifer exhaustion certainly activated different alloca-
tion preferences.  

b. Exploring data on relationships between variables 

Before presenting the results addressing the drivers of the adaptive 
water management system, the question on whether there is a rela-
tionship between variables is addressed. For this purpose, the Pearson 
chi-square chi(2) and likelihood-ratio chi(2) tests were chosen. The 
dependent variable (dep_var) is the mentioned dichotomous one which 
informs on the fulfillment of the suggested water extraction [yi = 0, 1]. 
This variable was regressed against all explanatory variables (indep_-
vars). The null hypothesis H0, is that there is no relationship between 
dep_var and each of the indep_vars (Cameron, C. & Trivedi, 2005; 
Greene, 2003). In order to reject this H0, a Pr < 0.05 value at a 95% 
confidence level was used. Almost for all the listed indep_vars, some 
relation with dep_var was found. 

In the quantity treatment group, although the relationship between 
the dep_var and the indep_vars was found to be relevant for the model, it 
did not provide any causal relationships. Yet, some variables were 
observed to be associated with extraction capping cooperation. This is 
the case of the personal characteristics of the participants such as age or 
years of education; or socio-physical variables such as time before 
exhaustion and well depth. However, gender did not show any relation 
(see Annex V1. Table 11). 

Regarding the social variables under the control of the participants, 
such as water allocation to the present, water allocation to the future, or 
water left to the community, and the decision to follow extraction caps 
are significant also. In terms of personal characteristics such as age, 
years of education and gender, some relationships with the decision to 
follow the cap exist (see Table 3). 

Another relevant topic has to do with justifying the use of the logistic 
regression procedure instead of the classical Ordinary Least Regression 
(OLS). This is relevant for the case, since the chosen model restricts the 
type of statistical analysis than can be done on the data. Annex 1I. Graph 
2 and Graph 3 illustrate the different ways the models fit the data. In 
expressing the willingness to conform to extraction capping, the 
dependent variable is expressed only in terms of 0 or 1, a data pattern 

Table 3 
Descriptive statistics for the remaining water quantity treatment group.  

Variable Obs Mean Std. Dev. Min Max 

Extraction in the 
present (m3) 

384 530.62 635.78 0 5050 

Allocation to 
neighbors (m3) 

384 195.15 232.16 0 1500 

Allocation to the 
future (m3) 

384 516.85 744.63 0 5500 

Available water (m3) 384 41,098 22,501.18 − 27,825 80,000 
Age (years) 383 40.56 11.939 14 66 
Number of children 383 2.4 1.5 0 7 
Years of education 

(years) 
383 11.36 3.28 5 17 

Monthly income ($) 335 770,447.8 745,644.7 0 2500.000 
Time living in the 

community (years) 
383 33.407 17.251 1 66 

Well depth (m) 383 42.365 50.425 0 170  

Table 4 
Descriptive statistics for the TIME before aquifer exhaustion treatment group.  

Variable Obs Mean Std. Dev. Min Max 

Extraction in the present 
(m3) 

281 375.893 349.45 8 1500 

Allocation to neighbors 
(m3) 

280 206.107 212.791 0 1000 

Allocation to the future 
(m3) 

281 616.55 567.19 0 1940 

Available water (m3) 281 39,940.83 22,696.53 − 6315 80,000 
Age (years) 281 41.74 12.44 17 58 
Number of children 281 2.5 2.1 0 8 
Years of education 

(years) 
281 9.3 3.9 3 16 

Monthly income ($) 257 744,630.4 71,6013.2 0 2000.000 
Time living in the 

community (years) 
281 29.53 19.9 1 58 

Well depth (m) 281 74.64 53.67 5 170  
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that OLS is not able to capture. Contrarily, logistic regression is able to 
model the data cloud around 0 or 1.  

c. Measures of fitness 

Another important topic that demands careful attention refers to 
scalar measures of fitness. The use of adequate statistics to check the 
goodness of the developed econometric model is assessed. Thus, in 
explaining the drivers of the adaptive water management system, the 
question on which model provides a better explanation of the causal 
relationships is addressed. The classical statistic R2, which is usually 
employed in logistic regressions, is not convenient for different reasons 
that are beyond the scope of this research. An alternative approach to 
model fitness evaluation and comparison corresponds to information 
criteria, which are log-likelihood in nature and can have adjustable 
degrees of freedom. In general, the model with the smallest information 
criterion is preferred. The essential intuition is that there is tension be-
tween model fitness (as measured by the maximized log-likelihood 
value) and the principle of parsimony, which favors a simple model. 
Although model fitness can be improved by increasing model 
complexity, parameters are only added if the resulting improvement in 
fitness sufficiently compensates the loss of parsimony. Based on infor-
mation measures, the Bayesian Information Criterion (BIC) and the 
Akaike Information Criterion (AIC) have become common model se-
lection tools (see Table 9. Measures of Fit for logit of FollowCAP 
(Quantity Treatment Group) and Table 10. Measures of Fit for logit of 
FollowCAP (Time Treatment Group). 

In selecting the model, a comparison is made between two model 
types, which are separately presented to the remaining quantity and time 
before exhaustion treatment groups. 

Remaining Quantity Treatment Group (measures of fitness) 
The first model only incorporated physical variables to explain the 

adoption of cooperative behavior as an adaptive management approach 
to water scarcity (see Table 5). In other words, it considers that only 
environmental variables such as well-depth and water availability lead 
water users to adapt to scarcity. Similarly, two personal factors were 
included to explain the dependent variable. The key variable deter-
mining adaptive water management corresponded to well depth. For its 

part, the variable years of education was found to negatively influence 
adaptive management at a 10% significance level. 

The second model contemplates socio-physical variables. Neighbor_-
extraction level is significant at a 1% significance level, and so is years of 
education. Time living in the community is relevant at 5% significance. 
Regarding water-allocation time preferences, the present and the future 
were observed to be dominant at a 10% level of significance, whereas 
allocation to neighbors was not significant (see Table 5). 

In this context, model fitness constitutes the selection criterion in the 
comparison between the Bayesian Information and Akaike Information 
criteria (Table 8). Since the smallest criterion is preferred, the differ-
ences between the information criteria offer a direct response for model 
selection. In this case, model 2 (socio-physical variables) provides a 
better explanation of adaptive water management, since a 5.336 dif-
ference between the two models in the BIC’ supports model 2. 

Time before exhaustion treatment group (measures of fitness) 
Turning to the measures of fitness for the time before exhaustion 

treatment group, a comparison between the physical and socio-physical 
models was also carried out. In this case, 281 observations were used to 
build models 1 and 2. In the first model, none of the explanatory vari-
ables were significant. Contrarily, in the case of the socio-physical 
model, three relevant variables accounted for the complexity of the 
definition of the model. Time living in the community was found to posi-
tively influence the adoption of cooperative behavior towards water 
conservation at a 1% significance level. This means that the longer a 
person has been living in the territory, the more they will tend to 
conserve water resources. In turn, time before exhaustion was observed to 
negatively affect the desired outcome at a 5% level of significance. 
Additionally, the income level of the participants was significant as well, 
meaning that the more people earn, the less likely they are to follow a 
cooperative strategy aimed at complying with extraction caps (see 
Table 6). 

According to the information criterion, the model representing the 
physical variables provides a better explanation of the likeliness to adopt 
cooperative behavior. Notwithstanding, a decision had to be made in 
terms of the capacity of the studied variables to account for a causal 
relationship between the explanatory and dependent variables. Ac-
cording to Table 9, a difference of 7.13 in the BIC’ supports model 1. 
However, Table 6 shows how the variables differ in terms of significance 
level in both models. In the socio-physical model, four explanatory 

Table 5 
Model 1 (physical variables) and Model 2 (socio-physical variables) explaining 
adaptive water management drivers (remaining quantity Treatment Group) - 
Measures of fitness.  

Model → Model 2 Model 1 

Number of observations = 384 384 
Prob > chi2 = 0.0000 0.0000 

FollowCAP Coefficient Coefficient 

Time_living in the 
community 

– − .0267295 ** 
(.0133078) 

Well-depth − .0085056 * (.0028939) − .0143962 * (.0037905) 
Available water − 4.68e-06 (6.91e-06) − 9.27e-07 (6.28e-06) 
Years of education − .1280778 ** 

(.0519102) 
− .1888943 * (.0630682) 

Age − .008904 (.0143848) – 
Neighbor_extraction level – .0006506 * (.0001531) 
Preference_present – − 1.465695 *** 

(.7900728) 
Preference_future – − 1.298196 *** 

(.7588119) 
Preference_neighbors – − .7317433 (1.309013) 
Years of education – − .1888943 * (.0630682) 
Income level_ – 5.40e-07 *** (3.05e-07) 
_cons 4.42456* (1.081519) 5.441625 * (1.441238) 

Source: Author’s calculation using Stata 17. 
*Statistically significant at 1%. 
**significant at 5%. 
***significant at 10%. Standard errors in parenthesis. 

Table 6 
Adaptive water management drivers according to Model 1 (physical variables) 
and Model 2 (socio-physical variables) (Time Treatment Group) – Measures of 
fitness.   

Model 1 Model 2 

Number of observations = 281 281 
Prob > chi2 = 0.4001 0.0280 

FollowCAP Coefficient Coefficient 

Time_living in the community – .0679126 * (.0243784) 
Well-depth − .0072401 (.0055907) − .0036724 (.0057393) 
Available water − .0000171 (.0000124) – 
Remaining_time_water – − .1334627 ** (.0684444) 
Preference_presenta – .7527549 (.8961317) 
Preference_futureb – − .1489235 (0.7842) 
Years of education − .0172991 (.0868526) .0349904 (.089368) 
Age − .013387 (.028316) − .0629835 (.0434708) 
Income level_ – − 1.15e-06 ** (5.29e-07) 
_cons 4.954571 * (2.141801) 5.724326 * (2.290329) 

Source: Author’s calculation using Stata 17. 
*Statistically significant at 1%. 
**significant at 5%. 
***significant at 10%. Standard errors in parenthesis. 

a This variable was built using a cutoff point of 0.6 or 60% of water allocated 
to the present time option. 

b This variable was built using a cutoff point of 0.6 or 60% of water allocated 
to the future time option. 
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variables were highly significant at 1% and 5% significance levels. 
However, in the first model, only the constant was found to be signifi-
cant, which might be disregarded because it does not account for any 
causal relationship. 

Thus, there is contrast between the information criterion and the 
significance of the variables. For this reason, model 2 was selected to 
carry out a deeper econometric analysis. On these grounds, determining 
the marginal effect of a change in a regressor on the conditional prob-
ability that yi = 1 provides some interesting research clues. The condi-
tional probability is given by: pi = Pr[yi = 1

⃒
⃒x] = F(x´iβ), where x 

represents the regressors and β refers to the coefficients as shown in 
Tables 5 and 6 For the general probability of this model on pi, and a 

change in regressor jth, the marginal effect is ∂Pr[yi=1|xi ]

∂xij
= F´(x´iβ)βj 

(Cameron, C. & Trivedi, 2005; Greene, 2003). 

3.1. The marginal effects 

The overall probability of yi = 1 is 92%, given that all predictors are 
set to their mean values as presented in Table 6. However, chances are to 
present the marginal effect on explained variable, when independent 
variables are set at specific values. For instance, enquires might be 
defined on how the probability to adopt a cooperative behavior might 
change when the well-depth changes from the mean value (42.7 m) to 
100 m or more. The effect of more literate farmers, or more affluent 
families might be modeled as well. Similarly, marginal effects of a 
change of one additional unit of continuous or categorical variables 
might be of interest also (see Table 11 in Annex). 

As shown in the equation above, the derivative expresses that the 
marginal effect corresponds to a probability change, which takes place 
when the independent variable xij increases by one unit. As shown in 
Table 11, in the quantity treatment group, one additional year in the time 
living in the community variable reduces the probability to adopt coop-
erative behavior by almost 0.2%. For each additional 1000 m3 of water 
that neighbors extract, individuals increase the probability to follow the 
cooperative strategy by 4%. For individuals preferring to allocate more 
water to the present, the probability of a cooperative behavior decreases 

by 10%, and a similar effect is observed in farmers preferring to allocate 
more water to the future. As to the years of education variable, each 
additional year of schooling reduces this probability by 1.3%. 

In the time treatment group, time living in the community has a positive 
effect on the adoption on cooperative behavior, the probability of which 
increases by 0.1% per each additional year of life in the territory. In this 
group, the effect of income level has a negative significant effect. Table 7 
shows the corresponding OLS regression parameters. Each additional 
year lived in the community helps to increase the probability of coop-
eration in almost 0.0016 units (for the time before exhaustion and 
remaining quantity treatment groups) and each additional income unit 
reduces this probability in a small fraction. However, the main depar-
ture from logistic models refers to the insignificant effect that the time 
preferences have on the probabilities of cooperation. In general, OLS 
models do not fit the data properly, since less than 14% of the models are 
explained by the observations. 

With respect to the marginal effect of one additional unit in the 
explanatory variables, Graph 1 illustrates the relevance of this effect 
when it comes to explaining the adoption of the cooperative behavior in 
question. This example only shows this effect in the time before exhaus-
tion treatment group. The deeper the water well is, the lesser the prob-
abilities of cooperation with water conservation. Notwithstanding, this 
effect changes with time before exhaustion, which, together with 
remaining water quantity, actually limit aquifer resource extraction. Thus, 
the marginal probabilities change depending on whether one assumes 5, 
15 or 30 years before aquifer exhaustion. As expected, when the par-
ticipants knew that the aquifer system would last 5 years (business-as- 
usual extraction patterns), there was a 96% probability of cooperative 
behavior in the 10 m–250 m well-depth interval. However, this proba-
bility dropped to 90% in the 500 m–650 m interval, and to less than 80% 
when well-depth approached 900 m. 

In the control group, allocations of water to the present and to the 
future were close in terms of volumes. In the second half of total rounds 
average future assignments were slightly higher than present extractions 
(see Graph 4). In control groups intertemporal allocation preferences 
were not fully revealed by farmers participating in experiments. In 
addition to this, in this group the well depth variable played a role in the 

Table 7 
Conditional marginal effects using the Delta-method (Remaining Quantity and Time Before Exhaustion treatment groups) and OLS regressions.  

Model →Variables 
↓ 

Logistic marginal effects OLS parameters Logistic marginal 
effects 

Quantity treatment 
group 

Time treatment 
group 

Quantity treatment group (R2 =

0.1329) 
Time treatment group (R2 =

0.0585) 
Control group 

Number of observations 384 281 384 281 160 

Time_living in the 
community 

− .0019088 ** 
(.000912) 

.0013939 * 
(.0005043) 

− .0018269*** (.0010053) .0015586** (.0007155) .0240429 (0.0890969) 

Well depth − .0010281 * 
(.0002526) 

− .0000742 
(.0001688) 

− .0012478* (.0003468) − .0001825 (.0003137) − 3.881939* 
(2.020755) 

Available_water − 6.62e-08 (4.48e-07) − 1.22e-07 (1.04e- 
06) 

3.73e-07 (7.48e-07) 1.25e-07 (1.48e-06) − 0.0000241 
(0.0000266) 

Time before exhaustion – − .0033124 
(.0057222) 

– − .0076654 (.0083709) – 

Neighbor extraction .0000465 * (.0000105) — .0000632* (.000014) – — 

Preference for the present − .1046688 ** 
(.0533827) 

.0246141 
(.0267119) 

− .0597743 (.0575858) .0416846 (.0457488) – 

Preference for the future − .0927073 *** 
(.0520236) 

− .0055033 
(.0231664) 

− .062031 (.059126) .0047269 (.0445455) – 

Preference for neighbors − .0522555 (.0927661) 0 (omitted) − .0105863 (.0955688) .0697446 (.0645816) – 
Years of education − .0134894 * 

(.0043534) 
.0022687 
(.0021222) 

− .0166944* (.005295) .0018408 (.0036953) – 

Income level 3.86e-08 *** (2.13e-08) − 3.05e-08 * (1.26e- 
08) 

3.99e-08*** (2.43e-08) − 3.98e-08*** (2.13e-08) – 

_Cons   1.033968 .9493138 – 

Source: Author’s calculation using Stata 17. 
*Statistically significant at 1%. 
**significant at 5%. 
***significant at 10%. Standard errors in parenthesis. 
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probability to abide by the cap (see Table 7). For the quantity treatment 
group, in order of preference, farmers adapt by assigning more water to 
the present during almost the whole experimental sessions, meanwhile 
allocation to the future remained in second place. Unlike the control 
group, during half of the experimental sessions, farmers allocated almost 
30% more of the CPR to the present than to the future. At the start of the 
second half of the rounds, farmers revealed abrupt responses to quantity 
declinations and almost doubled their allocation to the future (see Graph 
5). In both, control and quantity treatment groups allocation to neigh-
bors shows a preference for non-egoistic behavior. In treatment group 
water allocations displayed a more elaborated decision-making; the 
intertemporal allocations seemed to be pondered since more informa-
tion was provided to players participating in treatment groups. 

When an aquifer system is alleged to last 30 years more, the adoption 
of cooperative behavior surrounds 70% in the 10 m–60 m well-depth 
interval. But this probability falls to 50% when well-depths reach 340 
m–440 m. Additionally, cooperation to preserve water resources drops 
to less than 20% when water-well depths are higher than 800 m. In the 
case of aquifers that are expected to last for 15 years, the probability to 
adopt cooperative behavior is 93% in shallow wells (less than 40 m 
depths), while it drops to 90% when depths reach 150 m–200 m. A 
strepitous decay in cooperative behavior (from 76% to 54%) is observed 
when water-wells are between 600 m–900 m deep. 

These marginal effect results can be clearer with an example situa-
tion in which water-well depth is 100 m, and hydro-economic infor-
mation on time before aquifer exhaustion is available. Observing Graph 1, 
the probabilities to cooperate with aquifer conservation are 67% and 
96% for 30 and 5 years before exhaustion, respectively. In 500 m well- 
depths, the probabilities drop from 92% to 46% when there are 5 and 30 
years left before exhaustion, respectively. 

4. Discussion 

Individual and community cooperation in adaptation to water 

scarcity is not straightforward. Different factors influence people’s 
willingness to adapt to climate-change-related effects on water avail-
ability. Adaptation is studied here using conceptual instruments aimed 
at signaling water scarcity. Instead of studying if people relying on 
groundwater adapt to status quo or projected climate conditions, a step 
forward is suggested in order to connect adaptation to sustainability. For 
this aim, water scarcity is operationalized through the binding limits of 
nature. Thus, an extraction cap was suggested to the participants in the 
experimental sessions. As a substitute for abstract situations in which 
experiment participants are asked to allocate tokens (Cardenas et al., 
2011; Fischbacher et al., 2001; Gächter, 2007; Keser and Van Winden, 
2000), the type of good at stake and the group of subjects in this research 
are closely related to the research purpose (Harrison and List, 2004). 
This is, water units and real rural water users (mostly farmers) were 
recruited, instead of university students who might not be familiar with 
the problem of aquifer overdraft and the deepest social problems of 
water scarcity. 

Extraction capping is a recently claimed approach to adapt to 
declining water resources by managing both water footprints and the 
contradiction of water use efficiency improvement (Grafton et al., 2018; 
A. Hoekstra, 2020; A. Y. Hoekstra, 2013). In this respect, the literature 
review registers few similar (water extraction capping) experiments to 
the present one. Threshold game models usually investigate if thresholds 
increase contributions, ceteris paribus (Ledyard, 1995). Stock quota 
games, which are closer to extraction capping, have been used to address 
different issues such as the problem of competition and the strategic 
externality effects of CPR systems (Gardner et al., 1997). Furthermore, 
the concept of “annual quota” has been suggested by those who have 
taken a closer look at the aquifer conservation approach (Smith, 1977) 
in order to define rights over annual groundwater recharges. Hence, 
extraction caps and quotas should be concocted to address the evident 
problem of aquifer overexploitation, which is pervasive around the 
world. Based on this topic, both caps and quotas should be consequent 
with the urgent need to avert overexploitation and recommend adequate 

Graph 1. Marginal effect of Time Before Aquifer Exhaustion on the decision to conform to the cap (Time Before Exhaustion treatment group) 
Source: Author’s calculation using Stata 17. The probabilities to adopt cooperative behavior are regressed against the well-depth variable (m). However, the 
probabilities are adjusted by the Time Before Aquifer Exhaustion variable. The Delta – method was used to calculate the marginal effect of changes in well-depth on 
these probabilities. 
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extraction rates for this aim. 
Another modification respect to extant CPR studies on cooperation 

lies on the type of binding limits suggested to players in the experiments. 
On top of the capping assumptions, two information treatment groups 
were formed: Time before exhaustion and remaining water quantity were 
employed as limiting categories to which players were able to react 
differently. The results indicate that cooperative behavior is more 
complex than just allocating a higher fraction that the one a Nash 
equilibrium would define (Andreoni, 1995; Cardenas et al., 2011; 
Gardner et al., 1997). Instead, it is delimited by social, behavioral and 
institutional settings, all of which might trigger the decision to conform 
to extraction capping. Thus, cooperation drivers are related to 
socio-physical variables which are, in turn, capable of configuring a 
decision-making model. An overarching finding on cooperation under 
the influence of extraction capping refers to the complexity of the in-
teractions between those socio-physical variables that explain cooper-
ative behavior. More general studies led by outstanding scholars state 
that cooperation is explained by reciprocity (Axelrod and William, 1981; 
Axelrod, 1984; Gächter, 2007; Hamilton, 1964), trust on others (Cox, 
2004; Ostrom, 1997), communication easiness (Abrahamse and Steg, 
2013; M. A. Janssen et al., 2010; M. Janssen, Lee and Tyson, 2014; 
Ostrom et al., 1994; Sally, 1995, and the ability of communities to devise 
proper rule systems (Isaac et al., 1994; Ostrom, 2015, 1990) and thus 
manage natural resources autonomously, among others. 

An in-depth analysis of cooperation drivers under extraction capping 
suggests a more elaborated set of explanatory variables. Water avail-
ability plays a role in cooperation, together with well-depth. In both 
cases, the marginal effect is negative. In the first case, the perception of 
plentifulness may not activate cooperation, since individuals might 
perceive that scarcity is still far. Similar results have been found when 
crop choice is linked to groundwater exhaustion, which actually leads 
farmers to cooperate (Meinzen-Dick et al., 2016). In the second case, the 
deeper the well is, the lesser the probability of cooperation, because this 
parameter is perceived as the socio-physical realization of scarcity. 

Another relevant variable corresponds to time living in the community. 
In the time treatment group, this variable was found to be significantly 
positive, while in the water quantity group, a negative effect was 
observed. Living in the territory for almost 30 years have set the con-
ditions to build a connection with the territory and understand the water 
stocks and flows while interacting with neighboring farmers. In these 
interactions, enough time have elapsed to get rules of adaptation to 
scarcity built. Besides, the socio-cultural connection with the territory 
has a dissimilar impact on the possibilities of cooperation. When water 
users are informed about the remaining time before aquifer exhaustion, 
the time they have lived in the dry region plays a role in deciding 
whether to adapt or not to water scarcity by conforming to a water 
extraction cap. However, this adaptation is permeated by socio-cultural 
values. In time treatment situation, farmers bring their past and present 
socio-cultural heritage and values to the game and goes far from physical 
dimension of the problem. Similarly, in their revealed future allocations 
of water during the games, those customs are made patent as well. Since 
farmers belong to communities where they have lived for long time, 
capping situations use to challenge the persistence of such a socio- 
cultural tradition. Farmers, by interacting with institutions, gather in-
formation by learning about others and their actions, and about the 
consequences of interacting within a specific set of rules (Cárdenas and 
Ostrom, 2005). Notwithstanding, working rules and institutions reflect 
hidden social and cultural values configuring communities’ actions and 
choices in water management, which might be supportive or against 
program implementation (Meinzen-Dick et al., 2016; Van Der Voorn, 
2008). 

In this time treatment group, other hidden social aspects are also 
revealed in respect to the intertemporal water allocations. When farmers 
are asked about allocating water volumes for the future consumption, 
impatience rates, uncertainty, cultural ties with the community and the 
territory are brought to their decision-making scene. A long-term 

oriented society strives to achieve congruence with its variable envi-
ronment (Van Der Voorn, 2008). Based on the marginal effect of time 
before aquifer exhaustion on the decision to conform to the cap, this 
long-term orientation is adjusted by the how far this future is, and how 
scarce the water resource is becoming. For people living over shallow 
aquifers, when this resource is alleged to last 30 more years, the prob-
abilities of cooperation by conforming to the cap surrounds 70%; but, 
this probability plummets to 20% when water-well depths are higher 
than 800 m. Thus, cooperative behavior by conforming to the cap is 
possible, even when long-term uncertainty in water availability exists. 
Therefore, decisions made by farmers in respect to abiding by a cap is 
consistent with the necessity of others to afford to water resources as 
well. As suggested by (Van Der Voorn, 2008) a collectivistic instead of an 
individualistic rationale might be present in these communities, since 
strong ties may reinforce collectives thinking where everyone takes re-
sponsibility for fellow members of their group. 

In the water quantity group, the neighbors’ extraction level positively 
impacted the likelihood of cooperation. The more water the neighbor 
was assumed to extract, the more the individuals were willing to 
conform to capping. This reflects a departure from reciprocal behavior 
(Falk et al., 2002; Milinski et al., 2002; Ostrom, 1998), since the more 
water the neighbors were assumed to extract, the more the individuals 
restricted their own extraction. Therefore, under water scarcity condi-
tions, individuals preferred to adapt by restraining their own extraction 
instead of retaliating because of neighbors’ non-cooperative behavior. 
Thus, it can be said that climate change effects on the water-related 
dimensions of development stimulate cooperation, perhaps because of 
the woes and incumbrances entailed by water scarcity. 

The key practical implication of neighbors’ extraction under the time 
before exhaustion and quantity treatments, refers to the positive effect 
that this parameter had in stimulating cooperation to adapt to scarcity 
conditions. Thus, water managers and policy makers are suggested to 
include the collection and dissemination of key socio-physical infor-
mation on time before aquifer exhaustion, remaining underground water 
quantities and neighbors’ extraction rates. Despite the fact that informa-
tion sharing is complex to manage, this can be accomplished through 
innovative technological devices to make user consumption data and 
hydrogeological aquifer status more visible and accessible to all water 
users in each vicinity. Thus, the key drivers of cooperation can be turned 
into institutional information working for cooperation in our adaptation 
to climate change. 

Finally, socio-economic factors halting adaptation to climate change 
might be managed with institutional and physical mechanisms. How-
ever, water availability exerts stringent limitations for livelihoods or 
farming (Ishaya, S. & Abaje, 2008; Komba, C & Muchapondwa, 2012). 
Thus, given the vital character of water, its availability should not only 
be an explanatory variable in adaptation to declining water stocks, but 
an issue subjected to socio-physical explanations about said adaptation. 

5. Conclusions 

This research is focused on presenting the empirical evidence on the 
drivers and inhibitors of adaptive groundwater management. The 
empirical research results are mostly quantitative. Data used for the 
analysis were drawn from framed field experiments run in 10 small 
communities belonging to 3 municipalities of Colombia. The 
geographical setting corresponds to dry areas exposed to frequent 
droughts, water shortages and high dependence on aquifer systems. 
Field experiments were organized in two treatment information groups, 
namely time before exhaustion and remaining water quantity treatments. 
These were used to differentiate the water-allocation decision-making 
process when binding limits exist. 

Another justification for delimiting the experimental sessions refers 
to the fact that field experiments are aimed at finding collective action 
alternatives when institutional settings differ. The more field experi-
ments resemble real-life situations, the better they will recreate practical 

J.M. Asprilla Echeverría                                                                                                                                                                                                                       



Groundwater for Sustainable Development 19 (2022) 100827

12

decision-making. Thus, water table declinations and aquifer over-
exploitation, which are real situations faced by water users, have been 
practically addressed by the current experiments in order to capture and 
recreate socio-physical models of reality. For this reason, the partici-
pants in the experiments were asked to allocate water when time before 
aquifer exhaustion is made public, and when the remaining water 
quantity in aquifers is declining, as observed in daily life. 

Empirical models in the time before exhaustion and quantity treatment 
groups were tested using the information criterion to assess regression 
fitness. A contrast was established between physical and socio-physical 
models to assess how the independent variables better explain the 
dependent variable. The latter, which refers to the ability of people to 
adopt cooperative behavior in conserving water resources, was 
measured via the probability to comply with extraction capping. The cap 
is consequent with the need to incorporate the limited water available 
units into water management systems. The empirical results show that 
socio-physical models provide a more comprehensive explanation of the 
drivers and inhibitors of cooperation. In the remaining quantity treatment 
groups, the longer the people have lived in the territory, the less inclined 
they are to cooperate, since one additional year reduces the probability 
to adopt cooperative behavior by almost 0.2%. Contrarily, in the time 
before exhaustion treatment group this relationship was positively sig-
nificant, since one additional year living in the community was observed 
to increase the likelihood of cooperation by 0.1%. 

The inter-temporal preferences of water allocation were found to be 
significant, but a clear pattern was not found. In effect, cooperation 
likeliness declined by 10% in individuals preferring to allocate water to 
the present or the future. Additional years of education did not produce 
the expected result, since one additional year of education reduces the 
probability to cooperate by 1.3% in the remaining quantity group. 

Special attention was paid to the marginal effect of some variables on 
cooperation likeliness. Marginal changes in this probability were plotted 
against both well-depth and time before aquifer exhaustion. The mar-
ginal effect is a step forward from using averages for water planning. If a 
groundwater management plan is put in place, the marginal character-
istics of well-depth and time before aquifer exhaustion have implications 
for the success of management strategies. Differentiations should be 
made in terms of well-depth where farmers live. The probability of 
adopting cooperative behavior is not the same if farmers are located 
over a 50 m, 100 m or 500 m deep water-well. For instance, two com-
munities led to assume they had 30 years left before aquifer exhaustion 
showed contrasting probabilities of cooperation (72% to and 62%) in 
connection with well depth, which was, respectively, 50 and 200 m. 

These empirical results have implications when it comes to finding 
options for achieving Sustainable Development Goals, especially SDG 6, 
which is related to water use efficiency. Water management cooperation 
drivers have a bearing on efficient water use. The behavioral effects that 
the time before exhaustion and remaining quantity approaches have on 
water extraction should not be overlooked if efficient water withdrawal 
is pursued. Before water is used efficiently, water withdrawal should be 
reduced to benchmark levels. These reductions are not easily attained if 
well-depth and information on aquifer duration are not geographically 
contextualized within water management strategies. 

Even though the current research strategy addressed groundwater as 
a specific CPR, it provides theoretical elements for other CPR settings 
such as forests, fisheries and irrigation systems, which are also affected 
by resource use dilemmas. However, in order to make a better contri-
bution to the understanding of the drivers of adaptation to scarcity in 
other CPR, more effort should be made to overcome the limitations of 
this research. A longitudinal, experimental approach was planned, but 
the Covid–19 pandemic made it impossible at this time. Thus, more 
rounds of experimental sessions are suggested. More field experiments 
with the same communities would be helpful to measure how stable the 
cooperation was in groundwater conservation under extraction caps. 
From the other side, varying the extraction cap level might be helpful to 
measure the effects of caps and thresholds on level and effectiveness of 
cooperation. On the other hand, it was not possible to introduce 
extraction cap level variations due to limited participant-payment funds. 
Since the calculation of the extraction cap was based on agricultural- 
activity consumption figures, further research aimed at filling these 
gaps is suggested. In the context of widespread non-compliance with 
environmental rules or free-riding, further research should be focused in 
deepening individuals’ decision-making processes, under more bare-
faced free-riding, to see, to what extent, tolerance and patience are 
overtaken. Similarly, another socio-cultural dimension related to reli-
gious faith should be included as explanatory qualitative and quantita-
tive variables, since faith-based organizations and individual faith may 
guide people to practice more care for the others by conserving water 
resources on earth and not in heaven. 
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Annex 1  

Table 8 
Measures of Fit for logit of FollowCAP (Quantity Treatment Group)  

Model: Model 2 Model 1 Difference 

Logit logit 

N: 384 384 0 
Log-Lik Intercept Only: − 144.680 − 144.680 0.000 
Log-Lik Full Model: − 120.959 − 138.503 17.545 
LR: 47.442(9) 12.353(4) 35.089(5) 
Prob > LR: 0.000 0.015 − 0.015 
AIC: 0.682 0.747 − 0.065 
AIC*n: 261.918 287.007 − 25.089 
BIC: − 1983.623 − 1978.287 − 5.336 
BIC’: 6.114 11.450 − 5.336 

Source: Author’s calculation using Stata 17.  
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Table 9 
Measures of Fit for logit of FollowCAP (Time Treatment Group).  

Model: Model 2 Model 1 Difference 

Logit logit 

N: 281 281 0 
Log-Lik Intercept Only: − 58.547 − 58.547 0.000 
Log-Lik Full Model: − 48.817 − 56.525 7.708 
LR: 19.460(8) 4.044(4) 15.416(4) 
Prob > LR: 0.013 0.400 − 0.388 
AIC: 0.412 0.438 − 0.026 
AIC*n: 115.634 123.050 − 7.416 
BIC: − 1435.998 − 1443.136 7.138 
BIC’: 25.647 18.510 7.138 

Source: Author’s calculation using Stata 17. 

Annex 1I

Graph 2. Ordinary Least Square (OLS) regression between decision to follow the cap and the allocation to the present (Quantity Treatment group). .  

Graph 3. Logistic regression between decision to follow the cap and the allocation to the present (Quantity Treatment group)  
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Annex III 

A note on logistic regression model selection 

Dealing with dummy variables as explanatory variables at the right side of the regression, but what additional problems arise when this dummy 
variable appears on the left side of the equation? What is wrong with running Ordinary Least Square (OLS) on this research? After all, it is a feasible 
procedure (Baltagi, 2011). For the case of this research, we regress the dummy variable on fulfilling the suggested water extraction cap or not, on 
variables such as well-depth, gender, time living in the community and other variables. The prediction from this OLS regression is interpreted as the 
likelihood of fulfilling the cap. The problems with this interpretation are as follows (Baltagi, 2011; Cameron, C. & Tirado and Cotter, 2001)):  

i. We are predicting probabilities of fulfilment for each individual, whereas the actual values observed are 0 and 1.  
ii. There is not guarantee that ŷi , the predicted value of yi is going to be between 0 and 1; more suggestively, OLS regression of yi on xi ignores the 

discreteness of the dependent variable and does not constrain predicted probabilities to be between 0 and 1. In fact one can always find values of 
the explanatory variables that would generate a corresponding prediction outside the (0, 1) range.  

iii Even if one is willing to assume that the true model is a linear regression given by yi = x′

iβ+ ui; i = 1,2, ...,n. But, heteroskedastic disturbances 
result in this case (Baltagi, 2011). 

Annex IV 

Design of experimental sessions 

Experimental sessions 
At the beginning of each experimental session, participants were told that (1) they will make a series of investment decisions in different rounds, 

(2) all individual investments decisions were anonymous to the group and (3) they would be paid their individual earnings (privately and in cash) at 
the end of the experiment (Cassar and Friedman, 2004; E. Ostrom et al., 1994). The amount of money paid to participants is not a payment for a job, 
but it acts as a mechanism to motivate the participation and to connect it with the market system in which every decision implies economic con-
sequences. (See third column in Illustration 1). 

Most field experiments pay individuals based on their “earnings” during the game. In line with the principles of experimental economics, a real, 
substantial incentive is provided for the decisions to be made, yielding the corresponding payoffs (Keser and Van Winden, 2000; Meinzen-Dick et al., 
2016). Participants were instructed that in each decision round they were asked to contribute to prevent aquifer deterioration. Before making the 
decisions, they were informed in regard of aquifer physical characteristics and the water extraction caps to promote sustainability and avoid 
exhaustion of the CPR. 

As shown in Illustration 2, participants decided whether following the expected cap or consuming their preferred water quantity. Participants were 
told that the announced cap was a suggested one but not a mandatory rule. 

Annex V

Fig. 2. Aquifer allocation options of water endowment/caps  
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Annex VI  

Table 10 
Exploring relationships between dependent variable and explanatory variables (quantity and time for exhaustion treatment groups)  

Variable Statistical relationship indicator 

(quantity for exhaustion treatment group) (time for exhaustion treatment group) 

Pearson chi2 likelihood-ratio chi2 Pearson chi2 likelihood-ratio chi2 

Time living & well depth Pr = 0.000 Pr = 0.000 Pr = 0.087 Pr = 0.105 
Neighbor’s extraction Pr = 0.000 Pr = 0.000 — — 
Remainining_time_exhaustion — — Pr = 0.005 Pr = 0.004 
Time-living in the community Pr = 0.000 Pr = 0.000 Pr = 0.49 Pr = 0.282 
Education Pr = 0.002 Pr = 0.001 Pr = 0.018 Pr = 0.012 
Well-depth Pr = 0.000 Pr = 0.000 Pr = 0.002 Pr = 0.008 
Gender Pr = 0.499 Pr = 0.499 Pr = 0.041 Pr = 0.021 
Age Pr = 0.000 Pr = 0.000 Pr = 0.11 Pr = 0.184 
Income level — — Pr = 0.105 Pr = 0.066 
Water left_present Pr = 0.000 Pr = 0.000 Pr = 0.000 Pr = 0.032 
Water left_future Pr = 0.000 Pr = 0.000 Pr = 0.027 Pr = 0.414 
Water left_community Pr = 0.000 Pr = 0.001 Pr = 0.004 Pr = 0.396 

Source: Author’s calculation using Stata 17  

Table 11 
Delta-method for marginal effect calculation at mean values (Remaining Quantity and Time Before Exhaustion treatment groups)   

Number of observations =
Remaining Quantity Treatment group Time before exhaustion Treatment group 

384 281 

_cons .9225963* (.0165848) .9694824* (.0131836) 
Mean values 
Time_living in the community = 33.42969 (mean) = 29.78626 (mean) 
Well-depth = 42.71094 (mean) = 73.4084 (mean) 
Available_water = 41098.57 (mean) = 39455.92 (mean) 
Neighbor extraction = 2461.25 (mean) — 

Time before exhaustion – = 6.583969 (mean) 
Preference for the present = .5078125 (mean) = .3358779 (mean) 
Preference for the future = .3541667 (mean) = .5343511 (mean) 
Preference for neighbors = .0416667 (mean) = 0 (mean) 
Years of education = 11.36458 (mean) = 9.122137 (mean) 
Income level = 672135.4 (mean) = 688435.1 (mean) 

Source: Author’s calculation using Stata 17. *Statistically significant at 1%; **significant at 5%; ***significant at 10%. Standard errors in 
parenthesis 

Graph 4. Control group average allocations by rounds 
Source: Author’s calculation using Stata 17..  
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Graph 5. Quantity treatment group average allocations by rounds 
Source: Author’s calculation using Stata 17..  

Table 12 
Descriptive statistics for the control group  

Variable Obs Mean Std. dev. Min Max 

avail_water 160 45980 21682.8 13200 80000 
extract_cap 160 2000 0 2000 2000 
Extractshare 160 1837.5 360.5107 1150 3000 
cummul_ext ~ e 160 10342.5 5385.231 1400 19900 
neigh_extr ~ t 160 2100 632.4555 1500 3000 
Age 160 32.75 1.808101 30 35 
Educ 160 12.25 2.192645 11 16 
time_living 160 22 12.68959 5 35 
Welldepth 160 15.25 .438529 15 16 
Followcap 160 .85 .3616203 0 1 
pref_pres 160 .45 .5038315 0 1 
pref_fut 160 .5 .5063697 0 1 

Source: Author’s calculation using Stata 17. 
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