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Abstract 

Lake Tota, the largest lake in Colombia, provides crucial ecosystem services supporting 

the socio-economic welfare of local and regional communities. The main economic activities in 

the area are classified as primary sector economic activities, with agriculture being, historically, 

the most representative. More recently, the introduction of rainbow trout created new income 

opportunities in aquaculture also contributing to rural development. Nonetheless, not all 

outcomes achieved by such sectors have been positive. It is claimed that production schemes 

have negative externalities on water ecosystems, especially as a result of unsustainable use of 

inputs such as fertilizers and fish-food in addition to poor waste management methods among 

other concerns. A model is developed in this thesis to provide an economic interpretation of the 

use of intertemporal open access resources in Lake Tota. The model includes two sectors, a 

harvesting sector and a manufacturing sector, using a common renewable resource. It takes into 

account the impacts from inputs used by the manufacturing sector in the growth dynamics of the 

resource. The model assumes that environmentally harmful inputs limit both, the carrying 

capacity of the ecosystem and the intrinsic growth rate of the renewable resource affecting the 

equilibrium of the system. The outcomes of the model are used to address the current 

sustainability issues in the area using three economic sectors: artisanal fishing as the harvesting 

sector; and aquaculture or agriculture as the manufacturing sector. The findings of this study 

suggest that manipulating the price of harmful inputs used in agriculture and aquaculture 

contributes to addressing the problem. Thus, the implementation of taxes is suggested as a policy 

instrument to reduce impacts from manufacturing activities. Since the price of such inputs has no 

influence on potential negative externalities from the harvesting sector, other recommendations 

such as restrictions on fishing and replenishment programs are suggested to guarantee not just 

long-term sustainability but also an adequate biomass that can be monitored as an indicator of 

water quality over time. In general, attention is drawn on encouraging technical progress for 

more sustainable production schemes in all sectors.  
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1 Introduction 

Exhaustibility is a characteristic of most natural resources. It refers to the condition of a 

resource to be depleted by a given pattern of use in a finite time (Baland & Platteau 1996 p.9). 

Considering a natural resource as essential for production, the need of establishing accurate 

exploitation patterns that allow its use over time is clear. Nevertheless, when a resource is not 

essential for the production, there is a high risk of exhaustion because one can assume that no 

future possibilities for production or consumption will be harmed. Baland and Platteau (1996 

p.12) point out that several aspects of this assumption must be carefully evaluated justifying the 

importance of a conservationist strategy for intergenerational common pool resources. The 

authors highlight that decisions taken by each generation must cautiously consider their potential 

impacts on the wellbeing of future generations. Since there is no perfect information on natural 

resources, there is always uncertainty on the effect of the current use of a resource in the future 

(e.g. depriving undiscovered potential uses, decreasing wellbeing of future generations, or 

simply by denying the option value of natural assets) (Baland & Platteau 1996 pp. 13-14). 

Therefore, the preservation of the resource must be prioritized to assure that current exploitation 

patterns do not threaten resources in such a way that the natural dynamics cannot be 

reestablished. This precautions based on irreversibility strive for preserving the stability of 

natural systems over time (Baland & Platteau 1996 p. 15).  

Since renewable resources have the potential to grow, recover, or flow over time, their 

exhaustion could be prevented over an infinite horizon if the economic growth and resource 

dynamics remain in equilibrium (Pearce & Turner 1991 p. 241). Nonetheless, any economic 

model has the potential to expand over the natural limits of the supporting environment, 

overexploiting the resources and driving the ecosystem to a collapse in the absence of adequate 

management plans. Fletcher and Hilber (2007 p.449), affirm that management strategies which 

exclusively point towards generating human-made capital are likely to fail since they are 

“unreactive” to disturbances on the environment and changes on the resources they benefit from. 

Mismanagement issues are often attributed to the poor understanding of relevant ecological 

concepts such as resilience, within other fundamental parameters, that help approaching the 

dynamics of the ecosystems as the complex unit supporting life rather than a merely source of 

raw materials (Berkes et al. 2000 pp.1251-1252).  
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Brander and Taylor (1998) suggest that fluctuations and even collapse in human 

populations are a direct result of resource scarcity. According to the authors, evidence suggests 

that anthropological collapses such as the case of the Easter Island and the Mayan empire are a 

result of unsustainable relationship between population growth and resource dynamics (Brander 

& Taylor 1998 p.133). Based on this work, if an economy strictly depends on a scarce renewable 

resource a cyclical pattern is expected. In the first stages, the human population will grow thanks 

to larger amount of resources, however, the increase in demand results in depletion of the 

resource stock, dramatically affecting the population due to resource scarcity and related 

increasing social conflicts (Brander & Taylor 1998 p.134). Thus, a “cyclical feast and famine” 

fluctuation pattern is observed, which may result in dramatically negative consequences if the 

renewable resource appears to have low intrinsic growth rates. By contrast, a population with 

similar conditions but a faster-growing resource will show a near-monotonic adjustment 

(Brander & Taylor p.130). 

From a different perspective, Fletcher and Hibert (2007), also point out the importance of 

keeping the equilibrium between human consumption and resource dynamics. The authors 

highlight that keeping extraction at optimal levels for preserving the resilience of the system 

rather than mankind’s capital stock is vital for the long-term stability of human populations 

(Fletcher & Hibert 2007 p. 450). This is because perturbations in ecosystem resilience will have 

unavoidable consequences in the availability of the resources for future uses. Therefore, 

exploiters might adapt their production patterns focusing on short-term profits, overexploiting 

the resource and hence, threatening the resilience and the equilibrium of the supporting system 

even more.  

Several ecological values along the Andian Cordillera have been highly altered due to 

uncontrolled human activities, mainly due to the transformation of essential ecosystems (Sagredo 

& Lowell 2012). Located in the Andian region of Colombia, Lake Tota, the largest lake of the 

country, is not exempt to this situation (Cañon & Valdes 2011, p.1). For decades, the water and 

other renewable resources related to the lake have been used to promote socio-economic 

progress in the region. However, its resources have been harmed by negative externalities related 

to overexploitation and mismanagement of open-access resources (IDEADE 2005 p.3). 

Economic activities linked to intensive agricultural practices and aquaculture, as well as 

unregulated fishing, in addition to weak governmental control for resource use, are claimed to be 
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the one of the main reasons for the degradation of the micro-ecosystems existing on the lake 

(IDEADE 2005 p.3). Within many other negative externalities, the release of production inputs 

with a high potential of harming the environment are of critical concern. 

What is more, following Branders and Taylor’s (1998) hypothesis, due to the strong 

relationship between ecological steadiness and long-term population stability, negative 

externalities from current production do not only threaten water resources but also the adjacent 

communities. The same extraction patterns that could benefit societies by diminishing the quality 

of the resources condemn them and future generations to economic decline and social conflicts 

which could indeed result in a societal collapse if not handled in time (Brander & Taylor 1998 

p.134). This highlights the necessity of addressing poor management practices in the Lake to 

develop more precise tools and guidelines for decision makers to encourage responsible 

production patterns in the quest of the preservation of intergenerational common pool resources. 

1.1 Objectives 

The main objective of this thesis is to identify key economic instruments that could be 

used to encourage sustainable uses of intergenerational open access resources in Lake Tota by 

reducing the negative environmental externalities arriving from current production schemes of 

three important economic actors in the area - artisanal fishing, aquaculture, and agriculture.  

To reach this objective, the study aims at presenting an economic representation of the 

current issues derived from unsustainable production activities by constructing a model based on 

an economy with two main sectors, one renewable resource, and one specific source of pollution. 

Finally, it also intends at providing policy recommendations for more appropriate management 

practices in the economic actors under consideration seeking long-term sustainability in the 

region.  

1.1.1 Research Questions  

The main research question of this thesis is: 

 Which management strategies could be implemented in the region of Lake Tota to 

achieve a more sustainable use of open access resources at long-term?  

In order to answer this question, the following questions need to be addressed: 
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 Which variables play a key role in reducing negative environmental externalities 

from current production schemes in the artisanal fishing, agriculture, and aquaculture 

sectors in the region of Lake Tota? 

 Which economic variables contribute in reducing environmental impacts from 

potentially harmful inputs of production used in agriculture and aquaculture?  

 How can these variables be manipulated in order to reduce the negative impacts 

derived from production systems? 

 Which economic instruments could be implemented to successfully control and/or 

mitigate the negative environmental externalities according to the specific conditions 

of the area?  

1.2 Methodology 

To answer the research questions, and meet the objectives of the thesis a microeconomic 

model is developed to establish which are the parameters required for reaching a state of 

equilibrium of the system. The model is constructed based on Brander and Taylor’s work (1998) 

which establishes the relationship between human population and renewable resource dynamics. 

The thesis contributes to Brander and Taylor’s model by including the effect of environmentally 

harmful inputs on ecological parameters normally kept constant. It assumes that the use of inputs 

in production could modify the carrying capacity of the ecosystem and/or the intrinsic growth 

rate of the renewable resource which will have repercussion on the equilibrium of the system.  

Based on this rationalization it is expected that: 

1. the use of environmentally harmful inputs reduces the carrying capacity of the 

ecosystem, as well as  

2. the intrinsic rate of growth of the renewable resource impacting the stationary 

states of the system.  

It is important to make it clear, that for the purposes of the thesis, only three of the 

existing economic sectors, artisanal fishing, agriculture, and aquaculture, will be considered. 

Following Brander and Taylor’s (1998) model with two economic sectors, artisanal fishing is 

represented by the harvesting sector while the manufacturing sector refers either to agriculture 

and/or aquaculture. More details regarding the bases of the model will be provided in chapters 3 

and 4.  
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1.3 Expected Outcomes  

It is expected that the model allows determining parameters and key economic variables 

for reaching and maintaining the equilibrium for the stock of the renewable resource. These 

results will provide bases for policy recommendations for mitigating environmental impacts 

from current production models in the sectors under consideration pointing towards the 

sustainability of the region. 

  

1.4 Structure of the thesis 

To present this work, relevant information on the case study is introduced in chapter 2. 

Chapter 3 provides a theoretical framework for the construction and understanding of the model. 

Chapter 4 builds more on the theoretical bases and describes the general and specific 

assumptions made for the development of the model. The results are presented in chapter 5 

followed by the discussion and policy recommendations in chapter 6. Finally, conclusions are 

given in chapter 7.  
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2 Case study: Lake Tota 

This section presents general information regarding the geographical, ecological, and 

socio-economic features of Lake Tota. It also provides a detailed description of the three 

economic sectors and the current sustainability issues relevant to this study as well as of the 

sustainability issues arising from unsustainable practices and conflict of interests derived from 

the use of water resources under open access.  

2.1 Description of the Study Area 

Lake Tota, the largest lake in Colombia, belongs to the continental range of highlands of 

the Andes.  This natural reservoir is located at 3015 meters above sea level in the department of 

Boyacá ( 5° 28’13’’ –5° 39’14’’ north latitude and 72° 50’38’’ –73° 00’00’’ west longitude) 

(Mora et al. 1992 p.410) (Figure 2.1). The weather, typical of cold highland areas is 

characterized by average monthly temperatures between 9.9 to 11.7 °C and differentiated 

precipitation patterns influenced by the trade winds across the year (CORPOBOYACA 2009 

p.44). The total area of the basin covers about 210 km
2
 from which 60 km

2
 correspond to the 

lake with an average depth level of 30m (Cañon & Valdes 2011 p.883).  The administrative 

control of the lake is under the jurisdiction of the municipalities of Aquitania, Cuitiva, and Tota. 

According to the data presented by the IDEADE (2005 p.7), in 2005 there were a total of 28,301 

inhabitants in the basin from which 5,619 were located in the urban areas and 22,682 constituted 

the rural population.  

Figure 2.1 Lake Tota 

       

Source: Google maps 
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Due to intrinsic characteristics of the lakes in High Andean regions, Lake Tota has a 

considerably low natural throughput (Hofstede & Rossenaar 1995 p. 13; Mora et al. 1992 p.409). 

Despite this, the lake is recognized to be a main precursor of regional development providing 

both, the agricultural as well as the aquaculture sector, with optimal conditions to grow and 

become important actors at regional and national levels (Cañon & Valdes 2011 p.884). In fact, 

there are several characteristics of the lake that make it of great environmental, social, and 

economic importance. 

 In first place, the lake has been defined as a biodiversity hotspot by Conservation 

International (CI) due to its ecological significance and relation to páramo ecosystems
1
 (Pinzón 

et al. 2012 p. 138). It was also declared as an Important Bird Areas (IBA) in 2008 due to its 

relative importance in providing habitat for at least 116 bird species which have been recorded in 

the area since 2003. Such records include the Bogota Rail and Apolinar’s wren which are 

endangered species (IUCN category), the Colombian grebe, now extinct and last seen in Lake 

Tota, and seven other endemic species (WWN 2013). Secondly, according to several studies, it is 

crucial in preserving ecosystem services as well as providing natural resources for the local and 

regional economies (Moncaleano-Niño & Calvachi-Zambrano 2009; IDEADE 2005; Mora et al. 

1992). On the one hand, it preserves underground water and provides human populations with 

clean water, food resources, and recreation. On the other hand, it is the source of a broad range of 

raw materials used in the industry, maintains fertile soil for agriculture and landscapes for 

tourism, and is the habitat of several flora and fauna species used by local communities as food 

and for commerce (Moncaleano-Niño & Calvachi-Zambrano 2009 p.97). The lake storages 

around 1.900 million m3 of water (CORPOBOYACA 2009 p.43) which are used to supply water 

demand for human consumption and economic activities in more than 11 rural districts in 

different municipalities in the region (Cañon & Valdes 2011 p.883). Finally, it is strategically 

located because it is nearby the main highway that connects the center of the country (Bogotá) to 

the Llanos Orientales, Venezuela, and the rest of South America (IDEADE 2005 p.4). Based on 

                                                   

1
 Described as high-altitude grasslands of the northern regions of the continental range of highlands of Los Andes, 

the páramos are unique ecosystems that play a crucial role in capturing water and supplying it to natural reservoirs. 

Páramos are important buffer zones and the main source of water for human consumption and in the countries where 

they exist including, Colombia, Ecuador, Venezuela and the north of Peru (Suarez & Medina 2001 p.158; Hofstede 

& Rossenaar 1995 p.13). 
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the large ecological potential and strategic location, the region of Lake Tota is recognized as a 

key area for the development of management plans to achieve food security in the long-term. 

Nonetheless, this target will only be accomplished if appropriate management schemes and 

regulations are designed under the scope of sustainable development and their implementation is 

immediate and appropriately monitored (IDEADE 2005 p.4). 

2.2 Economic actors in Lake Tota 

There are several economic actors in the area including agriculture, fisheries, aquaculture, 

tourism, and industry which directly or indirectly depend on the lake and the quality of the 

related resources. The largest contributions to the local and regional economies come from the 

primary sector whose current characteristics are the result of the interaction of biophysical, 

cultural and market aspect over time (IDEADE 2005a p.3). The primary sector includes 

agriculture, aquaculture, fishing, cattle, forestry, and coal mining (IDEADE 2005). Although 

agriculture is the most representative activity (Corpoica 2004 p. 3), all economic actors in 

general play a role in the local development (IDEADE 2005). However, not all are relevant for 

the purpose of this thesis and therefore only fishing, agriculture, aquaculture sectors will be 

described in this thesis. 

2.2.1 Harvesting sector 

2.2.1.1 Artisanal Fishing 

Rural communities use wild animals in several ways for consumption, recreation, and 

medicinal purposes (Moncaleano-Niño & Calvachi-Zambrano 2009 p.93). However, the only 

species that plays a role in the regional economy is the rainbow trout which was introduced to 

the lake around 1940 (CCI 2009 p.1). Thanks to its optimal adaptation to the environmental 

conditions of the area, this species has become an important source of food and income in the 

region (Moncaleano-Niño & Calvachi-Zambrano 2009 p.96).  

From the six species that currently coexist in Lake Tota (Table 2.1), wild rainbow trout, 

locally known as “trucha languera”, is the only one that is commercialized. The use of the other 

five species is occasional and almost exclusive to fishermen and their families. As reported by 

Moncaleano-Niño & Calvachi-Zambrano (2009 p. 96), fishermen do not allocate their time to 



9 

 

fishing for these species; they only used them occasionally if caught in the nets or baits while 

fishing for rainbow trout. The potential uses of each species are described in Table 2.1. 

For a long time, artisanal fishing has been an important activity for a considerable sector 

of the population in Lake Tota, nonetheless, little has been written about artisanal fishing in Lake 

Tota. According to the census carried out by Pinzón et al. (2012 p. 143), in 2011 the total 

population of fishermen in the region was composed of 110 fishermen (households), 97% men 

(Pinzón et al. 2012 p. 144), whose main income was obtained exclusively from fishing activities. 

In addition, the study suggests that a representative artisanal fisherman in Lake Tota is around 50 

years old, with a low level of education, owning a house built on rustic materials and with 

electricity and aqueduct services but with lack of a sewage system.    

Table 2.1 List of fish species recorded in Lake Tota 

Family Specie Local name Vulnerability* Uses** 

Salmonidae Oncornychus mykiss Trucha (languera***)/ 

Rainbow trout 

 1, 2, 3 

Characidae Grundulus bogotensis Guapucha NT 4, 5 

Cyprinidae Cyprinus carpio Carpa/Common carp  6 

Carassius auratus Goldfish   

Trichomycteridae Eremophilus mutisii Capitán NT 3, 4 

Pygidium bogotensis Capitanejo   

Rhizosomichthys totae Pez graso/Greasefish EX  

* NT: Near Threatened. EX: Extinct. Based on the IUCN Red list (Mojica et al. 2002) 

** 1. commercial 2. artisanal fishing 3. occasional consumption from fishermen 4. introduced as 

food for rainbow trout 5. bait fishing for trout 6. introduced to control elodea excess.  

*** “Trucha languera” is the type of uncultivated rainbow trout, the farmed-trout is known as 

“trucha de cultivo”. 

Source: modified from Moncaleano-Niño & Calvachi-Zambrano (2009 p. 83). 

 

Fishing techniques are mainly based on throw nets, fishing lines, or a combination of 

both. To cope with the reduction in stock biomass, fishermen used replenishment techniques to 

maintain larger populations. Nonetheless, such activities have been forbidden following the 

national legislation for exotic species (Pinzón et al. 2012 p. 220). Due to the ancestral features of 

the fishing practices in the region there is a lack of strategic planning to encourage more 
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sustainable practices and joint efforts (Pinzón et al. 2012 p. 139). In effect, only 17% of the 

fishermen have received any level of training and only 8% of the fishermen population belongs 

to an organization (Pinzón et al. 2012 p. 147).  

The commercialization of artisanal trout is strictly limited to local markets. Although 

there are two collection centers located in Aquitania in which fishermen could sell their products, 

in reality, most of the product is directly sold in the houses of fishermen or in small shops owned 

by the family. Price variations are subject to the size of the animal (Pinzón et al. 2012 p. 154).  

2.2.2 Manufacturing sector 

2.2.2.1 Agriculture 

Agricultural production includes welsh onions (Allium fusiform), potatoes (Solanum 

tuberosum and Solanum phureja), brad beans (Vicia faba) and peas (Pisum sativum), from 

which onion cropping has the largest share in production (IDEADE 2005a p. 3). Indeed, 

Aquitania is ranked first in production of welsh onion providing more than 50% of the 

national production (Corpoica 2004 p.3). This horticultural product was first introduced in 

Colombia by the Spanish and is nowadays the most profitable agricultural crop in the region 

because it can be harvested three to four times per year without reseeding. Indeed, a particular 

feature of this crop, not achieved with any other, is that one can obtain several cuttings from 

one plant, which are replanted to obtain a subsequent harvest (Corpoica 2004 p.3, DANE 

2001 p.11).  

According to the census conducted by the national department of statistics DANE 

(Departamento Administrativo Nacional de Estadística), the area designated to onion 

cropping, mostly represented by numerous farms of small size, occupies 93.77% of the total 

agricultural area in the region (DANE 2001, pp.16-17). Other agricultural products including 

potato, broad bean, corn, and livestock activities also take place in the region. However, none 

is comparable to the productivity of the onion sector. Depending on the schemes used in 

cropping and harvesting, it is possible to obtain yields from 28 to 75 tons per hectare (DANE 

2001 p.15). In 2001, the annual production was 131.451 tons with an average yield of 34.53 

tons per hectare.  

The production of onions can take place in almost any climate; however, it grows best 

in cold weather at altitudes above 3,000 and 3,400 meters above sea level (Corpoica 2004 p. 
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15). In Aquitania, onion crops can be found from the shore of the lake up to higher areas at an 

altitude range between 3,015 and 3,600 meters above sea level (DANE 2001 p.14). Although 

onion crops are resistant to dry periods, they should be continuously irrigated to achieve good 

quality and constant production. Other key aspect for quality production all year long is the 

amount of organic matter of the soil, which must be medium to high. This is the reason why 

large amounts of fertilizers and poultry manure are used (Corpoica 2004 pp. 15-16). In some 

cases, one can find polycultures, rotating onion cropping and cattle, but still with a strong 

tendency to allocate more land to grow onion (IDEADE 2005a p.10). 

According to IDEADE (2005a p. 4) production schemes involve between 547 to 586 

wages per hectare cultivated (Table 2.1). Labor is normally supplied by the members of the 

household and the local population. When the production does not require all members of the 

family to work on their own crops, the youngest members work for producers with 

recruitment capacity (IDEADE 2005a p.4). 

Labor is the most expensive input in the production of onion. Including both phases of 

production, cultivation and maintenance, labor force accounts for the 26% of total costs. The 

second larger investment is on organic fertilizers which, in all the phases of production, 

represent around 18% of the total costs, followed by seeds (17%) and transport (17%) 

(Corpoica 2004 p. 32).  

After harvesting takes place, the product is peeled and prepared locally before its 

commercialization at local, regional, and national levels. According to DANE (2001 p. 15), a 

single producer commercializes a minimum of 10 tons of welsh onion obtained in 0.2 

hectares. Around 40 trucks depart daily from Aquitania to the main collection centers in 

different cities such as Cali, Villavicencio, and especially Bogotá, most precisely to 

Corabastos, where most of the production is collected and commercialized (DANE 2001 p. 

15). However, according to the study carried out by the IDEADE (2005 p.13) most of the 

utility derived from the commercialization of onion stays in Bogotá. 

2.2.2.2 Aquaculture 

Since its introduction, the rainbow trout (Oncorhynchus mykiss) has played an important 

role in the aquaculture sector becoming the fourth most important species for the national inland 

aquaculture (CCI 2009 p.1) with a contribution of about 9% of the total national production 

(Ministerio de Agricultura 2011). Particularly in the region of Lake Tota, governmental entities 
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encouraged its cultivation in floating cages as well as the replenishment of wild population to 

boost fishery and aquaculture sectors as key instruments for regional economic growth (Pinzón 

et al. 2012 p. 90). Thanks to the optimal adaptation of the species to the environmental 

conditions of Lake Tota, it has successfully become a significant source of livelihood in the 

region (Moncaleano-Niño & Calvachi-Zambrano 2009 p.83; Mora et al. 1992 p.410). The sector 

generates more than 300 indirect jobs and around 170 direct ones from which more than 90% are 

strictly for the local communities of Aquitania, Tota, and Cuítiva (Pinzón et al. 2012 p. 180). 

Based on the survey carried out by Pinzón et al. (2012) it is possible to state that in 2011 

there were eight fish-farms operating in Lake Tota occupying around 0.02% of the total surface 

area of the lake and 0.0019% of the basin (Pinzón et al .2012 p. 168). All farms operate based on 

intensive or semi-intensive techniques mainly by using floating cages located directly on the lake 

(CCI 2009 p.2). Although the species has succeeded in reproducing naturally in almost all the 

ecosystems where it has been introduced, cultivated trout does not reproduce in the culture. 

Indeed, the production is based on eggs imported from international markets (CCI 2009 p.2). 

This is because imported eggs guarantee high quality meat, resistance to diseases (CCI 2009 

p.2), optimal size, and other physical features that are required to obtain a high quality product 

and to meet market standards (Angel Munar González, general director/owner of Truchicol, 

personal communication, March, 2013). In addition, imported eggs also assure the production of 

triploid (sterile) individuals with a higher percentage of females in the culture (CCI 2009 p.2). 

This helps to prevent potential harmful impacts on wild populations and the ecosystem by 

inhibiting the reproduction of the specie in case some fish escape from the cage (Pinzón et al. 

2012 p. 180).  

Rainbow trout are fed by hand-feeding techniques, with adjusted daily rations of 

concentrated fish-food. Feeding is the most costly component of the production (Pinzón et al. 

2012 p. 181; Woynarovich et al. 2011 p. 34), followed by work force, and eggs (CCI 2009 p.2). 

This is consistent with the data obtained at national levels, which reveals that, on average, fish-

food, labor, and eggs account for the 64%, 12% and 10% respectively of the total expenditures of 

the sector (CCI 2009 p.2).  

Once the individuals have reached the desired size, the product is either commercialized 

alive for recreational fishing or as fillets for human consumption (CCI 2009 p. 2). Different from 

artisanal trout, farmed-trout is also commercialized outside the local community reaching 
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regional, national, and international markets, under private names or through wholesale, and 

hypermarkets. 

Cultivated-trout presents commercial advantages in comparison to artisanal trout thanks 

to the selection of specific characteristic in breeding techniques. This type presents higher quality 

standards that, as listed by Woynarovich et al. (2011 p. 5) include “hardiness, fast growth, 

resistance to diseases and reliable reproduction under farm conditions”. Moreover, in wild 

populations spawning is seasonal which represents another market disadvantage for artisanal 

fishermen, who cannot compete to production capacities of aquaculture techniques that allow 

production all year long (Woynarovich et al. 2011 p.5). 

2.3 Sustainability Issues in Lake Tota 

Lake Tota has been highly altered by the negative externalities derived from the same 

socio-economic activities that benefit from it (CORPOBOYACA 2009 p.41). Due to the 

environmental relevance of the existing micro-ecosystems in the area, there is a need to preserve 

its rural characteristics. Nonetheless, population growth and production patterns in the periphery 

of the lake are inconsistent with this goal stimulating development and pushing the region 

towards urbanization (IDEADE 2005 p.3). Anthropogenic pressure started at the beginning of 

the last century with the expansion of agricultural land and urban areas as well as the 

construction of infrastructure on coastal areas to meet the new demands of increasing population 

and promote the development of the region (Pinzón et al. 2012 p.89, Mora et al. 1992 p. 410). 

These changes have resulted in detrimental variations in soil composition, landscape 

transformation, and degradation of water resources (IDEADE 2005 p.3).  

Cañon and Valdez (2011 p. 890) state that even though there is evidence of a strong 

correlation between the degradation of resources and global climate fluctuations, anthropogenic 

activities in the area have considerably stressed these variations. According to the authors, the 

pressure on water resources has been accentuated by the increasing demand for irrigation during 

dry months and the overexploitation of the resource during periods of relative abundance. In 

general, most of the negative impacts can be attributed to the lack of accurate management plans 

and poor governmental intervention in the area, which results in unsustainable uses of the 

resources (IDEADE 2005 p. 11), poor sewage system, and unsustainable practices and waste 
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disposal from the agricultural sector (Pinzón 2012; Ricaurte 2005, in Moncaleano-Niño & 

Calvachi-Zambrano 2009 p. 83; Mora et al. 1992 p. 410).  

The production models applied to agricultural activities are inadequate and do not respect 

the natural cycles of the ecosystems, putting pressure on the environmental balance (IDEADE 

2005a p.14). In first place, as mentioned before, the basin has been dramatically altered by 

drying parts of it and taking over water micro-ecosystems seeking the expansion of agricultural 

land to coastal areas. Secondly, natural patterns of water flow have been modified by the 

construction of drainages to connect the lake with rivers like the Upia River in order to control 

the level of water and facilitate accessibility of the resource for irrigation (Pinzón et al. 2012 p. 

89). Thirdly, and more relevant for this study, the availability and quality of the water is strongly 

affected from excessive use of water for irrigation, lack of soil testing, and inadequate use of 

poultry manure, fertilizers, and other agrochemicals which are finally released to the lake 

(Pinzón et al. 2012 p. 89; Corpoica 2004 pp. 15-16). Corpoica (2004 p. 16) reported annual 

records of 40 to 80 tons of poultry manure used per hectare. The high concentrations of manure 

have negative impacts on soil composition mainly due to the accumulation of potassium and 

phosphorous. As result, several negative consequences can be listed, from which eutrophication
2
, 

biodiversity loss, and human health, are of main concern in most of the literature.  

What is more, almost all technical support that farmers receive is provided by trained 

personnel employed directly by the same companies that produce or commercialize 

agricultural inputs, which suggest clear intentions of establishing commercial relations rather 

than promoting accurate production schemes (IDEADE 2005a p.5). In fact, the IDEADE 

(2005 p.14) alleges that the implementation of unsustainable fertilization techniques is due to 

irresponsible recommendations from technical advisors. 

Despite the above, agriculture is not the only economic actor to which negative 

environmental externalities have been attributed. The performance of the aquaculture sector has 

also been questioned. To start with, the introduction of the rainbow trout and consequently of the 

other species for its maintenance, has threatened to extinction the greasefish (Rhizosomichthys 

totae), which was the only specie original to the lake and endemic to the region (Moncaleano-

Niño & Calvachi-Zambrano 2009 p.83; Rodriguez 1984; in Mora et al. 1992 p.421). Secondly, 

                                                   

2
 Substrate and gas emissions into the air and water bodies altering the ecosystems (de Boer, 2003) 
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the use of fish-food is claimed to have potential harmful effects for wild populations of fish as 

well for the surrounding environment (Woynarovich et al. 2011 p. 34; Beveridge 2004) as it is 

spread outside the culture cages where it can be ingested by wild species or integrated to the 

sediments changing the natural composition of the micro-ecosystems. Thirdly, although all fish-

farms accomplished the requirements of occupancy in 2011, three of them did not hold waste 

management permits (Pinzón et al. 2012 p. 168), suggesting poor governmental intervention and 

control.  

 The link between the rapid growth of the sector and the increase in potentially negative 

environmental externalities has generated disagreement among environmentalists (Pinzón et al. 

2012 p.181). This is based on the fact that culture-cages are taking over the lake surface without 

adequate regulations for their location as a result of weak governmental intervention. Also, it is 

claimed that hand-feeding techniques have the potential to harm wild fish populations as well as 

the natural composition of the water and sediments due to the excess of fish-food that is spread 

out all over the lake (Pinzón et al. 2012 p.181). According to Angel Munar González, general 

director/owner of Truchicol, the oldest fish-farm (personal communication, March, 2013), Lake 

Tota offers excellent conditions for the cultivation of rainbow trout thanks to the quality of the 

water which is a basic requirement for the optimal growth of the species. In fact, it has been 

documented that the species has exigent requirements of water in terms of pH and dissolved 

oxygen, especially for hatching and the growth of juveniles (Molony 2001 p. 7). There is 

evidence that water bodies with high concentrations of nitrogenous compounds, particularly of 

nitrite or ammonia, show high levels of eutrophication and low oxygen that are toxic for the 

species (Molony 2001 p. 17). As indicated by Woynarovich et al. (2011), the species can be used 

as a bio-indicator for environmental toxicity since it requires high standards of water for 

growing. Such arguments have been used by the aquaculture sector to claim the use of 

sustainable production schemes and endeavor environmental quality (Pinzón et al. 2012). This is 

a rational in the sense that, just like in the fishing sector, negative impacts arriving from 

unsustainable practices will have negative effects on the productivity and will consequently 

result in lower profits for fish-farmers.  

The extension of aquaculture activities has also resulted in discrepancies with other 

economic sectors and local communities caused by an increasing competition for water resources 

(Pinzón et al 2012 p. 165). This is indeed an issue shared among all economic groups since all 



16 

 

agents directly or indirectly depend on the lake but each one has different requirements related to 

the quality of the water. While fishermen, and fish-famers (as well as aqueduct and tourism) 

require higher quality water to meet the optimal conditions for supply and/or production, 

agriculture (and industry) rather depends on quantity. According to IDEADE (2005b pp.1-2) 

several aspects generate conflict of interests and can be differentiated between the uses of water 

upstream and downstream the lake. Upstream the main conflicts result from the extension of 

agricultural land drying up streams that bring water to the lake, taking over water surface, 

unsustainable use of water for irrigation and finally, overfishing in key areas for the reproduction 

of the species. Downstream the conflicts are mostly due to storage capacity to assure supply 

water for all different sectors (IDEADE 2005b p.2)  

In any case, no matter what sector has larger share in resources’ depletion, the 

environmental instability of such a promissory region such as Lake Tota basin has called the 

attention of specific actors. Since 2005, the regional governmental agency CORPOOYACA has 

joined efforts with the academic institution Pontificia Universidad Javeriana, in order to develop 

a management plan for the basin of Lake Tota called POMCA, which stands for “Plan de 

Ordenación y Manejo de la Cuenca del lago de Tota” (Management plan for the basin of Lake 

Tota). The outcomes of this effort have been collected in a document that so far has become the 

main instrument for developing strategic planning seeking sustainable rural development in the 

region. However, not much has been put in practice and there is still a lack of accurate research 

and intervention to determine the current carrying capacity of the lake as well as to implement 

precise measures for its preservation (Pinzón et al. 2012).  

2.4 Causa Tota: nomination to Gray Globe Award (WWN)  

On the 21
st
 of December, 2001, the civil community presented an initiative to the 

government seeking protection of natural values in the lake and the whole basin. The main 

objective of this campaign is to call the attention of governmental and other relevant authorities 

to assure appropriate management production schemes in the area to guarantee the welfare for 

current and future generations in environmental and social terms (Causa Tota 2013). Currently, 

the initiative is coordinated by Mocilato (Movimiento cívico pro Lago de Tota y su Cuenca), a 

group of more than 3,000 people sharing the interest of protecting the environmental assets of the 

lake. The joint efforts come from areas such as NGOs, students, activists, academics, journalists 
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and other individuals from the civil community at local, national, and international levels (Causa 

Tota 2013).  

To make sure that their initiative reaches international levels, Causa Tota, nominated the 

lake to the Gray Globe Award of The World Wetland Network (WWN). “The World Wetland 

Network (WWN) is a global network of 500 wetland NGO’s initiated at the World 

NGO conference on the eve of the Ramsar COP10 meeting, November 2008, in Changwon, 

South Korea” (http://www.worldwetnet.org/about/). This organization gives non-financial 

awards for wetlands worldwide, recognizing the best (Blue Globe Award) or worst (Gray Globe 

Award) practices in wetland management. On the one hand, the Blue Globe Award is a mark of 

distinction for well-managed wetlands, in which biodiversity, environmental health, and local 

population requirements are successfully linked and from which one can learn to develop more 

sustainable strategies. The specific criteria are: “1) participation and involvement (of local 

people), 2) sustainable livelihoods, 3) wetland benefits, and 4) management for wildlife and 

biodiversity” (http://www.worldwetnet.org/awards/information/). On the other hand, the Gray 

Globe Award intends to draw attention to wetlands that have been degraded due to unsustainable 

human intervention, invasive species, and climate change. The specific criteria are: “1) industrial 

and agricultural impact/pollution, 2) habitat/species loss, 3) unsustainable development (e.g. 

building, man-made structures, drainage and over-abstraction and reclamation), 4) exclusion of 

local communities in decision-making” (http://www.worldwetnet.org/awards/information/). 

Voting was conducted online and the results of WWN awards were announced at the 

Ramsar Convention (CoP11) celebrated in Bucharest, Romania from the 6
th

 to 13
th
 of July 2012 

where Tota was awarded with the Gray Globe as the worst-managed wetlands in the Neotropics 

because, as explained by the WWN, it “suffers from a combination of point source and diffuse 

pollution, impacts of nearby industry, caged trout fisheries and over-abstraction. Introduction of 

commercially important fish species has also led to the extinction of the pez graso or grease fish. 

This situation is a result of a number of factors, largely an overall lack of knowledge and 

education on wetlands, their functioning and importance for people and wildlife. Importantly the 

lake is not designated under any form of protection.” (WWN 2013).  

Since the nomination for the award, the situation has generated different reactions among 

the different economic sectors, environmentalists, and the civil community within others actors. 

Environmentalists claim that there is enough evidence to include Lake Tota in the Ramsar list of 
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wetlands of international importance and limit the current exploitation of its resources. In 

contrast, economic and social actors question this action in the sense that there is a lack of 

strategic planning for dealing with other critical concerns of the area such as the safeguarding of 

livelihood that is generated by the utilization of the lake resources (El Tiempo 2010).  

Independently on whether Lake Tota is declared a Ramsar site or not, the obvious need of 

developing precise strategies keeps on calling the attention of the civil community, economic 

sectors in the area, and relevant authorities within and outside the country to develop adequate 

management plans in favor of the preservation of the lake and the rational and sustainable use of 

its resources.  
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3 Theoretical framework  

This section introduces basic concepts on renewable resources growth, the impact of 

harvesting rates, and the Ricardian-Malthus model. All these provide the necessary foundations 

for the construction of the model presented in the following chapters. 

3.1 Renewable Resources Growth 

In a world where resources grow freely with no environmental boundaries, and there was no 

human intervention or any other source of exploitation, a renewable resource could regenerate 

itself exponentially. Following Faucheux and Noël (1995 p. 135), given a natural stock of size 

(X), the natural patterns of growth G(X) can be explained by the dynamics between the rates of 

fertility and mortality as: 

           (3.1) 

where growth rate of the species (r) is a constant parameter and G(X) represents an exponential 

pattern.  

Assuming no environmental constraints, the stock is expected to increase with fertility larger 

than mortality rates, which makes G(X) move towards +∞. However, this exponential growth 

model is not realistic because the world in which species coexist is finite, hence finite resources 

can only support a finite populations (Hardin 1968, p. 1241).  

The stock threshold is given by the carrying capacity of the ecosystem. This essential 

biological concept determines the maximum size of resource stock that an ecosystem can support 

given a fixed amount of resources and space. In other words, scarce resources limit biomass by 

increasing competition which results in larger mortality rates and lower fertility (Faucheux & 

Noel 1995 p. 134). As a result, biological populations do not show exponential but rather logistic 

growth pattern which will be described in the following subsection. 

3.1.1 Logistic Growth 

The logistic population growth model (by Verhulst 1838; in Bacaër 2011 p.35) has been 

extended to the study of renewable resources growth and more specifically to fishery economics 

because it considers regulating factors that determine growth rate and limit biomass density 

(Pearce & Turner 1991 p. 241, Clark & Munro 1975 p.93). This is done by introducing a new 

parameter r(X) in equation (3.1): 
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              (3.2) 

as a decreasing function of X:  

               

In this way, equation (3.2) describes the law of natural growth which states that the 

growth (biomass per unit of time) is proportional to the stock biomass. Nevertheless, population 

growth is not monotonic in relation to the size of the stock. In effect, it is constrained by the 

carrying capacity, reason why above such limit, growth rate will be constant or negative (Baland 

& Platteau 1996 p.16). The logistic growth model is expressed as: 

            
 

 
  

(3.3) 

Where G(X) is the resource growth in terms of biomass per unit of time, r is the intrinsic 

rate of growth, X is the amount of the resource at the beginning of a given period, and K is the 

carrying capacity of the ecosystem. 

Figure 3.1 shows that the growth pattern of renewable resources over time described by 

equation (3.3) has sigmoid (S shaped) curve (Schaefer, 1954).  

Figure 3.1 Logistic growth curve. 

 

Source: Pearce & Turner (1991 p. 242) 

 

The shape of the logistic curve can be explained following the example proposed by 

Pearce & Turner (1991 pp. 242-243). Considering the growth of a population of a single species 

over time, the biomass stock (S) will have the potential to grow only if a critical minimum level 

Stock (X) 

time [t] 

XMIN 

XZERO 

XMAX 
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(XMIN) is achieved. Otherwise, if stock level goes below the minimum size required, the resource 

will die out (XZERO). If XMIN is reached and the environmental conditions are optimal, the stock 

will increase describing an exponential pattern in the first stages until it reaches a size at which 

increasing competition for the scarce space and resources will slow down the growth rate and 

eventually pushing it to zero (Pearce & Turner 1991 p. 241; Hardin 1968, p. 1241). At this point, 

growth rate will still be positive, but with a considerable slow down on the speed of 

reproduction. At the maximum level (XMAX) the stock is at the largest possible size the 

ecosystem can hold. This is the reason why the growth converges and the population either 

expands at a constant rate or stops (Pearce & Turner 1991 p. 241). 

The information given in the previous graph can also be used for a different interpretation 

by plotting it into a different graph (Figure 3.2) which presents the change of the biomass per 

unit of time in relation to the level of the stock (Pearce & Turner 1991 p. 243).  

Figure 3.2 Biological growth curve 

    

Source: Faucheux & Noel (1995 p. 137) 

 

For some natural resources XMIN=XZERO, however, for several species that have spread 

populations or have little genetic diversity the minimum size must be strictly positive (Baland & 

Platteau 1996 p. 17). Here it is important to clarify that for simplicity purposes Figure (3.2) does 

not take into account the portion between XMIN and XZERO assuming that there is no critical 

minimum stock level (Pearce & Turner 1991 p. 243) and therefore XMIN will be from now on 

represented by X0. Keeping this in mind, it is possible to infer that G(X) > 0 for any renewable 

resource with a stock size of  X0 < X < XMAX, and G(X) = 0 for X = XMAX (Faucheux & Noel 
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1995 p. 134). Figure 3.2 shows evidence of proportional growth rate (or regeneration rate), 

which allows biomass to increase faster when the stock level is small and slows down 

considerably as the level of stock increases. The breaking point at the top of the inverse parabola, 

G(X), from which the growth rate becomes negative is the maximum sustainable yield (MSY), 

which is a key concept for resource management purposes. 

3.1.2 Maximum Sustainable Yield 

As mentioned before, the MSY denotes the point where growth rate is at the maximum 

level. This is a fundamental concept for renewable resources management because it indicates 

the largest amount of the resource that could be extracted. Any harvest level above this point will 

be unsustainable, threatening the resource to extinction (Faucheux & Noel 1995 p. 134). Once 

the stock biomass crosses the corresponding point to the MSY (represented in the graph by K/2) 

growth rate becomes negative and hence the curve flips.  

The concept of MSY has been widely used in theoretical approaches as an optimal level 

of extraction to formulate and design production schemes seeking constant yields (Berkes et al. 

2000 p.1).  It is rational to assume that at such point the resource will still be preserved while the 

producer obtains the maximum benefit. However, such concept may also fail in representing the 

reality within the ecosystem. Two important arguments against this idea must be considered. 

First of all, as claimed by Pearce and Turner (1991 p. 244) the MSY is rather a biological 

concept than an economic one and so, it provides information on the maximum possible level of 

extraction but does not tell much about the desirable level in economic terms. Secondly, 

harvesting at the MSY involves a high risk of disequilibrium for the ecosystem because this is 

not a stable stationary state and the ecological thresholds are sensitive. In effect, it is likely that 

in this situation several negative environmental externalities could arise because the potential 

economic and social benefits can be overestimated due to lack of knowledge regarding biological 

dynamics within the ecosystem (Pearce & Turner 1991 p. 249). Pushing exploitation to the MSY 

increases the likelihood of overharvesting resulting in environmental depletion and even species 

extinction, reason why the MSY is far from being an optimal tool for resource management 

policy (Pearce & Turner 1991 p. 244).  
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3.2 Renewable Resources Growth and Harvesting Rate 

Since human intervention in all probability affects the natural patterns of resource 

growth, it is necessary to introduce a second component to the model to represent the rate at 

which the resource is used. This is done by transforming equation (3.3) with the addition of a 

new parameter that represents the harvesting rate or yield at which it is extracted at each period 

of time. 

          –           with X0 = X0,  Xt ≥ 0 and Ht  ≥ 1   (3.4) 

where the variation in the stock     at a given time (t) is given by the relation between 

the growth rate of the resource       and the level at which the resource is extracted (Ht).  

In this way, the model allows assessing growth dynamics of renewable resource stock 

under exploitation in order to find a level of harvest at which one can reach an equilibrium 

(steady state) meaning that there are no variations in the stock density among different periods 

keeping it constant over time. As explained by Faucheux & Noel (1995 p. 137) one can draw 

three general conclusions from equation (3.4): 

If H< max G(X) the population biomass will remain in equilibrium. As seen in Figure 

(3.3a) there will be two steady states, one instable at X1 and one stable at X2. Here is important to 

highlight that G(X) >0 if X1<X< X2 and G(X) <0 for all other points. 

If H= max G(X), there is only one semi-stable steady state at K/2 and the outcome will 

depend on the initial size of the stock.  

If X0> K/2 the stock will recover to K/2, but if X0< K/2 the stock will tend to extinction 

(Figure 3.3b). 

Figure 3.3 shows that any level of harvest below the curve is possible, thus the quantity 

of fish caught holds between Xo and K. However, depending on the size of the stock after 

harvest, the stock will either restore itself moving back to the equilibrium in the long-run, or 

could rather fall to zero instead. This is related to the stability of the steady state at which 

population is found in a given period. In X1, the biomass size is instable and the stock is likely to 

move towards extinction, while in X2 the system receives a negative feedback from either an 

increase or a reduction in the stock, and the system will move back to the equilibrium (Balad & 

Platteau 1996 p.17).  
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Figure 3.3 Renewable resource stock equilibrium and harvest rate 

.  

a) H≤ max G(X)    b)  H> max G(X) 

Source: Faucheux & Noel (1995 pp. 137-138) 

 

3.3 The Ricardo-Malthus model of open-access renewable resources  

In order to address the increasing concerns about economic decline and the related 

degradation of natural resources, Brander and Taylor (1998) developed a general equilibrium 

model to link the dynamics of renewable resource and human populations applied to the case of 

the Easter Island. This model was built based on three main components, which included the 

Malthusian population dynamics, a renewable resource under open access, and a Ricardian 

production organization over time (Brander & Taylor 1998 p.119-120). Firstly, as explained by 

the authors, the Malthusian population dynamics implies that the human populations will growth 

as productivity improves. But, such expansion will lead to resource degradation and perhaps 

dissipation of incomes and other gains, particularly if growth exceeds productivity, resulting in 

drastic readjustments (Malthus 1798; in Brander & Taylor 1998 p.1). Secondly, following 

Malthus (Ch. 10 pp. 82-83; in Brander and Taylor 1998 p.120), the impacts of population 

expansion are likely to be worse in the presence of an open-access renewable resource, 

particularly when such is an essential resource. Finally, the authors used a linear structure for 

production following the Ricardian structure, reason why the model is called the Ricardo-

Malthus model of open-access renewable resources. The model has also foundations on the work 

developed by the pioneers on the dynamics of renewable resources Gordon (1954) and Schaefer 
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(1957) to approach renewable resource dynamics under exploitation (Brandor & Taylor 1998 p. 

120), previously explained. 

In summary, the model, also known as the BT-model (after Brander and Taylor 1998, in 

Nagase & Uehara 2011 p. 9), describes a small closed economy with one renewable resource 

stock and two economic sectors. The basic form of the model includes a harvesting sector and a 

manufacturing sector, both using a common pool resource. Labor is equal to the population size 

and completely distributed between the two sectors. Each sector has a defined production 

function which, in both cases, is linear with respect to labor given population and stock levels. In 

the original model, the prices for both goods as well as the wages earned in each sector are 

subject to market forces. With respect to the consumers, each consumer seeks utility 

maximization in a given period of time, in a myopic manner (Nagase & Uehara 2011 p. 10). 

Figure 3.4 gives a graphical representation of the basic assumptions of the model: 

Figure 3.4 Basic features of Brander and Taylor’s model  

 

Source: Nagase & Uehara (2011 p. 10). 

 

Although the model was mainly developed for addressing the particular anthropological 

mystery of the Easter Island, it provides plausible tools for interpretations on the relationship 

between human population dynamics and renewable resource dynamics (Brander & Taylor 1998 

p.120) that have been used by other authors such as Chakraborty (2006). 
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4 The Model 

The model is based on the work carried out by Brander and Taylor (1998 p.123) for a 

two-good economy with open access to a renewable resource. On the one hand, one good is an 

open access renewable resource (H) harvested by a sector of the economy. On the other hand, the 

second good is a manufactured good (M) produced in the economy.  

 To assess the population dynamics of the renewable resource, the model is developed 

using the logistic growth function explained in the previous section since it is the most accurate 

function to describe biological patterns of growth in a constrained environment and under 

exploitation (Brander & Taylor 1998 p. 122). As explained before, the size of the resource 

biomass at time t is represented by St, and the rate at which the resource is extracted at a given 

time is represented by Ht. The variation in stock size between time periods is defined by the 

natural growth rate G(Xt) minus the amount harvested. 

                  

For simplicity purposes, the time argument is not taken into account in the construction 

of the model. In this way, the model assumes the following logistic function: 

        
 

 
    

(4.1) 

Where    is the change in resource availability, r is the intrinsic regeneration rate of the 

resource to a disturbance such as harvesting, S is the resource stock, K is the carrying capacity of 

the ecosystem, and H is the rate at which wild fish are extracted. 

4.1 Assumptions and theoretical framework 

Several assumptions have been made in order to facilitate the construction of the model  

and define it according to the conditions of Lake Tota. This section will introduce general 

assumptions, followed by specific assumptions for each of the two economic sectors involved, 

which are required for developing both, the static frame and subsequently the dynamic frame.  

4.1.1 General assumptions 

The following assumptions can be rationally formulated for the study case: 

1) The geographical distribution of resource stock is limited to Lake Tota. 
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2) There are two sectors in the economy:  the harvesting sector (i.e. artisanal fishing), and 

the manufacturing sector (i.e. agriculture and/or aquaculture) producing manufactured goods. 

Production schemes in the manufacturing sector are intensive.  

It is important to clarify that although the tourism and industry, within other sectors are 

relevant in the regional economy, they will be considered as exogenous to facilitate the 

construction of the model and, therefore, they will not be included while developing the model, 

neither in the discussion. This, among other reasons, is because it is assumed that the main 

sources of pollution in the lake come from the excess of production inputs such as fish-food, 

fertilizers, chicken manure, and other agrochemicals, which are not directly used by the sectors 

previously mentioned. 

Although sectors, such as tourism, are positively impacted by the preservation of the 

natural resource stock, it is not the intention of the authors to rely on this particular benefit to 

build on the results. 

3) The economy includes four goods:  

 labor (L) provided by locals and distributed completely among the sectors 

 a harvested renewable resource (H) (i.e. artisanal fish) which is the natural resource 

extracted in the economy  

 manufactured goods (M) (i.e. either farmed-fish and/or welsh onions) 

 production inputs (F) used in the manufacturing sector, which are likely to have 

negative impacts on the environment (e.g. fish-food in aquaculture and/or chemical 

fertilizers and chicken manure in agriculture). 

4) Wages and the price of harvested-fish are endogenous, whereas the price of M and F are 

exogenous. 

5) Regarding labor force, several assumptions are made:  

 local community is homogenous 

 labor force equals population size (L) 

 all labor is distributed among the two economic sectors: LH for the harvesting sector 

and LM for the manufacturing sector 

 

        (4.2) 
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 migration is negligible because all labor is provided by locals. 

6) The inter-temporal allocation of harvested resource is not managed by any private owner. 

Harvesting ground is of open access in the dynamic settings even if it is private within any given 

period of time. 

7) All harvested and manufactured goods can be consumed within the economy. 

Manufactured goods are also commercialized outside the local market whereas the renewable 

resource harvested is strictly consumed among the community. 

4.1.2 Specific assumptions for the harvesting sector 

In order to satisfy the interests of this study, the assumptions for the harvesting sector are 

defined based on the current conditions of the artisanal fishing sector in the area. The 

assumptions are listed as:  

1) Following Schaefer (1957 in Bander and Taylor 1998 p. 123), the static production 

function for the harvesting sector is defined as a linear function of resource stock and extraction 

effort: 

                where      and        

 

(4.3) 

Where H is the quantity harvested at a specific period of time,   (  > 0) is a parameter 

that represents the rate at which the renewable resource can be extracted subject to the size of the 

stock. S is the stock, meaning the total biomass in the ecosystem (i.e. stock of wild trout in the 

lake). Finally,    is the labor allocated to harvesting, or in other words, according to the 

purposes of this thesis, the fraction of the population whose main income depends on artisanal 

fishing. 

2) Constant returns to scale are assumed, so the output changes in the exact same proportion 

as the change in labor. 

3) The resource harvested is strictly commercialized at the local level.  

4.1.3 Specific assumptions for the manufacturing sector 

The assumptions for the manufacturing sector are made mainly to satisfy the current 

conditions of the two manufacture sectors of relevance for this study, the agriculture sector 

(onion cropping) and/or aquaculture sector (fish-farming). The specific assumptions for the 

manufacturing sector are given as follows: 
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1) Manufactured goods are produced with a Cobb-Douglas production technology that 

employs two factors of production: labor and an input (F) likely to have negative externalities in 

the lake and hence in the natural reproduction of wild trout. For this study, the F- inputs can 

either be fish-food used in aquaculture activities or fertilizers used in onion cropping. 

              
              with         (4.4) 

Where M is the total production of the manufactured good at a certain point of time,   is 

the total factor of productivity,    is the total labor allocated to produce any of the manufactured 

goods (i.e. onions and/or farmed-fish), F is the amount of environmentally-harmful input used 

(e.g. fertilizers and/or fish-food), and finally,     and   represent the product elasticity in 

terms of labor and inputs respectively. 

2) Different from the harvested resource, the manufactured goods are commercialized in 

both, local and external markets. 

3) The price for the good M is normalized to 1 (Brander & Taylor 1998 p.123). 

4.1.4 Specific assumptions for the consumers’ side  

1) The total domestic demand is also assumed to be equal to the population size. 

2) A representative consumer is assumed to have an immediate utility, defined by the utility 

function: 

                               with        (4.5) 

Where the utility U is function of the proportions in which both goods, the harvest 

resource h and the manufactured goods m are consumed. The parameter   represents the 

consumers’ preferences for the harvest resource h over the manufactured goods m, and (1- ) 

represents the opposite. 

3) Utility maximization is subject to an instantaneous budget which can be allocated in the 

consumption of any of the goods produced among the economy. 
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4.2 Developing the model 

4.2.1 Production Side: Profit Maximization 

4.2.1.1 Harvesting Sector 

The profit in the harvesting sector (    is a function of the price, the harvested quantity, 

and the costs of production. Hence, the production function is given as: 

             (4.6) 

Since labor is the only factor of production and wages represent all the costs, the sector 

must optimize the labor in order to maximize its profits. 

  
                  (4.7) 

Replacing equation (4.3) into (4.7): 

  
                    (4.8) 

Profit maximization leads to the following outcomes: 

             there is no solution (4.9) 

                  (4.10) 

                        (4.11) 

From the previous profit maximization one can draw three main conclusions. Firstly, 

when returns are larger than the costs of production, in terms of wages, there is not any solution 

for the maximization (equation 4.9). Secondly, when revenue is lower than the costs, the demand 

for labor will be zero (equation 4.10). Finally, when production revenue is equal to the costs of 

production (equation 4.11) the demand for labor will be positive and will oscillate between zero 

and the population size (L) according to the revenue.   

4.2.1.2 Manufacturing Sector 

The profit function for the manufacturing sector (    is given as: 

                     (4.12) 

Replacing equation (4.4) into (4.12): 
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                   (4.13) 

To achieve profit maximization it is necessary to optimize the quantity produced as well 

as labor and input expenditures. 

    
                

              (4.14) 

Since     , the first order conditions of the maximization process lead to the following 

outcome: 

        
      

   

Solving for F, one can observe that the optimal quantity of F is a function of the optimal 

amount of labor allocated to the sector and vice-versa. 

   
    

 

       
 

(4.15) 

Along with equation (4.2) it is possible to write    as: 

         (4.16) 

Also, it is possible to infer that at the optimization level: 

      
     

             (4.17) 

Now, replacing equation (4.4) into (4.17) and solving from w, one finds: 

   
              

     
                  

  
     

 
    

  

  
 

 
    

 
(4.18) 

4.2.2 Demand side: Utility maximization 

Consumers will maximize their utility by consuming optimal quantities of harvested and 

manufactured goods given their budget constraint. It is assumed that at the equilibrium point the 

total income will be spent in consuming any of the goods produced in the economy. 

                          (4.19) 

                (4.20) 

Utility maximization leads to equations (4.21) and (4.22) for the optimal levels of 

consumption of h and m respectively. In first place, the level of consumption of harvested 
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resource by which an individual maximizes his utility in Lake Tota is function of the rate of   

and   , whereas the consumption of manufactured goods is rather a function of   itself.  

   
  

  
   

(4.21) 

           (4.22) 

At the local market, the amount of renewable resource harvested is subject to the total 

amount of labor available and the quantity demanded. 

       (4.23) 

Replacing equation (4.3) into (4.24)  

               

   
   

  
 

(4.24) 

Using equations (4.21) and (4.11) to replace h* and w respectively, one finds the quantity 

of    as a function of total labor availability as well as of the local demand for the resource, 

which is defined by the extent to which the consumers prefer the harvested resource over 

manufactured goods. 

   
   

    
 

     

      (4.25) 

Following equation (4.16) and solving for   : 

           (4.26) 

4.2.3 Assessing long-term effects from the use of environmentally harmful inputs  

Along with the information provided in chapter 2, certain production inputs used in the 

manufacturing have the potential to diminish environmental quality. This could be translated into 

a reduction of either the carrying capacity of the ecosystem, or the natural growth rate of the 

renewable resource over time and consequently a variation on the steady states. Based on this, 

equation (4.1) can be modified to observe the effect of the amount of F in carrying capacity or 

growth rate as: 
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(4.27) 

 

            
 

 
        

(4.28) 
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5 Results 

5.1.1 Specifications for the short-term equilibrium 

Firstly, at a given point of time, stock biomass as well as human population are fixed. At 

this point, the static equilibrium for the harvesting sector must be found at the point where local 

supply meets local demand. This is because, as mentioned before, in the region of Lake Tota, 

artisanal fish is strictly commercialized at the local market. Then, the equilibrium output is: 

             (5.1) 

 By inserting equations (4.25) in (5.1) one finds that at short-term equilibrium H is 

defined: 

        (5.2) 

From the profit maximization for the harvesting sector, (see equation 4.11), it is possible 

to identify that the endogenous price of renewable resource    is given by the relationship 

between the costs of labor and the quantity harvested. Assuming perfect competition the price is 

expected to be equal to the marginal cost. 

    
 

  
 (5.3) 

From these results, it is worth mentioning that in the short-run both, the level of resource 

harvested as well as the market price are inversely affected by the amount of biomass and the 

rate at which it is extracted. This allows rewriting the equations as: 

    
      (5.4) 

with      indicating the performance and market value of the harvesting sector as a 

fraction of the total local market. 

Secondly, for the manufacturing sector, based on equation (4.4) the equilibrium can be 

established at: 

               
   

  
  

  
 
 
    

         

  

     
(5.5) 

As expected, the equilibrium output for the manufacturing sector is inversely proportional 

to the price of the inputs used (  ). Both,    and    are exogenous and hence rather determined 

by the behavior of external markets. For this reason, the local supply might differ from the local 
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demand. Indeed, although the local demand for M is positive, it is considerably low in 

comparison to the local quantity produced for exportation to regional, national, and global 

markets. 

Thirdly, with regards to labor, it is particularly important to keep in mind that migration 

is negligible and labor force is equal to the population size. Consequently, at the equilibrium, 

labor must be optimally distributed between the two sectors. 

    
    

   

 For migration to be nil, the wage rate of both sectors must be exactly equal; otherwise 

there will be labor relocation since individuals will be motivated to migrate from one sector to 

the other according to the differences in the salaries. 

              (5.6) 

5.1.2 Specifications for the long-term equilibrium 

In general, any variation in the size of biomass of the renewable resource over time is 

represented by the logistic function in equation (4.1). When approaching the long-run 

equilibrium, three obvious solutions for the resource stock can be drawn. In first place, if the 

harvest rate exceeds growth the stock will decline. In contrast, if the growth exceeds extraction 

the stock will regenerate and then the biomass will increase. Finally, if the harvest is equal to the 

growth there is a stable point and no change in the size of the stock is observed. This particular 

situation, or steady state, corresponds to a constant solution in which: 

             
  

 
        

(5.7) 

Then, the level of resource stock      on a stationary state is given by: 

  

 
     

  

 
         

(5.8) 

 

       
   

 
   

(5.9) 

 

Equation (5.8) has two possible solutions. In the first place, there is one corner solution 

given when (L=0) and the steady state is given by the carrying capacity (S*=K) in which case the 

change in stock biomass over time is nil due to the ecosystem’s boundaries. On the other hand, if 

L>0 there will be an interior solution for the steady-states determined by the rate of harvest.  
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Based on the two variations to the model expressed by equations (4.27) and (4.28) it is 

possible to observe the impact of rise in quantity of F-inputs on K and r. To start with the first 

situation in which K is a function of the amount of F used, one can insert equation (4.15) in (5.8) 

and further simplify   and   . The variation in resource biomass per unit of time is defined by: 

  

 
  

 

 
 
  

 

    
  
  
 

 
    

          
 

 
 
          

 

(5.10) 

The equilibrium is given at the point where         with a steady-state stock at: 

       
  

  
 

 
    

             
   

 
   

 

(5.11) 

 

The size of the S* is influenced by the magnitude of K, which is negatively related to the 

amount of F released on the lake. An increase in harmful inputs will decrease the carrying 

capacity and consequently, the size of the steady-state resource stock will also fall. In contrast, a 

reduction in F used will allow the system to reestablish K and S* will increase. This can be seen 

in the Figure 5.1. 

Figure 5.1Variations in steady-state resource stock with respect to changes on K 

 

 

 

Regarding the effect of input used in the intrinsic rate of regeneration of the resource (see 

equation 4.28), equation (5.8) is modified by setting r as a function of F. The equilibrium is 

found at:  
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(5.12) 

and the size of the stock at the steady state is given by: 

    

 

 
 
  

   

   
  
  
 

 
    

          
 

 
 
  

 

(5.13) 

 

Similarly to the previous case, the amount of F used in the manufacture sector has a 

negative impact on r and consequently, as F increases S* decreases. This is observed in Figure 

5.2. 

Figure 5.2 Variations in steady-state resource stock with respect to changes on r 

 

 

Finally, it is rational to assume that harmful inputs might affect both, K and r 

simultaneously. One can combine both equations (5.11) and (5.12) 

  

 
      

  

  
 

 
    

          

 

 
 
  

  

    
  
  
 

 
    

          
 

 
 
     

 (5.14) 
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(5.15) 

This can be easily read as: 

           
   

     
   

 

 

In both cases, an increase in F impacts the steady state in the same direction. As the use 

of inputs such as fertilizers and/or fish food increases, both, the carrying capacity and the 

regeneration rate will fall, leading to a decreasing level of stock biomass at the stationary state.  

5.2 Steady State Analysis 

In the first place, it is important to keep in mind that at the interior steady states S* the 

population growth is zero and the biomass density is constant. It is expected that at any size of 

biomass stock (S> S*) the natural rate of mortality of the resource will increase pushing the 

biomass density back to a stationary state. In contrast, when the level of stock is smaller than the 

steady-steady stock, it is important to consider how small the size of biomass is. As explained in 

section 3.2, the system can either reach unstable steady states, at which the resource is likely to 

move towards extinction if the biomass is smaller than S*, or stable steady states at which stock 

always moves back to equilibrium. Both types of steady states are represented in Figure 5.3 by 

S1* and S2* respectively. Based on this one can assume that any level of biomass stock between 

the interior steady states (S1*<S < S2*) will allow fertility rate to increase, and population size 

moving back to the equilibrium. 

From equation (5.13) it is possible to infer that S* will fall no matter whether both factors 

K and r are simultaneously affected by F or only one of them is. In general S* is moved in the 

same direction as K and r. Nonetheless, the intensity of this movement seems to be different for 

each case, giving the impression to be stronger when F modifies K than when r is the affected 

parameter (see figures 5.1 and 5.2). Here it is important to notice that the amount of F used is 

linked to its price, hereby    is a key variable for maintaining the equilibrium in the system.  

This can be better understood when observing equations (5.11) and (5.12) independently. 

In the first place, one can affirm that the larger the amount of input released to the ecosystem, the 

stronger the negative impacts on its carrying capacity. This is represented by a negative rate 
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between K and F  
  

  
   . Since the amount of input used decreases with the increase in its 

price  
  

   
    it is expected that an increase in    will have a positive effect in maintaining a 

larger K because  
  

   
   .  

The same rationing applies for the second case. Increasing the use of harmful inputs 

negatively affects the intrinsic rate of growth of the resource stock  
  

  
    and since the ratio 

between input quantity and its price is negative  
  

   
   , increasing inputs price will then 

contribute to reestablishing and maintaining a larger stock at the steady state  
  

   
   .   

On the other hand, the negative effects from F not only have ecological but also socio-

economic considerations since a reduction on the steady-state resource stock will have 

implications on the sustainable levels of harvest. This is easily observed by plotting the 

information in the panel of growth dynamics, as done in Figure 5.3, where the impacts of 

harmful inputs on K and r are compared. 

Figure 5.3 Change in resource dynamics from reductions in K and r respectively 

  

a) effect in K b) effect in r 

 

Figure 5.3a represents the reduction of the total resource stock that can be supported by 

the ecosystem when the carrying capacity is reduced (K(f) <K). Figure 5.3b represents the 

reduction in the intrinsic growth rate of the population (r(f) <r). One can observe that the resource 

stock at the stationary state as well as the MSY fall in both cases, reducing S*, MSY, and H* 
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which will continue to shrink if no measures are taken to avoid negative externalities arising 

from the use of F. 
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6 Discussion and Policy recommendations 

The results obtained corroborate the assumption that the equilibrium of the system is 

directly affected by the amount of environmentally harmful inputs used in production of 

manufactured goods. Specifically, for the case study one can point out that, as expected, the 

amount of fertilizers, organic manure, and fish-food, within other similar inputs, reduce the size 

of the stock of the wild fish at the steady state. This is directly reflected on the stability of the 

artisanal fishing sector since the productivity is expected to decrease as the resource stock 

decreases. 

From the results is also possible to state that the stability of the system could be enhanced 

by increasing the price of the inputs with potential to harm the environment. As showed in the 

analysis of the steady state, this economic variable has a direct effect on the amount of input used 

and therefore can be used as a key instrument in designing management programs aimed at 

reestablishing both, the carrying capacity and the intrinsic regeneration rate of the resource. 

Increasing the price of F-inputs can contribute to reduce the quantities of fertilizers and fish-food 

used in the production of welsh onion and farmed-fish respectively; helping the ecosystem to 

recover and reestablish the ecological parameters. These improvements contribute not only to the 

preservation of the species in the lake, and other related goods and services offered by the 

ecosystem, but also to social and economic welfare of the rural communities which directly or 

indirectly depend on them. However, the increment on the price of inputs will raise the costs of 

production for the manufacturing activities, affecting the profitability of the sector. Thus, the 

strategies adopted in order to manipulate    must consider not only the environmental benefits 

from this measure but also the resulting economic looses. This will be discussed in the following 

subsection, in which the policy recommendations are presented. For now, it is important to 

highlight, that even though the potential socio-economic losses are recognized, increasing the 

price of such inputs can be seen as gains in the long-run. This is due to the reciprocal relation 

between the preservation of resources and the long-term socio-economic wellbeing, pointed out 

by Brander & Taylor (1998 p. 133). 

Different to the effects on the manufacturing sector, the increase on the price of 

environmentally harmful inputs might not have a direct impact on the performance of the 

artisanal fishing sector at the short-run but at long-term. It is expected that the reductions in input 

quantity in the manufacturing sector represent benefits for fishermen by increasing future stock 
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levels, and therefore, larger possible catches. It is rational to assume that in the short-term 

however, there could be indirect impacts from increasing the price of F that could lead to labor 

reallocation between the economic sectors. However, this is not expected in the case of Lake 

Tota. More about this concern will be considered in the next subsection while exploring the 

potential policy instruments.  

In addition, since the increment of the   , has no direct effect on the production patterns 

of the harvesting sector, and the evidence suggest current unstable stock levels of the resource 

(Pinzón et al. 2012 p. 220), the management strategies for the harvesting sector, must point at 

recovering the equilibrium of the resource stock. This can be done by regulating uncontrolled 

fishing practices and assuring stable levels of the resource stock to allow it to recover to 

stationary sizes. These aspects, within other, must be carefully considered while discussing the 

policy recommendations. 

Moreover, taking into account that the rainbow trout has high requirements for quality 

water (Woynarovich et al. 2011), it is possible to suggest that the stability of the wild trout could 

be used as an indicator for the quality of the water. Then, if the harvesting rates are held constant 

at optimal levels, the changes in biomass could be translated into variations of the ecological 

parameters. As shown in equation 5.15, increments in the amount of fertilizers and/or fish-food 

will reduce the carrying capacity of the ecosystem and/or the intrinsic ability of the species to 

reproduce. Reductions in such inputs will have the opposite effect. According to Fletcher and 

Gilbert (2007 p.451), it is expected that changes in the key features that determine the 

equilibrium of any ecological system occur and accumulate through time, leading to variations in 

its structure and affecting the natural dynamics. Then, significant changes on the structure of the 

lake ecosystems, generated by unsustainable production practices, will generate observable 

changes on the stability of the stock of the wild trout. A decrease in stock biomass could be 

translated into degradation on the quality of the ecosystem and vice versa. On these bases, the 

feedback between management plans and the environment could be obtained by regular 

monitoring of the status of the stock of wild trout. Continuous feedback on management 

strategies will contribute to preserve the resilience of the natural systems, as well as to encourage 

reactive economies in the sense that could respond and adapt to changes in the supporting 

resources and ecosystem (Fletcher & Gilbert 2007 p.451). Nonetheless, it is important to keep in 
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mind, that fertilizers and fish-food, within other harmful inputs, represent non-point
3
 sources of 

pollution and their effects are cumulative (Pearce & Koundouri 2003 p. 1), the negative 

externalities are more difficult to mitigate. Thus, one cannot expect immediate progress in the 

regeneration of the stock size. In fact, the management strategies for reducing environmental 

externalities from the use of harmful inputs must be rather designed pointing towards long-term 

achievements. 

At this point, the questions arise about which policy instruments are most appropriate to 

reduce the negative environmental externalities from both, pollution from input used in the 

manufacturing sector as well as from unsustainable fishing. To address this point, some policy 

instruments will be discussed in the following subsection analyzing the feasibility of their 

implementation in the region of Lake Tota.  

6.1 Policy recommendations 

6.1.1 Tax on environmentally harmful inputs 

Following the profit maximization reasoning, imposing a tax on fertilizers, fish-food, and 

other inputs of production likely to harm the environment, will directly reduce the total amount 

of input used in production, because of an increase on their price. 

This is easily observed by adding the tax (T> 0) to environmentally harmful inputs into 

equation (4.15) as: 

   
    

 

           
 

(7.1) 

 

Then the optimal amount of F at profit maximization will be lower than without the tax. 

Previous experiences on OECD countries have shown that overall, the implementation of 

a tax on fertilizers contribute to a reduction on the total quantity used (Pearce & Koundouri 2003 

p. 1; Rougoor et al. 2001 p. 877), though not in large amounts. This is mainly because “their 

price elasticity estimates are low and this suggests comparatively little effect in terms of quantity 

                                                   

3
 Non-pint sources (NPS) of pollution come from different sources, including fertilizers used in agriculture within 

several more substance that do not meet the legal definition of point source of pollution. Water pollution from NPS, 

results from runoff and precipitation, among other reasons, that drain pollutants into lakes, ground waters and other  

water bodies (EPA 2013). 
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reductions, unless they are set at very high rates (relative to price)” (Peace & Koundouri 2003 

p.2). Nonetheless, the implementation of this instrument has also led to other indirect benefits 

with large potential for environmental improvements. In the first place, the levy generates 

revenues that can be use in mitigation strategies; and secondly, it has shown effect in increasing 

awareness on the negative effects of fertilizers among farmers (Pearce & Koundouri 2003 p. 4; 

Rougoor et al. 2001 p. 877). Therefore, in general the levy, though not completely precise, is a 

key tool for policy strategies with meaningful outcomes, especially in reducing nitrogen 

problems (Rougoor et al. 2001 p. 877), and for that reason its implementation is recommended. 

Regarding the losses in profits for the agricultural and aquaculture sectors, as mentioned 

before, it is expected that the amount of input used remain similar after the implementation of the 

tax than before. Moreover, according to Pearce & Koundouri (2003 p. 2), farmers tend to rather 

show a risk-averse behavior, which makes them over-use inputs such as fertilizers and pesticides 

in production. Therefore, the reduction in the amount of these and similar inputs is not expected 

to have considerable variations in yield.  

Although it is rational to assume that impacts derived from profit losses could lead to 

labor migration from agriculture and aquaculture to the fishing sector, this is not expected. This 

is because the current status of the wild trout stock seems to be considerably low making the 

sector unattractive. This rationalization is based on the fact that fishermen have used 

replenishment methods to keep the resource stock stable, activity which is currently forbidden, as 

mentioned in chapter 2.  

Finally, in regards, to the economic disadvantages from a reduction in profits, these 

reductions could be justified as a payment for environmental services from farmers and fish-

farmers for quality water, within other services provided by the lake (Pearce & Koundouri 2003 

p. 2).  

6.1.2  Fishing bans 

Manipulating the price of environmentally harmful inputs has no direct effects on the 

fishing sector. Then, it appears that the most appropriate strategy for reducing achieving stable 

sizes of resource biomass, that can support fishing activities at long-run, is to directly limit the 

access to the resource for a given period of time. Following this idea, temporary ban on artisanal 

fishing is proposed to relieve the pressure on the current biomass of wild-trout helping the stock 
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to recover and stabilize. At this point, it is important to highlight that the overall performance of 

such strategy is directly linked to two aspects, one purely biological and other related to current 

extraction patterns.  

On the one hand, the success of the policy is linked to the current biological status of the 

resource stock. Indeed, no policy instrument will help the resource to regenerate itself if the 

intrinsic natural dynamics do not allow it. This means that, if the main reason for the instability 

in growth patterns is due to a significantly low level of biomass, imposing fishing bans as the 

only measure will not contribute much. This is because of the likelihood that the current stock is 

unable to regenerate itself even if the harvesting level is zero. In this case, a more accurate policy 

would be to accompany fishing bans with population replenishment programs. This last 

recommendation must be carefully addressed because the rainbow trout is an exotic species with 

no natural predators. More regarding this concern will be discussed hereinafter.  

On the other hand, the low levels of biomass could be a direct result of unsustainable 

extraction practices, such as unsustainable fishing nearby the streams, where the population 

spawns, or of over-fishing. In such cases, the imposition of a temporary ban will have a direct 

and positive impact in reducing the pressure on the stock helping the stock to recover and reach a 

steady state. 

However, since this policy completely restricts the extraction of the resource, fishermen 

will be displaced from their direct sources of income during the time the ban takes place. Hence, 

governmental support, either in monetary terms or with the creation of temporary jobs, is 

required to alleviate the short-run economic crises in the sector. Also, guaranteeing economic 

stability during such period of time will contribute to avoiding larger negative environmental and 

socio-economic impacts from illegal fishing or labor migration.  

Despite the immediate negative outcomes derived from a temporary fishing ban, the 

reductions in the quantity harvested are meant to increase the equilibrium of the resource stock 

over a long time horizon. As observed in equation (5.2), the increase in S will smoothly create a 

path for larger harvest levels at long-run. Thus, in general the policy will contribute to achieving 

better performance and long-term sustainability in the sector. 
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6.1.3 Population replenishment 

A second recommendation directed to the fishing sector is to evaluate the restrictions on 

population replenishment imposed in the area following the regulation for exotic species (Pinzón 

et al. 2012 p. 220). As mentioned before, it is critical to base such evaluation on meticulous 

studies to establish the current status of the species in the lake by joining efforts with other areas 

of knowledge. This is because management strategies for artisanal fishing are often based on 

improper scales of reference that disregard critical ecological factors that play a key role in 

avoiding even larger environmental impacts (Campredon & Cuq 2001 p. 91).  

In the first place, Lake Tota is not really isolated but interconnected with the whole basin, 

which at the same time is connected to other water bodies. Therefore, all decisions made in 

relation to the resources in the lake will have direct or indirect repercussions on several related 

ecosystems. Putting into practice a re-population plan without considering the ecological 

consequences, could lead to catastrophic outcomes. Rainbow trout has shown excellent 

adaptation to the environmental conditions of the area, and few natural competitors (Mora et al. 

1992 p.210). In fact, this was the main reason for the extinction of the greasefish (Mojica et al. 

2002), situation that could happen again with any of the other species coexisting in the lake or 

related ecosystems. Therefore, increasing biomass of wild trout in the lake based only in socio-

economic benefits for the fishing sector, without including ecological considerations, is not an 

option. 

6.1.4 Technical progress 

All previous strategies must be accompanied by adequate technical support seeking not 

only improvements in environmental quality but also in economic performance and living 

standards. For this reason, technical progress must be continuously promoted in all areas and 

should be developed in a joint multidisciplinary and multi-sector effort.  

In first place, there is an urgent need for investments in the development of better 

cultivation schemes for onion cropping and other agricultural activities. This comprises the 

development of more environmentally friendly fertilizers, including manure and other 

agrochemicals, as well as the implementation of training programs to transmit adequate 

knowledge on such techniques to the farmers. Secondly, in regards to the fishing sector, 

technical progress can be used to maintain the stability of the stock biomass by increasing both, 
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the rate of the resource (r) and the harvesting efficiency (α) at the same rate. This particular goal 

will only be achieved if economists join efforts with other disciplines that understand the natural 

dynamics of the species and the ecosystem.    
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7 Conclusions 

Certainly, the socio-economic welfare in the study area is directly subject to the quality 

of the lake. The cumulative effects of harmful input in the production of manufactured goods, 

such as fertilizers and fish-food, are not only of ecological concern but also social and economic 

concerns. In fact, the increasing environmental depletion will, at some point, restrict and harm 

the stability of the same economic sectors and human populations that currently benefit from 

them. From the three economic sectors of Lake Tota considered in this study, the ones that will 

be affected sooner and more severely from the depletion of water ecosystems will be artisanal 

fishing and aquaculture. Agriculture on the other hand, will not have such immediate 

repercussions, since the quality of water required for production is lower than in the other two 

sectors. Nevertheless, sooner or later, the environmental impacts on the lake unavoidably will 

extend to diminish the quality of the soil, water for irrigations, and other resources due to losses 

in environmental services provided by the ecosystem. A potential collapse in the agricultural 

sector must be carefully addressed because it will have the most dramatic consequences in socio-

economic terms, since this is the main activity of the area. 

Due to the great ecological value of Lake Tota and its resources, as intergenerational 

common pool resources, the consequences arriving from todays’ management practices in the 

area, will have repercussion in future uses. Under uncertainty of potential effects from the 

degradation of the resources, immediate actions must be taken to assure that today’s decisions do 

not compromise the stability of future generations. The identification of key economic variables 

for preserving the equilibrium of the ecosystem is meaningful in designing accurate policy 

strategies. The results obtained in this study clearly show that the price of inputs with the 

potential to harm the environment is a key economic variable that properly used can contribute to 

the preservation of renewable resources in the lake. In this way, increasing the price of such 

inputs by imposing a tax appears as an accurate policy for the mitigation of negative 

environmental externalities. 

Using the wild population of rainbow trout as an indicator of the environmental stability 

of the lake, seems to be a rational suggestion since previous studies have reported that the 

species requires minimum water standards closer to humans. On these bases, feedback on 

management plans and the environment could be obtained by regular monitoring of the status of 

the population of wild-trout. Continuous feedback on management strategies will contribute to 
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preserve the resilience of the environment as well as to encourage reactive economies that could 

adapt easily to changes in the supporting ecosystems.  

Due to the low current stock of the wild trout, strategic programs must be carried out to 

guarantee the preservation of stable stock levels in the lake. Frequent monitoring programs for 

measuring the biomass are indispensable because rainbow trout is an exotic species and must be 

controlled meticulously in order to avoid even larger environmental impacts. 

All activities in the area must be accompanied by accurate technical assistance linking 

different disciplines with the aim to understand the needs and dynamics of the community, the 

economic actors, and the environment to achieve the final goal of sustainable rural development 

at long-run. 

Finally, it is important to highlight that the model developed in this thesis does not 

entirely include the complex interdependency between all ecological and socio-economic aspects 

of the area. Since the intention of the work was to provide an economic representation of the 

current issues between the three sectors of interest, with a single renewable resource and one 

specific source of pollution, it is important to recognize that several other key variables may have 

been ignored. For instance, the model does not include possible impacts from different sources of 

pollution and environmental depletion such as the unsustainable use of water for irrigation. Also, 

it does not include important relationships between the sectors considered and other economic 

actors in the area. Thus it is important to reevaluate certain assumptions of the model before 

implementing the policy recommendations given in this work. In conclusion, some of the 

stronger assumptions of the model should be relaxed to better reflect the real situation in the area 

of Lake Tota in order to design better management strategies. 
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