Tough choices in the Tempisque River Basin: Allocating freshwater flows among human, geological, and ecological systems
DECISION CONTEXT
Although Costa Rica is a water-wealthy nation that uses only 5.8% of its available water resources per capita,
 the geomorphology of this tiny nation creates a large discrepancy in the spatial and temporal distribution of water resources. Specifically, Costa Rica is divided, from the north-west to the south-east, by three volcanic ranges that effectively result in the capture of moisture from the Atlantic trade winds and the direction of this water down the relatively gentle Atlantic slope. As a result, the Atlantic slope of Costa Rica experiences an only moderately variable climate with rainfall through the year and a more intensely “rainy season” from May to December. In contrast, the Pacific slope endures a long dry season from November to April, followed by an intense rainy season that delivers a similar amount of total precipitation (1400(2200 mm) to that received some areas on the Atlantic slope throughout the entire year.
 Thus, the human and ecological systems occupying the Pacific slope of Costa Rica, most of which fall within the province of Guanacaste, must cope with marked cyclical changes in water availability, from absolute scarcity to occasionally dangerous abundance.
 
One of the ways in which Costa Ricans have adapted to this discrepancy in distribution is through large infrastructure projects. In the 1970s, a major project, the Lake Arenal Hydroelectric Project (Fig. 1), was initiated with the intent of satisfying several objectives of high priority to the Costa Rican government: increasing electricity generation for a growing, modernizing economy, and effecting a massive-scale transfer of freshwater from the Atlantic to Pacific slope. These objectives were achieved by creating a large artificial reservoir, now known as Lake Arenal, high on the Atlantic side of the Cordillera Guanacaste, and then connecting this reservoir to the Pacific slope via a large tunnel (5.2 m in diameter, 6.5 km in length) through the continental divide to the Pacific slope. By conducting a large volume (97.3 m3/s)
 of the abundant Atlantic resources westward, the Lake Arenal Hydroelectric project takes advantage of the large hydraulic potential created by the steep Pacific slope to generate “clean” energy at three sequential hydroelectric plants (Arenal, Miguel Pablo Dengo B., and Sandillal). After the Miguel Pablo Dengo B. plant, a portion of the water is directed into two large cement canals that carry the it to the Arenal-Tempisque Irrigation District (Distrito de Riego Arenal-Tempisque, DRAT), which where it is currently used to irrigate 28 000 hectares of farmland, bringing economic benefit to roughly 1125 families, with the theorized capacity to one day irrigate 60 000 hectares, based on the available water (Ballestero et al. 2007).

This difference between the theorized and actual number of irrigated hectares has become an important topic in various management schemes aimed at improving water availability and furthering economic development in Guanacaste. At present, producers within the DRAT utilize only slightly more than half of the 97.3 m3/s of water that is delivered from the hydroelectric project; use varies seasonally from 60(65 m3/s during the dry season and 30(35 m3/s during the rainy season (Jimenez et al. 2001). The remainder of this water is released into the Tempisque and Santa Rosa Rivers.
This situation presents an obvious question to all those concerned with water availability in Guanacaste: what is the most efficient and beneficial way to utilise the “wasted” water from the Arenal Hydroelectric Project?
 This question is particularly salient in the face of climate change, which is predicted to increase temperature in Guanacaste and disrupt the typical pattern of rainfall. Accordingly, this paper will examine three dimensions of water use and its associated benefits in Guanacaste and then use these dimensions to define objectives likely to be of importance to the various basin stakeholders. These objectives will subsequently be used to analyse six alternative water use strategies.
The human dimension: water use and conflict in Guanacaste

Although encompassing a large area of the total Costa Rican nation, Guanacaste is a sparsely populated province with an estimated 7% of the total population (INEC 2010). Although tertiary and secondary industry outweigh agriculture in terms of the total number of people employed, agriculture is by far the greatest user of water (important crops include sugar cane, rice, and fodder/pasture) and has been the source of numerous water-related conflicts within the Tempisque Basin (Ramirez Cover, 2008).  A second important source of economic activity (and conflict) in Guanacaste is tourism, specifically the construction of large hotels, resorts, and condominiums, and associated facilities like golf courses. Between 1994 and 2000, the number of tourism-related building projects has more than doubled; not surprisingly, coastal regions are related with the greatest number of tourism water-related conflicts (Ramirez Cover, 2008).
The development of agriculture and tourism has necessitated the extensive development of Guanacaste’s superficial and subterranean water resources. Although part of the noted agricultural activity is supported by irrigation projects, the largest of which is the DRAT, the remaining portion is supported by groundwater extraction or deviation of surface water. In the Tempisque River Basin, a large watershed that encompasses a large portion of Guanacaste Province, 1800 registered (legal) wells have been sunk into the underlying alluvial Tempisque aquifer to support various agricultural and urban uses (Jimenez et al. 2005). In addition, farmers located in the upper reaches of the Tempisque River deviate large quantities of water to irrigate pasture for livestock; in total, the estimated use of surface flows (based on concessions granted by MINAET) exceeds the flow of the river in dry periods, occasionally resulting in the total cessation of flow (Jimenez et al. 2005). These findings suggest that the water resources in the basin are currently over-taxed, although it should be heavily stressed that scientific knowledge of hydrological resources in Guanacaste is incomplete, and that many estimates of use must be based on rather poor proxies, such as the number of legal wells (as mentioned above).
The ecological dimension: preserving ecological flows to maintain ecosystem services
Despite the emphasis placed on human users, the primary users of water flowing through the Tempisque River Basin are the biotic and abiotic components that make up the local ecosystem and provide, through their activities, a variety of ecosystem services upon which human depend. Some of the ecosystem services that the Tempisque River Basin provide include the degradation of contaminants that leach from cities and irrigation projects (including agrochemicals), nutrient cycling and retention (thus preventing eutrophication in the Gulf of Nicoya), and flood control, a particularly important feature given the marked seasonality in rainfall, and the likely exacerbation of this seasonality with climate change.
However, the ability of the Tempisque River Basin to continue providing these services is in doubt as a result of failure to maintain environmental flows. Environmental flows refer to the quantity (magnitude, duration, seasonality and frequency of flows) and quality of water required to maintain a desired level of health in the ecosystems.  In 2005, a group of researchers working under the auspices of the Organization of Tropical Studies reported that, in the upper reaches of the river, 33% of the average natural flow is withdrawn from the river, and the beginning of this historical trend coincided with the increased number of water concessions granted in the 1980s. The authors also concluded that the amount of water currently granted to users through concessions must be renegotiated to retain the minimum (not the optimum) environmental flow to prevent the degradation and fragmentation of key indicator species, such as crocodile and the guapote fish (Jimenez et al. 2005).
Water quantity and quality are also needed to support river-side wetlands. Wetlands within the Tempisque basin are at high risk of conversion to dry lands due to altered hydrological features as result of land use change in upstream regions (Daniels and Cumming 2008); these changes may be intentional (e.g., due to the construction of drainage ditches) or unintentional (e.g., drying out due to decreased discharge from an over-taxed aquifer). Indeed, the past 50 years have shown a dramatic 30% decrease in the total land area occupied by wetlands in the river basin (Jimenez et al. 2005, p. 13).  In terms of water quality, heavily contaminated
 waters draining from canal irrigation systems, particularly the DRAT, have resulted in the documented loss of protected wetlands and forests in the Palo Verde National Park, an important recreational and research reserve situated on the lower reach of the river.
 Although no study has yet examined the effect of wetland loss on flood regulation in the Tempisque River Basin, the period from 1950 until present has been marked by numerous large floods that affected communities and producers close to the river (Pizarro and Marchena 2008), which has been taken as evidence that human activities are degrading this ecosystem service.
The Geological Dimension: Vulnerability of the Tempisque Aquifer as a result of Overuse

As mentioned above, a large portion of the Tempisque River Basin is underlain by a large alluvial-colluvial deposit that is moderately to highly productive in terms of the amount of water it can provide per unit time (estimated at 400 to 40,000 L/min; US Army Core of Engineers
), making it one of the largest freshwater aquifers in Costa Rica. Currently, this aquifer is used extensively to provide drinking water to many small communities in the river basin, numerous agricultural producers who require water for livestock or irrigation, as well as to several coastal communities that have outstripped their own highly vulnerable or contaminated coastal aquifers (Playa Panama, Playa Hermosa, and Playa el Coco). As of 2008, withdrawals from the Tempisque aquifer were estimated to represent 75% of total recharge to the aquifer; however, this estimate was based on the number of registered wells; given the potentially large number of unregistered or illegal wells, actual usage may greatly exceed recharge.
 These claims were at least partly confirmed by subsequent studies performed by the National Service of Groundwater, Irrigation and Drainage (Servicio Nacional de Aguas Subterráneas, Riego y Avenamiento, SENARA, 2003). Currently, the Tempisque Basin and Aquifer are listed as resources at great risk under Costa Rica’s National Water Plan for the Integrated Management of Hydrological Resources (Plan Nacional de Gestión Integrada de Recursos Hídricos, PNGIRH, 2009).

Understanding the degree of pressure on the Tempisque aquifer is essential for assessing the quantity of water available both now and in the future. Groundwater withdrawals not only affect groundwater-dependent systems, like streams, lakes, and rivers, but they also affect the structure and function of the aquifer itself. Over abstraction of the aquifer results in the compaction of compressible sediments (as in an alluvial aquifer) and, subsequently, a decrease in pore space, leading to an irreversible decrease in the formation’s ability to store or transmit water (Foster and Chilton 2003). Thus, the conservation of aquifers must consider not only the conservation of water within the aquifer, but also the ability of the aquifer to continue functioning over the long term. The ability to store water in aquifers, which prevent loss from evaporation and protect water quality to some degree, is likely to be an important advantage for communities attempting to adapt to climate change.
DECISION-MAKERS AND STAKEHOLDERS

By far the most widespread criticism of Costa Rica’s water management efforts is the multiplicity of government agencies and institutions involved in water management and the unclear delineation of their responsibilities (Fig. 2). As shown in Fig. 2, the ultimate power to grant or shift surface or groundwater concessions to other projects rests in the hands of the Departamento de Aguas MINAET; however, Aguas MINAET is dependent on other institutions, including SETENA, SENARA, and AyA for the collection and analysis of data necessary to make decisions and policies regarding water use. However, this constellation of interconnecting agencies is likely to change dramatically in the coming years as a result of the government’s stated intent to modernize MINAET and its related institutions (PNGIRH 2009). 

It is also important to note the Ministry of Health plays an important role in Costa Rican water policy where changes in water quality or quantity could be expected to jeopardize public health. Therefore, the objectives and alternatives selected for this decision context should also consider risks due to water-borne or water-related diseases (e.g., contamination, creating habitat for disease vectors, etc.). Dengue is an example of an important irrigation-associated disease that can have a heavy impact on the health status of agricultural producers; this disease has been identified as a serious and under-researched health risk for Costa Ricans (Troyo et al. 2006). In terms of the suitability of the Tempisque Basin for disease vectors, a recent study found a diversity of mosquitoes living within the irrigation canals of the DRAT, including the vectors for malaria and dengue (Vargas and Vargas 2002). 
In addition to the government agencies involved in water management, research and conservation activities are carried out by numerous foreign and domestic non-governmental organization. One such organization of note in the Tempisque River Basin is the Organization for Tropical Studies (OTS),
 a group of 63 American and Latin American universities that are intensely interested in understanding ecological flows that support ecosystems within the Tempisque River Basin, and the effects of upstream developments intended to support economic development (reservoirs, dams, and canal systems). Other important organizations include the Tempisque River Management Association (Asociación para el Manejo de la Cuenca del Río Tempisque, ASOTEM) and the Asociaciones Operadoras de Sistemas de Acueductos y Alcantarillado Sanitario (ASADAS), which manage small, communal water, sewer and irrigation systems in a semi-independent fashion.
Finally, the role of the public in decision-making should not be ignored. In recent years, community input and protest have had powerful impacts on the development of projects perceived to threaten local water resources. This power derives in part from a strong social solidarity movement preserved within the Costa Rican government and the high levels of both engagement and education/awareness within the populace (Haglund and Gomez 2006). Furthermore, Costa Rica’s long history of environmental legislation and conservation, and the subsequent “validation” of these strategies through increased tourism and economic benefits, has helped to establish the importance of ecosystems and environmental protection, so much so that the “fundamental right to healthy and ecologically balanced environment” is enshrined in Article 50 of the nation’s constitution. This right was a key factor in a recent Supreme Court case regarding the exploitation of the inland Sardinal aquifer to supply water to a large commercial infrastructure project in Guanacaste; by arguing that the development violated Article 50, locals residents were able to halt development indefinitely. The project has since been eliminated.
 
DEVELOPING OBJECTIVES

Based on the three dimensions of water use described above, and the roles and identities of the decision-makers and stakeholders expected to participate in any long-term regional water planning decision, it is possible to identify a number of fundamental objectives in this decision context. These objectives have been sorted into a means-ends objectives hierarchy shown in Figure 3. 
Furthermore, the means objectives in this hierarchy were used to select performance indicators. For example, the fundamental or “end” objective of maintaining the ability to manage water resources in a flexible and adaptive way, a necessity given Guanacaste’s uncertain future climate, was related to two things: 1) ensuring an increase in the total storage of water in the state (whether underground or superficial); and 2) avoiding large expenditures that would compromise the government’s future ability to spend on water planning (i.e., going into debt on a large project for which the future benefit cannot be adequately judged). Thus, a natural performance measure in this case is “the volume of water put into storage per dollar (or colone) spent” on planning or infrastructure. In the case of the fundamental objective to provide Costa Ricans with a healthy and ecologically balanced environment, consistent with Article 50 of the Costa Rican Constitution, the conservation of wetlands appeared to be an important factor in achieving other means objectives that satisfied the fundamental objective. Thus, “hectares of healthy wetlands” is a meaningful performance measure for the stated objective.
ALTERNATIVES AND THEIR TRADEOFFS
Using the objectives outlined in Figure 3, we selected a number of possible water use strategies and identified their benefits and associated tradeoffs, risks, and costs. The primary risks and benefits are discussed below and additional considerations are listed in Table 1. Then, we compared these alternatives with respect to the degree to which they satisfy the fundamental objectives identified above. 
Commit the water to the upper reaches of the Tempisque River
As described in the section examining the ecological dimensions of water use, the Tempisque River Basin appears to be under stress, which may result in the failure of this system to provide certain ecological services, such as water purification, nutrient cycling, and flood regulation. It is important to note that this stress is apparent even with the very significant input of “excess” water coming from the DRAT. Thus, removing this flow from the river could be expected to further exacerbate habitat fragmentation, wetland loss, and loss of the least robust species, particularly in the face of future water stress brought on by climatic change. One option to ease pressure on the entire river would be to re-allocate some portion of the “excess” flow to the upper river basin, which is the most stressed (Jimenez et al. 2005), which would simultaneously support the lower reaches. However, because the existing surface water concessions already far exceed the actual flow in the upper reaches, such a strategy could only be successful if concessions for the use of surface are curtailed or renegotiated. 
Expand the irrigation canal system

Another option for the “extra” water flowing from the Arenal Hydroelectric Project is to continue with the long-standing “irrigation and drainage ethic” that first gave rise to the DRAT in the late 1970s. Further expansion of large-scale irrigation projects like the DRAT would support the livelihoods of producers currently constrained by water shortages. Increasing the supply of water may allow these farmers to move into more valuable water-intensive crops, like pineapple and melon, and would thus support economic development in the region. However, expansion of the irrigation networks has been associated with increases in water-related diseases, particularly those born by certain insect vectors. In Thailand, physical proximity to irrigated fields and orchards was associated with increased dengue infection (Vanwambeke et al. 2006). On a global scale, both irrigation projects and large dams have been identified as risks for malaria infection (Keiser et al. 2005). Thus, increasing the irrigated area of the Tempisque and the subsequent creation of standing-water habitat for mosquitoes may be a concern for public health.
A second issue with expanding irrigated agriculture is the potential increase in the contamination of the Tempisque River, both through an increase in overall agrochemical use on irrigated land, and the connecting of these lands to water ways via cement canals. In 2008, the Agricultural Development Institute (Instituto de Desarrollo Agrario, IDA) and SENARA were ordered to pay $6 million in damages to Palo Verde due to influx of pesticides from draining canal waters and subsequent wetland loss;
 thus, irrigation expansion may further threaten scientifically and socially valued environments like Palo Verde and become a source of conflict.
Create additional surface reservoirs

The storage of water in traditional surface reservoirs is a long-standing practice with several obvious benefits. Such reservoirs can be relatively simple to build (e.g., a cement-lined pit) and can be scaled according to storage needs and economic means. In addition, unlined surface reservoirs can be used to increase local groundwater infiltration (in which case the structure may be referred to as a “seep-away”), which increases underground storage and at least partially alleviates groundwater over-exploitation. However, as with irrigation canals, the presence of a warm, standing body of water, as in a dam or reservoir, provides a suitable habitat for vector-borne disease (Keiser et al. 2005).
Aquifer storage and recovery 
Aquifer storage and recovery (ASR) refers to the practice in which “excess” water, typically derived from high surface flows during the wet season, is collected, purified, and pumped into underground formations at high pressure. This practice essentially creates an underground reservoir that can be later extracted and used to support human activities (drinking water, irrigation, etc.) or to support environmental flows in stressed aquatic ecosystems. ASR is preferable to traditional surface reservoirs in that they protect the stored water from contamination and evaporation. The most important benefits of ASR are that it 1) increases the total store of water (although with some associated costs); and 2) it can be used to relieve pressure on stressed alluvial aquifers (like the Tempisque) and thus avoid future problems with compaction and reduced storativity. 

Although ASR is usually practiced using an aquifer that will not allow the stored water to leak away, there is also benefit to injecting water into an open system.  First, this kind of subterranean distribution supports groundwater-dependent ecosystems like the Tempisque River and associated wetlands through the restoration of natural discharge areas. Furthermore, in case where groundwater contamination has occurred (e.g., seepage of wastewater or agrochemicals into the aquifer), AS(no-R) can be used to create a “flushing flow” to drive contaminants out of the formation. Studies using hydrogeological modelling and GIS have indicated that groundwater formations in Guanacaste are susceptible to contamination (Fallas 2002; Mende et al. 2007); thus, planning to reduce the incidence of contamination and remediate the aquifer may be required.
In terms of cost, ASR can be an expensive option depending on the quality of water to be stored (i.e., the need for prior purification) and the number of installations required. Finally, ASR involves “double pumping” costs, in that energy is required to inject water and to later recover it for use. Accordingly, extraction costs may limit access to injected water for those with limited financial resources, decreasing the “equitability” of this option. 
Support urban centers
Although Guanacaste maintains only a small percentage of the population of Costa Rica, much of this population is concentrated in urban centers, consistent with the shift from a primarily agricultural to a service-oriented economy (Ramirez Cover 2008). Several studies have examined the effects of urbanization in Guanacaste, and one of the primary criticisms is that it occurs without planning and without the appropriate water and sanitation services (Calvo 1990). The most rapidly urbanizing areas of Guanacaste include Nicoya, Playa Tamarindo, and Liberia. 

Notably, however, piping water to urban centers and thus relieving pressure on the aquifer in beneficial in that it would allow the aquifers to recharge; however, there is the danger of “liberating” demand and increasing water use as a result of increasing supply. In any case, further urban growth without a marked decrease in per capita use would ultimately result in increased total water use.

Support commercial development

The final option here, and one that follows with Costa’ Rica’s long-standing economic development plan, is to pipeline the “excess” water from the Arenal Hydroelectric Project directly to the “zona hotelera” on the Pacific coast. As of 2005, only 0.4% of all federally granted well licenses were held by facilities intended for tourism (Ballestero et al. 2007); however, these licenses are often linked to concessions for relatively large volumes of water meant to satisfy tourism-related facilities, such as golf courses and swimming pools. The discrepancy between the volume of water consumed by tourism and that consumed by locals was a key sticking point for plaintiffs involved in the Sardinal Aqueduct case, which eventually reached the Supreme Court; in this case, water withdrawn for the purposes of commercial development would have exceeded that of the local community by at least 10 times.
 The project was subsequently halted, leaving many uncertain as to how commercial and tourism develop along the coast will proceed without water. Given that most or all of the coastal aquifers are currently under stress, some form of water transfer is an attractive option. 
CONCLUSIONS

The total scores showed in Table 2 can give some insight into what might be the most beneficial and equitable water use strategy for the Lake Arenal Hydroelectric flows. ASR is a clear winner with 8 points: not only does this technology increase the available store of water for future use relative to its cost, but it also supports the Tempisque River through natural discharge points and distributes water resources throughout the basin to benefit urban as well as rural users. ASR has a major advantage over irrigation canals in that expensive, contamination-potentiating cement canals are not involved. However, because there is a limit to the amount of water that can be pumped into the ground per unit time (based on aquifer characteristics like conductivity and storativity and the amount of money available to establish “X” number of injection stations), there is also the opportunity to select additional secondary or tertiary uses for the water. This decision analysis indicates that committing water to the upper reaches of the Tempisque river would also provide large human, ecological, and geological benefits; however, these benefits are difficult to appreciate directly in the real world. For example, the ability of wetlands to purify water is not directly apparent based on the smell, color and taste of water leaving the river, and the lack of plainly obvious benefits can lead to dissatisfaction with the decision-making and planning process. Therefore, policy-makers may be better served by choosing a secondary strategy with obvious benefits to humans, such as supporting an urban center. Supporting urban centers through piped Arenal water would further ease extraction pressure on the aquifer, helping to increase the stored amount of water while also supporting ecological systems. In contrast, this decision analysis suggest that supporting the growth of tourism, which would greatly increase use with no increase in storage and benefits for a only few, would not be in the long-term best interest of the basin or its inhabitants.
These results are also interesting in light of recent water planning decisions put in motion for the province of Guanacaste: namely, the expansion of the irrigation and the construction of a large surface reservoir southwest of the city of Bagaces. As reported in the Costa Rican press,
,
 the “Water for Guanacaste” strategy, led by SENARA, will involved three related projects: 1) expand the Canal del Sur (and secondary canals) to irrigate another 8000 hectares; 2) construction of the 800-ha Presa Embalse Piedras to capture “wasted” Arenal water; and 3) a new canal between the existing Canal Oeste irrigation canal and the Corobicí River, which will deviate surface water from the river during times of need. Thus, this new project will not only remove currently “utilised” DRAT flows from the Tempisque River, but it will also reduce input from one of its tributaries, the Corobicí, and increase potential agricultural pollution (thus further reducing the useful volume of the river). Accordingly, one might expect opposition from those with an interest in the health of the Tempisque River Basin, such as the OTS and its partners.
Interestingly, although the project’s stated aim is to provide potable water for urban and tourism development and to support irrigated agriculture, there is no mention of how water will be directed to non-agricultural uses. This may indicate that non-Arenal water, like the groundwater found within the Tempisque Aquifer, will be re-dedicated to urban and tourism-related uses. With the exception of some infiltration from the reservoir, this project increases total water use (and drives further increases by liberating tourism-related demand) without appreciably increasing storage.  Ironically, the project was approved by previous president Rodrigo Arias, who described it as “a great leap forward toward sustainable development”; it is unclear if current president Laura Chinchilla will share his vision.
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Figure 1. The Lake Arenal Hydroelectric Project. Water from Lake Arenal flows down a large-diameter tunnel to the Arenal Hydroelectric Complex (producing 640 GWh/year), from which it passes into a second tunnel to reach the Miguel Pablo Dengo B. hydroelectric plant. (producing 730 GWh/year). The Miguel Pablo Dengo B. plant is further supported by water diverted from the Santa Rosa River. After passing through this second plant, water is diverted back into the Santa Rosa River, as well as into two cement-lined irrigation canals. The remainder of the water continues to the Sandillal Hydroelectric Plant and from there into the Canal del Sur irrigation canal. Figure borrowed from the Instituto Costariccense de la Electricidad (http://www.grupoice.com/esp/cencon/pdf/ampdsan.pdf)
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Figure 2. Governmental and non-governmental actors expected to be involved in water planning and policy in the Tempisque River Basin, Guanacaste. 
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Figure 3. Means-ends objective hierarchy

	Table 1. Risks and benefits of the proposed alternative uses for water from the Arenal Hydroelectric Project

	Alternative
	Benefits
	Tradeoffs, costs, and risks

	Commit flows to the upper Tempisque River
	-Supports the production of ecosystem services enjoyed by humans, including flood regulation and the production of commercially and ecologically important species.
-Equitably beneficial
	-May result in the unintentional “reclamation” of drained wetlands currently used for agriculture.
-Without better control over or re-negotiation of concessions allowing withdrawals from the river, may ultimately increase total water use.

	Expand irrigation projects
	-Support livelihoods of agricultural producers

-Relieve pressure on the Tempisque River in terms of the deviation of superficial flows.


	-Benefits only a few families connected to the system.
-Creation of habitat for vector-borne disease

-Expanding cultivated area and Increasing connectivity between fields and waterways via cement channels may potentiate agrochemical, organic, and sediment contamination of the Tempisque River.

	Create additional surface reservoirs
	-Increased localized infiltration to the aquifer
-Easy to access stored water.
	-Loss of water through evaporation

-Creation of habitat for vector-borne disease

-Possible methane gas production

	Aquifer Recovery and Storage
	- Relieves pressure on the Tempisque aquifer and avoids future problems with compaction and reduced storativity.

- Avoid evaporative waste and increases long-term storage.
- Support groundwater-dependent ecosystems like the Tempisque River and associated wetlands through the restoration of natural discharge areas.

- Equitably beneficial in the sense that ASR increases a common pool resource
	- Increased cost in terms of equipment, pre-injection water purification, and pumping.

- The amount of water that can be stored is constrained by the characteristics of the available formations (conductivity, storativity, connectivity to other formations)
-Sustainable use is dependent on the equitable and controlled access to groundwater through MINAET concessions.

	Support urban centers
	-Benefits many

-Relieve pressure on aquifers, allows recharge, and supports discharge to groundwater-dependent ecosystems.
	-Only a temporary solution if Guanacaste’s cities continue to grow.


	Support commercial development
	-Indirect economic benefits to those living in touristic areas.
	-Direct water use benefits to fewer people.

-By permitting further coastal development through increased water supply, total water use will increase with no increase in storage.


	Table 2. Consequence table examine the performance of each water use alternative against the stated objectives. Performance on each objective was rated using the following scale: -2, strong negative effect; -1, some negative effect; 0, no effect; 1, some positive effect; 2, strong positive effect.

	Objectives

& Performance Measures

Alternatives
	Maintain the ability to manage water resources in a flexible and adaptive manner
(Volume of stored water gained per dollar spent)
	Support livelihoods and economic well-being
(Increased income)
	Provide a “healthy and ecologically balanced” environment for Costa Ricans
(Hectares of healthy wetlands)
	Protect public health
(Incidence of water-related disease or illness)
	Ensure equitable distribution of benefits
(# of people receiving direct water use benefits)
	Total Score

	Commit flows to the upper Tempisque River
	Some infiltration; most lost to the sea

1
	Increased fishing and ecotourism income

1
	Directly supports wetlands

2
	Wetlands contribute to water purification

1
	Benefits concentrated to those closest to the river.

1
	6

	Expand irrigation projects
	Some infiltration; most lost to the sea

1
	Increased agricultural income

2
	Dessication and contamination destroy wetlands

-2
	Agrochemical contamination and vector habitat

-2
	Benefits restricted to connected farmers

-1
	-2

	Create additional surface reservoirs
	Some infiltration; much lost to evaporation

1
	Increased agricultural income

2
	Creates small, non-connected wetlands

1
	Vector habitat

-1
	Benefits restricted to connected farmers

-1
	2

	Aquifer Storage and Recovery
	High infiltration; some loss to natural systems

2
	Increased agriculture, ecotourism, and fishing income

2
	Supports wetlands through discharge

1
	Clean store of drinking water is created

2
	Benefits slowly distributed to human and ecological systems throughout basin

1
	8

	Support urban centers
	Permits aquifer recharge

1
	No direct effect on income
0
	Wetland destruction through contamination continues as before
0
	No direct effect on health

0
	Benefit to greatest number of people

2
	3

	Support commercial/tourism development
	No storage; all water consumed through new demand

-2
	Tourism income

1
	Dessication destroys wetlands

-1
	No direct effect on health

0
	Largest benefits to developers; small benefits to local labour
-2
	-4
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