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			This paper presents a comprehensive analysis of the economic impacts, by sector, of the three most recent major earthquakes in Costa Rica (Limón 1991, Cinchona 2009, and Sámara 2012). The study sheds light on the localized effects of seismic events and identifies the sectors and municipalities most affected by earthquake-induced economic disruption. Through a detailed examination of past earthquake data and their economic aftermath by national institutions, the study emphasizes the significance of preparedness and risk reduction strategies for regions prone to seismic activity. The research findings reveal that specific municipalities, notably Alajuela, Limón, and Sarchí, have consistently borne the brunt of earthquake-related economic impacts. These areas experienced disruptions across various sectors, impacting not only local economies but also national stability. The most severely affected sectors were electricity, housing, and agriculture, highlighting the critical role these sectors play in the country’s overall economic resilience. These results hold valuable implications for disaster risk reduction stakeholders in Costa Rica and other nations sharing similar seismic, geomorphological, and climatological conditions. The identification of municipalities and sectors can aid in the development of targeted mitigation strategies, policy formulation improvement, and resource allocation to enhance overall disaster preparedness at a local scale. Seismic activity will continue posing challenges worldwide, the insights from this study offers a roadmap for sustainable development and resilience building in earthquake-prone regions.
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			Este artículo presenta un análisis integral de los impactos económicos, por sector, de los tres grandes terremotos más recientes en Costa Rica (Limón 1991, Cinchona 2009 y Sámara 2012). El estudio arroja luz sobre los efectos localizados de los eventos sísmicos e identifica los sectores y municipios más afectados por las perturbaciones económicas inducidas por los terremotos. A través de un examen detallado de los datos de terremotos pasados y sus consecuencias económicas, por parte de las instituciones nacionales, el estudio enfatiza la importancia de las estrategias de preparación y reducción de riesgos. Los hallazgos de la investigación revelan que municipios específicos, en particular Alajuela, Limón y Sarchí, han sido consistentemente los más afectados por los impactos económicos relacionados con los terremotos. Estas áreas experimentaron perturbaciones en varios sectores, lo que afectó no solo a las economías locales, sino también a la estabilidad nacional. Los sectores más gravemente afectados fueron la electricidad, la vivienda y la agricultura, lo que pone de relieve el papel fundamental que estos desempeñan en la resiliencia económica general del país. Estos resultados tienen implicaciones valiosas para los segmentos interesados en la reducción del riesgo de desastres en Costa Rica y otras naciones que comparten condiciones sísmicas, geomorfológicas y climatológicas similares. La identificación de municipios y sectores con mayores impactos económicos por terremotos puede ayudar a desarrollar estrategias de mitigación específicas, mejorar la formulación de políticas y la asignación de recursos para mejorar la preparación general ante desastres en la escala local. La actividad sísmica seguirá planteando desafíos en todo el mundo; los conocimientos de este estudio ofrecen una hoja de ruta para el desarrollo sostenible y la creación de resiliencia en regiones propensas a terremotos.

			Palabras clave: amenazas naturales; amenazas sísmicas; economía de desastres; países en desarrollo; pérdidas económicas; reducción de desastres 
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			Este artigo apresenta uma análise abrangente dos impactos econômicos, por setor, dos três grandes terremotos mais recentes na Costa Rica (Limón 1991, Cinchona 2009 e Sámara 2012). O estudo esclarece os efeitos localizados dos eventos sísmicos e identifica os setores e municípios mais afetados pelas perturbações econômicas induzidas por terremotos. Por meio de um exame detalhado de dados de terremotos anteriores e suas consequências econômicas por instituições nacionais, o estudo enfatiza a importância da preparação e das estratégias de redução de riscos. Os resultados da pesquisa revelam que municípios específicos, particularmente Alajuela, Limón e Sarchí, têm sido consistentemente os mais afetados pelos impactos econômicos relacionados a terremotos. Essas áreas sofreram perturbações em diversos setores, afetando não apenas as economias locais, mas também a estabilidade nacional. Os setores mais severamente afetados foram eletricidade, habitação e agricultura, destacando o papel crítico que desempenham na resiliência econômica geral do país. Esses resultados têm implicações valiosas para as partes interessadas na redução do risco de desastres na Costa Rica e em outras nações que compartilham condições sísmicas, geomorfológicas e climatológicas semelhantes. Identificar municípios e setores com os maiores impactos econômicos de terremotos pode ajudar a desenvolver estratégias de mitigação direcionadas, aprimorar a formulação de políticas e alocar recursos para aprimorar a preparação geral para desastres em nível local. A atividade sísmica continuará a representar desafios em todo o mundo; os insights deste estudo oferecem um roteiro para o desenvolvimento sustentável e a construção de resiliência em regiões propensas a terremotos.

			Palavras-chave: riscos naturais; riscos sísmicos; economia de desastres; países em desenvolvimento; perdas econômicas; redução de desastres

			1. Introduction

			Earthquakes are one of the most powerful natural phenomena on Earth, causing significant human and economic losses. In recent decades, developing countries have experienced substantial growth. However, unplanned urbanization and poor land management contribute to the risk of disasters (UNDRR and WMO, 2023). This leads to an accumulation of losses in human lives and real estate assets in areas prone to earthquakes, resulting in settlements at risk of disaster from this natural event (León et al., 2022). Latin America and the Caribbean are the second most prone regions to natural hazards such as earthquakes in the world. Studies show that cities are the most affected areas due to their high population density and inequality (Caruso, 2017). Latin America is a region with high seismic activity due to the interaction of several continental and oceanic tectonic plates with subduction and transform limits such as North American, Cocos, Nazca, Caribbean, or South American. Additionally, it is located in the Pacific Ring of Fire, where various tectonic plates such as the Pacific, Philippine, Juan de Fuca, Cocos, and Nazca, including maritime plates, converge (DeMets et al., 2010). Furthermore, Central America is also prone to earthquakes due to its location at the convergence of the Caribbean and Cocos tectonic plates. The region is susceptible to subduction earthquakes and significant magnitude earthquakes originating in the center of the continent, as the isthmus is situated over numerous geological faults. Recent examples are 7.7 Mw during 2001 in El Salvador, or 7.4 Mw during 2012 in Guatemala. The main seismic sources in the area include the Mesoamerican Trench and the Motagua Fault, along with all borders with the Caribbean and Cocos Plates, North America and Nazca, the Panama Block, and the South American Plate (Alvarado et al., 2017).

			Costa Rica has experienced three significant earthquakes in its recent history (Hidalgo-Leiva et al., 2023): Limón with a 7.7 Mw in 1991, causing catastrophic damage; Cinchona in 2009 with a 6.2 Mw, resulting in fatalities and significant regional economic losses; and the most recent one in Sámara in 2012, measuring a 7.6 Mw and leading to substantial regional economic losses. It is crucial to understand how numerous factors influence losses in certain economic sectors caused by earthquakes, which can vary significantly based on the earthquake’s intensity and location (Quesada-Román, 2021b). Earthquakes are unpredictable phenomena, but it is essential to consider strategies for loss recovery in any location where they may occur (Fan et al., 2019). Furthermore, providing information to the entire population is crucial for effective risk management (McBride et al., 2022).

			This research paper does not explicitly state a hypothesis, but its research questions aim to investigate the economic impacts of major earthquakes in Costa Rica, the vulnerabilities of specific municipalities and sectors, and the significance of preparedness and risk reduction strategies. The study also aims to identify severely affected sectors, such as electricity, housing, and agriculture, underlining their critical role in economic resilience. Furthermore, it provides valuable implications for disaster risk reduction by offering insights for targeted mitigation strategies, policy formulation, and resource allocation in Costa Rica and similar seismic-prone regions. Additionally, the study offers a global perspective, providing a roadmap for sustainable development and resilience building in earthquake-prone areas.

			2. Materials and methods

			2.1. Geographical setting

			Costa Rica is located in a tectonically active zone characterized primarily by the subduction process, where the Cocos plate subducts beneath the Caribbean plate along the Mesoamerican Trench at a speed of 83-89 mm/year (Alvarado et al., 2017). The boundary between the Caribbean plate and Panama microplate occurs in the so-called Deformed Belt of Central Costa Rica, and the complex interaction among these tectonic elements results in high seismicity (Arroyo et al., 2020).

			The country is tectonically conditioned by the subduction process between the Cocos and Caribbean plates, as well as interactions with other plates such as Nazca and Panama. The country can be classified into three morphotectonic regions: forearc, plutonic/volcanic arc, and backarc. Each of these regions responds to various regional and local fault systems that generate seismic hazards (Arroyo-Solórzano and Quesada-Román, 2024). The geology of Costa Rica is quite diverse, including Quaternary sediments, Quaternary volcanic rocks, Miocene-Pliocene intrusive rocks, Mesozoic-Cenozoic sedimentary rocks, and Cretaceous-Eocene igneous rocks (Denyer and Alvarado, 2007).

			The country’s geomorphology features a virtually continuous mountainous system divided by volcanic cordilleras, both active and inactive, resulting in a plethora of varied landforms, including mountains, piedmonts, valleys, and plains covering the country’s expanse (Quesada-Román et al., 2022; Cortés and Quesada-Román, 2024; Granados-Bolaños et al., 2024). This topographic dynamic is influenced by rainfall patterns, with the Caribbean slope being rainier, receiving over 3000 mm annually, and the Pacific slope being drier, with rainfall generally below 2500 mm (Veas-Ayala et al., 2023).

			The vegetation, largely shaped by the climate, is diverse, encompassing ecosystems such as paramos, deciduous forests, evergreen forests, savannas, mangroves, cloud forests, and wetlands (Quesada-Román et al., 2020; Madrigal-González et al., 2023; Veas-Ayala et al., 2023). Land use, influenced significantly by human activity, is mainly urban, agricultural, and pastureland (Alvarado and Quesada-Román, 2024). Costa Rica has 84 municipalities in 7 provinces. The country’s population is just over 5 million, but it is concentrated in the Greater Metropolitan Area, a region that covers only 14% of Costa Rica’s continental territory but is home to nearly 3 million people (Garro-Quesada et al., 2023; Quesada-Román, 2022, 2023).

			2.2. Recent main earthquakes in Costa Rican history

			2.2.1. Description of the Limón Earthquake 1991

			On April 22, 1991, one of the most significant earthquakes recorded in Costa Rica occurred in the Caribbean region. This event had a magnitude of Mw 7.7 and occurred 36 km from the city of Limón, near the Limón Basin, at a depth of 10 km (Quesada-Román, 2016; Campos-Durán et al., 2021; Rojas-Quesada and Montero, 2021). According to Montero (2021), the Limón earthquake in 1991 resulted from the rupture along a reverse fault with a left-lateral component and a southeastward direction at the northwest end of the Northern Panama Deformed Belt (Suárez et al., 1995).

			Prior to this major earthquake, the country experienced two considerable interplate earthquakes with significant geological effects, such as the uplift of the Osa and Burica Peninsulas caused by the 1983 Osa earthquake (Mw 7.3) (Morales and Montero, 1984). This event also led to an uplift along the Longitudinal Fault and the elevation of the Talamanca Range along the Pacific and Caribbean fronts. Additionally, the Cóbano Earthquake with a magnitude of Mw 7.0 occurred in 1990. This earthquake marked the beginning of a seismic activity cycle in Costa Rica in the following months, with the Limón earthquake being part of this cycle but having a greater magnitude and socio-economic impact (Montero, 2021).

			The Limón earthquake in 1991 caused severe damage in a large region, where tectonic effects were distributed in the southeast of Costa Rica and northeast of Panama (Campos et al., 2021). Most of the destruction was caused by liquefaction, landslides, and differential settlement. Additionally, a co-seismic uplift of the Caribbean coast and discontinuous areas of our country was observed (Denyer et al., 1994; Barrantes et al., 2021; Quesada-Román, 2021a).

			2.2.2. Description of the Cinchona Earthquake 2009

			Alajuela, one kilometer south of Cinchona. This earthquake had a magnitude of Mw 6.2 and a depth of 4.6 kilometers (Red Sismológica Nacional, 2009). The origin of this event is associated with a shallow oblique fault known as Ángel-Vara Blanca, located on the eastern flank of the Poás Volcano. It exhibited approximately 12 km of horizontal rupture and a 6 km dip towards depth, with a Northwest-Southeast orientation. The fault demonstrated a dextral and normal component (Alvarado, 2010; Barrantes et al., 2011; Quesada-Román & Barrantes, 2017). This event commenced on January 7 with a foreshock earthquake with a magnitude of Mw 4.6. Following this, 39 more foreshock earthquakes occurred before the main earthquake on January 8, with magnitudes of Mw 2.5 and 4.6. Subsequently, after the main earthquake on January 8, more than 1500 aftershocks were recorded (Quesada-Román & Barrantes, 2016).

			Due to the shallowness of the earthquake, thousands of slope movements were triggered, adding to the type of terrain in the area, whose substrate is highly weathered (Barrantes et al., 2013; Arroyo-Solórzano et al., 2022). Dating has been conducted indicating that there are paleosols over 50 ka in the La Paz Andesite Unit. This led to the formation of walls containing a large amount of clay and a deep B horizon, all of which facilitated the movement of debris masses on the mountain slopes, which generally exceed 25° (Ruiz et al., 2019). The density of the present forest was not a determining factor in stabilizing the slopes. Instead, the magnitude of the earthquake, the type of soil, and the rainfall regime were the factors that caused the large number of landslides, responsible for most of the damage in this area (Arroyo-Solórzano et al., 2021; Quesada-Román, 2024).

			2.2.3. Description of Sámara 2012 earthquake

			The Sámara earthquake, which occurred on September 5, 2012, at 8:42 am, could be classified as the second-largest earthquake recorded in Costa Rica. The magnitude of this earthquake was Mw 7.6, with a location 15 kilometers south-southwest of Sámara in the Nicoya Peninsula region, at a depth of 9.4 kilometers (Protti et al., 2014). Its origin is attributed to the subduction process of the Cocos Plate in the seismogenic zone or interplate boundary. The focal mechanism of the event was a pure thrust, with a rupture area of 2200 km², and 920 aftershocks were recorded over a month (Linkimer et al., 2013).

			The rupture of this earthquake appears to be limited by two lateral edges in the northeast direction, which acted as boundaries or lateral ramps during the displacement process in the interplate seismogenic zone (Yao et al., 2017; Malservisi et al., 2015). The estimated total rupture area is 2200 km², equivalent to 40% of the seismic area. The energy released in the earthquake is equivalent to a power of 3.16 megatons, which could be likened to 158 atomic bombs like those detonated in Hiroshima (Linkimer et al., 2013).

			This earthquake had effects such as the uplift of the coastline by 1.45 meters in Carrillo Beach, Sámara, and Buena Vista, and by 0.75 meters in Pelada Beach. Additionally, in other beaches, there were observable instances of differential settlement and liquefaction, which are formations in the sand and less rigid soils (Yue et al., 2013). Deformations in the land were also observed in areas like Sarchí and Naranjo, where cracking and landslides occurred in areas with poorly consolidated soils, consisting of lahars deposits and sequences of clays and silts (Linkimer et al., 2013).

			2.3. Earthquake economic data acquisition and processing

			This research leveraged authoritative data sourced from MIDEPLAN (Ministry of National Planning and Economic Policy, 2019): https://www.mideplan.go.cr/perdidas-ocasionadas-fenomenos-naturales to conduct a comprehensive analysis of the economic repercussions stemming from seismic events (Figure 2). Specifically, we focused on three notable earthquakes —Limón 1991, Cinchona 2009, and Sámara 2012— extracting and recalibrating municipal economic loss data to 2015 US Dollars for effective cross-event comparisons. The identification of the most severely impacted municipalities was predicated on the magnitude of losses incurred, considering multiple factors such as geographical location, subpar infrastructure, and constrained resources earmarked for disaster preparedness and response. This holistic approach allowed for a nuanced understanding of the heightened vulnerability of these municipalities to seismic events, ultimately resulting in substantial economic setbacks.

			Recognizing the multifaceted nature of these vulnerabilities, we scrutinized various economic sectors to discern the breadth of impact on vital facets of community life. The sectors under investigation encompassed aqueducts and sewage, airports, agriculture, environment, emergency care, education, energy, railways, road infrastructure, ports, rivers and streams, the health sector, electrical systems, telecommunications, and housing. The assimilation of data from these sectors provided a comprehensive overview of the far-reaching consequences across diverse aspects of municipal life.

			To visually represent the cumulative economic losses by municipality, we employed ArcGIS 10.3 to create detailed maps. This spatial analysis not only facilitated the identification of specific geographic regions facing heightened economic vulnerabilities but also served as a crucial tool for policymakers and stakeholders (Figure 1). By elucidating the economic aftermath of earthquakes at the municipal level, this research aims to empower decision-makers in formulating targeted disaster risk reduction and preparedness strategies. These strategies, informed by a nuanced understanding of the economic dynamics at play, aspire to mitigate the potential ramifications of seismic events in the future, fostering more resilient and disaster-resilient communities.

			Figure 1. Schematic diagram of the methodology used in this research.
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			Source: Prepared by the authors

			3. Results

			3.1. Main economic sectors affected by the earthquakes in Limón, Cinchona, and Sámara.

			The three earthquakes that occurred in Costa Rica with the highest recorded magnitudes in recent decades have caused millions in losses across various socioeconomic sectors of the country. The primary economic areas affected include the electrical sector, housing, agriculture, road networks, and the environment (Figure 2). According to the data used in this study, the sector with the highest quantified economic losses is the electrical system, representing 40.72% of the total losses caused by these earthquakes in the country, as shown in Table 1. These losses could be attributed to the high magnitudes recorded in these earthquakes, as well as to certain vulnerabilities that conventional electrical transmission poles and other systems in the country, such as transmission lines and substations, may exhibit.

			The electrical system is the sector that records the highest number of losses due to the earthquakes in Cinchona and Limón. This can be quantified in economic losses within this sector, as shown in Table 2, with this data being the highest recorded for the Cinchona earthquake in the entire table. These losses from this earthquake are also attributed to its impact on municipalities with higher population density, such as Alajuela and Heredia with more than 2000 inh/km2 in their urban areas. This contrasts with municipalities affected by the Limón earthquake, which reported losses for this sector. Additionally, it is essential to consider the timing of these events, with approximately 18 years between them, during which many changes occurred, including population growth (3.1 million in 1991 and 4.6 million in 2012) and increased coverage of the electrical service (95% in 1991 and 99.5% in 2012).

			Figure 2. Main economic sectors affected by earthquakes in Costa Rica summing an 83.37% of the total losses between 1990 and 2012.
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			Source: Prepared by the authors

			The second socioeconomic sector that experienced the highest losses caused by earthquakes is the Housing sector, accounting for 16.19% of the total damages generated by seismic activity in Costa Rica. This sector is affected by all three earthquakes, with its highest record attributed to the earthquake in Limón in 1991, followed by the data recorded for the earthquake in Sámara in 2012. These significant losses could be primarily due to the high magnitudes of these earthquakes, ranging between 7.6 Mw and 7.7 Mw. Additionally, factors such as poor land use planning, landslides, limited or nonexistent comprehensive risk management, and inadequate construction materials and planning contribute to these multimillion-dollar losses (Acosta-Quesada and Quesada-Román, 2025).

			The agricultural sector, accounting for a percentage of 12.96% of the total damage. It is important to note that these earthquakes primarily affected municipalities belonging to socioeconomic regions located on the periphery of the country that will be detailed later, where the primary sector of the economy, agriculture, predominates. The most significant damages or economic losses occurred following the Limón earthquake, as this region is characterized by its agricultural activity (MIDEPLAN, 2019).

			The economic sectors of port facilities (3.21%), railways (1.73%), energy (0.65%), and airports (0.12%) only show damages after the Limón earthquake. This is primarily due to its magnitude, as this event has the highest magnitude recorded in the country in recent decades. Additionally, other ports (Caldera or Puntarenas), railways (in the GAM), and airports (Juan Santamaría or Liberia) in the country located in different areas were not directly affected by other earthquakes due to factors such as distance, magnitude, and the quality of infrastructure.

			The health sector accounted for 3.15% of economic losses, with losses recorded in hospitals, clinics, and basic care equipment. The earthquakes in Sámara and Limón presented the highest losses, respectively, that will be soon explained. This occurred due to exposure to sewage, coupled with a lack of drinking water and their respective recorded magnitudes. Another sector affected by these same causes is water supply and sanitation, with a percentage of total losses of 2.84%. On the other hand, the Education sector, with a total loss percentage of 2.28%, shows greater damage or figures mainly after the Sámara earthquake.

			Emergency care incurred the highest losses after the Limón earthquake, with a percentage of 0.94%, due to the high magnitude of the earthquake, which affected the most sectors of the three. Rivers and streams were affected by landslides during the Limón and Cinchona events, with this sector presenting a damage percentage of 0.68%. Finally, the telecommunications sector suffered greater damage after the Limón earthquake, possibly due to its high magnitude. This information can be observed in the figures in Table 1, depicting the total losses from the three earthquakes, and in Table 2, showing the affected sectors separated by earthquake.

			Table 1. Total Losses by Economic Sector in the three earthquakes.

			
				
					
					
					
				
				
					
							
							Socioeconomic Sector

						
							
							Losses USD

						
							
							Porcentaje

						
					

					
							
							Electrical System

						
							
							499,523,861.44

						
							
							40.72%

						
					

					
							
							Living Places

						
							
							198,596,289.50

						
							
							16.19%

						
					

					
							
							Agriculture 

						
							
							158,937,637.23

						
							
							12.96%

						
					

					
							
							Road Infrastructure

						
							
							89,554,771.78

						
							
							7.30%

						
					

					
							
							Environment

						
							
							77,257,113.00

						
							
							6.30%

						
					

					
							
							Port Facilities

						
							
							39,325,418.74

						
							
							3.21%

						
					

					
							
							Health

						
							
							38,667,483.72

						
							
							3.15%

						
					

					
							
							Water Supply and Sewerage

						
							
							34,843,594.99

						
							
							2.84%

						
					

					
							
							Education

						
							
							27,920,483.61

						
							
							2.28%

						
					

					
							
							Railways

						
							
							21,256,073.49

						
							
							1.73%

						
					

					
							
							Emergency Care

						
							
							11,551,550.03

						
							
							0.94%

						
					

					
							
							Public and Private Buildings

						
							
							10,36,1892.50

						
							
							0.84%

						
					

					
							
							Rivers and Streams

						
							
							8,325,461.66

						
							
							0.68%

						
					

					
							
							Energy

						
							
							8,023,412.42

						
							
							0.65%

						
					

					
							
							Airport

						
							
							1,497,703.65

						
							
							0.12%

						
					

					
							
							Telecommunications

						
							
							1,165,529.00

						
							
							0.10%

						
					

					
							
							Total losses from earthquakes

						
							
							1,226,808,276.76

						
							
							100% 

						
					

				
			

			Source: Prepared by the authors

			Table 2. Losses by economic sector for each earthquake.

			
				
					
					
					
					
				
				
					
							
							Sector

						
							
							Losses USD Limón (1991)

						
							
							Losses USD Cinchona (2009)

						
							
							Losses USD Sámara (2012)

						
					

					
							
							Water Supply and Sewerage

						
							
							31,955,622.20

						
							
							1,725,533.34

						
							
							1,162,439.46

						
					

					
							
							Airport

						
							
							1,497,703.652

						
							
							0

						
							
							0

						
					

					
							
							Agriculture 

						
							
							143,456,488.55

						
							
							15,020,409.92

						
							
							46,738.75

						
					

					
							
							Environment

						
							
							0

						
							
							77,257,113

						
							
							0

						
					

					
							
							Emergency Care

						
							
							10,162,989.07

						
							
							1,093,860.13

						
							
							294,700

						
					

					
							
							Public and Private Buildings

						
							
							827,66574

						
							
							170,239.72

						
							
							9,363,987,03

						
					

					
							
							Education

						
							
							4,260,966.89

						
							
							6,879,659.25

						
							
							16,779,857.47

						
					

					
							
							Energy

						
							
							8,023,412.42

						
							
							0

						
							
							0

						
					

					
							
							Railways

						
							
							21,256,073.49

						
							
							0

						
							
							0

						
					

					
							
							Road Infrastructure

						
							
							40,004,734.33

						
							
							26,452,991.81

						
							
							23,097,045,64

						
					

					
							
							Port Facilities

						
							
							39,325,418.74

						
							
							0,00

						
							
							0,00

						
					

					
							
							Rivers and Streams

						
							
							8,230,951.35

						
							
							94,510.31

						
							
							0,00

						
					

					
							
							Health

						
							
							11,643,790.06

						
							
							1,004,081.15

						
							
							26,019,612.51

						
					

					
							
							Electrical System

						
							
							1,702,156.12

						
							
							497,821,705.32

						
							
							0

						
					

					
							
							Telecommunications

						
							
							947,011.71

						
							
							218,517.29

						
							
							0

						
					

					
							
							Living place

						
							
							120,244,207.5

						
							
							49,767,867.97

						
							
							28,584,214.06

						
					

					
							
							Total

						
							
							443,539,191.80

						
							
							677,506,489.21

						
							
							105,762,595.75

						
					

				
			

			Source: Prepared by the authors

			3.2. Main Municipalities Affected by the Earthquakes in Limón, Cinchona, and Sámara.

			In recent years, Costa Rica has experienced a series of significant earthquakes that have shaken not only the ground but also the economy at the municipal level. Studying the economic impacts of the strongest earthquakes in the last three decades determine the hotspot municipalities for national and local authorities (Figure 3). These disasters have left a deep impact on the infrastructure and economic fabric of the affected municipalities, posing significant challenges in terms of reconstruction, public investment, and sustainable development. Understanding these impacts is crucial for making informed decisions and developing preparedness and mitigation strategies that enhance the resilience of local communities to future seismic events. Alajuela, Sarchí, and Limón stand out with three quarters of the total economic impacts by recent earthquakes in Costa Rica (Table 3). 

			Table 3. Total losses in each canton for each earthquake.

			
				
					
					
					
					
					
					
				
				
					
							
							Municipality

						
							
							Limón 1991

						
							
							Sámara 2012

						
							
							Cinchona 2009

						
							
							Total

						
							
							Percentage

						
					

					
							
							Alajuela

						
							
							0,00

						
							
							0,00

						
							
							489 677 410,76

						
							
							489 677 410,76

						
							
							52,39

						
					

					
							
							Sarchí

						
							
							0,00

						
							
							4 815 069,80

						
							
							103 994 932,19

						
							
							108 810 002,00

						
							
							11,64

						
					

					
							
							Limón

						
							
							104 818 826,53

						
							
							0,00

						
							
							0,00

						
							
							104 818 826,53

						
							
							11,21

						
					

					
							
							Heredia

						
							
							0,00

						
							
							0,00

						
							
							52 122 016,98

						
							
							52 122 016,98

						
							
							5,58

						
					

					
							
							Puntarenas

						
							
							0,00

						
							
							40 616 166,87

						
							
							0,00

						
							
							40 616 166,87

						
							
							4,35

						
					

					
							
							Jiménez

						
							
							24 913 054,95

						
							
							
							
							24 913 054,95

						
							
							2,67

						
					

					
							
							Turrialba

						
							
							24 170 168,21

						
							
							0,00

						
							
							0,00

						
							
							24 170 168,21

						
							
							2,59

						
					

					
							
							Poás

						
							
							0,00

						
							
							0,00

						
							
							11 655 966,40

						
							
							11 655 966,40

						
							
							1,25

						
					

					
							
							Santa Cruz

						
							
							0,00

						
							
							10 170 436,32

						
							
							0,00

						
							
							10 170 436,32

						
							
							1,09

						
					

					
							
							Nicoya

						
							
							0,00

						
							
							9 985 484,24

						
							
							0,00

						
							
							9 985 484,24

						
							
							1,07

						
					

				
			

			Source: Prepared by the authors

			Figure 3. Municipalities economically affected by the three earthquakes studied in Costa Rica. It is evident how Alajuela stands out as the municipality with the highest economic losses from earthquakes in the country.
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			Source: Prepared by the authors

			3.2.1. Limón 1991 earthquake

			Following the Limón earthquake in 1991, the municipality most affected was Limón itself, primarily due to its proximity to the earthquake’s epicenter (Figure 4). This earthquake holds the highest magnitude recorded in Costa Rica in recent decades and had significant repercussions across various socioeconomic sectors. Additionally, Limón stands out compared to other municipalities as it possesses an airport, railway, and port, all of which were considerably affected (Figure 5). The municipality most affected by economic losses was the earthquake’s epicenter, Limón (104 US million), reflecting significant multimillion-dollar losses across different economic sectors, particularly due to its status as a port region. Other significantly affected municipalities were Jiménez (29 US million) and Turrialba (24 US million), both experiencing roughly equivalent losses, attributed to their proximity to the epicenter. Similarly affected were Matina (almost 9 million USD) and Siquirres (6.8 USD million USD), both within the province of Limón (Table 4).

			Figure 4. Municipalities affected by the Limón earthquake in 1991. The most affected areas are concentrated along the South Caribbean.
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			Source: Prepared by the authors

			Table 4. Total losses by Municipality in the Limón earthquake of 1991.

			
				
					
					
				
				
					
							
							Municipality

						
							
							Losses in USD

						
					

					
							
							Limón

						
							
							104,818,826.5

						
					

					
							
							Jiménez

						
							
							24,913,054.95

						
					

					
							
							Turrialba

						
							
							24,170,168.21

						
					

					
							
							Matina

						
							
							8,985,760.479

						
					

					
							
							Siquirres

						
							
							6,876,945.039

						
					

					
							
							Talamanca

						
							
							4,011,979.427

						
					

					
							
							Paraíso

						
							
							150,305.25

						
					

					
							
							Tibás

						
							
							150,305.25

						
					

					
							
							Pococí

						
							
							17,116.61

						
					

				
			

			Source: Prepared by the authors

			Figure 5. Cracking of the road due to soil liquefaction and material flooding. Sources: University of Costa Rica and La Nación.
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			Source: Prepared by the authors

			3.2.2. Cinchona 2009 earthquake

			Among the thirty-nine municipalities affected by the Cinchona earthquake, Alajuela (487 million USD) stands out, as shown in Figure 6 and Table 5. This could be attributed to several reasons, firstly, the high magnitude of the Cinchona earthquake, and additionally, Alajuela had a higher population density and a denser road network, as seen in Table 2. The second most affected municipality by this earthquake is Sarchí (103 million USD), which is close to the impact zone. Likewise, Heredia (52 million USD) has a significant sum of economic losses recorded by this earthquake in 2009, with higher population and road density, along with its proximity to the event area especially in Vara Blanca district (Figure 7). On the other hand, as observed in Table 3, another highly affected municipality was Poás, due to its proximity to the massifs of the Poás Volcano. Other municipalities affected to a lesser extent but still incurring losses include Grecia, Río Cuarto, Santa Barbara, Barva, and Sarapiquí.

			Figure 6. Municipalities affected by the Cinchona earthquake
in 2009. A greater impact is evident in areas of the provinces
of Alajuela and Heredia.
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			Source: Prepared by the authors

			Table 5. Total losses by municipality in the Cinchona earthquake of 2009.

			
				
					
					
				
				
					
							
							Municipality

						
							
							Losses USD

						
					

					
							
							Alajuela

						
							
							489,677,410

						
					

					
							
							Sarchí

						
							
							103,994,932

						
					

					
							
							Heredia

						
							
							52,122,016

						
					

					
							
							Poás

						
							
							11,655,966

						
					

					
							
							Grecia

						
							
							3,756,081

						
					

					
							
							Río Cuarto

						
							
							1,230,892

						
					

					
							
							Santa Barbara

						
							
							750,653

						
					

					
							
							Barva

						
							
							458,617

						
					

					
							
							Sarapiquí

						
							
							86,690

						
					

				
			

			Source: Prepared by the authors

			Figure 7. Effects of the Cinchona Earthquake in 2009: a and b) Landslides near Vara Blanca and Los Cartagos. c and d) Collapse of homes due to the seismic acceleration of the event. Source:
La Nación and Red Simológica Nacional.
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			Source: Prepared by the authors

			3.2.3. Sámara 2012 earthquake

			The municipality most affected by the Sámara earthquake in 2012 was Puntarenas, despite its distance from this municipality, particularly in the economic sectors of Health, Education, Housing, Road Infrastructure, and Public and Private Buildings (Figure 8, Table 6). The second most affected municipality by this earthquake is Santa Cruz, with losses in the sectors of road infrastructure, housing, health, education, and public and private buildings. Subsequently, Nicoya and Hojancha experienced approximately similar economic losses. Nandayure, Cañas, Abangares, and Bagaces also suffered significant economic losses during this earthquake. It can be said that those most affected are those in the Nicoya Peninsula (Figure 9). However, municipalities in the province of Puntarenas were seriously affected with significant economic losses, such as Montes de Oro and Esparza. Also, other municipalities in the central part of the country, such as Sarchí, Naranjo, Zarcero, and Heredia, despite being quite far from the epicentral zone, experienced economic losses.

			Figure 8. Municipalities affected by the Sámara earthquake in 2012. Note that the municipalities on the Nicoya Peninsula were the most affected.
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			Source: Prepared by the authors

			Table 6. Total losses by Municipality in the Sámara earthquake in 2012.

			
				
					
					
				
				
					
							
							Municipality

						
							
							Losses in USD

						
					

					
							
							Puntarenas

						
							
							40,616,166.87

						
					

					
							
							Santa Cruz

						
							
							10,170,436.32

						
					

					
							
							Nicoya

						
							
							9,985,484.23

						
					

					
							
							Hojancha

						
							
							8,397,358.10

						
					

					
							
							Sarchí

						
							
							4,815,069.80

						
					

					
							
							Nandayure

						
							
							3,673,804.06

						
					

					
							
							Cañas

						
							
							2,924,062.23

						
					

					
							
							Carrillo

						
							
							2,799,988.94

						
					

					
							
							Naranjo

						
							
							2,607,038.59

						
					

					
							
							Montes de Oro

						
							
							2,159,226.439

						
					

					
							
							Zarcero

						
							
							1,712,784.89

						
					

					
							
							Tilarán

						
							
							1,616,085.03

						
					

					
							
							San Ramón

						
							
							1,584,697.79

						
					

					
							
							Abangares

						
							
							819,317.98

						
					

					
							
							Sarapiquí

						
							
							512,137.81

						
					

					
							
							Garabito

						
							
							512,137.81

						
					

					
							
							Esparza

						
							
							481,860.22

						
					

					
							
							Grecia

						
							
							471,389.31

						
					

				
			

			Source: Prepared by the authors

			Figure 9. Effects of the Sámara earthquake in 2012: a and b) Liquefaction on the Pacific coast after the Nicoya earthquake and housing damage. c) Blockage of the Avellanas beach mangrove outlet, leading to the death of its vegetation in the following years; currently, it is recovering. d) Homes destroyed by the earthquake. Sources: National Seismological Network (2012), Nosara Informa (2012), Tamarindo Real Estate (2023), La Vanguardia (2012).
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			Source: Prepared by the authors

			4. Discussion

			4.1 Localized impacts and economic losses

			The most affected economic sectors by recent earthquakes in Costa Rica were electricity, housing, agriculture, road infrastructure, and the environment, accounting for 83.37% of the total losses. These outcomes align with other regions worldwide where similar economic sectors have suffered impacts from earthquakes in the past (Rose et al., 2002). Costa Rica ranks among the countries experiencing substantial economic losses due to earthquakes in the 20th and early 21st centuries (Daniell et al., 2012). The electricity sector, prominently affected, has consistently experienced repercussions in seismic events in Chile (Espinoza et al., 2020), China (Wu et al., 2012), Japan (Kajitani et al., 2013), Russia, Kazakhstan, and Kyrgyzstan (Iakubovskii et al., 2019). Housing is another sector widely affected globally, reported across different regions worldwide (Fekrazad, 2019; Ao et al., 2021; Rawal et al., 2021). Agricultural and rural regions are significantly impacted by earthquakes, affecting croplands, livestock, and the livelihoods of communities globally (Bradley et al., 2019; Mendoza and Jara, 2022). While road infrastructure is generally vulnerable to natural hazards, earthquakes impose particularly high economic losses due to the expenses associated not only with rehabilitation but also with reconstruction efforts (Gajanayake et al., 2020).

			Alajuela, Limón, and Sarchí emerged as the most profoundly impacted municipalities in Costa Rica, registering economic losses of 526 million US dollars, 192 million US dollars, and 110 million US dollars, respectively. Strikingly, these three municipalities collectively accounted for a staggering 75% of the total losses incurred by the country in the wake of recent seismic activities. The correlation between these outcomes and areas characterized by dense urban or periurban/rural populations with lower social development levels (Quesada-Román et al., 2021a; Orozco-Montoya et al., 2022). A significant trend identified is the persistent urban expansion in mountainous landscapes, exemplified by municipalities such as Alajuela, Sarchí, Heredia, Poás, and Turrialba (Hidalgo-Leiva et al., 2023; Arroyo-Solórzano, 2023). This ongoing urban growth in topographically challenging terrains amplifies vulnerability, contributing to the manifestation of cascading disasters (Calderón and Silva, 2021; Quesada-Román et al., 2021). The escalating susceptibility within Costa Rica is intricately linked to deficiencies in territorial management, emphasizing the imperative need for strategic interventions to enhance resilience and mitigate the socio-economic repercussions of seismic events (Avendaño-Leadem and Cedeño-Montoya, 2020; Quesada-Román, 2023; Acosta-Quesada and Quesada-Román, 2024).

			The disproportionate impact of recent earthquakes in Costa Rica on critical sectors, namely electricity, housing, and agriculture, collectively constituting nearly 70% of the overall economic losses, carries profound implications for both local and national economic stability. The extensive damage to the electricity sector disrupts the backbone of essential services and hinders industrial operations, potentially leading to prolonged power shortages (Escalante-Pérez, 2023). Simultaneously, the significant losses in the housing sector exacerbate the strain on communities, fostering displacement and impeding the revival of residential areas (Calderón and Silva, 2019; Quesada-Román and Campos-Durán, 2023). In agriculture, the repercussions extend beyond immediate production setbacks, impacting food security, livelihoods, and the broader economic supply chain (Calderón et al., 2021; Cortés-Granados et al., 2024). These interlinked challenges pose formidable hurdles to local economic resurgence and, in the aggregate, threaten the national economic stability of Costa Rica, necessitating targeted recovery measures and long-term resilience strategies to mitigate the far-reaching socio-economic consequences.

			4.2 Preparedness, policy, and recommendations

			The imperative for preparedness and proactive risk reduction strategies looms larger than ever in mitigating the economic disruptions wrought by earthquakes, particularly in the context of developing countries (Shaffril et al., 2021; Tekin et al., 2024; Ruiz-Álvarez et al., 2025). The disproportionately severe impact on crucial sectors such as electricity, housing, and agriculture underscores the urgency for comprehensive preparedness measures that go beyond mere response mechanisms (Nievas et al., 2020). Investing in resilient infrastructure, early warning systems, and community education can substantially reduce the vulnerability of these sectors, fostering a more adaptive response to seismic events (Sufri et al., 2020). In developing countries, where socio-economic disparities and limited resources intensify the repercussions of disasters, prioritizing risk reduction becomes an ethical and pragmatic imperative. By bolstering preparedness initiatives, these nations can not only minimize the economic fallout of earthquakes but also lay the groundwork for sustainable recovery, ensuring the long-term stability and well-being of their communities (Pribadi et al., 2021).

			Effective earthquake preparedness demands a comprehensive strategy integrating early warning systems, resilient infrastructure, community education, and stringent policy frameworks (Kiani et al., 2022). While existing measures such as early warning systems and building codes are crucial, their efficacy hinges on comprehensive implementation and public engagement (Cook et al., 2022). To strengthen disaster preparedness, targeted policies are imperative, encompassing financial incentives for infrastructure retrofitting, strict enforcement of building codes, and inclusive community engagement (Carrasco et al., 2023). Robust public education campaigns, international collaboration for knowledge-sharing, and investment in advanced earthquake prediction technologies further fortify resilience (Yeon et al., 2020). By fostering a multidimensional approach, governments can create a resilient foundation, ensuring that communities, especially in developing countries, are equipped to face seismic challenges with resilience and agility.

			Striking a judicious balance in the allocation of resources for earthquake preparedness necessitates a nuanced approach that navigates between sector-specific and overarching strategies (Paul and Wang, 2019). While sector-specific measures such as resilient infrastructure and targeted community education are indispensable, allocating resources solely to individual sectors may inadvertently neglect the interconnectedness of vulnerabilities. Therefore, a holistic, overarching strategy is paramount, encompassing the development of early warning systems, robust policy frameworks, and comprehensive public education initiatives. These overarching approaches can serve as force multipliers, fortifying multiple sectors simultaneously. Striking this balance is particularly critical in resource-constrained environments, ensuring that investments yield broad-reaching benefits across various sectors. Moreover, the integration of cross-sectoral collaboration and information-sharing platforms is essential to optimize resource allocation, fostering a synergistic and adaptive preparedness framework capable of effectively mitigating the complex challenges posed by earthquakes (Kachali et al., 2018).

			4.3 Global implications and sustainable resilience

			The insights gleaned from the seismic, geomorphological, and climatological conditions in Costa Rica hold substantial relevance for regions sharing similar geological challenges. Areas confronted with analogous seismic activity and topographical features can leverage the lessons learned to bolster their earthquake preparedness. The identified economic losses in sectors such as electricity, housing, and agriculture resonate with regions facing comparable challenges. The call for a balanced approach, addressing both sector-specific and overarching strategies, is particularly pertinent for countries with limited resources and developing economies. The overarching principles of resilient infrastructure, effective early warning systems, and community education stand as universally applicable pillars for earthquake preparedness. By adapting and applying the experiences from Costa Rica, regions with similar environmental conditions can enhance their resilience and mitigate the potential socio-economic ramifications of seismic events.

			Global disaster risk reduction stakeholders focused on earthquakes can chart a transformative roadmap for sustainable development and resilience building by prioritizing a multifaceted approach. Firstly, fostering international collaboration and knowledge-sharing platforms is essential to disseminate the best practices, innovative technologies, and lessons learned from seismic events worldwide. Establishing a global framework that integrates resilient urban planning, stringent building codes, and early warning systems is paramount (Ben-Zion et al., 2022). Moreover, stakeholders should advocate for increased investment in research and development, aiming for advanced earthquake prediction technologies. Sustainable development goals should be aligned with disaster risk reduction efforts, emphasizing the importance of resilient infrastructure, community empowerment, and robust policy frameworks. Engaging local communities in decision-making processes, enhancing public awareness through education, and developing cross-sectoral collaboration mechanisms can further strengthen earthquake resilience. The integration of risk reduction measures into national and international development agendas ensures a unified, comprehensive approach that not only responds to seismic challenges but actively works towards building a sustainable and resilient future on a global scale (Fan et al. 2020).

			The study’s findings bear far-reaching implications, particularly increased exposure on a global scale (Nohrstedt et al., 2021). The identified vulnerabilities in specific sectors, such as electricity, housing, and agriculture, underscore the pressing need for proactive earthquake preparedness strategies. As seismic events continue occurring and populations continue to concentrate in vulnerable areas, the socio-economic repercussions are poised to intensify (Dollet and Guéguen, 2022). The study emphasizes the importance of a holistic approach, balancing sector-specific and overarching strategies, to enhance resilience. In the face of these challenges, the study advocates international collaboration, knowledge-sharing, and the adoption of sustainable development practices to build resilience against the complex and interconnected hazards posed by seismic activity worldwide.

			5. Conclusions

			The study’s comprehensive analysis of the economic impact of earthquakes in Costa Rica has illuminated critical economic losses in sectors such as electricity, housing, and agriculture, underscoring the urgency for robust earthquake preparedness strategies. These findings carry profound implications in the context of the escalating global seismic activity, increasing exposure of populations in hazardous areas. The identified challenges necessitate a holistic approach that combines sector-specific measures with overarching strategies to foster resilience. The study emphasizes the imperative for international collaboration, knowledge-sharing into seismic risk reduction efforts. As seismic disasters intensify worldwide, the insights from this study provide a foundation for informed decision-making aimed at building more resilient communities and mitigating the socio-economic impacts of seismic events on a global scale.

			Building upon the study’s insights, several recommendations emerge for stakeholders in disaster risk reduction and sustainable development. Firstly, there is an urgent need for international collaboration to establish a global framework that integrates resilient urban planning, stringent building codes, and advanced early warning systems. Increased investment in research and development for earthquake prediction technologies is paramount. Stakeholders should advocate for the alignment of sustainable development goals with disaster risk reduction efforts, emphasizing the importance of resilient infrastructure, community empowerment, and adaptable policy frameworks. The engagement of local communities in decision-making processes, coupled with comprehensive public awareness campaigns, will strengthen earthquake resilience. By implementing these recommendations, stakeholders can contribute to a global effort to confront the complex challenges posed by seismic activity, fostering a more resilient and sustainable future.

			Acknowledgments

			Sharon Delgado for her assistance processing the initial database used for this manuscript. Fátima Retana for her assistance in graphic design. 

			References

			Acosta-Quesada, M., & Quesada-Román, A. (2024). Landslides and flood hazard mapping using geomorphological methods in Santa Ana, Costa Rica. International Journal of Disaster Risk Reduction, 104882, 1-16. https://doi.org/10.1016/j.ijdrr.2024.104882.

			Acosta-Quesada, M., & Quesada-Román, A. (2025). Landslide and flood risk assessment in a rapidly urbanizing municipality of Costa Rica. Journal of South American Earth Sciences, 152, 105330. https://doi.org/10.1016/j.jsames.2024.105330.

			Alvarado, G. E. (2010). Aspectos geohidrológicos y sedimentológicos de los flujos de lodo asociados al terremoto de Cinchona (Mw 6, 2) del 8 de enero del 2009, Costa Rica. Revista Geológica de América Central, (43), 67-96.

			Alvarado, G. E., Benito, B., Staller, A., Climent, Á., Camacho, E., Rojas, W., ... & Lindholm, C. (2017). The new Central American seismic hazard zonation: Mutual consensus based on up to day seismotectonic framework. Tectonophysics, 721, 462-476.

			Alvarado, G. E., Quesada-Román, A. (2024). Anthropogenic Geomorphology of Costa Rica. In: Quesada-Román, A. (Eds.) Landscapes and Landforms of Costa Rica. World Geomorphological Landscapes. https://doi.org/10.1007/978-3-031-64940-0_12.

			Ao, Y., Zhang, H., Yang, L., Wang, Y., Martek, I., & Wang, G. (2021). Impacts of earthquake knowledge and risk perception on earthquake preparedness of rural residents. Natural Hazards, 107, 1287-1310.

			Arroyo, M., Linkimer, L., & Arroyo, I. G. (2020). Recuento de la sismicidad en Costa Rica durante el 2019. Revista Geológica de América Central, (62), 116-133.

			Arroyo-Solórzano, M. (2023). Seismic risk from potentially damaging earthquakes in the Greater Metropolitan Area of Costa Rica (GAM). Geological Journal of Central América, 69, 1-33. https://doi.org/10.15517/rgac.2023.54878.

			Arroyo-Solórzano, M. (2023). Riesgo sísmico ante terremotos potencialmente perjudiciales en la Gran Área Metropolitana de Costa Rica (GAM). Revista geológica de América central, 69, 1-33.

			Arroyo-Solórzano, M., Quesada-Román, A., & Barrantes-Castillo, G. (2022). Seismic and geomorphic assessment for coseismic landslides zonation in tropical volcanic contexts. Natural Hazards, 114(3), 2811-2837. https://doi.org/10.1007/s11069-022-05492-8.

			Arroyo-Solórzano, M., Quesada-Román, A. (2024). Morphotectonic Regions of Costa Rica: A Review and Updated Classification. World Geomorphological Landscapes. https://doi.org/10.1007/978-3-031-64940-0_2.

			Avendaño-Leadem, D. F., Cedeño-Montoya, B. C., & Arroyo-Zeledón, M. S. (2020). Integrating the concept of ecosystem services into land use planning. Revista Geográfica de América Central. 2 (65), 63-90. http://dx.doi.org/10.15359/rgac.65-2.3.

			Barrantes, G., Barrantes Sotela, O., & Nuñes Román, O. (2011). Effectiveness of the modified Mora-Vahrson methodology in the case of landslides triggered by the Cinchona earthquake, Costa Rica. Geographical Journal of Central America, 42(2), 141-162.

			Barrantes-Castillo, G., Jiménez-Campos, C., & Ocón-García, M. J. (2013). Deslizamientos provocados por el terremoto de Cinchona de 2009, Costa Rica. Revista Geográfica de América Central., 2(51), 89-100.

			Barrantes, G., Vahrson, W. G., & Mora, S. (2021). Cambios geomorfológicos e hidrológicos inducidos por el terremoto (Mw 7, 7) del 22 de abril de 1991 en la provincia de Limón, Costa Rica. Revista Geológica de América Central, (65), 396-415.

			Ben-Zion, Y., Beroza, G. C., Bohnhoff, M., Gabriel, A. A., & Mai, P. M. (2022). A grand challenge international infrastructure for earthquake science. Seismological Society of America, 93(6), 2967-2968. https://doi.org/10.1785/0220220266.

			Bradley, K., Mallick, R., Andikagumi, H., Hubbard, J., Meilianda, E., Switzer, A., & Hill, E. M. (2019). Earthquake-triggered 2018 Palu Valley landslides enabled by wet rice cultivation. Nature Geoscience, 12(11), 935-939. https://doi.org/10.1038/s41561-019-0444-1.

			Calderón, A., & Silva, V. (2019). Probabilistic seismic vulnerability and loss assessment of the residential building stock in Costa Rica. Bulletin of Earthquake Engineering.17(3), 1257-1284. https://doi.org/10.1007/s10518-018-0499-1.

			Calderón, A., & Silva, V. (2021). Exposure forecasting for seismic risk estimation: Application to Costa Rica. Earthquake Spectra, 37(3), 1806-1826. https://doi.org/10.1177/8755293021989333.

			Calderón, A., Silva, V., Avilés, M., Méndez, R., Castillo, R., Carlos Gil, J., & Alfredo López, M. (2021). Toward a uniform earthquake loss model across Central America. Earthquake Spectra, 38(1), 178-199. https://doi.org/10.1177/87552930211043894.

			Campos-Durán, D., Quintero-Quintero, R., & Abarca-Rojas, T. (2021). Terremoto del Valle de La Estrella: análisis sísmico, cascada de desastres y pérdidas económicas en valor presente (2020). Revista Geológica de América Central, (65), 169-192.

			Carrasco, S., Egbelakin, T., & Dangol, N. (2023). Fostering recovery through stakeholders-community collaboration in post-earthquake recovery in Nepal. International Journal of Disaster Risk Reduction, 88, 103619.

			Caruso, G. D. (2017). The legacy of natural disasters: The intergenerational impact of 100 years of disasters in Latin America. Journal of Development Economics, 127, 209-233. https://www.sciencedirect.com/science/article/abs/pii/S0304387817300317.

			Cook, D. T., Liel, A. B., Haselton, C. B., & Koliou, M. (2022). A framework for operationalizing the assessment of post-earthquake functional recovery of buildings. Earthquake Spectra, 38(3), 1972-2007.

			Cortés, J., Quesada-Román, A. (2024). Coastal and Shallow Marine Geomorphology of Costa Rica- Landscapes and Landforms of Costa Rica. World Geomorphological Landscapes. https://doi.org/10.1007/978-3-031-64940-0_9.

			Cortés-Granados, V., Quesada-Román, A., & Young-Fuentes, D. (2024). Geomorphology, morphodynamic, and surficial material of the Orosi Valley, Costa Rica. Geomorphica, 1(1), 1-16. https://doi.org/10.59236/geomorphica.v1i1.31.

			Daniell, J. E., Khazai, B., Wenzel, F., & Vervaeck, A. (2012, September). The worldwide economic impact of historic earthquakes. In The 15 World Conference on Earthquake Engineering (Vol. 15). Lisboa.

			DeMets, C., Gordon, R. G., & Argus, D. F. (2010). Geologically current plate motions. Geophysical journal international, 181(1), 1-80. https://doi.org/10.1111/j.1365-246X.2009.04491.x.

			Denyer, P., Arias, O., & Personius, S. (1994). Efecto tectónico del terremoto de Limón. Revista Geológica de América Central.

			Denyer, P., & Alvarado, G. E. (2007). Mapa Geológico de Costa Rica 2007. Escala 1:450,000. Librería Francesa S. A. San José, Costa Rica. https://doi.org/10.15517/rgac.v0i0.16579.

			Dollet, C., & Guéguen, P. (2022). Global occurrence models for human and economic losses due to earthquakes (1967-2018) considering exposed GDP and population. Natural Hazards, 110(1), 349-372.

			Escalante-Pérez, D. (2023). The Energy Security of Central America: Proposal for a Comprehensive Estimation. CEPAL Journal 139, 79-96.

			Espinoza, S., Poulos, A., Rudnick, H., de la Llera, J. C., Panteli, M., & Mancarella, P. (2020). Risk and resilience assessment with component criticality ranking of electric power systems subject to earthquakes. IEEE Systems Journal, 14(2), 2837-2848.

			Fan, J. L., Shen, S., Wang, J. D., Wei, S. J., Zhang, X., Zhong, P., & Wang, H. (2020). Scientific and technological power and international cooperation in the field of natural hazards: a bibliometric analysis. Natural Hazards, 102, 807-827. DOI: 10.1007/s11069-020-03919-8.

			Fan, X., Scaringi, G., Korup, O., West, A. J., van Westen, C. J., Tanyas, H., ... & Huang, R. (2019). Earthquake-induced chains of geologic hazards: Patterns, mechanisms, and impacts. Reviews of geophysics, 57(2), 421-503. https://doi.org/10.1029/2018RG000626

			Fekrazad, A. (2019). Earthquake-risk salience and housing prices: Evidence from California. Journal of behavioral and experimental economics, 78, 104-113. https://doi.org/10.1016/j.socec.2019.01.001.

			Gajanayake, A., Zhang, G., Khan, T., & Mohseni, H. (2020). Postdisaster impact assessment of road infrastructure: State-of-the-art review. Natural hazards review, 21(1), 03119002. https://doi.org/10.1061/(ASCE)NH.1527-6996.0000343.

			Garro-Quesada, M. D. M., Vargas-Leiva, M., Girot, P. O., & Quesada-Román, A. (2023). Climate Risk Analysis Using a High-Resolution Spatial Model in Costa Rica. Climate, 11(6), 127. 

			Granados-Bolaños, S., Surian, N., Birkel, C., Alvarado, G. E., Quesada-Román, A., Galve, J. P., & Bonilla-Mata, A. (2024). Fluvial Landscapes of Costa Rica: An Overview of Dynamic Rivers. In: Quesada-Román, A. (eds) Landscapes and Landforms of Costa Rica. World Geomorphological Landscapes. Springer, Cham. https://doi.org/10.1007/978-3-031-64940-0_5.

			Hidalgo-Leiva, D. A., Linkimer, L., Arroyo, I. G., Arroyo-Solórzano, M., Piedra, R., Climent, A., ... & Rojas, W. (2023). The 2022 Seismic Hazard Model for Costa Rica. Bulletin of the Seismological Society of America, 113(1), 23-40. https://doi.org/10.1785/0120220119.

			Iakubovskii, D., Komendantova, N., Rovenskaya, E., Krupenev, D., & Boyarkin, D. (2019). Impacts of earthquakes on energy security in the Eurasian economic union: Resilience of the electricity transmission networks in Russia, Kazakhstan, and Kyrgyzstan. Geosciences, 9(1), 54. https://doi.org/10.3390/geosciences9010054.

			Kachali, H., Storsjö, I., Haavisto, I., & Kovács, G. (2018). Inter-sectoral preparedness and mitigation for networked risks and cascading effects. International Journal of Disaster Risk Reduction, 30, 281-291. https://doi.org/10.1016/j.ijdrr.2018.01.029.

			Kajitani, Y., Chang, S. E., & Tatano, H. (2013). Economic impacts of the 2011 Tohoku-Oki earthquake and tsunami. Earthquake Spectra, 29(1_suppl), 457-478. https://doi.org/10.1193/1.4000108.

			Kiani, U. B. N., Najam, F. A., & Rana, I. A. (2022). The impact of risk perception on earthquake preparedness: An empirical study from Rawalakot, Pakistan. International Journal of Disaster Risk Reduction, 76, 102989.

			León, J. A., Ordaz, M., Haddad, E., & Araújo, I. F. (2022). Risk caused by the propagation of earthquake losses through the economy. Nature communications, 13(1), 2908. https://doi.org/10.1038/s41467-022-30504-3.

			Linkimer, L., Ivonne, A., Mora, M., Vargas, A., Soto, G. J., Barquero, R., ... & Taylor, M. (2013). El terremoto de Sámara (Costa Rica) del 5 de setiembre del 2012 (Mw7, 6). Revista Geológica de América Central, (49), 73-83.

			Linkimer, L., Barquero, R., Vargas, A., Rojas, W., Taylor, M., & Araya, M. C. (2013). Actividad sísmica en Costa Rica durante el 2012. Revista geológica de América central, (49), 141-148.

			Madrigal-González, J., Calatayud, J., Ballesteros-Cánovas, J. A., Escudero, A., Cayuela, L., Marqués, L., ... & Stoffel, M. (2023). Global patterns of tree density are contingent upon local determinants in the world’s natural forests. Communications Biology, 6(1), 47. https://doi.org/10.1038/s42003-023-04419-8.

			Malservisi, R., Schwartz, S. Y., Voss, N., Protti, M., Gonzalez, V., Dixon, T. H., ... & Voyenko, D. (2015). Multiscale postseismic behavior on a megathrust: The 2012 Nicoya earthquake, Costa Rica. Geochemistry, Geophysics, Geosystems, 16(6), 1848-1864. https://doi.org/10.1002/2015GC005794.

			McBride, S. K., Smith, H., Morgoch, M., Sumy, D., Jenkins, M., Peek, L., ... & Wood, M. (2022). Evidence-based guidelines for protective actions and earthquake early warning systems. Geophysics, 87(1), WA77-WA102. https://doi.org/10.1190/geo2021-0222.1.

			Mendoza, C. A., & Jara, B. (2022). Post-earthquake short-run labor income shifts. What happens with the distribution of wages after an earthquake? International Journal of Disaster Risk Reduction, 80, 103176. https://doi.org/10.1016/j.ijdrr.2022.103176.

			Montero, W. (2021). Análisis retrospectivo del terremoto de Limón del 22 de abril de 1991.

			MIDEPLAN – Ministerio de Planificación Nacional y Política Económica. (2019). Costa Rica Impacto de los Fenómenos Naturales para el período 1988-2018, por sectores, provincias, cantones y distritos: compendio. Ministerio de Planificación Nacional y Política Económica, Ministerio de Agricultura y Ganadería. Secretaría Ejecutiva de Planificación Sectorial Agropecuaria. San José, Costa Rica. https://www.mideplan.go.cr/perdidas-ocasionadas-fenomenos-naturales

			Morales, L. D., & Montero, W. (1984). Los temblores sentidos en Costa Rica durante: 1973-1983, y su relación con la sismicidad del país. Revista Geológica de América central, (1), 29-56.

			Nievas, C. I., Bommer, J. J., Crowley, H., & van Elk, J. (2020). Global occurrence and impact of small-to-medium magnitude earthquakes: a statistical analysis. Bulletin of earthquake engineering, 18(1), 1-35.

			Nohrstedt, D., Mazzoleni, M., Parker, C. F., & Di Baldassarre, G. (2021). Exposure to natural hazard events unassociated with policy change for improved disaster risk reduction. Nature Communications, 12(1), 193.

			Orozco-Montoya, R. A., Brenes-Maykall, A., & Sura-Fonseca, R. (2022). Historical Inventory of Disasters in Costa Rica in the Period 1970-2020. Journal of Latin American Studies on Disaster Risk Reduction. REDER, 6(1), 66-82. DOI: https://doi.org/10.55467/reder.v6i1.85.

			Paul, J. A., & Wang, X. J. (2019). Robust location-allocation network design for earthquake preparedness. Transportation research part B: methodological, 119, 139-155. https://doi.org/10.1016/j.trb.2018.11.009

			Pribadi, K. S., Abduh, M., Wirahadikusumah, R. D., Hanifa, N. R., Irsyam, M., Kusumaningrum, P., & Puri, E. (2021). Learning from past earthquake disasters: The need for knowledge management system to enhance infrastructure resilience in Indonesia. International Journal of Disaster Risk Reduction, 64, 102424. https://doi.org/10.1016/j.ijdrr.2021.102424.

			Protti, M., González, V., Newman, A. V., Dixon, T. H., Schwartz, S. Y., Marshall, J. S., ... & Owen, S. E. (2014). Nicoya earthquake rupture anticipated by geodetic measurement of the locked plate interface. Nature Geoscience, 7(2), 117-121. https://doi.org/10.1038/ngeo2038.

			Quesada-Román, A. (2016). Impactos geomorfológicos del Terremoto de Limón (1991; ms=7.5) y consideraciones para la prevención de riesgos asociados en Costa Rica. Revista Geográfica de América Central, 56, 93-111. https://doi.org/10.15359/rgac.1-56.4.

			Quesada-Román, A. (2021a). Review of the geomorphological effects of the 1991 Limón earthquake. Revista Geológica de América Central, (65), 370-395. http://dx.doi.org/10.15517/rgac.v0i65.46697.

			Quesada-Román, A. (2021b). Landslide risk index map at the municipal scale for Costa Rica. International journal of disaster risk reduction, 56, 102144. https://doi.org/10.1016/j.ijdrr.2021.102144.

			Quesada-Román, A. (2022). Disaster risk assessment of informal settlements in the Global South. Sustainability, 14(16), 10261.

			Quesada-Román, A. (2023). Priorities for natural disaster risk reduction in Central America. PLOS Climate, 2(3), e0000168. https://doi.org/10.1371/journal.pclm.0000168.

			Quesada-Román, A. (2024a). Mass Movements Dynamics and Morphologies in Costa Rica. In: Quesada-Román, A. (Eds.). Landscapes and Landforms of Costa Rica. World Geomorphological Landscapes. Springer, Cham. https://doi.org/10.1007/978-3-031-64940-0_4.

			Quesada-Román, A. & Barrantes, G. (2016). Procesos de ladera cosísmicos del terremoto de Cinchona (Costa Rica) del 8 de enero de 2009 (Ms= 6,2). Cuadernos de Geografía: Revista Colombiana de Geografía, 25(1), 217-232. https://doi.org/10.15446/rcdg.v25n1.52590.

			Quesada-Román, A., Ballesteros-Cánovas, J. A., Guillet, S., Madrigal-González, J., & Stoffel, M. (2020). Neotropical Hypericum irazuense shrubs reveal recent ENSO variability in Costa Rican páramo. Dendrochronologia, 61, 125704.

			Quesada-Román, A. & Barrantes, G. (2017). Modelo morfométrico para determinar áreas susceptibles a procesos de ladera. Investigaciones Geográficas, Boletín del Instituto de Geografía, 94, 1-12. http://dx.doi.org/10.14350/rig.57318.

			Quesada-Román, A., & Campos-Durán, D. (2023). Natural disaster risk inequalities in Central America. Papers in Applied Geography, 9(1), 36-48. https://doi.org/10.1080/23754931.2022.2081814.

			Quesada-Román, A., Castro-Chacón, J. P., & Boraschi, S. F. (2021a). Geomorphology, land use, and environmental impacts in a densely populated urban catchment of Costa Rica. Journal of South American Earth Sciences, 112, 103560.

			Quesada-Román, A., Pérez-Umaña, D., & Brenes-Maykall, A. (2023). Relationships between COVID-19 and disaster risk in Costa Rican municipalities. Natural Hazards Research. https://doi.org/10.1016/j.nhres.2023.02.002.

			Quesada-Román, A., Torres-Bernhard, L., Ruiz-Álvarez, M. A., Rodríguez-Maradiaga, M., Velázquez-Espinoza, G., Espinosa-Vega, C., ... & Rodríguez-Bolaños, H. (2022). Geodiversity, geoconservation, and geotourism in Central America. Land, 11(1), 48. https://www.kerwa.ucr.ac.cr/server/api/core/bitstreams/689fde4d-0f4b-4ff1-92a2-90c19999c278/content

			Quesada-Román, A., Umaña-Ortiz, J., Zumbado-Solano, M., Islam, A., Abioui, M., Tefogoum, G. Z., ... & Pupim, F. (2023). Geomorphological regional mapping for environmental planning in developing countries. Environmental Development, 48, 100935. DOI: 10.1016/j.envdev.2023.100935

			Quesada-Román, A., Villalobos-Portilla, E., & Campos-Durán, D. (2021b). Hydrometeorological disasters in urban areas of Costa Rica, Central America. Environmental Hazards, 20(3), 264-278. https://doi.org/10.1080/17477891.2020.1791034.

			Rawal, V., Bothara, J., Pradhan, P., Narasimhan, R., & Singh, V. (2021). Inclusion of the poor and vulnerable: Learning from post-earthquake housing reconstruction in Nepal. Progress in Disaster Science, 10, 100162. https://doi.org/10.1016/j.pdisas.2021.100162.

			Red Sismológica Nacional (RSN: UCR - ICE). (2009). El terremoto de Cinchona del jueves 8 de enero de 2009. Revista Geológica de América Central, 40, 91-95. 

			Rojas-Quesada, W., & Montero-Pohly, W. (2021). Distribution of Macroseismic Intensities of the Limón Earthquake on April 22, 1991 (Mw 7.7). Geological Journal of Central America, (65), 216-228. doi: 10.15517/rgac.v0i65.47010.

			Rose, A., Benavides, J., Chang, S. E., Szczesniak, P., & Lim, D. (2002). The regional economic impact of an earthquake: Direct and indirect effects of electricity lifeline disruptions. Journal of regional Science, 37(3), 437-458. https://doi.org/10.1111/0022-4146.00063.

			Ruiz, P., Carr, M. J., Alvarado, G. E., Soto, G. J., Mana, S., Feigenson, M. D., & Sáenz, L. F. (2019). Coseismic landslide susceptibility analysis using LiDAR data PGA attenuation and GIS: the case of Poás volcano, Costa Rica, Central America. Poás Volcano: The Pulsing Heart of Central America Volcanic Zone, 79-118.

			Ruiz-Álvarez, M., Cruz, D., & Quesada-Román, A. (2025). Landslide susceptibility mapping of Tegucigalpa, Honduras. Journal of South American Earth Sciences, 105555. 

			Shaffril, H. A. M., Samah, A. A., & Kamarudin, S. (2021). Speaking of the devil: a systematic literature review on community preparedness for earthquakes. Natural hazards, 108(3), 2393-2419. https://doi.org/10.1007/s11069-021-04797-4.

			Suárez, G., Pardo, M., Domínguez, J., Ponce, L., Montero, W., Boschini, I., & Rojas, W. (1995). The Limón, Costa Rica earthquake of April 22, 1991: Back arc thrusting and collisional tectonics in a subduction environment. Tectonics, 14(2), 518-530. https://doi.org/10.1029/94TC02546.

			Sufri, S., Dwirahmadi, F., Phung, D., & Rutherford, S. (2020). A systematic review of community engagement (CE) in disaster early warning systems (EWSs). Progress in Disaster Science, 5, 100058. https://doi.org/10.1016/j.pdisas.2019.100058.

			Tekin, S., Quesada-Román, A., & Çac, T. (2024). Landslide susceptibility assessment of the Asi watershed, southern Türkiye. Turkish Journal of Earth Sciences, 33(2), 208-223. https://doi.org/10.55730/1300-0985.1907.

			UNDRR (United Nations Office for Disaster Risk Reduction) and World Meteorological Organization (WMO) (2023). Global Status of Multi-Hazard Early Warning Systems. Geneva, Switzerland.

			Veas-Ayala, N., Alfaro-Córdoba, M., & Quesada-Román, A. (2023). Costa Rican wetlands vulnerability index. Progress in Physical Geography: Earth and Environment, 47(4), 521-540. https://doi.org/10.1177/03091333221134189.

			Wu, J., Li, N., Hallegatte, S., Shi, P., Hu, A., & Liu, X. (2012). Regional indirect economic impact evaluation of the 2008 Wenchuan Earthquake. Environmental Earth Sciences, 65, 161-172. DOI: 10.1007/s12665-011-1078-9.

			Yao, D., Walter, J. I., Meng, X., Hobbs, T. E., Peng, Z., Newman, A. V., ... & Protti, M. (2017). Detailed spatiotemporal evolution of microseismicity and repeating earthquakes following the 2012 Mw 7.6 Nicoya earthquake. Journal of Geophysical Research: Solid Earth, 122(1), 524-542. https://doi.org/10.1002/2016JB013632.

			Yeon, D. H., Chung, J. B., & Im, D. H. (2020). The effects of earthquake experience on disaster education for children and teens. International journal of environmental research and public health, 17(15), 5347. https://doi.org/10.3390/ijerph17155347.

			Yue, H., Lay, T., Schwartz, S. Y., Rivera, L., Protti, M., Dixon, T. H., ... & Newman, A. V. (2013). The 5 September 2012 Nicoya, Costa Rica Mw 7.6 earthquake rupture process from joint inversion of high-rate GPS, strong-motion, and teleseismic P wave data and its relationship to adjacent plate boundary interface properties. Journal of Geophysical Research: Solid Earth, 118(10), 5453-5466. https://doi.org/10.1002/jgrb.50379.

			

			
				
						1	Doctor en Ciencias Ambientales, Laboratorio de Geografía Física, Escuela de Geografía, Universidad de Costa Rica, [image: ] adolfo.quesadaroman@ucr.ac.cr, [image: ] https://orcid.org/0000-0001-6601-5254.


						2	Bachiller en Geografía, Laboratorio de Geografía Física, Escuela de Geografía, Universidad de Costa Rica, [image: ] natalia.martinezrojas. [image: ] 


				

			
		

		
		
	OEBPS/image/QR_Code1536-1875221584.png





OEBPS/image/Figura_7.png





OEBPS/image/Figura_5.png





OEBPS/image/logo-revista.png
RFGAC +

Revista Geografica de América Central






OEBPS/image/Figura_2.png
Electrical system  Living Places  Agriculture Road Infraestructure  Enviroment

U5

40.62% 16.19% 12.96% 7.30% 6.30%





OEBPS/toc.xhtml

		
		Contents


			
						1. Introduction


						2. Materials and methods


						3. Results


						4. Discussion


						5. Conclusions


						Acknowledgments


						References


			


		
		
		Landmarks


			
						Cover


			


		
	

OEBPS/image/2.png





OEBPS/image/Figura_8.png
Logend
[RSR—
)
\
N
h
e
Facitic 56
Geean v






OEBPS/image/euna.png





OEBPS/image/Figura_6.png





OEBPS/image/Icono_Orcid.jpg





OEBPS/image/Figura_4.png
Pacific >
Ocean i






OEBPS/image/Figura_1.png
Study Areas

Economical data
analysis

»| Limén 1991
Cinchona 2009
Samara 2012

Total losses in USD

Economical total

losses

Municipality

Economic Sector

MIDEPLAN

.| Electrical system

Living places
Agriculture

Road infraestructure
Education

Health

Spatial analysis






OEBPS/image/QR_Code1536-1808267163.png





OEBPS/image/QR_Code1536-1849805925.png





OEBPS/image/Figura_3.png
Legend

Municipalities
Million USD






OEBPS/image/una.png





OEBPS/image/Figura_9.png





OEBPS/image/1.png
Revista Geografica de
América Central

i

Enero - Junio 2026
Publicacion continua

ISSN (impresa): 1011 - 484x  ISSN (en linea): 2215 -2363





