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ABSTRACT 

Water is fundamental to human life and the availability of freshwater is often a constraint on 

human welfare and economic development. Consequently, the potential effects of global 

changes on hydrology and water resources are considered among the most severe and vital 

ones. Water scarcity is one of the main problems in the rural communities of Central America, 

as a result of an important degradation of catchment areas and the over-exploitation of aquifers. 

The present Thesis is focused on two critical aspects of global changes over water resources: 

(1) the potential effects of climate change on water quantity and (2) the impacts of land cover 

and land use changes on the hydrological processes and water cycle. 

Costa Rica is among the few developing countries that have recently achieved a land use 

transition with a net increase in forest cover. Osa Region in South Pacific Costa Rica is an 

appealing study site to assess water supply management plans and to measure the effects of 

deforestation, forest transitions and climate change projections reported in the region. Rural 

Community Water Supply systems (ASADAS) in Osa are dealing with an increasing demand of 

freshwater due to the growing population and the change in the way of life in the rural 

livelihoods. Land cover mosaics which have resulted from the above mentioned processes are 

characterized by the abandonment of marginal farmland with the spread over these former 

grasslands of high return crops and the expansion of secondary forests due to reforestation 

initiatives. These land use changes have a significant impact on runoff generation in priority 

water-supply catchments in the humid tropics, as evidenced by the analysis of the Tinoco 

Experimental Catchment in the Southern Pacific area of Costa Rica. The monitoring system 

assesses the effects of the different land uses on the runoff responses and on the general water 

cycle of the basin. Runoff responses at plot scale are analyzed for secondary forests, oil palm 

plantations, forest plantations and grasslands. The Oil palm plantation plot presented the 

highest runoff coefficient (mean RC=32.6%), twice that measured under grasslands (mean 

RC=15.3%) and 20-fold greater than in secondary forest (mean RC=1.7%). 

A Thornthwaite-type water balance is proposed to assess the impact of land cover and climate 

change scenarios over water availability for rural communities in Osa Region. Climate change 

projections were obtained by the downscaling of BCM2, CNCM3 and ECHAM5 models. 

Precipitation and temperature were averaged and conveyed by the A1B, A2 and B1 IPCC 
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climate scenario for 2030, 2060 and 2080. Precipitation simulations exhibit a positive increase 

during the dry season for the three scenarios and a decrease during the rainy season, with the 

highest magnitude (up to 25%) by the end of the 21st century under scenario B1. Monthly mean 

temperature simulations increase for the three scenarios throughout the year with a maximum 

increase during the dry season of 5% under A1B and A2 scenarios and 4% under B1 scenario. 

The Thornthwaite-type Water Balance model indicates important decreases of water surplus for 

the three climate scenarios during the rainy season, with a maximum decrease on May, which 

under A1B scenario drop up to 20%, under A2 up to 40% and under B1 scenario drop up to 

almost 60%. Land cover scenarios were created taking into account current land cover 

dynamics of the region. Land cover scenario 1 projects a deforestation situation, with forests 

decreasing up to 15% due to urbanization of the upper catchment areas; land cover scenario 2 

projects a forest recovery situation where forested areas increase due to grassland 

abandonment on areas with more than 30% of slope. Deforestation scenario projects an annual 

water surplus decrease of 15% while the reforestation scenario projects a water surplus 

increase of almost 25%. This water balance analysis indicates that climate scenarios are equal 

contributors as land cover scenarios to future water resource estimations. 
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1. Introduction  
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1.1. Water and forests in the framework of global change 

Over the past two centuries, both the human population and the economic wealth of the world 

have grown rapidly. These two factors have significantly increased resource consumption in 

agriculture and food production, forestry, industrial development, transport and international 

commerce, energy production, urbanization and even recreational activities. These activities 

have caused global environmental changes which are altering key components of the Earth 

system, changing climate, land cover, hydrological systems and undermining important 

ecosystem services (Steffen et al. 2006, Vitousek et al. 1997).  

Water is fundamental to human life and many activities—agriculture industry, power generation, 

transportation, and waste management— and the availability of freshwater is often a constraint 

on human welfare and economic development. Consequently, the potential effects of global 

changes on hydrology and water resources are considered among the most severe and vital 

ones (Kabat 2004, Solomon et al. 2007). Even though an enormous amount of factors are 

affecting water resources, the present thesis is focused on two critical aspects of global 

changes: (1) the potential effects of climate change on water quantity and (2) the impacts of 

land cover and land use changes on the hydrological processes and water cycle.  

Climate change impacts on hydrological processes have been already observed (Rosenzweig 

et al. 2007) and further deep impacts are projected in the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change (Solomon et al. 2007). Temperature changes are 

one of the more obvious changes in climate but atmospheric moisture, precipitation and 

atmospheric circulation changes are also predicted. Together these effects alter the 

hydrological cycle, especially characteristics of precipitation (amount, frequency, intensity, 

duration, type) and extremes (Trenberth 2011). 

A second major issue of global environmental changes affecting water resources is human-

induced land cover and land use changes. Despite historical deforestation and degradation, 

forest cover is now increasing in many countries across the globe (FAO 2010). New forests are 

regenerating on former agricultural and pasture land and forest plantations are being 

established for commercial and restoration purposes (Asner et al. 2009). This process, referred 

in literature as forest transition (Mather and Needle 1998, Mather 2004, Rudel et al. 2002, Rudel 
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et al. 2005), is developing in some countries where their political framework is either expanding 

the agricultural demand from abroad (Rudel et al. 2009) or is encompassing international 

policies such as those under the United Nation Framework Convention for Climate Change - 

UNFCCC´s Kyoto Protocol or REDD+ (Reducing Emissions from Deforestation and Forest 

Degradation program) aimed at rewarding countries that engage in reducing deforestation and 

enhancing ecosystem services of forests (Meyfroidt et al. 2010).  

These general context describe above suggests few broad questions that are flying over the 

scientific community nowadays,  

 How much water do forest ecosystems provide?;  

 Are secondary forests providing ecosystem services worthy to preserve and reward for?;  

 Which are the implications of future climate in freshwater resources management? 

 

It is commonly stated that forests provide hydrologic ecosystem services and in some countries 

such as Costa Rica, are rewarding owners for those services (Pagiola 2008). However, the 

understanding of the links between forest and water is often poor (Calder 2007, Chomitz and 

Kumari 1998) and this lack of knowledge is even more important throughout tropical regions, 

including Central America (Kaimowitz 2004, Pagiola 2002). There has been much debate about 

the hydrological role of the new regrowth forest cover (Andréassian 2004, Brown et al. 2005, 

Calder 2007). The current lack of detailed quantitative information on changes in topsoil 

infiltration capacity, soil hydraulic conductivity profiles with depth, soil water retention and 

storage capacities associated with land-cover change in the tropics is particularly weak for 

plantations and secondary growth older than 15 years (Bruijnzeel 2004, Ilstedt et al. 2007, van 

Dijk and Keenan 2007). Although a number of quantitative studies exist and highlight the 

hydrological importance of these forests systems (Hassler et al. 2011, Ziegler et al. 2004, 

Zimmermann et al. 2006, Zimmermann et al. 2010), it has yet to be shown if these ‘novel 

forests’ restore ecosystem services, such as maintaining soil and watershed functions, to the 

level of their native counterparts (Lugo 2009). 
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The effects of future climate changes over the hydrological cycle are still uncertain with lack of 

seasonal details in existing assessments (Oki and Kanae 2006). In general, changes in 

precipitation show robust large-scale patterns: precipitation generally increases in the tropical 

precipitation maxima, decreases in the subtropics and increases at high latitudes as a 

consequence of a general intensification of the global hydrological cycle (Solomon et al. 2007). 

By mid-century, annual average river runoff and water availability are projected to decrease by 

10-30% over some dry regions while increasing by 10-40% in some wet tropical areas (Milly et 

al. 2005). Actually, these tropical regions are likely to experience increases in both frequency 

and intensity of heavy precipitation events (Solomon et al. 2007) with predicted adverse impacts 

by increased floods risk and potential beneficial impacts tempered by seasonality and deficiency 

of water store infrastructures (Kundzewicz et al. 2008). The aforementioned lack of seasonal 

details on climate change impact over renewable freshwater resources is why the existing 

assessments should be carefully interpreted, since this expected increase in renewable 

freshwater resources are generally based on annual estimates, and do not correctly reproduce 

the temporal evolution of the annual cycle, specifically the mid-summer drought (Magaña and 

Caetano 2005).  

This Thesis was designed as an integrated research motivated by the abovementioned 

relationships: hydrological management, global change, land use planning and rural community. 

Specifically, the hydrological effect of the interaction between the role of forest transition and the 

predicted effects of climate change is evaluated in a study case in the Southern Costa Rica, a 

region which can be considered as representative of many other similar areas in the humid 

tropics of Latin America. 
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1.2. Costa Rica as a study case in the humid tropics 

Tropical hydrology is distinguished from other regions by substantially greater spatial and 

temporal variability, with higher magnitudes, and consequently the potential for rapid and 

significant change in response to anthropogenic alterations and associated water fluxes (Wohl 

et al. 2012). Tropical land cover is highly dynamic with rapid shifting patterns of land use 

(Hansen et al. 2008). Moreover, population pressure in many developing countries in the 

tropical region has led to increasing fragmentation of land cover, with its consequent effects on 

hydrological fluxes (Ziegler et al. 2004). 

Costa Rica is among the few developing countries that have recently achieved a land use 

transition with a net increase in forest cover (Kull et al. 2007, Lambin and Meyfroidt 2011, Redo 

et al. 2012). It is a pioneer country in the use of payments for environmental services in a 

country-wide level (Chomitz et al. 1999, Pagiola 2008), keeping environmental services and 

natural resources in the political and socioeconomic local agenda. In addition, Costa Rica is 

experiencing a high demand of water resources by urbanization, industry and hydroelectricity 

and this water demand is expected to rise exponentially in the future (Guzmán-Arias and Calvo-

Alvarado 2013). Furthermore, based on climate change projections from the fourth assessment 

report from the Intergovernmental Panel on Climate Change (IPCC), Central America region is 

the most prominent tropical climate change hot-spot (Giorgi 2006, Karmalkar et al. 2011). 

Hence, the assessment of future climate change effects in water resource management is a 

crucial aspect for rural livelihoods in the region.  

Although Costa Rica presents overall more favorable conditions than other regions of Central 

America (Hidalgo and Alfaro 2012), there are important contrasts at local scale. Osa Region in 

South Pacific Costa Rica is an appealing study site to assess water supply management plans 

and to measure the effects of deforestation, forest transitions and climate change projections 

reported in the region. Rural Community Water Supply systems (ASADAS) in Osa are dealing 

with an increasing demand of freshwater due to the growing population and the change in the 

way of life in the rural livelihoods. These ASADAS are facing environmental changes affecting 

their water availability with disperse information on physical assessment and scarce resource 

planning.   



17 

1.3. Aims and scope 

 

General objective: 

The aim of this research work is to analyze the hydrological effects of global change on the 

behavior of predominant soil-land cover systems in the humid tropics of Southern Pacific region 

of Costa Rica.  

 

Specific objectives: 

I. To analyze land cover patterns during last 25 years to elaborate land cover scenarios that 

reflect the evolution and the spatial distribution of secondary forest patches in Osa Region.  

II. Characterization of soil hydrological properties of the main land cover-soil complex of the Osa 

Region 

III. Investigate the storm-runoff response of soil-land cover complexes at plot level to compare 

the role of each land cover with secondary forest response. 

IV. Analyze the impact of different land cover and climate scenarios over water balance at 

regional scale.  
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1.4. Study framework 

The thesis dissertation essentially consists of three study blocks, which address the land cover 

dynamics of the region during the last 25 years (chapter 2), the hydrological response of this 

land uses to storm events in Tinoco Experimental Catchment (chapters 3 and 4) and a regional 

water balance (chapter 5) which is the basis for the assessment of the impacts of global 

environmental changes over available water supply for the rural communities in the area.  
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2. Forest dynamics in Osa Region, Costa Rica: Secondary Forest is here to stay 
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2.1. Introduction  

Forest cover in tropical Latin America is increasingly threatened by human induced 

deforestation (Achard et al. 2002, Höbinger et al. 2012). Although deforestation rates have 

increased, forest recovery has been documented in the region, largely attributed to the 

secondary regrowth over degraded and abandoned land (Aide et al. 2013, Grau and Aide 2008, 

Wright 2005). This shift from deforestation to net forest recovery, known as forest transition, is 

often associated with human migration patterns and the abandonment of low production farming 

systems (Kull et al. 2007, Rudel et al. 2005). Forest transition has been promoted by 

governments through socio-economic and environmental policies which are targeted towards 

the environmental benefits of forests. Although forest transition theory clearly describes 

European and North American countries experiences (Mather 2001), further work needs to be 

done to characterize these processes in Latin American countries, where several authors have 

reported different tendencies mixing deforestation and reforestation patterns (Aide et al. 2013, 

Baptista and Rudel 2006, Rudel et al. 2002). Kull et al. (2007) identified four factors which 

underlie this forest transition in Costa Rica; i) the promotion of conservation policies; ii) 

diversification of the rural economy into off-farm activities; iii) international tourism favoring 

investment in private conservation initiatives such as eco-tourism; and iv) the international 

environmental agenda.  

Tropical humid forests provide a great variety of ecosystem services such as biodiversity and 

landscape conservation, carbon storage, air quality improvement and hydrological services 

(Chomitz and Kumari 1998, Parrotta et al. 2012). Similarly, secondary forests are considered 

important too due to their potential to recover degraded land or to act as carbon sinks (Brown 

and Lugo 1990). Payment for environmental services (PES) policies emerged during the 1990s 

as a mechanism to slow down deforestation processes. Several studies have dealt with the 

issue of evaluating the efficiency of PES programs to protect and restore forests (Daniels et al. 

2010, Pattanayak et al. 2010, Sanchez‐Azofeifa et al. 2007, Schedlbauer and Kavanagh 2008). 

The evaluation of land cover dynamics is a key element in the development of prospective 

schemes as well as to assess the effect of environmental policies (Aukland et al. 2003, Ferraro 

et al. 2011). Thus, by identifying the patterns of deforestation and reforestation it is possible to 
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determine the areas where the environmental programs, such as PES program or the forest 

ban, have been less efficient and set priorities for future programs. 

Costa Rica is a pioneer among tropical countries in the implementation of conservation-oriented 

policies, such as the Payment for Environmental Services (PES) Program and the Forest Law 

No.7575 of 1996 which prohibits land use change in forested areas. Land cover studies in 

Costa Rica have addressed the problem of deforestation from the 1970s to recent years and the 

effects of its environmental policy on land use changes (Barton et al. 2009, Daniels et al. 2010, 

Fagan et al. 2013, Kalacska et al. 2008, Morse et al. 2009, Sanchez‐Azofeifa et al. 2007, Sierra 

and Russman 2006). Deforestation rates in Costa Rica were highest between the 1960s and 

the 1980s (Pontius et al. 2001, Sánchez‐Azofeifa et al. 2001) but had dropped-off by the 1990s, 

when net forest cover started to increase (Sanchez-Azofeifa et al. 2002) and important changes 

to national legislation relating to forests were introduced, although the influence of the latter 

over the former is unclear (Sanchez‐Azofeifa et al. 2007).  

The Osa Peninsula is an interesting region for evaluating the effects of Costa Rican 

environmental policies because: (a) the region comprises rural communities where the economy 

is based on primary industries, i.e. agricultural and timber production; (b) it contains large areas 

of forest outside the conservation areas that have been deforested in recent decades; (c) it has 

suffered extensive tourism and uncontrolled real estate development in recent years; and (d) its 

forest ecosystems cover a coastal mountain range (Fila Costeña) which provides the main 

source of water supply in the region. This region, located on the Southern Pacific side of Costa 

Rica, was first occupied by the United Fruit Company (UFC) from 1938 until the cease of its 

activity in 1984. The withdrawal of the company caused substantial demographic and socio-

economic changes in the Osa region (Royo Aspa 2009). Among the reasons underlying the 

intense deforestation which occurred in Osa during the 1970´s and 1980´s were the settlement 

of former banana plantation workers following the abandonment of production by the United 

Fruit Company; the division of land by the Agrarian Development Institute (IDA) until the 

introduction of national conservation policies in 1996; and the arrival of Gold miners from other 

regions attracted by the gold deposits, which also led to relocation problems upon the 

establishment of Corcovado National Park in 1975 (Evans 2010) and the prohibition of gold 

mining in the conservation area. In recent years, the opening of the “costanera highway” in 2010 
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(which communicates this southern region with the central metropolitan area of the country) and 

the preference of real estate investors for this ‘wilder’ region of Costa Rica have increased the 

touristic sector and the urban development. These historical processes of the Osa Region 

makes it an interesting area to examine the forest transition phenomenon in Central America.  

This paper is developed within the framework of the “Comunidad, Agua y Bosque” program, 

which has been working in the Osa region for the last decade, promoting land use management 

practices which ensure sustainable use of forest, soil and water resources (Algeet Abarquero et 

al. 2012). The objectives of this paper are to evaluate land cover dynamics in the Osa Region 

during the last 25 years, and to analyze observed forest trends in the region during this period.  

2.2. Material and methods 

Study area 

This study was conducted in the Osa Peninsula region on the South Pacific coast of Costa Rica. 

More specifically, our work was focused on Osa County, an administrative area situated in the 

Puntarenas Province, where the foothills of the Fila Costeña meet the coastal plain. The study 

site comprises four districts (Puerto Cortés, Palmar, Sierpe and Piedras Blancas) with a total 

surface area of 1,769 km
2
 (Figure 2.1), situated between coordinates lat 9.127307º ; lon -

83.647427º and lat 8.784102º ; lon -83.237615º. The region is characterized by mean annual 

precipitation ranging from 3,000 to 6,000 mm, which is distributed between a dry season 

(December-April) and a wet season (May-November). According to Holdridge (1967), parts of 

the region can be classified as ‘very humid tropical forest’ and other parts as ‘premontane very 

humid forest’. Three geological sectors can be identified in the area; (i) the sedimentary Fila 

Costeña mountain system (deep-water origin); (ii) basaltic outcrops and (iii) alluvio-colluvial 

areas in the lowlands, mainly connected to the Terraba and Sierpe rivers (Bergoeing 2007). The 

principal soil orders documented in the area are Ultisols, Entisols and Inceptisols although 

Oxisols and Alfisols are also occasionally found in the area. The site encompasses large areas 

of Humid Tropical Forest (including part of the Corcovado National Park), the largest mangrove 

reserve in Costa Rica (RAMSAR Wetland Térraba-Sierpe) and a lowland agricultural area with 

extensive oil palm (Elaeis guineensis Jacq.), plantain (Musa sp. L.) and banana plantations. The 
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Fila Costeña Mountain Range, with areas of water collection and recharge for rural communities 

in the region, is also part of the study area.  

Satellite image selection and pre-processing 

Three georeferenced Landsat images (Path 14, Row 54) and three Spot 2 images were used 

for our analysis. We selected images captured during the dry season to minimize cloud cover, 

which is usually a problem in tropical humid forests (Martinuzzi et al. 2007). Suitable imagery 

with less than 20% of cloud cover was only found for the years 1987, 1998, 2003 and 2009, 

hence, the time periods are different and this has to be taken into account when interpreting the 

results. The images were taken on January 17
th
, 1987 (Landsat TM, 30 m resolution), February 

16
th
, 1998 (Landsat TM, 30 m resolution), January 21

st
, 2003 (Landsat ETM+, 30 m resolution) 

and February 11
th
, 2009 (SPOT 2, 20 m resolution). Clouds and their shadows account for 4% 

in 1998, 16% in both the 1987 and 2003 images and 1% in 2009. The 1987, 1998 and 2009 

imagery were image to image georegistered to the ETM image of 2003 using the UTM 

projection of the imagery and the nearest neighbor algorithm. 

 

 

Figure 2.1. Location of the study region in South Pacific Costa Rica and the protected areas of interest: 

Corcovado National Park (1), Piedras Blancas National Park (2) and Golfo Dulce Forest Reserve (3). Fila 

Costeña Coastal Range is marked as (4). 
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Landsat imagery was acquired with a standard process level T1. Radiometric calibration of the 

Landsat imagery was done through algorithms suggested by (Chander et al. 2009). Apparent 

reflectance for all the imagery was computed using the COST method (Chavez 1996), which is 

based on an image-base dark-object subtraction. Masks for clouds and their shadows in 

Landsat imagery were created according to Martinuzzi et al. (2007). Their methodology uses 

digital number values of bands 1, 4 and 6 for the identification of clouds on each date. Cloud 

shadows were hard to differentiate from topographic shadows, so geographic location was used 

as an input for masking cloud shadows. A buffer area of 20 pixels around the clouds was 

created for the visual characterization of shadow areas (Martinuzzi et al. 2007). Three SPOT 

images from the same date were acquired with a process B1 level to cover the study area. 

These images were processed following the same methodology and classified separately. A 

mosaicked classification map was computed and then resampled to the Landsat resolution with 

a nearest neighbor algorithm.  

The imagery bands used for computation were Landsat bands 2 (0.56 μm), 3 (0.66 μm), 4 (0.83 

μm), 5 (1.65 μm), and 7 (2.21 μm); and SPOT 2 bands 1 (0.54 μm), 2 (0.64 μm) and 3 (0.84 

μm). NDVI index was computed for Landsat and SPOT imagery whereas Tasseled Cap 

transformation bands (Brightness, Greenness and Wetness) were computed only for Landsat 

imagery. We also incorporated texture bands to improve discrimination between forest 

plantations and natural forests since texture information has been found to improve land cover 

classification accuracy over temperate forested areas (Coburn and Roberts 2004, Franklin and 

Peddle 1989). Texture bands (Mean, Variance, Homogeneity, Contrast, Dissimilarity, Entropy 

and Second Moment, Correlation ) were computed with a 30 pixel box kernel from band 4 in 

Landsat imagery and band 3 in SPOT 2 image (infrared wavelength in both cases) as 

suggested by other authors (Chan et al. 2003, Chan et al. 2001, Riou and Seyler 1997, 

Shrivastava and Gebelein 2007). We applied Grey Level Co-occurrence Matrix (GLCM) as 

proposed by (Haralick 1979) and widely used in imagery texture computations. The 30-m Digital 

Elevation Model (DEM) derived using data from the NASA Shuttle Radar Topography Mission 

(SRTM) (NASA 2005) was incorporated into the analysis, as well as aspect and slope 

calculations which were derived from the model. Details of the SRTM DEM can be found in 

(Rodriguez et al. 2005). 
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Reference data for training and validating the classifications were derived from visual 

interpretation of aerial orthophotos - 1:6000 and 1:25000 - acquired in 2005 during the NASA 

“CARTA” mission as well as from visits to non-cover change points identified by field survey. For 

every class, a set of 50 points was used for training and a different set of 50 points for 

validation, comprising 700 points in total. Fieldwork was carried out from June - August 2009. 

Field surveys took into account the advice of landowners and farm workers of the region, who 

were able to aid in the selection of non-land-cover change points over the period 1987 - 2009, 

by providing plantation dates (for forest plantation and palm plantation areas), along with their 

own knowledge of natural forest status in their properties.  

Classification and change detection methodology 

A decision tree classifier was computed using See-5, a commercially available algorithm 

developed by (Quinlan 1993) and ERDAS NLCD mapping tool. A tree was computed for each 

set of data for each year, maximizing the accuracy value and kappa index of the results. Each 

tree was pruned by 20 iterations. The weight of each band in the final trees was then obtained 

by the same algorithm. This weight, “usage” in See-5, reflects the frequency with which the 

decision tree uses a known value of an input band when classifying the training data. The 

classification legend encompassed seven land cover classes: grassland, forest plantation, palm 

plantation (incorporating both banana and oil palm plantations), mangrove forest, wetland 

(herbaceous wetlands), bare area and urban soil, and tropical forest. Forest class referred to 

forest with a canopy density of 80 percent or greater (Sader & Joyce 1988, Sanchez-Azofeifa et 

al 2001). Accuracy was assessed in terms of overall accuracy, i.e. the proportion of correctly 

classified pixels relative to the total amount of classified pixels, and calculated from a confusion 

matrix derived in ERDAS IMAGINE 9.2 software. Additionally, the producer´s and user´s 

accuracy was evaluated from the same matrix. The Kappa index was evaluated to predict the 

quality of the classification results by measuring the proportion of agreement after chance 

agreements have been removed from considerations (Congalton 1991).  

The classified images were filtered to smooth the distribution of land cover classes. A 3-pixel 

box kernel was used to recalculate values using a nearest-neighbor approach. A final change 

detection matrix - for discussing land cover changes and dynamics - was calculated from the 
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intersected pixels of the final maps (excluding clouds and their shadows and other areas lacking 

of spectral information) from 1987 – 1998, 1998 – 2003 and 2003 – 2009.  

Secondary forest fragmentation analysis 

Fragmentation analysis was run over persistent forest areas and secondary forest areas for the 

three time periods. Persistent forest area was defined as the area classified as forest in a 

certain year that remained as forest in 2009. We discriminated secondary forest from total 

reforested area in each period, selecting it from among the area that was still classified as forest 

in the 2009 classification. Areas selected as secondary forest in the 2003-2009 periods have to 

be interpreted carefully, since natural reforestation of low density livestock rangeland is a 

normal pattern over several years. These areas, called “charrales”, can be cleared and 

recovered as grassland in the following years. Additionally, real estate companies maintain 

areas as grassland/charral rather than allowing them to become secondary forest. They do this 

to reduce administrative impediments associated with land cover change in forested areas. 

Forest fragmentation was analyzed through patch, edge and shape metrics computed using 

Patch Analysis V.5.0.1.60 (Rempel et al. 2012) developed for ArcGIS 9.3. Selected patch 

metrics were Number of Patches (NumP), Mean Patch Size (MPS) and Median Patch Size 

(MedPS). Selected edge metrics were Edge Density (ED) and Mean Patch Edge (MPE). 

Selected shape metrics were Mean Shape Index (MSI), Mean Perimeter-Area Ratio (MPAR) 

and Mean Patch Fractal dimension (MPFD). Details about these indices can be found at (Hargis 

et al. 1998). Each index represents one aspect of fragmentation. Nevertheless, each one of 

them alone does not provide any interpretative value and they were computed together. 

2.3. Results 

Decision tree and accuracy assessment  

The tasseled cap transformations created from Landsat imagery were some of the most 

frequently used in the proposed decision trees (Annex 1). The digital elevation model was also 

relevant in the four classifications over 80% of usage, as well as the mean texture band, which 

is that with the highest usage value together with homogeneity texture band (Annex 1). Overall 

accuracy results per year, producer´s and user´s class accuracies and Kappa statistics are 
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summarized in Table 2.1. Overall accuracies reveal good results for all classification maps, 

ranging from 83% to 95%, with best results for 1987. Producer’s accuracy for forest plantation 

class is the lowest of all the set and ranges from 66 to 76%.  

 

Table 2.1. Accuracy results per class for land cover classification maps for years 1987, 1998, 2003 and 

2009 over the study region in Osa County (South Pacific Costa Rica). 

  1987 1998 2003 2009 

  PA (%) UA (%) PA (%) UA (%) PA (%) UA (%) PA (%) UA (%) 

GR 98.00 87.50 94.00 81.03 84.00 56.76 88.00 97.78 

PF --- --- 68.00 87.18 66.00 86.84 76.00 92.68 

PP 92.00 97.87 88.00 78.57 80.00 90.91 86.00 79.63 

MF 96.00 97.96 88.00 91.67 100.00 100.00 78.00 90.70 

WE 94.00 90.38 78.00 86.67 78.00 82.98 92.00 92.00 

BU 96.00 100.00 96.00 96.00 82.00 91.11 96.00 90.57 

TF 96.00 100.00 92.00 95.83 90.00 90.00 92.00 85.19 

OA (%) 95.33 86.29 82.86 86.86 

Kappa 0.94 0.84 0.80 0.85 

PA: producer´s accuracy, UA: user´s accuracy, OA: overall accuracy, GR: Grassland class; FP: Forest 

Plantation class; PP: Palm Plantations class; MF: Mangrove Forest class; WE: Wetland Class; BU: Bare 

soil and Urban area class; TF: Tropical Forest class. 

 

Land cover change analysis 

Land cover change dynamics during the study periods (1987-1998, 1998-2003 and 2003-2009) 

showed a general increase in the forest area and a decrease in grassland area (Figures. 2.2 

and 2.3, Annex 2). Large areas lost from the grassland class were gained by the forest class 

during the 3 periods. Grassland area covered almost 30,000 ha in 1987 but by 1998 the amount 

of grassland had fallen by 5,000 ha with a similar tendency continuing over the other two 

periods. Former forest area incorporated to grassland area comprised 6,000 ha, 2, 000 ha and 

4, 000 ha for each period respectively (Figure 2.2). Net changes in the grassland class vary 

from 0.49% in 1987-1998 period to 0.51 and 0.66% in 1998-2003 and 2003-2009, although the 

different length of intervals of the study periods must be taken into account. An increase in 

forest plantation area was registered between 1987 and 1998 (Figure 2.2). Plantations were 
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mainly established on former grassland areas over the 3 periods, especially during the 1998-

2003 period when the largest growth of the class was observed. The tendency reversed during 

the 2003-2009 period, with the lost area returning to grassland and forest classes. Palm 

plantations covered 5,860 ha in the 1987 classification but the area decreased during the study 

periods, falling to 4,075 ha by 2009. Area lost from this class went mainly to grassland in the 

1987-1998 and 2003-2009 periods, whereas in the 1998-2003 period it changed to both 

grassland and forest classes. Mangrove forest covered 10,032 ha in 2009. In 1987 and 1998 

the area occupied by this class oscillated between 11,000 ha and 10,429 ha. 

 

Figure 2.2. Changes in land cover areas for the years 1987, 1998, 2003 and 2009 over the study region in 

Osa County (South Pacific Costa Rica). Each column represents the total area of the land cover for the 

starting year of the period. Each color represents the final land cover at the end of the period.  
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Figure 2.3. Land cover classification maps for 1987, 1998, 2003 and 2009 over the study region in Osa 

County (South Pacific Costa Rica). 

 

Forest area diminished over the 1987-1998 period by almost 4,000 ha (8%), whereas it 

increased by 6% and 5% during the 1998-2003 and 2003-2009 periods respectively (Figure 

2.2). This increase in forest area is not linked to a decline in the deforestation process but rather 

to a rise in the reforestation rate (Figure 2.4). The reforested area in the 1998-2003 and 2003-

2009 periods was larger than the deforested area in the same periods. These areas changing to 

and from the forest class are situated in the Fila Costeña Mountain Range and the Golfo Dulce 

Forest Reserve (Figure 2.4). Indeed, up to 46% of the reforested area from 1987-2009 period is 

located on very hilly sites (over 30% slope). The deforested areas were generally converted to 

grasslands: 67% of deforested area in 1987-1998, 53% in 1998-2003 and 42% in 2003-2009 

(Table 2.2). The Bare soil and urban class was less important in this process, although an 
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increasing amount of deforested area is entering this class (2.8%, 3.5% and 6.4% respectively 

for each study period). Reciprocally, reforested areas mainly comprised former grassland areas 

in the three periods and the bare soil and urban class accounted for 13% of the reforested 

areas in the 2003-2009 period. 

Table 2.2.2. Main land cover classes of the reforested and deforested areas prior to or after land cover 

change. Areas shown as a % of total area reforested/deforested. 

  1987-1998 1998-2003 2003-2009 

Land cover prior reforestation 

GR 88.8 71.3 71.7 

FP 0.0 9.5 13.3 

PP 7.5 14.2 5.2 

BU 3.7 5.0 9.8 

Land cover after deforestation 

GR 72.9 53.8 66.2 

FP 9.4 23.7 7.5 

PP 9.8 11.5 5.0 

BU 7.9 11.1 21.3 

GR: Grassland class; FP: Forest Plantation class; PP: Palm Plantations class; BU: Bare soil and urban 

area class. 

 

 

Figure 2.4. Deforestation/Reforestation dynamics over the study region in Osa County. Figure (a) shows 

the spatial pattern of this dynamic in the whole study period from 1987 to 2009. Deforested areas are 

plotted on black color while reforested areas during the period are drawn in white color. The protected 

areas of interest are labeled as follow: Corcovado National Park (1), Piedras Blancas National Park (2) 

and Golfo Dulce Forest Reserve (3). Fila Costeña Coastal Range is marked as (4) Figure (b) shows the 

deforested and reforested area in the three study periods (1987 – 1998; 1998 – 2003; 2003 – 2009). 
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Fragmentation analysis 

The analysis portrayed secondary forest regenerated in the 1987-1998 period (aged 11-22 

years in 2009), 1998-2003 (6-11 years in 2009) and 2003-2009 (aged 0-6 years in 2009). 

Nearly half of the reforested area in the periods 1987-1998 and 1998-2003 remained as 

secondary forest in 2009 (Table 2.3). Fragmentation analysis over secondary forest patches 

reveals an increasing number of patches throughout the three study periods, while the mean 

perimeter-area ratio decreased and the mean patch size increased, indicating the appearance 

of more as well as larger areas of secondary forest over the years (Table 2.4). The number of 

patches increased dramatically during the 2003-2009 period together with the edge density, 

probably due to the abandonment of grassland occupied by charrales. However, the complexity 

of the landscape evaluated through the mean shape index and the mean patch fractal 

dimension, remains almost constant. 

Fragmentation results for persistent forests over the period 1987 - 1998 revealed the 

aforementioned deforestation process (Table 2.4). However, although the number of forest 

patches and mean shape index for both years remained almost constant, the mean patch size 

decreased considerably. The mean shape index remained constant over this period, indicating 

that the complexity of the landscape was stable. 

 

Table 2.3. Increase of secondary forest during the three study periods from 1987 to 2009 over the study 

region in Osa County (Costa Rica). 

 1987-1998 1998-2003 2003-2009 

Total reforestation area (ha) 7307 10399 12486 

Secondary Forest * (ha) 3138 5331 12486** 

Secondary Forest > 1ha (ha) 1303 2733 10002 

% Secondary Forest < 1ha (%) 58 48 20 

Maximum patch size (ha) 18 90 140 

* Secondary forest was defined as the reforested area during a given period, which persisted as forest in 

the 2009 classification. 

** Total non-consolidated secondary forest  
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Table 2.4. Forest fragmentation analysis during the three study periods from 1987 to 2009 over the study 

region in Osa County 

 SECONDARY FOREST*
1 

 PERSISTENT FOREST**
1 

 1987-1998 1998-2003 2003-2009  1987 1998 2003 2009 

MSI 2.05 2.15 1.96  2.46 2.46 2.30 2.26 

MPAR 499.66 496.48 403.44  431.92 437.44 423.57 405.60 

MPFD 1.39 1.40 1.37  1.39 1.39 1.38 1.38 

ED (m/ha) 5.50 10.73 30.19  64.83 54.74 54.42 40.32 

MPS (ha) 2.60 3.43 4.74  46.40 36.01 48.40 52.58 

NumP 501 797 2108  1037 1023 955 706 

MedPS(ha) 1.80 1.80 2.43  2.43 2.52 2.34 2.34 

MSI: Mean Shape Index: MPAR: Mean Perimeter-Area Ratio; MPFD: Mean Patch Fractal Dimension; ED: 

Edge Density; MPE: Mean Patch Edge; MPS: Mean Patch Size; NumP: Number of Patches; MedPS: 

Median Patch Size. 

* Secondary forest was isolated from change detection analysis and was defined as the reforested area 

during a given period, which persisted as forest in the 2009 classification.  

** Persistent forest area was defined as the area classified as forest in all the studied periods.  

1
 Patch analysis was computed only over patches > 1ha.  

 

The reforestation trend from 1998 onwards was depicted here by the increase in mean patch 

size and the decrease in edge density (Table 2.4). The decrease in this parameter is probably 

due to continuous growth of forest areas, creating more regular patches. The decrease in the 

ratio of the number of patches to their mean perimeter area revealed a greater area of forest in 

larger patches. This situation, along with the decrease in the mean shape index, indicated more 

regular landscapes and a less complex forest structure.  

2.4. Discussion 

Land cover change dynamics and forest transition 

Forest trends identified in this study are in accordance with the findings of other studies both at 

national and regional level (Arturo Sánchez-Azofeifa et al. 2003, Daniels et al. 2010, Fagan et 

al. 2013). The change detection methodology allows showing the reforestation and 

deforestation processes separately and highlights the dominant role of forest regeneration in 

explaining the increase in forest cover over the study periods (Figure 2.4). Our results show that 
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land cover changes in Osa County are driven by grassland/forest dynamics. Findings related to 

land cover change are in accordance with the land-use transition theory presented in (Lambin et 

al. 2003). This land-use transition involves a period of major transformations caused by 

dramatic and interrelated changes in the structure of society. Socio-economic changes in Osa 

were triggered by the cease of activity of the United Fruit Company (UFC) in 1984 (Royo Aspa 

2009). Landless workers from the UFC gained access to marginal land on the hillsides of the 

region and previously forested areas were converted to grasslands (Rosero-Bixby and Palloni 

1997). Although the farming systems (palm plantation and grassland) established on fertile soils 

and lowlands remain stable over the study periods, the abandonment of cattle ranging land from 

1998 onwards (INEC 2011) occurred at the same time as the secondary forest regrowth 

mapped over hilly areas (Table 2.3).  

Farming systems decreased throughout Costa Rica during the 1990s and employment 

opportunities shifted to the tourism and real estate sectors (Horton 2009, Zamora and Obando 

2001). The increasing demand for ecotourism is a key aspect differentiating Osa from other 

regions of Costa Rica and it is one of the factors that has contributed to the enhancement of 

reforestation in the region (Broadbent et al. 2012, Zambrano et al. 2010). Golfo Dulce Forest 

Reserve acts as a biological corridor between Corcovado National Park and Piedras Blancas 

National Park hosting 48% of the reforested areas over the period 1987-2009 (Figure 2.4), in 

accordance with the data provided by Sierra and Russman (2006). However, urban areas have 

expanded throughout the study area and have tended to emerge on the upper-catchment areas 

(Figure 2.3). These areas are preferred by tourism and foreign land investors in order to achieve 

ocean views within a sensation of “wilderness” (Schmitz and Diaz 2013). Hilly lands without 

ocean views were mainly abandoned by farmers, leading to forest regrowth (Kull et al. 2007).  

Finally, a net expansion of palm plantations over the hillsides in Osa has recently been 

documented (Höbinger et al. 2012). This expansion will again limit potential sites for forest 

regrowth in the near future as well as have a direct effect on the fragmentation of forest patches 

by reducing the number of hedges and land use mosaics (Höbinger et al. 2012). 
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Secondary forest fragmentation  

Secondary forest established in the region during the study periods 1987-1998 and 1998-2003 

accounts for half of the mapped reforested area (Table 2.3), which implies that landowners have 

cleared half of the existing charral during each study period. This pattern of land cover change 

has been documented in other regions of Costa Rica (Morse et al. 2009). Clearing recently 

forested land before it reaches the volume at which it is considered “secondary forest” 

(according to the Forestry Law No. 7575) is common practice among landowners to avoid the 

ban on forest clearing under the aforementioned law (Sierra and Russman 2006). 

Forest fragmentation is a key issue in Osa since there are important forest reserves in the area 

and the expansion of other land uses during recent decades has diminished and compromised 

the role of forest reserves as natural corridors (Broadbent et al. 2012). Secondary forests play a 

key role here by decreasing forest fragmentation (Table 2.4) and strengthening the natural 

corridor connecting Corcovado National Park, Piedras Blancas National Park and the Fila 

Costeña mountain range (Figure 2.1).  

The progressive secondary forest regrowth is reflected in the increasing number of patches with 

bigger mean patch size and increasing edge density over the whole study period (Table 2.4). 

Secondary forest regrowth is appearing over small patches with an increasing but similar mean 

and median patch size which denotes the evolution of this land cover class towards more and 

bigger patches trough time. Persistent forest patches decrease in number but increase in size 

too through time, forming areas of persistent forest established in bigger patches. The decline in 

edge density over the persistent forest class reveal a decrease on fragmentation associated to 

the reforestation process, forming continuous forest areas with stable median patch size. This 

stable median patch size indicate that at least half of persistent forest patches are still small, so 

reforestation processes have interconnected big patches but have not affected the dynamic of 

small forest patches of the region. Therefore, larger patches of forest are the result of an 

aggregation and expansion of the biggest forest patches. This pattern of forest recovery has 

been documented for other regions of Costa Rica (Arroyo-Mora et al. 2005) and in those cases 

has also been linked to the reforestation of pasturelands in marginal areas with low productivity 

and steep slopes, as it has been previously discussed.  
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Implications of environmental policy over land cover dynamics 

The Costa Rican Forest Law No. 7575 and the PES program were both adopted in 1996 - at the 

end of our first study period. The ban on forest clearing imposed by the forestry law of 1996 

motivates landholders to keep their land clear rather than allow secondary forest regrowth 

(Morse et al. 2009, Sierra and Russman 2006). The establishment of forest plantations from 

1996 onwards was incentivized by both this ban on forest clearing and the PES incentives. 

Several authors consider the Costa Rican Payment for Environmental Services (PES) program, 

set up in 1997, as a fundamental factor in addressing deforestation (Pagiola 2008), although 

today its role in reforestation trends is being questioned (Barton et al. 2009, Engel et al. 2008). 

Our results reveal no direct temporal link between environmental policies and secondary forest 

regrowth, although policies are part of the complex mosaic of factors that could be affecting land 

cover changes. Forest recovery rates during the 1987-1998 and the 1998-2003 periods 

evidence the fact that the programs were not particularly influential as it has been suggested 

already by other authors in Costa Rica (Sanchez‐Azofeifa et al. 2007). Despite the formulation 

of the Forest Law in 1996 (banning deforestation), the deforestation rate remains relatively 

constant during the study period (Figure 2.4). However, the reforestation rates follow an 

increasing tendency in time along the study period (Figure 2.4), causing a net increase in forest 

recovery. As this reforestation processes are mainly driven by grassland abandonment (Table 

2.2), the PES effect on this net forest recovery is also exiguous. Furthermore, payments based 

on a “first-come-first-serve” basis have been proven to do little or nothing to counter the threats 

associated with the land use change processes (Sierra and Russman 2006). Although the PES 

program encourages forest conservation by compensating forest owners for the state-mandated 

prohibition on the right to clear their land (Fletcher and Breitling 2012), a number of studies 

suggest that many forest owners participating in the program would still conserve their forest 

even without compensation (Fletcher and Breitling 2012, Langholz et al. 2000, Sanchez‐

Azofeifa et al. 2007). However, payments could be important in the case of charral owning 

farmers seeking to abandon agriculture (Sierra and Russman 2006).    
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3. Monitoring Soil and Water Resources in the Humid Tropics: Tinoco Experimental 

Catchment (Costa Rica) 
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3.1. Introduction 

Tropical regions are being affected by severe land use changes within the wider context of 

global change, some of these changes taking place in natural forests, which are under threat 

from both urban and agricultural expansion (Achard et al. 2002, Lambin et al. 2003) . Other land 

cover changes, such as oil palm and forestry plantations on degraded land are encouraged by 

governments and international organizations, and their effect on the water cycle and the 

hydrological processes are still under discussion (Brauman et al. 2007, Bruijnzeel 2004, 

Jackson et al. 2005, Lord and Clay 2006, van Dijk and Keenan 2007). Secondary forest 

regrowth is becoming of critical importance to the water balance in tropical watersheds (Bonell 

and Bruijnzeel 2004, Lugo 2009). The abandonment of grassland and reforestation initiatives 

has led to the expansion of this type of forest over recent decades, to such an extent that they 

are now more widespread than old-growth forest in many tropical upper-catchment areas (Fox 

et al. 2000, Lugo and Helmer 2004).  However, this fact is not reflected by the volume of 

hydrological research conducted in regenerating tropical forests (Hölscher et al. 2004)  and only 

a limited amount of information exists on variations in the water balance following reforestation 

and forest regrowth (Ziegler et al. 2004, Zimmermann et al. 2006) .  

Hydrological field data is scarce for many regions of the world and the processes which govern 

streamflow response are poorly understood in such areas (Montanari et al. 2006). It is important 

to maintain a long-term experimental catchment monitoring program to address important 

issues such as land cover and climate change (Bonell et al. 2005) as well as enabling the 

identification of the environmental effects associated with the hydrological processes identified.  

Central America is a key area where high biodiversity and forest resources are suffering the 

consequences of rapid social development combined with an unsustainable draining of other 

natural resources, especially soil and water (Algeet Abarquero et al. 2012). Indeed, water 

scarcity is one of the main problems in the rural communities of the region, as a result of an 

important degradation of catchment areas and the over-exploitation of aquifers. The increase in 

worldwide interest in these areas has led to numerous non-governmental organizations and 

international agencies investing and developing programs and projects in the region. If these 

programs are to be successful, the undertakings of these organizations must go hand in hand 



40 

with technological innovation and scientific research. Hence, integrated watershed management 

and field based information are essential to the implementation of water management projects. 

Generating in-situ calibrated parameters, adapted to regional realities, will avoid over-estimation 

of the modeled rates and will improve the sustainability of cooperation projects in Central 

America. 

Within this framework, several Central American universities work together in the “Forest, Water 

and Communities in Central America Program (CAB Program in Spanish), coordinated by the 

Technical University of Madrid and the University of Costa Rica, focusing their research 

activities on obtaining key information that would help to improve the production and quality of 

water supply systems for human consumption in Central America. The CAB program began to 

work in the Tinoco river basin (Osa municipality, Costa Rica) in 2010 as one of the pilot 

watersheds representative of many small watersheds in the region that supply water to villages 

currently facing the problems of population increase and tourism related development. This 

work forms part of the biophysical characterization studies being carried out in the Tinoco river 

basin with the ultimate goal of modeling the hydrological behavior of different soil-cover 

complexes in the region of the coastal mountain range and test both land cover change and 

climate change scenarios to assess how future water supply will be affected by ongoing climatic 

and land use changes in the medium to long term and to upscale the results to neighboring 

watersheds in the region. The specific objectives of this paper are to present the long term 

monitoring scheme of the Tinoco Experimental Watershed and characterize the soil and land 

use complex of the region using field based technical hydrological coefficients.  

3.2. Material and methods 

Study site characterization 

The Osa Region (Costa Rica) is an interesting study area for assessing water supply 

management plans as well as for measuring the effects of deforestation, forest transitions and 

other land cover dynamics reported in the region. The experimental site selected in the 

upstream catchment of the River Tinoco provides an example of land cover mosaics which have 

resulted from the above mentioned processes and the recent demographic and economic 
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changes associated with these processes. The Osa Region is divided into three geological 

sectors: (i) the sedimentary Fila Costeña mountain system (deep-water origin); (ii) basaltic 

outcrops and (iii) alluvio-colluvial areas in the lowlands, mainly connected to the Terraba and 

Sierpe rivers (Bergoeing 2007). The River Tinoco basin sits on the first of these sectors, with 

Cretaceous to Pliocene forms (limestones, sandstones, turbidites and lutites) and over a 

geomorphological unit characterized by a tectonically low area occupying basal river levels 

(Bergoeing 2007). The principal soil orders documented in the region are Ultisols, Entisols and 

Inceptisols although Alfisols are also occasionally found in the area. 

The Tinoco River Basin is located in the Palmar District (Costa Rica) (Figure 3.1). The upper 

catchment area provides the main water supply for the community of San Francisco de Tinoco. 

The climate of the basin is characterized by an average annual rainfall of about 3500 mm with a 

dry period of 1 - 3 months. 

 

 

Figure 3.1. Map of the study site and location of the monitoring devices and runoff plots in the Tinoco 

Experimental Catchment (Costa Rica). 
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The catchment is characterized as very humid tropical forest and montane wet forest (Holdridge 

1967) with temperatures ranging between 24 and 30º C. The weather characterization is based 

on historical data from the “Palmar” meteorological station owned by the National 

Meteorological Institute of Costa Rica. This station is situated 11 km west of the Tinoco Basin. 

The precipitation data available covers a period of 60 years (1945-1995 and 1995-2005) and 

temperature data covers 42 years (1961-1993 and 1995-2005). The potential 

evapotranspiration (PET) was estimated using the Hargreaves formula based on the average 

monthly mean temperature data (1961-1993) and the average solar radiation data (1973-1992). 

A brief summary of climate variables is presented in a Walter – Lieth climate diagram (Figure 

3.2). The figure shows the average rainfall curve falling below the average monthly temperature 

curve during January and February, indicating a dry period during these months. 

 

 

Figure 3.2. Climatic diagram from Palmar Meteorological station (Costa Rica) managed by the National 

Meteorological Institute of Costa Rica. 
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Table 3.1. Main characteristics of Tinoco Experimental Catchment (Costa Rica). 

Perimeter (km) 11.98 

Surface (ha) 643.21 

Highest elevation of the main stream (m) 330 

Main stream length (km) 4.4 

Kc 1.33 

Mean slope (%) 27 

Altitude Range (m) 20 - 505 

Mean altitude (m) 182 

 

Land cover dynamics in Tinoco basin 

The Tinoco basin presents a mosaic of the main land cover types in the Southern Costa Rica 

region, such as permanent tree crops (African oil palm, Elaeis guineensis Jacq), grasslands in 

different stages of degradation due to overgrazing, forest plantations and primary and 

secondary forest patches. African oil palm plantations covered nearly 15% of the basin. The 

expansion of this crop in the region has profoundly affected the agroforestry mosaic, replacing 

most of the lowland pastures, banana (Musa sp. L) and rice plantations. Moreover, during the 

last decade this crop has been established on former grasslands with slopes of up to 30%, 

where production is still high. The effect on the water balance of this shifting from pasture to oil 

palm cultivation is one of the key questions of the program. Forest plantations are usually 

situated on former grassland with gentle slopes and cover 12% of the basin. The main species 

cultivated in the region are teak (Tectona grandis L.f), white teak (Gmelina arborea Roxb), white 

olive (Terminalia amazonia (Gmel) Exell.) and spanish cedar (Cedrela odorata L.). Fields of Oil 

palm and forest plantations are also occasionally used for cattle grazing in the area. This 

farming practice is difficult to avoid due to the scarce delimitation of fields and the additional 

income that it generates. 

Primary Forest has almost disappeared in the watershed. Secondary forest patches are found 

around the river and on steep, poorly accessible areas in the upper part of the basin. Secondary 

forest patches cover 30% of the watershed displaying a profoundly fragmented patchy structure. 

The main land use in the basin (40% of the area) is pasture or grassland in different states of 
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degradation. Former grasslands in the lowland areas have been replaced by oil palm 

plantations, so most of grassland is situated on gentle, hilly slopes. Other land uses such as 

subsistence agriculture, bare land and urban areas cover 3% of the basin and are considered 

“other uses” for the purposes of this study.  

Hydro-meteorological monitoring system 

The location of the monitoring devices is shown in Figure 3.1. All the automatic measurements 

are recorded using Campbell Sci. dataloggers and are gathered manually every month. 

Precipitation is measured at 3 sites in the basin, one in the oil palm plot and the others in the 

forest and grassland plots. The high spatial variability of the precipitation was a key factor when 

planning the monitoring system. TE525ws gauges fed through a solar panel and a battery were 

situated close to the runoff plots to keep the correlation between precipitation and runoff 

measurement as high as possible.  

A 42m flux tower is situated above the secondary forest. The sensors installed on the tower are 

(i) TE525ws rain gauge; (ii) Wind speed and direction sensor (iii) NR-LITE2-L net radiation 

sensor (iv) two HMP45AC Relative humidity/ temperature probes 1.5 meters apart; (v) two 

HFP01-L soil flux sensors installed together with (vi) TCAV-L soil thermocouple as specified by 

the manufacturer Campbell Sci.. The actual evapotranspiration is computed afterwards through 

the Bowen Ratio Theory (Bowen 1926) using the measurements obtained from the tower. This 

method estimates actual evapotranspiration values through energy balances performed 

continuously on the data, taking into account the main source (net radiation , Rn ) and the main 

energy sinks (heat flux in the soil , G, sensible heat flux , H , and latent heat flow, mainly 

evapotranspiration , ET ) in the system. A pressure probe was installed downstream at the 

closing point of the basin. The probe measures discharge values every 5 minutes and the 

calibration of the section was performed at least once a month over 2 years.  

Runoff plots of 150 m
2
 (Figure 3.3) were established in a secondary forest, a forest plantation 

(Gmelina arborea Roxb), degraded grassland and an oil palm plantation. The secondary forest 

plot is situated in the upper-catchment area and the forest regrowth is between 12-15 years old. 

The palm plantation is 10 years old and the average size of the palms is 3 m. The Forest 

plantation comprising white teak (Gmelina arborea Roxb) is 10 years old. All plots were located 
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on former grassland to avoid the effects of prior land use differences on current soil properties. 

This information along with the age of the plantations and the secondary forest were gathered 

from interviews with farmers and land owners. Plots were selected according to their 

representation in the study area, the soil type and a slope range between 25-35%. Plot 

selection attempted to avoid the influence of all these variables on the plot runoff response. 

Surface runoff was automatically monitored using a specifically designed sensor, based on the 

conventional tipping bucket rain gauge.  

The volume of the bucket on our device was one liter. Sensors were calibrated in the laboratory 

for different rainfall intensities and were installed in the field inside a safety structure. Volumetric 

water content was automatically measured at two depths (15 and 45 cm) inside the plots by 

CS616 Campbell Scientific Inc. sensors. 

 

 

Figure 3.3. Schematic overview of the runoff plots installed in the Tinoco Experimental Catchment (Costa 

Rica). a) Runoff channel, b) water pipe from the channel to the collecting device, c) collecting device with 

measuring bucket 

 

a 

b 

c 
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Soil sampling  

The experimental design included soil surveys of the runoff plots. Soil sampling was performed 

during the rainy season in 2012, assuming water content to be at field capacity. Three points 

were sampled in each land use (9 sampling points) and were placed near to (but not inside) the 

runoff plots. Sampling points were located at different slope positions, taking care to select 

similar positions in the 3 sites. Soils were classified as Udorthents and Dystrudepts. A soil pit 

with a depth of 60cm was dug at every sampling point and 10 undisturbed soil samples were 

taken: 5 from the topsoil (15 cm depth) and 5 from the subsoil (45 cm depth). 4 undisturbed soil 

samples, 2 per soil depth, were collected using metallic rings (1 cm height x 4.5 cm diameter) to 

assess water holding capacity. 6 undisturbed soil samples, 3 per soil depth, were collected 

using metallic cylinders (7.5 cm height x 4.5 cm diameter). The resulting 90 samples were 

analyzed at the soil laboratory of the Centro de Investigaciones Agronómicas, University of 

Costa Rica. The undisturbed soil samples collected in the cylinders were analyzed for hydraulic 

conductivity, water content, bulk density, soil particle density, porosity and air space, using the 

methodology described by (Forsythe 1975). Once the 3 samples per land use and horizon had 

been analyzed, they were mixed and analyzed for texture, following a modified hydrometer 

method (Forsythe 1975). The temporal variation of the variables was minimized by taking the 90 

samples within a 3 day period. Similarly, the spatial variation was minimized by taking several 

samples per sampling point as repetitions. An ANOVA test was performed to evaluate the effect 

of land use (palm, grassland, forest and forest plantation) on the soil properties. All the 

statistical analyses were carried out using R software (R Development Core Team 2006).  

 

            

Illustration 3.1. Soil sampling details at the grassland plot (left) and the forest plantation plot (right). 
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3.3. Results and discussion 

Soil characterization 

Soil physical and hydrological properties were analyzed to characterize the runoff plots 

established under different land covers (Table 3.2). The Ksat values generally indicate a slow 

water movement in saturated conditions (which is considered normal in the clayey soils in the 

study region) and a generalized high variability within each site (Table 3.2). The lowest Ksat 

values are those for samples at a depth of 45 cm. This sharp decrease in Ksat with depth has 

been described in several studies on the humid tropics (Bonell et al. 2010, Elsenbeer et al. 

1992, Fernández-Moya et al. 2013, Ziegler et al. 2004). The Water Holding Capacity also 

presents values considered normal for the soils in the region, with significantly higher values in 

the subsoil compared with the topsoil, and high variability within each site (Table 3.2). Topsoil 

macroporosity, which is considered one of the most relevant variables related to soil water 

movement (Mapa 1995), shows moderate to high values.  

The soils of the study area are clayey, presenting a clay content between 25 and 63% and 

generally higher than 40-50% (Table 2). Clayey soils in a tropical region, at least in Costa Rica, 

are usually considered lateritic soils with a long formation period, forming Ultisols, Alfisols and 

Oxisols, which generally present excellent physical and hydrological properties under natural 

conditions (Bertsch et al. 2000, Hartemink 2004, Lathwell and Grove 1986, Sanchez et al. 

1992). However, the soils in the study area do not show these patterns as they are relatively 

young soils (Entisols and Inceptisols) derived from lutites (i.e. nonfissile clay sized sedimentary 

rocks, also called claystone) which form clayey soils directly from the initial weathering of the 

parent material and consequently, do not display the good physical and hydrological properties 

associated with the abovementioned lateritic soils. 

Differences in the physical properties of the soil under different land cover types are small for 

most of the parameters and statistical tests were considered non-significant in all cases (p-

value>0.05). The lack of statistical significance of the differences in soil physical properties 

between the sites is mainly explained by the fact that the abovementioned variability within each 

site is greater than the variability between the different land uses (Table 3.2). 
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Table.3.2. Median and range values of soil parameters of principal land uses (Palm Plantation, Grassland, 

Secondary Forest and Forest Plantation) of Tinoco Experimental Catchment (Costa Rica). 

  
Palm Grassland Forest Plant 

  
Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil 

Ksat 
(cm hour

-1
) 

Median 0.60 0.00 0.41 0.68 0.12 0.37 0.33 0 

Range 0 -75.85 0 - 5.99 0 - 6.55 0 - 7.54 0 - 28.05 0 - 1.89 0 - 7.14 0 - 0.89 

WHC (%) 
Median 8.50 23.00 10.85 31.00 8.50 39.50 7 14 

Range 1 - 23 6 - 36 6 - 19 10 - 55 2 - 18 8 - 63 2 - 16 5 - 20 

Porosity 
(%) 

Median 59.35 56.63 70.33 65.80 67.44 55.66 60 53 

Range 42-72 56 - 59 62 - 71 63 - 75 57 - 70 51 - 60 59 - 62 37 - 61 

Macroporosity 
(%) 

Median 10.13 0.00 23.34 2.18 26.27 0.00 12 0 

Range 0-15 0 - 12 0 - 58 1 - 3 6 - 43 0 7 - 16 0 - 1 

Clay 
(%) 

Median 50.00 50.00 50.00 52.50 50.00 32.50 55 58 

Range 35 - 58 25 - 63 50 - 60 50 - 58 30 - 55 30 - 43 50 - 56 50 - 58 

Sand 
(%) 

Median 34.00 47.50 45.00 37.50 40.00 50.00 36 30 

Range 25 - 40 32- 55 25 - 48 25 - 40 25 - 60 33 -64 35 - 43 24 - 45 

Silt 
(%) 

Median 10.00 5.00 5.00 12.00 10.00 20.00 8 12 

Range 8 - 40 2 -20 2 - 15 2 -22 5 - 25 3 - 24 7 - 10 5 - 18 

 

For example, Ksat shows very high variation especially in Palm plantations (from 0 to 75.85 cm 

hour
-1

) and secondary forests (from 0 to 28.05 cm hour
-1

). This high variation is caused by 

certain microsite conditions such as plant roots, small stones, large macropores, faunal 

burrows, etc. This agrees with the findings of other authors, as soil physical properties have 

been reported to be spatially very variable over short distances (Zimmermann and Elsenbeer 

2008). Thus, the hydrological response of the runoff plots would depend more on the spatial 

distribution of the variables. 

Despite the above-mentioned lack of statistical significance of the differences in the analyzed 

soil properties between land uses, slight tendencies can be identified which may be taken into 

account in the discussion of the hydrological response. Although soils are generally clayey, clay 

content in the subsoil of the secondary forest is lower than the other values, presenting a 

texture characterized as Sandy clay loam.  
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In addition, topsoil porosity and macroporosity seems to be higher in secondary forests than in 

Palm or forest plantations (Table 3.2). Although low macroporosity and poor soil hydrological 

properties are sometimes assumed in grasslands (Mapa 1995, Zimmermann et al. 2006), when 

the livestock pressure (i.e. grazing intensity) is low, such as in the present study site, the soil 

compaction problems will decrease and the relatively high small-root density in the topsoil of the  

grassland would eventually enhance soil hydraulic properties, as has been observed in other 

regions of Costa Rica (Fernández-Moya et al. 2013). 

Measurements of soil water content in the experimental plots show different behavior of topsoil 

and subsoil (Figure 3.4). As a general pattern, subsoil suffers less desiccation during the dry 

season, whereas the topsoil dries out during that period. The exception to this is the forest plot, 

which has lower clay content in the subsoil, leading to greater dryness of this layer than the 

topsoil.  

In all the plots, the soils (topsoil and subsoil) display fast recovery of water content during the 

first storms of the season, with values remaining near field capacity over the whole rainy season 

(Figure 3.4). 

 

Figure 3.4. Water content of the land use classes monitored at Tinoco Experimental Catchment (Costa 

Rica), a) forest b) grassland c) oil palm plantation d) forest plantation. 
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Due to the compaction of the subsoil under grassland, forest plantation and palm plantation, the 

water content values remain high (close to 1 and higher than under secondary forests) over the 

whole rainy season. Values for the topsoil of the palm plantation suggest that the compacted 

layer in this plot is situated close to the soil surface. This compaction is linked to the 

combination of the intensive cropping system and occasional cattle grazing. The root density of 

the palm has also been identified as a cause of soil compaction in the 20 cm below the soil 

surface (Chen and Mannetje 1996).  

Runoff plots 

Runoff data obtained in the plots during the monitoring period (from June 2011 to December 

2013) was transformed to runoff coefficient, taking the total amount of precipitation into 

consideration (Figure 3.5). Due to the high variability of the data, no statistical differences were 

found between the runoff coefficients under the different land uses analyzed, although a clear 

tendency can be observed (Figure 3.5). The secondary forest plot generates the lowest runoff 

coefficient over the study period (average RCforest=4.2%), followed by grassland (average 

RCgrassland=6%), forest plantations (average RCforest plantation=8.8%) and oil palm plantations 

(average RCpalm plantation=13.4%), the latter being the land use where the highest runoff was 

registered (Figure 3.5). 

 

Figure 3.5. Mean runoff coefficients (%) for each experimental plot (secondary forest, grassland, forest 

plantation and oil palm plantation) in Tinoco Experimental Catchment (Costa Rica). Mean values and 

confidence intervals (90%) obtained from the annual results of 2011, 2012 and 2013. 
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Higher macroporosity could be the main soil-derived-factor behind the lower runoff under 

secondary forest and to a lesser extent, under grassland (Table 3.2, Figure 3.5). Overland flow 

was found to be the main runoff process in similar environments to the study site. This occurs 

when rain intensity greatly exceeds soil infiltration and hydraulic conductivity (Hassler et al. 

2011, Zimmermann et al. 2012). As no big differences were detected between the Ksat 

registered in the different land uses, the macroporosity effect on the infiltration capacity and the 

soil-water dynamics near to saturation must underlie the differences in the runoffs. Hence, 

macropores could be filled in with the incoming rainfall at the beginning of the storms, when the 

rain intensity is usually higher, decreasing the overland flow generation, which would start when 

the soil water content reaches saturation and the intensity of the storm exceeds the Ksat of the 

soil layer. Consequently, the higher values for the runoff coefficient measured under oil palm 

plantations are related to the lower values of macroporosity in this plot. 

Storm oriented research is needed to clarify the runoff generation processes and the relation 

between storm, runoff and soil properties as well as to study the influence of other factors such 

as the litter layer under the forest cover or the effect of the different vegetation heights on net 

precipitation. These parameters are not considered here and it is most likely that they affect the 

estimations presented in this study.  
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4. Implications of land use change on runoff generation at the plot scale in the humid 

tropics of Costa Rica. 

 

  



54 

  



55 

4.1. Introduction 

Mountain ecosystems play an essential role in the water cycle as regulators and sources (Price 

1999). More than 50% of the global population relies on water from mountain areas for drinking, 

agriculture and other purposes (Viviroli et al. 2003). Central American rural areas in particular 

have a strong dependence on these mountain catchments for water supply as there is a lack of 

reservoirs. At present, many of the water supply priority basins in the tropics comprise a mosaic 

of land uses: forests, agricultural areas and other abandoned land in various stages of recovery. 

Understanding the hydrological responses of mountain catchments with differing histories as 

regards land use and land cover allows us to assess the effects of ongoing or future changes in 

land use and land cover on surface runoff and water availability. More specifically, analyzing 

runoff generation mechanisms on hillsides is crucial to evaluating the impact of land use change 

on hydrological functions (Ceballos and Schnabel 1998).  

The hydrological responses of these systems are affected by factors such as soil physical 

characteristics, vegetation type and topography. Changes in any of these factors are likely to 

affect the catchment runoff responses. Although an increasing amount of research is directed 

towards evaluating the effect of global changes on the water cycle, quantitative assessments of 

the impact of recent land use/land cover change on hydrological processes require more 

measurements in the field in order to characterize runoff processes, particularly in tropical areas 

(Hassler et al. 2011).  

Recent land use changes occurring in Central America are linked to the abandonment of 

marginal farmland activities and to the spread of high return crops such as oil palm (Elaeis 

guineensis Jacq.) plantations (FAOSTAT 2014). Furthermore, secondary forests are expanding 

due to the abandonment of grassland and reforestation initiatives, mainly in the upper-

catchment areas. Evidence of the effect of these processes on the water cycle and on soil 

recovery is still scarce, although a number of quantitative studies exist which highlight their 

importance (Hassler et al. 2011, Ziegler et al. 2004, Zimmermann et al. 2006, Zimmermann et 

al. 2010).  

Oil palm plantations are increasing their presence on the hillsides of Latin America thanks to 

their high profitability in comparison to rangelands (Janssen and Rutz 2011, Mingorría et al. 
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2014). This land cover change process has also been documented in Costa Rica (Höbinger et 

al. 2012), where it is more intense in the Southern Pacific region. Research into the impacts of 

oil palm cultivation has not so far provided a comprehensive assessment of its effect on the 

water balance since most studies have focused on deforestation, biodiversity and ecosystem 

services (Höbinger et al. 2012) or nutrient cycling (Comte et al. 2012) . In addition, most of 

these studies have been conducted in the lowlands, with relatively flat topography. Main factor 

affecting soil infiltrability under oil palm plantation is soil compactation (Lestariningsih et al. 

2013) and its high spatial variability in the plantation (Banabas et al. 2008). Soil infiltrability and 

erosion processes have been highlighted by several authors as an especially problematic 

impacts (Comte et al. 2012, Hartemink 2003, Hartemink 2006), particularly when oil palms are 

planted on steep slopes. At global scale, few studies provide field data measurements on this 

issue and to our knowledge, no case studies have been documented in Latin America.  

Global change has led to socioeconomic and environmental changes in many Pacific coastal 

ranges in Central America, which in turn has caused increasing concern over water resources. 

The objective of this paper is to provide quantitative evidence of the effects of land use change 

on water dynamics at plot scale by identifying the factors or determinants of runoff genesis 

during flood events among rainfall and soil physical characteristics in mountain catchments with 

ongoing grassland abandonment, reforestation, oil palm plantation expansion and other land 

cover change processes in South Pacific Costa Rica.  

4.2. Materials and methods 

Study region 

This study was conducted in the Osa region on the South Pacific coast of Costa Rica, where the 

foothills of the Fila Costeña (with a maximum altitude of approximately 500 m) meet the coastal 

plain (Figure 1). The region is characterized by mean annual precipitation ranging from 3,000 to 

6,000 mm, which is distributed between a dry season (December-April) and a wet season (May-

November). The region encompasses large areas of Humid Tropical Forest (including various 

National Parks), the largest mangrove reserve in Costa Rica (RAMSAR Wetland Térraba-

Sierpe) and a lowland agricultural area with extensive oil palm, plantain (Musa sp. L.) and 
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banana plantations. The Fila Costeña Coastal Range is covered by a mosaic of land uses 

including small patches of old forests, secondary forests, small scale agriculture (basic grains, 

plantain and banana), grasslands, forest plantations and more recently, oil palm plantation and 

dispersed luxury houses. In addition, the Fila Costeña provides a key environmental service, 

being the main source of water collection and recharge for rural communities in the region. 

These characteristics of the Osa region are also representative of many other coastal regions in 

Northern Latin America. Hence, the Osa region was identified as an ideal scenario to analyze 

the impacts of land use changes on the hydrological processes in these systems.  

The Tinoco river basin, a representative watershed in the Fila Costeña (Figure 4.1), was chosen 

as an experimental catchment. The land cover types present in the Tinoco Experimental 

Catchment are representative of the main land covers of the region, such as permanent tree 

crops (African oil palm), grassland in different stages of degradation due to overgrazing, forest 

plantations and secondary forest patches, which are mainly situated in remote areas on 

hillsides, particularly in the upper-catchment areas. Runoff response of these land covers was 

analyzed at plot scale at two complementary spatial scales i) the plot (150 m²) under natural 

precipitation and ii) rainfall simulation on microplots (0.0625 m²). The basin is located within a 

sedimentary rock formation originating from deep waters. Soils in the basin are relatively young 

soils derived from lutites and they are classified as Inceptisols and Entisols (Soil Survey 2010). 

Differences in the physical properties of the soil under different land cover types are small for 

most of the parameters (Table 4.1). Water Holding Capacity presents values considered normal 

for the soils in the region, with significantly higher values in the subsoil compared with the 

topsoil, and high variability within each site. Ksat values indicate a slow water movement in 

saturated conditions (which is considered normal in the clayey soils in the study region) and a 

generalized high variability within each site. In all the plots, the soils display fast recovery of 

water content during the first storms of the season, with values remaining near field capacity 

over the whole rainy season (Table 4.1). 
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Figure 4.1. Location of the study site in Tinoco Catchment, in the Southern Pacific region of Costa Rica. 

The pictures show the land uses studied: oil palm plantation; grassland; oil secondary forest; and forest 

plantation. 
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Table 4.1. Median and range values of soil parameters for main land uses (oil palm plantation, grassland 

and secondary forest) in the Tinoco Catchment (Costa Rica) 

  Oil Palm Grassland Forest 

  Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil 

Ksat 
(cm hour

-1
) 

Median 0.60 0.03 0.41 0.68 0.12 0.37 

Range 0 -75.85 0 - 5.99 0 - 6.55 0 - 7.54 0 - 28.05 0 - 1.89 

WHC (%) 

Median 8.50 23.00 10.85 31.00 8.50 39.50 

Range 1 - 23 6 - 36 6 - 19 10 - 55 2 - 18 8 - 63 

Porosity 
(%) 

Median 59.35 56.63 70.33 65.80 67.44 55.66 

Range 42 - 72 56 - 59 62 - 71 63 - 75 57 - 70 51 - 60 

Macroporosity 
(%) 

Median 10.13 0.00 23.34 2.18 26.27 0.00 

Range 0 - 15 0 - 12 0 - 58 1 - 3 6 - 43 0 

Clay 
(%) 

Median 50.00 50.00 50.00 52.50 50.00 32.50 

Range 35 - 58 25 - 63 50 - 60 50 - 58 30 - 55 30 - 43 

Sand 
(%) 

Median 34.00 47.50 45.00 37.50 40.00 50.00 

Range 25 - 40 32- 55 25 - 48 25 - 40 25 - 60 33 -64 

Silt 
(%) 

Median 10.00 5.00 5.00 12.00 10.00 20.00 

Range 8 - 40 2 -20 2 - 15 2 -22 5 - 25 3 - 24 

 

Storm - Runoff measurements 

Runoff plots of 150 m
2
 were established in an oil palm plantation, a grassland field, a secondary 

forest land, and a forest plantation field (Figure 4.1). The oil palm plantation is 10 years old and 

the average height of the palms is 3 m. Forest plantation (white teak, Gmelina arborea Roxb) is 

10 years old. The secondary forest plot is situated in the upper-catchment area and the forest 

regrowth is between 12-15 years old. All plots were located over clay soils and former 

grasslands to avoid the effects of prior land use differences on current soil properties. This 

information along with the age of both the plantations and the secondary forest were gathered 

from interviews with farmers and land owners. The plots were selected according to their 

representation in the study area, the soil type and a slope range between 25-35%. Site 

parameters (climate, geology and soil) in the basin are uniform and the plots established are 
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considered comparable. Surface runoff was automatically monitored using a specifically 

designed sensor, based on the conventional tipping bucket rain gauge. The volume of the 

bucket on our device was one liter. Sensors were calibrated in the laboratory for different rainfall 

intensities and were installed in the field inside a safety structure. Forest plantation plot 

measurements were not included in this study due to problems with the devices installed for 

automatic measurement of the storm-runoff response. 

The measurement of  the storm events selected for this study was carried out during the rainy 

season 2011 (July-December) using a Campbell Sci. rainfall tipping bucket device installed in 

the upper part of the catchment. The highest recorded rainfall occurred on 21
st
 October (227 

mm), coinciding with the influence of the Rina tropical storm on the Pacific coast of Costa Rica.  

The 26 storms had a differing range of intensities and durations and were selected according to 

the criteria of (Wischmeier and Smith 1978). In general, a storm is defined as an event in which 

rainfall exceeds 12.7 mm and which does not include a rain-free period exceeding 4 hours or an 

event in which at least 6.4 mm of rainfall accumulates within a 15 minute period. The selected 

storm events vary from 17.53 mm to 227.60 mm of precipitation, with durations between 1 hour 

and 36 hours (Table 4.2). Event characterization was performed according to rainfall volume, 

duration and event intensity. Additionally, the 30-minute maximum rainfall intensity was 

calculated for each event (I30_max). Events that occurred after two rain-free days (T9, T14, T23, 

and T26) where considered “dry” events; although there were not differences in soil water 

content prior the events as this parameter was almost constant during the rainy season (Table 

4.2). The runoff coefficient for each recorded storm was calculated as Eqs (1): 

RC = (RD/PD) x 100%  

where, RC (%), RD (mm) and PD (mm) denote runoff coefficient, runoff and precipitation 

respectively.  
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Table 4.2. Storms characterization and initial soil water content of the study plots in Tinoco Catchment 

(Costa Rica). P is the precipitation, T is the duration of the rain event, I30_max  is the maximum intensity 

over a 30 minute period of the event, Ievent is the mean intensity of the event and Өi_15cm is the initial 

water content at 15 cm depth for each study plot (PAL, oil palm plantation; GRA, grassland; FOR, 

secondary forest) 

 
P (mm) DOY T (h) I30_max (mm/h) Ievent (mm/h) 

Өi_15cm (%) 

 PAL GRA FOR 

T 1 17.78 2011-08-20 13:30 4.25 12.70 4.18 88.79 80.37 79.44 

T 2 18.54 2011-08-21 14:35 4 21.34 4.64 90.65 80.37 79.44 

T 3 64.51 2011-08-22 13:20 6 87.37 10.75 88.79 80.37 79.44 

T 4 47.49 2011-08-28 12:35 5 37.08 9.50 88.79 80.37 78.50 

T 5 41.91 2011-09-01 1:45 2 58.42 20.96 90.65 81.31 79.44 

T 6 67.06 2011-09-04 15:00 3.5 102.12 19.16 87.85 80.37 79.44 

T 7 75.44 2011-09-24 15:00 6 35.06 12.57 87.85 80.37 79.44 

T 8 64.76 2011-09-25 12:30 7 60.96 9.25 87.85 81.31 79.44 

T 9* 65.27 2011-09-28 14:00 5.5 61.46 11.87 87.85 80.37 79.44 

T 10 38.35 2011-09-29 20:30 1 47.24 38.35 87.85 81.31 79.44 

T 11 14.98 2011-09-30 12:30 4 12.19 3.75 88.79 81.31 79.44 

T 12 28.70 2011-10-01 14:30 7.5 14.73 3.83 87.85 80.37 79.44 

T 13 17.52 2011-10-02 17:00 3.5 15.75 5.01 87.85 80.37 79.44 

T 14* 45.46 2011-10-07 13:00 9 44.20 5.05 87.85 80.37 79.44 

T 15 104.9 2011-10-08 12:00 7.5 70.10 13.99 87.85 81.31 79.44 

T 16 32.25 2011-10-09 5:00 16 18.28 2.02 88.79 81.31 96.26 

T 17 49.78 2011-10-10 9:00 13 10.67 3.83 87.85 81.31 79.44 

T 18 10.41 2011-10-11 12:30 6 3.05 1.74 87.85 80.37 80.37 

T 19 44.19 2011-10-13 14:00 13 11.68 3.40 87.85 81.31 81.31 

T 20 38.35 2011-10-14 12:30 8.5 12.70 4.51 88.79 81.31 81.31 

T 21 30.98 2011-10-16 4:00 11.5 13.21 2.69 89.72 82.24 81.31 

T 22 86.36 2011-10-17 8:00 35 11.18 2.47 87.85 81.31 80.37 

T 23* 227.6 2011-10-21 13:00 29 34.04 7.85 87.85 80.37 79.44 

T 24 17.53 2011-10-23 13:30 6.5 17.28 2.70 88.79 81.31 79.44 

T 25 16.51 2011-10-24 14:30 9 8.64 1.83 87.85 80.37 79.44 

T 26* 11.93 2011-10-27 19:00 2 15.75 5.97 87.85 81.31 79.44 

* Storms occurred after a minimum of 2 rain-free days.  
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In situ rainfall simulation runoff measurements  

A rainfall simulator manufactured and sold by Eijkelkamp Agrisearch Equipment was used to 

evaluate the runoff response and the sediment yield generation of the different land uses under 

high intensity rainfall (Illustration 4.1). The device consists of a capillary sprinkler with a built-in 

pressure regulator for the production and control of a standard rain shower, an adjustable 

support for the sprinkler and a ground frame, which is placed on the soil and prevents the lateral 

movement of water from the test plot to the surrounding soil (Iserloh et al. 2013). The device 

has a surface area of test microplot of 0.0625 m
2
. The duration of the rain simulation was 5 

minutes and the rain intensity obtained for the study was 384 mm h
-1

.  

The simulation measurements were performed at microplots in the same sites where the runoff 

plots were established, but not inside the plots themselves. Besides secondary forest, grassland 

and oil palm plantation, the forest plantation (white teak, Gmelina arborea Roxb) site was also 

evaluated under this experiment. Field measurements, with 5 repetitions per land use, were 

performed during the 2013 rainy season (September), when the soil water content was at field 

capacity. Microplots where located at different positions in the field, trying to cover the spatial 

variability of the soil surface and land cover of the plots. Sediment samples were dried out and 

weighed at the Natural Resources Laboratory facilities of the University of Costa Rica.  

Statistical analysis 

Paired t-tests were used to evaluate the statistical significance of the differences between the 

means of the variables analyzed (runoff coefficients based on storm data from the runoff plots; 

and runoff and sediment based on rainfall simulation data from the microplots) under the land 

uses evaluated (secondary forests, grasslands, palm plantation and forest plantation). A 90% 

confidence level was considered for all the statistical tests, if the contrary is not assessed. R 

software was used for the statistical analyses (R Development Core Team 2006). 
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Illustration 4.1. Field set up of the rainfall simulator and microplots. From left to right, microplots on palm 

plantation, secondary forest, forest plantation and grassland.  
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4.3. Results  

Storm/Runoff response 

The runoff responses to the storm events are characterized by total runoff volume, peak runoff 

flow and runoff coefficients. Responses are not affected by prior wetness condition of the soil 

(Figure 4.2). Soil water content of the plots measured at 15 and 45 cm shows a permanently 

saturated condition of the soil from the beginning of the rainy season.  

 

Figure 4.2. Runoff response for the storm events in the study plots in Tinoco Catchment (Costa Rica) of 

the rainy season of 2011. Runoff is characterized by the total volume generated, the peak flow and the 

runoff coefficient (calculated as the relation between runoff and precipitation of the event). Runoff 

response was measured in three study plots at 5 min time steps: oil palm plantation; grassland; and 

secondary forest. Runoff response to storms that occurred after two rain-free days (white symbols of the 

figure) is similar to the responses of the rest of the storms 
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Water content at 15 cm prior rain events (Table 4.2) ranges between 88 -91 % for the oil palm 

plantation plot, between 80 – 82 % for the grassland plot and between 78 – 96 % for the 

secondary forest plot. Runoff response to storms that occurred after two rain-free days (T9, T14, 

T23, and T26) is similar to the responses of the rest of the storms (Figure 4.2). Our study 

illustrates fundamental differences in storm flow responses between land uses (Figure 4.2 and 

Figure 4.3). The secondary forest plot generates a reduced amount of runoff, regardless of 

storm intensity and duration, with a mean runoff coefficient of 1.7%. The oil palm plantation 

generates the highest runoff response, with a mean runoff coefficient of 32.6%, twice that mean 

runoff coefficient measured under grassland (15.3%). The secondary forest runoff coefficient is 

significantly lower than that of the grassland and oil palm plantation (p-value < 0.0001). The 

runoff coefficient of the oil palm plantation, however, is significantly higher than the grassland 

(p-value < 0.0001).  

 
Figure 4.3. Storm runoff and soil water content response for the event of the date 20 / 08 / 2011. Storm 

runoff is measured in 5 min time intervals. Bars in the top of the figure indicate 5-min rainfall 

accumulations. Water content of the soil profile for each plot was recorded at 15 and 45 cm depth in 30 

min time intervals. 
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In situ rainfall simulation runoff response 

Runoff measurements from the rainfall simulation tests in the microplots at the secondary forest 

are significantly lower than those in the grassland (mean RCs forest =5.7%, mean RCs 

grassland =45.9%, p-value=0.0737), the forest plantation (mean RCs plantation =40.5%, p-

value=0.0117) and the oil palm plantation (mean RCs oil palm = 76.55%, p-value < 0.0001). The 

forest plantation measurements are significantly lower than those from the oil palm plantation 

(p-value=0.0084) but they are not significantly different from the grassland measurements (p-

value=0.7014) (Figure 4.4). Similarly, the oil palm plantation and grassland measurements do 

not show statistically significant differences (p-value= 0.1073), mainly because of the high 

variability of the grassland measurements (Figure 4.4).  

 

Figure 4.4. In situ rainfall simulation runoff responses for the land uses: (a) Oil palm, (b) grassland, (c) 

forest plantation and (d) secondary forest in Tinoco Catchment (Costa Rica). Each curve represents a 

repetition of the in situ rainfall simulation tests. Grassland microplots (b) show a high heterogeneity in the 

responses as a result of differences in soil cover, roughness and eroded degree of the microplots. 

 

The sediment yield generated by the simulated rainfall in the secondary forest plot is 

significantly lower than that generated in either the grassland test (mean SY forest =0.02g, 
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mean SY grassland =0.67g, p-value=0.0623), the oil palm plantation test (mean SY oil palm= 

0.91g, p-value=0.0205) or the forest plantation test (mean SY plantation= 0.49g, p-

value=0.0350). Unlike the runoff results described above, there are no statistically significant 

differences between the sediment yields generated in the forest plantation, the grassland and 

the oil palm plantation tests (p-value>0.1). 

4.4. Discussion  

The combined study of natural rainfall runoff response and in situ rainfall simulation runoff 

response measurements illustrates more accurately the hortonian overland flow processes of 

the study site. The runoff responses obtained for the different land cover types by both methods 

are highly correlated (Figure 4.5) although the order of magnitude of runoff is not the same in 

large and small plots, tending to decrease with increasing plot area as it has been reported by 

other authors (Esteves and Lapetite 2003, Gomi et al. 2008, Joel et al. 2002). This scale effects 

are usually linked to the spatial variability of the area (Gómez et al. 2001), to the fact that water 

on long slopes has more opportunity time to infiltrate than water on short slopes and to the 

temporal variability of rainfall (Van de Giesen et al. 2011).  

 

Figure 4.5. Mean natural storm rain-runoff coefficient versus mean rainfall simulation runoff coefficient for 

the different land uses in Tinoco Catchment (Costa Rica). 

The response of the two methodologies is not meant to be compared in this study. The 

response of the runoff plot is interpreted as an average response for the field slope, whereas 
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the rainfall simulator measurements, both runoff and sediment yield, allow us to easily 

characterize and understand the runoff response variability within the plot due to non-

homogenous soil cover and the spatial variability of soil physical characteristics. This is even 

more relevant in grasslands where soil degradation causes bare soil patches of different sizes, 

rills and gullies. In addition, the combination of the two methodologies to characterize the runoff 

process allows a wider range of rain intensities to be tested, from 1 to 38 mm h
-1

 in selected 

natural storms (Table 4.2) to 384 mm h
-1

 under rainfall simulation. Runoff responses follow a 

similar pattern (secondary forest<grassland<oil palm), but the differences between land uses 

are even bigger when rainfall intensity reaches values as high as those obtain by rainfall 

simulation tests in the study. Hence, under this extremely high rainfall intensity, the oil palm 

plantation reaches runoff values higher than 75% while secondary forest shows moderate runoff 

values of around 5% (Figure 4.5). 

Storm events selected are representative of a wide range of intensities and duration (Table 4.2) 

and represents the typical conditions in the study site, with tropical climatic characteristics, such 

as daily rain event occurrences and high rain intensities during first moments of the event 

(Figure 4.3). However, no clear relation can be seen between runoff coefficients or peak flow or 

runoff volume and rainfall for any of the land covers (Figure 4.2).  

Secondary forest shows a significantly lower runoff response than grasslands and oil palm 

plantations both under natural rainfall (Figures 4.2 and 4.3) and during rainfall simulation tests 

(Figure 4.4). This pattern agrees with the general theory put forward by most authors (Brauman 

et al. 2007). However, this lower runoff under secondary forests occurs even though the Ks 

(saturated hydraulic conductivity) values obtained for the plots are not significantly different 

(Table 4.1). Ks has been described as a very sensitive parameter to soil degradation and it is 

considered a key indicator of the effects of land use change on the hydrological processes in 

the soil (Alegre and Cassel 1996, Hassler et al. 2011, Ziegler et al. 2004, Zimmermann et al. 

2006, Zimmermann and Elsenbeer 2008, Zimmermann et al. 2010). This lack of relationship 

between the observed runoff coefficients and Ks values might be caused by the high spatial 

variability of this variable in the study plots. This high spatial variability of Ks has been reported 

by other authors (Zimmermann and Elsenbeer 2008). Moreover, runoff processes under 

secondary forests are influenced by high surface roughness and the fact that water flow through 
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the litter layer of the soil slows down the infiltration, diminishing the role of Ks on the process. In 

addition, local factors such as land use history and the intensity of former cattle grazing have 

been reported to strongly influence the results (Hassler et al. 2011).  

The runoff coefficient found in the study plots was 10-fold greater in grassland than in 

secondary forest, which is lower than reported in most of the studies of land use change from 

forest to pasture in tropical areas (Biggs et al. 2006, Chandler and Walter 1998, De Moraes et 

al. 2006, Germer et al. 2010, Germer et al. 2009). However, the comparison of this type of 

results is complex due to differences in soil type, vegetation cover and above all, the level of 

degradation and overgrazing of the plot. Grasses can directly benefit surface runoff by 

enhancing rainfall interception and improving the development of macropores with their intricate 

rooting system (Pellant 2000). However, overgrazing and the lack of soil conservation measures 

reduce soil infiltration and increase surface runoff at different levels (Vanacker et al. 2005).  

The oil palm plantation plot presented the highest runoff coefficient in the catchment (32.6%). 

The intensive management of this crop system, with labor and cattle ranging, generates a 

compact layer in the soil. This fact, combined with the compacted subsoil resulting from former 

grazing practices leads to a decline in macroporosity and high susceptibility to erosion (Allen 

1985). Furthermore, the lack of soil conservation measures on the hillsides and the widely 

spaced planting pattern of the crop, favor longer slope lengths, which increase the generation of 

overland flow. The effect of this land use change from grassland to oil palm plantation has not 

yet been explored sufficiently. In part, this is due to the fact that most of the research on oil palm 

has been conducted in Asia, where the species is generally planted in areas of former tropical 

forests (Meijerink et al. 2008, Müller et al. 2008). However, some studies in Malaysia do 

reported runoff coefficients measured in plots of up to 44% (Banabas et al. 2008) and in oil palm 

watersheds of up to 44% - 56.6% of the total rainfall in the catchment (James Gerusu 2013, 

Yusop and Katimon 2007). These values are difficult to compare with our data since scale 

effects and several plot parameters would be affecting in big proportion. Although it is not clear 

what processes are responsible for this greater runoff, important hortonian overland flow during 

short-term high intensity rainfall events is linked in this studies to the high intrinsic variability in 

soil infiltrability in the plots (Banabas et al. 2008) which is in line with the measurements in the 

microplots tests (Figure 4.4). Additional documented effects of this deforestation process are a 
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decrease in soil porosity and Ks (Firdaus et al. 2010) and an increase in surface runoff of about 

13% (Babel et al. 2011). Our results support the hypothesis that soil physical properties are 

worsened by land use change from grassland to oil palm plantation. Although grasslands have 

been converted to oil palm plantations in large areas of Latin America (Castiblanco et al. 2013, 

Höbinger et al. 2012) over recent decades, studying the effect of this land use change on 

hydrological processes has not been considered a priority in the region, as oil palm was mainly 

established on alluvial plains, where soil erosion is very low due to the topographic conditions. 

However, these dynamics have been changing in recent years and oil palm is expanding and it 

is planting on slopes, with the consequent hydrological risks. 

As a direct response to the runoff produced, the sediment yield was also consistently lower in 

the secondary forest sites than in the other land uses. Indeed, there is a significant correlation 

between runoff and sediment production at the microplot scale (Figure 4.6). Rainfall simulation 

experiments reveal the high variability of runoff and sediment responses in the grassland plot 

(Figure 4.4), associated with different slope positions and variable vegetation cover. Sediment 

yield in oil palm plantations follows the same tendency as the runoff response. 

 

Figure 4.6. Relation between sediment yield and runoff response under in situ rainfall simulation tests in 

the different land uses of Tinoco Catchment (Costa Rica). 

 

 Since sediment yield was measured only at the microplot scale, it is not the aim of this study to 

discuss about erosion rates, more over if it is generally considered that the sediment delivery 
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decreased sharply from the microplot to the plot scale (Chaplot and Poesen 2012) and no 

reference data is available at the runoff plots by now. However, taking into account the 

significant correlation between runoff and sediment production obtained, it is possible to 

hypothesis about moderate rates of surface erosion from mature oil palm plantations as it have 

been documented as well in some studies before (Hartemink 2006, Lim 1990, Maene 1979). 

However, there are no conclusive results as most of the areas in Asia where this crop is 

currently cultivated do not face the same problems as in the Latin American sites and our 

limited data is not sufficient to support this point.  

Several studies conducted in tropical regions (Honduras, Ecuador, Panama or Amazonia) have 

documented the effect of land cover changes and secondary forest regrowth on the hydrological 

properties of the soil (De Moraes et al. 2006, Godsey and Elsenbeer 2002, Hanson et al. 2004, 

Zimmermann et al. 2006, Zimmermann and Elsenbeer 2008, Zimmermann et al. 2010). Ks 

values rapidly decrease following forest to grassland conversion while the recovery of Ks values 

after the abandonment of pasture is slow and  may take more than 10 years, although as yet 

there have been no conclusive findings (Hassler et al. 2011, Zimmermann et al. 2010). The 

results presented in this study of the Tinoco Experimental Catchment help to further our 

understanding of this issue, providing evidence of the effect of secondary forest recovery over 

the last 15 years on rain runoff response at plot scale.  

The observed runoff coefficients can be used in landscape and hydrological planning as well as 

in the evaluation of the environmental response to changes in both land use and climate 

(differences in rain intensity) under the current context of global change. In addition, these 

results can be used to evaluate the Payments for Environmental Services (including 

hydrological services). Further research is needed in order to improve these estimations using 

more extensive records and analyzing the patterns on greater temporal and spatial scales. 
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5. Impacts of climate and land cover change scenarios on water supply in south pacific 

Costa Rica. 
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5.1. Introduction 

Future climate and land cover changes are two critical aspects which are altering key 

components of the Earth system (Solomon et al. 2007). Water resources are among the 

systems that are particularly vulnerable to global environmental changes (Steffen et al. 2006, 

Vitousek et al. 1997). The lack of baseline information on their effects in developing countries is 

critical, and quantitative estimation of global changes on water resources is scarce. In the 

tropics, climate models are consistent in projecting future precipitation increase, so there is an 

urgent research need that may lead to reduce uncertainty to understand how climate change 

might affect freshwater supply systems in the tropics and to assist water managers who need to 

adapt to climate change (Kundzewicz et al. 2008).  

Mountain ecosystems play an essential role in freshwater supply systems since more than 50% 

of the global population relies on this water from mountain areas for drinking, agriculture and 

other purposes (Viviroli et al. 2003). Tropical forests, often consigned to remote areas over the 

mountains, have a profound influence in the hydrological cycle and regional water balances and 

are a major source of water supply for most of the rural communities (Kumagai et al. 2005, Price 

1999). Central American rural areas in particular have a strong dependence on these mountain 

catchments for water supply as there is a lack of reservoirs and water store infrastructures. Osa 

region in Costa Rica is an interesting study area for assessing the effect of climate changes in 

water supply management plans as well as for measuring the hydrological effects of 

deforestation, forest transitions and other land cover dynamics reported in the region, which 

have resulted from the above mentioned processes and the recent demographic and economic 

changes associated with these processes. Water supply systems of the region are rudimentary 

and most of them feed from open channel intakes with no infrastructure for regulation. Since 

reservoirs are available only to medium size cities, water supply on these communities rely 

entirely on water availability in the upper-catchment along the year. Therefore, there is a 

management need to assess short-term as well as long term changes in water surplus, and 

particularly, evaluate the impacts of global environmental changes on the hydrological cycle, 

especially on low flows and dry seasons, which are higher priority issues for water managers 

rather than simple mean annual water yield changes (Kundzewicz et al. 2008).  
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The objective of this study was to analyze the impact of future climate and land cover change 

scenarios on water resources availability for rural communities in South Pacific Costa Rica, 

where the dependency over water surplus is already nowadays critique during the dry season. 

For addressing this goal, a Thornthwaite-type water balance (Dingman 2002) was computed for 

the historical data and for the projections of precipitation and temperature.  

5.2.  Methods 

Study site 

The Fila Costeña mountainous range is situated in the Southern Pacific Costa Rica (Figure 5.1). 

It is a sedimentary formation of deep water origin with Cretaceous to Pliocene forms 

(limestones, sandstones, turbidites and lutites). Principal soil orders documented are Ultisols, 

Entisols and Inceptisols although Alfisols are also occasionally found in the area. This range 

nests the upper catchment areas that provide fresh water to the communities which are mainly 

situated in its foothills (Figure 5.1).  

 

Figure 5.1. Location of the study area, the Fila Costeña mountainous range, situated in the Osa Region, 

South Pacific coast of Costa Rica. The Figure shows the 31 small watersheds which provide water to the 

marked rural communities. The main land uses of the upper catchment areas are grasslands and 

secondary forests 
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The climate of the region is characterized by an average annual rainfall of around 3500 mm with 

a dry period of 1 - 3 months. The weather characterization is based on the historical data of the 

meteorological station “Palmar” owned by the National Meteorological Institute of Costa Rica. 

The precipitation data available covers 60 years (1945-2005) and temperature data covers 42 

years (1961-1993 and 1995-2005). The potential evapotranspiration (PET) was estimated using 

the Hargreaves formula based on the average monthly mean temperature data (1961-1993) 

and the average solar radiation data (1973-1992). A summary of climate variables is presented 

in a Walter – Lieth climate diagram of Palmar Station (Figure 3.2). The diagram shows the 

average rainfall curve undercutting twice the average monthly temperature curve during 

January and February, indicating a dry period during these months. 

Thornthwaite-Mather water balance 

Thornthwaite –type monthly water balance (hereafter TWB) is a lumped conceptual model that 

can be used to calculate the water balance for the root zone. This simple model offers a method 

to predict the hydrological processes of an entire catchment area by estimating 

evapotranspiration, soil water storage and surplus water. It is a useful tool for examining the 

transport of water in scales of time that are of interest for water management and water 

resource planning. It estimates evapotranspiration, water detention, water deficit, surplus water 

available and runoff itself. The water balance developed by (Thornthwaite and Mather 1955) 

estimates monthly actual evapotranspiration from monthly potential evapotranspiration 

calculated from average temperature data. The version of this approach applied in this study is 

a modification of Dingman (2002) with evapotranspiration values computed using the 

Hargreaves equation (1975), 

ETP = 0.0075·RSM· Tf·Nd 

where, ETP is the potential evapotranspiration (mm/month), RSM is the solar radiation 

(mm/day), Tf is the mean monthly temperature (ºF) and Nd is the number of days of the month. 

This formula was successfully applied by (Hancock and Hargreaves 1977) and is recommended 

by FAO (Allen et al. 1998) when the scarcity of data does not allow computing Penmann-

Monteith equation.  
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The TWB inputs are: monthly precipitation (P), mean monthly air temperature (T), potential 

evapotranspiration (PET), a mean interception coefficient for the land covers of the study area 

(μ=0.18), which was obtained from ponderation of average literature values (Calvo-Alvarado et 

al. 2009, Hölscher et al. 2004, Loescher et al. 2002, Loescher et al. 2005) and a water holding 

capacity value (WHC) for the soil at the depth for which the balance is computed. Water holding 

capacity used for the calculations was 192.19 mm, which was obtained through soil sampling 

(Chapter 3 of the present Thesis). The model calculates iteratively the monthly soil moisture 

status taking into consideration the soil moisture status from the prior month. Soil moisture has 

a maximum value equal to the soil water holding capacity and, in general, it depends on the 

accumulated potential water loss, which is calculated by two different methods depending on 

whether the potential evapotranspiration is greater than or less than the precipitation (Dingman, 

2002). Water surplus is finally computed assuming that 50% of the surplus water is actually 

available as streamflow in any month (Thornhtwaite and Mather, 1955). Annual water surplus of 

the Fila Costeña is computed taking into consideration the current forested areas over 100 

meters over sea level as were mapped in Chapter 2 of the present Thesis.  

Climate change projections. 

This study used three different General Circulation Models (hereafter GCMs) associated with 

the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (Parry 2007) 

(see Table 5.1): Norwegian BCM2 (Drange 2006), French CNCM3 (Royer 2006) and German 

ECHAM5 (Roeckner 2003). These GCMs were used with a daily temporal resolution. Data for 

computing the climate scenarios was obtained from 5 meteorological stations from the IMN 

(Costa Rican National Meteorological Institute) that are recording in the region: Palmar, Coto 

47, Pindeco, Río Claro and Cedral. 

As the assessment of changes in water availability requires information in a smaller scale for its 

use at regional level, a two-step analogue/regression statistical downscaling method developed 

by the Climate Research Foundation (FIC) (Ribalaygua et al. 2013) was applied in this study to 

obtain future scenarios of the maximum and minimum temperatures and the precipitation 

amounts at a local scale for the Palmar meteorological station, which is the reference station in 

the study region. 
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Table 5.1.General circulation models (GCM) used for climate change projection in Osa Region (Costa 

Rica) 

GCM 
Spatial 

resolution 
Scenario IPCC Source 

BCM2 2,8° × 2,8 ° A2, B1, A1B IPCC4 
AR4, Bjerknes Centre for Climate Research, 
University of Bergen, Norway 

CNCM3 2,8° × 2,8 ° A2, B1, A1B IPCC4 
AR4, Centre National de Recherches 
Météorologiques, France 

ECHAM5 1,8° × 1,8° A2, B1, A1B IPCC4 
AR4, Max Plank Institute for Meteorology, 
Germany 

 

The first step is an analogue approach where the “n” days most similar to the day to be 

downscaled are selected. In the second step, a multiple regression analysis using the “n” most 

analogous days is performed for temperature, whereas for precipitation the probability 

distribution of the “n” analogous days is used to define the amount of precipitation. This 

methodology has been used in international projects, with good verification results (Goodess et 

al. 2007, Ribalaygua et al. 2013). 

To determine the ability of each of the GCMs to simulate the climate of a certain area (the 

process known as validation), the GCM simulation of the past (the control run of the climate 

model for the 20th century, called 20C3M) is compared to the observed climate. Because 

climate models reproduce the day-to-day meteorology, verification cannot be performed on a 

daily scale, but only considering climatic characteristics over long periods. Due to observations 

with missing data (for example, observations from a particularly wet decade could be missing), 

the climatic characteristics obtained from the downscaled 20C3M cannot be compared for 

validation to those obtained from the observations, but only to those obtained from the 

simulations produced from downscaling the reanalysis data (without gaps and covering the 

whole 20C3M period, 1958–2000). More details are presented in Ribalaygua et al., (2013). 

The estimated greenhouse effect gas emissions for the A1B, A2 and B1 scenarios, developed 

by the IPCC in 1996 were used. Scenarios A1B and A2 reflect a pessimistic view of the 

likelihood of stabilization of global greenhouse gas emissions over the 21
st
 century. The A1 

storyline describes a future world of very rapid economic growth, global population that peaks in 

mid-century and declines thereafter, and the rapid introduction of new and more efficient 

technologies. In particular, A1B scenario describes a balance across energy sources, not 

relying on one particular. The A2 storyline describes a very heterogeneous world with 



80 

continuously increasing population and economic development primarily regionally oriented with 

slow technological change. In the other hand, B1 scenario reflects stabilization of global 

greenhouse gas emissions by about mid-century and reductions thereafter. The B1 storyline 

describes a convergent world with the same global population that peaks in midcentury and 

declines thereafter but with rapid change in economic structures and the introduction of clean 

and resource-efficient technologies. Selected scenarios cover a wide range of global warming 

projections based on greenhouse effect concentrations.  

New climate series were obtained for the 2015–2045 (‘2030’), the 2045–2075 (‘2060’) and the 

2075 – 2095 (‘2060’) time periods. The incorporation of precipitation and temperature scenarios 

to the water balance was done by calculating mean values of GCMs predictions in a monthly 

basis for each scenario. Mean temperature was computed from monthly maximum and 

minimum temperatures for each scenario as well. ETP was calculated with the temperature 

projections of each scenario but maintaining the solar radiation values of the Palmar Station 

historical series, therefore, not considering variations due to cloud cover. The authors are aware 

of this limitation and consider that clouds could represent a significant source of potential error 

in climate simulations in tropical areas. Actually, probably the greatest uncertainty in future 

projections of climate arises from clouds and their interaction with radiation (Solomon et al. 

2007). 

Land cover change scenarios  

Current land covers and land uses of the study region include predominantly grasslands, 

secondary forests, oil palm and banana palm plantations and forest plantations. Grasslands and 

forests are the main land covers over the 100 meters of altitude, where most of the superficial 

water holding infrastructures of the communities are situated. This study focus only in these 

upper catchment areas over 100 meters and land cover change scenarios were projected taking 

into account current land cover changes described in Chapter 2 of the current Thesis.  

We estimated forested areas contributing to water supply for the status quo situation and two 

future land cover scenarios for 2030. Land cover scenario 1 projects a deforestation situation, 

with forested areas decreasing up to 15% due to urbanization and path openings for tourism in 

the upper catchment areas. Land cover scenario 2 projects a forest recovery situation where 
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forested areas increase due to grassland abandonment on areas with more than 30% of slope, 

following the trends presented in Chapter 2 of the current Thesis. This assumption projects a 

24% of reforestation in the area. In order to evaluate the effects of land cover change over 

water resources in the area, we computed the water balance estimations on 2030 under climate 

scenario A1B, which suggests an upper range estimate of climate impacts concurrent with the 

mid-century land cover scenario. 

5.3. Results and discussion 

Climate Scenarios  

Validation of the GCM point out robust results for temperature, as the bias is low for both the 

maximum and minimum temperatures across all the models, with 0.5 °C bias in the worst case 

(Annex 3). Robustness in T prediction is usual in this kind of models (Solomon et al. 2007). The 

bias for precipitation results is approximately 8% in relative terms for the BCM2 and ECHAM5 

models, while it goes above 22% for the CNCM3 model (Annex 3). This moderate uncertainty of 

precipitation in climate scenarios is common for the downscaling methods and it is due to the 

high spatial heterogeneity of this parameter even more in a region with a high amount of 

convective rainfall events such as Costa Rica. 

Future local climate change scenarios have been produced for three daily variables (maximum 

temperature, minimum temperature and precipitation), three GCMs (BCM2, CNCM3 and 

ECHAM5) and three emission scenarios (A2, A1B and B1). The simulated increase of the 

variable was obtained by comparison to the corresponding 20C3M control run of each model. 

An average value for each variable was taken from the mean of all the models in the chosen 

emission scenario. To produce this results, a 30 year moving average was calculated for the 

Palmar station, for each model and emission scenario (the value for each year is the average of 

years ranging from t-15 to t+15, as required for climatic analysis). For each emission scenario 

and year, the mean and standard deviation were calculated within the models (Figure 5.2).  

The temperature simulations show annual positive increases in the maximum and minimum 

temperatures throughout the 21
st
 century for the three scenarios. By 2080, around a 3.5 ºC 

increase in Tmin is predicted and a 1.5 ºC increase in Tmax for scenarios A1B and A2 (Figure 5.2).  
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Figure 5.2. Expected increase in the precipitation, the minimum temperature and the maximum 

temperature for each one of the three greenhouse gas emission scenarios chosen for the study periods. 

The expected increase is shown as a mean (line) together with the standard deviation (shaded in the same 

colour). The increases are measured against their corresponding control scenarios for the 20th century 

(20C3M). 
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The B1 scenario simulations exhibit smaller T increases by the end of the century (a 2 ºC 

increase in Tmin and 1 ºC in Tmax), as expected from the characteristics of this emission scenario. 

For precipitation, scenarios A1B and B1 behave fairly similarly, with a decreasing trend of the 

annual average rainfall throughout the century, reaching a decrease of up to 4 – 6 % at the end 

of the century (Figure 5.2). A2 scenario exhibits a different behavior, with up to 3% of the annual 

average rainfall increase by mid-century, followed by a constant decrease until the end of the 

century when precipitation simulations are similar to those predicted by the 20C3M for the 

current period.  The differences between models are larger for precipitation than for 

temperature. 

In the intra-annual basis, mean temperature increases for the three scenarios throughout the 

year (Figure 5.3), with a maximum increase during the dry season (December-March) of 5% 

under A1B and A2 scenarios and 4% under B1 scenario. On the other hand, precipitation 

simulations exhibit a positive increase during the dry season for the three scenarios as well 

(Figure 5.3), but they exhibit a decrease during the rainy season, with the highest magnitude 

(up to 25%) by the end of the 21
st
 century under scenario B1 (Figure 5.3).  

Water Balance for historical data 

The calculated water balance for the historical data from Palmar Station illustrates the expected 

relationships among rainfall, evapotranspiration and water surplus (Table 5.2). In spite of the 

simple structure of this model, Thornwaite-type water balances generally estimate monthly 

runoff values reasonably well (Alley 1984, Steenhuis and Van der Molen 1986) and their 

applicability in Costa Rica and in other tropical basins have been demonstrated (Calvo 1986, 

Suryatmojo et al. 2013). Water deficit occurs during December – April, which is considered the 

dry period of the study site. A similar regime can be observed in the water balance computed for 

the estimated monthly average values for the 20C3M control scenario (Figure 5.4). The water 

surplus of this control scenario, following the precipitation regime, matches in general the 

historical data regime, although the highest values of water surplus are lower than the Palmar 

balance. Annual water surplus from the forested areas of the mountainous range is 291 Hm
3
 

with the Palmar balance whereas it is 212 Hm
3
 with the 20C3M. It is remarkable that the 

projected control scenario underestimates precipitation (by 14.5%), temperature (by 1%) and 
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consequently the water surplus of the region (by 23%). Differences may be attributed to the 

uncertainties arising from the coarse GCM outputs, together with the remaining deficiencies in 

the models on simulating tropical precipitation (Solomon et al. 2007).  

 

  
Figure 5.3. Expected monthly increases in mean temperature and precipitation during the periods 2030, 

2060 and 2080 from the simulation based on scenarios A1B, A2 and B1. The increases are measured 

against their corresponding control scenarios for the 20th century (20C3M). 
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Table 5.2. Thornthwaite-type monthly water balance computed with a modification of the model proposed 

by Dingman (2002) and computed from Palmar Meteorological station data, representative for the Fila 

Costeña mountain range (Osa, Costa Rica). Temperatures (T) in ºC, water balance terms in mm. P, 

precipitation; Pe, effective precipitation (taking into account a 18% of forest canopy interception), ETP, 

potential evapotranspiration computed by Hargreaves equation; SOIL, soil moisture; ΔSOIL, decrease in 

soil storage; ET, actual evapotranspiration; WS, water surplus. 

 
J F M A M J J A S O N D YEAR 

P 51 51 82 227 412 396 366 428 503 681 357 98 3652 

Pe 42 42 67 185 337 324 299 350 412 557 292 80 2986 

T 27 27 28 28 27 27 27 27 27 26 26 27 27 

ETP 122 121 140 123 118 107 111 105 103 101 99 107 1356 

Pe-PET -80 -79 -72 63 219 217 188 245 308 456 193 -26  

SOIL 110 73 50 113 192 192 192 192 192 192 192 167 1858 

ΔSOIL -57 -37 -23 63 79 0 0 0 0 0 0 -25  

ET 99 79 90 123 118 107 111 105 103 101 99 105 1239 

P-ET- 
ΔSOIL 

0 0 0 0 140 217 188 245 308 456 193 0  

WS 69 34 17 9 74 146 167 206 257 356 275 137 1747 

 

 

 

Figure 5.4. Annual cycle of water balance components as computed by a Thornthwaite-type water 

balance model (modified from Dingman, 2002) computed from Palmar Meteorological station data) (left) 

and from the control scenario for the 20th century (20C3M) (right). P: precipitation, SOIL: soil moisture, 

ETP: potential evapotranspiration, WS: soil water storage. 
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Water balance for climate scenarios  

The TWB model was run with the monthly precipitation and temperature projections of the three 

scenarios and water surplus was computed consequently for each scenario and each time 

period (Figure 5.5). In Scenario A1B, the projected rise of precipitation during the dry season 

(Figure 5.3) contributes to compensate the increase in temperatures during that period (Figure 

5.3) and to slightly arise water surplus during that period until mid-century (Figure 5.5).  

 

Figure 5.5. Expected monthly increases in water surplus during the periods 2030, 2060 and 2080 from the 

TWB model based on scenarios A1B, A2 and B1. The increases are measured against the water surplus 

obtained from the Palmar Meteorological Station historical series. 
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Scenario B1 similarly projects an increase in precipitation during the dry season, and a rise in 

water surplus up to 5% throughout this season from 2060 and 2080. These results are relevant 

since the dry period is the most sensitive to water supply limitations, even more if the 

precipitation drops down in the following months as it is projected in the three scenarios. 

Although these results should be read with caution because of the uncertainty linked to the 

precipitation simulations discussed above, this increase in water surplus is documented for 

some wet tropical areas (Milly et al. 2005)  and it could be associated with number of rainy days 

and an increase on frequency and intensity of heavy extreme events (Kundzewicz et al. 2008), 

which are beyond of the scope of this study.  

Important decreases of water surplus occur for the three scenarios during the rainy season, with 

a maximum decrease on May, which under A1B scenario drop up to 20%, under A2 up to 40% 

and under B1 scenario drop up to almost 60% (Figure 5.5). This rainfall decrease at the starting 

period of the rainy season implies an expansion of the dry period and its connection with the 

“dry summer”, a second and short dry period usually occurring in July, when precipitation 

traditionally decreases during some weeks. Water supply systems of the region are not 

prepared for longer dry periods and scarcity of funding for adaptation initiatives may undercut 

the options of these communities to tackle this future-to-come situations.  

Water balances for land cover scenarios  

TWB model considering deforestation scenario results in 225 Hm
3
 annual water surplus in the 

study area while it rise up to 330 Hm
3
 under the reforestation scenario. Comparing these results 

with the status quo situation (265.2 Hm
3
) they result in -15% and 24% variations respectively 

(Table 5.3). Results from coupling the land cover scenarios with the climatic A1B scenario for 

2030 time period in the TWB model indicate that the meteorological parameters are equal 

contributors as land cover scenarios to future water resource changes, although several authors 

considered climate scenarios more relevant in water balance studies (Candela et al. 2012, Cuo 

et al. 2009, Lin et al. 2007).  
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Table 5.3. Water surplus for A1B climate change scenario in 2030 under projected future land cover 

scenarios for Fila Costeña mountainous range (Costa Rica). Water surplus is calculated considering water 

surplus from the Thornthwaite model multiplied by the forest area under the corresponding scenario. 

Scenario Description Forest (ha) 
Water Surplus 

(Hm3) 

StatusQuo 2009 Land cover 15,918 265.2 

Scenario 1 15% of deforestation due to urbanization 13,530 225.4 

Scenario 2 Reforestation of grassland areas over 30% of slope 19,818 330.1 

 

Land cover scenarios are projecting relatively minor changes in land cover due to a particular 

situation in Costa Rica, where a cutting ban exists over any kind of forest and most of the 

agricultural suitable land is already under production. These factors determine a minor 

deforestation land cover dynamic in the future and even then, created scenarios have a 

moderate impact over the water budget. However, even considering these legal issues, 

deforestation has been observed in the study region (Chapter 2 of this present Thesis) and it is 

expected to be continued in the near future, specially taking into consideration urbanization of 

hilly places near the coast, associated to the tourism expansion. Deforestation scenario 

assumes 15% deforestation over the forest in the upper catchment areas, and subsequently, 

the annual water surplus decreases under this scenario. This decrease in water surplus is 

homogeneous along the year. Reforestation scenario assumes the reforestation of grassland 

areas over 30% of slope, which is becoming currently a trend due to national incentives for 

reforestation and socioeconomic activities growing towards tourism and services. Water surplus 

under this scenario increased almost 25%. The effect of this forest recovery would report an 

additional benefit by bringing water supply areas closer to the users and reducing expenses and 

accessibility to the water systems.  
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6. General Discussion 
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6.1. Land cover dynamics and the hydrology of water supply priority areas. 

Osa region comprises mostly rural communities where the economy is based on primary 

industries. At the same time, it is suffering extensive tourism and uncontrolled real estate 

development in recent years. The Fila Costeña mountain range which provides the main source 

of water supply in the region is partially cover by forests which are largely secondary regrowth 

stands developed during the recent forest transition that has been described in Chapter 2. 

Indeed, up to 46% of the reforested area since 1987 is located on very hilly sites of the Fila 

Costeña and the Golfo Dulce forest reserve (Figure 2.4). The forest transition in Osa is reflected 

in a general increase in the forest area and a decrease in grassland area since 1987 as 

identified as well by other authors (Arturo Sánchez-Azofeifa et al. 2003, Fagan et al. 2013). This 

increase in forest area is not linked to a decline in the deforestation process but rather to a rise 

in the reforestation rate. Although most of the deforested area is still being dedicated to 

grassland, an increasing amount of deforested area is being urbanized, with urban areas 

expanding on the upper-catchment areas which are preferred by the tourism sector (Figure 6.1). 

Other land covers emerging in hilly slopes in the region, such as oil palm plantations are a big 

concern in terms of watershed management and hydrological processes related to soil 

degradation, whereas their importance for water supply is limited since they are not yet present 

in upper catchment areas and it is hard to know if anytime would be, due to added costs by 

transporting the harvests. 

 

         

Figure 6.1. Deforested area for urban development in Fila Costeña mountain range (Costa Rica). Author: 

J. Bonatti, 2009. 
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Their expansion over hilly slopes (Figure 6.2) is not been explored sufficiently in the literature, 

but the results from Tinoco Experimental Catchment showed in the present Thesis (Chapters 2 

and 3) supports the hypothesis that the hydrological response of this plantations is worse that 

grasslands in the same position, reflected in higher runoff coefficients and sediment yields 

(Figure 4.2). Most of the research on oil palm has been conducted in Asia, where the species is 

generally planted in areas of former lowland tropical forests (Meijerink et al. 2008, Müller et al. 

2008). Studies in Malaysia did report runoff coefficients measured in plots of up to 44% 

(Banabas et al. 2008) and a decrease in soil porosity and hydraulic conductivity Ks after 

deforestation (Firdaus et al. 2010). The net expansion of oil palm plantations over the hillsides 

in Osa can eventually limit potential sites for forest regrowth over grassland abandonment in the 

near future with a direct effect on the fragmentation and interconnectivity of existing forest 

patches.  

However, even under high population densities, there can be sufficient room for most land cover 

and land uses if a proper land planning is achieved considering technical, environmental and 

socioeconomic factors. As an example, zoning is a tool available to development planners for 

ordering and directing the development of the region (Lugo 2002). Costa Rica has mechanisms 

for assessing the suitability of land uses, taking into consideration that the short term interests 

of entrepreneurs should not collide with long term interests of society. In this context, the 

challenge is to adapt those mechanisms to the current land cover processes and control the 

expansion of practices before it would be too late. 

 

           

Figure 6.2. Oil Palm plantations over hilly slopes in Tinoco Experimental Catchment (Costa Rica). 
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The region is now facing important socioeconomic and environmental changes that are 

endangering the ecosystems provisioning of water resources to the communities. Rural 

Community Water Supply Systems (ASADAS) are dealing by themselves with their freshwater 

availability concerns. Actually, the low political support towards the ASADAS to protect and 

increase water supply areas and the low control over urban developments in the upper 

catchment areas are two major issues in water management schemes. 

Costa Rican payment for environmental services (PES) program was pioneered in rewarding 

ecosystem services of forests (Pagiola 2008), recognizing 4 major types of ecosystem services 

that are offered by the country's tropical forests: greenhouse gas mitigation, watershed 

protection, biodiversity conservation, and preservation of scenic beauty. PES program effect on 

water resource availability has not been directly assessed in this thesis due to the lack of 

socioeconomic data at county level. As an overview of the program, there have been more than 

14,000 contracts at nation level since 1997 and only 487 contracts have been for Watershed 

protection and they were mainly focused in hydroelectrical projects (FONAFIFO 2014). 

Nevertheless, several prior studies have studied the overall influence of the program in Osa and 

have concluded that their effect on the net forest recovery has been exiguous (Barton et al. 

2009, Engel et al. 2008, Sanchez‐Azofeifa et al. 2007, Sierra and Russman 2006) since forest 

owners participating in the program would still conserve their forest even without compensation 

(Fletcher and Breitling 2012, Langholz et al. 2000, Sanchez‐Azofeifa et al. 2007). However, they 

could be important in the case of forest regrowth in farmland areas of owners seeking to 

abandoned agriculture (Sierra and Russman 2006).  

The PES program could be also a key tool for ASADAS to negotiate with upper catchment land 

owners, who can see an incentive to enroll in contracts that commit them to reforest or conserve 

forest areas that could be important for water supply system sustainability. Since payments 

based on a “first-come-first-serve” basis have been proven to do little or nothing to counter the 

threats associated with the land use change processes (Sierra and Russman 2006), the 

program could evolve and compensate hydrological services by prioritizing forest areas in use 

by the water supply systems of the communities. These reforested areas would be a 

medium/long term option for water supply when secondary forests develop sufficiently.  
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The results from Tinoco Experimental Catchment do not show big differences at the present 

time between secondary forest regrowth, forest plantation and grasslands in terms of physical 

and hydrological soil properties at plot scale which might be caused by the high spatial 

variability of these variables in the plots. Moreover, full recovery of soil physical properties is 

slow and is likely to require many decades (Hassler et al. 2011, Zimmermann and Elsenbeer 

2008, Zimmermann et al. 2010). However, secondary forest storm-runoff response in the plots 

at Tinoco Experimental Catchment is 10-fold lower than grassland response, influenced by high 

surface roughness and the fact that water flows through the litter layer of the soil, slowing down 

the infiltration and balancing the role of the hydraulic conductivity on the process.  

6.2. Impact of global changes in water resources for rural communities  

Although Osa region, as part of Costa Rica and Central America, is well-endowed with water 

resources, seasonal imbalances of water availability are common in this Pacific side, with a 

well-defined period (Figure 5.4). Due to these seasonal imbalances during the dry season, 

some rivers dry up often living rural areas without a reliable source of water supply for up to half 

the year since there are not water reservoir infrastructures available in the communities.  

The assessment of future climate change projections impacts deliver contrasting news for Osa 

region. Precipitation simulations exhibit a positive increase during the dry season for the three 

scenarios and a decrease during the rainy season, with the highest magnitude (up to 25%) by 

the end of the 21st century under scenario B1. However, these results should be taken carefully 

since a high variability in the precipitation estimations is observed. Monthly mean temperature 

simulations increase for the three scenarios throughout the year with a maximum increase 

during the dry season of 5% under A1B and A2 scenarios and 4% under B1 scenario. 

Since the projections for future climate have at the same time positive and negative implications 

for the region, the only feasible way to obtain some quantitative figures about the impact of 

these environmental changes on the hydrological cycle is through rainfall-runoff modeling. 

These models transform the changed meteorological forcing and the land use change impact in 

the hydrological response of a catchment. However, the uncertainty involved in this type of 

climate change impact assessment limits the value of the results. Any model prediction in 
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hydrology is uncertain; it has to be acknowledged that climate change impact assessment 

introduces a new important source of uncertainty, the uncertainty associated with the climate 

scenario.  

 

Figure 6.3. Spring and water supply System in Tinoco River at 209 meters above sea level. Author: J. 

Olabarri, 2009.  

 

 

Figure 6.4. Surface water source in Coronado River at 127 meters above sea level. Author: J. Olabarri, 

2009. 
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Despite this uncertainty, the water balance models proposed in Chapter 5 are consistent and 

they show important changes in water availability under all the emission scenarios. Water 

availability decreases during the wet season in general with a maximum decrease on May, 

which under A1B scenario drops up to 20%, under A2 up to 40% and under B1 scenario drop 

up to almost 60%. This decrease in water availability during the first transitional month (May) 

and the mid-summer drought period (in July) (Figure 5.5), when water supply is more critic, may 

pose a problem taking into consideration the abovementioned lack of proper infrastructures in 

the rural communities. Besides, the slightly increase on water availability during the dry season, 

although it is positive for the region, presents doubts about the sustainability of future 

developments in the region, as it might not be enough taking into account the current population 

growth and the expected rise of water consumption (Guzmán-Arias and Calvo-Alvarado 2013).  

When taking into account land cover scenarios simulated for 2030, climate change effects 

would be mitigated until some extent under the reforestation scenario, with an increase of water 

surplus of 24%. On the other hand, under the deforestation scenario, water availability would 

decrease an additional 15% under the climate scenarios. The combination of future land cover 

and climate scenarios in coupled global environmental scenarios should be performed to 

improve the results of this project. Yet a more complete and integrated analysis of forest-

atmosphere interactions is required. Tropical forests are vulnerable to a warmer climate (Malhi 

et al. 2008) but in the other hand, reforestation processes would likely have a positive benefit on 

climate that mitigates global warming through evaporative cooling and carbon sequestration 

(Bala et al. 2007). So, taking into account how forest influences the climate, there is a need to 

assess coupled models where to combine the effects of climate scenarios over land cover 

scenarios and vice-versa. 

 

 

 

  



97 

7. Conclusions 
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1. The deforestation rate in the Osa region remains relatively constant over the 1987-2009 

period while the reforestation rate increased, causing a net increase in forest cover. Nearly 

half of the reforested area in the periods 1987 - 2009 remained as secondary forest in 2009 

(20,956 ha), playing a key role in the region by decreasing forest fragmentation and 

strengthening the natural corridor connecting Corcovado National Park, Piedras Blancas 

National Park and the Fila Costeña mountain range 

2. Our results reveal no direct temporal link between environmental policies and secondary 

forest regrowth, although policies are part of the complex mosaic of factors that could be 

affecting land cover changes. Forest recovery rates during the 1987-1998 and the 1998-2003 

periods evidence the fact that the Payment for Environmental Services program and the 

Forest Law No.7575 of 1996 which prohibits land use change in forested areas were not 

particularly influential in Osa Region land cover dynamics. Despite the formulation of this 

Forest Law in 1996, the deforestation rate remains relatively constant during the study period.  

3. Land cover mosaics which have resulted from the above mentioned processes and the 

recent demographic and economic changes are characterized by the abandonment of 

marginal farmland activities with the spread over these former grasslands of high return crops 

such as oil palm plantations and the expansion of secondary forests due to reforestation 

initiatives in the upper catchments areas. 

4. These land use changes have a significant impact on runoff generation in priority water-

supply catchments in the humid tropics, as evidenced by the analysis of the Tinoco 

Experimental Catchment in the Southern Pacific area of Costa Rica. This land use change 

impact along with the increase in population are generating a new landscape, giving rise to the 

need of providing field-calibrated parameters for watershed management and land use 

planning in the region. More experimental catchments with longer records are needed in the 

region to fully characterize the present and future land use and water schemes.  

5.  Secondary forests, which have developed over a 12-15 year period following the 

abandonment of pastureland, generate very low runoff in normal and high intensity rain events 
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with a runoff coefficient of 1.7% under natural storms recorded in experimental plots at Tinoco 

Experimental Catchment. Secondary forest shows a significantly lower runoff response than 

grassland and oil palm plantations. 

6. Oil palm plantations present the highest storm-runoff response (mean RC=32.6%) at plot 

scale, twice that measured under grasslands (mean RC=15.3%) and 20-fold that of secondary 

forests under natural storm conditions.  

7. Priority areas for water supply in rural communities in Osa County are small patches of 

secondary forests situated in sensitive areas of the Fila Costeña mountain range. Annual 

water balance of these forest areas computed for the meteorological historical data is 291 Hm
3
 

with water deficit arising during December – April, which is considered the dry period of the 

study site. 

8. Future climate change projections deliver contrasting results for Osa region. Precipitation 

simulations exhibit a positive increase during the dry season for the three studied scenarios 

and a decrease during the rainy season, with the highest magnitude (up to 25%) by the end of 

the 21st century under scenario B1. Monthly mean temperature simulations increase for the 

three scenarios throughout the year with a maximum increase during the dry season of 5% 

under A1B and A2 scenarios and 4% under B1 scenario. 

9. A 15% deforestation rate over the forest in the upper catchment areas, associated with 

urbanization and tourism expansion would led to a subsequently decrease in annual water 

surplus whereas the reforestation of grassland areas over 30% of slope would results in a 

water surplus increase of almost 25%. 

10.  The Thornthwaite Water Balance model indicates that meteorological parameters are 

equal contributors as land cover scenarios to future water resource estimations. Since water 

supply may be limited due to current land cover dynamics and future expected rise of water 

consumption in the region, there is a need to assess coupled models where to combine the 

effects of climate scenarios over land cover scenarios and vice-versa to ensure the 

sustainability of the water supply systems on the Osa region.  
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Relative importance of the input information used by See5 classifier 

Relative importance of the input information used by See5 classifier for computing land cover 

classification maps over the study region in Osa County (South Pacific Costa Rica) in 1987, 

1998, 2003 and 2009. 

1987  1998  2003  2009 

ATRIBUTE 

USAGE 

INPUT 

BAND 

 ATRIBUTE 

USAGE 

INPUT 

BAND 

 ATRIBUTE 

USAGE 

INPUT 

BAND 

 ATRIBUTE 

USAGE 

INPUT 

BAND 

100% L-B1  100% L-B1  100% L-B2  100% Spot B1 

100% L-B3  100% L-B2  100% L-B3  100% Spot B2 

100% L-B6  100% L-B3  100% L-B7  100% Spot B3 

100% L-B7  100% L-B7  100% NDVI  96% DEM 

100% TC-B  100% TC-W  100% TC-G  86% TEX M 

87% DEM  99% L-B5  100% TC-W  84% SLOPE 

86% TEX4H  86% TEX M  88% DEM  81% NDVI 

85% L-B5  83% TC-G  88% L-B5  73% TEX H 

73% TC-W  82% DEM  86% TC B  68% TEX E 

73% TEX M  79% TEX H  80% TEX M  64% TEX CO 

59% TEX C  73% NDVI  74% L-B1  58% TEX S 

58% TC-G  63% TC-B  73% TEX V  54% TEX V 

55% NDVI  49% TEX D  64% ASPECT  51% ASPECT 

43% SLOPE  49% TEX V  57% SLOPE  50% TEX D 

31% TEX E  46% L-B4  54% L-B4  47% TEX C 

L-B1: Landsat Band 1, L-B2: Landsat Band 2, L-B3: Landsat Band 3, L-B4: Landsat Band 4, L-B5: Landsat 

Band 5, L-B6: Landsat Band 6, L-B7: Landsat Band 7, TC-G: Greenness Tasseled Cap Band, TC-W: 

Wetness Tasseled Cap Band, TC-B: Brightness Tasseled Cap Band, DEM: Digital Elevation Model, NDVI: 

Normalized Difference Vegetation Index, TEX M: Texture Mean, TEX V: Texture Variance, TEX H: Texture 

Homogeneity, TEX C: Texture Contrast, TEX D: Texture Dissimilarity, TEX E: Texture Entropy TEX S: 

Texture Second Moment, and TEX CO: Texture Correlation 
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Land cover change dynamics and change rate 

Land cover change dynamics (ha) and change rate (ha/ha) for the period 1987 – 1998 over the 

study region in Osa County (South Pacific Costa Rica).  

  1998 

TOTAL 1987 CHANGE RATE 

  GR FP PP MF WE BU TF 

1987 

GR 15241 1830 1314 36 835 5747 4898 29902 0.49 

FP 0 0 0 0 0 0 0 0 0.00 

PP 1991 233 2298 69 254 602 412 5860 0.61 

MF 490 0 101 9372 141 99 797 11000 0.15 

WE 978 43 343 40 4442 289 995 7131 0.38 

BU 2262 162 293 23 45 1900 204 4891 0.61 

TF 6053 780 810 889 2082 658 38605 49875 0.23 

TOTAL1998 27016 3048 5159 10429 7799 9295 45912   

GR: Grassland class; FP: Forest Plantation class; PP: Palm Plantations class; MF: Mangrove Forest class; 

WE: Wetland Class; BU: Bare soil and urban area class; TF: Tropical Forest class. 
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Land cover change dynamics (ha) and change rate (ha/ha) for the period 1998 – 2003 over the 

study region in Osa County (South Pacific Costa Rica).  

 
 2003 

TOTAL 

1998 

CHANGE 

RATE  
 GR FP PP MF WE BU TF 

1998 

GR 13348 1565 1044 199 3307 2407 5146 27016 0.51 

FP 603 1191 345 3 173 46 687 3048 0.61 

PP 1249 642 1777 53 320 93 1024 5159 0.66 

MF 60 9 73 8884 445 112 846 10429 0.15 

WE 355 332 193 81 4424 79 2334 7799 0.43 

BU 5066 167 296 38 433 2934 361 9295 0.68 

TF 2032 895 434 538 3249 419 38345 45912 0.16 

TOTAL2003 22713 4802 4160 9797 12351 6090 48744   

GR: Grassland class; FP: Forest Plantation class; PP: Palm Plantations class; MF: Mangrove Forest class; 

WE: Wetland Class; BU: Bare soil and urban area class; TF: Tropical Forest class. 
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Land cover change dynamics (ha) and change rate (ha/ha) for the period 2003 – 2009 over the 

study region in Osa County (South Pacific Costa Rica). 

  2009 TOTAL 

2003 

CHANGE 

RATE   GR FP PP MF WE BU TF 

2003 

GR 7703 945 583 360 1247 5631 5865 22334 0.66 

FP 1197 826 495 23 539 545 1091 4716 0.82 

PP 689 459 1619 93 298 494 423 4075 0.60 

MF 298 46 596 7082 238 244 484 8987 0.21 

WE 2070 525 263 509 4040 966 3821 12193 0.67 

BU 1253 185 100 143 199 3284 802 5966 0.45 

TF 4180 474 319 1822 1724 1346 38322 48185 0.20 

TOTAL2009 17389 3460 3973 10032 8285 12510 50808   

GR: Grassland class; FP: Forest Plantation class; PP: Palm Plantations class; MF: Mangrove Forest class; 

WE: Wetland Class; BU: Bare soil and urban area class; TF: Tropical Forest class. 
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ANNEX 3 
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Error assessment of the General Circulation Models used for the climate escenarios 

Error assessment for the BCM2 model 

The average daily precipitation (1951-1999) of 86.3 dL day
-1

 predicted with NCEP and 84 dL 

day
-1

 predicted with 20C3M. The annual average of the error of the estimation in the daily 

precipitation (1951-1999) is estimated 8.65 %. The average daily maximum T is predicted as 

28.7 ºC with NCEP, while it is predicted as 28.8 ºC with 20C3M. The average daily minimum T 

is predicted as 19.0 ºC with NCEP, while it is predicted as 18.8 ºC with 20C3M. Details about 

the monthly distribution of these variables can be observed in Figure A1. 

 

 

Figure A1. Error assessment for the climate predictions done using the BCM2 model 
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Error assessment for the CNCM3 model 

The average daily precipitation (1951-1999) of 86.3 dL day
-1

 predicted with NCEP and 66.2 dL 

day
-1

 predicted with 20C3M. The annual average of the error of the estimation in the daily 

precipitation (1951-1999) is estimated 22.67 %. The average daily maximum T is predicted as 

28.7 ºC with NCEP, while it is predicted as 29.0 ºC with 20C3M. The average daily minimum T 

is predicted as 19.0 ºC with NCEP, while it is predicted as 18.8 ºC with 20C3M. Details about 

the monthly distribution of these variables can be observed in Figure A2. 

 

 

 

Figure A2. Error assessment for the climate predictions done using the BCM2 model 
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Error assessment for the ECHAM5 model 

The average daily precipitation (1951-1999) of 85.9 dL day
-1

 predicted with NCEP and 77.7 dL 

day
-1

 predicted with 20C3M. The annual average of the error of the estimation in the daily 

precipitation (1951-1999) is estimated 8.15 %. The average daily maximum T is predicted as 

28.7 ºC with NCEP, while it is predicted as 28.9 ºC with 20C3M. The average daily minimum T 

is predicted as 19.0 ºC with NCEP, while it is predicted as 19.0 ºC with 20C3M. Details about 

the monthly distribution of these variables can be observed in Figure A3. 

 

 

Figure A3. Error assessment for the climate predictions done using the BCM2 model 

 

 

 


