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Abstract 

The main objective of this thesis was to identify and integrate scientific knowledge of ecosystem 

characterization and quantification with the goal of assessing ecosystem services (ES) in tropical 

dry forests (TDFs). By doing so, first I identify main existing gaps and trends on the 

quantification of ES (provisioning, regulating and supporting) and potential approaches that can 

be used in TDFs. Overall results showed considerable efforts and research have been increasing 

in recent decades in the TDFs of America in order to quantify key biophysical variables that 

support the ES assessment of these forests. Carbon storage and biodiversity are the dominant 

studied themes, while water and soil lack from studies and methodologies for their services 

assessment. Most popular methods found to assess ES were literature reviews, remote sensing 

techniques, and forest and biodiversity inventories.  

I also provide an innovative approach to assess a key component of an ES (primary productivity) 

for different successional stages in a TDF. This study provides a methodology for the estimation 

of the LAI using the light diffusion through the canopy in two successional stages of a TDF. I 

demonstrate how vegetation indices derived from measurements obtained from optical 

phenology towers can be used as a tool for quantifying, monitoring, and detecting changes in 

canopy structure and primary productivity in secondary TDFs. Quantifying and modeling these 

ecosystem processes could help us evaluate ES and develop sustainable practices for the 

appropiate management and conservation of TDFs. 

Keywords: ecosystem services, assessment, tropical dry forests, Leaf Area Index. 
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Glossary of terms 

Assessment: The analysis and review of information for the purpose of helping someone in a 

position of responsibility to evaluate possible actions or think about a problem. Assessment 

means assembling, summarising, organising, interpreting, and possibly reconciling pieces of 

existing knowledge and communicating them so that they are relevant and helpful to an 

intelligent but inexpert decision-maker (Maes 2013). 

Ecosystem function: Subset of the interactions between biophysical structures, biodiversity and 

ecosystem processes that underpin the capacity of an ecosystem to provide ecosystem services 

(TEEB 2010).  

Ecosystem process: Any change or reaction which occurs within ecosystems, physical, chemical 

or biological. Ecosystem processes include decomposition, production, nutrient cycling, and 

fluxes of nutrients and energy (Maes 2013). 

Ecosystem service: The benefits that people obtain from ecosystems. The direct and indirect 

contributions of ecosystems to human wellbeing (TEEB 2010). 

Ecosystem: A dynamic complex of plant, animal, and microorganism communities and their 

non-living environment interacting as a functional unit (Maes 2013). 

Functional traits: A feature of an organism that has demonstrable links to the organism’s 

function (Maes 2013). 
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1. Chapter one - Introduction 

 

Tropical dry forests (TDFs) are considered the first frontier for economic development in Latin 

America. Early Mesoamerican cultures and later Spanish and Portuguese conquerors selected 

this ecosystem to create their first human settlements (Murphy and Lugo 1986; Sánchez-Azofeifa 

et al. 2005; Neves et al. 2010; Castillo et al. 2013). Today, the economic and anthropogenic 

pressures suffered by the TDFs have made them one of the most deforested and the least 

protected forest ecosystem of the Americas (Janzen, 1988; Sánchez-Azofeifa et al. 2005; Calvo-

Alvarado et al. 2009; Neves et al. 2010).  TDFs are broadly defined as a vegetation type 

dominated by deciduous trees  (at least 50% of trees present are drought deciduous), with an 

annual average temperature of at least 25°C or higher, annual precipitation of 700-2000 mm per 

year, and a dry season (precipitation less than 100 mm) of three or more months (Sánchez-

Azofeifa et al. 2005).   

 According to Miles et al. (2006) TDFs cover 42% of all the tropical forests and have a 

vast distribution in the Neotropical (from Mexico to Northern Argentina) and the Caribbean 

region. The original extend of TDFs in the Americas was estimated to be 520,000 km
2
 across 18 

countries, with less than 40% left of their potential extent (Portillo-Quintero and Sánchez-

Azofeifa 2010).  Of its total current extension, only 4.5% or 23,417 km
2
 are protected by nature 

reserves (Portillo-Quintero and Sánchez-Azofeifa 2010). Political and economic circumstances 

have increased anthropogenic pressure in these ecosystems, leading to severe disturbances and 

extensive clearing (Sánchez-Azofeifa et al. 2005).  

 TDF suffer from strong anthropogenic forces as a result of their high relative fertile soils, 

with low rates of nutrient leaching and soil development (Portillo-Quintero et al. 2014). They 
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also possess a marked rainfall seasonality that allows for short cycle crops, limiting the 

propagation of pathogens and insects. Furthermore, clearing TDF lands is physically easier than 

other forest types given their low structural complexity (Ewel 1999; Murphy and Lugo 1986; 

Fajardo et al. 2005; Portillo-Quintero and Sánchez-Azofeifa 2010). This explains why the main 

threats to TDF in the Neotropics are agricultural development, timber extraction, and expansion 

of cattle ranching (Fajardo et al. 2005). Today, the remaining TDFs can be found as fragments 

embedded in matrices of perturbed and heterogeneous land covers (Portillo-Quintero and 

Sánchez-Azofeifa 2010). 

 From a biological perspective, TDFs sustain a high biological diversity, including a 

remarkable amount of endemic species (Linares-Palomino 2011; Mass et al. 2005). In the 

Americas, endemism levels of TDFs in most regions tend to be higher than in adjacent moist 

forests (Linares-Palomino et al. 2011). Furthermore, TDFs have important above and below 

ground carbon reservoirs. The aboveground live biomass for deciduous TDF ranges from 35 to 

140 megagrams per hectare and can go up to 225 megagrams per hectare for some TDF 

(Jaramillo et al. 2011). The root biomass ranges from 17 megagrams per hectare in Chamela-

Cuixmala TDF to 66.8 megagrams per hectare in Venezuela TDFs (Jaramillo et al. 2011). 

Portillo-Quintero et al. (2014) mentions that if TDFs were restored in America, they could 

potentially add 8 Pg of carbon to the potential total ecosystem carbon stock.  They also help with 

the protection of soils and water. Portillo-Quintero et al. (2014) found that at least 66% of water 

reservoirs in the neotropics are located within dry forest ecoregions.  

 TDFs also provide essential ecosystem services that support the means upon which 

millions of subsistence farmers depend (Mass et al. 2005). For instance, TDFs provide an 

important source of firewood, medicinal plants, shade, and animals for hunting (Castillo et al. 
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2005; Balvanera et al. 2011). These timber and non-timber products are critical to the livelihoods 

and well-being of millions of the world's poorest people (Mass et al. 2005; Blackie et al. 2014). 

TDF also contribute to human well-being through a wide variety of services including regulation 

of soil fertility, erosion, water cycle, climate, pollinators, pests, disease vectors, invasive species, 

and impacts of extreme meteorological events, as well as many cultural services (Balvanera et al. 

2011). 

 It is also recognized that TDFs provide goods and services that differ from those of 

tropical humid rainforests, consequently requiring different approaches for management and 

conservation (Blackie et al. 2014). Nevertheless, few efforts have been put towards the 

conservation and sustainable management of TDFs (Portillo-Quintero et al. 2014). This has 

translated on a significant gap between research conducted in tropical humid rainforests and 

TDFs (Trejo and Dirzo 2000; Sánchez-Azofeifa et al. 2005; Portillo-Quintero and Sánchez-

Azofeifa 2010).  It is also known that most efforts and research addressing ecological and 

conservation issues of TDFs are not evenly distributed across the Neotropics, focusing only in 

few countries like Mexico, Brazil and Costa Rica (Gentry 1995; Fajardo et al. 2005;  Sánchez-

Azofeifa et al. 2005). 

 It is fundamentally clear that the lack of research, protection and high loss of these forests 

due to extensive deforestation is causing serious threats to biodiversity and ecosystem services 

across the Americas. Despite all of this, TDFs are also facing in the new century the great threat 

of climate change. It has been recognized that droughts will intensify in the 21st century, due to 

reduced precipitation and/or increased evapotranspiration (IPCC 2012). According to the United 

Nations World Food Program (WFP), this year, the most severe drought in 30 years, left up 2.81 

million people in starvation situations in the called "dry corridor" in Central America. This 

http://www.sciencedirect.com.login.ezproxy.library.ualberta.ca/science/article/pii/S0006320709004200#bib36
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drought also affected South America and Mexico, causing widespread damage to crops, 

shortages and rising prices of food and aggravating hunger among the regions poorest (WFP 

2014). Although these alarming signs, there is a striking lack of research on how climate change 

will affect TDFs and how forest management and adaptation should be addressed (Blackie et al. 

2014).  

 Future research in TDFs should be devoted to localized solutions that can be transformed 

into practical tools and guidance for managers, particularly for smallholders that lack the 

resources for adaptation (Blackie et al. 2014). Inspired by this reality Tropi-Dry research 

network was created in 2004 (Sánchez-Azofeifa et al. 2005). "The fundamental goal of Tropi-

Dry is to produce an integrative overview of the human and biophysical dimensions of TDFs that 

can be used as an objective platform for policy and decision making" (Sánchez-Azofeifa et al. 

2014). 

 Although a large number of publications and research dealing with TDF have been 

published in recent years, this knowledge is still inaccessible or ignored by the majority of the 

parts in which the management and protection of this ecosystem lies.  As part of Tropi-Dry 

research network, this thesis aims to identify and integrate scientific knowledge of TDFs and 

relate this to ecosystem characterization and quantification in order to assist decision-makers, 

landholders and government agencies to assess the ecosystem services provided by TDFs. The 

present thesis compiles 4 chapters, all following the main trend of quantification of ecosystem 

services in tropical dry forests. 

 The main objective of Chapter 2 "Assessing Ecosystem Services in neotropical Dry 

Forests" is to develop a meta-analysis of the existing methodologies for evaluating and 

quantifying the biophysical parameters of the ecosystem services from tropical dry forests in 
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America. In order to accomplish this I focus only on the ecosystem services established by the 

Millennium Ecosystem Assessment (MEA 2005) and only on key indicators for the evaluation of 

water, carbon, soils and biodiversity services. By doing so, I intend to identify existing gaps in 

the quantification of ecosystem services (provisioning, regulating and supporting) for TDFs. The 

last objective of this research is to build guidelines that could allow managers, government 

agencies and stakeholders to quantify the goods provided by their forests following easy, 

inexpensive and accurate techniques that have been proven in TDFs or other types of 

ecosystems.  

 The main objectives of Chapter 3 "Ecosystem characterization and light diffusion of 

two Tropical Dry Forests (TDF)" is to characterize forest structure, composition of species and 

leaf development using light diffusion through the canopy as a variable associated to the 

provision of a key ecosystem service (Net Primary Productivity) and analyze the temporal 

change of this variable in two successional stages in a Costa Rican TDF. With this I provide a 

new approach to estimate LAI in a continuous base using the relationship between light diffusion 

through the canopy and spectral vegetation indexes (VI).  

 Finally Chapter 4 "Conclusions and future work" summarizes the challenges for future 

monitoring of tropical dry forests in the context of ecological succession and remote sensing. In 

addition, this chapter addresses main recommendations and future work necessary for the 

evaluation of ecosystem services in TDFs. 
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2. Chapter two – Assessing Ecosystem Services in neotropical Dry Forests 

 

2.1. Introduction 

Ecosystem Services (ES) are defined as “the benefits people obtain from ecosystems” (Daily 

2000; MEA 2005; Mass et al. 2005), or "a function of complex interactions among species and 

their abiotic environment; complex use and utilization patterns; and various perceptions by 

beneficiaries" (Fisher et al. 2009). According to De Groot (1992), ES are "the capacity of natural 

processes and components to provide goods and services that satisfy human needs, directly or 

indirectly". In spite of the differences in terminology, for most authors and studies, there is a 

strong relationship between the maintenance of ecosystem functions and the well-being of 

humanity (Geneletti 2011; Balvanera et al. 2011; Partidario and Gomes 2013; TEEB 2010). 

 The origins of the environmental movement and the modern history of ES can be traced 

back to 1962 when Rachel Carson published her famous book "Silent Spring", putting in the 

public eye the discussion of the benefits and harms derived from the human-environment 

relationship. Then in the 70s and 80s ecologists (e.g., Ehrlich and Ehrlich 1970; Westman 

1977; De Groot 1987) developed these ideas more deeply and began using the term "services", 

defining what ES provided to society.  

 By 2005 these definitions were formalized by the United Nations (UN) in the Millennium 

Ecosystem Assessment (MEA 2005), thanks to a 4-year study involving more than 1,300 

scientists worldwide. They grouped ES into four broad categories: provisioning, such as the 

production of food and water; regulating, such as the control of climate; supporting, such as 

nutrient cycles and crop pollination; and cultural, such as spiritual and recreational benefits. 

Later, between 2007 and 2010 a second international initiative was carried out by the UN and 

called the Economics of Ecosystems and Biodiversity (TEEB 2010). The TEEB report 
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emphasized on relationship between biodiversity and ES and showed the importance for human 

well-being. This important report makes the first institutional connection, at the UN level, 

between economics and ES.  

 The importance of these conservation strategies has triggered a myriad of schemes and 

methods to evaluate and classify these services. Many approaches have been proposed and 

several markets of Ecosystems Services have been created (Bayon 2004; Gómez-Baggethun et 

al. 2010). In 2004, over 300 Payment for Ecosystem Services (PES) schemes existed in the world 

(Mayrand and Paquin 2004). Although most of these schemes have not been applied or are in an 

early stage of experimentation, these schemes have been excellent tools for helping decision-

makers realize the importance of sustainable management strategies (Turner et al. 1998; Daily et 

al. 2000; Mass et al. 2005). 

 According to de Groot et al. (2012), the global value of ES in 2011 was estimated to be 

$125 trillion/yr, where the total economic value of tropical forests is approximately $5,264 

ha/year (de Groot et al. 2012). But beyond the monetary values and the most obvious benefits we 

obtain from ecosystems, there are many other intangible ecosystem functions that are essential 

for human well-being. The value we give these services depends on societal perceptions and 

preferences for different ES (Balvanera et al. 2012). 

 In spite of these efforts, there is still a debate amongst the scientific community regarding 

how these services are considered and valued. Some of the criticisms of these frameworks focus 

on the use of extrapolated data, where different biomes are sometimes integrated under one 

classification (Costanza et al. 2014), and the fact that few frameworks evaluate multiple ES 

(Kinzig et al. 2011). According to Balvanera et al. (2012), there is a lack of information and 

comparable methods to assess the same ES in Latin America and for inter-country comparisons.  
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In addition, Latin American research efforts have focused mainly on ES at global and regional 

scales (e.g., carbon storage), with more localized ES receiving less attention (e.g., microclimatic 

conditions, floods) (Balvanera et al. 2012).    

ES in the tropical dry forests of America 

Neotropical dry forests have a distribution of approximately 700,000-km² in the Americas and 

they account for 67% of the global coverage of this type of ecosystem (Dirzo et al. 2011, 

Portillo-Quintero and Sánchez-Azofeifa, 2011). Although, TDF are highly fragmented and only a 

small fraction is on protected areas. In addition, few studies of ES in TDFs have been developed, 

even though they are "the foundation for the livelihoods of millions of people around the world" 

(Mass et al. 2005). 

 TDFs provide a wide variety of ES that are crucial for human well-being (Balvanera et al. 

2011). In spite of the fact that water scarcity is the major limiting factor that shapes TDFs, 66% 

of the reservoirs and dams in tropical regions of America are located in dry ecoregions (Portillo-

Quintero et al. 2014), where TDFs have a direct influence on 44% of the major cities. In 

addition, TDFs sustain a high biological diversity (including many endemic species) (Linares-

Palomino 2011), possess important above-ground and below-ground carbon reservoirs, and help 

with the protection of soil and water, ensuring a higher quality of water (Balvanera et al. 2011).  

 Maass et al. (2005) identified main services provided by TDFs in Chamela–Cuixmala 

Biosphere Reserve, Jalisco, Mexico:  provides fresh water, provides agricultural and pastoral 

goods, helps to preserve biodiversity, regulates climate, helps maintain soil fertility, controls 

floods, and provides scenic beauty. Among the most important provisioning services described 

by Balvanera et al. (2011) from TDFs are food (from agriculture and cattle ranching), timber, 

non-timber forest products, biofuels, and germ-plasm (Balvanera et al. 2011). Also, TDFs 
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provide important regulating services such as erosion control, regulation of soil fertility, 

improves water quality, facilitates the storage of carbon, regulates carbon emissions, and climate 

(Balvanera et al. 2011). TDFs also hold a well-defined phenological cycle, which makes them 

potential proxies for the biological response of plants, trees, watersheds, carbon emissions 

among others, under scenarios of climate change, specifically under drought effects (Barreda-

Bautista et al. 2011). 

Why is it important to evaluate ES of TDFs in America? 

Current governmental land management policies and regulations in the region are still based on 

the misconception that TDFs are “useless” for biodiversity conservation (Portillo-Quintero et al. 

2014). This position results in the absence of explicit policies for its preservation, management, 

and use (Quesada et al. 2009). Furthermore, this perception is reflected on TDFs having less 

protection than humid forests (4.5% versus 25%) (Portillo-Quintero and Sánchez-Azofeifa 2009; 

Scharlemann et al. 2010).  

 Many of these TDFs regions are also currently under great pressure from population 

growth, land use, and future climate change (Farrick and Branfireun 2013). According to Miles 

et al. (2006), more than 30% of the global TDFs are at risk of decline under a climate change 

scenario of a 2.5°C increase.  This scenario has significant implications for the future functioning 

of their natural and socioeconomic systems (Farrick and Branfireun 2013). 

 Moreover, frameworks to assess ES in TDFs are scarce, scattered, and sometimes not 

comparable. Many frameworks to assess ES at a global scale include TDFs under the general 

category of tropical forest, assuming the services that TDFs provide are the same as those 

provided by humid forest or rain forest (e.g., Costanza et al. 2014).  Little is known still about 

the ES provided by TDFs (Maass et al. 2005). 
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 Assessing ES is useful for prioritisation and problem identification, especially in relation 

to interactions and trade-offs among different ecosystem services (Maes et al. 2013). These 

assessments can also assist decision-makers in identifying priority areas and in constructing 

relevant policy measures, including the improvement in measuring and demonstrating/evaluating 

the benefits of ES in relation to costs (Maes et al. 2013). These tools are becoming key 

instruments to guide decision-making and to quantify their quality. Also, ES experience changes 

in their demand and supply, which requires evaluation and monitoring of these changes, which 

results in some urgency to develop standardized methodologies to quantify the biophysical 

parameters that drive and characterize ES (Martínez-Harms and Balvanera 2012). 

 Given this context, this study aimed to analyzed schemes and methods for assessing ES 

in TDFs.  In this review, I focused only on the ES established by MEA (2005) and CICES 

(2013). As such this study focuses on key indicators for evaluating water, soil, carbon, and 

biodiversity services.  

 The main questions to be answered in this study were: 1) How can ES be assessed in 

TDFs?, 2) What are the current existing evaluation frameworks for carbon, soil, water, and 

biodiversity services?, and 3) Which frameworks have greater potential to be implemented in 

TDFs in America and why?  

 With the information collected, I hope to guide stakeholders, government agencies, and 

NGOs to make more assertive decisions regarding the conservation of TDFs, and to learn how to 

evaluate the environmental benefits.  I hope this summary could help to develop better land use 

policies, conservation programs, PES schemes (Payments for Ecosystem Services), and to guide 

further research. 
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2.2 Methods 

Classification of ES 

Different ES have been defined for forests ecosystems. For this study, I used the Millennium 

Ecosystem Assessment (MEA 2005) categories for ES. They recognized four categories of ES, 

where the “supporting services” represent the foundation for the services of the other categories 

(Table 2.1).  

Data acquisition 

To address questions 1 and 2 of this study, a literature review of studies evaluating specific or 

several ES in TDFs was compiled. For this review, I conducted several systematic web-based 

searches using keywords and Boolean operators in the Web of Science and Scopus. This research 

was conducted between January 2014 and April 2015. Keywords used include: tropical dry forest 

AND ecosystem services OR greenhouse gas regulation OR climate regulation OR carbon 

storage OR soils OR biodiversity OR carbon stocks OR watersheds OR biomass OR forest 

productivity OR water quality OR water quantity OR water supply OR fuel-wood OR non-

timber forest products OR genetic resources OR flood regulation OR erosion regulation OR 

medicinal plants OR land use change OR land cover OR phenology OR flowering OR growth 

rates OR allometric equations  OR pollination. 

 To capture relevant information that could not be tracked in the Web of Science or 

Scopus, I conducted additional searches for governmental publications, agency reports, non-ISI 

(Institute for Scientific Information) papers, websites, and databases of ongoing projects, book 

chapters, synthesis papers, or published manuals or guidelines. I searched within the results for 

specific TDF terms including: tropical dry forest, dry tropical forest, seasonally tropical dry 

forest. Once the database with all the studies was built (Appendix 1), I classified each study 
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within the categories of biodiversity, carbon, soils, or water, according to their area of research 

and the variables measured in the study (Figure 2.1). Subsequently, I classified these same 

studies within the categories of provisioning, regulating, or supporting services and their 

subcategories, according to the services analysed in the studies.  

 Although it is impossible to capture all existing studies involving TDFs, my study tried to 

capture the main links and trends in the evaluation of ES in TDFs. To address question 3, I 

analysed the applicability of some of the studies developed in TDFs or other biomes to measure 

one or several ES. I prepared a synthesis of frameworks that had the most potential to be adapted 

to TDFs, because they were simple methodologies to follow and could be applied in a short time, 

were inexpensive but had high reliability, and could measure more than one ecosystem service. 

Data analysis 

The plots and the geographic distribution of the studies collected for TDFs in America were built 

using the software for analytics developed by IBM® called Many Eyes (Viégas et al. 2007). I 

constructed the network analysis using the software Gephi to reveal the general patterns and 

trends in the data. The main output of this analysis is the sociogram, which provides information 

about the number and strength of connections in the data. K-core analysis and eigenvector 

calculations were used to determine stronger connections. K-core analysis is commonly used in 

network analyses to find core-edge topics (Zhuang et al. 2013). A K-core is a sub graph in which 

each node is connected to at least a minimum number "Kn" of other nodes in the sub graph. As 

"Kn" becomes greater, the relationship among the nodes is stronger (Zhuang et al. 2013). 

Eigenvectors were calculated for each node in the network analysis to assess the centrality of 

each node. Eigenvectors in matrices are useful as measures of centrality or of status inside the 

network (Bonacich
 
and Lloyd 2001). 
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2.3 Results 

In total, 531 studies were found evaluating or measuring an ecosystem service in TDFs. From 

these, 248 studies quantified one or more ecosystem services related to biodiversity, 139 related 

to carbon, 87 related to soils, and only 57 related to water (Figure 2.2).  Studies of biodiversity 

and carbon focused specifically on provisioning services, studies of water focused on regulating 

services, and studies of soil focused on supporting services.  

 In general, the category of supporting services included a greater number of studies 

quantifying primary production (48.5%). Under regulating services, most studies focused on 

carbon stocks (39.4%) and water regulation (28.3%). In the provisioning services category, 

which is the one with the greatest number of studies (n=228), most of them focused on genetic 

resources (68.1%) and biomass production (27.6%) (Figure 2.3). Regulation of air quality, pests, 

and erosion were the least studied services in TDFs (n=5). 

 The locations of the studies included 17 countries in America (Figure 2.4), including 

Mexico, Costa Rica and Brazil with the highest number of publications (291, 96, and 39 

respectively). From all the studies evaluated, 88% focused on secondary TDFs, 7% in old growth 

tropical dry forests, and 5% in watersheds or streams.  

 As expected, the number of studies that quantified or measured one or more variables to 

determine ES in TDFs has been increasing over the years (Figure 2.5) going from 10 studies per 

decade (1970-1980) to more than 250 per decade (2000-2010). However, the number of studies 

stops increasing exponentially around 2006, where the trending curve is normalized. Moreover, 

during the years studies on biodiversity and carbon have been more frequent than studies on 

water and soil (Figure 2.5). For example, in the decade 2000-2010, from the 276 publications 

found, 80% of the studies belong to biodiversity and carbon and only 20% belong to water and 
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soil studies. Which could translate as, from every 10 studies evaluating an ecosystem service in 

TDF, only two consider water and soil services and 8 consider carbon and biodiversity. 

 Most of the studies (61.4%) were focused at local scales, and reported on one location, 

usually National Parks, State Parks, or Nature reserves. Fewer studies (38.6%) focused on global, 

regional, or national scales (Figure 2.6). The most studied locations found in the analysis of the 

database were Chamela–Cuixmala Biosphere Reserve, in Jalisco, Mexico (n=225); Santa Rosa 

National Park, in Guanacaste, Costa Rica (n=42); and Mata Seca State Park in Minas Gerais, 

Brazil (n=18). The most studied regions were the Jalisco state in Mexico (232), and the 

Guanacaste province in Costa Rica (n=96). The most frequently used words in the titles of the 

studies were tropical (present in 68% of the studies), dry (56%), forest (73%), Mexico (20%), 

tree (15%), deciduous (13%) (Figure 2.7). 

 The authors with the greater number of studies found in the database were Sánchez-

Azofeifa (University of Alberta, Canada; 22 studies), Bullock (Universidad Nacional Autonoma 

de Mexico, Mexico; 17 studies), García-Oliva (Universidad Nacional Autonoma de Mexico, 

Mexico; 14 studies), Kalacska (McGill University, Canada; 14 studies), Janzen (University of 

Pennsylvania, United States of America; 14 studies), and Borchert (University of Kansas, United 

States of America, 10 studies). The most cited studies found in the database are shown in table 

2.2. 
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Network analysis 

From the network analysis built, biodiversity and carbon were the variables that had more 

methodologies developed to assess ES. In contrast to these results, soils and water had   fewer 

methodologies developed for the evaluation of their services (Figure 2.8).  

 From all the detected methodologies (17 nodes), 7 nodes had higher values of "Kn", 

which means that these methodologies can be used to assess ES for more than one variable 

(carbon, water, soils, and biodiversity). These methodologies included forest inventories, 

biodiversity inventories, soil data collection, meta-analysis, phenology data collection, literature 

review, and remote sensing techniques. These methodologies were also among the most used in 

TDFs (75.7%) along with the collection of hydrological data and pollination analyses (5.2%, 

5.6% respectively).  

 Even though there were more studies that quantified biodiversity (more entries in the 

network, n=248), carbon was the variable with the highest centrality (Kn= 1.00, Table 2.3), 

meaning that it comprised a higher number of methodologies. Also, water comprised a higher 

centrality than soils (0.77 versus 6.2). Although there were more studies on soils (87 versus 57), 

it only possessed 6 methodologies for its quantification. 

2.4 Discussion 

Main trends and gaps  

My study revealed an increase since the 70's in the amount of research dealing with the 

quantification of ES for biodiversity, carbon, soil, and water in TDFs, going from 10 studies per 

decade to more than 250 studies in recent decades. Since the 70's several methodologies have 

been developed, and they have been employed in many countries. Despite this increase this study 

has detected some important gaps in the evaluation of these ES.  
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 This study has demonstrated that North America, the Caribbean Islands, and Central 

America were the regions with the highest number of studies, with Mexico and Costa Rica in the 

lead, followed by Nicaragua, Panama, Puerto Rico, Honduras, Jamaica, Belize, and Cuba. 

Mexico has the largest extent of TDFs on the continent, comprising 38% of all TDFs in America 

(Portillo-Quintero and Sánchez-Azofeifa 2009) and several consolidated research groups in, so it 

is not a surprise that the largest number of studies come from this country.  Surprisingly, despite 

the fact that Costa Rica only possesses 0.4% of the TDFs in America, it produced more studies 

than countries with much more TDFs, such as Nicaragua (1.6%) and Honduras (1.3%). Other 

countries that contain TDFs, like El Salvador and Guatemala, had almost no research dealing 

with TDFs.  The main reason for these significant differences between Costa Rica and other 

countries is probably the presence of the Guanacaste Conservation Area, a region that serves as a 

magnet for several international research groups. 

 In South America, Brazil has the most studies that assessed ES in TDFs, followed by 

Bolivia, and Venezuela. Bolivia and Brazil possess the largest portions of TDFs in South 

America (25% and 17%, respectively), and are followed by Colombia and Venezuela (6.5% and 

6.2% respectively) (Portillo-Quintero and Sánchez-Azofeifa 2009). In spite of this, little research 

on TDFs was found for Colombia, Peru, and Ecuador.  

 As expected, most of the studies were conducted in secondary forests, because they cover 

a greater area than old-growth forests in all regions with TDFs (Sánchez-Azofeifa et al. 2005). 

Most of the studies also focused on local scales assessments and few worked at global or 

regional scales. Although generalizations are possible, the functionality and value of an 

ecosystem is likely to be highly variable, so site-specific assessments are of great importance 

(Brauman et al. 2007). 
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 This study also revealed some clear trends. Provisioning and supporting services were the 

most studied services with a great number of methodologies developed for their evaluation. 

However, regulating services were the least studied, lacking methodologies for their evaluation. 

Some of the most frequently studied services were genetic resources, primary production, carbon 

stocks, and biomass production, which is an important finding, because some of them are key ES 

that are being used for decision-making (Martínez-Harms and Balvanera 2012). For example, in 

Latin America, existing PES are focused on the provisioning services derived from the protection 

of forest cover (e.g., Costa Rica, Mexico, Chile, Panama) or biodiversity and carbon 

sequestration (e.g., Colombia, Bolivia, Brazil) at national scales (Balvanera et al. 2012).  

 Other ES that are critical for the maintenance of ecosystems and human welfare, such as 

protection and provision of fresh water, air quality regulation, pest regulation, disease regulation, 

and erosion regulation were rarely addressed. There is a clear lack of formal research on many of 

these services. For Balvanera et al. (2012), research on ES supply is still limited to a few 

services, largely those of global impacts (e.g., carbon storage) and less importance has been 

placed to regulating services (e.g., regulation of human diseases, microclimatic conditions, 

floods). 

Potential frameworks and methodologies for assessing ES in TDFs  

From all the studies analysed in the database, the biophysical variable with the greatest number 

of studies was biodiversity; however, carbon was the variable with more methodologies 

developed for the quantification of its services, followed by biodiversity, water, and soils (Table 

2.3). Different methods for assessing ES in TDFs can vary in accuracy, precision, verifiability, 

cost, and scale of application.  
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 For Bagstad et al. (2013) ES assessments need to be quantifiable, replicable, credible, 

flexible, and affordable. Emerging environmental data sharing, remote sensing techniques, and 

visualization tools and practices can support ES modeling with high accuracy and lower costs 

(Bagstad et al. 2013). Maps are also a very powerful tool to process complex data and 

information from ES quantification on different spatial and temporal scales and thereby support 

resource and environmental management as well as landscape planning (Crossman et al. 2012). 

 For carbon quantification, a great number of studies employed remote sensing data, 

which enables us to acquire data for vast areas (e.g., satellite images, airborne LIDAR) and for 

continuous periods of time (e.g., carbon flux towers, optical phenology towers). These 

technologies can be costly and some of them are criticized for not producing accurate results 

(Gibbs et al. 2007; Sánchez-Azofeifa et al. 2009). However, some studies stress the importance 

of comparing remote sensing data with ground measurements from forest inventories, permanent 

plots, or field samples.  Forest inventories are the most reliable of all the methodologies, but they 

can be expensive, slow, and challenging to conduct at a regional or global scale (Gibbs et al. 

2007).  

 The benefit of satellite remote sensing data lies in the potential for systematic and large 

spatial scale views of the earth at regular intervals (Hesketh and Sánchez-Azofeifa 2013). The 

most used technologies found for satellite image analysis to obtain land cover of carbon storage 

were LANDSAT (e.g., Almeida et al. 2014; Arroyo-Mora et al. 2005; Bianchi and Haig 2013; 

Calvo-Alvarado et al. 2009; Dalle et al. 2011) and MODIS (e.g., Kalacska et al. 2008; Portillo-

Quintero et al. 2013; Redo et al. 2013; Rodriguez et al. 2009; Carranza et al. 2014). For Maes et 

al. (2013) these approaches are appropriate at large scales, for areas where the dominant service 
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relates directly to land use or where data availability is limited, and where the focus is to assess 

the presence of ES rather than the quantification. 

 The calculation of biophysical parameters, such as biomass and Leaf Area, can also be 

assessed using spectral reflectance data derived from remote sensing techniques, like the Leaf 

Area Index (LAI) (Kalacska et al. 2005), Photosynthetically Active Radiation (PAR) (Van Laake 

and Sanchez-Azofeifa 2005) or the Normalized Difference Vegetation Index (NDVI) (Hesketh 

and Sánchez-Azofeifa 2013). These measurements can help to estimate significant ecosystem 

processes such as transpiration, photosynthesis, potential net primary productivity, and actual net 

primary productivity that in turn are related to changes in carbon stocks (Sánchez-Azofeifa et al. 

2009).  

 According to the Intergovernmental Panel on Climate Change (IPCC 2001), the 

variability of carbon stocks (above and below ground) and net greenhouse gas emissions over 

time can be estimated using some combination of direct measurements, and models based on 

accepted principles of statistical analysis, forest inventory, remote-sensing techniques, flux 

measurements, soil sampling, and ecological surveys.  

 Biodiversity, on the other hand, is a more difficult resource to analyse, given the 

complexity of species dynamics and all the variables that need to be taken into account. Most of 

the studies are simple reviews or inventories of flora or fauna focusing on a specific genus (e.g., 

Quesada et al. 2003; Janzen et al. 2005; Espirito-Santo et al. 2007). Despite the great amount of 

available data, there is still a lack of consensus about what to analyse and monitor for 

biodiversity services (Pereira et al. 2013). For Pereira et al. (2013), the most essential 

biodiversity variables to take into account for ecosystem evaluation are genetic composition, 

diversity composition, species populations, community composition, ecosystem structure, and 
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ecosystem function. Current available global databases that help to assess genetic resources are: 

species ranges of mammals (Baillie et al. 2004), birds (BirdLife International 2006), amphibians 

(IUCN 2006), and threat status according to the IUCN's Red List (IUCN website 2007).  

 Recent techniques for assessing carbon storage and biodiversity are also based on 

functional traits of plants (Lavorel et al. 2011). Abiotic variables and plant traits rather than land 

use alone afford refined representation of relevant ecosystem properties and therefore could be 

used as functional markers of ES (Lavorel et al. 2011; Ball et al. 2015). Functional traits, such as 

vegetation height, leaf dry matter content, leaf nitrogen and phosphorus concentration, flowering 

onset, can be used to map several services Maes et al. (2013). Some efforts in TDFs using this 

approach are found in Alvarez-Anorve et al. (2008), Hulshof et al. (2013), Mooney et al. (1992), 

and Powers and Tiffin (2010). 

 For water services, most of the methodologies used ground measurements to estimate 

hydrological parameters; only 5 studies used remote sensing data. In most of the studies, the 

consensus was to conduct long-term studies in watersheds to create more accurate models and to 

evaluate the behavior of the resources in the long term (e.g., Chapman and Kramer 1991; García-

Oliva et al. 1991; Maza-Villalobos et al. 2013; Calvo-Alvarado et al. 2014). However, there is 

still a poor understanding of key hydrological processes in TDFs, and because of this lack of 

research, there are few data available for assessing water services in TDFs (Farrick and 

Branfireun 2013). Research priorities that are required for a more complete understanding of the 

hydrology in TDFs include those on precipitation, transpiration, and interception, groundwater, 

runoff and stream flow generation, long-term monitoring projects, and modelling of the resource 

(Farrick and Branfireun 2013). 
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 Most of the methodologies for assessing ES of soils are focused on soil formation and 

nutrient cycling analyses using soil samples collected in the field. These methodologies are 

frequently developed at local scales (e.g., Galicia and García-Oliva 2004; Campo et al. 1998; 

Powers and Perez-Aviles 2013). Soil erosion is less addressed in the literature and is also often 

developed for local scales (García-Oliva et al. 1995; Ellingson et al. 2000; Diekmann et al. 

2007).  Methods used to extrapolate observations of plots or even small watersheds to large 

regions for determining average annual soil erosion rates are often controversial and criticized 

(Cotler and Ortega-Larrocea 2006).  

 Soil carbon fluxes which have significant effects on the global carbon cycle, have less 

methodologies for TDFs and are subjected to errors in the estimation caused by assumptions 

about the carbon storage or the effects of forest conversion (Powers et al. 2004; Meir and 

Pennington 2011). Despite this, some efforts using soil chambers have been conducted to 

evaluate emissions from TDFs soils (Davidson et al. 1991; Garcia-Mendez et al. 1991; Davidson 

et al. 1993; Litton et al. 2008). According to Litton et al. (2008), conversion of forests and 

invasion of plant species in TDFs can lead to long-term decreases in soil carbon storage and 

increase the release of sequestered carbon into the atmosphere. Furthermore many authors agree 

that our understanding of the ES soil provides is incomplete, despite a good understanding of soil 

formation and functioning (Daily et al. 1997; Dominati et al. 2010).  

 Approaches created to assess multiple ES can be monetary valuations like InVEST 

(Nelson et al. 2009) or qualitative indexes of people's preferences (Boyd and Wainger 2003). 

More integrated approaches are based on the application of dynamic process-based ecosystem 

models (Costanza et al. 1997; Morales et al. 2005; Schröter et al. 2005). These approaches take 

account of the mechanisms which drive ES delivery and produce more realistic changes in ES 
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supply at the local and global scales, but they require significant investment in terms of data 

acquisition and expert knowledge (Maes et al. 2013). These integrated approaches have not been 

applied for TDFs owing to the lack of information, and at the moment there are no integrated 

approaches for TDFs created to assess and value ES. 

 Here, I suggest the development of an integrated approach using the available 

information collected, models created, and methodologies that allow us to assess more than one 

ES, while the biophysical components and processes associated with ES in TDFs are further 

studied and analyzed.  

Future work and challenges 

Given that TDFs regions are most populated and that most land is dedicated to intensive and 

extensive agricultural activities, the most significant challenge is to improve the physical and 

economical valuation of less understood provisioning and regulating services. The most urgent in 

TDFs are soil conservation and water quality availability for human consumption, tourism, 

agricultural irrigation, environmental flows, and industry use. 

 There is clear documentation of the value of TDFs for biodiversity conservation and 

carbon sequestration (Portillo-Quintero et al. 2014). These ES are more commonly studied in 

TDFs, using a greater number of methodologies for their assessment at local, regional, or global 

scales and with methods applicable to multiple ecosystems. However, regulation and 

provisioning services of water and soil are addressed less often. Moreover, interactions between 

TDFs and these services are not well understood under the scenario of climate change, which 

will accentuate the crisis of accessibility to water resources. Hence, there is still a need to have 

better predictions of the impacts of climate change on water resources of TDFs to develop 

suitable strategies for adapting to this future uncertainty (Ceballos et al. 2009).  
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 It is known that land use change impacts are expected to intensify the effects of climatic 

warming in TDFs, given that they are already highly disturbed and fragmented (Meir and 

Pennington 2011). Forest conversion to pasture and agriculture is expected to reduce rainfall 

through different effects on sensible heat transfer (Costa et al. 2007). An increased regional 

atmospheric aerosol loading resulting from fire and land use change could also cause reductions 

in precipitation (IPCC 2007). A higher proportion of TDFs areas are at risk of severe climate 

change in the Americas than in other regions, which will translate into either a temperature 

increase of at least 2.5 °C or a precipitation decrease of at least 50 mm year
-1

 by 2055 (Miles et 

al. 2006). By mid-century, annual average river runoff and water availability are projected to 

decrease by 10-30% in dry regions at mid-latitudes and in the dry tropics, some of which are 

presently water stressed areas (IPCC 2001). 

 Under the scenario of climate change, understanding the relationship of TDFs with 

conservation of water and soils is of vital importance to meet this challenge. If these interactions 

are better defined and physically assessed in TDFs, societies will be more willing to preserve 

these ecosystems by applying different strategies. Unfortunately, my literature review showed 

that these ES were the least studied. This situation positions these ES in a priority research area, 

given the high demands by society for fertile soils and availability of fresh water in TDFs areas. 

It is essential to include water and soils in ES frameworks to develop better environmental and 

mitigation policies. 
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2.5 Conclusions 

Considerable efforts and research have been increasing in recent decades in the TDFs of America 

in order to quantify key biophysical variables that support the ES assessment of these forests. 

Carbon storage and biodiversity have been the subjects of extensive research and methodologies 

in the region. Most popular methods found to assess ES were literature reviews, remote sensing 

techniques, and forest and biodiversity inventories. Although there is no consensus among 

researches on how these variables and methodologies should be addressed, the important amount 

of information found could help us developed a more integrated approach.  

Generally, my review reveals a clear need for an increase research in the following: 

 The development of an integrated approach that allows us to assess more than one ES is 

needed for TDFs. 

 Greater research is needed for provisioning and regulating services of water and soil in 

TDFs regions, given the high demand for these services in the region. 

 Studies evaluating and modeling ES in TDFs under climate change scenarios are 

required. 
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2.7 Figures and tables 

Table 2.1. Categories, definitions, and subcategories of ES established by MEA (2005). 

Category Subcategory 

Supporting services: ES that are necessary for 

the production of all other services 

• Primary production 

• Nutrient cycling 

• Water cycling 

• Pollination 

• Soil formation 

Provisioning services: products obtained from 

ecosystems 

• Biofuels 

• Biomass 

• Fresh water 

• Genetic resources 

• Biochemicals, natural medicines, and 

pharmaceuticals 

Regulating services: benefits obtained from 

the regulation of ecosystem processes 

• Air quality regulation 

• Carbon stocks 

• Water regulation 

• Erosion regulation 

• Climate regulation 

• Water regulation 

• Disease regulation 

• Pest regulation 

• Natural hazard regulation 
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Table 2.2. Names of studies and references of the most cited studies and the number of times 

cited. 

Service subcategory Name of the study Reference 
Number of 

times cited* 

Genetic resources 

Ten species in one: DNA barcoding 

reveals cryptic species in the neotropical 

skipper butterfly Astraptes fulgerator 

Hebert et al. 2004 1201 

Biomass production 

Comparative Phenological Studies of 

Trees in Tropical Wet and Dry Forests in 

Lowlands of Costa-Rica 

Frankie et al. 1974 742 

Primary production 
Tree Dispersion, Abundance, and 

Diversity in a tropical Dry Forest 
Hubbell 1979 713 

Primary production Ecology of Tropical Dry Forest Murphy and Lugo 1986 610 

Biomass production 

Tree allometry and improved estimation 

of carbon stocks and balance in tropical 

forests 

Chave et al. 2005 578 

Biomass production 

Biomass Estimation Methods for 

Tropical Forests with Applications to 

Forest Inventory Data 

Brown et al. 1989 465 

Nutrient cycling 

Microbial biomass acts as a source of 

plant nutrients in dry tropical forest and 

savannah 

Singh et al. 1989 426 

* The number of times cited was extracted from the Web of Science and takes into account all ISI data bases of 

citations. 
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Table 2.3. Nodes in the network analysis with their weight (number of entries) and eigenvector 

of centrality. 

Nodes Weight Eigenvector centrality 

Carbon 139 1.00 

Biodiversity 248 0.95 

Water 57 0.77 

Bibliography 33 0.65 

Meta-analysis 18 0.65 

Remote Sensing 46 0.65 

Soils 87 0.62 

Biodiversity inventory data 93 0.53 

Phenology 23 0.53 

Forest inventory data 103 0.50 

Soil data 86 0.45 

Land cover 8 0.38 

Climate data 4 0.34 

Allometric equations 17 0.32 

Destructive samples 8 0.20 

Existing maps 3 0.20 

Litterfall data 17 0.20 

Laboratory experiments 11 0.19 

Pollination 28 0.19 

Survey 3 0.19 
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Figure 2.1. Flow chart for the construction of the database and data analysis. 
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Figure 2.2. Number of studies found for biodiversity, carbon, soils, and water in the categories 

of supporting, regulating, and provisioning services. 
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Figure 2.3. Number of studies found in each ES category and subcategories. Primary production 

is the major subcategory for supporting services, carbon stocks is the major subcategory for 

regulating services and genetic resources for the provision services category. 
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Figure 2.4. Number of publications per country in America evaluating one or more ES in TDFs 

and percentage of studies conducted in secondary or old growth forests, and watersheds. 
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Figure 2.5. Number of studies found per year that evaluated and quantified biodiversity, carbon, 

soils, or water in TDFs of America. 
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Figure 2.6. Number of studies quantifying ES focused at local, regional, national, and global 

scales. 
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Figure 2.7. Word frequency cloud using the titles of the studies found for the TDF in the 

Neotropics. 
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Figure 2.8. Network Analysis of the most used methodologies in TDFs to quantify variables of 

ES. Green nodes represent the methodologies that are used to quantify 3 or more of the variables, 

purple nodes are used only to quantify 2 variables and brown nodes are used to quantify only 1 

of the variables. Grey lines represent connections among nodes; the wider the line the higher the 

number of entries. 
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3. Chapter three - Ecosystem characterization and light diffusion of two Tropical Dry 

Forests (TDF)  

 

3.1 Introduction 

Net primary productivity is defined as the net amount of carbon fixed by plants through 

photosynthesis over time, which fundamentally influences the carbon cycle (Milesi et al. 2005). 

Given the need to create a strategy to understand the processes of net primary productivity in 

TDFs (Tropical Dry Forests), and the forces that drive the carbon cycle as an ecosystem service, 

it is imperative to characterize the biophysical components of these ecosystems as accurately as 

possible. Remote sensing is a fundamental tool for such characterization and monitoring, 

enabling us to study changes in ecosystems through time, and modeling current and future 

environmental scenarios (Barreda-Bautista et al. 2011).  

 According to Wilson and Meyers (2007), carbon flux processes are affected mainly by 

variations in vegetation properties (canopy height, biomass, and leaf area) over the soil surface, 

with leaf area being one of the key variables in the process of carbon and water exchange.  In 

woody species, the leaf area provides key information on the exchange of energy, mass (e.g., 

water and CO2), and momentum flux between the Earth’s surface and the atmosphere (Morisette 

et al. 2006). Leaf area also has an impact on tree growth and recruitment through the interception 

of light, which in turn affects primary productivity (Gholz 1982; Mass et al. 1995).  

 The amount of foliage in the canopy is used as an indicator for primary productivity, light 

availability and other ecosystem processes (Asner et al. 2003; Bréda 2003; Eklundh et al. 2001). 

This variable can be measured using the Leaf Area Index (LAI), which is defined as the one-

sided green leaf area per unit of ground area (Watson 1947; Bréda 2003; Morisette et al. 2006). 
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Leaves are the primary organs responsible for photosynthesis and transpiration and, as such, LAI 

is a key biophysical variable that can be linked to several land-atmosphere processes (Cournac et 

al. 2002). Changes in the LAI (by frost, storm, defoliation, drought, seasonality, and 

management practices) are accompanied by variations in primary productivity (Bréda 2003). LAI 

is used in most ecosystem productivity models and global models of climate, hydrology, and 

biogeochemistry (Morisette et al. 2006), and it is also used by ecophysiologists, managers 

(farmers and foresters), ecologists, and site and global modelers (Bréda 2003).  

 In deciduous forests like the TDFs, LAI varies seasonally, having a maximum value 

during the growing season when water is available and a minimum value at the end of the dry 

season (Mass et al. 1995; Kalacska et al. 2005a, 2005b). This minimum value of LAI will never 

reach zero since not all TDFs are 100% deciduous.  Quantifying this temporal variation in LAI is 

important for understanding tropical ecosystem processes (Mass et al. 1995), however, data on 

temporal LAI variability is rare for TDFs (Kalacska et al. 2005a). Furthermore, LAI estimations 

in tropical regions are usually collected for old growth forests without considering the 

differences in canopy structure and the composition found in secondary forests (Lean and 

Rowntree 1993; Murphy and Lugo 1986; Weaver and Murphy 1990; Kalacska et al. 2005a). 

The coefficient "K" for an accurate estimation of the LAI 

Although many instruments exist to characterize LAI from the ground, these methods are often 

laborious and costly.  Unlike most flux sensors that are designed to run in all weather conditions, 

most ground-based instruments to estimate LAI operate largely under conditions of no 

precipitation (Wilson and Meyers 2007).  Measurements of LAI using traditional optical sensors 

(e.g., LAI-2000) also require multiple visits to the field under very specific sky conditions, 
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making them unsuitable for inaccessible areas and forests with dense vegetation, as well as in 

areas where persistent sunny conditions are the norm. 

 Continuous estimations of LAI using remote sensors can be obtained as a function of the 

spectral Vegetation Indices (VIs), such as the Normalized Differential Vegetation Index (NDVI), 

or the Enhanced Vegetation Index (EVI). NDVI is currently the most widely used reflectance 

vegetation index (Pontailler et al. 2003).  The NDVI allows us to estimate the amount and vigor 

of the vegetation that is present on the surface in a specific area (Holbem 1986).  NDVI can be a 

sensitive indicator of the amount and vigor of the vegetation, because the two wavebands used to 

form this index represent the parts of the solar spectrum in which the Photosynthetically Active 

Radiation region takes place (PAR, 400nm to 700nm) (Carlson et al. 1994). 

Remote sensing satellites (such as MODIS) offer a practical alternative for obtaining a 

good description of regional and global variation in NDVI.  However, the use of MODIS could 

be improved substantially by calibrating the information using tower-based data that provide the 

effect of light on vegetation above and below the canopy (Wilson and Meyers 2007).   

In this context, Wilson and Meyers (2007) proposed a "K" coefficient to characterize 

light use efficiency by the canopy, based on NDVI measurements derived from flux towers.  

This technique uses NDVI information based on solar and PAR fluxes from towers that are 

designed to measure vegetation indices above the canopy throughout the year (Wilson and 

Meyers 2007).  This method has only been implemented in desert grasslands, temperate 

grasslands, crops, deciduous forests, and pine forests of North America. At present, estimates of 

the "K" coefficient do not exist for TDFs or any tropical forest in general. In addition, most 

studies only utilized a single dataset to establish LAI–NDVI relationships and have not taken the 
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seasonal and year-to-year dynamics into account (Wang et al. 2005). Table 3.1 presents 

estimation of the "K" value for different vegetation across different ecosystems.  

 Current wireless sensor networks and optical phenology systems deployed in Costa Rica, 

Mexico, and Brazil by the Tropi-Dry research network (Pastorello et al. 2011) allow for the 

collection of information that can be used to estimate the "K" coefficient not only for the 

ecosystem per se, but it can be used also to calculate "K" for a given successional stage (e.g., 

early, intermediate, and late forest) taking into account the seasonal and year-to-year dynamics 

of the ecosystem. A successional stage is define here as the phase in which the forest is found 

during the process of regeneration (functional recovery of the community) depending on the 

structure, composition of species and functional traits (Quesada et al. 2009).   

The systems deployed by Tropi-Dry across the Americas permit estimating a site-specific 

LAI derived from field measurements and from continuous NDVI tower measurements in real 

time. The former allows for the possibility of obtaining an accurate time series for the calibration 

of LAI that is not possible from other ground-based or coarse resolution, remote sensing 

techniques. 

 The main objective of this study was to characterize the light diffusion through the 

canopy as a variable associated with a key ecosystem service (Net Primary Productivity, NPP). 

In this paper the temporal change of this variable in two successional stages in a Costa Rican 

TDF is analyzed. The structure and composition of these forests is also studied to determine 

sensitivity of the "K" coefficient to structural changes during forest succession. I provide a new 

approach to estimate LAI and the temporal changes during the year, in a secondary TDF using 

the relationship between light diffusion through the canopy and VIs. 
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3.2 Methods 

3.2.1 Study Area 

The study was conducted in the TDF of Santa Rosa National Park in the Guanacaste 

Conservation Area (ACG) (Figure 3.1) in north-western Costa Rica (10º53' N, 85º38' W). The 

mean annual temperature is 26.6°C, and the mean annual precipitation is 1,390.8 mm (mean 

from January 2005 to December 2009) (Sánchez-Azofeifa et al. 2014). The dry season extends 

for 5 months from December to April, and the monthly water availability during the wet period 

exceeds 100 mm (Sánchez-Azofeifa et al. 2014).  Rainfall seasonality is determined by the effect 

of the trade winds from the northeast and southwest, and the passing of the Inter Tropical 

Convergence Zone (Guzman and Calvo-Alvarado 2012).  

 The soils in Santa Rosa National Park exhibit high heterogeneity due to its volcanic 

origins (Carvajal-Vanegas and Calvo-Alvarado 2013). Entisols and Vertisols are the most 

common soil types followed by Mollisols, Alfisols, Inceptisols, and Ultisols (Guzman and 

Calvo-Alvarado 2012). The topography of the area under study is moderately flat, with an 

average slope of 7% (Sánchez-Azofeifa et al. 2014).  

 The park comprises secondary forests in various stages of regeneration with different 

land-use histories. Kalacska et al. (2004) described the historic land-use change of the 

successional stages found in Santa Rosa National Park. According to Kalacska et al. (2004), the 

early-stage forests grew after several intensive pasture fires that took place late in the 1980s; 

before that the areas were used for cattle pastures and crops. The intermediate-stage forests were 

never totally cleared.  Timber extraction was done regularly from the 1800s to 1940.  Between 

1975 and 1980 light fires affected the region. No significant land cover changes have been 

reported since the 1980s. 
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3.2.2 Field measurements  

A.) Forest characterization 

I focused my work on two different types of forest succession: early and intermediate succession. 

In the early successional stage, one permanent plot (50 x 20 m) from the Tropi-Dry project was 

established in 2006 (10º52'10" N, 85º35'47" W) and a 1 ha permanent plot (100 x 100 m) was 

deployed in 2013 in the intermediate stage of succession (10º50'29" N, 85º36'56" W). These 

plots were divided into subplots of 10m x 10m.  Field protocols for plot set up in TDFs, defined 

by the Tropi-Dry network were followed (Alvarez et al. 2008).  

  In both plots, I identified and measured the diameter at breast height (DBH) of all living 

woody stems with a DBH equal to or greater than 5 cm. I also measured the height of the tallest 

trees in each subplot using a telescopic pole (graduated pole). Data were collected in the dry 

season of March 2014. 

 The total number of individual trees present in 2014 in both plots was used to describe 

the structure and composition of the forest. Using these data, I analyzed the density of stems 

(No/ha), dominant height (m), basal area (m2), number of lianas, and the Shannon Diversity 

Index (H') (Magurran and McGill 2011). For characterizing ecosystem complexity, I computed 

the Holdridge Complexity Index (HCI) (Holdridge 1967). For this study, I used the modified 

version of the HCI, because I sampled trees with DBH > 5 cm (Lugo et al. 1978; Madeira et al. 

2009).  Species composition was also analyzed by calculating the Importance Value Index (IVI) 

(Curtis and McIntosh 1951) to determine the most frequent, dominant and abundant species in 

each successional stage. 

B.) Optical phenology towers 
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The second component of this research involved the deployment of optical phenology towers. In 

the early successional stage plot, a 15m tower was deployed in 2009 and in the 1 ha plot in the 

intermediate stage of succession, a 20m tower was deployed in 2013. These optical phenology 

towers consisted of two solar radiation flux sensors (pyranometers), measuring wavelengths 

between 300 to 1,100 nm, and two Photosynthetically Active Radiation flux sensors (PAR 

sensors), which measure wavelengths between 400 to 700 nm (Pastorello et al. 2011).  On each 

tower, one pyranometer and one PAR captured incoming radiation and the other pair captured 

reflected radiation by the vegetation above the canopy (Figure 3.2). Ratios of these 

measurements were used to derive vegetation indexes such as the NDVI and the EVI (e.g., 

Huemmrich et al. 1999; Jenkins et al. 2007; Wilson and Meyers 2007; Rocha and Shaver 2009).  

 According to Pastorello et al. (2011), these radiation flux sensors have view angles of 85º 

from the zenith or nadir (when oriented down), with a uniform 360º rotation.  Given this, the 

radius of the field of view was  approximately ten times the distance (h) between the sensor 

position and the surface being monitored (e.g., radius = tan(85º)*h). For the deployment, I had 

5m between the top of the canopy and the sensors measuring the reflected radiation, leading to a 

coverage radius of at least 50m in the monitored area. 

 Both of these towers were deployed and managed under the standards of the Enviro-Net 

Project (http://www.enviro-net.org), which addresses a variety of issues related to in-situ (or 

ground-based) monitoring of ecosystems, from the deployment of sensors to the delivery of 

processed data products (Pastorello et al. 2011).  

C.) Leaf Area Index 

For the determination of the LAI, 3 plots (30 x 60 m) were established around each optical 

phenology tower. The early plots contained 165 points for measuring LAI and the intermediate 
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stage plots contained 84 points (Appendix 4), following the methodology established by 

Kalacska et al. (2005a).  The measurements were collected every month, using a Plant Canopy 

Analyzer (PCA) LAI-2000 (LI-COR, 1992).  The LAI-2000 provided a measurement of the 

Plant Area Index (PAI) for each plot. The spacing between points of measurement varied 

between successional stages given that the area sampled by the LAI-2000 was largely dependent 

on the height of the canopy (Kalacska et al. 2005a).  In the dry season, hemispherical 

photographs in each sampling point were taken, using a camera with a 180º lens (fish-eye) to 

calculate the Woody Area Index (WAI) (Sánchez-Azofeifa et al. 2009). Photographs and PAI 

measurements were taken at a height of 1.30 m above the forest floor, under conditions of diffuse 

light during sunrise or sunset, or on cloudy days to prevent direct incidence of sunlight on the 

lens. Measurements with the LAI-2000 took place in the early stage plots from March 2009 to 

May 2011. Measurements in the intermediate stage took place from February 2013 to March 

2015.  

 The specific LAI was calculated for each plot (equation 1) by removing the contribution 

of WAI from PAI values (Kalacska et al. 2005a). The clumping factor (Ω), which was used in 

several studies to determine the LAI, was assumed to be 1 for practical reasons in this study,  

because this factor is significant only in forests with non-random foliage (Sánchez-Azofeifa et al. 

2009, Huang et al. 2013). 

Ω

WAI)-  (1LAI
=LAI

e
                                                             (1) 

where WAI is the Woody Area Index, LAIe is the PAI, and Ω refers to the clumping factor of the 

foliage at all scales (Leblanc and Chen 2001; Fournier et al. 2003; Huang et al. 2013).  

 I analyzed differences in WAI and LAI as a function of successional stage with a paired 

t-test assuming unequal variances (α=0.05). Normality of the data was tested using the 
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Kolmogorov-Smirnov test (Lilliefors 1967).  Using the package e1071 in R (Karatzoglou et al. 

2006), I constructed a SVM plot (Support Vector Machine) (Mountrakis et al. 2011; Durbha et 

al. 2007) to establish differences in LAI between successional stages during different months of 

the year and differences in LAI between successional stages with the changes of NDVI through 

the year. SVMs are useful in the remote sensing field due to their ability to successfully handle 

small training data sets, often producing higher classification accuracy than traditional methods 

(Mountrakis et al. 2011). 

D.) Validation points 

To validate my models, I sampled other measurements of PAI during the rainy season of 2014 

using the LAI-2000 in different areas of the park within early stage forests and intermediate 

stage forests (Appendix 5). I collected 15 validation points in each successional stage in areas 

distant from the optical phenology towers. The LAIs values were collected (Figure 3.3) and 

calculated for each sampling point by removing the contribution of the WAI that was calculated 

previously in the early and intermediate plots.  

E.) MODIS Data  

Data for LAI, NDVI, and EVI derived from the MODIS/TERRA products were obtained for 

these plots from the ORNL DAAC (2012) using the coordinates of each plot. MODIS provides 

an 8-day composite LAI (product MOD15A2, collection 5) at a spatial resolution of 1 km x 1 km 

and a 16-day composite NDVI/EVI (product MOD13Q1, collection 5) at a spatial resolution of 

0.25 km x 0.25km. LAI, NDVI, and EVI data were downloaded for each plot where the LAI-

2000 was used and also for the validation points. MODIS NDVI/EVI data were downloaded to 

calculate the "K" coefficient using satellite data. MODIS LAI data were downloaded to compare 
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with the LAI-2000 data and the estimated values of LAI derived from the calculated "K" 

coefficients. 

MODIS data downloaded for the early stage plots were from March 2009 to May 2011 

and for the intermediate stage plots from March 2013 to March 2015. The data obtained from 

MODIS for the validation points were downloaded for the rainy season of 2014. 

3.2.3 Data Analysis 

Using the information collected by the optical phenology towers in the plots, I calculated the 

Vegetation Indexes of NDVI and EVI2 for each successional stage using the formulas described 

in Table 3.2. For this study, only the measurements obtained between 10:00 and 14:00 hours 

were considered, filtering out cloudy days (including only data records when the measured 

incoming PAR is more than 900 microEinsteins (micro-mol per m
2
/sec), and aggregating the 

data in daily averages (Pastorello et al. 2011).  

Phenometrics (start of the growing season, end of the growing season, length of the 

growing season and peak of growing season) where calculated in the program TIMESAT 

(Jönsson and Eklundh 2002; Jönsson and Eklundh 2004; Eklundh and Jönsson 2015) using the 

Savitzky–Golay smoothing function to fit the NDVI data (Appendix 10). To determine the 

phenometrics I used only the NDVI data derived from the optical phenology tower deployed in 

the intermediate stage of succession. 

To compare the potential of VI's to estimate the "K" coefficient; I correlated VI's with 

LAI using least-squares linear regression. Coefficients of determination (R
2
) were used to assess 

their performance. For each site, VIs that showed the highest R
2
 were selected for calculating the 

"K" coefficient. 
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 To calculate "K" I used the VI data derived from the towers and the LAI data derived 

from the plots to solve equation (2) (Campbell and Norman 1998; Wilson and Meyers 2007): 

                                                

( )
minmax

imax

VI - VI

VI-VI
 log - =LAI K                                                   (2) 

where VImax corresponds to the average of VI values when the vegetation is dense; VImin is the 

average of VI measured during dry seasons, with leaf off; and VIi is the mean of all changes in 

VI values during the rainy season. The value of the "K" coefficient was determined for each 

sample by rearranging equation (3): 

                                                                 
K=

log(b)

LAI
-                                                               (3) 

where log(b) is given by: log(VImax-VIi)/(VImax-VImin).   

 The "K" values were obtained for different days of the year (DOY) for each successional 

stage. I used nonlinear regression analysis to assess the variation of the "K" coefficient 

throughout the year. Using these models, I estimated the LAI using only the "K" values and the 

NDVI derived from the optical phenology towers, and the MODIS data using equation 4. The 

performance of the models was evaluated using the coefficient of determination (R
2
), residuals 

analysis and the Root Mean Squared Error (RMSE). The higher the R
2
 and the lower the RMSE, 

the better is the accuracy of the model to estimate LAI. RMSE was calculated using equation (4) 

n

∑ )y- (x
=

1=
2

ii
n
i

RMSE                                                          (4) 

where xi is the observed value and yi is the estimated value of  LAI, and n represents the number 

of observations.  

 To evaluate the estimation capability of the models,  I  examined the relationship between 

the observed LAI data using the LAI-2000 and MODIS LAI, against the estimated data of LAI 
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using the "K" coefficients derived from the phenology towers, and from MODIS NDVI using 

least squares linear regression.  

 From the 15 validation points of LAI sampled in each successional stage during the rainy 

season (Appendix 5), I compared ground measurements (LAI-2000), against tower-derived LAI, 

MODIS NDVI derived LAI, and MODIS LAI values for the same days the sampling was 

conducted. For this, I compare mean values, variation of data and percentage of difference 

between the observed LAI values and estimated LAI values. 

 

3.3 Results 

Forest structure and composition  

Results indicate that the TDF tends to become more complex as we advance through the 

successional stages and through time as documented by previous studies in this region (Kalacska 

et al. 2004; Carvajal-Vanegas and Calvo-Alvarado 2013). In the early succession plot, 1,200 

stems (> 5cm in DBH) were sampled in 2014 and in the intermediate succession plot 1,136 stems 

(> 5cm in DBH) were sampled (Table 3.3). Total basal area was 6.9 m
2
 in the early stage and 

19.3 m
2
 in the intermediate stage. The average dominant height was 8.2 in the early stage and 

16.2 m in the intermediate stage. No lianas were found in the early stage plots, and 37 

individuals of lianas (> 5cm in DBH) were found in the intermediate stage plots.  

 The most common families found in the early successional plots were Verbenaceae, 

Cochlospermaceae, and Bignoniaceae, with a total of 5 species (Table 3.4).  In the intermediate 

stage Fabaceae, Malphigiaceae, and Malvaceae were the most common families with a total of 

20 species. 
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 The most abundant, dominant and frequent species in the early successional stage plot 

were Rehdera trinervis (Verbenaceae, IVI=113.5), Cochlospermum vitifolium 

(Cochlospermaceae, IVI=61.2), and Byrsonima crassifolia (Malphigiaceae, IVI=20.8). In the 

intermediate stage Luehea speciosa (Malvaceae, IVI=48.2), Lonchocarpus minimiflorus 

(Fabaceae, IVI=28.1), and Guazuma ulmifolia (Malvaceae, IVI=21.9) were the most abundant, 

dominant and frequent species.  

The Shannon Diversity Index indicates that the early successional plot is a less diverse 

forest (H'=3.4) compared to the intermediate successional plot (H'=3.4). Moreover, the 

Holdridge Complexity Index, which integrates both dasometric variables and floristic variables 

(height, species, basal area, density), showed a forest structure very complex for the intermediate 

succession (HCI=106.2 ± 37.6), which contrasts with the poorly developed structure found in the 

early successional stage (HCI=18.6 ± 10.4). 

Estimation of Woody Area Index and Leaf Area Index 

The Woody Area Index derived from the hemispherical photographs was significantly different 

between the successional stages (p<0.05). The intermediate successional stage was found to have 

the largest amount of woody material (Appendix 6). 

Leaf development exhibited large variations throughout the year for both successional 

stages according to the LAI (Figure 3.3). In general, LAI indicates a synchronous pattern of leaf 

production, development, and expansion. The lowest values for indices for both successional 

stages were observed in the dry season during February-April, and the highest values for the 

fully expanded phase were observed in the peak of the rainy season during August-October. 

Overall, LAI values were higher in the intermediate successional stage (p<0.05). 
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 From the phenometric analysis (Appendix 10) we determined that the start of the 

growing season for the year 2013 was the day of the year 148 (May 28
th

 2013) and the end of the 

growing season the day 369 (January 4
th

 2014). The length of the growing season was of 221 

days and the peak of the growing season was the day of the year 251 (September 8
th

 2013). 

 The SVM analyses (Figure 3.4) classified all the values of LAI in to the different 

successional stages, differentiating early successional stage from intermediate successional stage 

according to the month of the year or the average NDVI value for each month. Only for the dry 

season (from January - May) the SVM analysis did not obtain differences between the early 

successional stage and the intermediate successional stage.  

Estimation of the light diffusion through the canopy 

The spectral vegetation indices were correlated with LAI values in each successional stage using 

MODIS VIs and Optical Phenology Tower VIs. The best correlations with LAI (Figure 3.5) in 

the early successional stage were NDVI (R
2
=0.85) for the tower-based data and MODIS NDVI 

(R
2
=0.87) for satellite data. EVI2 and MODIS EVI produced the worst correlations (R

2
=0.78 and 

R
2
=0.58 respectively). In the intermediate successional stage, the best correlations with LAI 

were NDVI (R
2
=0.87) for the tower-based data and MODIS NDVI (R

2
=0.73) for satellite data. 

EVI2 and MODIS EVI were also the worst correlations (R
2
=0.33 and R

2
=0.67 respectively). 

Table 3.5 presents results from the estimation of the "K" coefficient using equation 3. As 

expected, values of "K" were higher in the intermediate successional stage, lower in the early 

successional stage, and varied as a function of time (Figure 3.6). Maximum values occurred in 

September in both successional stages and minimum values occurred during the dry season 

(January-April). The average "K" coefficient for the growing season (End of May - beginning of 

December) was higher than 4 in the intermediate stage of succession and approximately 3 in the 
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early stage of succession. Although "K" values using MODIS NDVI tend to be lower, there was 

no significant difference between the vegetation index (MODIS NDVI or Tower NDVI) used to 

estimate the "K" coefficient in the early stage (p=0.073) or in the intermediate stage (p=0.416). 

 For both successional stages, the values of R
2
 (Table 3.6) were higher using the "K" 

coefficient from the phenology towers to determine LAI (R
2=

0.89 in the early stage and R
2=

0.93 

in the intermediate stage). RMSE were also lower using the phenology tower data (RMSE=0.20 

in the early stage, and RMSE=0.37 in the intermediate stage). 

 The strength of the relationship of the observed LAI (LAI-2000) and the estimated LAI 

derived from tower data was strong in the early successional stage and in the intermediate 

successional stage (R
2
=0.89 and R

2
=0.93 respectively) (Figure 3.7). This relationship was also 

strong for the observed LAI (LAI-2000) and the estimated LAI derived from MODIS NDVI in 

the early successional stage and in the intermediate successional stage (R
2
=0.88 and R

2
=0.93 

respectively).  

 Moreover, the strength of the relationship of the observed MODIS LAI and the estimated 

LAI derived from tower data was weak in the early successional stage and in the intermediate 

successional stage (R
2
=0.06 and R

2
=0.38 respectively) (Figure 3.8). This relationship was also 

weak for the observed MODIS LAI and the estimated LAI derived from MODIS NDVI in the 

early successional stage and in the intermediate successional stage (R
2
=0.04 and R

2
=0.37 

respectively).  

Validation of models to estimate LAI 

In the early successional stage the median of the ground measurements of LAI using the LAI-

2000 (2.38 m2/m2) was close to the median of the tower-derived LAI (2.52 m2/m2) and the 

estimated LAI from MODIS NDVI (2.31 m2/m2). MODIS LAI, however, overestimated the 
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values of LAI, producing a higher average (3.80 m2/m2) and greater variation in the data range 

(1.4 - 6.6 m2/m2) (Appendix 8).  

 The same pattern was revealed for the intermediate successional stage, where the median 

of the ground measurements of LAI using the LAI-2000 (4.20 m2/m2) was close to the tower-

derived LAI (4.20 m2/m2) and the estimated LAI from MODIS NDVI (3.94 m2/m2). MODIS 

LAI also overestimated values of LAI, with a higher median (5.00 m2/m2) and greater variation 

in the data range (2.30 - 6.6 m2/m2) (Appendix 9). 

 There were no significant differences among LAI derived from the LAI-2000, tower-

derived LAI, and MODIS NDVI derived LAI (p>0.05) for either successional stage. Moreover, 

the average percentage difference calculated was less than 22% for both successional stages 

using tower-derived LAI or MODIS NDVI derived LAI compared to the values of LAI-2000 

(Figure 3.9). On the contrary, the MODIS LAI had a mean percentage difference of 96% in the 

early successional stage and a mean difference of 43% in the intermediate successional stage, 

compared to values for LAI-2000.  

 

3.4 Discussion 

Structure and composition of the successional stages 

In terms of structure and composition, the plots fit the general description of early and 

intermediate stages of succession. For example, Carvajal-Vanegas and Calvo-Alvarado (2013), 

who worked in other permanent plots in Santa Rosa National Park, found the early stage of 

succession to be dominated by the plant families Verbenaceae and Cochlospermaceae, while the 

intermediate stage was dominated by the families Fabaceae and Malvaceae. According to 

Gillespie et al. (2000), Fabaceae is the most dominant family in Central American tropical dry 
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forests, such as in the dry forests of Guanacaste, Costa Rica (Palo Verde, Santa Rosa) and 

Nicaragua (La Flor, Chacocente, Ometepe Island, Masaya National Park, Cosiguina) (Gillespie 

et al. 2000). 

Carvajal-Vanegas and Calvo-Alvarado (2013) also found the dominant height of the 

canopy (9.9m in early stages and 17m in intermediate stages) was similar to my results. The 

basal area found in my study (19.29 m2 in the intermediate stage) was within the range of 17–40 

m
2
 per hectare found for old-growth TDFs across the world (Murphy and Lugo 1986).  

 The Shannon Diversity Index and the Holdridge Complexity Index indicated a more 

dynamic and complex intermediate successional stage in species composition and structure than 

the early stage, which was less developed structurally and possessed fewer species. Calvo-

Rodriguez et al. (2012) documented a similar difference between an early stage and an 

intermediate stage of succession in a TDF in Brazil. Kalacska et al. (2004) also found a lower 

Shannon Diversity Index and the Holdridge Complexity Index for early successional stage plots 

in Santa Rosa National Park, which differed significantly from the intermediate and late stage 

plots analyzed in her study.  It is expected that species diversity and the complexity of the forest 

increases through plant succession and recovery of the forest.  Time since abandonment of the 

site is a major factor that influences these changes, but it could also be influenced by land use 

history, landscape (e.g., availability and proximity of seed sources, pollinators), and the 

biophysical factors specific to each forest stage (Chazdon et al. 2007; Condit et al. 1999). For 

Quesada et al. (2009) the main mechanisms of succession and regeneration of TDF are still 

unknown but an important aspect to be considered in the process is the functional response of the 

community, in which certain plant groups that share specific plant functional traits are more 

likely to be represented in a particular successional stage (Quesada et al. 2009). 
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Differences in Woody Area Index and Leaf Area Index among successional stages 

 Generally, the results of my study indicate that the intermediate stage had the highest values for 

WAI and LAI compared with the early stage of succession; this was especially true during the 

rainy season, when LAI values could be significantly different among successional stages. These 

comparative results of WAI and LAI between successional stages are consistent with other 

results from TDFs. For instance, Kalacska et al. (2005a) also found the highest LAI values in the 

intermediate stage during the rainy season (September) and higher values of WAI in the 

intermediate stage plots in Santa Rosa, Costa Rica. Huang et al. (2013) found highest values for 

WAI and LAI in the intermediate stage of succession in Chamela–Cuixmala Biosphere Reserve, 

Mexico, which were significantly different from early and late stages of succession. 

 Variation in the LAI data was greater in the early stage of succession (Figure 3.5) during 

all the years of the study, although the variation in the data was less during the seasonal 

transitional months. On the contrary, I observed less variation in the LAI data during the 

intermediate stage, except in the transitional months when the variation increased. In these 

transitional months, trees and lianas began losing leaves (January - February) or leaves started to 

flush (June - July). Differences in LAI values from successional stages are expected due to 

dissimilarity in species composition, species richness, species dominance, canopy structure, land 

use history, seasonality, soil moisture, and microclimate (Kalacska et al. 2005a; Sánchez-

Azofeifa et al. 2009; Huang et al. 2013).  

 Kalacska et al. (2004) noted that the majority of the vegetation in the early stage in Santa 

Rosa belonged to pioneer tree guilds, with few species from the intermediate guild and, as a 

result, the majority of the foliage was lost early in the transitional season. In addition, the canopy 
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of the early successional stage is more open and exposed to the effects of wind (Kalacska et al. 

2005a; Sánchez-Azofeifa et al. 2009).  

 The intermediate stage, in contrast, holds a greater number of individuals of trees and 

lianas per plot with larger diameters and heights (Sánchez-Azofeifa et al. 2009), which creates a 

more closed canopy. In addition, the intermediate stage contains a mixture of intermediate and 

some shade-tolerant guilds, with a few species that remains evergreen (Carvajal-Vanegas and 

Calvo-Alvarado 2013). This might cause a greater variation during the transitional months in the 

intermediate successional stage, when some tree species lose their leaves early in the dry season 

and others lose them late in the dry season. The same effect can happen in the transition for the 

rainy season, when some tree species flush their leaves early and others late in the season. 

 According to Lopezaraiza-Mikel et al. (2013), the early successional stage in Santa Rosa 

National Park  contained a higher proportion of deciduous individuals and species (which lost 

their leaves during the dry season), whereas a greater proportion of trees maintained mid-to-full 

leaf coverage during 7–12 months of the year in the intermediate stage.  

 In general, average values of LAI for the fully expanded phase of leaves during the peak 

of the rainy season (LAI=2.49 in the early stage and LAI=4.74 in the intermediate stage) were 

very close to values reported for other TDFs in the rainy season. Kalacska et al. (2005a) reported 

values of 2.8 in the early stage and 4.6 in the intermediate stage for other plots in Santa Rosa 

National Park. Huang et al. (2013) reported values of 2.17 for the early stage and 3.64 for the 

intermediate successional stage in the TDF of Chamela–Cuixmala Biosphere Reserve. 

LAI-VI relationship and light diffusion through the canopy 

A strong correlation between vegetation indices and LAI demonstrates that it is possible to 

obtain accurate LAI values for TDF ecosystems based on spectral features of vegetation derived 
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from optical phenology towers. The LAI data calculated from ground measurements were 

correlated with tower-based VIs and with MODIS VIs. NDVI (tower-based data) and MODIS 

NDVI (satellite data) had the highest correlations with ground LAI in the early and intermediate 

stages. The EVI2 from the tower and the EVI from MODIS had the lowest correlations with the 

LAI. Wang et al. (2005) also found a better relationship between MODIS NDVI and LAI than 

between MODIS EVI and EVI in a deciduous forest. 

 Using the selected best predictors to calculate the "K" coefficient, I obtained values of 

"K" for the early and intermediate stages. Values were variable throughout the year, and in the 

rainy season they tended to be higher (3.28 and 2.90 in the early stage, 4.89 and 4.41 in the 

intermediate stage, using tower NDVI and MODIS NDVI, respectively). The "K" coefficient 

also varied along the successional gradient, indicating its usefulness in detecting, modeling, and 

monitoring studies in secondary TDFs. Values of "K" greater than 1 have been detected: Wilson 

and Meyers (2007), who used an approach similar to that of my study found values of 4.3 in 

temperate deciduous forest and values of 1.0 to 1.8 in temperate grasslands, Chasmer et al. (2008) 

found values of "K" of 3.90 in a boreal young pine forests.  

 Values of "K" derived from the towers were higher than "K" values derived from 

MODIS. Although there was no statistical difference between these values, variation can be 

explained by the lower values of NDVI found in MODIS data. Differences between NDVI 

values measured from the ground, and determined from satellites have been reported in the 

literature (Wang et al. 2004; Jenkins et al. 2007; Wilson and Meyers 2007). Main variations in 

satellite NDVI data are due to atmospheric effects, strong effects of temporal sampling, 

remaining cloud cover, seasonality of vegetation and data processing (Wang et al. 2004). Also 

Hmimina et al. (2012) emphasize that ground-based NDVI measurements are acquired at 
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constant viewing angles, while MODIS satellite measurements are acquired with different 

viewing geometries. Moreover, any comparison with spectral-based NDVI must recognize that 

the wavelength used for the satellite-derived NDVI (Rred: 610nm-680nm, and Rnir: 820nm-

900nm) are quite different from those used in broadband NDVI calculations (Rred: 400-700nm, 

Rnir: 305-2800nm) (Tittebrand et al. 2009). All the mentioned above might cause discrepancies 

in "K" values derived from ground measurements or satellite data. 

 From the coefficients "K" determined in this study, I estimated LAI values and compared 

them with ground measurements. Both tower-derived estimations and MODIS-derived 

estimations using NDVI had a good correlation with ground LAI. On the contrary, MODIS LAI 

data overestimated values with a greater variability, resulting in a poor correlation with ground 

data and the estimated data from LAI. Huang (2013) also found poor correlations in the TDF of 

Mexico between MODIS-LAI and ground measurements of LAI.  

 Discrepancies in the MODIS LAI products have been addressed in the literature (Cohen 

et al. 2003; Douglas et al. 2006; Ahl et al. 2006; Fang et al. 2013; Huang et al. 2013). Subpixel 

mixture and biome misclassification are the main problems when using MODIS data (Tian et al. 

2002; Fang et al. 2013). The MODIS LAI spatial resolution of 1 km x 1 km might represent an 

issue in secondary forests like Santa Rosa National Park, in which we have small patches of 

forest from different successional stages close to each other. Moreover, according to the MODIS 

land cover classification, the TDF of Santa Rosa National Park is classified as "woody savannas" 

and not as a deciduous forest. This misclassification is often found for TDFs, because leafless 

forests during the dry season have similar spectral signatures to pastures and savannas (Sanchez-

Azofeifa et al. 2003). 
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 The quality of MODIS LAI 8-day product also relies heavily on the weather conditions in 

tropical areas; it is especially difficult to have completely cloud-free conditions during the rainy 

season (Wu 2014). These unsolved problems might cause discrepancies in the comparison 

between MODIS products and tower-derived LAI (Wilson and Meyers 2007). 

  In contrast to MODIS LAI, numerous studies have reported a good relationship between 

the MODIS NDVI and ground measurements of phenological parameters (Wang et al. 2005; 

Fontana et al. 2008; Eklundh et al. 2011). Values of NDVI can differ between similar sites, 

depending on local environmental factors like understory type, litter amount, soil surface 

condition, humidity, and roughness (Lacaze et al. 1996). For satellite data, NDVI can also be 

affected by the presence of cloudy conditions and aerosols in the atmosphere (Wilson and 

Meyers 2007). 

 The good correspondence between LAI estimated from the optical towers and MODIS 

NDVI with the observed LAI was encouraging (Figure 7). Overall, values of "K" obtained from 

the NDVI of the optical phenology towers seemed to be more accurate for the estimation of LAI. 

According to Wilson and Meyers (2007), tower-derived NDVI is less affected by cloudy 

conditions,  because continuous 30-min measurements of incoming solar radiation at the flux 

towers allows the  investigator to directly identify and to remove cloudy data points in the 

derivation of NDVI.  

 The significance of my study is that I provide for the first time a method to derive 

continuous LAI measurements from optical phenology towers deployed in different successional 

stages of the TDF. The treatment of the "K" coefficient and LAI as variables rather than 

constants over time is an improvement to reduce serious deviations in the LAI estimation in 

TDFs and, thereby, in estimates of carbon balances and primary productivity. These 
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measurements provide simple and robust estimates of growing season phenology that are useful 

to productivity models and will greatly improve our understanding of ecosystem processes in 

TDFs. These data also provide information for validating satellite products and calibrating new 

algorithms for such products. 

 

3.5 Conclusion 

This study provides a methodology for the estimation of the LAI using the light diffusion 

through the canopy in two successional stages in a TDF. I demonstrate how vegetation indices 

derived from measurements obtained from optical phenology towers can be used as a tool for 

quantifying, monitoring, and detecting changes in canopy structure and primary productivity in 

secondary TDFs. In addition, I demonstrated how data derived from large-scale satellites, such as 

MODIS, might be limited by local climate conditions and must be used cautiously. However, 

LAI derived from satellite products can be improved following my methodology. 

 The models built in this study to estimate LAI can be used to obtain accurate and 

automated values continuously throughout the year for larger areas in different stages of plant 

succession in TDFs. These approaches can aid in the development of models for estimating 

primary productivity, energy, water, and carbon fluxes, in addition to complementing and 

validating satellite data. Quantifying and modeling these ecosystem processes could help us 

evaluate ecosystem services and develop sustainable practices for the appropriate management 

and conservation of TDFs. 
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3.7 Figures and Tables 

 

 Table 3.1. Values of NDVI and "K" coefficient determined for different ecosystems.  

Source NDVImin NDVImax K Ecosystem 

Wilson and Meyers (2007) 

0.90 0.30 4.30 Deciduous forest 

0.90 0.30 4.30 Deciduous forest 

0.90 0.30 4.30 Deciduous forest 

0.70 0.30 2.50 Pine forest 

0.85 0.25 1.50 Grassland 

0.80 0.25 1.70 Grassland 

0.80 0.25 1.80 Grassland 

0.80 0.30 1.00 Grassland 

0.60 0.15 0.70 Desert grass 

0.90 0.30 2.40 Cropland 

0.90 0.25 2.40 Cropland 

Chasmer et al. (2008) 
0.37 0.57 0.90 Pine seedlings 

0.31 0.56 3.90 Young pine forest 
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  Table 3.2. Description and formulas of vegetation indices (VI's) used in this study. 

VI Wavebands Equations References 

NDVI from 

phenology tower 
1,2 (Rnir − Rred)/(Rnir + Rred) 

Wilson and Meyers 

2007 

EVI2 from 

phenology tower 
1,2 2.5(Rnir − Rred)/(1+Rnir+2.4Rred) 

Rocha and Shaver 

2009 

MODIS NDVI 1,2 (Rnir − Rred)/(Rnir + Rred) ORNL DAAC, 2012 

MODIS EVI 1,2,3 2.5(Rnir − Rred)/(1+Rnir+6Rred-7.5Rblue) ORNL DAAC 2012 
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 Table 3.3. Summary of structure and composition variables found in 1 ha plots in the early and 

intermediate stages between 2013 and 2014 in Santa Rosa National Park. 

Successional 

stage 

Stand age 

(years) 

Dominant 

height (m) 

Basal Area 

(m
2
 ha

-1
) 

Density 

(stems ha
-1

) 

No. of lianas  

>5cm of DBH 
HCI H' 

Early 30 8.2 6.9 1200 0 18.6 2.0 

Intermediate 60 16.2 19.3 1136 37 106.2 3.4 
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 Table 3.4. Families with a composition higher than 5% (of the sampled individuals) and the 

number of species per family in the successional stages, Santa Rosa National Park. 

Stage Family Composition (%) No. Of species 

Early 

Verbenaceae 57.6 2 

Cochlospermaceae 30.0 1 

Malphigiaceae 12.0 2 

Intermediate 

Fabaceae 27.8 13 

Malphigiaceae 6.9 1 

Malvaceae 30.5 6 
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 Table 3.5. The maximum, minimum, and seasonal changes in VIs (NDVImax, NDVImin and 

NDVIi) used to find the “K” coefficient in early and intermediate successional plots and the 

maximum and average “K” values found for the growing season in Santa Rosa National Park, 

Guanacaste. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Succession NDVI NDVImin NDVImax NDVIᵢ K max K̅ 

Early Stage 
Tower  0.52 0.69 0.66 3.28 2.84 

MODIS  0.54 0.79 0.77 2.90 2.51 

Intermediate Stage 
Tower 0.72 0.89 0.86 6.31 4.89 

MODIS 0.57 0.84 0.81 5.70 4.41 
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 Table 3.6. Evaluation of the different methods to derive LAI in Santa Rosa National Park, 

Guanacaste. 

Stage Method Model to determine "K" R
2
 RMSE 

Early Tower NDVI 4.2+0.059(DOY)-1.15E-4(DOY
2
) 0.89 0.20 

Early MODIS NDVI 3.41+0.047(DOY)-9.32E-5(DOY
2
) 0.80 0.26 

Intermediate Tower NDVI -8.50+0.103(DOY)-1.87E-4(DOY
2
) 0.93 0.37 

Intermediate MODIS NDVI -7.05+0.085(DOY)-1.54E-6 (DOY
2
) 0.92 0.42 
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 Figure 3.1. Location of Santa Rosa National Park in Costa Rica, and location of the plots used 

in this study inside the park. Source: Google Earth. 
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 Figure 3.2. A schematic of the optical phenology towers deployment located in Santa Rosa 

National Park. Left panel is the ground view and right panel is the view from above with the 

delimitation of the canopy crowns. Source: Google Earth. 
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 Figure 3.3. Mean values along with standard deviation of (A.) Leaf area index for the early 

successional stage (March 2009 - May 2011) and (B.) Leaf area index for the intermediate 

successional stage (February 2013 - March 2015) in Santa Rosa National Park. LAI values 

include correction for Woody Area Index (WAI). 
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Figure 3.4. SVM analyses for the early successional stage and intermediate successional stage LAI 

data versus the month of the year (left panel) and LAI data versus the NDVI average values found for 

each month (right panel) from the optical phenology towers. White symbols represent values of the 

early successional stage, black symbols represent values of the intermediate successional stage. The 

dark grey curve represents the boundary found by the SVM algorithm to separate different classes. 

"X" represents the support vectors used to determine the boundary limits for the classification and 

"O" represents points not used to determine boundary limits.  
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Figure 3.5. Correlations between Leaf Area Index and Vegetation Indices in early (a. and b.) and 

intermediate successional plots (c. and d.) in the Santa Rosa National Park, Guanacaste. Dashed 

lines represent the 99% confidence intervals. 
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Figure 3.6. Variation of "K" coefficient during leaf growth phase and the fully-expanded leaf phase 

using the two best predictors from MODIS data and from tower-based data. Early successional plots 

(a.) and intermediate successional plots (b.) for Santa Rosa National Park, Guanacaste. Dashed lines 

inside the graphs indicate the start of the growing season and the end of the growing season 

according to the day of the year (DOY). 
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 Figure 3.7. Evaluation of models used to estimate LAI versus measurements of LAI-2000 in the 

early successional stage (a.) and (b.) and in the intermediate successional stage (c.) and (d.). The 

solid lines represent the relations between estimated and measured values of LAI. Dashed lines 

represent the 99% confidence intervals. (The regressions where significant, p<0.05). 
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 Figure 3.8. Evaluation of models used to estimate LAI versus measurements of MODIS LAI in 

the early successional stage (a.) and (b.) and in the intermediate successional stage (c.) and (d.). 

The solid lines represent the relations between estimated and measured values of LAI. Dashed 

lines represent the 99% confidence intervals. (The regressions where significant, p<0.05). 
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 Figure 3.9. Percentage differences among the estimate of LAI using the tower NDVI, MODIS 

NDVI, and MODIS LAI compared with the ground measurements for the LAI-2000. 
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4. Chapter four - Conclusions and Future Work 

 

The main objective of this thesis was to identify and integrate scientific knowledge of ecosystem 

characterization and quantification to assess ecosystem services (ES) in tropical dry forests 

(TDFs). By doing so, I identify main existing gaps and trends on the quantification of ES 

(provisioning, regulating and supporting) and potential approaches that can be used in TDFs. I 

also provide an innovative approach to assess a key ES (primary productivity) of different 

successional stages in a TDF. 

4.1 Synthesis of significant contributions 

The results from Chapter 2: "Assessing Ecosystem Services in neotropical Dry Forests" 

demonstrate that considerable efforts and research have been increasing in recent decades in the 

TDFs of America in order to quantify key biophysical variables that support the ES assessment 

of these forests.  

 Main trends in the analysis showed that provisioning and supporting services were the 

most studied services with a greater number of methodologies developed for their evaluation. 

Some of the most frequently studied services were genetic resources, primary production, carbon 

stocks, and biomass production. Other ES that are critical for the maintenance of ecosystems and 

human welfare, such as protection and provision of fresh water, air quality regulation, pest 

regulation, disease regulation, and erosion regulation were rarely addressed. There is a clear lack 

of formal research on many of these services.  

 Carbon storage and biodiversity have been the subjects of extensive research and 

methodologies in the region. On the contrary, water and soil lack from studies and 

methodologies for their services assessment. Most popular methods found to assess ES were 
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literature reviews, remote sensing techniques, and forest and biodiversity inventories. Although 

there is no consensus among researches on how these variables and methodologies should be 

addressed, the important amount of information found could helps us developed a more 

integrated approach. Moreover emerging environmental data sharing, remote sensing techniques, 

and visualization tools can support ES modeling with high accuracy and lower costs (Bagstad et 

al. 2013). 

 Generally, my study reveals a clear need for an increase research in provisioning and 

regulating services of water and soil in TDFs regions, given the high demand for these services 

in the region, also the need to develop an integrated approach that allow us to assess more than 

one ES and studies evaluating and modeling ES in TDFs under climate change scenarios. 

 The study in Chapter 3: "Ecosystem characterization and light diffusion of two 

Tropical Dry Forests (TDF)" is the first to provide a methodology for the estimation of the LAI 

using the light diffusion through the canopy and the “K” coefficient in two different successional 

stages in a TDF. To date such studies were conducted only in temperate or boreal forest (Wilson 

and Meyers 2007; Chasmer et al. 2008). Existing studies only provided a constant value for this 

coefficient and not a variable value taking into account the seasonal and year-to-year dynamics 

of the ecosystem. This is a key element I address in my study, in which I analyzed how this 

coefficient changes during the year, depending on leaf development during the seasons and the 

structure and composition of the successional stage.    

 Moreover, I demonstrate how vegetation indices derived from measurements obtained 

from optical phenology towers can be used as a tool for quantifying, monitoring, and detecting 

changes in canopy structure and primary productivity in secondary TDFs. The deployment of 

these towers permit to estimate a site-specific LAI derived from continuous NDVI tower 
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measurements in real time. The former allows for the possibility of obtaining an accurate time 

series of LAI that is not possible from other ground-based or coarse resolution, remote sensing 

techniques. 

 In addition, I demonstrated how data derived from large-scale satellites, such as MODIS, 

might be limited by local climate conditions, subpixel mixture and biome misclassification (Tian 

et al. 2002; Fang et al. 2013; Wu 2014) and must be used cautiously. These limitations can cause 

a poor estimation of the LAI, especially in the TDF, where the climatic conditions are not 

favorable during the rainy season (Wu 2014) and the land cover algorithms used in satellites, 

tends to misclassified this biome, because leafless forests during the dry season have similar 

spectral signatures to pastures and savannas (Sanchez-Azofeifa et al. 2003). However, in my 

study I demonstrated how the estimation of the LAI derived from satellite products can be 

improved for TDF by using the “K” coefficient calculated in this study. 

 This study represents an important contribution to characterize a key component (LAI) 

for the assessment of an ecosystem service (Net Primary Productivity, NPP) in TDFs. The 

models built in this study to estimate LAI can be used to obtain accurate and automated values 

continuously throughout the year for larger areas in different stages of forest succession in TDFs. 

This approach is going to be a useful tool in the development of models for estimating primary 

productivity, energy, water, and carbon fluxes, in addition to complementing and validating 

satellite data.  
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4.2 Future work and challenges  

It is known that increases in global average temperature exceeding 1.5-2.5°C and in atmospheric 

carbon dioxide concentrations, will generate major changes in ecosystem structure and function, 

species ecological interactions, and species geographic ranges, with predominantly negative 

consequences for biodiversity, and ecosystem goods and services (e.g., water supply) (IPCC 

2001). Some countries have made efforts to adapt, particularly through conservation of key 

ecosystems, early warning systems, risk management in agriculture, strategies for flood drought 

and coastal management, and disease surveillance systems. However, these efforts are affected in 

tropic regions by: lack of basic information, observation and monitoring systems; lack of 

capacity building and appropriate political, institutional and technological frameworks; low 

income; and settlements in vulnerable areas, among others (IPCC 2001).  

 For Balvanera et al. (2012) Latin America has a need for more interdisciplinary research 

on ES to integrate disciplines, communities, and stakeholders. This region still lacks ecological 

research produced by an unwilling position by academic institutions to address practical 

environmental problems, and there is an absence of effective bridges between the academic 

world and decision-makers (Ceballos et al. 2009). This lack of information and significant 

research dealing with ES in TDF became evident in my analysis and discussion of chapter 2. 

 Furthermore the assessment of ES is often conducted per service and the cross-sectoral 

analysis of ES in terms of their synergies and trade-offs needs to be further addressed (Maes et 

al. 2013). It is important to understand whether interactions are synergistic or competitive and 

which processes dominate at different scales. There is limited information on the effective 

management of services; thus it is unclear to what extent trade-offs and win-wins actually occur 

(Brauman et al. 2007).  
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 There is still a need to create a standard process for quantifying and mapping ES for 

robust decision making, potential trade on markets and landscape planning (Crossman et al. 

2012). From my study overall conclusions, it is clear that TDFs urge the development of an 

integrated approach using the available information, models created, and methodologies that 

allow us to assess more than one ES. This could become a powerful tool to assist decision-

makers, landholders and government agencies to assess the ES provided by TDFs.  

 From the remote sensing point of view, addressed in chapter 3, more research in the 

future using technology as the optical phenology towers used in my study, could helped to 

improved the modeling and monitoring of TDF ecosystems processes. Ground-based optical 

sensor networks could provide a very powerful tool for the evaluation of ES provided by TDF 

with high accuracy, and provide continuous datasets to the public including decision-makers, 

landholders and government agencies, enabling them to make assertive decisions in real time to 

mitigate natural disasters and climate change effects. The use of these resources and technologies 

could help us save and protect not only the important resources and services we obtain from 

TDF, but it could also help us save ourselves from the environmental, economic and social 

impacts we might face in the future. 
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Appendices 

Appendix 1. Database of all collected studies found from the web research for the TDFs. 

Measurment MEA Service Subcategory Reference 
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Aureli, F., Schaffner, C. M., Asensio, N., Lusseau, D. 2012. What is a 
Subgroup? how Socioecological Factors Influence Interindividual 

Distance. Behavioral Ecology. 23 (6): 1308-1315.  

Soils Supporting Services Nutrient cycling 

DeLonge, M., D'Odorico, P., Lawrence, D. 2008. Feedbacks between 
Phosphorus Deposition and Canopy Cover: The Emergence of Multiple 

Stable States in Tropical Dry Forests. Global Change Biology. 14 (1): 

154-160. doi:10.1111/j.1365-2486.2007.01470.x. 

Carbon  Regulating services Carbon stocks 

Gallardo-Cruz, J. Meave, A.J.A., González, E.J., Lebrija-Trejos, E.E., 

Romero-Romero, M.A., Pérez-García, E.A., Gallardo-Cruz, R., 
Hernández-Stefanoni, J.L.,  Martorell, C. 2012. Predicting Tropical Dry 

Forest Successional Attributes from Space: Is the Key Hidden in Image 

Texture? PloS One 7 (2): e30506. 

Carbon  Provisioning services Biomass production 

Litton, C. M., Sandquist, D. R., Cordell, S. 2006. Effects of non-native 

grass invasion on aboveground carbon pools and tree population structure 

in a tropical dry forest of Hawaii. Forest ecology and management 
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Lugo, A. E., Medina, E., Trejo-Torres, J. C., Helmer, E. 2006. Botanical 
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Naturales y Ambiente (45): 91-104. 
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natural medicines, 
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pharmaceuticals 
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Agosta, S. J. 2010. Male Body Size and Mating Success and their 

Relation to Larval Host Plant History in the Moth Rothschildia Lebeau in 
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Tropical Dry Forest Ecosystem. American Journal of Botany. 99 (5): 816-
826.  
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organization of dung beetles. Biotropica 37: 291-300.               

Biodiversity Provisioning services Genetic resources 
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Apsit, V.J., Hamrick, J. L., Nason, J. D. 2001. Breeding Population Size 
of a Fragmented Population of a Costa Rican Dry Forest Tree Species. 

Journal of Heredity. 92 (5): 415-420. doi:10.1093/jhered/92.5.415. 
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Arizmendi, M.C., Ornelas, F. 1990. Hummingbirds and their floral 
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Arreguín-Sánchez, M., Palacios-Chávez, R., Quiroz-García, D.L. 1996. 
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station at Chamela, Jalisco, Mexico. Phytologia 80: 8-22.               
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Arriaga, L.,  Leon, J. L. 1989. The Mexican Tropical Deciduous Forest of 

Baja-California-Sur a Floristic and Structural Approach. Vegetatio. 84 

(1): 45-52.  

Carbon  Regulating services Carbon stocks 

Arroyo-Mora, J.P., Sanchez-Azofeifa, G.A.,  Rivard, B., Calvo, J.C.,  

Janzen, D.H. 2005. Dynamics in Landscape Structure and Composition 
for the Chorotega Region, Costa Rica from 1960 to 2000. Agriculture 

Ecosystems Environment. 106 (1): 27-39.  

Carbon  Regulating services Carbon stocks 

Arroyo-Mora, J. P., Sanchez-Azofeifa, G. A., Kalacska, M., Rivard, B., 
Calvo-Alvarado, J. C., Janzen, D.H. 2005. Secondary Forest Detection in 

a Neotropical Dry Forest Landscape using Landsat 7 ETM+ and IKONOS 

Imagery. Biotropica. 37 (4): 497-507.  
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Asensio, N., Lusseau, D., Schaffner, C.M., Aureli, F. 2012. Spider 

Monkeys use High-Quality Core Areas in a Tropical Dry Forest. Journal 
of Zoology. 287 (4): 250-258.  

Biodiversity Provisioning services Genetic resources 

Avila-Cabadilla, L.D., Stoner, K.S., Henry, M., Alvarez Anorve, M. 

2009. Composition, Structure and Diversity of Phyllostomid Bat 
Assemblages in Different Successional Stages of a Tropical Dry Forest. 

Forest Ecology and Management. 258 (6): 986-996.  
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Avila-Cabadilla, L.D, Sanchez-Azofeifa, G.A., Stoner, K.E, Alvarez-

Anorve, M., Quesada, M., Portillo-Quintero, C. 2012. Local and 

Landscape Factors Determining Occurrence of Phyllostomid Bats in 
Tropical Secondary Forests. Plos One. 7 (4): e35228.  

Biodiversity Provisioning services Genetic resources 

Avila-Cabadilla, L.D., Stoner, K.E., Nassar, J.M., Espirito-Santo, 

M.M.DO., Alvarez-Anorve, M., Aranguren, C., Henry, M., Gonzalez-

Carcacia, J.A., Falcao, L., Sanchez-Azofeifa, G.A. 2014. Phyllostomid 
Bat Occurrence in Successional Stages of Neotropical Dry Forests. Plos 

One. 9 (1): e84572.  

Biodiversity Provisioning services Genetic resources 
Ávila-Sakar, G., Domínguez, C. 2000. Parental effects and gender 

specialization in a tropical Heterostylous shrub. Evolution 54: 866-877.               

Biodiversity Provisioning services 

Biochemicals, 
natural medicines, 

and 

pharmaceuticals 

Baker, M. 1996. Fur Rubbing: Use of Medicinal Plants by Capuchin 

Monkeys (Cebus Capucinus). American Journal of Primatology. 38 (3): 
263-270. 

Carbon  Provisioning services Biomass production 

Balvanera, P., Aguirre, E. 2006. Tree Diversity, Environmental 

Heterogeneity, and Productivity in a Mexican Tropical Dry Forest. 
Biotropica. 38 (4): 479-491. doi:10.1111/j.1744-7429.2006.00161.x. 

Biodiversity Supporting services Primary production 

Balvanera, P., Lott, E., Segura, G., Siebe, C., Islas, A. 2002. Patterns of 

Beta-Diversity in a Mexican Tropical Dry Forest. Journal of Vegetation 

Science. 13 (2): 145-158. doi:10.1111/j.1654-1103.2002.tb02034.x. 

Water Supporting Services Water cycling 

Balvanera, P., Quijas, S.,  Pérez-Jiménez, A. 2010. Distribution patterns 

of tropical dry forest trees along a meso-scale water availability gradient. 
Biotropica. 43(4): 414-422. 10.1111/j.1744-7429.2010.00712.x.     

Carbon  Provisioning services Biomass production 
Barajas-Morales, J. 1987. Wood specific gravity in species from two 
tropical forests in Mexico. IAWA Bulletin 8: 143-148.               

Carbon  Provisioning services Biomass production 

Barajas-Morales, J., Pérez-Jímenez, L.A., Chiang, F. 1997. Seasonal 

Fluctuations Of Starch In Wood And Bark Of Trees From A Tropical 

Deciduous Forest In Mexico. Anales del Instituto de Biología (UNAM) 
serie Botánica 68: 7-19.               

Carbon  Regulating services Climate regulation 
Barradas, V. L. 1991. Radiation Regime in a Tropical Dry Deciduous 
Forest in Western Mexico. Theoretical and Applied Climatology. 44 (1): 

57-64.  

Water Supporting Services Water cycling 
Barradas, V., Fanjul, L. 1985. Equilibrio hídrico y evapotranspiración en 
una selva baja caducifolia de la costa de Jalisco, México. Biotica 10: 199-

218.               

Carbon  Regulating services Climate regulation 

Barradas, V. L., Adem, J. 1992. Albedo Model for a Tropical Dry 

Deciduous Forest in Western Mexico. International Journal of 

Biometeorology. 36 (2): 113-117.  

Biodiversity Provisioning services Genetic resources 

Barrantes, G.,  Sánchez, J. E. 2003. Geographical distribution, ecology, 

and conservation status of Costa Rican dry-forest avifauna. Biodiversity 

conservation in Costa Rica. Learning the lessons in a seasonal dry forest. 

University of California, Los Angeles, California, EEUU. pp 147-159. 

Biodiversity Provisioning services Genetic resources 

Bawa, K. 2004. Impact of Global Changes on the Reproductive Biology 

of Trees in Tropical Dry Forests. In Frankie, G.W., Mata, A., Vinson, 

S.B. (eds.). Potential Impacts of Climate Change on Tropical Forest 
Ecosystems. pp. 333-345. 

Biodiversity Provisioning services Genetic resources 
Becerra, J.X. 2005. Timing the origin and expansion of the Mexican 
tropical dry forest. Proceedings of the National Academy of Sciences of 

the United States of America 102: 10919-10923.               

Carbon  Provisioning services Biomass production 

Becknell, J.M., Kissing, L.K., Powers, J. 2012. Aboveground Biomass in 

Mature and Secondary Seasonally Dry Tropical Forests: A Literature 

Review and Global Synthesis. Forest Ecology and Management. 276: 88-
95. doi:10.1016/j.foreco.2012.03.033. 

Soils Provisioning services Biomass production 

Becknell, J.M. Powers, J. 2014. Stand Age and Soils as Drivers of Plant 

Functional Traits and Aboveground Biomass in Secondary Tropical Dry 

Forest. Canadian Journal of Forest Research-Revue Canadienne De 
Recherche Forestiere. 44 (6): 604-613.  
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Soils Supporting Services Nutrient cycling 

Bejarano, M., Etchevers, J., Ruiz-Suarez, G., Campo, J. 2014. The Effects 

of Increased N Input on Soil C and N Dynamics in Seasonally Dry 

Tropical Forests: An Experimental Approach. Applied Soil Ecology. 73: 
105-115.  

Biodiversity Provisioning services Genetic resources 

Birch, J.C., Newton, A., Alvarez Aquino, C., Cantarello, E., Echeverria, 

C., Kitzberger, T., Schiappacasse, I., Tejedor Garavito, N. 2010. Cost-
Effectiveness of Dryland Forest Restoration Evaluated by Spatial 

Analysis of Ecosystem Services. Proceedings of the National Academy of 

Sciences of the United States of America. 107 (50): 21925-21930.  

Biodiversity Supporting services Primary production 
Boege, K. 2004. Induced responses in three tropical dry forest plant 

species-direct and indirec effects on herbibory. Oikos 107: 541-548.               

Biodiversity Supporting services Primary production 
Boege, K. 2005. Herbivore attack in Casearia nitida influenced by plant 
ontogenetic variation in foliage quality and plant architecture. Oecologia 

143: 117-125.               

Biodiversity Supporting services Primary production 
Boege, K. 2005. Influence of plant ontogeny on compensation to leaf 

damage. American Journal of Botany 92: 1632-1640.               

Biodiversity Supporting services Primary production 
Boege, K., Marquis, R.J. 2005. Facing herbivory as you grow up: the 
ontogeny of resistance in plants. Trends in Ecology and Evolution 20: 

441-448.               

Biodiversity Supporting services Primary production 
Boege, K., Marquis, R.J. 2006. Plant quality and predation risk mediated 
by plant ontogeny: consequences for herbivores and plants. Oikos 115: 

559-572.               

Biodiversity Provisioning services Genetic resources 

Boom-Urueta, C., Seña-Ramos, L., Vargas-Zapata, M.,  Martínez-

Hernández, N. 2013. Butterflies papilionoidea and hesperioidea (insecta: 
lepidoptera) in the reserva ecológica luriza (rel), atlantico, Colombia. 

Boletín Científico. Centro de Museos. Museo de Historia Natural. 17(1): 
149-167. 

Water Supporting Services Water cycling 

Borchert, R. 1994. Soil and Stem Water Storage Determine Phenology 

and Distribution of Tropical Dry Forest Trees. Ecology. 75 (5): 1437-

1449.  

Water Supporting Services Water cycling 

Borchert, R. 1994. Induction of Rehydration and Bud Break by Irrigation 

Or Rain in Deciduous Trees of a Tropical Dry Forest in Costa-Rica. 
Trees-Structure and Function. 8 (4): 198-204. 

Water Regulating services 
Natural hazard 

regulation 

Borchert, R. 1999. Climatic Periodicity, Phenology, and Cambium 

Activity in Tropical Dry Forest Trees. Iawa Journal. 20 (3): 239-247. 

Water Supporting Services Water cycling 

Borchert, R., Rivera, G., Hagnauer, W. 2002. Modification of Vegetative 
Phenology in a Tropical Semi-Deciduous Forest by Abnormal Drought 

and Rain. Biotropica. 34 (1): 27-39. doi:10.1111/j.1744-

7429.2002.tb00239.x. 

Biodiversity Supporting services Pollination 

Borchert, R., Meyer, S.A., Felger, R.S Porter-Bolland, L. 2004. 

Environmental Control of Flowering Periodicity in Costa Rican and 

Mexican Tropical Dry Forests. Global Ecology and Biogeography. 13 (5): 
409-425.  

Biodiversity Provisioning services Genetic resources 

Borrego, A., Skutsch, M. 2014. Estimating the Opportunity Costs of 

Activities that Cause Degradation in Tropical Dry Forest: Implications for 
REDD. Ecological Economics. 101: 1-9. 

doi:10.1016/j.ecolecon.2014.02.005. 

Water Regulating services 
Natural hazard 

regulation 

Brenes-Arguedas, T., Coley, P.D., Kursar, T. 2009. Pests Vs. Drought as 
Determinants of Plant Distribution Along a Tropical Rainfall Gradient. 

Ecology. 90 (7): 1751-1761. doi:10.1890/08-1271.1. 

Biodiversity Provisioning services Genetic resources 

Briones-Salas, M., Sánchez-Cordero, V., Sánchez-Rojas, G. 2006. Multi-

species fruit and seed removal in a tropical deciduos forest in México. 
Canadian Journal of Botany 84: 433-442.               

Water Supporting Services Water cycling 

Brodribb, T. J., Holbrook, N. M.,  Gutierrez, M. V. 2002. Hydraulic and 

photosynthetic co‐ordination in seasonally dry tropical forest trees. Plant, 

Cell Environment. 25(11): 1435-1444. 

Biodiversity Supporting services Pollination 
Bullock, S.H. 1985. Breeding systems in the flora of a tropical deciduous 

forest in Mexico. Biotropica 17: 287-301.               

Carbon  Regulating services Climate regulation 

Bullock, S.H. 1986. Climate Of Chamela, Jalisco, And Trends In The 

South Coastal Region Of Mexico. Archives for Meteorology Geophysics 
and Bioclimatology aeries B-Theoretical and Applied Climatology 36: 
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Biodiversity Supporting services Pollination 
Bullock, S.H. 1986. Observations and an experiment on synchronous 
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Biodiversity Supporting services Primary production 
Bullock, S.H. 1988. Physical and biological environmental features of 

chamela jalisco mexico. Folia Entomológica Mexicana 77: 5 - 17.               

Carbon  Provisioning services Biomass production 
Bullock, S.H. 1990. Abundance and allometrics of vines and self-
supporting plants in a tropical deciduous forest. Biotropica 22: 106-109.               

Biodiversity Supporting services Pollination 
Bullock, S.H. 1994. Wind Pollination Of Neotropical Dioecious Trees. 

Biotropica 26: 172-179.               

Water Regulating services 
Natural hazard 

regulation 

Bullock, S.H. 1997. Effects of seasonal rainfall on radial growth in two 

tropical tree species. International Journal of Biometeorology 41: 13-16.               

Biodiversity Provisioning services Genetic resources 

Bullock, S.H. 1999. Relationships among body size, wing size and mass 

in bees from a tropical dry forest in Mexico. Journal of the Kansas 
Entomological Society 72: 426-439.               

Carbon  Provisioning services Biomass production 
Bullock, S.H. 2000. Developmental patterns of tree dimensions in a 

neotropical deciduous forest. Biotropica 32: 42-52.               

Carbon  Provisioning services Biomass production 
Bullock, S.H., Martijena del Río, N.E. 1998. Growth and reproduction in 
forest trees of the Cactus Opuntia excelsa. Biotropica 30: 553-558.               

Carbon  Supporting services Primary production 
Bullock, S.H., Solís-Magallanes, J.A. 1990. Phenology of canopy trees of 

a tropical deciduous forest in Mexico. Biotropica 22: 22-35.               

Biodiversity Supporting services Pollination 

Bullock, S.H., Martijena del Río, N.E., Ayala, R. 1989. Bee visitation 

rates to trees of Prockia crucis differing in flower number. Oecologia 78: 
389-393.               

Biodiversity Supporting services Pollination 

Bullock, S.H., Ayala, R., Rodríguez González, G., Palacios Chávez, R., 

Ramos Zamora, D., Quiroz García., D.I., ArreguinSánchez, M.D. 1991. 

Nest Provision And Pollen Foraging In 3 Mexican Species Of Solitary 
Bees (Hymenoptera, Apoidea). Pan-Pacific Entomologist 67: 171-176.               

Biodiversity Provisioning services Genetic resources 

Bullock, S.H. 1995. Plant reproduction in neotropical dry forests. In 

Bullock, S.H., Mooney, H.A., Medina, E. (eds.). Seasonally dry tropical 
forests. Cambridge University Press, New York. pp 277-303. 

Biodiversity Provisioning services Genetic resources 
Burgos, A.,  Maass, J.M. 2004. Vegetation Change Associated with Land-
use in Tropical Dry Forest Areas of Western Mexico. Agriculture 

Ecosystems Environment. 104 (3): 475-481.  

Carbon  Supporting services Primary production 

Burnham, R.J. 1997. Stand Characteristics and Leaf Litter Composition of 

a Dry Forest Hectare in Santa Rosa National Park, Costa Rica. Biotropica. 

29 (4): 384-395.  

Biodiversity Provisioning services Genetic resources 

Burns, J.M., Janzen, D.H., Hajibabaei, M., Hallwachs, W., Hebert, P.D. 

2008. DNA Barcodes and Cryptic Species of Skipper Butterflies in the 

Genus Perichares in Area De Conservacion Guanacaste, Costa Rica. 
Proceedings of the National Academy of Sciences of the United States of 
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Biodiversity Supporting services Primary production 

Caetano, S., Naciri, Y. 2011. The Biogeography of Seasonally Dry 

Tropical Forests in South America. In Dirzo, R. Young, H. S. Mooney, H. 

A. Ceballos, G. (eds.). Seasonally Dry Tropical Forests. Island 

Press/Center for Resource Economics. Pp 23-44. 

Carbon  Provisioning services Biomass production 

Cairns, M. A., Olmsted, I., Granados, J., Argaez, J. 2003. Composition 

and Aboveground Tree Biomass of a Dry Semi-Evergreen Forest on 

Mexico's Yucatan Peninsula. Forest Ecology and Management. 186 (1-3): 
125-132.  

Biodiversity Provisioning services Genetic resources 

Calderon-Cortes, N., Quesada, M., Escalera-Vazquez, L.H. 2011. Insects 

as Stem Engineers: Interactions Mediated by the Twig-Girdler Oncideres 

Albomarginata Chamela Enhance Arthropod Diversity. Plos One. 6 (4): 
e19083.  

Water Provisioning services Fresh water 
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Appendix 2. Values of LAI obtained from LAI-2000 and calculated values of "K" derived from 

tower measurements and MODIS NDVI, for the early and the intermediate successional stages 

and different days of the year. 

Successional stage Year DOY LAI K derived from tower  K derived from MODIS  

Early 2009 273 2.65 3.31 2.92 

Early 2009 296 2.45 3.06 2.70 

Early 2009 316 2.31 2.88 2.54 

Early 2009 341 2.35 2.92 2.58 

Early 2010 29 1.69 2.11 1.86 

Early 2010 56 1.30 1.62 1.43 

Early 2010 85 0.00 0.00 0.00 

Early 2010 99 1.39 1.74 1.53 

Early 2010 113 0.68 0.85 0.75 

Early 2010 134 1.24 1.55 1.37 

Early 2010 146 1.26 1.57 1.39 

Early 2010 159 2.20 2.74 2.42 

Early 2010 180 2.39 2.97 2.62 

Early 2010 213 2.52 3.13 2.77 

Early 2010 238 2.33 2.90 2.56 

Early 2010 266 2.64 3.28 2.90 

Early 2010 295 2.33 2.91 2.57 

Early 2010 310 2.31 2.88 2.54 

Early 2010 330 1.95 2.43 2.14 

Early 2010 350 1.77 2.21 1.95 

Early 2011 26 1.16 1.45 1.28 

Early 2011 40 1.16 1.45 1.28 

Early 2011 57 1.09 1.36 1.20 

Early 2011 70 0.00 0.00 0.00 

Early 2011 70 0.00 0.00 0.00 

Early 2011 91 0.86 1.07 0.95 

Early 2011 126 1.05 1.30 1.15 

Intermediate 2013 55 0.82 0.99 0.90 

Intermediate 2013 79 0.00 0.00 0.00 

Intermediate 2013 113 1.06 1.29 1.17 

Intermediate 2013 127 1.63 1.98 1.79 

Intermediate 2013 152 1.71 2.08 1.87 

Intermediate 2013 204 3.79 4.61 4.16 

Intermediate 2013 218 4.16 5.07 4.58 

Intermediate 2013 250 5.18 6.31 5.70 

Intermediate 2013 297 4.81 5.85 5.28 
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Intermediate 2013 324 4.30 5.23 4.72 

Intermediate 2013 355 3.54 4.31 3.89 

Intermediate 2014 22 2.64 3.21 2.90 

Intermediate 2014 55 1.36 1.66 1.50 

Intermediate 2014 87 0.00 0.00 0.00 

Intermediate 2014 113 0.86 1.05 0.95 

Intermediate 2014 126 0.90 1.10 0.99 

Intermediate 2014 177 2.95 3.59 3.24 

Intermediate 2014 211 3.36 4.10 3.70 

Intermediate 2014 226 4.02 4.90 4.42 

Intermediate 2014 266 5.23 6.37 5.75 

Intermediate 2014 291 5.03 6.13 5.53 

Intermediate 2014 332 4.08 4.97 4.48 

Intermediate 2014 346 3.55 4.33 3.91 

Intermediate 2015 28 2.51 3.05 2.76 

Intermediate 2015 46 1.72 2.10 1.89 

Intermediate 2015 61 0.00 0.00 0.00 
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Appendix 3. Values of LAI from LAI-2000, LAI derived from tower, LAI derived from 

MODIS, and MODIS LAI with their percentage differences compared to the ground 

measurements of LAI-2000. 

Successional 

stage 

LAI-

2000 

LAI derived 

from tower 

NDVI 

% 

Difference 

LAI derived 

from MODIS 

NDVI 

% 

Difference 

MODIS 

LAI 

% 

Difference 

Early1 1.50 2.47 65 2.27 51 6.50 333 

Early2 1.74 2.48 42 2.27 30 6.20 255 

Early3 2.55 2.48 3 2.28 11 3.80 49 

Early4 2.10 2.49 18 2.29 9 3.80 81 

Early5 1.88 2.50 33 2.30 22 1.40 26 

Early6 1.69 2.51 48 2.30 36 3.80 124 

Early7 2.53 2.51 1 2.31 9 5.40 113 

Early8 3.16 2.52 20 2.31 27 5.40 71 

Early9 1.78 2.53 42 2.32 30 2.30 29 

Early10 2.21 2.53 14 2.33 5 2.30 4 

Early11 1.85 2.54 37 2.33 26 2.30 24 

Early12 2.25 2.54 13 2.34 4 2.30 2 

Early13 2.35 2.55 8 2.34 1 2.60 10 

Early14 1.66 2.56 54 2.35 41 5.80 249 

Early15 3.05 2.56 16 2.35 23 6.60 116 

Average 2.16 2.52 22 2.31 12 4.03 96 

Intermediate1 3.85 4.07 6 3.82 1 4.30 12 

Intermediate2 3.30 4.09 24 3.84 16 6.60 100 

Intermediate3 3.43 4.11 20 3.85 12 4.30 25 

Intermediate4 3.60 4.13 15 3.87 8 4.80 33 

Intermediate5 3.35 4.14 24 3.89 16 4.30 28 

Intermediate6 3.10 4.16 34 3.91 26 6.50 110 

Intermediate7 3.12 4.18 34 3.92 26 5.00 60 

Intermediate8 4.11 4.20 2 3.94 4 4.80 17 

Intermediate9 3.52 4.21 20 3.96 12 5.20 48 

Intermediate10 3.16 4.23 34 3.97 26 6.60 109 

Intermediate11 3.71 4.25 14 3.99 7 4.80 29 

Intermediate12 3.83 4.26 11 4.00 4 5.30 38 

Intermediate13 3.64 4.28 18 4.02 10 5.40 48 

Intermediate14 4.20 4.29 2 4.03 4 2.30 45 

Intermediate15 4.27 4.31 1 4.05 5 5.40 26 

Average 3.61 4.19 17 3.94 10 5.04 43 
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Appendix 4. Early stage plot for LAI measurements with sampling points for early stage (left) 

and intermediate stage plots (right) (After Kalacska et al. 2005a). 
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Appendix 5. Location inside Santa Rosa National Park of the optical phenology towers in the 

early stage (Pheno tower-E) and in the intermediate stage of succession (Pheno tower-I). The 

validation points where LAI was measured in the early stage are in red and the validation points 

in the intermediate stage of succession are in blue. 
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Appendix 6. Woody Area Index in the early successional stage plots (E1, E2, and E3) and in the 

intermediate successional stage of succession plots (I1, I2 and I3) in Santa Rosa National Park. 

The median of the WAI is indicated by a solid line inside the boxes. The boundaries of the boxes 

indicate the 25th and 75th percentiles. The whiskers above and below the boxes indicate the 90th 

and 10th percentiles and the dots the 5th and 95th percentile outliers. 
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Appendix 7. Residuals from the evaluation of the estimation capability of the models for 

estimating the LAI in the early stage (a.) using tower-derived LAI versus LAI-2000 and (b.) 

using MODIS NDVI derived LAI versus LAI-2000. In the intermediate stage (c.) using tower-

derived LAI versus LAI-2000 and (d.) using MODIS NDVI derived LAI versus LAI-2000. 
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Appendix 8. Values of LAI measured in 15 early successional stage validation points using the 

LAI-2000, MODIS LAI, and estimated values of LAI using the "K" coefficients developed in 

this study. The median of the LAI is indicated by a solid line inside the boxes. The boundaries of 

the boxes indicate the 25th and 75th percentiles. The whiskers above and below the boxes 

indicate the 90th and 10th percentiles and the dots the 5th and 95th percentile outliers. 
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Appendix 9. Values of LAI measured in 15 intermediate successional stage validation points 

using the LAI-2000, MODIS LAI, and estimated values of LAI using the "K" coefficients 

developed in this study. The median of the LAI is indicated by a solid line inside the boxes. The 

boundaries of the boxes indicate the 25th and 75th percentiles. The whiskers above and below 

the boxes indicate the 90th and 10th percentiles and the dots the 5th and 95th percentile outliers. 
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Appendix 10. NDVI data for the intermediate successional stage with the Savitzky–Golay 

smoothing function and the points for the start of the growing season and the end of the growing 

season of year 2013.  


