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Abstract 

        Tropical dry forests are important ecosystems for their high species richness, 

endemism and their important role in sustaining earth’s system. This thesis 

utilized leaf area index measurements to characterize tropical dry forest 

successions and their seasonality in a tropical dry forest in Mexico, explored its 

linkage with MODIS LAI and the factors that drive the variation of MODIS LAI. 

The objectives were: 1) To estimate LAI field measurements across three stages 

of succession in this tropical dry forest and evaluate the linkage between LAI and 

ecosystem structure and composition, 2) To estimate seasonal dynamics of the 

tropical dry forest by optical LAI measurements, and to evaluate the performance 

of MODIS LAI in estimating LAI in the tropical dry forest, 3) To evaluate the 

effects of subpixel land surface characteristics on the phenological pattern derived 

from MODIS LAI time series. Results found significant difference in LAI as well 

as in composition among successional stages. Seasonal dynamics were well 

captured by both optical measurements and MODIS LAI however discrepancy in 

values was found between these two variables. Further study in exploring 

subpixel characteristics found the amount of forest cover within a MODIS pixel, 

along with the mean aspect had a significant impact on MODIS LAI values as 

well as phenological characteristics derived from its time series. This thesis 

contributed to future research in the application and validation of remotely sensed 

LAI from both a biological perspective and a remote sensing perspective. 
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Chapter One: Introduction 

Tropical Dry Forests 

        Tropical dry forests are important ecosystems for their intimate relation to 

climate system dynamics, atmospheric composition, and their environmental 

services that benefit human welfare and help to sustain the earth’s system, 

including renewal of soil fertility, purification of water, and carbon sequestration 

that aids in mitigation of climate change (Sánchez-Azofeifa et al., 2001; Sánchez-

Azofeifa et al., 2007). 

        Tropical dry forests are defined by Sánchez-Azofeifa et al. (2005b) as a 

vegetation type dominated by deciduous trees where more than 50% are drought 

deciduous, the mean annual temperature is >25°C, total annual precipitation 

ranges between 700 and 2000 mm, and there are three or more dry months every 

year when precipitation is < 100 mm. Tropical dry forests comprise 

approximately 42% of all tropical forests (Brown and Lugo, 1982; Miles et al., 

2006), among which  approximately 54% are located in the Americas, from 

Mexico to Northern Argentina, which are referred to as Neotropical dry forests 

(Miles et al., 2006). A recent study conducted by Portillo-Quintero and Sánchez-

Azofeifa (2010) revealed the current extent of Neotropical dry forests as 519,597 

km2, based on the results of a supervised classification using MODIS surface 

reflectance product at 500-m spatial resolution.  
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        Tropical dry forests maintain high levels of species diversity (Portillo-

Quintero & Sánchez-Azofeifa, 2010), and are even more diverse structurally and 

physiologically than wet forests (Medina, 1995; Sánchez-Azofeifa et al., 2003). 

They have higher endemism than wet forests which refers to species unique to the 

area (Kalacska et al., 2005a; Rzedowski, 1991). Gentry (1995) found endemism 

to be as high as 76% in South American dry forests. 

        In spite of their high species richness, endemism and their important role in 

sustaining earth’s system and human development, tropical dry forests are among 

the most vulnerable and threatened ecosystems in the Americas due to intensive 

human disturbance (Janzen, 1988; Hoekstra et al., 2005) given that historically 

they were preferred for agricultural activities, human settlement and development 

in the tropics (Maass, 1995; Quesada et al., 2009; Sánchez-Azofeifa et al., 2005b). 

At the global level, approximately 48.5% of the tropical dry forest has been 

converted to other land uses (Hoekstra et al., 2005). In the Americas, 66% of the 

ecosystem has been reduced caused by the timber industry, agricultural 

development and cattle ranching, leaving a total of 519,597 km2 tropical dry 

forests across North and South America, among which only 4.5% (23,417 km2 out 

of 519,597 km2) are protected by nature reserves (Portillo-Quintero & Sánchez-

Azofeifa, 2010). As a result of deforestation, tropical dry forests exist as 

fragments embedded in matrices of transformed land covers (Portillo-Quintero & 

Sánchez-Azofeifa, 2010). It is indicated that most mature forests will disappear 

and secondary forest patches in different successional stages will take the lead 

eventually (Quesada et al., 2009; Sánchez-Azofeifa, 2005b). 
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        While most studies have focused on tropical rain forests, tropical dry forests 

are one of the least well studied tropical ecosystems (Stoner & Sánchez-Azofeifa, 

2009). Few efforts have been put towards the conservation and sustainable 

management of tropical dry forests (Sánchez-Azofeifa, 2005b). There are only a 

few national parks and biological reserves (Sánchez-Azofeifa et al., 2005a), and 

only 4.5% of Neotropical dry forests are under protection compared to 16-18% 

protected area for tropical humid forests (Hoekstra et al., 2005; Portillo-Quintero 

& Sánchez-Azofeifa, 2010). 

Chamela-Cuixmala Biosphere Reserve, Mexico 

        Mexico has the largest extend of tropical dry forests in the Americas, 

although 71% has been converted to other land uses due to agriculture and cattle 

ranching (Portillo-Quintero & Sánchez-Azofeifa, 2010). The current extend is 

181,461 km2 in Mexico representing 38% of the Neotropical dry forests (Portillo-

Quintero & Sánchez-Azofeifa, 2010). However, despite the fact that tropical dry 

forests in Mexico are important for their highest diversity and endemism (Short 

1974; Janzen 1983), they are among the least protected, with only 336 km2 (0.2%) 

protected area (Miles et al., 2006; Portillo-Quintero & Sánchez-Azofeifa, 2010). 

One of the protected areas for tropical dry forest in Mexico is the Chamela-

Cuixmala Biosphere Reserve, located on the Pacific coast of Mexico, in the state 

of Jalisco. The climate is influenced by tropical cyclones which have led to a 

highly variable annual rainfall pattern (Garcia-Oliva et al., 1991). The Chamela-

Cuixmala Biosphere Reserve is a protected area of approximately 131 km2 (Maass 
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et al., 2005), with 92.1% of tropical dry forest, 4% of riparian forest and 

mangroves and 3.7% of deforestation area (Sánchez-Azofeifa et al., 2009b). The 

surrounding areas within a 5 km distance from the reserve also maintain as high 

as 80% of tropical dry forest (Sánchez-Azofeifa et al., 2009b). 

Study Area 

        This study was conducted in the tropical dry forest in the Chamela-Cuixmala 

Biosphere Reserve, located at 19°30' N, 105°03' W (Figure 1-1), where mean 

annual temperature is 25°C (Maass et al., 1995), mean annual precipitation is 748 

mm with 80% falling between July and October (Balvanera et al., 2002; Maass et 

al., 2005). Due to human activities and forest recovery, this area is mainly 

comprised of tropical dry forests of three successional stages (Kalacska et al., 

2005): early stage – secondary dry forest of 3-5 years old, intermediate stage – 

secondary dry forest of 8-12 years old and late stage – mature tropical dry forest. 

Leaf Area Index 

        Seasonality is one of the significant characteristics of tropical dry forests 

(Sánchez-Azofeifa et al., 2009a). During the dry season, the majority of the 

woody plant species is drought deciduous (Frankie et al., 1974; Lobo et al., 2003) 

and sheds the leaves due to the lack of water availability (Borchert, 1994). At the 

end of the dry season and when the rains begin, leaves start growing for most of 

the species in tropical dry forests (Murphy and Lugo, 1995; Arroyo-Mora et al., 

2005). Leaf Area Index (LAI) is a variable introduced to measure the amount of 
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foliage, which is defined as the total one-sided area of photosynthetic tissue per 

unit ground surface area for broad-leaved trees (Jonckheere et al., 2004). LAI is 

not only important in monitoring and studying seasonality of tropical dry forests 

(Kalacska et al., 2005b), but also essential in the studies of primary production, 

carbon sequestration, energy and water vapor exchange between canopy and 

atmosphere (Clark et al., 2008; Gower et al., 1999). 

        There are direct and indirect methods of estimating leaf area index (Gower et 

al., 1999). Direct measurements include: (1) Area harvest – collect foliage sample, 

use the ratio of leaf area to dry mass in deriving leaf area index. This approach is 

good for ecosystems that are homogeneous spatially, e.g., grassland, crops. (2) 

Allometric equation – collect foliage sample and use the relation between leaf 

area and stand diameter data to derive leaf area index. (3) Litter fall - collect litter 

fall, use the ratio of leaf area to dry mass to calculate the leaf area index. All the 

direct methods are considered accurate but laborious.  

        Alternatively, an indirect optical approach is less labor intensive and 

preferred in recent studies (Welles, 1990; Welles & Cohen, 1996). Optical 

instruments such as digital hemispherical cameras and the LICOR-2000 Plant 

Canopy Analyzer capture the radiation from beneath the canopy. Leaf area index 

is derived based on the analysis of light transmission through canopies 

(Jonckheere et al., 2004). Optical measurements include the contribution of not 

only foliage, but also woody material such as trunks and branches (Kucharik et al., 

1998). The concept of wood area index was introduced by Chen et al. (1997) to 
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represent the amount of wood materials. Leaf area index is calculated by 

subtracting wood area index from the optical measurement defined as the plant 

area index (Chen et al., 1997; Sánchez-Azofeifa et al., 2009a). Clumping is 

another factor that affects LAI optical measurements especially for canopies 

where branches are non-randomly distributed such as conifers. Random 

distribution of foliage is assumed in tropical forest canopies due to practical 

reasons. Since indirect methods are considered less accurate than direct methods 

thus the latter are often used as calibration tools for indirect measurements 

(Jonckheere et al., 2004). 

        In addition to the direct and indirect field measurements of leaf area index, 

remote sensing techniques have been used in estimating leaf area index (Chen et 

al., 2002; Cohen et al., 2003; Eklundh et al., 2003; Meroni et al., 2004). Using 

remotely sensed data is a rapid way in LAI assessment, much more cost-effective 

for large areas (Kalacska et al., 2005b; Weiss et al., 2004), and is essential in 

providing information on water and energy exchange, and momentum flux 

between canopy and atmosphere at regional and global scales (Morisette et al., 

2006). One of the most popular remotely sensed LAI products is NASA’s MODIS 

(Moderate Resolution Imaging Spectroradiometer) LAI. MODIS LAI is derived 

from MODIS atmospherically corrected surface reflectance and is provided as a 

8-day composite product at 1-km spatial resolution since February 2000. MODIS 

LAI has provided near real-time estimates of leaf area index globally (Heinsch et 

al., 2006). 
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        MODIS LAI has been used in scientific studies for indirect LAI observation 

and monitoring seasonal dynamics. Compared with field measurements (Fensholt 

et al., 2004; Wang et al., 2004; Wang et al., 2005) as well as with LAI maps 

derived from higher spatial resolution satellite images (Fang and Liang, 2005), 

MODIS LAI was found to capture well seasonal dynamics yet overestimate LAI 

in some studies (Fensholt et al., 2004; Heinsch et al., 2006; Wang et al. 2005). In 

regard to the process of deriving LAI, errors could be introduced at any stage of 

remotely sensed image acquisition or image analysis (Jonckheere et al., 2004) 

thus validation of remotely sensed LAI by utilizing field measurements is 

essential in order to refine algorithms that derive LAI and advance the 

development and application of remotely sensed LAI (Yang et al., 2006). 

Objectives 

      The objectives of this thesis are: 

1. To evaluate the impacts of ecosystem structure and composition on LAI 

field measurements across different stages of succession in a tropical dry 

forest, estimate seasonal changes using LAI measurements made by 

optical methods, and to evaluate the performance of MODIS LAI in 

estimating LAI for this tropical dry forest. 

2. To evaluate the effects of subpixel land surface characteristics on the 

phenological patterns captured by MODIS LAI in the tropical dry forest, 
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including subpixel land cover, topographic features such as slope and 

aspect. 

Significance 

        Most scientific studies have focused primarily on the protection of humid 

forests in the tropic, while little attention has been paid to tropical dry forests 

(Sánchez-Azofeifa et al., 2005b). This study will help to increase knowledge of 

tropical dry forests and its succession. Succession is critical in understanding 

tropical dry forests given that secondary forests of different levels of succession 

will eventually replace mature tropical dry forests in the future (Quesada et al., 

2009). However, few scientific studies address tropical dry forest succession – 

less than 1/7 compared to studies in tropical rain forest succession (Quesada et al., 

2009). 

        This thesis categorizes the tropical dry forest in the Chamela-Cuixmala 

Biosphere Reserve into three successions – early, intermediate and late, and 

examines the difference in LAI measured by optical methods across the three 

successional stages.  It helps to increase our knowledge of the structural and 

compositional difference among successions, how tropical dry forests respond to 

environmental changes, i.e. seasonal water availability. By evaluating the 

performance of MODIS LAI in capturing seasonal variability, and exploring the 

factors driving the discrepancy between MODIS LAI and field measurements, 
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this research outlines aspects to be considered with attention when applying 

MODIS LAI in ecological studies. 
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Figures 
 
 

 
       
Figure 1-1. Study area: Chamela-Cuixmala Biosphere reserve in the state of Jalisco, Mexico. 
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Chapter Two: Linkages between ecosystem structure, 

composition and leaf area index along a tropical dry forest 

chronosequence in Mexico 

 
 
 

1. Introduction 

        Tropical dry forests (TDFs) are transitional ecosystems between savanna and 

moist forest, and comprise 42% of the earth’s tropical and subtropical forests 

((Murphy and Lugo, 1986). TDFs are defined as a forest type dominated by 

deciduous trees, with a mean temperature > 25ºC, a total annual precipitation 

between 700 mm and 2000 mm, and three or more dry months when the 

precipitation is less than 100 mm (Sánchez-Azofeifa et al., 2005). The seasonal 

changes in phenological characteristics of a tropical dry forest are determined 

primarily by the seasonal variation in water availability (Reich and Borchert, 

1984). Although tropical dry forests have less tree species (Murphy and Lugo, 

1986), they have more structural and physiological diversity (Medina, 1995; 

Sánchez-Azofeifa et al., 2003), and they have higher endemism than tropical wet 

forests (Rzedowski, 1991 as cited by Kalacska et al., 2005).  

        Being disturbed frequently and severely due to human activity and economic 

pressures (Brooks et al., 2009; Janzen, 1986, 1988; Kalacska et al., 2004; Mooney 

et al., 1995; Quesada and Stoner, 2004), tropical dry forests are considered the 

most endangered major tropical ecosystem (Janzen, 1988, Portillo and Sánchez-



 
 

19

Azofeifa, 2010). Land cover change in TDFs in the Americas is generally driven 

by expansion on the agricultural frontier, extensive and intensive cattle ranching 

and tourism development (Portillo and Sánchez-Azofeifa, 2010). Though the 

conservation of tropical dry forest has been advocated (Sánchez-Azofeifa et al., 

2005), little has been done and only a handful of national parks and biological 

reserves exist in the Americas (Portillo and Sánchez-Azofeifa, 2010).  

        In tropical dry forests, phenological characteristics such as leaf shedding, 

shooting, flowering, present a higher degree of variability than in other tropical 

ecosystems (Burnham 1997; Borchert 1994). It has been recognized that the 

principal element controlling the phenology of tropical dry forests is soil moisture 

availability (Reich and Borchert, 1984; Longman and Jenik, 1974; Doley, 1981), 

which is highly related with the seasonal variation in rainfall (Schimper, 1898; 

Bullock and Solis-Magallanes, 1990). The phenological expression from temporal 

changes associated to the environmental factors mentioned above, can be 

characterized via the quantification of the temporal changes in Leaf Area Index 

(LAI). LAI, defined as the total one-sided area of photosynthetic tissue per unit 

ground surface area (Watson, 1947 as cited by Jonckheere et al., 2004), has been 

widely used as a convenient way to quantify leaf phenology, gross primary 

productivity, and carbon and water cycle processes (Chena et al., 2002; Chen at 

al., 1991; Maass et al., 1995, Asner et al., 2003; Xiao et al., 2004,; Asner et al., 

2003; Mccarthy et al., 2007).  



 
 

20

        Estimation of LAI can be direct or indirect (Jonckheere et al., 2004; Weiss et 

al., 2004). Among those methods, the indirect optical techniques are preferred 

because they are relatively rapid and accurate (Dufrene and Breda, 1995). 

Hemispherical canopy photography and LAI-2000 are two of the optical 

instruments to estimate LAI by measuring the canopy gap fraction – the fraction 

of view that is not obstructed by canopy in any particular direction (Welles and 

Cohen, 1996). Hemispherical canopy photography captures photographs through 

a fisheye lens from beneath the canopy, while LAI-2000 measures the gap 

fraction through the ratio between diffuse radiation under and above the canopy 

(Jonckheere et al., 2004). However, optical instruments are not able to distinguish 

foliage from trunks and branches (Kucharik et al., 1998) and estimate the overall 

contribution of leaves and woody components, which is defined as Plant Area 

Index (PAI) (Chen et al., 1991). The contribution of woody components is 

defined as Woody Area Index (WAI) (Chen et al., 1997; Leblanc and Chen, 2001; 

Wang, 2005). LAI is then calculated as (Chen et al., 1997; Frazer et al., 2000; 

Leblanc and Chen, 2001; Sánchez-Azofeifa et al., 2009; Wang, 2005): 

 
 
 
where  is the total plant area index , WAI is the ratio of wood area contribution. 

eL  is the effective PAI obtained from optical methods (Chen et al., 1991). Ω is 

the clumping factor, which is significant for non-random foliage such as conifers, 
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but can be assumed to be 1 in many studies in tropical environments due to 

practical reasons (Clark et al., 2008; Sánchez-Azofeifa et al., 2009). 

        Beside the in situ methods, remote sensing techniques have also been used as 

tools for indirect LAI estimations (Chen et al., 2002; Cohen et al., 2003; Eklundh 

et al., 2003; Meroni et al., 2004; Myneni et al., 2002). The Moderate Resolution 

Imaging Spectroradiometer (MODIS) provides 1-km moderate spatial resolution 

and 8-day temporal resolution LAI product to monitor phenology (Huemmrich et 

al., 2005). Many researchers have applied MODIS LAI in their studies (Ahl et al., 

2006; Fensholt et al., 2004; Wang et al., 2004; Wang et al., 2005). Discrepancy 

has been found between MODIS LAI and in situ LAI (Ahl et al., 2006; Cohen et 

al., 2003; Fensholt et al., 2004; Wang et al., 2004). Spatial scale is one of the 

factors leading to the discrepancy (Ahl et al., 2006). One MODIS pixel at 1-km 

spatial resolution may contain fractions of different land cover types (Tian et al., 

2002) that combine to form spectral reflectance of the pixel (Peddle et al., 1999) 

which affects the derivation of MODIS LAI. Other factors include temporal 

compositing of MODIS LAI and understory vegetation that could explain the 

discrepancy between MODIS LAI and in situ LAI (Ahl et al., 2006). 

        Though many studies have aimed to develop techniques to quantify LAI, 

most of this work has been conducted for crops (Demarez et al., 2008), temperate 

forests (Behera et al., 2010; Gower and Norman, 1991; Macfarlane et al., 2007; 

Sonnentag et al., 2007; Spanner et al., 1990) and boreal forests (Chen et al., 1997; 

Deblonde et al., 1994). For example, Demarez et al. (2008) estimated LAI of 
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crops with hemispherical photographs in France. Gower and Norman (1991), 

Behera et al. (2010) used LAI-2000 Plant Canopy Analyzer to estimate LAI in 

temperate forests. Sonnentag et al. (2007) applied both LAI-2000 and a 

destructive sampling method to measure LAI in a temperate shrub canopy in 

Canada. Macfarlane et al. (2007) conducted LAI estimation with hemispherical 

photography in a temperate forest in western Australia. Spanner et al. (1990) 

applied remote sensing techniques in estimating LAI in a temperate forest. As to 

studies in boreal forests, Barr et al. (2004) measured LAI with LAI-2000 in a 

boreal forest in Canada. Deblonde et al. (1994) conducted an experiment for LAI 

measurement in pine stands; Chen et al. has been observing LAI in boreal forests 

using optical and remotely sensed methods since 1990s. 

        Only a few estimations have been made for tropical forests in general (Asner 

et al., 2003). Kalacska et al. (2005) used both an optical method and litterfall data 

to estimate seasonal LAI in different successional stage in a tropical dry forest in 

Costa Rica. Maass et al. (1995) also used both methods to assess LAI for a three-

year period in a tropical dry forest in west Mexico while Asner et al. (2003) 

synthesized LAI measurements from more than 1000 published estimates in 15 

biomes including arid, temperate, tropical and boreal ecosystems. 

        The main objectives of this study were to estimate seasonal changes in LAI 

in a tropical dry forest in Mexico, evaluate the impacts that ecosystem structure 

and composition have on the seasonal changes by comparing LAI values obtained 
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in different stages of succession of the tropical dry forests, and evaluate the ability 

of the current MODIS algorithm to estimate LAI for tropical dry forests. 

2. Methods 

2.1. Plot Design 

        A total of 9 plots representing three successional stages (three plots per 

successional stage) were selected in this study area (Figure 2-1). The forest plots 

were characterized as early (3-5 years old), intermediate (8-12 years old), and late 

(mature forests) stages. Table 2-1 presents the main characteristics of each of the 

selected plots. Tejon 1 and Tejon 2, two sites characterized as old growth, were 

the only two located inside the Chamela Biological Station.  

        Ripley’s K function was used to test the random spatial distribution for the 

selected 9 sites at different scales. Our results indicated that all the 9 sites were 

randomly distributed at 100 simulated scales within the 99.9% confidence 

intervals. 

        Three 30m × 60m plots were set up for each successional stage. The plot size 

was the same as that used by Kalacska et al. (2005) in the same region, and was 

designed to allow for comparison with her work. A grid sampling design was used 

to collect woody area index. Measurements of plant area index were conducted 
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spatially using a triangular offset-grid sampling scheme developed by Kalacska et 

al. (2005) to be used specifically for the optical instrument LICOR-2000. 

2.2. Field Data Collection and Analysis 

        From a strict phenological point of view June marks the dry season and the 

majority of canopies are leafless, July represents the greening season and August 

is considered the season with full foliage when most of the precipitation falls in 

the region (Figure 2-2). 

        Woody Area Index (WAI) information was acquired using a Nikon CoolPix 

995 camera (Chen et al., 1991) during June 2005 when it was the dry season.  

Deciduousness was 100% during the acquisition of the hemispherical camera data. 

A grid sampling method (Figure 2-3-a) was designed for WAI acquisition with a 

fisheye lens which captures a hemispherical view of the canopy. WAI was 

extracted from color hemispherical photos by calculating the gap fraction using 

the software Gap Light Analyzer 2.0. 

        Plant Area Index (PAI) measurements were conducted using a LAI-2000 

Canopy Analyser (Gower and Norman, 1991) between the months of July and 

August in 2005. Measurements were carried out under diffuse light conditions, 

either at twilight or under cloudy skies to reduce the radiation scattered by the 

foliage, which overestimates the below canopy readings resulting in 

underestimates of LAI. A 45º view cap was used to eliminate the influence of the 
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operator from the field of view. Diffuse radiation was measured below the canopy 

at different measuring points per successional stage (Figure 2-3, b through d). 

Readings above the canopy were also acquired to calculate PAI on canopy gaps 

close to each one of the plots. Measurements with the LAI-2000 were made in 

July when the growing season started and in August when the leaves were fully 

developed. PAI was estimated by the following equation (Jonckheere et al., 2004): 

ii
i

i WTL cos]ln[2  

 
where L  is PAI, i  is 1-5 representing the five distinct angular bands of the 

fisheye light sensor, T  is the light transmission,   is the zenith angle, and iW  are 

the weighting factors, which are 0.034, 0.104, 0.160, 0.218 and 0.484 respectively 

(Jonckheere et al., 2004). When a canopy is clumped, a clumping factor   

resulting from the nonrandom distribution of foliage is considered (Leblanc and 

Chen, 2001; Nilson, 1971; Sánchez-Azofeifa et al., 2009). As   is generally 

unknown, Chen et al. (1991) introduced the effective PAI ( eL ), which is the PAI 

obtained from optical methods: 

LLe   

 
 
        Ordinary Kriging (Luna et al., 2006) was applied to spatially interpolate 

effective PAI and WAI values. This application was conducted in the software 

ArcGIS 9.0. Continuous surfaces of PAI or WAI of the plots were created. By 

subtracting WAI from PAI, the effective LAI was then obtained. 
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        Normality of the data was tested using the Kolmogorov-Smirnov test 

(Lilliefors, 1967).  Paired t-test was applied to find if difference existed between: 

(1) LAI measured in July and in August for each plot; (2) LAI in July and in 

August for each successional stage; and (3) LAI obtained from all the plots of the 

three successional stages in July and in August. The one-way ANOVA and 

independent t-test were carried out to compare WAI/PAI/LAI between the three 

successional stages.  

        The Morisita–Horn index that takes into account the differences in total basal 

area per species among sites was calculated to examine the differences in species 

composition which could affect LAI values across sites. The Morisita–Horn index 

ranges between 0 and 1, where 0 means no similarity and 1 means total similarity 

between each pair of sites. 

2.3. MODIS Data Extraction and Analysis 

        Moderate Resolution Imaging Spectroradiometer (MODIS) provides the 8-

day composite LAI product at 1-km spatial resolution. MODIS LAI was derived 

from MODIS spectral reflectance through a three-dimensional radiative transfer 

model (main algorithm) which provides good quality LAI product (Tian et al., 

2000). If the main algorithm fails, a backup algorithm is applied to derive LAI 

with relatively poor quality based on the relation between the normalized 

difference vegetation index (NDVI) and LAI (Aragão et al., 2005). To obtain 

MODIS LAI values for comparison with ground LAI measurements, MODIS LAI 
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images corresponding to the locations and dates of ground measurements were 

selected. LAI values were extracted from the 9 pixels where the 9 plots were 

located and compared to ground LAI values. 

3. Results 

3.1. Species Composition 

        Results showed that on average, similarity in species composition was much 

higher within late stage (Morisita–Horn index = 0.69) and moderate within early 

stage (Morisita–Horn index = 0.45), while within intermediate stage, the 

Morisita–Horn index indicated very low similarity estimates (0.10) (Table 2-2). 

Species composition greatly differed between each successional stage, with the 

Morisita–Horn index between 0.09 and 0.19 (Table 2-2). The largest 

compositional difference was found between intermediate and early stage (0.09) 

(Table 2-2).  

        In the early stage, the three sites were moderately similar in species 

composition with Morisita–Horn index ranging between 0.35 and 0.64 (Table 2-3). 

Similarity was very low in the intermediate stage with Morisita–Horn index 

between 0.04 and 0.17 (Table 2-4). Caiman 8-12 and Ranchitos 8-12 were found 

to be most different in composition within the intermediate stage (0.04) (Table 2-

4). The three sites in the late stage showed compositional similarity (the Morisita–

Horn index > 0.5) (Table 2-5), with the highest Morisita–Horn index value of 
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0.85 between Tejon 1 and Tejon 2, the two sites inside the Chamela Biological 

Station (Table 2-5).  

3.2. Estimation of Wood Area Index 

        WAI was significantly different between the three successional stages (F = 

48, p < 0.0001). Through the comparison, the late stage was found to have the 

largest amount of woody material followed by the intermediate stage and then the 

early stage (Figure 2-4). WAI of the late stage was higher than that of the 

intermediate stage (p < 0.1), and the early stage (p < 0.0001). Also, WAI was 

higher in the intermediate stage compared to the early stage (p < 0.0001). 

3.3. Estimation of Plant Area Index 

        The comparison of effective PAI values across successional stages also 

indicated that significant difference existed both in July (F = 37, p < 0.0001) and 

in August (F = 58, p < 0.0001). However, the highest effective PAI values were 

observed in the intermediate stage in July (Figure 2-5-a) and in August (Figure 2-

5-b). PAI of the intermediate stage was significantly higher than that of the early 

stage and late stage in both months (p < 0.0001). PAI of the late stage was found 

higher than that of the early stage in July (p < 0.001) and in August (p < 0.01).  

        In each successional stage, PAI varied between the three plots (Figure 2-6). 

For the early stage, PAI of Caiman 3-5 was higher than PAI of Santa Cruz 3-5, 
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and than that of Ranchitos 3-5. For the intermediate stage, Caiman 8-12 had 

higher PAI than Santa Cruz 8-12 and than Ranchitos 8-12. In the late stage, 

Gargollo had higher PAI than the two plots inside the Chamela Biological Station, 

between which PAI of Tejon 2 was higher. 

3.4. Estimation of Leaf Area Index and Seasonality 

        Effective LAI was found to have a similar pattern to PAI both at the stage 

level and the plot level (Figure 2-7 and Figure 2-8). A significant difference was 

observed between successional stages in July (F = 19, p < 0.0001) and in August 

(F = 34, p < 0.0001). In July, the intermediate stage had a higher LAI value than 

the late stage (p < 0.001) and the early stage (p < 0.0001). In August, the LAI 

value of the intermediate stage was significantly greater than the LAI value of the 

late stage and than that of the early stage (both p values < 0.0001).  

        At the plot level, the highest LAI values were observed in Caiman 3-5 of the 

early stage, Caiman 8-12 of the intermediate stage and Gargollo of the late stage 

respectively, when compared to the other two plots within the successional stage 

(Figure 2-8; Table 2-6). For the early stage, LAI values were ranked in the order 

of Caiman 3-5 > Santa Cruz 3-5 > Ranchitos 3-5; for the intermediate stage, the 

order was Caiman 8-12 > Santa Cruz 8-12 > Ranchitos 8-12; for the late stage, 

LAI was ranked as Gargollo > Tejon 2 > Tejon 1. Since both the 9 LAI values in 

July and the 9 values in August (Table 2-6) are not normally distributed (p < 0.05), 

a Spearman Rank Order Correlation was applied to examine the correlation 
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between LAI values and elevation of the 9 plots. The LAI values were found to be 

inversely correlated to elevation of the 9 plots with a correlation coefficient of -

0.767 (p < 0.05) in July and -0.667 (p < 0.05) in August. Segregating LAI by 

successional stages makes the linear relation between these two variables more 

significant with R2 ranging from 0.78 to near 1 (Figure 2-9). 

        One-way ANOVA was applied to compare LAI of the three plots in each 

successional stage in July and August. A significant difference was found 

between plots in the early and intermediate stages (p < 0.0001). But the difference 

between plots in the late stage was not significant (p = 0.28) because there was 

not much difference between the altitude of the two plots inside the Chamela 

Biological Station – 71m for Tejon1 and 78m for Tejon2 (Table 2-1). 

        Seasonal LAI measurements showed an increase in LAI values from July to 

August for the 9 plots (Table 2-6; Figure 2-10). Results of the t-test proved that a 

significant increase existed in the LAI values from July to August for most of the 

plots (p < 0.05), except for the intermediate plot Caiman 8-12 (increased from 

3.51 to 3.64) and the late plot Tejon 2 (increased from 1.13 to 1.22). Also, a 

significant increase in the LAI values from July to August was found for the early 

stage (all measurements of the 3 plots, p < 0.0001), the intermediate stage (p < 

0.0001) and the late stage (p < 0.001), and for all the measurements taken from 

the 9 plots (p < 0.0001). 

3.5. MODIS LAI 
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        MODIS LAI pixel values were extracted and compared with in situ LAI 

(Table 2-7). Generally, both in July and August, MODIS LAI values were higher 

than field measurements except for two sites – Santa Cruz 8-12 and Gargollo. The 

discrepancy in August is bigger, which ranged between -3.48 and 3.13, while in 

July it ranged between -0.55 and 1.92. A linear relationship with R2 of 0.55 was 

found between MODIS and in situ LAI of July (Figure 2-11-a). But the 

relationship in August was very poor with R2 < 0.1 (Figure 2-11-b). 

4. Discussion 

        The results of this study indicated that in the Chamela-Cuixmala Biosphere 

Reserve, the intermediate stage of the tropical dry forest had the highest effective 

PAI and effective LAI values among the three successional stages followed by the 

late stage and then the early stage. A comparison of effective LAI between 

successional stages in this study is consistent with results presented by Kalacska 

et al. (2005), who found the highest effective LAI in the intermediate stage of a 

tropical dry forest during the wet season (September) in Santa Rosa, Costa Rica.  

        The difference in effective LAI is expected because the forest structure and 

species composition are different across successional stages (Table 2-1). By using 

the Morisita–Horn index, differences in species composition were found between 

successional stages (Table 2-2). The largest compositional difference was found 

between intermediate and early stage (0.09) (Table 2-2), where the greatest 

difference in LAI values at the stage level was found as well (Figure 2-7). 
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Another explanation of the difference in LAI between successional stages could 

be the difference in stem density. Reed et al. (1999) found a positive relation 

between LAI and sapling density. According to the census of our 9 plots, the 

intermediate stage has the largest number of stems > 1cm (2812 stems in total), 

followed by the late stage (2480 stems in total), and then the early stage (1848 

stems in total). Especially in the early stage, there were many gaps in the canopy.  

        Species composition varied between sites within each successional stage 

(Table 2-3, Table 2-4, Table 2-5) and it showed an impact on LAI. Similarity in 

species composition was found very low in the intermediate stage. Caiman 8-12 

and Ranchitos 8-12, which had the highest and lowest LAI in the intermediate 

stage (Table 2-6, Figure 2-8), were found to be most different in species 

composition within the stage with a Morisita–Horn index of 0.04 (Table 2-4). The 

three sites in the late stage showed compositional similarity between each other 

(the Morisita–Horn index > 0.5). The highest Morisita–Horn index value was 0.85 

between Tejon 1 and Tejon 2 (Table 2-5). Apoplanesia paniculata Presl. was the 

dominant species of both sites. LAI values of the two sites were found similar as 

well (Table 2-6). The comparison within each successional stage indicated that, 

Caiman 3-5 in the early stage, Caiman 8-12 in the intermediate stage, and 

Gargollo in the late stage had higher effective LAI values. Of the three plots, both 

Caiman 3-5 and Gargollo had Piptadenia constricta (Micheli) Macbr. as 

dominant species. 
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        The different altitude of the plots was found in this study to be inversely 

related to LAI in each stage (p < 0.05). Murphy and Lugo (1986) found that leaf 

size decreased with the increase in altitude for tropical dry forests, which could be 

one of the reasons for lower LAI found in the plots at higher altitude. 

        Significant increase in LAI were observed from July to August at the plot 

level – LAI measured within most plots, at the stage level – LAI measured within 

each successional stage and at the landscape level – LAI obtained from all the 

plots of three successional stages. Seasonal changes of LAI in the deciduous 

tropical dry forests are driven by soil moisture that is related to precipitation 

(Maass et al., 1995; Murphy and Lugo, 1986). Precipitation is strongly seasonal in 

the Chamela-Cuixmala Biosphere reserve (Bullock, 1986; Maass et al., 1995; 

Segura et al., 2003). Our records indicated that precipitation measured at the 

Chamela Biological Station increased from 69.60 mm in July to 127.76 mm in 

August, which explains the seasonal increase in LAI from July to August found in 

this study. 

        The error of the LAI in this study would come from the errors produced in 

PAI and WAI measurements. The first source of error is clumping. It is a major 

problem that all optical instruments have since they assume that the leaves are 

randomly distributed in space (Dufrene and Breda, 1995). When clumping 

occurred, both PAI and WAI would be underestimated. Until now, clumping 

problem can’t be satisfactorily solved (Jonckheere et al., 2004). Secondly, the 

WAI measured in the dry season in fact included the contribution of leaves of a 
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few evergreens inside the plots. This part was subtracted from PAI, leading to an 

underestimation of LAI. Thirdly, when taking PAI measurements in the growing 

season, it was difficult to obtain the diffuse radiation above the canopy in the 

forests. Instead, most measurements were taken in open area, which would be 

equal or smaller than the above canopy readings affected by the surrounding trees 

and thus caused the underestimation of PAI. Finally, although LAI-2000 

minimizes the multiple scattering inside the canopy by collecting diffuse sky 

radiation < 490 nm where the foliage reflects or transmits little radiation, foliage 

is not perfectly “black” and scattering still occurred, which caused higher below 

canopy readings, and in turn, lower PAI values. 

        MODIS LAI was found to be higher than the field measurements in most of 

the cases in this study. Douglas et al. (2006) presented similar results that MODIS 

overestimated LAI during the onset of greenness and maturity. Understory 

vegetation could be one of the reasons explaining the discrepancy between 

MODIS LAI and in situ LAI (Ahl et al., 2006). Greatest discrepancy was found in 

the early succession where canopies were more open with more gaps which 

enhanced understory development (Dupuy and Chazdon, 2008).  

        Other factors leading to the difference between MODIS LAI and in situ LAI 

include the relatively coarse spatial resolution and temporal resolution of MODIS 

LAI (Ahl et al., 2006). One MODIS pixel at 1-km spatial resolution may contain 

several land cover types (Tian et al., 2002). All land cover types in a pixel 

contribute to the spectral reflectance (Peddle et al., 1999) which is used to derive 
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MODIS LAI (Tian et al., 2000). Land cover misclassification in this area (Table 

2-7) reflects that the spectral reflectance of a MODIS pixel is affected by fractions 

of land cover types. Most of the pixels where the 9 plots were located were 

misclassified as savannas. Two of them were classified as mixed forests. Only the 

pixel where Tejon 2 was located was classified as deciduous broadleaf forests, 

where better agreement was found between MODIS LAI and field LAI. Besides, 

the 8-day temporal resolution of MODIS LAI may not be sufficient to detect 

phenological changes during the onset of greenness. Ahl et al. (2006) suggested 

leaf expansion could be better captured with a temporal resolution < 1 week. 

        The overestimation of LAI can also be partially attributed to the MODIS LAI 

derivation by the backup algorithm and the presence of clouds or aerosols. 

Among the 18 MODIS LAI values, 4 of them were retrieved using backup 

algorithm. The remaining 14 values were retrieved by the main algorithm with the 

presence of clouds. In this condition, which is difficult to avoid during the rainy 

season, the data quality is satisfactory but not the best.  

 5. Conclusion 

        By segregating the tropical dry forests into three successional stages, we 

found that not only is the species composition different between stages of 

succession, but LAI measurements in the field are also significantly different 

across the stages. A seasonal increase in LAI was captured by the ground 

measurements made from the dry leafless season to the rainy season. The results 
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not only contribute to a general understanding of the tropical dry forests in the 

Chamela-Cuixmala Biosphere Reserve and its stages of succession, but also may 

have a broad application in other tropical dry forests and other forest ecosystems. 

        The examination of the relation between MODIS LAI and in situ LAI in this 

study did not yield satisfactory results. The underestimates of in situ LAI by 

optical instruments and the uncertainty of MODIS LAI data (Foody and Atkinson, 

2003) are the two main factors leading to the discrepancy between MODIS and in 

situ LAI. It is suggested in this study that MODIS LAI needs further validation 

with field measurements, which is essential to large scale applications. Deriving 

LAI from high resolution remotely sensed imagery and using it to link MODIS 

and ground LAI could be an option in further studies. 

        Since LAI plays an important role in calculating carbon, water and energy 

exchanges between terrestrial environments and the atmosphere (Sellers et al., 

1997) and thus contributes to the global climate studies (Myneni et al., 1997), the 

data and results of this study are important not only in characterizing the tropical 

dry forests but also in developing conservation policies and estimating 

environmental services payments for the Chamela-Cuixmala Biosphere Reserve, 

which is also applicable in other forest ecosystems (Kalacska et al., 2008). 
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Figures and Tables 
 
 
 

 
       
Figure 2-1. Location of 9 sampling plots (3 plots per successional stage) in the Chamela-Cuixmala 
Biosphere reserve, Mexico. 
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Figure 2-2. Illustration of leaves development from the dry season to the rainy season of the year. 
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            (a)                              (b)                              (c)                             (d) 
 
Figure 2-3. Sampling schemes for WAI and PAI collection for the 30m × 60m plots. Grid 
sampling design for WAI collection (a); Triangular offset-grid sampling scheme based on the 45º 
view cap with a canopy height of (b) 6 meters, (c) 10 meters and (d) 20 meters.  
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Figure 2-4. Comparison of WAI of the three successional stages. Each stage contains 36 
measurements from 3 plots. Each box shows the median of WAI values of each stage, and the 25th 
and 75th percentiles. Black dots are outliers above the 95th and below the 5th percentiles.  
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Figure 2-5. Comparison of PAI values across successional stages displayed that the intermediate 
stage had the highest LAI values in July (a) and in August (b) followed by the late stage and then 
the early stage. 
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Figure 2-6. Comparison of PAI values of the 9 plots in July (a) and in August (b). Black dots are 
outliers above the 95th and below the 5th percentiles. Difference can be found between plots in 
each stage of succession. 
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Figure 2-7. Comparison of LAI values across successional stages displayed that the intermediate 
stage had the highest LAI values in July (a) and in August (b) followed by the late stage and then 
the early stage. 
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Figure 2-8. Comparison of LAI values of the 9 plots in July (a) and in August (b). Black dots are 
outliers above the 95th and below the 5th percentiles. Difference can be found between plots in 
each stage of succession. 
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                                   (a)                                                                             (b) 
 
Figure 2-9. Relation between LAI and the altitude of the plots in each stage of succession. (a) In 
July, R2 is 0.79, 0.9 and 0.96 for early, intermediate and late stage respectively. (b) In August, R2 
is 0.78, 1 and 0.99 for early, intermediate and late stage respectively. 
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Figure 2-10. WAI in June, LAI in July and in August for the 9 plots (Early stage: Caiman 3-5, 
Ranchitos 3-5 and Santa Cruz 3-5; Intermediate stage: Caiman 8-12, Ranchitos 8-12 and Santa 
Cruz 8-12; Late stage: Tejon 1, Tejon 2 and Gargollo).  
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Figure 2-11. In situ and MODIS LAI relationship in July (a) and in August (b). The relationship in 
July was weak but yet with moderate R2=0.55, while the relationship in August was poor with 
R2=0.09. 
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Table 2-1. Main characteristics of plots 
 

Name Stage Latitude 
Longitude 

Average 
DBH 
(cm) 

Average 
Canopy 

height (m) 

Average 
Altitude  

(m) 

Land Use History 

Caiman 3-5 Early 19° 28' 40.44" N 
104° 56' 5.64" W 

1.91 6 75 Burned in 2001 

Ranchitos 3-5 Early 19° 36' 51.12" N 
105° 1' 14.88" W 

1.82 6 195 Burned in 2002 

Santa Cruz 3-5 Early 19° 36' 2.52" N 
105° 2' 36.24" W 

2.47 6 108 Burned in 2001 

Caiman 8-12 Intermediate 19° 28' 3.72" N 
104° 56' 13.20" W 

3.29 10 49 Burned in 1997 

Ranchitos 8-12 Intermediate 19° 35' 32.28" N 
105° 0' 32.76" W 

4.10 10 154 Burned in 1995 

Santa Cruz 8-12 Intermediate 19° 35' 55.32" N 
105° 2' 54.6" W 

3.94 10 110 Burned in 1994 

Tejon 1 Late 19° 30' 5.04" N 
105° 2' 35.88" W 

4.27 10 71 Undisturbed T-df 

Tejon 2 Late 19° 30' 33.48" N 
105° 2' 24.72" W 

4.86 10 78 Undisturbed T-df 

Gargollo Late 19° 24' 18.36" N 
104° 58' 57.72" W 

5.01 20 23 Undisturbed T-df 
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Table 2-2. Average Morisita–Horn index within and between successional stages. 
 

 Early Stage Intermediate Stage Late Stage 
Early Stage 0.45   
Intermediate Stage 0.09 0.10  
Late Stage 0.14 0.19 0.69 

 
 
Table 2-3. Morisita–Horn index between sites in the early stage. 
 

 Caiman 3-5 Ranchitos 3-5 Santa Cruz 3-5 
Caiman 3-5    

Ranchitos 3-5 0.35   
Santa Cruz 3-5 0.64 0.35  

 
 
Table 2-4. Morisita–Horn index between sites in the intermediate stage. 
 

 Caiman 8-12 Ranchitos 8-12 Santa Cruz 8-12 
Caiman 8-12    

Ranchitos 8-12 0.04   
Santa Cruz 8-12 0.10 0.17  

  
 
Table 2-5. Morisita–Horn index between sites in the late stage.  
 

 Tejon 1 Tejon 2 Gargollo 
Tejon 1    
Tejon 2 0.85   
Gargollo 0.64 0.57  
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Table 2-6. WAI in June, LAI in July and August, and dominant species of the 9 
plots of three successional stages 
 

Stage of 
Succession 

Site Name 
WAI 
June 

LAI 
July 

LAI 
August 

Family Name 
Dominant 
Species 

% of 
Dominant 
Species in 
the Plot 

Caiman 3-5 0.12 1.88 2.17 Leguminosae 

Piptadenia 
constricta 
(Micheli) 
Macbr. 

20.39% 

Ranchitos 3-5 0.14 0.62 0.74 Polygonaceae 
Coccoloba 
liebmanii 
Lindau 

27.12% Early 

Santa Cruz 3-5 0.32 1 1.16 Leguminosae 
Acasia 
farnesiana 
(L.) Willd. 

27.21% 

Caiman 8-12 0.45 3.51 3.64 Euphorbiaceae 
Cnidosculus 
spinosus 
Lundell. 

27.90% 

Ranchitos 8-12 0.63 0.89 1.21 Euphorbiaceae 
Croton 
roxanae 
Croizat  

15.73% 

Intermediate 

Santa Cruz 8-12 0.47 1.18 2.1 Leguminosae 

Piptadenia 
constricta 
(Micheli) 
Macbr. 

12.52% 

Leguminosae 
Apoplanesia 
paniculata 
Presl. 

18.13% 

Tejon 1 0.47 0.94 1.14 

Euphorbiaceae 
Croton 
roxanae 
Croizat  

18.13% 

Tejon 2 
 

0.57 1.13 1.22 Leguminosae 
Apoplanesia 
paniculata 
Presl. 

14.22% Late 

Gargollo 
 

0.69 2.75 3.88 Leguminosae 

Piptadenia 
constricta 
(Micheli) 
Macbr. 

16.03% 
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Table 2-7. Comparison between In Situ LAI and MODIS LAI. The MODIS land 
cover types for the 9 sites are listed.  
 

LAI in July LAI in August Stage of 
Succession 

Site Name 
In Situ LAI MODIS LAI In Situ LAI MODIS LAI 

MODIS Land 
Cover 

Caiman 
3-5 

1.88 3.8 2.17 5.3 Savannas 

Ranchitos  
3-5 

0.62 1.1 0.74 2.1 Mixed Forests Early 

Santa Cruz 
3-5 

1.00 2.3 1.16 2.1 Woody Savannas 

Caiman 
8-12 

3.51 3.7 3.64 6.1 Woody Savannas 

Ranchitos  
8-12 

0.89 1.1 1.21 1.8 Woody Savannas Intermediate 

Santa Cruz 
8-12 

1.18 1.1 2.10 2.0 Woody Savannas 

Tejon 1 0.94 1.6 1.14 1.8 Woody Savannas 

Tejon 2 
 

1.13 1.2 1.22 1.7 
Deciduous 

Broadleaf Forests 
Late 

Gargollo 
 

2.75 2.2 3.88 0.4 Mixed Forests 
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Chapter Three: Effects of subpixel land surface characteristics on 

MODIS LAI phenology in a tropical dry forest in Mexico 

 

 

1. Introduction 

        A tropical dry forest is defined as an area of seasonally deciduous forest with 

mean annual temperature of > 25ºC, and annual precipitation between 700mm and 

2000 mm that mainly falls in a few months wet season, and with three or more 

dry months when precipitation is less than 100mm per month (Sánchez-Azofeifa 

et al., 2005). While tropical dry forest comprises 42% of the earth’s tropical and 

subtropical forests (Murphy and Lugo, 1986),  it’s considered the most 

endangered ecosystem (Janzen, 1988) with for example only 0.09% of the 

original dry forest is present in Mesoamerica (Cascante et al., 2002; Janzen, 1988) 

and protected officially (Kalacska et al., 2005). 

        Seasonality is a main characteristic of tropical dry forests, and it is 

determined by seasonal water availability (Borchert, 1994; Bullock & Solís-

Magallanes 1990; Reich and Borchert, 1984). Leaves grow and the productivity is 

high during the rainy season, while in the dry season, tropical dry forests shed 

their leaves due to water loss (Borchert, 1994; Reich and Borchert, 1984). Leaf 

area index (LAI), the one-sided green leaf area per unit ground area (Jonckheere 

et al., 2004; Watson, 1947), is one of the key parameters to monitor seasonal 
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variation of vegetation phenology, and used in most ecosystem productivity 

models and global models of climate, hydrology, biogeochemistry and ecology 

(Myneni et al., 2002; Sellers et al., 1997). 

        Researchers have been putting efforts to monitor forest seasonality using 

remote sensing techniques that are more cost-efficient (Cohen et al., 2003; Meroni 

et al., 2004; Myneni et al., 2002). The Moderate Resolution Imaging 

Spectroradiometer (MODIS) is one of the key sensors that provide moderate 

spatial resolution and various temporal resolution standard products for global 

biosphere monitoring (Cohen et al., 2003). MODIS LAI is one of the vegetation 

products designed to monitor phenology (Huemmrich et al., 2005) at a relatively 

coarse spatial resolution of 1 km and a temporal resolution of 8 days. Many 

researchers have applied MODIS LAI in their studies (Fang and Liang, 2005; 

Fensholt et al., 2004; Shabanov et al., 2003; Wang et al., 2004; Wang et al., 2005). 

However, some have found discrepancy between MODIS LAI and in situ LAI 

(Cohen et al., 2003; Fensholt et al., 2004; Wang et al., 2004). The discrepancy is 

partially due to the relatively coarse spatial resolution of MODIS LAI (1-km), 

pixels of which may contain fractions of different land cover types (Tian et al., 

2002). Various land cover types within a pixel combine to form spectral 

reflectance (Peddle et al., 1999) which affects the derivation of MODIS LAI. 

However, no studies examined the effect of land cover mixture on MODIS LAI. 

        The effects of topography on vegetation distribution have been widely stated 

(Basnet 1992; Darmody et al., 2004; Oliveira-Filho et al., 1998; Spadavecchia et 
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al., 2008). Studies cover a wide range of areas from tropical rain forest (Basnet 

1992), tropical dry forest (Oliveira-Filho et al., 1998), to Arctic (Darmody et al., 

2004; Spadavecchia et al., 2008). However, only a few studies addressed the 

effects of topography on LAI. Spadavecchia et al., (2008) examined topographic 

effects on LAI in an Arctic ecosystem in northern Sweden. No research has been 

conducted on topographic effects on LAI in tropical forests. 

        The objectives of this chapter were to evaluate the effects of subpixel land 

surface characteristics on the phenological pattern of MODIS LAI time series in a 

tropical dry forest in Mexico. Percentage of forest cover and topographic features 

within a MODIS pixel were considered in the study. 

2. Methods 

2.1. Imagery 

        A high spatial resolution QuickBird multi-spectral image (2.4 m) obtained in 

the dry season April 2003 was used for land cover classification, which covers the 

a fragmented area of tropical dry forests (approximately 120 km2) located just 

north of the Chamela-Cuixmala Biosphere Reserve (Figure 3-1).         

        MODIS LAI products (8-day composite) at 1-km spatial resolution from 

February 2000 to September 2010 were used to derive time series and 

phenological characteristics. A 7×7 (pixels) MODIS LAI subset was downloaded 
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that is within the area covered by the QuickBird image. Geographic coordinates 

of the upper-left corner of each MODIS pixel were extracted and plotted on top of 

the QuickBird imagery. Boundaries of MODIS pixels were formed using the 

coordinates in vector format (Figure 3-1). There are a total of 48 MODIS pixels 

with one at the upper-left corner omitted since part of it was not encompassed by 

the QuickBird data. 

        The Shuttle Radar Topography Mission (SRTM) digital elevation data 

produced by NASA was obtained. SRTM data provides elevation at 90 m spatial 

resolution. The vertical resolution is less than 16 m. SRTM data was used in the 

analysis of topographic features of the land surface. 

2.2. Methodology 

2.2.1. MODIS LAI Time Series 

        MODIS LAI is one of NASA’s MODIS land products that observe global 

dynamics and processes of the land. Developed by the MODIS Science Team, 

MODIS LAI is estimated from the main algorithm that requires the 

atmospherically corrected MODIS surface reflectance product and MODIS land 

cover product. When the main algorithm fails, a back-up algorithm is applied to 

estimate LAI using vegetation indices. In this study, MODIS LAI 8-day 

composites (1-km) were collected from February 2000 to September 2010. 
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Missing values were replaced by LAI obtained on the same Julian day from 

adjacent years.  

2.2.2. TIMESAT 

        TIMESAT is a software package developed by Jönsson and Eklundh for 

analyzing remotely sensed data time series. TIMESAT fits smooth functions to 

noisy remotely sensed data and computes seasonality parameters including 

beginning and end of the growing season, length of season, base value, peak value, 

amplitude, small integral and large integral (Figure 3-2) (Jönsson and Eklundh, 

2004). Base value is the average of the left and right minima in a growing season. 

Small integral is the area between the fitted function and the base value that 

represents the primary production of seasonally active vegetation. Large integral 

is the area between the fitted function and the zero level (Jönsson and Eklundh, 

2004). 

        MODIS LAI time series for each of the 48 pixels were created by the 

Gaussian fitting function in TIMESAT. Seasonality parameters were extracted for 

each of the growing seasons from the MODIS LAI time series. Values of each 

parameter were averaged over the 11-year period to represent a pixel’s 

phenological characteristic for comparison among pixels. 

 



 
 

67

2.2.3. Land Cover Classification 

        Land cover classification on the QuickBird image was conducted in the 

ENVI image processing and analysis software using maximum likelihood 

supervised classification method. Maximum likelihood calculates the probability 

that a given pixel belongs to a specific class and assigns the pixel to the class with 

the highest probability. A total of 3 land cover types were classified: tropical dry 

forest, bare rock and roads, and water. Training regions were selected for each 

class to estimate the spectra of the class as the basis for classification. Testing 

regions were selected to evaluate the accuracy of classification (Table 3-1). The 

percentage of forest cover within each MODIS pixel was calculated for evaluation 

of its effects on the phenological pattern of MODIS LAI time series. 

2.2.4. Topography  

        SRTM (90 m) elevation data was downloaded and mosaicked. Slope was 

derived in percent gradient from SRTM using ArcGIS 9. It represents the rate of 

maximum change in elevation from each pixel to its neighbors. Slope aspect was 

derived for the study area identifying the slope direction in degrees azimuth. In 

addition, the Solar Analyst tool developed by Fu and Rich (1999) was used to 

calculate solar radiation on elevation data. This modeling tool accounts for the 

influence of the viewshed, slope aspect and elevation, and calculates the 

accumulation of total direct and diffuse solar radiation throughout a year. The unit 
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is watt hours per square meter (WH/m2). Average slope, aspect and solar radiation 

within each of the 48 MODIS pixels were calculated. 

2.2.5. ANOVA  

        Forest cover, slope, aspect and solar radiation are considered the potential 

factors in this study that affect the phenological pattern of MODIS LAI time 

series. Values of forest cover within each of the 48 MODIS pixels, ranging from 

41.22% to 94.03%, were divided evenly into two levels – high and low forest 

cover with 24 items in each level. Similarly, 48 slope values and radiation values 

were divided into two levels, representing high and low values. Aspect was also 

grouped into two, north facing (0°-90° and 270°-360°) and south facing (90°-

270°).  

        To explore the factors that affect phenological pattern of MODIS LAI time 

series, the following combinations of the above potential factors have been 

examined in two-way ANOVA: forest cover and aspect, forest cover and slope, 

forest cover and solar radiation. Due to the nature of the data, sample size is not 

always the same between the 4 groups in two-way ANOVA. In order to ensure 

data is balanced to meet the assumption before a two-way ANOVA was run, 

sample size of the other 3 groups was reduced to the same size as the group with 

the smallest number (N) of samples. The criterion of the selection was to select 

the highest N and lowest N values of the second factor to maximize the difference 

for the sake of comparison. For example, in the combination of forest cover 
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(factor 1) and aspect (factor 2), the smallest sample size was 8 among the 4 

groups. Thus for the other 3 groups, 8 samples that were closest to 0/360 degree 

were selected for north facing slope aspect, and 8 samples closest to 180 degree 

were selected for south facing slope aspect. 

        The data was not normally distributed, thus was transformed into ranks in 

order to run a non-parametric ANOVA. 

3. Results 

3.1. Phenological Pattern of MODIS LAI 

        MODIS LAI time series were created for each of the 48 pixels using 

Gaussian fitting function in TIMESAT and seasonality parameters were extracted. 

By comparing seasonality parameters, we found that they varied among the 48 

pixels. Table 3-2 shows the highest and lowest values of each phenological 

parameters among the 48 MODIS pixels. For example, peak LAI values varied 

between 2.16 and 6.27, amplitude varied between 1.74 and 5.39, and the highest 

primary production value of the 48 pixels is more than 4 times as much as the 

lowest one. Figure 3-3 shows two examples of MODIS LAI time series, where (a) 

was derived from a MODIS pixel with 94.03% of forest cover, and (b) with 

41.22% of forest cover. Figure 3-3-a had an average of 6.27 in peak LAI value, 

5.39 in amplitude and 835.03 in small integral, while Figure 3-3-b had an average 

of 2.33 in peak LAI value, 1.92 in amplitude and 221.02 in small integral. 
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3.2. Land Cover 

        There were 3 major land cover types in the study area: tropical dry forest 

(70.78%), bare rock and roads (29.18%), and water (0.04%). Overall 

classification accuracy was above 92%. The percentage of forest cover within 

each MODIS pixel was calculated, which ranged between 41.22% and 94.03%. 

48 MODIS pixels were evenly divided into 2 levels – 24 pixels with high forest 

cover (71.02% - 94.03%) and 24 pixels with low forest cover (41.22% - 70.56%). 

3.3. Topography and Solar Radiation 

        Slope was derived in percentage in ArcGIS. Average slope within a MODIS 

pixel ranged between 4.08% and 24.32% in the study area. 48 values were evenly 

split into two slope levels, high (4.08% - 13.94%) and low (15.03% - 24.32%). 

Average aspect of 90° to 270° within each MODIS pixel was considered south 

facing, and average aspect of 0°-90° and 270°-360° was considered north facing. 

There were 19 north facing MODIS pixels and 29 were south facing. 

        Solar radiation was calculated using the accumulation throughout a year. The 

unit is watt hours per square meter (WH/m2). Mean solar radiation within each 

MODIS pixel ranged between 1,579,390 WH/m2 and 1,673,140 WH/m2 and was 

evenly grouped into two levels, high and low. 

3.4. Effect of Land Surface Characteristics on MODIS LAI Phenological Pattern 
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        The non-parametric two-way ANOVA was run on the ranks of phenological 

data, with the following combination of factors: forest cover and aspect, forest 

cover and slope, forest cover and solar radiation. 

        Forest cover and aspect were found to have significant effects on the 

following MODIS LAI phenological parameters (Table 3-3): 1) Base value – LAI 

in the dry season, p values were 0.016 and 0.029 for forest cover (factor 1) and 

aspect (factor 2) respectively, 2) Small integral – production of tropical deciduous 

forest, p values were 0.004 and 0.027 for the two factors, and 3) Large integral – 

production of both tropical deciduous and evergreen forests, p values were 0.007 

and 0.037 for the two factors. There’s no statistically significant interaction 

between these two factors (p > 0.1). Results showed that MODIS pixels with high 

forest cover, and with north facing aspect tended to have higher phenological 

values (base value, small integral and large integral), while MODIS pixels with 

low forest cover, and with south facing aspect had lower phenological values 

(Table 3-4).  There’s no effect of forest cover and aspect on beginning or end of 

the growing season, length of season, peak value or amplitude. 

        There’s no statistically significant effect of slope (p > 0.6) or solar radiation 

(p > 0.6) found on phenological parameters. However, results did show that 

MODIS pixels with north facing aspect had lower mean annual solar radiation 

(Table 3-5), which could be related to the variation of phenological data among 

the 48 MODIS pixels. 
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4. Discussion 

        Discrepancy between MODIS LAI and in situ LAI has been found in studies 

(Cohen et al., 2003; Fensholt et al., 2004; Wang et al., 2004). Subpixel land cover 

fraction is the main cause of problem while the landscape is not homogeneous 

(Asner & Heidebrecht, 2002; Kumar et al., 2008; Vikhamar & Solberg, 2003). 

Knowing the existing problems and the role of subpixel land cover types, this 

study intended to analyze land surface characteristics in a fragmented seasonally 

deciduous forest and how they affect seasonality in MODIS LAI. Results of a 

two-way ANOVA indicated that phenological parameters derived from MODIS 

LAI time series were affected by the percentage of forest cover within a MODIS 

pixel and the mean slope aspect.  

        In most studies, the reflectance of a pixel is assumed to be formed by the 

linear sum of the reflectances of all subpixel types (Asner & Heidebrecht, 2002; 

Vikhamar & Solberg, 2003). Thus the higher the forest cover is within a MODIS 

pixel, the more it contributes to the reflectance of the pixel, which leads to higher 

MODIS LAI values that is derived from surface reflectance, as shown in our 

results. Therefore, our result is considered consistent with the known theory in 

subpixel mixture, and should have wide applicability in explaining the spatial 

variation of MODIS LAI in fragmented tropical dry forest across this area. 

        The results also indicated the effect of slope aspect on MODIS LAI 

phenology, where pixels with an average of north facing aspect tend to have 
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higher phenological values, and pixels with an average of south facing aspect tend 

to have lower values. Kang et al. (2004) applied a satellite-based hydroecological 

model and found strong effect of topography on solar radiation, temperature, soil 

water and evapotranspiration. They found that south facing slopes had higher 

solar radiation, higher soil temperature and lower soil water content (at 10 cm soil 

depth) than north facing slopes. As to the tropical dry forests, seasonality is the 

main characteristic and is controlled by water availability which is seasonal 

precipitation and soil moisture (Borchert, 1994; Bullock & Solís-Magallanes 1990; 

Reich and Borchert, 1984). Through influencing soil water and evapotranspiration, 

aspect would affect the seasonality of tropical dry forests that was captured and 

reflected by MODIS LAI and the phenological parameters in this study, 

        Although there was no statistically significant relationship between solar 

radiation and MODIS LAI phenology, we did find an average lower solar 

radiation in north facing pixels. Miller (1972) stated that primary production 

decreased with increase in air temperature, and increasing solar radiation 

decreased production after reaching up to a point. This is consistent with our 

result showing an average lower production in south facing pixels where both 

temperature and solar radiation were higher than those in north facing slope. 

        Slope was not found to be statistically related with MODIS LAI phenology 

in this study. However, associated with aspect, slope is more likely to affect solar 

radiation, temperature, evaporation and soil water. Although in this study, a three-

way ANOVA cannot be applied due to the very small sample size after balancing, 
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that the data cannot pass normality test nor have equal variance even after being 

transformed. It would be highly valuable to perform analysis on forest cover, 

aspect and slope in the future where it’s applicable. 

5. Conclusion 

        MODIS LAI is valuable in studies and applications for its spatial and 

temporal coverage. However, due to its relatively coarse spatial resolution, a large 

difference in spatial scale exists in practice between field measurement and 

MODIS data, which lead to the difficulty in MODIS data validation (Susaki et al., 

2007). By using percentage of forest cover, slope, aspect and solar radiation 

derived from higher spatial resolution imagery, this chapter evaluated the effects 

of subpixel land surface characteristics on MODIS LAI and the derived 

phenological parameters. Results of a two-way ANOVA showed that the 

percentage of forest cover and mean aspect within a MODIS pixel had significant 

impact on MODIS LAI and the phenological parameters, with higher 

phenological values (base value, small integral and large integral) found in 

MODIS pixels with higher forest coverage and north facing slope aspect.  

        The results of this chapter provides a better understanding on the 

compositional and topographical characteristics within a MODIS pixel, how these 

characteristics affect spectral reflectance and so the derived LAI of a MODIS 

pixel from a remote sensing perspective, and how they affect the growth of 

vegetation through their impact on solar radiation, temperature, and soil water etc. 
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from a biological perspective. Validation of MODIS LAI using ground 

measurement should be practiced with caution. In the case of tropical dry forests, 

forest fragmentation and mix of land cover should be considered during the 

validation process. This chapter is to contribute to the discussion and so the 

overall goal of MODIS LAI validation. 
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Figures and Tables 
 
 
 

 
 
Figure 3-1. Study area, covered by the QuickBird image obtained in April 2003, just north of the 
Chamela-Cuixmala Biosphere Reserve. Polygons overlain on the QuickBird image define the 
location of the 48 MODIS pixels from a 7×7 subset. 
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Figure 3-2. Some of seasonality parameters derived in TIMESAT, including begin of the growing 
season, end of the growing season, peak value, amplitude, length of season, small integral and 
large integral. The thin black line simply connects noisy remotely sensed data. The red line is the 
fitted function. 
After: Jönsson and Eklundh (2004) 

Peak value 
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(a) 

 

 
(b) 

 
Figure 3-3. MODIS LAI time series of two pixels with different percentages of forest cover from 
year 2000 to 2010, where (a) is a time series of the pixel with 94.03% of forest cover, average 
peak value 6.27, amplitude 5.39 and small integral 835.03, (b) is a time series of the pixel with 
41.22% of forest cover, average peak value 2.33, amplitude 1.92 and small integral 221.02. The 
blue line simply connects observed MODIS LAI values. The black line is a Gaussian fit estimated 
with TIMESAT. 
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Table 3-1. Training and testing regions – number of polygons and number of 
pixels per land cover class. 

 Land Cover Polygons Pixels 

Tropical dry forest 40 3,654 

Bare rock and roads 23 1,375 

 
 

Training Regions 

Water 3 65 

Tropical dry forest 40 2,330 

Bare rock and roads 13 717 

 
 

Testing Regions 

Water 3 62 
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Table 3-2.  Highest and lowest values of phenological parameters among the 48 
MODIS pixels. 
 

  Length of Season  Base Value  Peak Value  Amplitude  S. Integral  L. Integral 

Min. Value  115.28  0.41  2.16  1.74  198.24  271.04 

Max. Value  194.64  0.89  6.27  5.39  835.04  1019.04 

 
 
 
 
 
 
Table 3-3. p values of a two-way ANOVA – effects of forest cover and slope 
aspect on phenological parameters. 
 

  Effects on Base Value  Effects on L.integral  Effects on S.integral 

Factor1 ‐ Forest Cover  P = 0.016  P = 0.004  P = 0.007 

Factor2 ‐ Aspect  P = 0.029  P = 0.027  P = 0.037 

Factor1 x Factor1   P = 0.233  P = 0.155  P = 0.140 

 
 
 
 
 
 
Table 3-4. Least square means of phenological data in non-parametric two-way 
ANOVA – effects of forest cover and slope aspect on phenological parameters 
(ranks). 
 

  of Base Value  of L.integral  of S.integral 

High Forest Cover  20.188  20.813  20.563 

Low Forest Cover  12.813  12.188  12.438 

North  19.813  19.688  19.563 

South  13.188  13.313  13.438 

 
 
 
 
 
 
Table 3-5. Mean annual solar radiation (WH/m2) in the 4 groups in a two-way 
ANOVA.  
 

  High Forest Cover  Lower Forest Cover 

North  1,621,121.25  1,625,611.25 

South  1,652,862.50  1,655,848.75 
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Chapter Four: Conclusion 

        Leaf area index plays a significant role in the studies of primary 

production, carbon, energy and water vapor exchange between canopy and 

atmosphere (Clark et al., 2008; Gower et al., 1999; Sánchez-Azofeifa et al., 

2009). It is a variable widely used in scientific research from tropical forests, 

temperate forests, to boreal and Arctic ecosystems (Behera et al., 2010; Chen 

et al., 2002; Kalacska et al., 2005; Spadavecchia et al., 2008). Besides 

traditional direct and indirect methods in measuring leaf area index in the field, 

remotely sensed techniques especially MODIS LAI products are also 

important in estimating LAI in a rapid way for large areas (Weiss et al., 2004). 

However convenient MODIS LAI is, it is found to be able to capture well 

seasonal changes in LAI yet overestimates LAI in some studies when 

compared to field measurements (Fensholt et al., 2004; Heinsch et al., 2006; 

Wang et al. 2005) since errors could be produced at any stage of image 

acquisition, processing and analysis (Jonckheere et al., 2004). Although 

understanding leaf area index and the evaluation of MODIS LAI have been 

the interest of scientific research, most attention and studies have been paid to 

boreal forests and tropical rain forests. This thesis focuses on the study of leaf 

area index in a tropical dry forest in the Pacific coast of Mexico, which involves 

estimating leaf area index in the field, and evaluating the performance of MODIS 

LAI and the effects of subpixel land surface characteristics on MODIS LAI. The 

methodologies and results of this thesis are meant to develop studies in the area 
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of leaf area index using remote sensing for the tropical dry forests, and contribute 

to the scientific research of tropical dry forests in a bigger picture. 

Contribution and Future Insight 

Chapter Two: Linkages between ecosystem structure, composition and leaf 

area index along a tropical dry forest chronosequence in Mexico 

        Optical measurements were found to capture well seasonal changes in LAI 

from the dry season to the rainy season. Significant increase in LAI was found at 

the plot level, the stage of succession level and at the landscape level. By 

comparing LAI and the Morisita–Horn index among the three successional stages, 

we found the largest compositional difference between the early stage and the 

intermediate stage, where the largest difference in LAI was found as well, with 

the highest LAI found in the intermediate stage and the lowest values found in the 

early stage. Significant difference in LAI was found between all three stages of 

succession, which is consistent with the results produced by Kalacska et al. (2005) in 

a tropical dry forest in Santa Rosa, Costa Rica. Since different stages of succession 

exist as the main form of tropical dry forests nowadays as a result of deforestation 

and forest recovery, this result provides a better understanding in the structural and 

compositional difference across stages of succession, as well as valuable insight for 

the studies applying remote sensing in LAI measurement for tropical dry forests. 

Most scientific research has focused on applying different sensor types and algorithm 

in order to estimate LAI through remote sensing, mainly in boreal, temperate forests 
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and tropical rain forests (Fernandes et al., 2004; Maire et al., 2011; Soudani et al., 

2006). Along with Kalacska’s work, this chapter provides a new perspective in 

improving accuracy of LAI estimation for tropical dry forests given the significant 

difference in LAI between succession stages. A preliminary step to categorize and 

segregate stages of succession is recommended before estimating LAI either in the 

field or using remote sensing. This is significant in connecting biological findings of 

tropical dry forest succession with leaf area index as it is an important parameter 

in many predictive models. 

        The comparison between LAI in the field and MODIS LAI indicated a relatively 

low agreement between each other. The relatively coarse spatial and temporal 

resolution of MODIS LAI products is the main reason that accounts for the 

disagreement between MODIS LAI and LAI measured in the field. One MODIS 

pixel may contain more than one land cover types, and is a composite of data 

from 8 consecutive days, while field measurement was obtained in homogenous 

stands of a certain succession at a point in time. This result enhances the need to 

segregate successional stages for remote sensing LAI estimates especially using 

moderate and coarse resolution imagery for tropical dry forests that exist as 

fragments of different successions. 

        As implicated, in order to improve accuracy in LAI estimation through remote 

sensing, future research should focus on differentiating stages of succession 

spectrally at the canopy level. This opens up new challenges in further exploring and 
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developing techniques and methodologies for spectral differentiation between 

successions and establishing a framework for such studies in the future. 

Chapter Three: Effects of subpixel land surface characteristics on MODIS 

LAI phenology in a tropical dry forest in Mexico 

        Leaf area index is a direct bioindicator and is required as an important input 

to many climate and ecological models (Chen & Cihlar, 1996). Validation of 

remotely sensed LAI is a priority in order for it to be used widely as an effective 

means at a larger scale (Soudani et al., 2006). Most scientific studies have 

retrieved remotely sensed LAI and performed validation over homogenous stands, 

which may increase the agreement between field measurements and image-based 

estimates (Soudani et al., 2006). This may not apply to some fragmented 

secondary dry forests where intensive human disturbance had occurred.  Chapter 

Three explored how the within pixel land surface characteristics affect MODIS 

LAI and its time series. Results indicated that the percentage of forest cover and 

the mean aspect within a pixel showed significant impact on MODIS LAI and the 

phenological parameters such as primary production derived from its time series. 

Northing facing MODIS pixels with high forest cover had higher primary 

production, while south facing MODIS pixels with low forest cover had lower 

values. 

        This chapter introduced innovations in analyzing the factors driving the 

variation in MODIS LAI across space in tropical dry forests, including the use of 
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finer spatial resolution imagery for MODIS subpixel characteristics analysis, the 

incorporation of topographic information, and the use of phenological parameters 

in the analysis. Results of this chapter provide a better understanding of the 

subpixel land surface characteristics both from a biological perspective and a 

remote sensing perspective. Topography is known to affect solar radiation, 

temperature, soil water and evapotranspiration, which have high impacts on leaf 

area index in tropical deciduous forests. The percentage of forest cover within a 

MODIS pixel accounts for the spectral contribution that eventually affects the 

derived leaf area index from surface reflectance.  

        Since fragmentation is very common in tropical dry forests, the results and 

conclusions of this chapter can be applied to other tropical dry forests. Additional 

attention should be paid when linking MODIS LAI with in situ LAI based on the 

results of Chapter Three. Vegetation and non-vegetation land cover types should 

be separated prior to the validation and application of MODIS LAI. MODIS 

pixels containing homogeneous vegetation cover without spectral contribution by 

other subpixel land cover types are ideal. Along with conclusions from Chapter 

Two, further steps to segregate forest stands by succession should be involved in 

remotely sensed LAI validation if stands of each succession are larger in area than 

a pixel that allows this process to be feasible. However in other cases where 

fragmented stands are embedded in matrices of various land cover types within 

one pixel, in situ LAI measurements of forest stands do not represent LAI of the 

area corresponding to a pixel thus are not suitable for validation purpose. The 

finding of this chapter contributes to the discussion in what drives or controls the 



 
 

91

spatial variation of MODIS LAI. It promotes an important advancement towards 

the goal of remotely sensed LAI validation in tropical dry forests. 

Overall Significance  

        In the efforts advocating and promoting conservation for tropical dry forests, 

remotely sensed products have become more and more popular and delivered 

timely information to researchers and decision makers at the continental, regional 

and local level. In the context of leaf area index, utilizing remote sensing products 

is the most efficient means in providing timely results needed as input in many 

ecosystem productivity models and models of carbon and vapor fluxes between 

canopy and the atmosphere. Therefore, the development and validation of 

remotely sensed LAI products are of critical importance. However, most scientific 

work has focused on boreal, temperate and tropical rainforest ecosystems. The 

application and validation of LAI in the tropical dry forests are still under 

developing. This thesis utilized LAI in estimating difference among successions 

and the seasonal changes in a tropical dry forest, and analyzed the factors driving 

variation in MODIS LAI. The results promoted our understanding in tropical dry 

forest and its successions, and provided valuable information for future research 

when validating and applying remotely sensed LAI, with the hope of opening up 

new discussions and challenges in the research for tropical dry forests.  
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