INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overlaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6° x 9" black and white
photographic prints are available for any photographs or iliustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

ProQuest Information and Learning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI






NOTE TO USER

This reproduction is the best copy available.






University of Alberta

Forest cover assessment, fragmentation analysis and secondary forest

detection for the Chorotega Region, Costa Rica

by

D)

-
b
4

Juan Pablo Arroyo-Mora

A thesis submitted to the Faculty of Graduate Studies and
Research in partial fulfillment for the

degree of Master of Science

Department of Earth and Atmospheric Sciences

Edmonton, Alberta
Spring 2002



(L |

National Library
of Canada

Acquisitions and
Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Bibliotheque nationale
du Canada

Acquisitions et )
services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada

Your file Votre référence

Our file Notre rétérence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de

reproduction sur papier ou sur format
électronique.

The author retains ownership of the L’auteur conserve la propriété du
copyright in this thesis. Neither the droit d’auteur qui protége cette thése.
thesis nor substantial extracts from it  Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

Canadi

0-612-69680-4



University of Alberta
Library Release Form

Name of Author: Juan Pablo Arroyo-Mora

Title of Thesis: Forest cover assessment, fragmentation analysis and secondary forest
detection for the Chorotega Region, Costa Rica.

Degree: Master of Science

Year this Degree Granted: 2002

Permission is hereby granted to the University of Alberta Library to reproduce single
copies of this thesis and to lend or sell such copies for private, scholarly or scientific

research purposes only.

The author reserves all other publication and other rights in association with the
copyright in the thesis, and except as herein before provided, neither the thesis nor any
substantial portion thereof may be printed or otherwise reproduced in any material form

whatever without the author’s prior written permission.

N

[v74

300 m sur del Higueron. Casa #08
San Pedro de Montes de Oca. B. Pinto.
San José, Costa Rica.

Date  c¢i/30 Jo2




University of Alberta

Faculty of Graduate Studies and Research

The undersigned certify that they have read, and recommend to the Faculty of Graduate
Studies and Research for acceptance, a thesis entitled Forest cover assessment,
fragmentation analysis and secondary forest detection for the Chorotega Region, Costa
Rica submitted by Juan Pablo Arroyo-Mora in partial fulfillment of the requirements for
the degree of Master of Sciences.

™™™ R R
/
e

———

—
Dl ) G Arturo  Sanchez-Azofeifa
(Pupervisor)

and Atmospheric Sciences Department

/ ‘/_Z" "".’j %Mﬂng

Dr. Benoit Rivard
Earth and Atmospheric Sciences Department

6 Kl

Dr. G. Peter Kershaw
Earth and Atmospheric Sciences Department

Gles Carsoday & -Llonie

Dr. Colleen C'St Clair
Biological Sciences Department

Date: o'/LJ/U A




Dedication

To Ariana



ABSTRACT

A forest cover assessment for the Chorotega region, Costa Rica (2000) was carried out
at the regional and at the life zone levels using remote sensing and geographical
information systems techniques. At the regional level, forest represents 45.1% of the
study area (mainly secondary growth). At the life zone level, the tropical moist forest is
the life zone with the largest forest area (58%). A forest fragmentation analysis was
performed to determine the composition and configuration of forest patches. This
analysis showed that fragmentation at the regional and life zone levels is the product of
forest restoration rather than forest division. Finally, a novel methodology integrating
ecology and remote sensing was used to map secondary growth within the Santa Rosa
National Park, Costa Rica. By accurately mapping four successional stages within the
Santa Rosa National Park this analysis showed the advantage of integrating both high and

medium resolution satellite imagery.
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Introduction

Anthropogenic deforestation in tropical environments has had several ecological and
biophysical impacts. Some of the most vulnerable tropical environments are the forest
ecosystems located in the tropical dry and moist forests life zones. According to Ewel
(1999), these two life zones have suffered the greatest amount of degradation due to their
locations in areas favourable for agriculture and human settlement.

Life zones are bioclimatic units defined by mean annual biotemperature, rainfall and
the potential evapotranspiration defined by the first two variables and a constant
empirical value (Holdridge, 1967). Biotemperature is adjusted from the annual
temperature to define a range where plants are able to grow (> 0 °C and < 30 °C). In the
World Life Zones Classification by Holdridge, the tropical dry forest (Td-f) life zone is
characterized climatically by six months per year that are effectively dry (Hartshorn,
1983). As well, it is characterized by an annual biotemperature greater than 24°C and a
mean annual precipitation of 1,000 — 2,000mm (Holdridge, 1966). The vegetation of the
T-df is shorter than in the rain forest, semideciduous and with two strata of trees
(Hartshorn, 1983). In Costa Rica, the dry forest areas are mainly transitional zones to
moist forest, but there exist some areas with pure dry forest (Bolafios and Watson, 1993).
The tropical moist forest is characterized by an annual biotemperature of greater than
24°C and a mean annual precipitation of 2,000 — 4,000mm (Holdridge, 1966). The
vegetation in mature moist forest stands is tall, multistratal, and semideciduous or

evergreen (Hartshomn, 1983).



When the Spaniards first arrived to Mesoamerica, there were an estimated 550,000 km?
of tropical dry forest formations on the Pacific side of lowland tropical Mesoamerica
(Janzen, 1986). Within this vast extent, the tropical dry forest formations occupied much
more of the Mesoamerican subcontinent than did rainforests. It is estimated that less than
2% of this tropical dry forest remains as relatively undisturbed wildlands, and only 0.08%
of it lies within national parks or other kinds of protected areas (Janzen, 1986). As well,
large extensions of tropical moist forest have been highly affected by deforestation
processes in Costa Rica and, along with the tropical dry forest, were almost removed
from the landscape (Sader and Joyce, 1988). During the period of 1966 to 1989, the
tropical moist forest was the ecological life zone that lost the third largest area of forest
(36.5%) after the dry (44.3%) and premontane wet forests (43.4%), respectively
(Wendland and Bawa, 1996).

In Costa Rica, the tropical dry and moist forest life zones are located in the
northwestern Guanacaste province (Chorotega region; Figure 1.1). Based on the 1998
Forest Cover Assessment and Cover Change derived from remote sensing analyses, the
province of Guanacaste has 3,270 km? of forest cover, of which around 1,260 km? is
tropical dry forest. The Guanacaste Conservation Area protects the largest remaining
body of tropical dry forest remaining in Mesoamerica, but smaller and less defined areas
of Td-f also exist in the Tempisque Conservation Area. Besides the protected areas, there
are other extensions of dry and moist forest without any protection or conservation status.
In addition, there is a lack of information about the state and management of these

ecosystems, both in Costa Rica and Mesoamerica.



Uncertainty about the condition and dimensions of dry and moist forests in Costa Rica
has hampered their management. The recent and burgeoning tools of remote sensing and
geographical information systems have much potential to provide important information
for managers (Sanchez-Azofeifa 1996). Several studies of deforestation, forest
degradation, land cover and land use change using multitemporal satellite images have
been done in the last five years in various ecosystems around the world (Tokola, 1999;
Kurtz and Siegert, 1999, Michelson et al., 2000). Costa Rica and other tropical areas (i.e.
Brazil) have already been explored with Remote Sensing and Geographical Information
Systems research (Sanchez-Azofeifa and Harris, 1994; Puig, 1996; Blanco and Garcia,
1997; Bohlman et al., 1998; Shimabukuro et al., 1999), providing a solid foundation for
subsequent and more detailed studies.

During the 1990's, various studies were conducted in Costa Rica combining these tools,
mainly to monitor deforestation, habitat fragmentation and land use dynamics (Sanchez-
Azofeifa, 1996). One common characteristic of these studies was the use of Landsat
Multispectral Scanner (MSS) and Landsat Thematic Mapper (TM) images (Sanchez-
Azofeifa and Harris, 1994; Kramer, 1996; Puig, 1996; Carlson and Sanchez-Azofeifa,
1999). Nevertheless, the tropical dry and moist forests have been studied much less
frequently from the remote sensing and geographical information systems points of view.
For example, only one study focusing on a dry forest ecosystem using remote sensing
was carried out during the 1990°s (Kramer, 1996).

Kramer (1996) indicated that some remote sensing and geographical information
systems for the tropical dry forest are misclassification, and identified problems with geo-

referencing, and both the phenological and physiological states of the vegetation. An



additional limitation is that, atmospheric conditions at the time of image acquisition have
affected the interpretations. For example, imagery acquired during drier months of the
dry season increases the difficulty to discriminate between secondary forests and pasture
lands. This is because the vegetation is deciduous in the dry season and there is much
reflectance of ground and litter cover. In the wet season, satellite images show mainly
cloud cover, so it is not feasible to use them (Figure 1.2). The effect of the phenology in
the dry forest analyses was shown in 1998 when the most recent Forest Cover
Assessment (FCA) of Costa Rica was carried out. Some issues could not be resolved
using available remote sensing techniques (FONAFIFO-CCT-CIEDES 1998). One of the
most significant limitations was the inability to identify different types of land cover in
the tropical dry forest life zone (i.e. pasture lands, wood plantations, pristine forest,
secondary forest, etc.). This is reflected in current maps that indicate the presence of
pasture in areas that are in fact covered with tropical dry forest.
The following thesis presents a new FCA for the Chorotega region (Figure 1.1) in Costa
Rica in which the following three questions are addressed:
1. What is the extent of the tropical dry and moist forests in the Chorotega
region for the year 2000?
2. What is the level of fragmentation at the regional and at the life zone level
in the study area?
3. Is it possible to detect different forest successional stages using remotely
sensed data?
By answering these questions, this study will provide an improved approach for

mapping tropical dry and moist forest ecosystems in Costa Rica. As well, this study will



constitute the first fragmentation analysis for the Chorotega region. Finally this study
presents a novel approach for the detection of secondary forests that may have
application to other regions. This remainder of the thesis consists of three chapters. The

following is a summary of the contents of each:

Chapter 1. Forest cover assessment and landscape structure analysis for the
Chorotega region. This chapter presents an improved methodology to extract forest
cover information by considering the acquisition date of the imagery based on the
seasonality of the tropical dry and moist forests. As well, problems of misclassification
are solved using a knowledge-based approach and a strong quality control process using
colour aerial photography. A second section of this chapter analyzes the degree of
fragmentation for the Chorotega region using not only basic fragmentation metrics such
number of patches, mean patch size and patch size standard deviation, but also spatially
explicit fragmentation metrics such as class division, percolation, entropy and
homogeneity. Since the Chorotega region encompasses three different life zones with
different ecological characteristics, the fragmentation analysis is also performed at the

life zone level.

Chapter 2. Tropical dry secondary forest detection using IKONOS and Landsat
ETM+ imagery. This chapter shows a novel methodology for detecting secondary forest
in the tropical dry forest life zone. While most of the secondary forest studies using
remote sensing techniques use chronological age to characterize the forest stand, I have

employed an ecological approach to identify secondary forest. A definition of three



successional stages is developed based on canopy closure, phenology and vertical and
horizontal structure. Then, both medium and high spatial resolution imagery (IKONOS
and Landsat ETM+, respectively) are used to extract the extent of the forest for each

successional stage.

Chapter 3. Conclusions and recommendations. This chapter presents a general
conclusion from chapter one and two about their contribution to conservation policies in
Costa Rica. In addition, it integrates both methodologies to recommend the use of
medium and high spatial resolution imagery, not only to extract the forest extent of a
specific area, but also to produce more detailed information (i.e. secondary forest and

deforestation fronts).

I expect that the information generated in this study on tropical dry and moist forest
extent, fragmentation and secondary succession will provide to government agencies,
Non-Governmental Organizations (NGOs) and other organizations, the necessary
information to conduct better land cover change analyses aimed at prioritization of

forested areas for conservation, research and management.



Chapter 1. Forest cover assessment and landscape structure analysis

for the Chorotega region, year 2000.

1.1. Introduction

1.1.1. Land Use Land Cover Change in Costa Rica

Accurate forest cover assessments are important to define natural resource management
strategies and policies for conservation in tropical regions (Sanchez-Azofeifa, 1996). It is
through information about the location, the extent and the status of forest areas that
threats to biodiversity (“hotspots™) from deforestation fronts can be identified (Lambin
and Ehrlich, 1997). The understanding of the effects of land cover changes through time
is key to predict possible effects and then reduce environmental impacts over these areas.
Remote sensing and geographic information systems are ideal techniques that can be used
to determine deforestation trends (Sader and Joyce, 1988), identify terrestrial carbon
sinks (Foody et al., 1996) and forest fragmentation (Peralta and Mather, 2000).

Costa Rica is a tropical country with high biodiversity, but also with a history of severe
environmental degradation. With its 51,000 km?, Costa Rica encompasses approximately
6% of the world’s biodiversity (Mendoza & Jiménez, 1995). However, this biodiversity
has been threatened for decades. The country experienced severe landscape changes due
to deforestation from the mid 1940°s to the mid 1980°s (Wendland and Bawa, 1996;
Sanchez-Azofeifa et al., 1997). This deforestation started where topography, weather
conditions and good accessibility allowed for an easy transformation of forest to pasture
and agricultural areas. These conditions are found in areas located in the tropical dry (7-

df) and moist (T-myf) forest life zones (Ewel, 1999).



Starting in the mid 1940°s a livestock subculture was established. The national and
international meat prices increased and the government supported the conversion of
forest to pasturelands through loans (Solorzano et al., 1992). By the early 1960°s most of
the 7-df and the T-mf areas located in the province of Guanacaste were almost removed
(Sader & Joyce, 1988; Hartshorn, 1989). This degradation process extended to other
regions of the country until the late 1970’s and early 1980’s, when a slowdown in the
deforestation process began due to economical reasons and the development of
conservation policies. Based on an extensive review and analysis of economic
development policies and change in land cover use, Sanchez-Azofeifa (2000) outlined the
main economic reasons driving the decrease in the deforestation process. Sanchez-
Azofeifa (2000) noted that a decrease in the international price of meat resulted in the
elimination of the government-supported loan programs for cattle grazing during the
1970’s. As well, new policies were implemented between 1974-1978 aimed at
transforming the national economy from agrarian to industrial. In the decade of the
1970°s the result was a decline in the contribution of the agricultural sector to the
country’s gross national product (GNP) whiie the contribution of the industrial sector
increased.

In addition, recommendations by national and international experts and organizations
noting the chaotic situation of the nation’s natural resources resulted in new conservation
policies (Castro and Arias, 1998). Consequently, from 1974 to 1978 protected areas
increased from 3% to 12%, an improved forestry law was implemented in 1979, and
incentives for reforestation and forest protection were implemented (Castro and Arias,

1998). The effect of these changes during the 70’s and 80’s and a rapid growth in tourism



in the early 90’s allowed the regeneration of large forest areas (Damon & Vaughan,
1995). Currently, protected areas account for approximately 28% of the national territory

(Mendoza & Jiménez, 1995).

1.1.2. Mapping efforts and current problems

Various efforts were carried out to quantify the forest cover of the country at different
times. Initial studies used maps and aerial photography and were followed by the use of
satellite imagery from sensors such as Landsat MSS and Landsat TM (Sader and Joyce,
1988; Sanchez-Azofeifa, 1996; TSC-CIEDES-CI/FONAFIFO, 1998). In addition, studies
of habitat fragmentation (Kramer, E. 1996; Sanchez-Azofeifa et al., 1999) and its effects
on biodiversity were carried out for specific areas within the country.

Despite the number of studies on the forest cover in Costa Rica, problems remain in the
use of remotely sensed data for mapping vegetation. One such problem is the detection of
tropical dry (7-df), premontane moist (Tp-mf) and moist (T-mf) forests and their
successional stages in the Chorotega region (Figure 1.1) (TSC-CIEDES-CI/FONAFIFO,
1998).

The inability to detect tropical dry and moist forest vegetation using remote sensing
data may be the cause of the underestimation of a significant amount of forest, not only in
the Chorotega region, but worldwide (Sanchez-Azofeifa et al., 2001). Vegetation
characteristics during the peak of the dry season in Costa Rica (February, March and
April) when available satellite data is cloud free, causes confusion between early
successional stages and pasturelands (Kramer, 1996; Pfaff er al., 2000). The reason is that
a high percent of the vegetation in the dry forest and somewhat less of a percentage in the

moist forest is deciduous (Hartshorn, 1983). Early successional stages show a



composition of trees and pasture that are similar in their spectral signatures, when
observed by the Landsat MSS and TM sensors, to pasturelands with sparse trees and
some agricultural fields (dry season). This problem is observable in the Costa Rica 1979
1992 land cover change assessment (Instituto Meteorologico Nacional et al., 1996). The
Instituto Meteorologico Nacional ef al. (IMN) study based on Landsat MSS from 1979
(80 m. spatial resolution, 4 spectral bands) and Landsat TM from 1992 (28.5 m. spatial
resoiution, 7 spectral bands) satellite data led to the misleading interpretation of forest
cover in 1979 and 1992 in areas of dry and moist forest located in the Chorotega region.
Contrary to the IMN study results, the land use cover change for that region shows that
by 1979 moist and dry forest present in these regions were almost removed (Sader &
Joyce, 1988; Solorzano et al., 1992; Sanchez-Azofeifa, 2000). Moreover, by 1992 a large
area of modified moist and dry forest was growing back after changes in conservation
policies; pasture abandonment and tourism growth (Damon & Vaughan, 1995, Wendland
& Bawa, 1996, Sanchez-Azofeifa, 2000). Therefore, it is likely that in 1992, large areas
of moist and dry forest (approximately 10 years old) were underestimated (Chorotega
region) because imagery acquired during the dry season was employed for the analysis
(Instituto Meteorologico Nacional et al., 1996). Many areas were classified as secondary
forest, natural forest and selective extraction forest in 1979, and classified as pastures in
1992. In addition, areas classified as pastures in 1979 were classified as forest in 1992
(not secondary forest, but mature forest).

A second problem related to the inability to map dry and moist forests in the Chorotega
region is the lack of information about the current state of forest fragmentation.

Information on the structure of the landscape (composition and configuration) obtained
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from forest patches is beneficial for assessing the loss of biodiversity and the connectivity
of the landscape (McGarigal and Marks, 1994). The quantification of the number, size
and variability in terms of forest patches size (McGarigal and Marks, 1994) and spatially
explicit metrics such as percolation (Hori, 1989). Consequently, from 1974 to 1978
protected areas increased from 3% to 12%, an improved forestry law was implemented in
1979, and incentives for reforestation and forest protection were implemented (Castro
and Arias, 1998).

The following paper has two objectives: (1) to determine accurately the forest cover for
the year 2000 for the Chorotega region, Costa Rica using Landsat ETM+ (January, 2000),
and (2) to perform a landscape structure analysis for the Chorotega region at the regional
and at the life zone level (Appendix A), based on the information derived from the forest

assessment.

1.2. Methods

1.2.1. Data acquisition and preprocessing

A forest cover assessment for a section of the Chorotega region was performed using a
Landsat ETM+ (28.5 m resolution and 7 spectral bands plus one panchromatic) image for
path 16 and row 53 (WRS-2) (Figure 1.1). As well, a forest fragmentation analysis was
carried out for the entire study area at the life zone level. The analysis at the life zone
level compares the landscape structure (composition and configuration) for the three
major life zones in the study area; Tropical Dry Forest (7-df), Tropical Moist Forest (7-

mf) and Tropical Premontane Moist Forest (Tp-mf) (Figure 1.3).
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Due to the effect of the climate on the phenology of the forest ecosystems present in the
study area (deciduousness), an image from January 2000 was used. Although some
vegetation is deciduous at this time, a considerable amount of trees still have their leaves
on, allowing the sensor to detect more green biomass than if an image from the drier
months were used (Figure 1.3b-d).

To cast the raw data in a coordinate system, the Landsat image was orthorectified using
a previously corrected Landsat image (P15R53/1997/TMS5) and a digital elevation model
(DEM). The DEM with a resolution of 30 x 30 meters was developed by the GIS
laboratory of the Tropical Agricultural Research and Higher Education Centre (CATIE -
Costa Rica). Fifty-control points were selected from the 1997 scene for the
orthorectification process. A non-linear transformation - second order polynomial - was
applied to rectify the image to Lambert Conformal Conic (Spheroid Clarke 1866). The
mean root square error for the orthorectification process was 0.63 pixels (~20 meters).

Pixels occupied by clouds are localized in the northeast section of the image and were
masked out through an unsupervised classification. An atmospheric correction was not
applied since it was considered unnecessary for the classification of a single image (Song

et al., 2001).

1.2.2. Image classification.

A supervised classification method was selected to extract the different land cover
classes (forest, non forest, mangroves and water bodies) in order to integrate the resultant
map into the Forest Cover Assessment for Costa Rica in 2001 However; only the forest

data cover is used for further analysis in the present study.

12



Ground data was used to capture the spectral signatures for the supervised classification
(ERDAS, 1999); whereby, groups of pixels, corresponding to areas that were visited on
the ground were selected on the image to become “training sites”. These “training sites”
were contiguous pixels that could be used as inputs for the supervised classification. A
total of 209 training areas were created, each of which represented one of the three
classes in the field (forest, pastures and mangroves). These classes were defined by
starting at the training sites and then adding neighboring pixels until the desired area was
obtained based on the Euclidean distance (ERDAS, 1999). Those areas whose signatures
did not have a Gaussian distribution for each spectral band were rejected. The spectral
signature of every cluster was plotted and then the features with similar spectra were
grouped into a specific land cover class. In order to determine class separability an
analysis of variance (ANOVA) was applied (Steel et al., 1997).

A parallelepiped decision rule was selected for the classification, applying parametric
rules for unclassified and overlapping pixels. A maximum likelihood (Bayes criteria)
method was chosen as the classifier system (ERDAS, 1999). This criterion assumes that
there is an equal probability that a pixel belongs to a specific class, and each class
represents a normal distribution (Tou and Gonzalez, 1974). Figure 1.7 shows the steps

followed in order to classify the Landsat ETM+ image.

1.2.3. Training sites, misclassification problems and minimum mapping unit

The number (N) of training sites for the Landsat image classification was based on the
binomial probability theory and the expected percent accuracy (Sanchez-Azofeifa, 1996;
Fahsi et al., 2000). Although it was determined that twenty-three points per class were

enough to obtain an accuracy of 85%, a total of 209 ground sites were collected during
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May and June 2000 to increase the sample reliability. Ground site information was
collected in May and June, a time when green vegetation is present in the deciduous
forest. The training sites were selected based on the road network, which covers most of
the study area (Figure 1.4). Ground data was gathered in homogeneous sites at least 1-
hectare in size (based on field observations), which is represented in the Landsat image
by apprcximately a 9 x 9 window of pixels. The coordinates (datum NAD27 Central
America) of every site were recorded using a Global Positioning System (Trimble III
Geoexplorer). The GPS error was within 30 meters (~1 pixel in Landsat ETM+) after
removal of the selective availability imposed by the U.S. government in June 2000. In
addition, pictures were taken to document the training sites.

Although the objective of this study is a forest non-forest classification, training sites
included forest areas of different successional stages, ranging from young secondary
forest to old mature forest. This data is useful in providing a general qualitative idea of
primary and secondary forest predominance in the region. Also, pastures with and
without shade as well as pure stands (i.e. mangroves) were included in the sample of the
training sites. The youngest successional stage considered as forest is represented by
homogeneous areas where trees are taller than 6 meters (Pacheco, 1998; TSC-CIEDES-
CI/FONAFIFO, 1998). The studies by Pacheco (1998) and TSC-CIEDES-CI/FONAFIFO
(1998) indicate that a secondary forest with lower tree heights is less dense and includes
considerable areas of pastures. For this study, forest is considered as those areas where
the trees and shrubs are dense enough to eliminate patches of pasture.

In the mountainous region of the study area, some of the forest area was initially

incorrectly classified as mangroves. The misclassification of forests and mangroves

14



results from the spectral similarities of these forest cover types (Figure 1.5). However, by
incorporating ancillary information, including altitudinal range information from the
DEM, the misclassified areas were corrected. Mangrove classes located at elevations
greater than 10 m were reclassified as forest. Once the image was reclassified, a visual
quality control process was performed, comparing the classified image with the original
satellite image and colour aerial photography from 1998.

In order to define the minimum mapping unit for this study, two approaches were
chosen. The first approach considered the landscape structure analysis based on life
zones. Therefore, two majority filters, 90% and 100%, were applied to the classified
image. The function of these filters was to reclassify single pixels surrounded by 90% or
100% of pixels from a different class (Figure 1.6). This step allowed for the
reclassification of single pixels into a more homogeneous area without causing large
changes in the landscape configuration. The second approach considered the integration
of this classification into the Costa Rica Forest Cover Assessment for the year 2000,

which established a standard minimum mapping unit of three hectares.

1.2.4. Validation.

Validation points selected from two databases (statistically independent from the
training data) were used for the accuracy assessment. The first database was provided by
the Tropical Science Center (TSC) and was used for the classification and validation
processes of the 1998 Costa Rica forest cover assessment. A description of this database
can be found in TSC-CIEDES-CI/FONAFIFO (1998). A second database was provided

by a research project located within the study area (Tempisque River basin), which was
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conducted by the Organization for Tropical Studies (OTS). The field information from
the study carried out by the OTS was collected in the year 2000.

A total of 204 ground control points were used for validation (OTS and TSC databases)
exceeding the minimum sample size needed (Sanchez-Azofeifa, 1996; Fabhsi et al., 2000).
Since a single pixel is not considered spatially representative of a class, a 3 x 3 pixel

window was defined for validation purposes (Congalton and Green, 1998).

1.2.5. Accuracy assessment.

In order to calculate the accuracy of the classification, the verification data (validation
points) was compared with the classification data using an error matrix or contingency
table (Sanchez-Azofeifa, 1996). The robustness of accuracy estimators can vary (Fahsi ez
al., 2000), thus six estimators were used including; class average (Congalton and Green,
1998), overall accuracy (Congalton and Green, 1998), Kappa (Congalton and Green,
1998), Tau (Ma and Redmond, 1995), and two new estimators Juni(X) and Jpro(X)

developed by Nisshi and Tanaka (1999) (Appendix B).

1.2.6. Structure analysis of the landscape at the regional level and at the life

zone level

Fragmentation for the 7-df, T-mf and Tp-mf was analyzed according to a number of
selected metrics that describe the landscape composition and configuration. Composition
was measured based on class area (CA), while configuration was measured with the
number of patches (NP) and the mean patch size (MPS). The variation in patch size was
measured in absolute terms through the mean patch size standard deviation (MPSS).

Because fragmentation metrics such as number of patches, patch size standard deviation
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are not spatially explicit (McGarigal and Marks, 1994), other fragmentation metrics were
added to the analysis. In order to measure the heterogeneity of the landscape the
homogeneity index was calculated (Hitt and Neff, 2001). Entropy was applied to
compare the spatial organization among life zones regions (Wolfram, 1983), while
percolation was applied in order to measure landscape connectivity (Hori, 1989). Class
division (De Camino and Sanchez-Azofeifa, 2001) was used to give a spatial context to
the results from number of patches. Table 1.1 shows the different metrics used for the

fragmentation analysis.

1.3. Results

1.3.1. Forest cover assessment for the Chorotega region

The supervised classification of the Landsat ETM+ extracted 4,428 km?® (45%) of forest
and 5,179 km® (53.6%) of non-forest (Table 1.2). The forest area extracted in the present
study exceeds by 1153 km® the area extracted in the last Costa Rican Forest Cover
Assessment for the same region by TSC-CIEDES-CUFONAFIFO (1998) which was
3,397 km”. In this current study 75% of the ground control points used for classification
and validation purposes were labeled as secondary forest. Therefore, most of what was
classified as forest is not primary forest but secondary forest in various successiona!
stages. This observation is supported by the land cover change history of the study area
(Sader & Joyce, 1988). Most of the secondary forests are the results of pastures
abandoned 20 to 25 years ago (Watson et al., 1998).

The overall accuracy obtained for this classification is 89%. A similar value to overall

accuracy is obtained when Jpro(X) is applied (88%). An advantage of Jpro(X) is that this
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estimator takes into account the proportion of points per class, therefore, it is considered a
better estimator of accuracy. Contrarily, the lowest accuracy is obtained using Juni(X)
(61%), which does not consider the proportion of validation points per class (Table 1.3).
The commonly used K4APPA and Tau estimators show a lower accuracy (= 80%) than
the overall and Jpro(X) estimators.
The accuracy per class (Table 1.4) is very high for forest and non-forest, 90% and 93%
respectively. In addition, results from the class separability analysis show that spectrally

the classes are different (p<0.001) (Table 1.5).

1.3.2. Forest cover by life zone

The three life zones analyzed in this study, represent 95% of the study area. The
premontane moist encompasses 42.6%; followed by the tropical moist (38.2%) and
tropical dry (14.2%) forest life zones (Table 1.6).

The forest cover analysis per life zone (Figure 1.8) reveals that the tropical moist forest
is the life zone with the highest forest area (58%) and the second largest non-forest area
(42%). The tropical premontane moist forest encompasses the largest non-forest area
(62%) due to its flat topography, where the current land use is agriculture (i.e. rice, sugar
cane) and pastures. The forest area encompasses 54% of the tropical dry forest life zone,
while 46% corresponds to non-forest. As in the premontane moist forest some areas of
the dry forest are under agricultural and cattle grazing practices. However, areas in mid to

steep slopes are under recover.
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1.3.3. Fragmentation analysis for the study area

Since much of the forest cover in the study area is secondary growth, fragmentation
processes are not the result of landscape division, but the results of landscape restoration.
The summary of the results can be found in Table 1.7 and Table 1.8.

Although some landscape metrics reveal fragmentation values characteristic of highly
fragmented landscapes (i.e. number of patches, class division), due to recuperation
processes, large forest patches in the region affect other metrics revealing an organized
and connected landscape (i.e. edge density, percolation, entropy).

The fragmentation statistics reveal a high number of patches in this region (47,535),
along with a high patch size variability related to the patch size standard deviation (865
ha). Large forest fragments result from the establishment of protected areas in the 70°s
encompassing large forested areas (i.e. Santa Rosa National Park, Palo Verde National
Park) and from the abandonment of pasture lands with medium and high slopes where
cattle grazing was not economical feasible. Consequently, secondary growth formed large
continuous forest patches. It is possible to find very small forest patches, but also large
continuous masses of forest. Since no minimum mapping unit was applied, even the
small patches (0.078 ha) are captured by the analysis. A frequency distribution of the
number of patches (expressed as area) is shown in Figure 1.9.

An estimate of homogeneity shows that the landscape is very heterogeneous (0.87)
(Table 1.8). In addition, a high-class division was obtained for forest areas (0.87) (Table
1.8). Heterogeneity and class division results can be related with the high number of

patches and the high patch size standard deviation for both forest and non-forest classes.
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The percolation results show a high percolation value (0.90) (Table 1.8), indicating the

presence of large continuous forest areas.

1.3.4. Fragmentation analysis per life zone

The results for the landscape structure analysis for three life zones (95% of the study
area) are presented in the following section. Since life zones represent ecosystems with
different characteristics such as climate, land use and vegetation, fragmentation or
restoration processes may differ. In addition, life zone subregions are distributed over the
landscape in areas with different topography, land cover and land use history and
accessibility. Therefore, results of fragmentation are shown for the different life zone

subregions.
1.3.4.1.  Premontane moist forest (Tp-mf)

Four Tp- mf subregions within the study area were analyzed (Figure 1.10). Results
showed that more than 50% of the TP-mf is located at elevations below 100 meters. The
maximum altitudinal range for this life zone is 300 meters (Figure 1.11a). However,
forest areas are mainly (> 70%) located at altitudes less than 100 meters for three regions
within the Tp-mf. An exception is the biggest subregion of this life zone (TPMF1), which
represents 89.7 % of the total life zone area (Figure 1.10). The forest in this area is
distributed along different altitudinal ranges (Figure 1.11b). TPMFI covers a variety of
altitudinal areas, from mountainous regions close to the volcanoes to secondary growth
and protected forest areas in lowlands.

Most of the Tp- mfis located on slope from 0 to 15 degrees (Figure 1.11c). The forested

area is located mainly in this slope range as well. The exception is a small subregion
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(TPMF3) that has irregular topography (Figure 1.11d). This small subregion is an
example of flat areas under intensive or extensive land use with forest recuperation in
more irregular terrains, due to abandonment 15 to 20 years ago.

Fragmentation results for Tp- mf indicate a relationship between the size of the
subregion in the life zone and the number, size and variability metrics (number of
patches, mean patch size and patch size standard deviation). As the area of the subregion
increases the values for the aforementioned metrics also increase. For example, TPMF1
that covers most of the Tp-mf area (89.69%) (Table 1.9) shows the highest values for the
number of patches (19, 248) and mean patch size (6.8 ha). However, regardless of the
size of the Tp-mf subregion, deforestation and recuperation processes occurred
simultaneously for every region within this life zone.

As was the case for the regional analysis, the Tp- mf shows a high variability in patch
sizes. This is indicated by the high value for patch size standard deviation in the larger
subregion of this life zone, TPMF1 and TPMF2 (252.1 ha and 51.7 ha, respectively)
(Table 1.9).

The results from the spatially explicit metrics show a trend where the values of class
division increase as the number of patches increases (Figure 1.12a). For this landscape
the subregions with the greatest number of patches (TPMF1 & TPMF2) are showing
significant class division values (close to 1). These two areas are under agriculture and
pasture practices in flat and moderate slope areas. In addition, secondary growth is
present in irregular terrain without a specific pattern (patchy).

A homogeneity value greater than 0.85 for all the Tp-mf subregions shows two

characteristics of the landscape for this life zone. First, even the four subregions varies in
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size, the variation of homogeneity among them is very small (Figure 1.12b). Second,
homogeneity values indicate that the life zone is very heterogeneous, which is explained
by the high variation in patch size.

Percolation shows values close to 1 in areas with large fragments of continuous forest
(Figure 1.12c). The lowest percolation value is in TPMF2 (0.73). The forest in this area is
located along the coast, and presents forest remnants of various ages. The areas more to
the interior are in an agricultural region where the forest is located along the river
network and in sparse fragments with low connectivity.

The lowest value of entropy is in TPMF1 (0.16), while the maximum value is presented
by TPMF2 (0.40) (Figure 1.12d). This means higher spatial organization in TPMF1 than
in TPMF2, which is explained by the presence of larger patches in TPMF1 with a higher

patch size standard deviation (mean patch size).

1.3.4.2.  Tropical moist forest (T-mf)

The five regions that encompass the Tropical moist forest within the study area are
presented in Figure 1.13. Areas located in the Guanacaste and Tilaran Cordilleras base,
and the Nicoya Peninsula presents a wide elevation range: 0 to 1000 meters (Figure
1.14a). Only one subregion (TMF4) located in the northern margin of the Tempisque
River shows a narrow elevation range (located at elevations lower than 300 meters). For
the subregions located at the Guanacaste and Tilaran Cordillera base, forest is mainly
located in the elevation range of 500 to 600 meters. The other elevation ranges in these
subregions, with a significant amount of forest are 400 to 500 meters and 600 to 700
meters. In the subregion north of the Tempisque River the forest is located mainly in the

0 to 100 meter range (Figure 1.14b).
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Slope results indicate that more than 70 % of the life zone is located in the range from 0
to 15 degrees slope for all the subregions (Figure 1.14c). As well, the forest area is also
predominantly in this range of slope (Figure 1.14d). The subregion located on the Nicoya
Peninsula (TMFS5) shows forest in a wider range of slope. This could be explained by its
significant extension, which represents 82 % of the total life zone area.

As it is found for the Premontane Moist Forest, the number of patches increases as the
size of the subregion increases (Table 1.10). The results for mean patch size (from 5.6 ha
to 16.0 ha) and patch size standard deviation (from 389.3 ha to 826.5 ha) indicate a high
variability of patches. Large arcas of secondary growth are common in this life zone.
Additionally, small forest patches within agriculture and pasture areas are also present.

The region with highest number of patches (TMF5: 13,317) shows the highest class
division value (0.96). Contrarily, the subregion located at the base of the Cordillera of
Guanacaste (TMF1) shows the lowest class division value (0.30) (Figure 1.15a). This
value is supported by the high patch size standard deviation in TMF5 (826.5 ha) and a
lower patch size standard deviation in TMF1 (389.3 ha) (Table 1.10). In TMF1 there are
continuous forest areas mainly located in high elevations with irregular terrain that were
abandoned during the 1980°s. In addition, it is also possible that some of the areas in this
section were never deforested; resulting in well-defined forested areas. On the other hand,
TPMS has been greatly affected by deforestation processes. The restoration processes
over the last 15 to 20 years have created an irregular pattern of forest patches.

Homogeneity results do not show great variability between the T-mf subregions (0.85-
0.89) (Figure 1.15b). These homogeneity values show a landscape with a low level of

heterogeneity. Percolation values (0.72-.94) reflect connectivity for the different
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subregions in this life zone (Figure 1.15c). As well, entropy values (0.30-0.36) do not
vary between subregions. The predominance of large areas of forest in this life zone in
the different regions explains the low variability of the values for these spatially explicit

statistics.

1.3.4.3.  Tropical dry forest (T-df)

Fragmentation results are presented for 7 subregions within the Tropical dry forest life
zone (Figure 1.16). These subregions are located in an elevation range from 0 to 200
meters (Figure 1.17a) with the exception of TDF2 and TDF3. A similar pattern is seen in
the forest cover within five subregions; more than 75% of the forest fragments is located
at elevations lower than 100 meters (Figure 1.17b). For the other two subregions (TDF2
and TDF?3), forest is present at elevations lower than 400 meters.

More than 75% of the T-df subregions are located in slope range of 0 — 10 degrees
(Figure 1.17c). Most of the forest areas are also located in this range (Figure 1.17d). An
exception is the forest located within the Santa Rosa National Park (TDF2). This area is
characterized by very irregular topography, ranging from very flat with pastures to steep
areas covered by forest. However, for all the regions it is possible to find irregular
topography.

Fragmentation results show that in general the number of patches is related with forest
area (Table 1.11). The subregion with the higher number of patches (3,096) encompasses
Bagaces County (TDF3: 42.1% forest cover). Pastures, sugar cane and rice plantations
are common in this subregion in flat terrains, while forested areas are located towards

Tenorio and Miravalles Volcanoes in the mountainous regions. The subregion with the
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least number of patches is located on the Santa Elena cape (TDF1). Currently, that
section is part of a protected area (Santa Rosa National Park).

The 7-df life zone also presents high values for mean patch standard deviation (Table
1.11) that represents a landscape witl: great variations in patch size. Deforestation
processes similar to the moist forest life zones occurred in the 7-df (Sader & Joyce,
1988). Forest recuperation through secondary growth occurs in different ways in the 7-df.
Therefore, there is a variation in patch sizes for the different subregions (from 2.4 ha to
33.2 ha) (Table 1.11).

Class division presents the lowest value in the Santa Elena Cape (TDFI1: 0.03),
explained by a large continuous forest patch and a low number of patches in TDF1 (79)
(Figure 1.18a and Table 1.11, respectively). This subregion is also less heterogeneous,
showing a high homogeneity value (0.91) (Figure 1.18b). In contrast to TDF1, areas with
agriculture and pastures show higher values for class division (TDF5: 0.93; TDF6: 0.92)
(Figure 1.18a). As was the case for moist forest, homogeneity values do not show
sensitivity between the T-df subregions (0.86-0.92) (Figure 1.18b). Percolation results
indicate that most of the T7-df subregions have high values (> 0.82), except for subregions
TDFS5 and TDF6 (0.57 and 0.21, respectively) (Figure 1.18c). These low percolation
values are explained by the location of these two subregions: TDF5 is located in an
agricultural area and TDF6 is in a mangrove area, both with isolated forest patches.
Entropy results show no dramatic differences between life zone subregions (0.19-0.32)
(Figure 1.18c). However, the higher entropy values are found in subregions with higher

patch size standard deviations (i.e. TDF5 & TDF6).
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1.4. Discussion

Sader & Joyce (1988) point out that deforestation occurred in the early 40’s mainly in
the tropical dry, premontane moist and moist forest life zones, which are located in the
Chorotega region. Human activities such as forest to pasture lands conversion for cattle
razing and agriculture were the main drivers of the natural resources depredation in these
ecosystems. The anthropogenic effects have been continuously transforming the
landscape through intensive processes of deforestation (Solorzano ez al, 1992).

The forest area extracted in the present study for the Chorotega regions exceeds by
1,153 km® the area extracted in the last Costa Rican Forest Cover Assessmant for the
same region by TSC-CIEDES-CI/FONAFIFO (1998). The reasons for this difference in
forest cover are:

- No filters were applied in the current classification in order to preserve a
detailed representation of the landscape for the structure analysis. For the
1998 study, the classification results were filtered with a 3 x 3 window
majority filter.

- The image used in this study is from January 2000; where there is a greater
abundance of green biomass as compared to the March and May images used
in the TSC-CIEDES-CI/FONAFIFO (1988) study.

There are, however, some problems regarding forest detection in the study area. The
phenology of the different forest ecosystems is still a factor when satellite imagery is
used to extract forest cover. It is likely that at the time of image acquisition (January)
there is deciduous vegetation in the area that is leaf off in early successional stages

(Janzen pers. comm.). At the time of image acquisition (January), there was still a
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considerable percentage of deciduous vegetation with leaves off, particularly in early
forest successional stages (Janzen pers. comm.). A medium density of thin deciduous
trees and the presence of shrubs characterize early successional stages (Pacheco, 1998).
Therefore, the configuration of the landscape is such that the sensor detected areas of
exposed soils (litter) and pastures within the forested areas. This leads to confusion
between forested areas and pastures. Areas of low tree density with pastures and shrubs
("charrales™) encompass a significant amount of recovering vegetation within the region
that might not be counted by the present analysis.

The extent of forest cover at the life zone level shows that the tropical premontane
moist (Tp-mf) forest has the largest forest area followed by the tropical moist forest (7-
mf). The tropical dry forest also shows a substantial cover with a present forest area of
5,125 km®. Most of the areas in these three ecosystems are secondary growth since they
almost vanished from the landscape from the 1940’s to the 1980’s (Sader and Joyce,
1998), until some areas, which had been converted to pastures, were abandoned during
the middle of the 1980°s (Sanchez-Azofeifa, 2000). The abandonment process started in
steep and medium slope areas where cattle grazing and agriculture practices were not
profitable for the farmers (Berti, 2000). Therefore, the large continuous forest patches in
these three life zones are shown by my results to be occurring in those areas.

Current threats to the secondary forest in the 7-df life zone are natural and human
induced forest fires (Janzen, 1988). In addition, current environmental problems such as
deforestation of watersheds, water extraction by industry, irrigation, and human

consumption (Echeverria et al., 1998) in forest areas located in flat terrains (i.e.
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Tempisque River basin), may severely affect these secondary regeneration in flat areas
within the 7-mf and the Tp-mf.

Forest fragmentation is generally analyzed as a process of division (Forman, 1997;
Jagger, 2000). Fragmentation results in the study area show a high number of forest
patches; which are highly variable in size and shape. This variability is the result of an
unorganized natural restoration processes in the area. As a result, this restoration process
is producing a fragmented landscape, which is itself the result of forest aggregation
instead of forest division. For this reason, results of fragmentation can be misunderstood
in the current study if the general context is analyzed. For example, only 7% of the total
number of forest patches for the study area is smalier than 10 hectares and 14% is smaller
than 100 hectares (Figure 1.9). The largest patches are found within protected areas.
Those patches of continuous forest areas were protected as the last remnants of a specific
life zone (i.e. Santa Rosa National Park-Tropical Dry Forest). Therefore, based on these
results and the analysis of the data only from the fragmentation point of view, it can be
thought that fragmentation is a current problem in the Chorotega region. In contrast,
fragmentation in this context means that many of the forest areas are recovering,
producing a fragmented forest landscape, when in the past there was no forest cover for
most of the study area.

Spatially explicit statistics also confirm that the landscape is fragmented for the
Chorotega region if a simple conception of fragmentation is used. For example, class
division (0.8) is showing a divided landscape with high spatial organization as the
consequence of a high number of small forest patches and large continuous forest in the

same landscape. On the other hand, percolation (0.88) defines a high value of
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connectivity. Although there is a high percentage of small patches in the study area, the
presence of large forest patches increase the percolation value. However, since different
species of plants and animals require different spatial needs to survive, percolation can be
interpreted as a measure of forest patch continuity in terms of area, rather than having an
ecological meaning. In contrast to the idea that percolation gives about the landscape (i.e.
low fragmentation), class division is still high. This is due to the presence of large
continuous forest patches (high percolation value) and a high number of small patches
(high class division — fragmented landscape).

Fragmentation at the life zone level also presents a process of forest aggregation and
results cannot be interpreted as a forest division process. A general pattern is shown for
the different life zones: the larger the life zone region is, the greater the number of
patches and the standard deviation. The reason for this is that the lands use history is
similar for these life zones: anthropogenic effects continuously affect areas in flat terrain,
while areas in rough terrain are recovering. The results from the spatially explicit
fragmentation metrics are not sensitive to differences between life zone regions and life
zones in general. This is likely due to the presence of large forest patches that affect the

values of percolation, homogeneity and entropy.

1.5. Conclusion and recommendations

1. The use of a Landsat ETM+ image of the transition from the rainy season to the
dry season (January) in the Chorotega region is advantageous over images from the
drier months for extracting forest areas. The interpretation of images form drier

months can confuse the forest with pastures or crops. In addition, phenology is a
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key factor that affects the perception of the sensor of the different forest
ecosystems present in this region.

The fragmentation analysis for the study area shows a landscape where
fragmentation is not caused by the degradation (division, shrinkage, perforation) of
the forested areas. The Chorotega region has a considerable amount of area under
natural restoration, producing a fragmented landscape in which fragmentation is a
product of merging, growing and expansion processes. These restoration processes
are linked to physiographic conditions such as slope, conservation policies (i.e.
forest within national parks and other protected areas) and current land use.
Moreover, areas with steep slopes are recovering faster due to pasture
abandonment, while flat areas are still under pasture and agricultural practices (i.e.
sugar cane, rice).

In terms of the life zones, the analyses show a similar pattern of restoration for the
whole Chorotega region. Consequently, fragmentation metrics at the landscape
level do not vary greatly for the different life zones. Metrics such as class division,
percolation and entropy show a landscape that even though is fragmented (high
class division), has a connectivity at a large scale (percolation). Due to the
restoration process the landscape is also spatially organized (entropy).

The tropical premontane moist forest is the most affected ecosystem by the current
land use, since most of this life zone is located in flat agricultural and pasture
lands. The tropical moist forest, mainly located in the Peninsula of Nicoya and the
tropical dry forest (7-df) located in different areas of Guanacaste are recovering

mainly in protected areas and moderate to steep slope regions.
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Secondary forest detection is still a challenge within the study area and mainly in
the tropical dry forest life zone. However, it is proposed that with the use of
ancillary information such as high-resolution data (i.e. aerial photography,
IKONOS) it may be possible to distinguish different successional stages within the
tropical dry forest. Moreover, since various studies in other tropical regions have
found problems detecting secondary succession based on forest chronological age
(Sader er al. 1989), the use and comprehension of the forest’s structural
characteristics could possibly aid the classification process. These structural
characteristics should be based on the ecology of the forest and are related with

vertical and horizontal canopy distribution, crown density and forest phenology.
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Table 1.1. Formulas for the fragmentation metrics used for the analysis of the landscape

structure at the regional level and at the life zone level.

Fragmentation
metric

Formula

Source

Interpretation

Number of
patches

NP =ni

Units: none
Range: > 1

McGarigal
& Marks,
1994.

The minimum
number of
patches for a
specific class
must be
greater than 1.
Otherwise that
class does not
exist in the
landscape

Mean patch
size (ha)

n

s )

ni {10,000

Units: hectares
Range: PD > 0, without limit

McGarigal
& Marks,
1994.

Sum of the
area (m) of all
patches of the
corresponding
class, divided
by the total
number of
patches in that
class.

Patch size
standard
deviation (ha)

j=l

ni

Zaij‘

J=i

PSSD =

2
n
n Za,-,

1

ni

Units: hectares

Range: PSSD > 0, without limit

(10,000

|

McGarigal
& Marks,
1994,

Corresponds to
the population
standard
deviation, high
standard
deviation
values indicate
high variability
in patch size.

Homogeneity

a; —>=-1— @(

IN,-,-IbeN,,-

y"

a;,b)

Hutt &
Neff, 2001

High
homogeneity
values
correspond to
low
heterogeneity

Continued...
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Spatial Entropy p _ 1 Wolfram, | Higher values
H —;Zpi log p, 1983 of H® meana
. - . higher degree
p;isthe p.arobabl.hty of configuration i in of randommness
a 3 x 3 window in the landscape, and b in the
is the block size. landscape (low
organization)
Percolation D> Hori, 1989 | High
(0.001%) ps = m percolation
! .. values can be
P, and p, are the density of sites in related with
state 2 (percolated) and 1 (occupied), high
respectively. connectivity
Class division , . 4, De Asclass
D=1-3(p,)" with p, = I |Camino |division
and approaches to
p; is the probability that a random site Sanchez- | 1, the class
belongs to a patch. 4, is the area of a Azofeifa, | becomes more
2001 divided

patch and ]LI is total class area.
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Table 1.2. Land cover distribution for the study area, year 2000.

Type of cover  |Area (km’) % Area

Non forest 5.179 52.7
Forest 4,428 45.1
Mangrove 1,309 1.3
Water 831 0.9
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Table 1.3. Accuracy estimator results for the classification

Accuracy estimator Accuracy (%)

Overall Accuracies A(X) 89
Kappa K(X) 78
Tau T(X) 80
Nisshi Estimator uniform priors Juni(X) 61
Nisshi Estimator proportional priors Jpro(X) 88
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Table 1.4. Accuracy for the forest and non-forest classes

Validation

Classification
Non-Forest | Forest | Total |Accuracy (%)
Non-Forest 106 12 11§ 90
orest 6 75 81 93
I 112 87 204
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Table 1.5. ANOVA per Landsat spectral band based on twenty-three windows

of 9 x 9 pixels.

ANOVA Band 3

Source of Variation SS df MS F  P-value<  Fecrit
Between Groups 20,315.3 2 10,157.7 747 0.001 3.0
Within Groups 89,893.0 661 136.0
Total 110,208.3 663
ANOVA Band 4

Source of Variation SS daf MS F  P-value< _ Fecrit
Between Groups 12,977.6 2 6,488.8 456 0.001 3.0
Within Groups 94,075.4 661 142.3
Total 107,053.0 663
ANOVA Band 5

Source of Variation SS df MS F  P-value< _ Fecrit
Between Groups 228,392.1 2 114,196.1 2689 0.001 3.0
Within Groups 280,738.0 661 424.7
Total 509,130.2 663
ANOVA Band 7

Source of Variation SS df MS F  P-value< _ Ferit
Between Groups 69,276.0 2 34,638.0 197.8 0.001 3.0
Within Groups 115,777.0 661 175.2
Total 185,053.0 663
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Table 1.6. Life zone coverage within the study area

ILife Zone Area (km2)|Area (%)

Lower montane rain forest (7L M-rf) 5 0.1
Tropical wet forest (T-wy) 5 0.1
Premontane rain forest (7p-r7) 20 0.2
Premontane wet forest (7p-wf) 438 4.7
Tropical dry forest (T-df)* 1,332 14.2
Tropical moist forest (T-mf)* 3,582 38.2
Premontane moist forest (7p- mf )* 3,995 42.6
Total 9,377 100

* Life zones analyzed.
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Table 1.7. Fragmentation metrics for the regional analysis

Cover Class Number | Mean patch | Patch size standard
type area (ha) |of patches| size (ha) deviation (ha)
Non-Forest 4,972.9 50 753 9.8 11.4
[Forest 4,249.9 47 535 8.9 8.7
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Table 1.8. Fragmentation statistics for the regional analysis (Forest class)

Homogeneity 0.87
Entropy 0.32
Percolation (0.001%) 0.90
Class division 0.80

40



Table 1.9. Forest fragmentation statistics for the four regions of Tp-mf in the province of
Guanacaste and the Peninsula of Nicoya

MPS
Area |CA (ha)| NumP (ha) |PSSD (ha){% of TA
TPMF1 {131,513.4f 19,248 6.8 252.1 89.69,

TPMF2 9,646.3 1,989 4.8 51.7 6.58]
TPME3 252.1 7 0.0 0.0 0.17
TPMF4 5,189.2 847 0.0 0.0 3.54
CA Class Area

NumP Number of patches

MPS Mean patch size

PSSD Patch size standard deviation

% of TLA  Percentage of total area
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Table 1.10. Forest fragmentation statistics for the four regions of T-mf in the province of
Guanacaste and the Peninsula of Nicoya

Area CA (ha)| NumP |[MPS (ha)| PSSD (ha)!% of TA
TMF1 13,480.5 840! 16.0 389.3 6.80)

TME2 1,697.2 304 5.6 31.4 0.86
TMF3 15,969.3] 2,255 7.1 105.0 8.06)
TMF4 4,662.8 733 6.4 102.5 2.35

TMFS [162,322.4 13,317 12.2 826.5, 81.93

CA Class Area

NumP Number of patches

MPS Mean patch size

PSSD Patch size standard deviation

%of TLA  Percentage of total area
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Table 1.11. Forest fragmentation statistics for the four regions of 7-df in the province of
Guanacaste and the Peninsula of Nicoya

Area | CA(ha) | NumP |MPS (ha)|PSSD (ha)|% of TLA
TDF1 2,624.2 79 33.2 287.6 5.1
TDF2 12,732.3 1,940 6.6 136.4 24.8
TDF3 21,608.3] 3,096 7.0 157.1 42.1
TDF4 10,751.0, 1,556 6.9 88.0) 20.9
TDFS 1,311.2 367 3.6 16.4 2.6
TDF6 537.4 227 2.4 9.8 1.0
TDF7 1,799.8 204 8.8 85.2 3.5
CA Class Area
NumP Number of patches
MPS Mean patch size
PSSD Patch size standard deviation

% of TLA  Percentage of total area
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Figure 1.1. Study area for forest/non-forest detection using a Landsat ETM+ image
(January 27, 2000)



Figure 1.2. Landsat ETM+ images from a) Wet season (December, 2000) and b) Dry
season (April, 2000).

45



(0661-8961) seyeD ut uonerg eBoqe], o1waBu] ayy Jo] e1ep uonesrdioasd (p (1661-LE61) UoHRIS
201D ejueg Yy 1oy eiep uoleltdiaasd (3 (0661 -LD61) €1 - UOKEIS IPURIL) OUE[TI0] BIEP
uonedioald (q 'suotiels [ea1Fo[0103jaw Jo UoHEIO] pue dew auo77z AT (e 'ease Aprig ¢'| B

®
yimow
qav »% & ....»». .»»». %o P
Mo._. .m
oot <8
ood m
(d
Yo
SHS LSS w
e e 3
L 009 w
]
Hiuopw
Ses @2 m_
/\I&\. M * 0032 .m
ood m

suanmy JRNojRioN Y @

Grue-1) 152 1510 ppoudac
(e 1) 1saeg S prowdaa

(- p) 1su0f 1stou nantowd,g

46



e Training sites
® Validation sites
// Road network

Figure 1.4. Study area: road network, location of training sites and validation sites.
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Figure 1.5. Spectral plot of mean digital number (DN) values for forest and mangroves
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Figure 1.6. Filters used for the removal of single pixels from the classification.
a) 100 % filter. b) 90 % filter
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Figure 1.7. Procedures for image classification and fragmentation analysis.
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Figure 1.10. Location of the tropical premontane moist forest subregions
within the study area
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Figure 1.13. Location of the tropical moist forest subregions within the study area.
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Figure 1.15. a) Class division b) Class Homogeneity c) Percolation and Entropy, for the
four subregions of T-mf in the province of Guanacaste and the Peninsula of Nicoya
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Figure 1.16. Location of the tropical dry forest subregions within the study area.
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Figure 1.18. a) Class division b) Homogeneity ¢) Entropy and Percolation, for the seven
subregions of T-df in the province of Guanacaste and the Peninsula of Nicoya
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Chapter 2. Tropical dry secondary forest detection using IKONOS and
Landsat ETM+ imagery

2.1 Introduction

Secondary forest detection and mapping has been considered a critical issue for carbon
budget assessments in tropical regions (Foody and Curran, 1994; Kimes ez al. 1999). The
possibility to detect this type of ecosystem using remotely sensed data presentc
difficulties not yet resolved. A first problem in secondary forest detection through remote
sensing is the detection of green biomass in seasonal forests (Kramer, 1996; Paff. et al.,
2001). Seasonal forests are located in the tropical dry and moist forest life zones. The
variations in phenology of these ecosystems are highly dependant on water availability
(Bullock and Soli-Magallanes, 1990). During the dry season these ecosystems are
deciduous, meaning that in general a considerable percentage of the trees lose their
leaves. Consequently, remotely sensed data from the dry period tends to results in a
confusion of young forest areas with pastures and low-density forest stands. In addition,
imagery from the rainy season commonly presents increased cloud coverage over forest
areas.

A second problem is the difficulties that are encountered at the basic level of forest
stand age definition in remote sensing studies (Sader er al. 1989). Several forest stands in
tropical regions have been growing for years without any recording of data that would
allow a precise determination of age. Therefore, when the forest stand information is
related to remote sensing data, it is not possible to define exact ages (Sader e? al. 1989).
Ecologically speaking, it is important to consider that age does not necessarily represent

the forest stand characteristics, which means that chronological age cannot be related to
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unique stand characteristics (UNESCO-UNEP-FAO, 1978). Depending on the type of
disturbance, two forest stands of the same age can present totally different structures (i.e.
species composition, canopy closure, horizontal and vertical structure). For this reason
the stand data may not be comparable from one study area to another based only on age.
Rather than age, in remote sensing studies of vegetation the understanding of horizontal
and vertical structure of the forest play a more important role. The horizontal structure
will determine the patchiness of the forest based on crown distribution, while vertical
structure defines the leaf area over a given point (Ewel, 1977). For example, Kellman
(1970) shows the variability in the number of species and biomass (kg/ha x 10%) between
plots of the same age in a study in Mindanao, Philippines, suggesting that age is not a
good indicator of stand characteristics. Moreover, even within regions the structure and
development of these forest stands can vary with respect to age. These variations will
depend on site characteristics (i.e. soils, topography), land use history, and propagule
availability (Corlett, 1994; Denslow, 1996).

Despite the disadvantage that it presents, age has been used in order to relate
successional forest stand characteristics to remotely sensed data, since it is a simple
parameter to determine; even if it is not exact or representative of the forest structure.
Sader et al. (1989) in a study in the Luquillo Experimental Forest could not exactly
determine age for different secondary forests using remotely sensed data. For this reason,
age was determined base on aerial photos, using the midpoint of a known range in
regeneration age for the successional forest stage. Sader et al. (1989) found in this study
that the normalized difference vegetation index (NDVI) does not detect successional

forest biomass changes in forest stands older than 15 to 20 years. These results however
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cannot be comparable with that of other regions, since the forest structure can be very
different for a stand with the same age. Nonetheless, forest age can be accepted as a
parameter to relate with remote sensing information (i.e. reflectance) when the land use
history is well known or is under controlled experiments. Steininger (2000) applied this
approach where age and land use history were well known for the study area (Brazil and
Bolivia). In this study, Steininger found significant relationships between middle infrared
canopy-reflectance and stand age and biomass (among other variables). In the same
study, no significant relationship was found between canopy spectral reflectance and
biomass (age related) for forest areas located in Bolivia. Lucas ez al. (2000) were able to
detect 4 forest age categories in the Brazilian Amazon using Advanced Very High
Resolution Radiometer (AVHRR) imagery (1 Km spatial resolution). In order to define
the age of regenerating forests, a times-series of Landsat (30 m spatial resolution) data
was used. However, the accuracy was low due to uncertainties in age estimation, lack of
field data and natural variability of regeneration throughout the region (Lucas et al.,
2000). As well, Kimes et al. (1999) used multitemporal SPOT HRV imagery (High
Resolution Visible) to discriminate primary forest from secondary forest in Rondonia,
Brazil. Although this study obtained a high accuracy, only two forest classes were
separable: primary and secondary (1 to > 9 years). Since other successional stages (i.e.
10-20, 20-30 years) with a very different stand composition (horizontal and vertical forest
structure) were considered primary forest, the amount of carbon for the Amazon basin
based on this classification might be wrong.

Not only for the reasons mentioned above, but also because of the importance given in

the last 20 years to the tropical rain forest (i.e. Amazon), most of the remote sensing
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studies (including secondary forest detection) have been carried out in this ecosystem
(Sanchez-Azofeifa et al., 2001b). However, 42% of the vegetation of Mesoamerica and
the Caribbean, along with 42% of all intra-tropical worldwide vegetation is considered
dry forest (Murphy and Lugo, 1995). The T-dfs cover more area than the tropical rain
forest and unlike the tropical rain forest the 7-dfs are deciduous (Ewusie, 1980).

Climatic characteristics have made the 7-df one of the most suitable areas for
agricultural activities (Mass, 1995; Ewel, 1999). As a consequence, the T-dfs are among
the most heavily utilized and perturbed ecosystems due to human activities; a far greater
proportion of 7-dfs have been degraded or converted than wet forest (Mooney et al.,
1995; Murphy and Lugo 1986). In Costa Rica for example, the 7-df has been one of the
most deforested life zones within the country (Sader & Joyce, 1988; Watson et al., 1998;
Solorzano et al., 1992). Currently, only 0.08% of the 7-dfs located in Mesoamerica
(Southern Mexico and Central America) are under conservation status and only 2% of
their original extension remains in relatively undisturbed areas (Janzen, 1986). For these
reasons, the 7-df is considered to be one of the most threatened ecosystems in the tropics
(Janzen, 1988). In addition, the 7-df remains among the least studied of tropical
ecosystems (Mooney et al., 1995). However, the recovery processes due to pasture
abandonment in some areas of T-df in the North Pacific region of Costa Rica (Watson et
al., 1998) are creating a mosaic of successional stages suitable for remote sensing studies
related to ecological variables.

To date, no specific attempt has been made to use remotely sensed data to map

secondary succession in 7-df region based on forest structure rather than age.
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The main objective of this study is the detection and mapping of different successional
stages in a T-df ecosystem within the Santa Rosa National Park, Costa Rica using
remotely sensed data (IKONOS and Landsat ETM+). A supervised classification and
vegetation indices applied in the detection of tropical rain and wet forests (Richardson,
1977; Stone et al. 1994; Sader. et al. 1989; Steininger, 2000; McMorrow, 2001) are used
to identify these successional stages. The specific indices examined are the single ratio
(SR), the normalized difference vegetation index (NDVI), the infrared index (IRI) and,
the middle infrared index (MIRI). In addition, the forest canopy and stand structure as
previously explained are used to develop a clear understanding of what is detected by the

sensor in these successional stages.

2.2 Methods

2.2.1. Study area and ecological definition of successional stages

The study area corresponds to the Santa Rosa National Park located in the northwestern
province of Guanacaste, Costa Rica (Figure 2.1). The park covers a large area of T-df that
has been under protection since 1971 (Janzen, 1983). The forest cover in Santa Rosa is a
mosaic of various ages of secondary succession that ranges from abandoned grass
pastures to 400-year-old forests. It is also possible to find remnants of forest almost intact
where only a few individual trees have been removed (Janzen, 1988). The vegetation
within the 7-df located in the Santa Rosa National Park ranges from forest stands almost
completely deciduous found in young successions (2 m tall) to semi-evergreen forests in

old successions (nearly 30-meter tall) (Janzen, 1988).
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Based on the vertical structure of the forest, the phenology and the canopy distribution
and density, four successional stages were defined within the study area: pastures, early,
intermediate and late or mature. Forest vertical structure is defined as the number of tree
layers in a successional stage (Pacheco, 1998). Based on these parameters, pastures
represent the simplest configuration namely open areas with very low tree density (< 5
trees per hectare) or without trees. The early successional stage presents one layer of
vegetation with a maximum height of approximately 6 mecters (Figure 2.2a). The
vegetation composition of this successional stage consists of shrubs and small trees
(Hubbell, 1979; Pacheco, 1998). Figure 2.2b shows a schematic representation of the low
density of shrubs and small trees in an early successional stage. Pastures and bare soil
cover open areas (Figure 2.2c). In addition, a high percentage of the vegetation is
deciduous in the dry period (Janzen, 2000 pers. comm.), allowing light to reach the forest
floor (Figure 2.2d).

Two vegetation layers characterize the intermediate successional stage. The first layer
encompasses fast growing deciduous tree species reaching a maximum height of
approximately 10 meters (Figure 2.3a). Lianas and vines represent a second vegetation
layer together with shade tolerant species that begin to populate the forest stand (Figure
2.3b). A downlooking schematic representation of the forest canopy based on tree density
and distribution is shown in Figure 2.3c. During the dry season or climatically
transitional periods (i.e. January or June) a percentage of species in both layers are
caducifolious. In the intermediate successional stage the forest is therefore characterized
by a combination of green canopy, woody material and areas where incoming light can

reach the forest floor (Figure 2.3d).
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Two layers of trees represent the late or mature successional stage of the T-df
(Hartshorn, 1993). A first layer of dominant trees forms the upper forest canopy (30
meters in height), while a second layer encompasses the regeneration of shade tolerant
species (Figure 2.4a). Due to the high canopy density, a very small fraction of the
incoming light reaches the forest floor (Figure 2.4b). In addition, evergreen species
characteristic of this successional stage display very short periods of deciduousness
(Janzen, 2000 pers. comm.). A schematic representation of the canopy in a late or mature
successional stage is illustrated in Figure 2.4c. This representation is congruent with the
canopy picture taken from the ground. During this stage overlapping tree crowns in the

upper canopy form a continuous vegetation layer.

2.2.2. IKONOS and Landsat ETM+ imagery description and pre processing

Information from an IKONOS image was used to extract the location of training areas
(4 successional stage classes) to perform a supervised classification of a Landsat ETM+
image. Data description and preprocessing for both images are presented as follows:

Data description: An IKONOS scene (4 x 4 meters resolution) was acquired during the
middle of the dry season (March 2000) and a subset (7 x 7 km) was defined for a 7-df
segment within the Santa Rosa National Park. In Santa Rosa, the dry season extends
approximately from December to May (Janzen, 1988). The average annual rainfall in the
area is 1,500 to 2,000 mm (Tosi, 1969). Phenological changes determine the amount of
both deciduous and green forest areas within the 7-df at the time the image was acquired.
The proportion of deciduous species in the early successional stages is greater than in the
later ones. The Landsat ETM+ image (30 x 30 meters resolution) was acquired during the

transition from the rainy to the dry season (January 2000). Proper justification for the use
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of Landsat ETM+ imagery from January can be found in section 1.2.1 of Chapter 1
(methods).

Imagery preprocessing: Training areas were determined from the IKONOS image to
guide the classification of the Landsat ETM+ image. Therefore, it was necessary to
establish common geographical coordinates for both images (Lambert Conformal Conic
Costa Rica North projection, spheroid Clarke 1866). The Landsat image from January
2000 was georeferenced to a previously corrected Landsat image (P15R53/1997/TMS). A
second order polynomial and nearest neighbor method were chosen for the rectification
and resampling processes, respectively. Fifty well-distributed ground control points were
acquired from the reference image, resulting in an RMSE of 0.6 pixels (= 18 meters).
Since vegetation indices using bands 3 and 4 of the Landsat ETM+ image were calculated
(Conghe et al., 2001) the image was atmospherically corrected. The first step in the
atmospheric correction process was to convert digital numbers to at sensor radiance
values using the gain and offset values for the Landsat image. Then, the radiance values
were converted to surface reflectance using the ACORN module in ENVI 3.4.

Fifty points were obtained from the Landsat ETM+ image for the geometric correction
of the IKONOS image. The IKONOS image was georectified by means of a rubber sheet
geometric model and resampled using a nearest neighbor method (ERDAS 1999). The
RMES error for the geometric correction was 5 meters. Since the IKONOS image was
used to guide the classification process (location of 4 classes) no atmospheric correction

was required (Song et al., 2001).
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2.2.3. Definition of successional stages in IKONOS

To determine the various successional stages in the IKONOS image an unsupervised
classification with four classes was performed (pastures, early, intermediate and late or
mature) (Figure 2.5). In order to verify the correspondence of these four classes with the
proposed successional stages, the density of the canopy and the theoretically expected
deciduousness and horizontal structure were considered (Methods, section 2.2.1).

These ecological parameters are evaluated in a grid of 25 by 25 pixels (3 x 3 pixel
window in Landsat ETM+) overlain on the IKONOS image (colour composite bands 4,3,
and 2). The number of pixels representing green canopy (full foliage) and indicated by a
red colour in the IKONOS colour composite were counted in the grid. Then, the
percentage of pixels representing the canopy was calculated. Percentages of canopy cover
greater than 60% were considered late or mature (Figure 2.6). Based on my interpretation
of successional schemes, granulated dark blue and dark green areas correspond to leaf off
canopies (upper canopy) with some green understory with a percentage of red pixels (full
and medium foliage trees) less than 60% were considered intermediate (Figure 2.6).
Granulated light blue areas (litter and woody component) with groups of brown dots
(woody component with some foliage) were considered early succession. Finally,
pastures show very low or no-canopy presence in the IKONOS image. Further validation

of this interpretation is going to be completed with data field.

2.2.4. Landsat ETM+ supervised classification and validation

For image classification purposes a minimum number of points is required in order to

calculate the spectral variability of the data (Jensen, 1996). The number of sample sites (3
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x 3 pixel window) per successional stage for the Landsat image classification was based
on the expected percent accuracy (Sanchez, 1996; Fahsi et al., 2000). A minimum of
twenty-five sites per successional stage is required to reach the expected accuracy of 85%.
The supervised classification was based on the site information generated from the
IKONOS image analysis. Twenty-five sites per successional stage were used to classify
the Landsat ETM+ image into early, intermediate and late or mature successional stages.
For each of the twenty-five sites the spectral information from a 3 x 3 pixel window was
extracted and averaged into a single spectral signature for the class. This single spectral
signature per successional stage was used to run the supervised classification. To test the
class separability a visual interpretation of scatter plots of two or three bands (4,3; 5,4;
3,5; 3,4,5) was performed. In addition, another class separability test was performed
through an ANOVA for bands 2,3,4,5 and 7. The result of the supervised classification
was a successional stage map for the Santa Rosa National Park. With the same
methodology used to obtain the classification points from IKONOS, validation points for
each class were obtained based on the proportion of the total area covered by each
successional class (Stratified sampling). An accuracy assessment was performed to verify
the correctness of the classification. The accuracy assessment estimators used were:
overall accuracy, Kappa and Tau. In addition, two new estimators developed by Nisshi
and Tanaka (1999), were applied (Chapter 1). The general process of image classification

using Landsat ETM+ is illustrated in Figure 2.7.

2.2.5. Vegetation indices

Vegetation indices have been commonly used for change detection (Sader et al., 2001),

forest age detection (Lucas et al., 2000) and general forest mapping (Purevdorj et al.,

71



1998). The advantage of vegetation indices (spectral ratios) is that they enhance
compositional information, while topographic and illumination effects are diminished
(Vincent, 1997). As an alternative test to a supervised classification in the present study,
various vegetation indices were evaluated for the separation of different successional
stages in a T-df ecosystem. The vegetation indices tested were: (1) Simple ratio, (2)
Normalized Difference Vegetation Index, (3) Infrared Index, and (4) Mid-Infrared Index
(MIRI). A description of these indices can be found in Table 2.1

In order to define the thresholds to apply to the vegetation indices and define
successional stages from Landsat ETM+ data, the same training sites extracted from
IKONOS (during the supervised classification) were used to create plots of band
combinations (4,3; 4,5; 5,7). These plots were overlain by a graphical representation of
the vegetation indices. The resulting plots were examined to determine if threshold values
of the vegetation indices could be defined to differentiate the successional stages. In the
original scatter plot, an ellipse was defined for every data cluster (representing a
successional stage) representing the mean and one standard deviation for the cluster.
With this method it was possible to determine the threshold values for every successional
stage. Moreover, an ANOVA was run to test significant differences between classes of

successional stages for every vegetation index.

2.3 Results

Although IKONOS has a low spectral resolution, its high spatial resolution (4 meters)
can be used to complement the analysis of multi-spectral data offering broader regional
coverage (i.e. Landsat TM, SPOT). Results presented below show that it is possible to

obtain accurate information from IKONOS about forest successional stages for the 7-df
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located in the Santa Rosa National Park. These results are the combination of visual
interpretation of canopy texture from IKONOS, supported by a general analysis of the
radiation values (expressed as digital numbers - DN) for every successional stage (Figure
2.8).

It is important to mention that the IKONOS image was acquired during the dry season
(March), so the radiation values represent specific conditions of the vegetation during this
time of the year. Pastures and late or mature forest were readily extracted based on the
results of the unsupervised classification. The digital number values for pasture are over
120 in all of the IKONOS bands. The presence of high green biomass in late or mature
stages is confirmed by a low mean radiation value in the red portion of the spectra (Band
3 with DN = 30) and a high mean value in the near infrared portion (Band 4 with DN =
120); characteristic of healthy green vegetation (Tucker, 1979). In intermediate stages,
field observations suggest that a mixture of woody vegetation, litter and green biomass
can explain the mean spectral value in band 3 (DN = 65) greater than that for forest areas
with a continuous evergreen canopy (DN = 30). In addition, the mean digital numbers for
the infrared portion of the spectra (Band 4 with DN = 85) is lower than that of late or
mature forest consistent with lesser amounts of green biomass (Figure 2.8). Early
successional stages show similar changes in radiation from band to band to pastures.
However, the mean radiation value is lower in early successional stages by approximately
20% in bands 1, 2, and 3, and 12% in band 4. I speculate that these differences are
attributable to the presence of shrubs and sparse trees with small canopies and different

proportions of woody material in the early successional stages. The aforementioned
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results illustrate the differences in visible near-infrared surface reflectance between
successional stages using IKONOS.

As explained in section 2.2, 25-ground control points per successional stage were
randomly generated in the IKONOS image. These twenty-five points per successional
stage were used to sample the Landsat image using 3 x 3 pixel windows. The resulting
225 pixel values per class are displayed on Figure 2.9 as an aid to determine the
differences in surface reflectance among classes. As well, Figure 2.9 shows ellipses that
represent the mean and standard deviation value per class computed from the 225
reflectance values available for each successional stage.

These results from the graphical interpretation (Figure 2.9) show an overlap of the
intermediate and late or mature successional stages for different bands combinations.
Despite the overlap, the ANOVA analysis shows significant differences in surface
reflectance for the Landsat ETM+ image between successional stages (p<0.01) (Table
2.2). In general, continuous canopies located in evergreen forest areas (late or mature
forest) show low reflectance values in the red portion of the spectra (x=0.05, o =
0.005) and high reflectance values in the infrared portion (X =0.31, o= 0.03). In
contrast, early successional stages in January display high reflectance values in the red
portion of the spectrum (X =0.09, o = 0.02), and low values in the infrared (X =0.25,
o = 0.02), consistent with forest areas that are characterized by less green vegetation and
more woody material and litter.

The result of the supervised classification of the Landsat ETM+ image using the sites
selected from IKONOS for each successional stage is shown on Figure 2.10. The

intermediate successional stage occupies the highest proportion of the study area (0.4)
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followed by the late or mature forests (0.27), and the early successional stage and
pastures (0.19 and 0.12 respectively). The validation results for this map show an overall
accuracy of 83% when non-positional errors are considered (Table 2.3). The intermediate
successional stage shows the lowest overall accuracy (65%) being mostly confused with
the later or mature successional stage. This confusion is likely attributable to the coarse
spatial resolution of the Landsat ETM+ sensor. Kappa and Tau error estimators show
similar accuracy values (74% and 76%, respectively). In addition, two estimators
developed by Nishi and Tanaka (1999) shows evidence of a good accuracy for the
classification (83% and 80% respectively). The accuracy results stated above are based
on a per pixel validation (Congalton and Green, 1999). Because a buffer (3 x 3 window)
was used for the classification, a 3 x 3 pixel window was also used as a buffer to validate
the classification results, increasing the overall accuracy to 95%, while Kappa and Tau
increased to 91%. Using the buffer, the accuracy for pastures, early and late or mature
successional a stage is 100% and that of the intermediate succession is 81% (Table 2.4).

Despite the high accuracy results obtained with the supervised classification using the
full spectrum, commonly used vegetation indices were analyzed (Vincent, 1997).

Figure 2.11 and Figure 2.12 show the results using SR and NDVI indices, respectively.
The late or mature successional stage is found in the NDVI range of 0.70 to 0.83, and in
the range of 5.6 to 10.7 for SR. The intermediate successional stage is found in the NDVI
range 0.58 to 0.7 and 3.76 to 5.6 for SR. At an NDVI value of 0.70 there is an overlap of
these two successional stages, which is explained by the inability of Landsat to separate
the physical canopy boundaries between them due to its limited spatial resolution. A

similar overlap occurs between the early successional stages and pasture areas at an
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NDVI value of 0.43. Because the overlap is small (Figure 2.9) the different successional
stages are largely separable. This conclusion is supported by the ANOVA results that
show significant differences (p<0.01) between successional stages in bands 4 and 3
(Table 2.2).

A third band ratio (IRI) using near and mid infrared portions of the spectra (Landsat
bands 4 and 5, respectively) was also analyzed. The use of these bands for the detection
of stand canopy phenology was studied in Brazil (Bohlman ez al. 1998). The rational
behind this index was to combine the ability of band 4 for biomass detection (Tucker,
1979) with the ability of band 5 to detect vegetation moisture (Knipling, 1970). The
results show that this vegetation index does not separate the different successional stages
(Figure 2.13) as well as NDVI. Using IR, it is possible to define only three succession
stages: later or mature (0.24 to 0.48), intermediate (0.08 to 0.24), and a single class for
pastures and early successional stage (-0.13 to 0.08). The fourth vegetation index (MIRI)
studied, did not allow the definition of thresholds for the different successional stages (Figure
2.14). The portion of the spectra used by MIRI is not sensitive to biomass (Gates er al.,
1965). Moreover, MIRI shows a linear behavior (Figure 2.14), explained by the explained by
the inverse relationship of Band 5 with total leaf area index and the inverse relationship of
Band 7 to total stand biomass (McMorrow, 2001). Pastures with large areas of soil exposure

show no different MIRI values than late or mature successional stages (0.14 to 0.45).
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2.4 Discussion

In a 7-df ecosystem the horizontal structure and canopy density (number of tree crowns
per unit area) is related with the successional stage and defines the patchiness of the
canopy. In early successional stages, trees are more dispersed and separated by bare
ground areas (Ewel 1977; Murphy and Lugo 1986). As the forest grows, canopy closure
increases and areas of visible ground are less common. In late or mature stages the light
reaching the forest floor is minimal due to the increase in canopy closure (Bazzaz and
Pickett, 1980). This study has shown that the IKONOS and/or Landsat ETM+ sensors are
capturing the energy variability (reflected and absorbed) among successional stages in
relation to the changes in canopy distribution. Such changes are captured by the low
values of reflectance in the red portion of the spectra for early successional stages and
high reflectance values in the infrared portion, while late or mature successional stages
present the opposite pattern (Figure 2.9).

Since the 7-df is highly seasonal, another variable that facilitates the separability of the
successional stages in IKONOS and Landsat ETM+ is the amount of green biomass by
successional stage as a function of the dynamics of forest flushing. In T-df, the dynamics
of flushing are highly correlated with the availability of water (Reich and Borchert,
1984). Generally the dry season is characterized by a high percentage of deciduous
canopies (leaf off — low green biomass), while in the rainy season most of the canopy is
in full foliage (Frankie et al., 1974; Bullock and Soli-Magallanes, 1990). In addition,
flushing dynamics vary between successional stages, due to a higher percentage of
deciduous species in early successional stages than in late or mature forests. As the forest

ages, semi-evergreen species tend to populate the forest stand (Janzen, 2000 pers.
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comm.). These species present short uneven periods of deciduousness (Reich and
Borchert, 1984), a phenomenon that will not affect the amount of biomass perceived by
the sensor in late or mature stages.

The high classification accuracy can be attributed to the facility with which the
ecological variables were extracted from the IKONOS image. The use of very high
spatial resolution data (IKONOS image) allowed the spatial and spectral identification of
the different successional stages (Figure 2.6). In the case of Landsat the spatial resolution
(28.5 m x 28.5 m) results in mixed pixels along boundaries between classes and
negatively impacts the classification. This problem is relevant for the separation of the
intermediate and late or mature successional stages. As shown in Figure 2.9, an overlap
occurs for the ellipses of these two successional stages in different band combinations.
From an ecological point of view, this overlap may represent areas where the forest
composition is evolving and the structure starts to change from a medium to a high-
density canopy. In these cases, more semi-evergreen species are present and a second
layer of vegetation is being integrated into the vegetation community. Two indices
(NDVI and SR) commonly used for mapping green biomass extent (Stone et al., 1994;
Lobo et al., 1997; Steininger, 2000) also provide a discrimination of the four successional
stages. A study carried out in California relating NDVI with canopy structure and
photosynthesis in different vegetation types (Gamon et al., 1995) shows that SR and
NDVI are good indicators of green biomass in canopies with varying structure and
seasonality. The study also revealed that NDVI is highly sensitive to differences in

canopy cover in sparse canopy areas.
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One of the ecological variables considered in this study is the amount of light reaching
the forest floor, which is related to the canopy density and forest horizontal structure
theoretical schemes (Figures 2.2-2.4). An increase in biomass and thus, a decrease in the
influence of background reflectance as the forest grows is shown by a decrease in NDVI.
Similar results were obtained in a controlled experiment by Huete et al. (1985) where the
spectral behavior of cotton canopies was tested at various levels of vegetation density
with different types of soils as background material. Vegetation indices based on band
ratios between red and near infrared light (Bands 3 and 4) are optimal to map

successional stages in the 7-df.

2.5 Conclusions and recommendations

1. A description of the ecological characteristics of the tropical dry forest ecosystem
(horizontal and vertical forest structure) provides a framework for the interpretation
of three different successional stages within the Santa Rosa National Park using
remotely sensed data. The use of high spatial resolution data (IKONOS) was key to
the accurate definition of successional stages as of training data for the classification
of medium spatial resolution data (Landsat ETM+). It may be possible to apply a
similar methodology to other areas within the province of Guanacaste and the

Peninsula of Nicoya.

2. The methodology presented in this study is based on the relationships between

characteristics of the forest (horizontal and vertical structure, canopy density and

deciduousness) rather than chronological age. Schematic representations of the forest
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[93)

classes based on field observations were used to guide the interpretation of IKONOS
imagery. Future work could target the direct estimations of some ecological
parameters in a automated in an attempt to reduce the amount of subjectivity in the
decision process and could improve the extraction of other features within the

different successional stages (i.e. crown architecture).

The use of vegetation indices that consider the red and near infrared portion of the
spectra has provided a means to extract secondary successional stages within the
tropical dry forest ecosystem. In addition, these indices (i.e. NDVI) provide a means
to minimize class confusion, which could be attributed to changes in illumination
angle and topography. As well, the method presented here for creating the contour
plots of the indices is advantageous to define the thresholds for the successional

stages.

Since the forests in the Guanacaste province and the Peninsula of Nicoya are seasonal

(tropical dry and tropical moist forest), imagery (Landsat and IKONOS) from other

months may add information to improve the detection of successional stages.
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Table 2.1. Vegetation indices used in the forest successional stages detection in a T: -df

ecosystem. Santa Rosa, Costa Rica.

Index name Formula Source
imple rat SR =L
Simple ratio = ; Rouse et al., 1974

Normalized difference
vegetation index

NDVI = M Jordan, 1969

(o, +p,)

Infrared index

IR] = M McMorrow, J. 2001

(o, + 2,)

Mid-Infrared index

— (pm5 _pm7)
MIRI = (L5 +P,7 )| MeMorrow, J. 2001

Note:

p, = red reflectance (Landsat ETM+ Band 3)

P, = infrared reflectance (Landsat ETM+ Band 4)

Pns = mid infrared reflectance (Landsat ETM+ Band 5)
Pn>= mid infrared reflectance (Landsat ETM+ Band 7
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Table 2.2. ANOVA for different Landsat ETM+ bands

ANOVA Band 3

Source of Variation SS dar MS F P-value<  Fcrit
Between Groups 2.07 3 0.6903  4666.49 0.001 2.610
Within Groups 0.28 1867 0.0001
Total 2.35 1870
ANOVA Band 4

Source of Variation SS af MS F P-value<  Fcrit
Between Groups 0.958 3 0.3193 460.10 0.001 2.61
Within Groups 1.296 1867 0.0007
Total 2.253 1870
ANOVA Band §

Source of Variation SS df MS F P-value < Fcrit
Between Groups 6.90 3 2301 361631 0.001 2.61
Within Groups 1.19 1867 0.001
Total 8.09 1870
ANOVA Band 7

Source of Variation SS df MS F P-value < Fcrit
Between Groups 4.13 3 1.3780  3520.30 0.001 2.61
Within Groups 0.73 1867 0.0004
Total 4.86 1870
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Table 2.3. Classification accuracy assessment of successional stages for the Santa Rosa
National Park without considering positional errors.

No Buffer

Classification
Validation Pasture ly Intermediate [Mature Total lass accuracy
Pasture 20/ 2 22 0.91
Early 20 4 24| 0.83
Intermediate 2 28 13 43 0.65
Mature 2] 29 31 0.9
Total 20| 24| 34 42 120,

Class Average C(X) = 0.83
Overall Acuracies A(X) = 0.80

Kappa k(X)=0.74
Tau t(X) =0.76

Nisshi Estimator uniform priors Juni(X) = 0.837
Nisshi Estimator proportional priors Jpro(X) = 0.80

Table 2.4. Classification accuracy assessment of successional stages for the Santa Rosa National Park

Buffer 1 pixel

Classification

considering positional errors (1 Landsat pixel or 28.5 meters).

Validation Pasture Early Intermediate ature [Total Class accuracy
Pasture 2! 22 1
Early 24 24 1
Intermediate 35 43 0.81
Mature 31 31 1
Total 22 24] 3 39 120

Class Average C(X) = 0.95
Overall Accuracies A(X) =0.93

Kappa k(X) = 0.91
Tau t(X)=0.91

Nisshi Estimator uniform priors Juni(X) = 0.95
Nisshi Estimator proportional priors Jpro(X) = 0.93
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Figure 2.1. a) Location of the Santa Rosa National Park in the province of Guanacaste,
Costa Rica. b) Distribution of annual rainfall (Llano Grande Liberia Meteorological
Station 1957-1990).
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Figure 2.5. Process followed to extract from an IKONOS image detailed ground truthing
information for the classification and validation of a Landsat ETM+ image.
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Figure 2.6. Visual interpretation of the successional stages from an IKONOS image
(March 2001) for the T-df ecosystem, Santa Rosa National Park. Guanacaste.
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Figure 2.7. Flow chart describing the detections process of forest successional stages
using supervised classification and vegetation indices for the T-df ecosystem in Santa
Rosa National Park, Guanacaste, Costa Rica.
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Figure 2.11. SR for Landsat ETM+ image based on successional stages data extracted
from a 25 x 25 pixels window in IKONOS
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APPENDIX A
Definition of Life Zone

The World Life Zone System defined by Holdridge (1967) takes into account the mean
annual precipitation, the mean annual biotemperature and the potential evapotranspiration to
predict vegetation characteristics for a given area. Biotemperature is adjusted from the annual
temperature to define a range where plants are able to grow (> 0 °C and < 30 °C).
Evapotranspiration is defined from the above-mentioned climatic parameters and a constant
empirical value. This first level of life zone definition is very general, thus the Life Zone
Classification System includes a second and a third level. The second level is more specific and
refers to associations, which consider factors such as water availability, soil, topography, etc.
The third level is the successional stage, where the development of the ecosystem after
disturbance is considered (i.e. early succession, secondary succession, primary forest). Based
on this classification system, three life zones are described for the province of Chorotega
region. The Tropical Dry Forest (T-df), characterized by an annual biotemperature greater than
24°C and a mean annual precipitation of 1000 — 2000mm (Holdridge, 1967), with at least a dry
period of five-months. The vegetation of the 7-df is shorter than in the rain forest,
semideciduous and with two strata of trees (Hartshorn, 1983). The Tropical Moist Forest is
characterized by an annual biotemperature of greater than 24°C and a mean annual
precipitation of 2000 — 4000mm (Holdridge, 1967). The vegetation in mature moist forest
stands is tall, multistratal, and semideciduous or evergreen (Hartshorn, 1983). The tropical
premontane moist forest is the most altered Life Zone in Costa Rica (Hartshomn, 1983). The
mean annual biotemperature is greater than 18 °C, rainfall ranges from 1000 mm to more than
2000 mm (Holdridge, 1966), and the vegetation is comprised of a two layered, semideciduous,
seasonal forest. Deciduousness is a characteristic of canopy trees displayed mostly during the
dry season (Hartshom, 1983).
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APPENDIX B

Estimator of accuracy

The class average measures how accurate the individual classes were within the

classification. It is expressed as follows:

C(x)zl Xi

r i=] ni

1)

Where xi is the diagonal of the error matrix and »: is the total number of samples

The overall accuracy is the sum of the major diagonal values divided by the total

number of sample units in the entire error matrix, and can be represented by equation (3):

k
Z Nii

Overall accuracy = =1— ()
n

Where

n is the number of samples and

k is the number of classes

The KAPPA estimator is a measure of agreement between the validation data and the

classification data, which is estimated using KHAT statistics ( K ). KHAT statistics are

based on the difference between the agreement in the error matrix (major diagonal) and
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the chance of agreement (totals by row and column for every class) (Congalton, 1991).

The following equation is used to calculate KHAT;

= _Do—D S &
K= 1° p‘ with p,=> p,and p. =D p,.p.; 3)
Ve i=l i=1

Where p,is the observed agreement (major diagonal) and
p. is the chance of agreement (rows and columns totals per class).

Since KAPPA has been found to underestimate the overall accuracy (Fahsi et al., 2000),
the Tau coefficient (T) was applied. The Tau coefficient is another measure of accuracy
based on the error matrix. It adjusts the percentage of agreement better than KAPPA (Ma

and Redmond, 1995). Tau is calculated as:

Po—pr)

r=! with py=—~3n and p, =23 n.X, @
1-p Po N & i P, N2 Ty

i=l
Where Py is the agreement percentage and P, is the random agreement.
In addition, two accuracy estimators developed by Nisshi and Tanaka (1999) were
applied to the error matrix. The first estimator Jy,i(X) is a product version of the class-

average accuracy and is sensitive if the classification method is poor. The second

estimator Jprof X) takes the fluctuation of sample numbers of categories into account and is
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moderate even if a great portion of a small category is misclassified. The follow

equations show the estimators:

Jui(X) = H("_) )

it \ 7l

©

ni/ N
)

Je(X) = H("—
i=]

where x:is the diagonal of the error matrix and s the total number of samples
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