Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



University of Alberta

Use of remotely sensed data to assess Neotropical dry forest structure and diversity

by

Margaret Erika Rose Kalacska ©

A thesis submitted to the Faculty of Graduate Studies and Research in partial fulfillment of
the requirements for the degree of Doctor of Philosophy

Department of Earth and Atmospheric Sciences

Edmonton, Alberta
Spring 2006

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Library and
Archives Canada

Bibliothéque et
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street

395, rue Wellington
Ottawa ON K1A ON4

Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 0-494-13997-8
Our file Notre référence
ISBN: 0-494-13997-8
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
qguelques formulaires secondaires
ont été enlevés de cette these.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



University of Alberta

Library Release Form

Name of Author: Margaret Erika Rose Kalacska

Title of Thesis: Use of remotely sensed data to assess Neotropical dry forest structure
and diveristy

Degree: Doctor of Philosophy
Year this Degree Granted: 2006

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 whatsoever without the author's prior written permission.

7

- éz(gnature

17313-107 A st. Edmonton, AB. T5X-3H9

Dan 9 ‘6l

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DEDICATION

For Szuli (Tapsi)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

Due to a number of socioeconomic and environmental factors the tropical
dry forest has been among the most anthropogenically disturbed, least protected
and understudied systems. By taking advantage of the available satellite imagery
and investigating the possibility of using these data for inferring characteristics of
the tropical dry forest at large scales, the main objective of this thesis is to explore
the use of remote sensing to assess tropical dry forest structure and diversity.
Initially, the accuracy of four global and regional forest cover assessments are
compared at the national level for Costa Rica and then examined in greater detail
for two tropical dry forest sites in Costa Rica and Mexico. Significant errors were
found systematically throughout each data set. When these errors are examined in
terms of carbon sequestration forecasted over a ten-year period, the discrepancies
between the maps are valued in the millions of dollars. Second, a comprehensive
calibration methodology was established for leaf area index (LAI) by using a
combination of litter traps, species specific leaf area values and optical estimates
of LAI In the calibration of the ground-based optical LAI estimates, it was found
that the instrument underestimated the actual LAI by 40% or more in the wet
season. Next, a new method of estimating LAI from satellite imagery using
Bayesian Networks was explored followed by an examination of the effects of
season and successional stage on forest structure and spectral vegetation indices
for three Mesoamerican dry forests. Differences among the sites are attributed to
both climate and varying land use and land management practices. Finally, the

structure and floristic diversity of a dry forest in Costa Rica is estimated from
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hyperspectral satellite imagery (Hyperion). It was found that the dry season
image produced the best results using a selection of wavelet decomposition

coefficient elements. The final chapter summarizes the challenges for future
monitoring of tropical dry forests in the context of ecological succession and

remote sensing.
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Chapter 1: Introduction

1-1. Introduction

Little had changed since D.H. Janzen (1986) advocated the Costa Rican
dry forest as the most threatened tropical forest type. Redford et al. (1990)
showed that if species richness is the key factor for prioritizing areas for
conservation, the rainforests do not hold the sole distinction of being the most
species rich ecosystem. The data they present from the dry Chaco (an ecosystem
comprised of grasslands, savannas, woodlands and thorn forests) in South
America shows that in terms of mammal species (weighing lkg or more), it is
comparable to Manu National Park (regarded as the most species rich area in the
Neotropics). Mares (1992) elaborated on these findings in a policy framework
indicating that governmental policy and funding agencies may be subjected to a
pre-existing bias (Redford et al. 1990) from the proponents of tropical rain forest
conservation who have promoted inevitable development in other ecosystems
such as the dry forest without thought about their destruction. The most popular
arguments being that there is not much dry forest left and that there is far more
biodiversity in the rainforests. In order to counter the loss and degradation of the
dry forest, Sanchez-Azofeifa et al. (2005a) advocated a new multidisciplinary
approach for conservation models that are promoted with the same enthusiasm as
those from the wet forests. They also expanded on the need for adequate funding
and an expansion of the scope of project designs to include comparative

approaches among multiple sites within the Americas.
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If the comparable species richness between these contrasting ecosystems
in certain taxa is overlooked, the greater phenological diversity and higher rate of
endemism (Rzedowski 1991) in the dry forests is unmistakable. For example,
endemism in Mexico is estimated to be as high as 43% (Rzedowski 1991) and
73% in South American dry forests (Gentry 1995). Even on a smaller scale, such
as the Chamela/Cuixmala Biosphere Reserve, endemism has been estimated to be
as high as 16% (Lott 2002). Nevertheless, Sanchez-Azofeifa et al. (2005b) found
that the research effort in dry forests is still 91 percentage points less than their
wet counterparts, with efforts concentrated in only a few countries (Figure 1.1).

The seasonally dry tropical forest comprises nearly half of all tropical
forests (Brown and Lugo as cited by Murphy & Lugo 1986). In Mesoamerica
tropical dry forest ranges from the Pacific Coastal plains of Mexico and the
Yucatan to the Pacific Coast of Panama covering approximately 26% of the total
surface area with various deciduous vegetation types (Murphy & Lugo 1995).
However, official conservation status has been awarded to less than 1 % of this
area (Janzen 1988). The true extent the tropical dry forest has always been in
debate and no complete estimate exists (Sanchez-Azofeifa et al. 2005b).

Sanchez-Azofeifa et al. (2005b) define the seasonally dry forest as an area
with a vegetation type dominated by deciduous trees located in an area with a
mean temperature >25°C, a total annual precipitation range of 700-2000mm and
three or more dry months (precipitation <100mm). Most woody species are
drought deciduous; however, the number of species and individuals with this

phenology varies with topography and successional stage. A mix of deciduous
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and evergreen species gives the dry forest a phenological complexity not
encountered in tropical wet forests (Burnham 1997).

It is undeniable that the dry forests throughout the Neotropics have been
extensively disturbed (Janzen 1988, Murphy and Lugo 1986). However, for
certain areas what remains of this ecosystem is in a process of regeneration. For
example, Arroyo-Mora et al. (2005) show a clear trend in the recovery of a dry
forest in Costa Rica. Apart from the conservation and biodiversity aspects,
avoiding or reversing undesirable changes in ecosystem processes provide a
strong motivation to preserve this ecosystem. McGrady-Steed et al. (1997) show
that most deterioration occurs as biodiversity declines to moderate or very low
levels. However, under recuperation, ecosystem processes level off between
intermediate and high levels of biodiversity and will not be affected by any
further increases (McGrady-Steed et al. 1997). Therefore, not only is the
prevention of functional deterioration that follows biodiversity loss a reason for
conserving relatively intact ecosystems, but it is also a strong rationale for
promoting the restoration of degraded ecosystems (Marks and Borman 1972,
McGrady-Steed et al. 1997).

Sanchez-Azofeifa (1996) demonstrated the link between socio-economic
factors and the conservation of biodiversity in Costa Rica (in terms of forest
cover). The forces that drive land use/land cover change act at various scales to
contribute to the conservation or degradation observed in the ecosystems
(Sanchez-Azofeifa et al. 2005a,b). Without a thorough knowledge of the

ecosystems being affected, it is unlikely that any sustainable development
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solution will be found. And without funding and research efforts being directed
towards the dry forest, our knowledge of their diversity and functioning will
always lag behind what is known about the rainforests.

By taking advantage of the large scale data available from satellite
imagery and investigating the possibly of using these data for inferring
characteristics of the dry forest, the main objective of this thesis is to explore the
use of remote sensing technology to assess tropical dry forest structure and
diversity. This thesis is the result of the compilation of six stand alone papers, all
following the trend of conservation and monitoring of different tropical dry forest
properties.

The main objectives of Chapter 2 “Quantifying tropical forest extent
and payments for environmental services from satellite imagery” are 1) to
investigate the accuracies of various global remote sensing derived land cover
classification datasets of forest cover and to address the implications of their use
for establishing environmental services payments baselines at the national level
for Costa Rica, 2) assess how the different interpretations of the global land cover
classifications affect the quantification of the value associated with environmental
services in two distinct tropical dry forest environments, and 3) to under the
mandate of biodiversity preservation, examine the implications of using global
land cover datasets for the establishment of biological corridors.

Following the need to investigate the leaf phenology of the dry forest in
greater detail, the main objective of Chapter 3 “Calibration and assessment of

seasonal changes in leaf area index of a tropical dry forest in different stages
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of succession” is to calibrate optical estimates of leaf area index (LAI) from the
LAI-2000 (an optical instrument commonly used for remote measurements of
LAT) using LAI derived from leaf litter data. In order to achieve that objective a
thorough methodology for determining leaf area index from leaf litter data in a
tropical dry forest environment is developed and as an application of the results,
the seasonal variation in LAI for the three successional stages in a tropical dry
forest located in Costa Rica is illustrated.

Moving to the satellite image perspective of LAI, the main objective of
Chapter 4 “Estimating leaf area index from satellite imagery using Bayesian
Networks” is to investigate a new approach for estimating an ecological variable,
leaf area index, from satellite imagery using Bayesian Networks. Such models
combine probability and graph theories to infer the result of complex interactions
and uncertainties amongst multiple factors on specific variables of interest.

Similarly, the main objective of Chapter 5 “Effects of season and
successional stage on leaf area index and spectral vegetation indices in three
Mesoamerican tropical dry forests” is to is to evaluate seasonal Plant area index
/ Leaf area index and canopy openness for three sites of tropical dry forest in
Mesoamerica. The role that differences in forest structure play on influencing
Plant and leaf area index are also explored. Finally, regression models to estimate
Plant and leaf area index from spectral vegetation indices calculated from satellite
imagery and evaluated.

Addressing forest structure, biomass and diversity from the satellite image

point of view, the main objective of Chapter 6 “Ecological fingerprinting of
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ecosystem succession: estimating secondary tropical dry forest structure and
diversity using Hyperion” is to address the problem of inference and mapping of
tropical dry forest biophysical characteristics from hyperspectral imagery.

I finally close this thesis with a summary describing the challenges for
future monitoring of tropical dry forests in the context of ecological succession

and remote sensing.
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Figure 1.1. Number of Neotropical dry forest studies per country listed in the
Science Citation Index for the period of 1945-2004.
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Chapter 2: Quantifying tropical forest extent and payments for
environmental services from satellite imagery

2-1. Introduction

In recent years. the implications of global climate change for water
resources and biodiversity loss have become increasingly important for scientists,
policy makers and the public alike. Elevated levels of carbon dioxide (CO,), one
ot the key greenhouse gases. and possible methods ot alleviating or even
reversing its effects have been the topics of numerous inter-governmental panels
and assessments. One possibility that has been raised to mitigate the etfects of
CO; is the concept of Certitied Emission Reductions (CERs) under the Clean
Development Mechanism (CDM) of the Kyoto Protocol (Pfaft et al. 2000). CERs
are greenhouse gas emission reduction certificates that are obtained from
permanent and temporary emission reduction projects (e.g. forestry projects) in
developing countries (Olschewski and Benitez 2005). Countries that have
committed to reducing greenhouse gas emissions are known as Annex B countries
(mostly developed countries) each of which has a national baseline against which
their progress would be measured (Busch et al. 2000).

Global fossil fuel emissions per year have been estimated by Schimel et al
(2001) to be around 6.4 PgC. To counter those eftects, forests may be used to
sequester and store carbon for years to come. The promotion of forest
regeneration and the slowing of deforestation have been proposed as such an
option for Annex B countries to meet their commitments (emission levels 5%

bellow 1990 level by 2008-2012). Forestry projects alone could conserve 60-87
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billion tons ot carbon by 2050 and reduce CO; in three ways: conservation,
sequestration/storage and substitution (Brown 1996). Conservation policies will
reduce the emissions (i.e. slow deforestation) as does sequestration /storage that
result from increased forest cover and substitution will replace fossil fuel energy
and products with forest biomass energy and those that store torest biomass
carbon (Brown1996). Thus, one of the most important aspects of understanding
and mitigating global climate change is accurately estimating carbon
sequestration over large expanses of tropical forests. a problem that it is not trivial
due to the lack ot standardized mechanisms that can provide accurate information
for different types of tropical forests (Foster et al. 2002).

Tree plantations, while needing high initial investment costs. have been
shown in the literature to have extensive potential for storing carbon (Winjum et
al. 1993, Sedjo 1999): an alternative to which is natural regeneration of secondary
torests (Oschewski and Benitez 2005). Addressed by the Ninth Conference of the
Parties, during the period up until 2012. non-permanent carbon sequestration
credits may be given as temporary or long term (UNFCCC 2003). These credit
certificates may be traded as a regular commodity but their initial value has been
estimated to be relatively low (i.e. more supply than demand) due in part to the
withdrawal ot the United States from the Kyoto Protocol and the cap on Annex |
countries” CDM sink projects (Den Elzen and de Moor 2003, Olschewski and
Benitez 2005).

However, carbon sequestration is not the sole incentive for monitoring

tropical forests. Other services within payments for environmental services

10
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include hydrological services, biodiversity services and ecosystem protection
(WorldBank 2000). Currently there are payment for environmental services
projects under implementation in Costa Rica, Colombia, Nicaragua and
Guatemala (Pagiola 2003). There are also projects under preparation in Mexico.
Venezuela, Dominican Republic. Ecuador, El Salvador and South Africa (Pagiola
2003).

Under the Ecomarkets project contract in Costa Rica, forest conservation
contracts are projected at US$200/ha ($40/yr/ha), new reforestation contracts are
projected at US$513/ha (reforested areas must be maintained for 15-20 years) and
existing reforestation contracts from 1998 are projected at US$200/ha
(Worldbank 2000). All payments are disbursed over a tive-year period. Within the
environmental services class carbon sequestration (the most lucrative service) is
valued at US$19-US$57/ha (mean US$38) for primary and US$14.6-US$43.9
(mean US$29.4) for secondary torests (Tropical Science Centre 1999). In
addition, under the Costa Rican Ministry of tﬁe Environment decree No. 32226
landowners may receive 368 Costa Rican colones per tree in agroforestry systems
(MINAE 2004).

In comparison similar payments to Guatemala were estimated at $1,590/ha
for reforestation, $220/ha for management and $85/ha for protection over a five
year period (Juarez 2001). As of 2002 however, the structure of payments for
environmental services has changed to account for services rendered by

plantations and agroforestry systems (Louman and de Camino 2004).

11
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To evaluate the eftectiveness of mitigation projects in the forestry sector,
three fundamental questions must be addressed: what is the initial extent of the
forests?, what type of forest is there (primary, secondary)? what is the rate of
change of the forest extent? Estimates of for payments of environmental services
are greatly dependent upon the differences between the baseline and mitigation
scenarios and on deforestation rates before and after the implementation of a
project; the greater the difference the greater the estimate of carbon
sequestratin/value of environmental services (Busch et al. 2000). Therefore, it is
imperative to characterize the initial state and extent of the forest (baseline
determination) as accurately as possible.

To accurately assess land cover changes in tropical environments at
reasonable costs requires remote sensing technology. However, an initial problem
in accurate estimation of forest cover is one ot nomenclature. While there are
numerous definitions of what is a forest (see I'TTO 2002 for an in depth review),
there is no consensus between the scientific community and the stakeholders. In
addition, many definitions are biased towards mature wet or rain forests,
neglecting seasonally deciduous forests and stages of vegetation succession.
Attempts have been made to consolidate definitions with the Marrakesh Accords
(UNFCCC 2001a). Based on those accords forest is defined as “a minimum area
of land of 0.05-1.0ha with tree crown cover, or equivalent stocking level, of more
than 10-30% and containing trees with the potential to reach a minimum height of
2-3m at maturity . In addition, stands temporarily below the thresholds but which

are expected to grow or revert to forest are also included in the forest category

12
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(UNFCCC 2001a). However, the definition of “forest” adopted by any one
country is optional within the stated minimum levels defined by the Marrakesh
Accords. In this study we adopt the Marrakesh Accord’s definition of “forest”
and more precisely the tfollowing refinement for a dry forest: an area with a
vegetation type dominated by deciduous trees located in an area with a mean
temperature >25°C. a total annual precipitation range of 700-2000mm and three
or more dry months (precipitation <100mm) (Sanchez-Azofeita et al. 2005)

Methods tor monitoring and detecting tropical deforestation in the humid
tropics have been successfully developed, tested and applied (Skole and Tucker
1993, Stone and Letebvre 1998, Sanchez-Azofeifa et al. 2001), providing
important information on the extent of tropical evergreen forests. Tropical dry
deciduous forests, however have received less attention and thus the development
ot methods for quantitying the extent of the T-df has been neglected in
comparison to wet/rain forests. Significant errors have resulted from mapping the
extent of the tropical dry forest from satellite images because the cloud free
images are most easily acquired during the dry season when an increased
percentage of the canopy is leatfless, lacking the spectral signature ot green leat
biomass (Arroyo-Mora et al. 2005a). This property of the canopy induces the
misinterpretation of forested areas in the image for pastures or areas with
dispersed trees (Ptaft et al. 2000).

This paper investigates the implications of using various global remote
sensing derived land cover classification datasets of forest cover as a baseline

scenario at the national level for Costa Rica. We use Costa Rica as an example
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given its multitude of forest types and its considerable history in payment of
environmental services. Subsequently, we focus specifically on the dry forest over
two protected areas located in Costa Rica and Mexico and assess how the
different interpretations of the global land cover classifications atfect the
quantification of the value associated with environmental services in this
ecosystem. Finally, we address the state ot the forest cover in and surrounding the

GRUAS sites for each land cover classitication.

2-2. Methods

2-2.1 Study areas

Our study is conducted at two levels: first, at the national level for Costa
Rica and second at a specific ecosystem level (tropical dry forest) for two study
sites. The country of Costa Rica (total area of 51,000km?) is located in Central
America between Nicaragua to the north and Panama to the south and the Atlantic
and Pacific oceans to the east and west. Because of the central mountain range,
the country encompasses numerous physiognomically different tropical forest
types (life zones) (Holdridge et al. 1971). However, to facilitate the interpretation
of the results and to be consistent with forest types reliably detectable from
imagery we refer to two distinct forest types: predominantly evergreen (e.g.
tropical wet) and predominantly deciduous (e.g. tropical dry) forest types.
Subsequently, in the more detailed analysis, the two tropical dry forest areas we

examine in greater detail are the Santa Rosa National Park in Costa Rica (10° 48’
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53" N, 85° 36" 54" W) and the Chamela Biosphere Reserve in Mexico (19 ©22°-
19°39°N, 104 °56°-105° 10" W).

Santa Rosa National Park is composed of a mixture of secondary forest in
various stages of regeneration (Janzen 2000, Kalacska et al. 2004, Arroyo et al.
2005b). We refer to four stages of succession in Santa Rosa: pasture SR-P, early
SR-E. intermediate SR-I and late SR-L (Table 2.1). The total study area for Santa
Rosa is 500km”. The Chamela-Cuixmala Biosphere Reserve is in the state of
Jalisco. México (19 22°-19 39N. 104 56°-105 10°W). The reserve is comprised of
approximately 12.600ha of forest, the majority of which has been undisturbed for
hundreds of years (Maass and Martinez-Yrizar 2001). We refer to four
physiognomically different forest types in and around the station. Upper ridge-top
and slope (CH-U) and Lower Riparian (CH-L) forest classes are mature
undisturbed forests, intermediate (CH-1) is a secondary forest stage and early
(CH-E) is the first stage of regeneration populated entirely by low Acacia sp.
bushes (Kalacska et al. 2005). The physiognomy of the difterent forest stages are
described in Table 2.1. We included a butter of 30km around the station for the
analyses. The total study area for Chamela is 2,465km’. In Santa Rosa there are
six months of little to no precipitation and a total yearly precipitation that is
highly variable (915-2558mm) (Janzen 1993). In Chamela, the precipitation
ranges from 374 — §97mm with 80% falling between July and October (Maass
and Martinez-Yrizar 2001). Drought deciduousness is the general leaf

phenological response to the dry season (Gentry 1995, Lobo et al. 2003). Gentry
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(1995) estimates that approximately 40-60% of the species in Santa Rosa are
deciduous compared to over 80% in Chamela.
2-2.2 Total Aboveground Biomass
One of the most common direct methods of estimating total above ground
biomass is allometric equations (Brown 2002). Site specific regression equations
have been developed to estimate plant biomass (kg) from values of diameter at
breast height (DBH), height and wood specitic gravity (Maass et al. 2002). In
other studies, general regression equations have been developed for specific forest
types from DBH (Cairns et al. 2000). Carbon is assumed to be approximately
50% of the biomass (Brown 2002). The most complete estimates of carbon
include not only standing live vegetation but also dead wood. root biomass and
soil carbon. From forest structure data we calculated total live aboveground
biomass from Brown (1997) for stems above 2.5¢cm DBH:
ATB = exp{-1.996+2.32(InD)} (1)
where biomass is expressed in kilograms of dry mass and D is DBH in
centimeters. Root biomass was estimated trom Cairns et al. (1997):
R =exp{-1.0587+0.8836(InATB)} (2)
where ATB is aboveground tree biomass (Mg/ha). In our estimates we include
only live ATB and root biomass because we do not have data regarding dead
wood or soil carbon. In total, 26 plots of 20x50m were sampled in Santa Rosa and

10 of the same dimensions in Chamela; all trees above Sem DBH were included.
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2-2.3 Total Forest Cover Assessment

For Costa Rica a supervised classification map (CR2000) was produced by
a combination of 14 Landsat Thematic Mapper 5 and 7 acquired in 1997 and 2000
using NASA pathtinder methodologies with a minimum mapping unit of 3ha
(Sanchez-Azofeifa et al. 2001). The overall accuracy of the CR2000 data set
(forest/non-forest) was estimated to be 90-92%. For the accuracy assessment. a
total of 700 control points for forest with a minimum area ot 3-ha and a crown
closure of 80% were chosen and assessed on the ground (Sanchez-Azofeifa et al.
2001). This dataset, resampled to 1km? resolution, was used as the control in all
analyses for Costa Rica.

For the Costa Rican national and the dry forest study sites™ baseline
determination analysis we examine three published and readily available global
land cover maps created from different sensors: Global Land Cover 2000
(GLC2000) from the Canada Centre for Remote Sensing created using SPOTVEG
imagery (22 classes) (Latifovic et al. 2004), IGBP from the International
Geosphere Biosphere Programme created with AHVRR imagery (17 classes)
(Loveland et al. 2000) and MODIS Land Cover data from Boston University (17
classes) (Muchoney et al. 2000). In addition, we include a regional land cover
map, a Central American vegetation map produced by the Center for International
Earth Science Information Network (CIESIN) at Columbia University for the
Proyecto Ambiental Regional de Centroamerica (PROARCA) created from
AVHRR imagery (17 classes) (CCAD et al. 1998) for Costa Rica only (i.e. data

not available for the dry forest site in Chamela Mexico).
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As the control data for Chamela Mexico a supervised classification map
(MX2003) from a regional classification using the ASTER sensor (resampled to 1
km? resolution) for the year 2003 (Sanchez-Azofeifa and Quesada unpublished) is

used.

2-3. Results

2-3.1 Forest cover estimation at the national level for Costa Rica

The overall forest cover estimates for Costa Rica from the different land
cover maps are shown in Figure 2.1. In comparison to the CR2000 data, each land
cover map underestimates the actual forest cover for the predominantly deciduous
(dry) ecosystem (Figure 2.1f). The area demarcated as “dry” in Figure 2.1f is
predominantly deciduous or contains trees that are facultatively deciduous during
harsh dry seasons (periods of little to no rainfall). This area encompasses 14% of
Costa Rica (7,140km?). For the evergreen vegetation, in general, in comparison
to the CR2000 dataset. in forest extent is reasonably close except for the
overestimation of the forest in the northeastern and central sectors of the country
because of the inclusion of known palm, coffee, pineapple. yucca and other
plantations in the forest cover class. The overall forest accuracies for GLC2000
(74%) and MODIS (76%) (Table 2.2) reflect the high prevalence and accuracy of
“forest” for the majority of the evergreen forest areas in the country (Figure 2.1)
(e.g. 79% - GLC2000 and 88% - MODIS) (Table 2.2). However, the low non-
forest accuracies (e.g. 32% and 16% for GLC2000 and MODIS respectively) for

all land cover maps indicate an overestimation of the forest in the evergreen forest
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areas (Table 2.2). The poor accuracies for all datasets over the deciduous forest
areas (36% mean accuracy for all datasets) indicate a severe underestimation of
the deciduous forest (Table 2.2). Table 2.3 indicates the total forest area from the
land cover maps, along with the results from a published additional study
(Mayaux et al. 1998) in comparison to the CR2000 dataset. Every land cover map
overestimates the extent of the forest by as much as 16,000km® with the exception
of Mayaux et al. (1998) who underestimate the forest cover by 9,777km”.
PROARCA is the closest in the overall estimate for forest area with 27,792km2
which is only 4,565km” more than the CR2000 dataset. The MODIS land cover
dataset is the farthest from CR2000 at 39.409km’.

2-3.2 Tropical dry forest sites

The total forest area from the CR2000 data set for Santa Rosa is 276.6km”.
For Chamela the MX2002 reveals 1925.6km” of forest as control. The range of
land cover classes (and forest/non-forest accuracies) found in the dry deciduous
study areas based on the four global/regional land cover data sets is illustrated in
Table 2.4. The consensus for the dominant class in Santa Rosa from the land
cover maps is “cropland” or “agriculture™. with the forest classes being minimal
in comparison. However, from the CR2000 data for Santa Rosa, the dominant
class is “forest” with an actual coverage ot 55%. The actual forest cover for Santa
Rosa has also been reported by an independent study from Arroyo-Mora et al.
(2005b). Every land cover map underestimated the total forest in Santa Rosa by
130.6km*(MODIS) to 196.8km” (PROARCA) in comparison to CR2000. The

highest accuracy is from both the PROARCA and MODIS data sets for forest at
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34% (non-forest accuracies of 92% and 48% respectively, Table 2.2). The lowest
accuracy is from GLC2000 at 16% for forest (78% non-forest).

For Chamela the dominant class from the land cover maps 1s cropland
(GLC2000). mixed forest (MODIS) or evergreen broadleat forest (IGBP) (Table
2.4). From the MX2002 database, the dominant class is forest with an extent of
78% (1925.6km2). With all forest classes combined, for total extent, MODIS was
very close at 79% (1950.3km?) followed by IGBP at 70% (1 728km?) and
GLC2000 at 46% (1135.6km?). The highest accuracy for forest cover was from
MODIS at 66% (non-forest accuracy 37%) indicating that while the amount of
forest is close to the MX2002 dataset, the precision (actual location) of the forest
is incorrect (Table 2.2). The lowest forest accuracy was from the GLC2002 data
set for forest (41%) with a non —forest accuracy of 42%. For all the land cover
maps torest classes were assigned based on descriptions as well as nomenclature.
For example, the classes such as “woody savannah™ because of the description
were also included in the forest classes along with those that were labeled
“forest™.

2-3.3 Environmental Services Payments: Forecasted Carbon
sequesltration

Arroyo-Mora et al. (2005a) found a rate of change of +4.91% per year in
torest cover for the period of 1986-2000 in a larger dry forest area encompassing
the Santa Rosa study area. Assuming the same constant rate of change in forest
cover for the 2000-2010 period, Table 2.5 and Figure 2.2 illustrate the forecasted

total forest area for each land cover map taking the results from this study as the
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year 2000 baseline for each. The CR2000 dataset shows a total increase in forest
cover by 2010 of 170km” followed most closely by MODIS at 89.8km” and with
the greatest difference, PROARCA at 49km?. With the assumption that ratio of
forest stage (i.e. early:22%. intermediate:47%, late:31%) found in the area by
Arroyo-Mora et al. (2005b) remains relatively constant, and the values of
MgC/ha/stage from Table 2.1 are used, the carbon gains forecasted by each data
set are shown in Table 2.5. The greatest carbon gain is from the CR2000 dataset
with a total of 1.074.691MgC followed by MODIS with a total of 567,107MgC
and with the greatest difference, PROARCA at 310,207MgC. If successional
stages are disregarded and an average value of 91.32MgC/ha is used (Kauftman et
al. unpublished), 1.553.401MgC are the torecasted gain from CR2000 in
comparison to 819.720MgC (MODIS) or 448,386 MgC (PROARCA) (Table 2.5).
As can be seen in Figure 2.2, the rate of change of the forest cover is much lower
for all land cover maps in comparison to CR2000 and each year the difference is
compounded. An unprecedented and unrealistic rate of change would be needed
by models incorporating any of the land cover maps to reach the same final
forecasted value of total forest area as shown by CR2000.

From the projected increase in forest cover (2000-2010), the estimated
value of carbon sequestration from the CR2000 dataset is $US 500,109
($US29.4/ha) with a range of $US 248,354-746,762 ($US 14.6-43.9) (Figure 2.3).
The MODIS land cover map is the closest in its projection with a projected value
of carbon sequestration in 2010 at $US 263,904 and a range of $US 131,055-

394,061 (Figure 2.3).
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2-3.4 Biological Corridors and the Protection of Biodiversity

Under the mandate of biodiversity protection within the environmental
services payment projects other related uses of remotely generated forest cover
data such as the planning and assessment of national parks and protected areas
must also be taken into consideration. With the current national parks, all land
cover maps estimated the true extent of the forest with reasonable accuracy (Table
2.4). However, this observation does not hold if the proposed biological corridors
are examined (Table 2.4). The majority of the area covered by the GRUAS
corridors (proposed biological corridors within Costa Rica to be integrated into
the Mesoamerican biological corridor program) is within the primarily evergreen
forest (Figures 2.1 and 2.4). Erroneous forest cover estimates within these
GRUAS corridors could potentially overestimate the actual forest extent and lead
to a misplacement of the protected areas. The eftects of inflated total forest
accuracies in baseline scenarios (Table 2.3) due to an overestimation of forest in
areas covered by an evergreen canopy coupled with an underestimation of forest
with a deciduous canopy may lead to the establishment of such protected
corridors in areas that are not under the greatest deforestation pressures and whose
effects may therefore, not be the most productive. In addition to deforestation
pressure, the concentration of most monitoring/conservation systems in the
evergreen forest is evident when it is considered that only two of the 36 GRUAS
corridors and four of the protected areas are in the deciduous forest. Pfaft and
Sanchez-Azofeifa (2004) have shown how areas should be prioritized based on an

index of deforestation pressure and Van Laake and Sanchez-Azofeita (2004)
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stated that deforestation must be expressed as an instantaneous localized process
rather than a function derived over a large area that is not sensitive enough for
local or regional changes. However, in order to apply either the deforestation
pressure methodology or the localization of deforestation hot spot methodology,
spatially reliable estimates of deforestation are needed; the basic requirement for

which is an accurate baseline forest cover maps from which to begin modeling.

2-4. Discussion and Conclusion

While this study is not meant to forecast an overly negative shadow on the
use of remotely sensed data, it does intend to show the type of caution that must
be used when selecting the appropriate data sources for analyses. Imagery,
preferably medium resolution (i.e. 30m), should be acquired for each study
site/region where environmental services payments projects are projected to be
set-up. The subsequent classification of the imagery to establish the baseline
would then be specific to the area and validation should also be done with the
unique characteristics of the region in mind. Used with caution, remotely sensed
data is a powertul tool for providing information to decision makers, the study of
land use-ecosystem interactions and the regional application of integrated models.

Many previous studies have examined the inconsistencies between forest
cover data sets (e.g. Mayaux et al. 1998, Kleinn et al. 2002, Kerr et al. 2001). It is
important to acknowledge this because there are several problems with accuracy,
under estimation, over estimation and misclassification of forest cover.

However, there is a need to move beyond examining accuracies and to begin
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examining their implications which can be in many cases greater than differences
in a simple measure of forest extent. With the need for reliable forest cover
estimates for establishing baselines, erroneous estimates could force trading to
increase global net emissions and any mitigation projects would be both
misdirected and inefficient (Kerr et al. 2002). This incompatibility between maps
will end up costing millions of misspent dollars over time.

For a project to be eligible for Emission Reduction Units (ERUs) under
the United Nation’s Framework Convention on Climate Change (UNFCCC) in
the Land Use Change and Forestry (LUCF) category it has to show a successful
accumulation of sequestered carbon (Trines 1998). The project must report the
size of the carbon pools forming part of the project as well as any changes to the
sizes of the pools (Trines 1998). The only way a project can claim ERUs or
credits through the CDM, is if it can show a greater sequestration of carbon than
the baseline scenario. Any erroneous estimates of either the initial forest cover or
change (i.e. deforestation rate) would lead to diverse and unrealistic values for the
carbon stocks.

For the tropical dry forest specifically, the forest identitied in the wet
season images (November in Santa Rosa and August in Chamela) is a mixture of
both deciduous and semi-evergreen species as well as pasture lands with enough
green herbaceous biomass to produce a spectral signature comparable to trees
(Figure 2.5). In comparison, the forest area extracted from the dry season (April
in Santa Rosa, March in Chamela) images may be comprised of similar or

overlapping species, but located in areas where the microclimate enables them to
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retain their foliage along with species that practice inverse phenology. Kalacska
et al. (2004, 2005) have shown that the areas in Santa Rosa that predominantly
retain partial foliage in the dry season are found in the late successional stage. In
Chamela, however, the lower Riparian forest (CH-L) has a difterent species
composition (i.e. more semi-evergreen species) and very ditferent microclimate
(Quesada, unpublished observation). Yet, the other late stage (CH-U) 1s almost
entirely deciduous in the dry season. When the majority of the trees are without
foliage, the spectral signature is comprised of a mixture from soil, leaf litter, rock,
bark. etc., rather than predominantly green leaves (Figure 2.5). In general, a
higher accuracy for the non-forest classes compared to the forest classes can be
seen for every classification and land cover map except for the wet season image
classifications. For Santa Rosa the reason the land cover maps have the large
discrepancy between the accuracies of the two classes is that the majority of the
area is classified as non forest. Therefore, the chance that a “forest” control point
will fall into a pixel classified as forest is much less than the chance a “non forest”
control point will fall into a pixel classified as non forest. This is the same for the
dry season image classifications. The accuracy of the wet season image
classifications is better in the forest class than the non forest class because these
techniques overestimate the total extent of forest. This overestimation is in large
part due to pastures in the wet season that contain high green biomass and thus,
their spectral signature resembles that of forest stands (Figure 2.5). For Chamela,
The location of the forest is incorrect (i.e. low accuracy) while the extent (i.e. total

area) is generally close to what can be found on the ground. Thus, the application
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of inappropriate classification technique will also result in large discrepancies.
Methods must be flexible and may not all be used on an operational mapping
project without extensive ground truth information. In addition, calibration or
validation of large scale maps without consideration ot the ecological
characteristics specitic to each environment may contribute to the errors.

A common assumption is that at the spatial resolution of most global land
cover maps (1km?) the majority of the pixels is not homogenous in the land cover
class they represent and therefore, under and/or over estimation of various classes
is accepted. For the dry deciduous forest in Costa Rica Arroyo-Mora et al.
(2005a) found that the mean patch size of forest was 1.07km” In addition the
torest patches are in general comparable in size or in some cases larger than the
agriculture patches (i.e. dominant class in the land cover maps) (Table 2.4). These
results indicate that although there may be many “mixed 1km? pixels™ there are
still a sufficient number of “primarily forest pixels” in order for the deciduous
forest to be present and included on land cover maps.

Based on examinations of socioeconomic pressures it has been stated that
research should focus in the wet forest life zones (Kerr et al. 2004). In Costa Rica
with the collapse of the beef industry and the short utility of tropical wet forest
soils for agriculture, there are significant deforestation pressures in the wet forest
life zones (Sanchez-Azofeifa et al. 2001). However, we argue that similar if not
greater pressures also exist in the dry forest, compounded by the fact that they are
practically non existent in global land cover classifications. Due to low biotic and

abiotic stresses and a comfortable climate, the dry forest has always been the
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preferred ecosystem for human settlement and animal husbandry (Ewel 1999).
The dry forest is globally extensive (42% of tropical forests are dry) but because
of its appeal to human settlement it is also among the least protected (Murphy and
Lugo 1986). In Mesoamerica only 0.09% has official conservation status, and
only 2% is in large enough patches to attract the attention of conservation
organizations (Janzen 1988). Pfatf and Sanchez-Azofeifa (2004) also illustrate
large areas in the dry deciduous forest in Costa Rica that are under a high pressure
of deforestation. This along with the need to acknowledge their
existence/location and the phenological complication accounting for the problems
associated with estimating their true extent should make them a priority in global
environmental services payments and carbon mitigation projects.

In addition, the following example from Chamela illustrates the other
potential problems that can arise from using various estimates of forest cover. The
land tenure system around Chamela favours subsistence and commercial crops,
tourism and cattle grazing. And presently the land is most valued for tourism
rather than any other land use, including forest (Maass et al. 2005). However, the
short term return of such land uses does not make up for the long term cost
associated with these practices. For example, the clearing of the forests could
result in either a scenario where certain pollinators will have to be brought to the
area for various crops (which are of considerable value) or a scenario which could
result in the loss of hundreds of thousands of dollars worth of crops (Maass et al.
2005). Either of these two scenarios would be a very expensive endeavour

compared to leaving forest and utilizing the various services it would provide. If
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the maps being used by decision makers do not show the true extent of the forest,
possible mechanisms for its protection will not even be considered.

A final broad question that must be considered concerns both the utility
and facility of using remotely sensed data for payment of environmental services
projects in general. Rosengqvist et al. (2003) review the possible functions of
remote sensing technology as part of decision support systems for the Kyoto
Protocol. Two specific points from their review require special consideration for
the use of remotely sensed data. First. the definition of “forest” from the
Marrakesh Accords (UNFCCC 2001a) as referred to earlier. Second, based on the
Bonn Agreements all forest and aforestation/ reforestation/deforestation activities
are defined based on land use rather than land cover (UNFCCC 2001b). The
implications of this are such that an area of cleared land that is expected to return
to forest will still be counted as forest under the Kyoto protocol and will not count
as deforestation (Rosenqvist et al. 2003). In addition, only direct-human induced
aforestation/reforestation/deforestation events will be considered. Thus, once a
reliable land cover map of forest and non forest areas is produced it must further
be subject to additional in situ verification for land use classification.

We have shown that depending on which study is used, the estimations of
environmental services payments, carbon content and the accuracy of the forest
cover will vary accordingly. Until questions regarding nomenclature and types of
forest classes are resolved, even for the simplest questions of “*how much forest is
there?” and “where is the forest?” discrepancies between various studies and

problems with the estimations of payments of environmental services will persist.
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These discrepancies may end up costing hundreds of millions of dollars in
erroneous payments and unsuccessful carbon mitigation projects as well as the
irrevocable loss of biodiversity. In order to rectify the discrepancies. more
rigorous methods including a greater emphasis on the collection of ground control
data are required. In addition a standardized description of the “torest™ class
which takes into account the heterogeneity of the deciduous dry forests as well as
every class included in a land cover analysis would reduce the uncertainty
associated with the current land cover classifications. Some large scale global
land cover maps are inherently unrealistic when examined closely at the
ecosystem or country scales. The implications of our study present a need for
looking beyond simple accuracy assessments of these products and examining
them in broader contexts such as environmental services payments and the
establishment of biological corridors at national and regional scales.

Fassnacht et al. (2005) identify the importance of understanding the
limitations and caveats associated with using products created from remotely
sensed data. The four key issues they identify are differences in direct and indirect
models, difference between class-based and continuous mapping models, scale
and accuracy assessment. Similar issues illustrated in this study strengthen the
need for a stronger awareness about how maps created from imagery should be
used and the technical limitations associated with such data. Nevertheless there is
no doubt that remote sensing is a powertul tool for policy makers when used

appropriately.
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