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The Landscape Ecology of Secondary Tropical Forest in Montane Costa Rica

Chapter 1

Introduction

Tropical forests are important for their environmental services, such as watershed

processes (Salati and Vose 1984) and their role in global carbon cycling (Detwiler and

Hall 1988, Houghton 1995), the socioeconomic value of their land, timber and non-

timber forest products (Southgate et al. 1991, Peters et al. 1989), and their importance for

biodiversity (Wilson 1988). Although tropical forests contain an estimated 40 to 90 per

cent of the world's biological diversity, they have been undergoing rapid change (FAO

1993). Tropical secondary forests (less than 60-80 years of age) comprise an estimated

600 million hectares, or about 40% of total tropical forest area (Brown and Lugo 1990).

Estimates of conversion rates from closed mature tropical forest to secondary forest for

purposes of logging, agriculture or grazing 15 million hectares per year during the 1 980s

(FAO 1993). Many of these lands are then abandoned and revert to secondary forests.

Monitoring the status of secondary relative to mature forests and investigating their

exploitation is necessary for understanding mature forest conversion patterns, designing

nature reserves, and quantifying carbon dynamics. Employing remote sensing of tropical

forests is vital to these efforts. However, distinguishing between different successional

stages is not always straightforward (Sader et al. 1991).

Tropical secondary forest lands are good candidates for management such as

enrichment planting or other silvicultural treatments because of their provision of goods



and services for human use and their closer proximity to human settlements (Brown and

Lugo 1990, Butterfield 1994, Brown 1996). Their productivity can not only supply

humans with forest products but through that provision reduce human pressure on mature

tropical forests. Of more recent interest is their role in the global carbon cycle. On the

one hand, because secondary forests generally contain low biomass, mistaking them for

mature forest overestimates their total carbon biomass. On the other hand, secondary

forests can be prime areas to offset greenhouse gas emissions. An understanding of their

geographical dimensions is necessary to accurately map them and plan such projects.

The two broad objectives of this research are to address the lack of knowledge

related to mapping secondary forests and to understanding their broad spatial patterns in

the context of both their biophysical and socioeconomic landscapes. Toward this goal, I

(1) apply and test an image processing procedure for mapping tropical forest successional

stage in a montane tropical region based on an innovative satellite image change detection

procedure developed for western Oregon by Cohen et al. (1995), and (2) use the resulting

methodology to create maps for a statistical analysis of landscape level controls on

secondary forest pattern. In developing the image processing procedures, I apply and test

the utility of several image processing steps. For the landscape analysis, I investigate the

relative importance of soil type and slope, life zone, proximity to road, proximity to

mature forest, human demographic parameters, and land tenure.

Tropical humid forest trees may normally persist for 100 to 200 years and up to

more than 400 years (Clark 1994) and can reach 50m or more in height. Natural

disturbances such as treefalls result in forest openings. These gaps form a mosaic of

small patches with different moisture, temperature and light regimes in which vegetation
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quickly regrows. In normal gap succession short-lived herbaceous species with lifespans

of weeks to a few years are followed by small trees, and later larger trees replace small

ones (Denslow and Hartshorn 1994).

Tropical secondary forests are those resulting from human disturbance, such as

forests regenerating from logging, clearing for agriculture (e.g. shifting cultivation,

annual crops, coffee plantations, etc.), and abandoned pastures. Brown and Lugo (1990)

operationally defined successional (or "secondary") tropical forests, including those

developed on abandoned fields, as those less than 60-80 years of age. In 1980, they

comprised an estimated 600 Mha, or about 40% of total tropical forest area (Brown and

Lugo 1990). These forests rapidly develop high leaf area, ground cover and total stem

density, but contain few trees >10 cm dbh. They have low basal area; and trees may be

short with low woody volume. Biomass also increases rapidly for at least up to about the

first 15-20 years (Brown and Lugo 1990).

While naturally created gaps in mature forests may regenerate quickly, large tracts

of severely disturbed forest may not. In moist and wet lowland forests, maximum

biomass and species composition may depend on severity and type of disturbance (Uhi et

al. 1988, Brown and Lugo 1990). Previous pasture can remaln in an arrested successional

stage: rapid-growing, short-lived secondary shrubs eliminate herbs normally found in gap

succession. Shade tolerant herbs develop, and over 3-10 years low stature secondary trees

with some taller trees (10 m or more) develop. Taller trees can replace the low stature

trees and dominate 10-40 years or more.

Initially microclimatic conditions are also different in cleared forest.

Evapotranspiration rates of recently cleared pasture in Amazonia may be half those of
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adjacent mature forest (Luvall and UhI 1990). However, during succession microclimatic

conditions quickly become similar to mature rain forest (McMahon 1980).

In lowland wet tropical forests, leaf reflectance (leaf area) and microclimatic

characteristics of secondary forests quickly become similar to those of mature forest.

Remote sensing methods with low spatial and/or spectral resolution and thermal methods

are unlikely to reliably distinguish secondary forest types after a relatively short period of

succession (Sader 1990).

Conversion of forests to agriculture and logging has accelerated substantially in

the last half-century and is of global concern especially in tropical regions (Food and

Agriculture Organization 1993). In America's tropical regions, institutional factors and

rural migration have generally combined to influence extensive forest clearing. Rural

population growth in developing countries is virtually always associated with forest

conversion (National Research Council 1993). In frontier areas with large blocks of

forests, building of infrastructure by a government, some other institution, such as an oil

company in Ecuador or a logging concern in tropical Asia (Liu et al. 1993), is often

followed by farmer colonization. In tropical America, forests are often cleared not only

to derive agricultural rents but also to establish ownership (Southgate et al. 1991, Hecht

1993, Rude! and Horowitz 1993, Rosero-Bixby and Palloni 1998). Consolidation of land

ownership into large pastures may follow initial colonization through a process of land

speculation (Hecht 1993) or because of soil degradation. To summarize, road building,

forest clearing to obtain land title, along with tax incentives in some cases (Brazil) are all

extremely important factors in addition to population pressure (Hecht 1993, Rudel and

Horowitz 1993, Harrison 1991). Once only smaller blocks of forest remain in a settled
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area, such as in Costa Rica and areas of Amazonia, farmers gradually remove more forest

in response to rising commodity prices, lowered fertility of current plots, or through

parcelization for children to establish agricultural plots (Rude! and Horowitz 1993).

Biophysical factors also influence forest disturbance rates and patterns. Important

factors include topography, climate and soi! fertility. Humans tend to settle, convert to

agriculture, and/or harvest forests that are most accessible and therefore tend to be at

lower elevations and have gentler slopes (Sader and Joyce 1988). In addition, forests

closest to transport corridors, i.e. roads, rivers, or coasts, are settled and/or harvested first

(Sader and Joyce 1988, Skole et al. 1994, Liu et al. 1993, Rudel and Horowitz 1993,

Veldkamp 1992). Access and proximity to markets provides an economic explanation for

this pattern. Finally, more fertile soils are more likely to undergo forest conversion

(Veldkamp 1992, Chornitz and Gray 1997).

At fairly small spatial scales, we know that on previously cleared tropical lands,

forest recovery is fast if remnant forest vegetation is nearby. The facilitating vegetation is

usually remnant original forest that consists of forest fragments (Kramer 1997, Turner

and Corlett 1996, Bierregaard et al. 1992), the edges of larger forest tracts (Purata 1986),

or even single trees (UhI et al. 1988, Perry 1996). At these scales, landscape structure,

that is the spatial relationships between distinctive land-cover classes (Turner 1989),

influences tropical forest succession after disturbance. While studies have established

that the landscape structure of mature forest is important to tropical forest recovery at

smaller scales, probably of less than one to several hectares (Purata 1986, Nepstad et al.

1990), less is known of its importance relative to other landscape attributes. Relatively

few studies have focused on how landscape attributes distributed at broader scales of



several hectares to hundreds of km relate to the occurrence of secondary tropical forest.

However, several such attributes influence the forest landscape through influencing

harvest or conversion to other uses (Lee et al. 1992). Turner et al. (19%), and Spies et al.

(1994), for example, have shown that land ownership (public vs. private lands) impacts

rate and pattern of forest harvest. These attributes may also influence secondary forest

pattern.

In older, more extensive human settlements, secondary forest and secondary

shrub/forest develop mainly adjacent to old-growth forest remnants. In the third chapter

of this thesis, I test the hypothesis that at the regional scale, the spatial pattern of remnant

original forest will be one of the best predictors of the spatial distribution of secondary

forest. A pattern of secondary forest closely associated with old growth could result from

various interactions between biological and socioeconomic forces. Biologically, seed

dispersal, germination, and microclimatic conditions are usually more favorable near

remnant forest (Uhi et al 1988, Nepstad et al. 1990). Indeed, in one of the few efforts to

model secondary forest pattern, Wilkie and Finn (1988) used mean distance to primary

forest as one of their variables for modeling land cover in the Republic of Congo.

Kramer (1997) also found that in a newly protected tropical forest landscape in Costa

Rica, secondary forest spread from forest fragments.

There are several reasons for socioeconomic forces to favor secondary forest

occurring close to old growth. Land adjacent to remaining original forest is often less

accessible than lands which are, for instance, close to main roads. Inaccessible lands,

which undergo deforestation later, may also be abandoned more readily or used less

intensively, and through that mechanism accessibility could impact pattern of secondary
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forest. Market forces provide one explanation for this pattern because increased cost of

access lowers the achievable land rent (Alonso 1964) or may impact utilities of various

land uses. Climate and elevation also affect land use through differences in the crop

productivity and subsequent land rents that are possible to achieve (Kappelle 1995). As

mentioned previously, land tenure or protection status also affects land use, as do human

demographic trends and soil fertility. Wilkie and Finn (1988), for example, suggested

that increases in human population density would lead to decreases in both mature and

older secondary forest lands. Land tenure also affects land use in temperate regions

(Spies et al. 1994, Turner et al. 1996). Degraded forest, which Brown and Lugo (1990)

include in their definition of secondary forest, is also likely to occur at the edges of

mature forest through over-harvest for wood or other forest products (Brown et al. 1994),

or via disturbance by escaped field fires (Uhl et al 1988), or other tree mortality (Laurance

et al 1997). I concluded that the above factors would probably be important factors

determining the pattern of secondary forest at regional scales.



Chapter 2

Mapping Montane Tropical Forest Successional Stage And Land Use With Multi-Date
Landsat Imagery

E.FI. Helmer, Sandra Brown and Warren B. Cohen

Submitted to International Journal of Remote Sensing,
Taylor & Francis Ltd., London, UK,

December 1997, in review.
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JNTRODUTION

Changes in forest land use and land cover impact biodiversity, watershed

processes, and biogeochemical cycles such as forest carbon budgets (Franklin and

Forman 1987, Bierregaard et al.. 1992, Salati and Vose 1984, Detwiler and Hall 1988,

Brown and Lugo 1990, Houghton 1995, Helmer and Brown 1998). In tropical regions,

such changes include logging, clearing and burning for conversion to pasture or cropland,

and secondary vegetation regrowth during fallow periods or after abandonment. In such

changing landscapes, ecosystem degradation can slow or prevent recovery from such

disturbances (Uhi et al.. 1988). If sustainable development of these landscapes includes

maintaining ecosystem functions, then ecosystem components that enable recovery after

disturbance, such as remnants of old-growth forest, must be maintained (Perry 1995,

Turner and Corlett 1996). To understand how human disturbances interact with forest

recovery, we need to be able to monitor the extent and condition of tropical secondary

forests, a topic currently receiving much attention in remote sensing (e.g. Moran et al.

1994, Foody et al. 1996, Steininger 1996).

Mistaking secondary forests for old-growth forests (1) underestimates the role of

tropical forests as a carbon sink because old-growth forests are assumed to be in carbon

balance, whereas secondary forests sequester carbon and may be partly responsible for the

"missing sink" in global carbon budgets (Brown and Lugo 1990) and (2) overestimates

the carbon pooi of tropical forests, because secondary forests contain less biomass, and

most likely less soil carbon, than do old-growth forests. Any differences in the rates at
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which carbon accumulates on abandoned lands are important to include in landscape

analyses of forest carbon dynamics.

Although researchers have successfully used satellite imagery to measure forest

conversion in the humid tropics (e.g., Sader and Joyce 1988, Skole and Tucker 1993),

detecting the fate of cleared lands has presented certain difficulties. Determining forest

successional stage involves detecting more subtle vegetation differences than does

mapping deforestation. As a result, mapping these elements with satellite imagery

currently requires more detailed reference data. Obtaining finer-scale aerial photos and

access to field sites for many tropical regions can be costly (Sader 1995). Furthermore,

tropical secondary forest older than 12 to 20 years is difficult to distinguish from old-

growth forest with Landsat Thematic Mapper (TM) imagery (Sader et al. 1989, Moran et

al. 1994, Steininger 1996). Distinction of different disturbed land cover classes, both

forest and non-forest, can also be inaccurate (Sader et al. 1991, Foody et al. 1996,

Steininger 1996).

Most previous applications of land-cover mapping with satellite imagery to

tropical regions have been at lower elevations with relatively gentle topography. Satellite

image interpretation in mountainous tropical regions presents additional difficulties.

Although there was an elevational gradient across the study area in Sader et al. (1991), to

our knowledge no research has explicitly addressed the impact of topography on mapping

land use and forest successional stage in mountainous tropical regions that extend across

ecological zones. In montane forests, digital signatures of areas with similar cover type

are more variable because of variable topographic illumination (Sader et al. 1989).

Although digital elevation models (DEMs), of scale 1:250,000 or less, can assist with
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normalizing digital image data for topographic effects (Smith et al. 1980), DEMs at this

scale are not widely available for most tropical regions. An additional complication in

mountainous regions is that vegetation zones usually change with altitude.

The overall objective of our study was to determine the feasibility of using

Landsat imagery from multiple dates to map land use and forest successional stage at a

single date in a mountainous tropical region for which limited reference data were

available. In order to attain our overall objective, we used the following approaches.

First, we examined various spectral indices for distinguishing land-cover classes,

including spectral differences between image dates. Multi-date imagery also allowed us

to estimate secondary forest age. Secondly, we sought to determine whether adding the

dimension of temporal changes in spectral response would improve classification

accuracy. Previous work with multi-date imagery (e.g. Tucker et. al 1985, Lambin and

Strahler 1994) merged imagery from multiple seasons to use in classifying land cover.

We tested the usefulness of merging spectral data from multiple decades for detecting

land use and land cover, including successional forest. Because atmospheric differences

between image dates can become important with many change detection applications

(Coppin and Bauer 1996), we also incorporated radiometric normalization of image dates.

Thirdly, we applied these techniques to create a land-use/land-cover (LULC) map of a

mountainous region of Costa Rica.



METHODS

Study region

The 42,300-ha study region is located in southern Costa Rica, in the southwestern

part of the Talamanca Mountain Range (Figure 2-1). It includes private lands and

portions of two forest reserves, both of which are situated on either side of the Inter-

American Highway: the Rio Los Santos on the Pacific slope, created in 1975, and the Rio

Macho on the Atlantic slope, created during the 1960s. Both reserves provide buffer

zones to the UNESCO La Arnistad Biosphere Reserve and World Heritage Site (Kappelle

and Juarez 1994), which will soon include what is now the Rio Macho reserve.

Elevation within the study area ranges from about 1500 to 3500 m. Forest

ecosystems include lower montane moist forest, lower montane wet forest, montane rain

forest and subalpine rain páramo (sensu Hoidridge et. a! 1971). The lower montane wet

and montane rain forests are tropical evergreen and are comprised of communities

dominated by one to three species of Quercus. Between about 2200 and 2900 m

elevation, the average canopy heights of these communities range from 25-40 m,

depending on community type and elevation (Kappelle et al. 1989). Between 2900 and

3100 m, upper montane and subalpine forest (sensu Kappelle 1991 and Soto and Diego

Gomez 1993), with canopies as short as 12-20 m, grade to subalpine rain páramo, where

Ericaceous species or grasses of the bamboo genus Chusquea dominate (Kappelle et al.

1989, Kappelle 1991). The elevation of this transition depends on the maximum elevation

of a given massif (Kappelle et al. 1989).

12



Figure 2-1. Location of study area (black shaded area) within Costa Rica.
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Clearing of montane forests for pasture or crops began with the construction of the

Inter-American Highway in the 1940s. However, most deforestation in the study region

occurred between 1950 and the early 1970s, when small settlements became villages after

construction of the highway. On the Pacific slope, coffee (Cafea sp.) is cultivated below

about 1800 m elevation, and fruit orchards occur between about 1800 m and 2400 m.

Cattle grazing and blackberry cultivation (Rubus sp.) occur on both slopes between about

1800 and 2950 m. Charcoal and fence posts, mainly from native oak trees and often from

dead wood in previously cleared areas, are produced from about 2650 to 2950 m. Other

crops include potatoes and vegetables (Kappelle and Juarez 1995).

The landscape now consists of a mosaic of old-growth forest, pasture, orchards

and secondary shrublands and forests developing on previously cleared lands. Secondary

forests are easily distinguishable from old-growth forest because of differences in species

composition and canopy height. For example, Kappelle et al. (1996) reported that

maximum canopy height was about 10 m in 8 to 20 year-old forest, and 15 m in 25-32

year-old forest, compared with 20-40 m attainable in old-growth forest.

Approach

Using reference data from field observations and aerial photos, we used multi-

date, Landsat Thematic Mapper (TM) imagery to develop a classification scheme that

mapped secondary forests, agricultural lands and old-growth forests in 1992. Mapping

LULC with satellite imagery consisted of several image pre-processing steps, collecting

reference data, categorizing land cover into thematic classes which would both meet



study objectives yet still be distinguished reliably, and selecting a classification model

through comparing the accuracies achieved by using different combinations of spectral

indices.

Image pre-processing

Image pre-processing converts original satellite images into more readily

interpretable data that feed directly into classification modeling. It included co-

registering and merging multiple image dates in order (1) to observe patterns of spectral

responses for the same locations over time, (2) to estimate age classes of secondary

vegetation, and (3) to test whether including spectral indices from multiple image dates

would improve classification accuracy. It also included examining spectral indices that

correlated with forest development in other research, such as wetness (e.g., Cohen et al.

1995), and radiometrically normalizing spectral data in multi-date images. Finally, image

pre-processing included masking clouds and cloud shadows and stratifying the imagery

by ecological zone.

We co-registered two Landsat TM images dated 6 February 1986 and 3 April

1992 to UTM coordinates using a nearest neighbor resampling to a 25-rn cell size. The

quadratic transform, based on 65 points, had a root mean square error (RMSE) of less

than ±0.5 pixels. Cloud-free, digital Landsat Multi-Spectral Scanner (MSS) data were

not available for this region from the 1970s. However, we created a grey scale MSS

image by scanning a 9 x 9-inch black-and-white positive of MSS band 5, dated 12

February 1975. We co-registered this image to the other dates using a nearest neighbor
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resampling to a 25-rn cell size. The RMSE of the quadratic transform, based on 37

points, was about ±1.9 pixels. We did not use digital data from the scanned image in

classification, but we used it for visual interpretation of secondary forest age.

A second image pre-processing step normalized imagery for radiometric

differences between dates. Its goal was to minimize between-date spectral changes

caused by changes in such things as earth/sun distance, detector calibration, sun angle,

atmospheric condition and sun/target/sensor geometry (Jensen et. a! 1995). The

radiometric normalization method of Hall et al. (1991) calibrates each TM band in an

image to the corresponding band in a reference date. The calibration is done by

developing regression lines between the two dates, one line for each band, from bright

and dark targets. Bright targets usually correspond to rock outcrops or human-made

structures such as metal buildings, while dark targets may correspond to deep water.

Such targets are assumed to exhibit changes resulting only from radiometric differences

between images.

We modified the method of Hall et al. (1991) to radiometrically normalize raw

TM bands before transfoming them to the i'M Tasseled Cap (Crist et al. 1986) or other

indices. We used co-locatable image elements for our bright and dark targets, instead of

choosing targets from spectral space as in Hall et al. (1991). For dark target pixels, we

sampled a relatively large number of pixels (about 200) from ocean water far offshore in

order to minimize variability resulting from sediment-laden run-off, sun glint, or waves.

Normally preferable bright targets, such as human-made structures and rock outcrops,

were too small to balance the large numbers of dark target pixels. As a result, we chose

bright targets from the centers of large. bright pastures without trees. Rainfall timing,
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seasonality and pasture age can make pasture a relatively unstable target. However, we

found that spectral differences between the two image dates were the same whether bright

targets were from pasture or human-made structures (P <0.05).

We transformed the TM images to the TM Tasseled Cap (TC) indices of

brightness, greenness and wetness, using fixed TC coefficients from a guided principal

components analysis (Crist et al. 1986). The TC transform condenses TM bands 1

through 5 and 7 into three indices that can be viewed in three-dimensional color space,

which enhances visual interpretation of imagery (Cohen et al. 1995). In addition, wetness

showed promise for distinguishing secondary forest from old-growth because it can

distinguish differences in forest structure (Cohen and Spies 1992, Fiorella and Ripple

1993, Cohen et al. 1995, Collins and Woodcock 1996). In the Pacific Northwest of the

U.S. it is useful for distinguishing old-growth from mature secondary forest, and

differences in aspect illumination do not greatly impact its values in closed canopy forests

(Fiorella and Ripple 1993, Cohen et al. 1995).

We also examined the usefulness of two additional TM band indices for

distinguishing old-growth from secondary forest, including the TM band index (2 x 6)/7

(visible green x thermallmid infrared) (Boyd et al. 1996). Although the original

resolution of the TM thermal band 7 is 120 m, we resampled it to a 25-rn cell size for

calculating this index. We also calculated the TM band 4/5 ratio (near infrared/mid

infrared), because Fiorella and Ripple (1994) and Kushla and Ripple (1998), found that it

was distinguished forest structure in the Pacific Northwest of the U.S. Finally, we

calculated three difference bands by subtracting the TC index in 1986 from the

corresponding TC index in 1992 (i.e., brightness in 1992 minus brightness in 1986 for
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pasture, etc.). We compared class-by-class differences with the average difference band

values of all LULC classes.

To avoid confusing clouds, cloud shadows, and urban areas with land covers of

major interest, we masked these image elements using the unsupervised classification

algorithm ISODATA (ERDAS 1997). Beginning with 100 classes, we iteratively

reclassified confused spectral classes until we isolated clouds, cloud shadows, and urban

areas from other scene components. Using the ERDAS (1997) program SIEVE, we

excluded scattered pixels of topographic shadow from the cloud shadow mask.

To ensure that we could reliably identify secondary forest, we stratified the

Landsat scenes by ecological zone using a 1 :250,000-scale digital map of life zones

(sensu Holdridge et. al 1971) developed by Bolanos and Watson (1993). Preliminary

observations of spectral data had indicated that secondary forest in the oak-dominated

montane rain and lower montane wet forest zones was confused with old-growth forest in

adjacent premontane and lower montane rain forest.

Potential confusion between montane secondary forest and shorter upper montane

and subalpine forest and shrublands had also become evident. Because humans do not

intensively exploit the vegetation at these elevations, we isolated the upper montane and

subalpine vegetation by digitizing four simple polygons around them. We classified the

area within these polygons separately from the remaining image.



Reference data for classification training and testing

Reference data consisted of 356 polygons which averaged about 3 ha in size

(range 0.75-9 ha). We categorized reference patches into the LULC types listed in Table

2-1. In Tables 2-1 and 2-2, old-growth forest refers to forest apparently undisturbed at

least in the last century or more. About 80% of the reference patches were from direct

field observations made by traveling on roads in the area in 1996 and 1997. The

remaining observations were from interpretation of black-and-white stereo pairs of aerial

photos, scale 1:60,000, dated the same season and year of the most recent TM image (dry

season, 1992). There were few discrepancies between field observations in 1996-97 and

land cover in 1992, except that a few of the pastures had become overgrown with shrubs

during the intervening 5 yr.

For field-derived polygons we noted the presence of remnant old-growth trees on

disturbed lands and any evidence that pasture was still in use. We also visually estimated

the relative percent cover of bare soil, grasses, shrubs and trees for a subset of 96 of the

polygons. We used the percent cover information to define secondary shrub/forest as

apparently abandoned lands with 30% or more shrub cover that co-dominated with trees

rather than pasture grasses. These shrub-dominated lands were not reliably distinct from

cultivated blackberries (Rubus sp) in our aerial photos. Although the uncertainty mainly

occurred on shadowed slopes, we limited our reference data for this cover type to field-

derived patches only, resulting in 28 secondary shrub/forest patches 6yr (19 sunlit and 9

shadowed) and 12 patches of cultivated blackberries or blackberries with pasture.
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All AbandonedlSuccessional lands may contain remnant old growth trees.
2Lands not categorized by illumination class.
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Table 2-1. Categories of land use and land cover for interpreting the 1992 TM image of
the study area. Multi-pixel reference patches were grouped into the categories of land
use and forest successional stage shown. The symbols listed are those used for Figures
2 through 5. Table 2 lists symbols for shadowed slopes.

Category Land Use/Land Cover
Symbol on

Sunlit Slopes

Agricultural lands Pasture lands, including:
Pasture
Pasture with shrubs
Pasture with trees
Pasture with trees/shrubs
Pasture with remnant trees
Fruit orchard

Tree/shrub crops, including
Coffee
Blackberries, Blackberries
with pasture

PA

CF/R

Transitional lands Secondary shrub/forest,
<6 years old

SFSH <6

Abandonedl
Successional
lands1

Secondary shrub/forest yr

Secondary forest 6- 16 yr

Secondaryforest l7yr

SFSH

SF 6-16

SF17

Undisturbed lands Old growth
Subalpine old-growth forest

and shrub
Old-growth forest on ridges

above 2400 m elevation
Páramo

OG
SubalpOG2

Other 0G2

Páramo2
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We screen-digitized reference polygons and assigned each an aspect/illumination

category of either shadowed or sunlit based on visual interpretation of imagery. We also

visually interpreted images from 1975 and 1986 to assign sunlit secondary forest patches

to one of three secondary forest age classes: <6 yr. 6-16 yr and 17 yr (Lucas et al.

1993). For example, if secondary forest in 1992 also appeared to be secondary vegetation

in 1986, we assumed it was greater than or equal to six years old (6 yr); if it appeared to

be pasture, we assumed it was less than six years old (<6 yr). Interpreting land cover on

shadowed slopes in the 1975 image was less certain. Thus, we aged shadowed secondary

forest using only the image from 1986, resulting in two age classes of <6 yr or yr.

We then grouped the various cover types into categories that would indicate

whether previously cleared lands were still used for pasture or agriculture. Table 2-1 lists

LULC by these categories for sunlit slopes and Table 2-2 for shadowed slopes.

Agricultural lands included all pasture and cultivated land, including tree and shrub

crops; Abandoned/Successional lands included all secondary forest lands that did not

appear to be intensively cultivated or used for pasture for 6 years or more; and

Transitional lands indicated lands apparently used for pasture or agriculture in 1986 that

had developed dense vegetation by 1992. We assumed that longer-term abandonment of

these lands was less certain and included these lands with Agricultural lands in the final

classification. Undisturbed lands included all old-growth forest and other shrub or forest

ecosystems not significantly disturbed by humans recently.



Table 2-2. Grouping of land-use and land-cover types on shadowed
slopes for classifying the study area. Symbols shown are those used
in Figures 2 through 5.

'All AbandonedlSuccessional lands may contain remnant old growth trees.
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Symbol on
Shadowed

Category Land Use/Land Cover Slopes

Agricultural lands and All pasture lands and fruit PA/AG

Transitional lands orchards
Tree/shrub crops (coffee,

'I

blackberries)
Secondary shrub/forest <6 yr It

Abandonedl Secondary shrub/forest 6yr, SFSH/SF
Successional Lands1 Secondary forest yr

Undisturbed lands Old growth OG



Classification and accuracy assessment

For classification analyses we first derived a set of classes that we could classify

reasonably accurately and still meet our objective of distinguishing secondary forest from

agricultural lands and old-growth forest. Therefore, we initially classified different

combinations of LULC types using supervised maximum likelihood classifications. We

then combined cover types within the land-use categories in Tables 2-1 and 2-2 that were

spectrally confused. In this process we used about 6 different combinations of all the

spectral indices and ratios from one or both TM image dates. We used a portion of the

reference data for building each classification and a different portion for testing it. The

outcome of these classifications was that on sunlit slopes, we combined (1) all of the

secondary forest classes yr. and (2) all of the tree/shrub crops with the transitional

secondary shrub/forest <6 yr. We found that to accurately distinguish agricultural and

transitional lands from secondary vegetation on shadowed slopes, we had to combine the

reference data for disturbed lands into two categories: (1) pasture, tree/shrub crops and

secondary shrub/forest <6 yr. and (2) secondary shrub/forest yr and secondary forest

yr (Table 2-2).

For the final set of classes, we randomly selected 60% of all reference

observations for conducting supervised maximum likelihood classifications and used the

remaining 40% for estimating their accuracy. Using the Kappa statistic (Congalton

1991), we then compared classification accuracy between using various band

combinations in the maximum likelihood analysis. The goal of this comparison was to
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determine the contribution to classification accuracy of (1) multi-date imagery, (2)

spectral indices of forest development, and (3) stratification of classes by illumination.

To map LUILC, we used all three TC indices from both image dates, without

radiometric normalization, in a maximum likelihood classification. Using both image

dates yielded slightly less confusion between sunlit tree/shrub crops and secondary

forest/shrub yr. In addition, the reference data that we collected included 54 field and

aerial photo-derived patches from within the polygons that we used to isolate old-growth

upper montane and subalpine vegetation. With these data, we applied a maximum

likelihood classification to map the distribution of subalpine and peak cover types.

RESULTS

Spectral responses to land cover

On both sunlit and shadowed slopes in 1992, the TC index of brightness

decreased and that of wetness generally increased from agricultural lands to secondary

forest to old growth. (Figure 2-2). Greenness was lowest in pasture, generally increased

towards a peak in secondary forest aged 6-16 yr. and decreased toward secondary forest

17 yr and old growth (Figure 2-2b). Sunlit secondary forest lands co-dominated by both

tree and shrub species (SFSH yr) showed lower greenness and wetness than both

secondary forest 6-16 yr and secondary shrub/forest <6 yr. We attribute the lower

greenness and wetness of these patches to the denser cover of senescent shrub vegetation

that we observed during field studies.
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Figure 2-2. Patch level mean band value (DN = digital number) and 95% confidence
interval of the Tasseled Cap indices (a) brightness, (b) greenness and (c) wetness for
various land-use/land-cover cover classes in 1992. On sunlit slopes, PA = pasture or
pasture with trees andlor shrubs, CFIR = coffee or blackberry cultivation,
SHSF <6= secondary vegetation of shrubs with trees and/or grass <6 yr old,
SFSH = secondary vegetation dominated by shrubs or co-dominated by shrubs and
trees yr old, which may include trees or remnant old-growth trees, SF 6-16
secondary forest 6 to 17 yr old, SF 17 = secondary forest 17 yr old, SFold = secondary

forest 25 to 35 yr old, OG = old-growth forest. On shadowed slopes, PA/Ag =
agricultural lands used for pasture (with and without trees or shrubs), coffee or blackberry
cultivation and secondary vegetation <6 yr old, SFSHJSF = all secondary vegetation

yr old, and OG = old-growth forest.
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Both brightness and greenness values were significantly lower on shadowed than

on sunlit slopes for any given LULC class (Figure 2-2). In comparison, wetness values

were similar for shadowed vs. sunlit secondary forest and shadowed vs. sunlit old growth

(Figure 2-2c). The highest wetness values were obtained from old-growth forest,

regardless of illumination class.

Similar to wetness, the band indices (2 x 6)/7 and 4/5 generally increased from

agricultural lands to secondary forest to old growth but showed slightly lower values for

secondary shrub/forest yr (Figures 2-3 and 2-4). The 95% confidence intervals of

sunlit secondary forest yr overlapped with those of both sunlit and shadowed old

growth in the band 4/5 ratio. The index (2x6)/7 showed significantly higher values for

old growth than for secondary forest. However, old growth on shadowed and sunlit

slopes had very different values, implying that illumination significantly influences this

index. Topography had less influence on the band 4/5 ratio in that all forest classes on

sunlit and shadowed slopes fell within a similar range.

Subalpine zone vegetation signatures were more similar to shadowed secondary

montane forest than to those of old-growth montane forest (Figure 2-5). For example,

páramo and shadowed pasture showed similar greenness and wetness, though they

showed lower brightness. The spectral similarity between secondary montane forest and

undisturbed subalpine forest required us to isolate subalpine vegetation from the other

montane vegetation in our analyses.
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use and forest successional stage symbols are as in Figure 2-2.
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Figure 2-4. Patch level mean band value (DN digital number) and 95% confidence
interval of the band ratio Landsat TM 4/5 for various land-use/land-cover classes in 1992.

Land use and forest successional stage symbols are as in Figure 2-2.



Figure 2-5. Patch-level mean band values (DN = digital number) and 95 % confidence

interval for the Tasseled Cap indices (a) brightness, (b) greenness and (c) wetness of
subalpine forest and other ridgetop vegetation and páramo, as compared with shadowed
land-use/land-cover types at lower elevations. Symbols for classes on shadowed slopes

are as in Figure 2-2.
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Temporal changes in tasseled cap indices

The mean spectral changes between 1986 and 1992 over all LULC classes, shown

as dashed lines in Figure 2-6, represent baseline changes between image dates caused

largely by radiometric differences. Points above or below these means likely represent

soil moisture or vegetation changes that increased or decreased spectral responses from

1986 to 1992. These between-date spectral differences were generally smaller and less

variable in old-growth forest and secondary forest yr than in agricultural lands and

secondary shrub/forest. At the 95% confidence level, these temporal differences were not

reliably distinct between secondary forest aged 6-16 yr and 17 yr; nor were those

difference bands for secondary forest distinct from old growth. In contrast, differences

from 1986-1992 were consistently large for sunlit secondary shrub/forest <6 yr. These

changes were negative for brightness and positive for greenness and wetness. Pasture

generally increased in brightness and decreased in greenness and wetness. Brightness and

greenness differences were large and positive for tree/shrub crops, but wetness

differences varied relatively widely from positive to negative. All shadowed classes

increased slightly in brightness, probably because the sun was closer to zenith in 1992.

Classification accuracy

The highest Kappa classification accuracies for combinations of spectral indices

occurred for classifications which included either all three TC indices from one or two

image dates (83%), brightness and greenness from two image dates (8 1%), or brightness,

greenness and the band 4/5 ratio from one image date (Table 2-3). If brightness and

32



Figure 2-6. Difference bands by land usefland cover and forest successional stage. Data

are differences in patch level mean Tasseled Cap band values (1992 minus 1986, DN =
digital number) for (a) brightness, (b) greenness and (c) wetness. Values for 1986 were

not radiometrically adjusted. Error bars indicate 95% confidence interval of the
difference. Dashed (----) line indicates the mean change over all classes. Land-
cover/land-use and forest successional stage symbols are as in Figure 2-2.
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Table 2-3. Kappa classification accuracies and 95% confidence intervals. Data are for

the set of classes shown in Table 3 for various index combinations.

35

Indices used in classification Stratified by illumination
Not stratified by

illumination

Not
radiometric ally Radiometrically

Normalized Normalized

Not
radiometricaily

Normalized

Brightness 1992 (B92)
Greenness 1992 (G92) 76± 10 72± 11

B92
Wetnessl992(W92) 72±11 71±11

G92,W92 75±10 72±11

B92, G92, W92 83 ± 8.7 -- 73± 11

B92,G92,[2x6]/7 78±9.6 72±11

B92,G92,4/5 81±9.0 74±11

B92, G92,
Brightness 1986 (B86)
Greenness 1986 (G86) 81 ± 9.1 82 ± 8.7 74 ± 10

B92, G92, W92,
B86, G86, W86 83 ± 8.7 79±95 76 ± 10
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greenness from only one image date were used in classification, accuracy was lower at

76%. The highest Kappa accuracies also included stratification of classes by

illumination. In the models with spectral index combinations that included multiple

dates, classification accuracy did not improve with radiometric normalization of the TC

bands from 1986. Kappa accuracies were below 80% for models that used any of the

other spectral index combinations. However, these accuracies do not differ significantly

at the 95% confidence level.

An error matrix from using all three TC indices from both image dates for

classification (Table 2-4) indicates that errors of both commission and omission were

highest for secondary forest/shrub yr. which was mapped with 63% accuracy. This

class was mainly confused with tree/shrub crops and secondary forest, and this result

concurs with earlier studies (Sader et al. 1991, Foody et al. 1996). Aithough some

confusion occurred between secondary and old-growth forest, 80% of secondary forest

and 87% of old-growth forest patches were correctly classified.

Land cover and forest successional stage in the study area

Of the 23,130 ha of disturbed lands in the study area, about 46% are still used for pasture,

orchards and tree/shrub crops (coffee and blackberries) or are overgrown pasture (Figure

2-7 and Table 2-5). About 54% of disturbed lands have not been used intensively for 6 yr

or more. Of these lands, secondary forest covers about 9,000 ha (39% of disturbed

lands), and secondary shrub/forest occupies about 15% of the disturbed lands, or 3,510

ha. About 34% (15,260 ha) of the study area still contains old-growth montane



Table 2-4. Error matrix for the map of land use and forest successional stage. See Tables 1 and 2 for description of
classes. Shadowed and sunlit classes which were stratified for the classification were combined for this error
estimation. The Kappa statistic was 83 ± 8.7 per cent.

CLASSIFIED TO
Tree/shrub crops

Pasture/ and secondary Sunlit secondary Sunlit + shadowed Old Per cent
REFERENCE CLASS Agriculture forest/shrub <6 yr shrub/forest yr secondary forest yr Growth conect'

96
Pasture/Agriculture 27 1

Tree/shrub crops and secondary
forest/shrub <6 yr

14 100

Sunlit secondary shrub/forest yr 3 5 63
Secondary forest yr 2 2 32 4 80
Old-growth forest 1 3 26 87

Per cent correct2 93 78 63 91 87 87
'Comission error
2Omission error
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Figure 2-7. Map of land cover/land use and forest successional stage in the study area.



Table 2-5. Areas of land cover/land use and forest successional stage. See text and
Tables 1-2 for description of classes.

LA11 AbandonedlSuccessional lands may contain remnant old-growth trees.
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Land-use Category Symbol
Area
(ha)

Percent
of Area

Agricultural lands
+ Transitional
lands Pasture - sunlit 3,420 8.7

Pasture and agriculture - shadowed 4,390 11.2

Tree/shrub crops and secondary
shrub/forest <6 yr - sunlit 2,710 6.9

Subtotal 10,520 26.8

Abandoned!
Successional
lands' Secondary shrub/forest 6-16 yr -sunlit 3,510 8.9

Secondary shrub/forest yr and
Secondary forest yr- shadowed 4,090 10.4

Secondary forest 17 yr - sunlit 5,020 12.8

Subtotal 12,610 32.1

Undisturbed lands Old growth forest 11,530 29.4
Subalpine/Upper montane old-growth

forest and shrublands 3,730 5.5
Páramo 855 2.1

Subtotal 16,115 41.1

Total 39,245 100%



forest. About 2% of the entire area is subalpine páramo, and about 9% contains upper

montane and subalpine forest and shrublands.

DISCUSSION

Spectral responses of tropical forest successional stages

Most of the trends in vegetation reflectance that we obtained agreed with other

studies. The responses in brightness and greenness were similar to those from humid

tropical forest in Brazil (Steininger 1996). Steininger (1996) concluded that for

secondary forest, brightness decreased and greenness increased toward "mature" forest by

age 13 yr. and secondary forest was indistinguishable from mature forest in these indices

by age 19 yr. However, secondary forest 17 yr remained brighter, greener and less wet

than old growth in the montane region of our study. Secondary forest yr may be

distinguishable from old-growth forest because forests in this study region grow more

slowly in its cooler, montane climate (Kapelle et al. 1996). Slower growth permits a

longer time frame during which secondary forest is spectrally distinct from old-growth

forest. In addition, the canopies of Quercus spp. that dominate old growth may have

spectral response patterns that differ from the non-Quercus species that dominate

secondary forest for at least 20 yr and up to 30-35 yr in some stands (Kappelle et al.

1996). In addition, secondary forest structure differs significantly from old growth for at

least 30-35 yr. Basal area is much lower at about 9.8 m2 ha1 in 8-20 year old forest, and

17.4 m2 ha1 at 25-32 yr, compared with 60.7 m2 ha1 in old growth. Secondary forest is
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also much shorter: maximum canopy height reaches about 10 m in 8-20 years, and 15 m

after 25-32 years, compared with 36 m in old growth (Kappelle et al. 1996).

Because the greenness index contrasts the visible TM bands with near infrared

band 4 (NW), it can be low in pasture through greater reflection in the visible bands from

senescent vegetation or soil and moderate NW reflectance. Greenness peaks in secondary

forest, where vegetation dominates the spectral response with high NW reflectance,

resulting in maximum contrast between the visible and NW bands. In older forest,

vegetation reflectance remains dominant but NW reflectance decreases, so greenness is

lower (Moran et al. 1994, Steininger 1996, this study).

Mature humid tropical forest has lower values than secondary forest in the visible

TM bands 1 to 3, the NW band 4, the thermal band 6, and the mid infrared (MW) bands 5

and 7 (Moran et al. 1994, Nichol 1995, Steininger 1996, Boyd et aL 1996). As a result,

brightness is low in old-growth forest because its coefficients for TM bands 1 through 5

and 7 are positive. Wetness and the band indices (2x6)fl and 4/5 contrast one or more

visible, NW or thermal bands with the MW bands 5 or 7. The numerators and

denominators of the band indices (2x6)/7 and 4/5 are both higher in secondary forest than

in old growth. However, the denominators have smaller absolute values and become

smaller proportions of the numerators, so these indices increase in old growth. The lower

reflectance from old growth in the MW bands may be due to increased shadowing in

forests with more structure (Moran et al. 1994). In shadows, visible and NW reflectance

are relatively greater than for the MW bands (Crist et al. 1986). The TC wetness index

increases in canopy shadow because its coefficients for the MW bands are negative.
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Although the band 4/5 ratio was not greatly affected by topography, the 95%

confidence interval of sunlit secondary forest >17 yr overlapped with sunlit and shadowed

old growth. Our results do indicate that the band index (2x6)/7 may be useful for

distinguishing age classes of tropical forest in flatter terrain in that the three sunlit forest

age classes of secondary forest 6-16 yr. secondary forest >17 year and old-growth forest

were significantly different. However, in montane regions values of this index increase

markedly with topographic shadowing.

Differences in aspect illumination do not greatly impact TC wetness values, and

the wetness index is significantly lower in secondary montane tropical forest 17 yr than

in old-growth forest. Because of these two attributes, wetness may be a useful indicator

of old-growth forest in mountainous tropical regions where digital elevation models are

not readily available. These spectral response patterns of forest successional stages have

not been previously shown in a montane tropical region.

Wetness and the band 4/5 ratio also decreased topographic shadowing in closed

canopy conifer forests of the Pacific Northwestern U.S. and were useful for distinguishing

old-growth from mature forest (Fiorella and Ripple 1993, Cohen et al. 1995). In those

forests wetness increases from younger hardwood/conifer mixed stands toward closed

conifer forest <80 yr. and then it decreases with age toward old growth. Wetness may be

lower in conifer old-growth forest than in mature forest because dead wood and lichens

become an important component of old growth canopies in Pacific Northwestern U.S.

forests, and these components would have lower wetness.



Classification of tropical forest successional stage

Reports on the accuracy of identifying secondary forest age vary. We were unable

to reliably distinguish secondary shrub/forest <6 yr from tree/shrub crops. However, on

sunlit slopes the band indices of TC brightness, TC wetness and TM band 2x6/7 showed

promise for distinguishing among the age classes of secondary forest 6-17 yr, secondary

forest >17 yr and old-growth forest. Brondizio et al. (1996) reported distinction

accuracies greater than 85% for identifying three ages of secondary growth near AltamIra,

Brazil (<6, 6-10 and 10-15 yr). Because of wide variation in spectral signatures of

secondary growth, Steininger (1996) could reliably distinguish only two age groups of

secondary forest: <13 yr and 13-19 yr. Those findings agree with those of Foody et al.

(1996), who reported confusion between secondary forest classes aged 2 to 14 yr but

accurately distinguished secondary forest >14 yr.

The secondary shrub/forest yr in our study area may, at least in part, represent

lands where closed canopy forest is developing more slowly than in the secondary forest

cover types. Verification of that conclusion would require more detailed analysis of

vegetation cover and, possibly, a longer and higher-resolution temporal record. In Brazil,

species composition and rate of succession differ after abandonment of cleared lands (Uhi

et al. 1988, Mausel et al. 1993, Foody et al. 1996). While this variability complicates

identifying secondary forest age and land-use status, both Foody et al. (1996) and Mausel

et al. (1993) reported they were able to identify different successional rates or pathways

with remote sensing data.
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The high overall accuracy of distinguishing secondary forest from old-growth

forest in our study, as well as those of Sader et al. (1991), Mausel et al. (1993), and

Foody et al. (1996), could have occurred because little secondary forest within the study

regions was old enough to reach spectral similarity to old growth. TIthe numbers of

reference observations for older secondary forest were proportional to small relative

extents in these study areas, confusion of older secondary forest would not greatly impact

estimates of overall accuracy.

Classi:fication accuracy estimation

As previously mentioned, the Kappa accuracies listed in Table 3 did not differ

significantly at the 95% confidence level. In fact, few reports include Kappa confidence

intervals (Marsh et al. 1994 is an exception). The Kappa confidence intervals probably

overlap because off-diagonal observations were too numerous relative to correct

observations in the main diagonal cells of error matrices. II additional observations

yielded higher Kappa accuracy, using more than the 120 observations that we used for

accuracy assessment could have led to smaller confidence intervals. On the other hand,

these results may support the concept that Landsat digital imagery has limited spectral

dimensionality, and that many classification paths have similar outcomes.

Some researchers have concluded that accuracy estimations should have at least

50 observations per class (Hay 1979, Congalton 1991). This number of observations is

possible for pixel-level accuracy assessments, which may have relatively few ground- or

aerial photo level reference observations. However, resources may limit the number of



reference observations at the patch level to fewer than 50 (e.g. Sader et al. 1991),

especially when a portion is reserved for classification (as in our study).

CONCLUSIONS

In montane tropical regions, the relative differences between spectral responses of

old-growth forest, secondary forest and agricultural lands vary over landscapes. Complex

topography causes varying spectral responses of land covers through influencing sun

illumination angles and through changes in ecological zones. For example, stand and

canopy structures vary with ecological zone. Shorter, undisturbed upper montane and

subalpine forest and shrublands can have spectral responses similar to secondary forest

developed at lower elevations on abandoned agricultural lands. In addition, these

montane secondary forest lands had spectral responses similar to lower montane rain

forest, probably because Quercus spp. dominate old growth in montane zones but a

variety of species dominate both secondary forest in montane zones and mature forest in

premontane and lower montane rain forest zones. Stratification by ecological zone or

incorporation of other ancillary data appears necessary for mapping forest successional

stage in mountainous tropical regions using satellite imagery.

Rates of forest regrowth also differ between ecological zones. At the higher

elevations of our study region, slower secondary forest growth under cooler temperature

probably was partially responsible for our ability to distinguish secondary forest 17 yr.

from old-growth forest. Other research (e.g, Moran et. al 1994, Steininger 1996) using

Landsat TM imagery has indicated that secondary forest older than 12-19 yr is not
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spectrally distinct from old growth. Finally, we found that when digital elevation models

are not available, stratifying each land cover class into two illumination classes alleviates

confusion caused by aspect differences. These factors are important to consider when

mapping forest successional stage. Large-scale mapping projects that do not pay close

attention to these factors in montane tropical regions may easily over- or underestimate

relative extents of old-growth and secondary forest.

Incorporating digital data into classification models from images only 6 years

apart did not significantly improve classification accuracy in this montane region.

However, our method of radiometric normalization may be sensitive to the particular set

of bright and dark targets used for developing the calibration, and might have affected the

classifications that used spectral bands from two image dates. Yet multi-date imagery

allowed us to age secondary forest lands. In addition, temporal differences in spectral

indices in agricultural lands and very young secondary growth were larger and more

variable than changes in secondary and old-growth forest. This contrast in magnitude of

spectral change may be useful for distinguishing secondary forest from agricultural lands

in some applications.



Chapter 3

Secondary Tropical Forest Pattern and its Socioeconomic and Biophysical Landscape

E.H. Helmer
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INTRODUCTION

The spatial distribution of secondary forest in tropical landscapes has important

implications for biodiversity (Kappelle et al. 1995), watershed processes, and

biogeochemical pools and fluxes such as forest carbon budgets (Detwiler and HaIl 1988,

Brown and Lugo 1990, Helmer and Brown 1998). Secondary forests are those resulting

from human disturbance, such as forests regenerating from logging, clearing for

agriculture (e.g. shifting cultivation), and abandoned pastures (Brown and Lugo 1990).

These lands are good candidates for management such as enrichment planting or other

silvicultural treatments because of their provision of goods and services for human use

and their closer proximity to human settlements (Brown and Lugo 1990, Butterfield 1994,

Brown 1996). Their productivity can not only supply humans with forest products but

through that provision reduce human pressure on mature tropical forests. Of more recent

interest is their role in the global carbon cycle. On the one hand, because secondary

forests generally contain low biomass, mistaking them for primary forest overestimates

their total carbon biomass. On the other hand, secondary forests can be prime areas for

offset of greenhouse gas emissions. An understanding of their geographical dimensions

is necessary to accurately map them and plan such projects.

At fairly small spatial scales, we know that on previously cleared tropical lands,

forest recovery is fast if remnant forest vegetation is nearby. The facilitating vegetation is

usually renmant original forest that consists of forest fragments (Kramer 1997, Turner

and Corlett 1996, Bierregaard et al. 1992), the edges of larger forest tracts (Purata 1986),

or even single trees (UhI et al. 1988, Perry 1996). At these scales, landscape structure,
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the spatial relationships between distinctive land-cover classes (Turner 1989), influences

tropical forest succession after disturbance. We know that the landscape structure of

mature forest is important to tropical forest recovery at smaller scales of one to several

hectares (Purata 1986, Nepstad et al. 1990). However, little is known about the relative

influence of mature forest on forest recovery at regional scales, where other landscape

attributes may become important. Relatively few studies have focused on how landscape

attributes distributed at broader scales of several hectares to hundreds of km relate to the

occurrence of secondary tropical forest. However, several such attributes influence the

forest landscape through influencing harvest or conversion to other uses (Lee et al. 1992).

Turner et al. (1996), and Spies et al. (1994), for example, have shown that land ownership

(public vs. private lands) impacts rate and pattern of forest harvest. These attributes may

also influence secondary forest pattern.

We have observed that in relatively older, and correspondingly more extensive

human settlements, secondary forest and secondary shrub/forest develop mainly adjacent

to, or amid old growth forest renmants. In this paper, I test the hypothesis that at the

regional scale, the spatial pattern of remnant original forest will be one of the best

predictors of the spatial distribution of secondary forest. A pattern of secondary forest

closely associated with old growth could result from various interactions between

biological and socioeconomic forces. Biologically, seed dispersal, germination, and

microclimatic conditions are usually more favorable near remnant forest (Uhi et al 1988,

Nepstad et al 1990). Indeed, in one of the few efforts to model secondary forest pattern,

Wilkie and Finn (1988) used mean distance to primary forest as one of their variables for
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modeling land cover in the Republic of Congo. Kramer (1997) also found that in a newly

protected tropical forest landscape in Costa Rica, secondary forest spread from forest

fragments.

There are several reasons for socioeconomic forces to favor secondary forest

occurring close to old growth. Land adjacent to remaining original forest is often less

accessible than lands which are, for instance, close to main roads. Inaccessible lands may

be abandoned more readily or used less intensively, and through that mechanism

accessibility could impact pattern of secondary forest. Inaccessible lands undergo

deforestation later because they are far from roads and rivers, at high elevation, or on

steep slopes (e.g. Sader and Joyce 1988, Harrison 1991, Liu et al. 1993, Rude! and

Horowitz 1993, Nelson and Hellerstein 1997). Market forces provide one explanation for

this pattern because increased cost of access lowers the achievable land rent (A!onso

1964) or may impact utilities of various land uses. Climate and elevation also affect land

use through differences in the crop productivity and subsequent land rents that are

possible to achieve (Kappelle 1995). Land tenure or protection status (Rosero-Bixby and

Palloni 1998, Spies et al. 1994, Southgate et al. 1991, Hecht 1993, Turner et al. 1996),

also affect land use, as do human demographic trends (Southgate et al. 1991, Harrison

1991, Rudel and Horowitz 1993) and soil fertility (Veldkamp 1992, Chomitz and Gray

1996). Wilkie and Finn (1988), for example, suggested that increases in human

population density would lead to decreases in both mature and older secondary forest

lands. Degraded forest, which Brown and Lugo (1990) include in their definition of

secondary forest, is also likely to occur at the edges of mature forest through over-harvest

for wood or other forest products (Brown et al. 1994), or via disturbance by escaped field
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fires (Uhl et al 1988), or other tree mortality (Laurance et a! 1997). I concluded that the

above attributes are important to evaluations of secondary forest pattern.

Given the current gap in understanding broad spatial controls on secondary forest

pattern, I developed several research objectives aimed at narrowing this gap. These

objectives were to (1) characterize landscape pattern of the three main land-use/land-

cover (LULC) classes of agriculture, secondaiy forest and old-growth forest in a

topographically complex landscape that includes both public and private lands and

multiple human settlements, (2) develop statistical models of LULC that include

secondary forest, and both biophysical and socioeconomic factors, and (3) use those

models to compare the factors important to the presence of secondary forest to those

which drive forest clearing for agriculture.

STUDY AREA

I characterized landscape patterns of LULC within a study area from a map that I

developed from satellite imagery. With point observations of LULC from the map, I

examined relationships between LULC and several geographic attributes, such as

elevation and level of protection, using logistic regression and maximum likelihood

analysis.

The study area covers 103960 ha, including both protected and unprotected lands,

in the Talamanca Mountain Range in southern Costa Rica (Figure 3-1). Protected areas

included a portion of the Rio Los Santos Forest Reserve on the Pacific slope, which was

created in 1975, and much of the Rio Macho Forest Reserve on the Atlantic slope, which
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was created during the 1960s. Chirripó National Park bounds the eastern portion of the

study region. Both forest reserves have acted as buffer zones to the UNESCO La

Amistad Biosphere Reserve and World Heritage Site (Kappelle and Juarez 1994), which

includes Chirripó and will soon include what is now the Rio Macho reserve.

Elevation within most the study area ranges from about 1800 to 3700 m (Figure 3-

2). The area contains lower montane moist forest, lower montane wet forest, montane rain

forest, and subalpine rain páramo (sensu Hoidridge et al. 1971, Figure 3-3). A small area

within the lower montane moist forest zone, which extends as low as 1500 m, is largely

settled. Soils in the study area include volcanic ash-derived andepts and tropepts

developed on mountainous terrain (slopes of 30-80%). Both are excessively well-

drained, have low to moderate fertility, and are sometimes high in organic matter.

Ultisols (tropohumults) occur in mountainous to steeply dissected terrain, and entisols

(troporthents) occur on some ridgetops such as the subalpine páramo region of Chirripó

(Vasquez 1983, 1989).

The lower montane wet and montane rain forests are tropical evergreen and are

comprised of communities dominated by one to three species of Quercus. Between about

2200 and 2950 m elevation, the average canopy heights of these communities range from

25-40 m, depending on community type and elevation (Kappelle et al. 1989). At the

upper forest limit, canopies as short as 12-20 m grade to subalpine vegetation, including

subalpine forest (sensu Kappelle 1991) where Ericaceous species may dominate, and

shrub páramo, in which grasses of the bamboo genus Chusquea also dominate (Kappelle

et al. 1989, Kappelle 1991). This transition generally occurs between 2900 and 3100 m

in elevation, depending on the maximum elevation of a given massif (Kappelle et al.
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Figure 3-3. Life zones (sensu Hoidridge et al. 1971) within and surrounding study area.
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1989). Although the Holdridge (1971) life zone system does not distinguish subalpine

and upper montane forest (sensu Kappelle 1991) from montane rain forest, the

subalpine/low density forest that I have mapped from satcllite imagery corresponds to the

subalpine forest and upper montane communities described in Kappelle (1996) and Soto

and Diego Gomez (1993). I include the terminology low density to describe this class,

because as I have mapped it, it includes forest along the upper reaches of the Rio Grande

de OrosI, which I am assuming has low tree density because of its spectral similarities to

high-elevation forest.

Clearing of montane forests for pasture or agriculture began with construction of

the Inter-American Highway in the l940s. However, most deforestation in the study

region occurred between 1950 and the early l970s, when small settlements became

villages following the Inter-American Highway construction. On the Pacific slope, coffee

cultivation (Cafea sp.) occurs below about 1800 m elevation, and fruit orchards occur

between about 1800 m and 2400 m. Cattle grazing and blackberry cultivation (Rubus sp.)

occur on both slopes between about 1800 and 2950 m elevation. Charcoal and fence post

production, mainly from native oak trees and often from dead wood in previously cleared

areas, occurs from about 2650 to 2950 m elevation. Other crops include potatoes and

vegetables. Farmers use fuelwood from both native and planted trees (Kappelle and

Juarez 1995).

The landscape now contains both extensive tracts of old-growth forest and

mosaics of old-growth forest, pasture, orchards, or secondary shniblands and forests

developing on previously cleared or otherwise disturbed lands. Secondary forests arc

easily distinguishable from old-growth forest because of differences in species
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composition and their shorter canopy height. For example, Kappelle et al. (1996)

reported that S-20 year-old forest attained a maximum canopy height of about 10 m, and

25-32 year-old forest attained a height of 15 m, compared to 25-40 m attainable by old-

growth forest.

METHODS

Geographic data development

Land-use/Land-cover map-I used a map of land use/land cover for 1992 that I

developed from Landsat Thematic Mapper imagery. The area that I mapped for this study

extends within the same ecological zones but beyond the boundaries that I mapped when

developing the classification methodology. However, I used the same imagery and

reference data (Chapter 2, Figure 3-4) I combined the non-urban L1.JLC classes into five

classes; agricultural land, secondary forest, old-growth forest, subalpine/low density old-

growth forest, and páramo. Agricultural land included pasture and agriculture, including

tree/shrub crops, and successional vegetation <6 yr old. Secondary forests consisted of

all age classes of secondary forest and secondary shrub/forest yr old. Secondary

shrub/forest included secondary vegetation with at least 20% tree cover and 30% shrub

cover. My impressions from field observations are that the majority of secondary forest

in the study area is regrowth on lands previously cleared for agriculture. However, in the

LULC map secondary forests also include those recovering from escaped fires and
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logging or other harvest, as they were not distinguishable from secondary forest formed

on abandoned lands.

We resampled the classified imagery to a minimum mapping unit (MMU) of 8

pixels (0.50 ha) for the agricultural and secondary forest classes and 4 pixels (0.25 ha) for

old-growth forest classes. An 8-pixel MMU allowed pixels with signals influenced by

treefall gaps within old growth, which might be mapped as secondary forest, to fall within

the old-growth class. I used a 4-pixel MMU for old-growth forest to retain any remnant

old-growth forest patches that were about 0.25 ha or larger.

Human Demographic Landscape. -Human demographic data, by census segment,

were obtained from the most recent Costa Rican population census of 1984 (Rosero-

Bixby and Palloni 1998). Data from this census represent the human demographic

landscape close to the time that residents were deciding whether or not to clear any lands

that the LULC map classified as secondary forest or secondary shrub/forest yr old.

For each census segment of approximately 60 households, Rosero-Bixby and

Palloni (1998) assigned coordinates to its geographic center. Using inverse distance

weighted interpolation algorithms with search radii of 7.5 km. I created data surfaces

from this point data set for population density, proportion of subsistence farming

households that did not own land, proportion of land-owning agricultural households,

proportion of households using wood fuel for cooking, and an estimate of net

reproduction (Table 3-1, Figure 3-5). A 7.5 km search radius for point interpolation was

sufficient to preserve the data characteristics of individual villages while still extending

the data surfaces to all portions of the study area that showed evidence of human

disturbance.



Table 3-1. Independent variables tested for multinomial logit model.

Biophysical variables
ELEV Elevation in m.
LIFEZONE Hoidridge Life Zone (Hoidridge et al. 1971).

LIFEZONEO = lower montane moist forest,
LIFEZONE1 = lower montane wet forest,
LIFEZONE2 = montane rain forest.

SOIL Soil class. SOILO = entisol, SOIL1 = inceptisol, SOIL2 = ultisol.
SLOPE Slope class. SLOPEO = 30..-60% and SLOPE 1 >60% slopes.

Socioeconomic variables
ROAD 1DIST Distance in m to nearest national road.
ROAD2DIST Distance in m to nearest cantonal (local) road.
ROADMIN Distance in m to nearest cantonal or national road.
POPDENS Population density in persons/km2.
RURURB Population density class in persons/km2.

RURURBO = >50, RURURB1 = 10-50, RURURB3 = 0-10.
Average number of children per female of child-bearing age.
Proportion of households that are subsistence agriculturalists.
Proportion of agricultural households that own land.
Proportion of households that use wood fuel for cooking.
Level of protection.

LEVPROTO = unprotected,
LEVPROT 1 = forest reserve,
LEVPROT2 = national park.

Landscape variables
0G250 Proportion of old-growth forest in 250 m radius around observation.
OG100 Proportion of old-growth forest in 100 m radius around observation.
AG250 Proportion of agriculture in 250 m radius around observation.
OGDIST Distance in m to old-growth forest.
AGDIST Distance in m to agriculture.

NETREPR
NOLAND
LANDOWNER
WOODCO
LEVPROT
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Other Spatial Data. -I obtained digitized maps of scale 1:200,000 of Hoidridge life

zones (Holdridge et a! 1971, Bolanos and Watson 1993), soils (Vasquez 1989) and

protected areas (1)irección General Forestal 1988, Figure 3-6). I also used a digital

elevation model (CATIE 1997) and digital road maps of scale 1: 200,000 (Figure 3-4).

To update the road map, I displayed it over the satellite imagery and screen-digitized any

newer roads. Note that cantonal roads refer to the local roads along which most

individual farms are distributed.

Landscape pattern analysis. -To characterize the spatial patterns of agriculture,

secondary forest, old-growth forest and subalpine/low-density forest, I used the computer

program FRAGSTATS (McGarigal and Marks 1995). This program calculates spatial

pattern metrics such as mean patch size, number of patches, shape indices and forest

interior metrics, which describe landscape pattern. For the four classes, I calculated

landscape pattern metrics for the whole landscape, for the two elevation classes of lower

montane (<2500 m) and montane (2500 m), and by level of protection. I also calculated

pattern metrics for the whole study area after first combining secondary forest and old-

growth forest (excluding subalpine/low-density forest) into onp class. This final analysis

would help to determine how important adjacency of those two classes may be. To

distinguish edge from core portions of LULC patches, I used an edge distance of 100 m.



Figure 3-6. Level of protection within and surrounding the study area.
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Model development

I developed generalized linear models with LIJLC as the categorical dependent

variable. Model development included devising a sampling scheme that would minimize

potential impacts of spatial autocorrelation on model results.

The structure of these models is similar to other spatially explicit models of land

use (e.g. Chomitz and Gray 1996, Turner et al. 1996, Nelson and Hellerstien 1997) in that

it assumes that the dependent variables that I used can serve as proxies for several

unobseried processes that impact LULC. For a given point in the landscape at some

point in time, these processes have resulted in a particular LULC, and they probably

include human decisions aimed at maximizing land rent. The economic theory of von

Thunen holds that humans devote land to uses that maximize returns such that location

and land quality determine land use (Alonso 1964). Following this theory, agriculture

should occur where humans have decided to clear and maintain land in agriculture

because that is most feasible or profitable (Chomitz and Gray 1996). Secondary forest

should occur if vegetation has recovered following human decisions not to maintain land

as agriculture because that is no longer feasible or profitable. Secondary forest should

also occur after forest disturbance from escaped fire or selective wood harvest if

conversion to agriculture did not follow. Old growth should occur in areas that are

unprofitable to convert to agriculture or sufficiently protected from disturbance. I

hypothesized that the variables road distance, elevation and human population density are

related to cost of access and distance to market and thereby influence LULC. I used

estimates of landlessness among farmers as well as average family size of the population
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to represent the influence of the need for land on a particular LULC. My conceptual

model differs from the other models in that I included variables such as distance to old

growth forest to represent the positive influence that proximity to old-growth forest and

its remnants should have on forest recovery.

The logistic models take the form:

in [(Pr. LULC,)/ (Pr. LULCJ)J = [3iX1 .. ..+

Where (Pr. LULC1) and (Pr. LULC) are the outcome probabilities of land-use/land-cover

classes i andj, respectively, Po is a constant, j . . . are coefficient estimates and X1 . .

are one or more explanatory variables (Table 3-1).

Consideration of spatial autocorrelation in selection of sample poinrs.-Classical

hypothesis testing assumes that observations are independent of each other (Legendre and

Fortin 1989). Yet the spatial structure of maps implies that points in maps, or pixels in

rasterized digital maps, are spatially autocorrelated (Forten et al 1989). Two adjacent, 25-

m square pixels in a land-cover map from TM imagery, for example, are more likely to be

in the same land-cover class than otherwise because in mapping land cover using this

technology, land-cover patches are usually larger than individual pixels. In this example,

any pixels in the same patch might not be considered independent observations.

Furthermore, nearby patches are likely to be spatially autocorrelated at some observation

scales. Therefore, in testing hypotheses about spatial data, the proximity of pixels that are

spatially autocorrelated depends on the spatial structure of the process under study

relative to that of the sample observations, which are individual pixels in my case.

Consequently, I asked what size of buffer around each observation would result in

observations that were not spatially autocorrelated with respect to individual land-use
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decisions or juxtaposition of old-growth forest. From the perspective of land-use

decisions, an appropriate buffer radius would result in an area of about 20 ha, which is the

mean size of agricultural fields, including pastures, in the study area (this study). This

size is toward the smaller end of the range of 2 to 128 ha (Kapelle and Juarez 1995). The

corresponding buffer radius of 250 m would permit the statistical model to account for

variation in LULC within larger fields that coincides with variations in elevation, distance

to road, or old-growth proximity. At the same time, this spatial scale for sampling would

avoid over representing the land-use decisions made by any single landowner. From the

perspective of old-growth forest, I hypothesized that proximity to old growth or its

percentage in the landscape around each sample point would influence probability of

secondary forest occurrence. The 250-rn buffer radius could also serve as an effective

benchmark for gauging the influence of old growth in the landscape surrounding each

point. The buffer also prevents multiple sampling of overlapping old-growth landscapes.

Because spacing of sample points at least 250 m apart limits the number of

possible observations, a balance was necessary between increasing spacing length and

increasing the number of random samples necessary to represent the range of landscape

conditions. In consideration of this balance, I first randomly selected 500 single pixels, as

potential observation points, and then I eliminated all but one of any group of pixels that

were closer together than 250 m. This procedure resulted in a total of 349 observations.

We limited pixel selection to the three general classes of (1) agriculture, (2) yr

old secondary shrub/forest and secondary forest, and (3) old-growth forest. I ignored

subalpine/low-density forest in my point selection because agricultural activity is

relatively uncommon in the subalpine zone.
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Logistic model development. -The set of 349 observations provided data for

examining relationships between LULC and independent variables, with LULC as the

dependent variable, as well as the correlations between explanatory variables.

Developing logistic regression models allowed me to compare independent variables for

their ability to predict LIJLC. I developed multinomial (three or more outcomes) models

that both contained landscape variables, such as proportion of old growth in a set

perimeter around each observation (e.g. 0G250), as well as models that contained only

variables that were independent of the LULC map. I also developed two binomial (binary

outcome) models that used either distance to old growth (OGDIST), which had the

outcome of secondary forest or agriculture, and distance to agriculture (AGDIST), for old

growth vs. secondary forest. Because the values for the variables that measured distance

to an LULC class are always zero for the LULC class in question, multinomial models

were not meaningful for AGDIST and OGDIST.

I estimated all one-variable models and then used forward variable selection to

develop final multivariate models. In forward variable selection, I retained the most

significant explanatory variable of all possible one-variable models, then tested all

possible two-variable models using the retained variable plus a second variable, and so

on. I excluded any added variables which a Wald's test indicated had coefficient

estimates were significant with less than 90% probability, but I retained categorical

variables that had at least one class with a significant coefficient estimate.

I used log likelihood values to compare how well each model fit my data set. Log

likelihood values derive from the maximum likelihood method of estimating variable

coefficients and are a measure of discrepancies between the fitted model and observed
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outcomes. They provide a means for considering whether adding aparticular explanatory

variable to a logistic model improves the model fit. The larger the difference between the

log likelihood values for the reduced model relative to the full model, the more the

variable improves model fit (Hosmer and Lemeshow 1989).

Maximum likelihoOd classification. -I also conducted a maximum likelihood

analysis, which is a common method for supervised classification of satellite imagery, as

a preliminary test of whether the most significant continuous explanatory variables might

distinguish secondary from old-growth forest without using satellite-derived spectral data.

The test consisted of applying a maximum likelihood classification to a randomly

selected subset of half of the 349 observations. The remaining points served to estimate

the accuracy of such a classification. Because this analysis is a preliminary test of

whether ancillary data can aid in mapping these two forest classes distinctly, I excluded

the landscape variables OGDIST and PCTOG25O. In a hypothetical situation of mapping

LIJLC with satellite imagery, I assumed that identifying agriculture would be easier than

distinguishing secondary from old-growth forest, and several studies support this

assumption (Moran et al 1994, Steininger 1996). Therefore I included AGDIST as a

possible classification variable.

RESULTS

Distribution and pattern of land-use/land-cover classes

In 1992, the entire study area was 43.8% old growth and 11.4% old subalpine,

upper montane and other low-density forest, totaling 57,037 ha of undisturbed forest
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(Table 3-2). Páramo comprised 9.5% of the study area. While the majority of that

Páramo, 8,356 ha, occurred in Chirripó, 1,492 ha occurred outside of Chirripó, mainly in

the forest reserves. The remainder of the study area was about evenly divided between

16.5% agriculture and 18.1% secondary forests.

About 81% of lands within the study area have a protection designation. These

lands include 49,925 ha within the two forest reserves and 33,843 ha within Chirripó

National Park. Old-growth forest was the largest class in both Chirripó, where it

comprised 16,630 ha (46.5% of Chirripó), and in the forest reserves, where it comprised

48.5% (24,935 ha). An additional 6,744 ha and 4,541 ha of subalpine and other low-

density forest occurred in Chirripó and the forest reserves, respectively. Lands not part of

a reserve or park comprised 19% of the study area.

Protected lands had more old-growth patches that were larger on average at 22 ha,

compared to 9 ha for unprotected lands, and had larger mean core areas (7 to 8 ha vs. 2 ha

in unprotected lands). While 20% of these lands were in undisturbed forest classes,

agriculture comprised the largest portion, 47%, of these lands. Secondary forest

comprised about 28% of unprotected lands. Forest reserves contained a relatively smaller

proportion of agriculture, as compared with unprotected lands, but similar proportion of

secondary forests. About 12% of the agricultural area in national park land was from an

area deforested between 1986 and 1992, well after the date of park designation.

In lower montane elevations, small patches of secondary forest and old growth,

which averaged 9 to 10 ha in size, occurred embedded in a matrix of agriculture, which

had a mean patch size of 23.5 ha (Table 3-3). The largest agricultural patch in the lower

montane elevations comprised 23.6% of that zone (largest patch index in Table 3-3). The



Table 3-2. Land use/land cover in study area by level of protection."2

'Totals do not include a 350 ha portion of a protected zone which was 66% agriculture, 32% secondary forest, and 1% old growth, and a 172 ha portion
of the TapantI wildlife reserve that was 1% agriculture, 60% secondary forests, and 39% old growth.
2Totals do not include areas covered with water or with clouds in both image dates so may not sum to 100.
3Mean patch size (ha), minimum mapping unit (MMU) of old growth 0.25 ha, MMU for all other classes 0.5 ha.

Unprotected
ha % MPS3

Forest Reserve
ha % MPS

National Park
ha % MPS

Total
ha %

Land use/land cover
Agriculture 9 625 46.8 30.0 7 369 14.4 11.8 94 0.3 2.0 17 088 16.5
Secondary forest 5 673 27.6 9.0 11 586 22.6 7.7 1 356 3.8 2.5 18 832 18.1

Old-growth forest 3 628 17.6 8.7 24 935 48.5 22.1 16 630 46.5 22.7 45 264 43.8
Subalpine/upper

montane old
growth

488 2.4 6.1 4 541 8.8 10.1 6 744 18.8 9.9 11 773 11.4

Páramo 184 0.9 15.4 1 308 2.6 9.1 8 356 23.4 37.8 9 849 9.5
Bare/disturbed

páramo
13 0.1 0.7 179 0.4 1.0 644 1.8 0.8 836 0.8

Urban 54 0.3 9.1 7 0.0 7.0 0 0 2.3 61 0.1
Entire area 19 670 19.0 49 925 48.3 33 843 32.7 103 438



Table 3-3. Spatial pattern metrics for four main land-use/land-cover classes. Also shown are landscape metrics for lower montane
(<2500 m) and montane (>2500 m) elevation zones and over both elevation zones for a forest class comprised of both
secondary and old-growth montane forest.

1Minimum mapping unit (MMU) of old growth and subalpine old growth 0.25 ha, MMU for all other classes 0.5 ha.
2Percent of elevation zone comprised of largest patch of this class.
3rvican shape index. Shape is perimeter area and increases from 1 as patch shapes become more irregular.
4Mean core area index, which is average proportion of patches that is core, edge distance 100 m.
Total core area index (total core area for class / total class area).

Percent
of

landscape
Class

area (ha)

Number
of

patches

Mean
patch size

(ha)'

Patch size
standard
deviation

Largest
patch
index2 MSI3

Average
core area
size (ha) MCAI4 TCAI5

Lower inontane (<2500 m)
Agriculture 44.1 15,721 670 23.5 346 23.6 1.8 11.9 0.84 32.3
Secondaryforest 33.0 11,764 1278 9.2 71 5.5 2.3 1.6 0.26 5.8
Old-growth forest 22.6 8,064 817 9.9 70 4.5 2.0 5.4 0.98 19.2

Montane (2500 in)
Agriculture 2.3 1,601 390 4.1 12 0.2 1.8 1.4 0.79 6.1

Secondary forest 10.4 7,068 1602 4.4 31 1.5 2.3 1.6 0.14 4.2
Old growth forest 54.5 37,200 1519 24.5 569 30.9 2.0 16.9 0.35 34.7
Subalpine/upper

montaneold
growth

17.2 11,717 1098 10.7 111 4.2 2.6 3.2 0.14 8.8

Whole landscape
Secondary forest 18.1 18,832 2572 7.3 57 1.9 2.4 1.6 0.2 5.3
Old growth forest 43.8 45,264 2154 21.0 548 22.0 2.0 15.4 0.35 33.3
Secondary plus

old-growth forest 61.9 64,096 1728 37.1 1421 56.8 2.0 69.7 0.30 58.2
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proportion of this zone comprised of the largest secondary forest and old-growth patches

were much smaller at 5.5% and 4.5%, respectively. In the montane portion of the

landscape, smaller agricultural and secondary forest patches, both with a mean patch size

of about 4 ha, occurred within a matrix of old growth with a mean patch size of 24.5 ha.

About 31% of the montane landscape consisted of the largest old growth patch.

In both lower montane and montane zones, the average size of interior areas was

highest for the matrix component of the landscape. That is, the average size of interior

areas was about 12 ha for agriculture in the lower montane zone vs. 1.4 ha in the montane

zone, and 17 ha for old growth in the montane zone vs. 5.4 ha in the lower montane zone.

The proportion of old-growth forest that was forest interior (total core area index, TCAI)

was higher in the montane zone, at 34.7%, than in the lower montane zone, where it was

19.1%.

The values for mean shape index (MSI) and mean core area index (MCAI)

indicated that secondary forest patch shapes were relatively elongated and complex.

First, the MCAI, which is the average proportion of patches that was forest interior, was

relatively low for secondary forest in both elevation zones and for the whole landscape.

Secondly, secondary forest always had ahigher MSI than agriculture and old growth.

The mean patch shape index was calculated as the patch perimeter divided by its area

squared. All of these characteristics would be expected for patches that are relatively

narrow because they tend to occur between two other LULC classes.

After combining the two forest classes of secondary and old-growth forest into

one class, the total number of patches of these forest types dropped dramatically from

almost 5000 to less than 2000. The dramatic drop was expected if secondary forest



commonly occurred at old-growth forest edges or where there were small old-growth

remnants. At the same time, mean patch size increased from 1.6 and 15.4 ha for

secondary and old-growth forest, respectively, to 70 ha for the two combined. And,

proportion of forest interior increased from 5.3% and 33.3% to 58.2% for those same

classes.

Relationships between variables

Secondary forest usually had mean attribute values that were intermediate

between those for agriculture and old growth. The mean elevation, road distance, and

amount of surrounding old growth for secondary forests were higher than for agriculture,

and its population density was lower. The reverse was true for secondary forest compared

with old growth. Human demographic variables other than population density did not

differ significantly between agriculture and secondary forests, but they were somewhat

smaller for old-growth forest. These same trends occurred for their relationships with

categorical explanatory variables.

Most of the landscape attributes that I analyzed fell along an axis of increasing

elevation (Tables 3-4 and 3-5). Secondary forests, for example, occurred at a mean

elevation of about 2,407 m, which was higher than the mean elevation of 2,170 m for

agriculture and lower than the mean of 2,694 m for old growth. Mean road distance

increased, and human population density decreased, along this elevation gradient.

Also, the amount of old growth surrounding observations (0G250, OG 100) and

the agriculture distance (AGDIST) increased with elevation from agriculture through
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Table 3-4. Mean values and 95% confidence intervals, by land-use/land-cover class, of
continuous independent variables tested for models of land use/land cover.

74

Variable Agriculture Secondary forest Old-growth forest

Biophysical variables
ELEV 2170± 74 2407± 82 2694±34

Socioeconomic variables
ROAD1DIST (m) 2465 ± 569 3401 ± 844 4895 ± 552
ROAD2DIST(m) 688±223 1737±510 3180±346
ROADMIN(m) 536±212 1482±518 2487±338
POPDENS

2(persons/km)
24.7±5.28 16.3 ±4.10 6.53±1.01

LANDOWNER 0.38 ± 0.03 0.38 ± 0.03 0.31 ± 0.03

NETREPR
(no./female)

6.5 ± 0.34 6.1 ± 0.51 4.70 ± 0.48

NOLAND 0.22 ± 0.03 0.21 ± 0.03 0.17 ± 0.02

WOODCO 0.88 ± 0.03 0.84 ± 0.06 0.64 ± 0.06

Landscape variables
0G250 0.09 ± 0.04 0.31 ± 0.06 0.83 ± 0.03

OG100 0.05 ± 0.03 0.23 ± 0.06 0.87 ± 0.03

AG250 0.66 ± 0.05 0.22 ± 0.06 0.03 ± 0.01

AGDIST (m) 0 289 ± 101 1782 ± 299

OGDIST (m) 432 ± 103 143±46 0



Table 3-5. Relationships between categorical and continuous explanatory variables based on the 349 observations.

'Number of observations in category.

Categorical
variables N' AGDIST OGDIST ROAD2DIST ELEV 0G250 POPDENS AG250

Unprotected 76 274 ± 289 409± 117 797±224 2160±77 0.21 ± 0.070 26.81 ± 6.14 0.328±0.078
Forest reserve 201 610± 109 69±20 2352± 349 2576 ±42 0.57 ± 0.050 9.56± 1.26 0.178 ± 0.039
National park 72 3164 ± 605 16± 8.5 3864±511 2740±62 0.89±0.044 5.86±0.81 0.166±0.064

Inceptisol 62 193 ± 102 346 ± 128 959 ± 244 2232 ± 71 0.23 ± 0.08 1 32.75 ± 5.69 0.176 ± 0.034
Ultisol 276 1126±215 89±25 2557±300 2570±41 0.62±0.04 8.29± 1.27 0.377±0.087
Entisol 11 4448 ± 1222 4.5 ± 6.0 4555 ± 1077 2905 ± 132 0.87 ± 0.094 5.45 ± 0.00 0.05 1 ± 0.059

Lower montane
moist forest

13 25±29 692 ± 423 962 ±414 1908 ±95 0.04 ±0.06 65±9.1 0.458±0.210

Lower montane
wet forest

132 110±42 260 ± 59 840± 128 2206±42 0.24±0.05 18.2 ± 3.0 0.272 ± 0.057

Montane rain
forest 204 1753 ±290 14±4.1 3396±364 2763±27 0.80 ± 0.03 5.5±0.13 0.150±0.035

30-60% Slope 114 162±61 269±78 948±156 2314±61 0.29 ± 0.06 25 ± 4.3 0.322 ± 0.065
>60% Slope 235 1505±263 66±24 3012±338 2620±43 0.69 ± 0.04 5.9 ± 0.27 0.153 ± 0.033
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secondary forests and old growth. The opposite trends occurred for proportion of

agriculture surrounding an observation and old-growth distance (OGDIST) (Table 3-4).

Classes among the categorical variables also occurred over different elevation

ranges. The three life zones represented by my sample observations, for example,

differed in their mean elevation (Table 3-5). The national park had a higher mean

elevation than the forest reserves, and both of those protection designations were at mean

elevations higher than the average unprotected location. Slopes >60% also occurred at

higher mean elevation, were closer to old growth, and had high proportions of nearby old

growth (0G250).

Multinomial logit models

Univariate models-Most of the logit models that considered each variable

separately were highly significant (Tables 3-5 and 3-6). The most significant models used

the landscape variables for proximity to old growth or agriculture (OG100, 0G250,

AG250), elevation (ELEV), distance to local road (ROAD2DIST), or population density

(POPDENS). I listed the models in order of decreasing model significance in Tables 3-5

and 3-6, and log likelihood values provide a means to compare multinomial model fits

between models with different degrees of freedom in Tables 3-5 through 3-7. Examining

the sample means by LULC and by category indicated that many of the attributes I tested

co-varied with elevation. However, comparing these univariate models allowed me to

determine which attributes have the most power to explain the relative occurrence of the



three LULC classes, and through that property which ones make the best predictors of

LULC.

Individually, the three landscape variables, which included 00100, 00250 and

AG250, yielded the most significant multinomial models (Table 3-6). The variables

AGDIST and OGDIST were highly significant for the two binomial models of old growth

vs. secondary forest, and secondary forest vs. agriculture, respectively (Table 3-6). Two

characteristics of all of the univariate models stand out in their indication of how

secondary forest occurs in landscape dimensions between those of agriculture and

undisturbed old-growth forest. First, the logit models coefficients for both forest classes

had similar directions. The similarity indicated that the odds of finding secondary forest

relative to agriculture and the odds of finding old growth relative to agriculture relate to

these variables in the same way (columns 1 and 2, Table 3-5). The main differences

between the two forest models were that the coefficients and intercepts for old growth

relative to agriculture were more extreme than those for secondary forest relative to

agriculture. Secondly, the marginal effects models of conditional probabilities contrast

the differences between undisturbed, old-growth forest, and disturbed lands, including

secondary forest and agriculture.

The logit models, which estimate relative odds, highlight the feature that relative

to agriculture, the odds of secondary forest occurrence increased with the same factors

that increased those odds for old growth. For example, a 500 m elevation increase would

increase the odds ratio of secondary forest relative to agriculture by 3.1 times and increase

the odds of old growth relative to agriculture by 16 times. Similarly, for every 500 m
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Table 3-6. Estimated coefficients and intercepts for univariate, multinomial and two binomial logit models using continuous
explanatory variables. Models describe the log odds ratios of secondary forest and old growth relative to agriculture."2 Marginal
effects models estimate conditional probabilities. Models are presented from highest to lowest Chi-squared statistic (x2) for 2
degrees of freedom (D.F.), along with log likelihood (LogL). The parameter estimates for the log odds ratio (logit) of old growth
relative to secondary forest are found by subtracting the values in column 1 from those in column 2. Asterisks indicate significance
levels greater than ±99% (***), ±9 (**), or ±90% (*). Model with no explanatory variables (reduced model) has LogL= -340.
Better model fit occurs with larger differences between reduced model LogL and LogL for model with explanatory variables.
Numbers in parentheses are standard errors of coefficients.

Variable
(LogL, x2 D.F.)

Secondary forest
(1)

Old growth
(2)

Agriculture Secondary forest
(3) (4)

Old growth
(5)

Multinomial models
OG100 5.2751*1 12.190*1* -0.293 1,334*1* 1.6291*1

(-160,362,2) (1.27) (1.50) (0.22) (0.36) (0.40)
Intercept 0.668l** 3.732*** 0.08 1 0. 607

* *1 0.688***.

0G250
43501*1 10.244*1* -0.467 1.040*** 1.507*1*

(-187, 307, 2) (0.94) (1.12) (0.24) (0.25) (0.32)
Intercept 0.847* 3 .354' 0.143* 0.460*1* 0.603***

AG250 5 .905 13.867*** 1.015*1 1.27611* 2.291***

(-196, 289, 2) (0.88) (1.51) (0.37) (0.24) (0.77)
Intercept 2.540*** 4.287*1* 0.348** 0.220** 0.568*1*

ELEV 0.226E 02*** 0.553E 02*** -0.603E 03*** -0.393E
03*1*

0.996E 03111
(-268, 144, 2) (0.55E -03) (0.61E -03) (0.16E -03) (0.1 1E-03) (0.18E -03)
Intercept 5.253*** 12.593*** 1.376*1* 0.873*1* 2.249***

Logit coefficients Marginal effects coefficients



Table 3-6. (continued)

ROADIDIST 0.102E -03 0.212E
3***

-0.295E -04" -0.915E -05 0.386E 04*h*

(-326, 28.6, 2) (0.55E -04) (0.47E -04) (0.1OE -04) (0.07E -04) (0.09E -04)
Intercept -0.378 0.2 14 -0.009 0.089* 0.098*1*

WOODCO -0.779 2.567*** 0.336*1 0.186* 0.522***

(-321, 38.6,2) (0.75) (0.61) (0.13) (0.09) (0.10)
Intercept 0.594 2.989*1* Ø379** 0.267** 0.646*1*

NETREPR -0.056 0.224*** 0.030*1* 0.018 0.048***

(-327, 26.7,2) (0.07) (0.06) (0.01) (0.01) (0.01)
Intercept 0.27 1 2.228*1* 0.286*** 0.222*** 0.508*1*

Logit coefficients Marginal effect coefficients
Variable Secondary forest Old growth Agriculture Secondary forest Old growth

(LogL, x2 D.F.) (1) (2) (3) (4) (5)
ROAD2DIST 0.901E -03" 0.121E _02*** -0.849E

Ø4*
-0.318E _04* 0.1 18E 03***

(-289, 102,2) (0.20E -03) (0.19E -03) (0.41E -04) (0.16E-04) (0.20E -04)
Intercept l.032*** 0.708*** 0.060* -0.073 0.013

POPDENS 0.018* 0.122* 0.016*1* 0.012*1* 0.028h**

(-294,91.6,2) (0.82E -02) (0.02) (0.003) (0.003) (0.008)
Intercept 0.286 2.280*1* 0.294*** _0.239*** 0.5331*1

ROADMIN 0.821E -03" 0.103E 02*** -0.968E 04* -0.109E -04 0.108E 03*

(-306, 68.0, 2) (0.20E -03) (0.20E -03) (0.45E -04) (0.13E -04) (0.18E -04)
Intercept 0.779*** -0.144 0.03 1 -0.118" 0.087*1*



Table 3-6. (continued)

Variable
(LogL, x2, D.F.)

NOLAND
(-335, 10.9,2)
Intercept

LANDOWNER
(-335, 9.87,2)
Intercept

Binomial models
AGDIST'
(-123, 66.8,1)
Intercept

OGDIST2
(-86.1,32.1,1).
Intercept

Secondary forest
(1)

-0.535
(1.17)
0.036

0.128
(0.91)
-0.130

Logit coefficients
Old growth

(2)
2.879I**

(0.98)
1.524*1*

-1
739*1

(0.73)
1.558*1*

0.1 88E _022h**

(0.37E -03)
-0.114

-0.392E 02***

(0.94E -03)
0.869*1*

Agriculture
(3)

0.387*

(0.17)
0.194***

0.216
(0.13)

0.192***

Marginal effect coefficients
Secondary forest

(4)
0.253
(0.16)

0.174***

0.224
(0.13)

0.203***

Old growth
(5)

0.639***

(0.21)
0.3681*1

0439*1*

(0.15)
0.395*1*

0.132E 03***

(0.24E -04)
-0.803E 02***

-0.954E 03*h*

(0.21E -03)
0.2 16*1*

'The variable AGDIST was used to model the log odds ratio of old growth relative to secondary forest only. Reduced model LogL = -156 (see table caption).
2The variable OGDIST was used to model the log odds ratio of secondary forest relative to agriculture only. Reduced model LogL = -102 (see table caption).
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increase in distance from a cantonal road, the odds of finding secondary forest relative to

agriculture increases by 1.8 times. For a 100 m increase in distance from old growth, the

odds of secondary forest relative to agriculture decrease by 67%. Other continuous

variables with logit model coefficients for secondary forest similar to, but less extreme

than, the coefficients for old growth included POPDENS and AG250. Increases in either

of those variables decreased odds of occurrence for either forest class relative to

agriculture.

Results for the models that estimate marginal effects also place secondary forest

in dimensions between agriculture and old growth. However, they highlight the

differences between disturbed and undisturbed portions of the landscape rather than two

forest classes. Marginal effect models estimate probabilities of occurrence rather than

relative probabilities, conditional on a given data set. They are the first derivative of the

logit model probability function with respect to each variable. The sign and magnitude of

each marginal variable coefficient relates each variable directly to the probability of

finding the specified LULC within the given landscape. Marginal coefficients that were

significant for all three LULC classes included those for ELEV, ROAD2DIST, AG250,

POPDENS, LEVPROT2 (national park), and SLOPE1 (slopes >60%) (Tables 3-6 and 3-

7). All of the marginal coefficients for secondary forest had the same signs as those for

agriculture but opposite those for old growth. However, the magnitudes of marginal

effect coefficients for secondary forest were usually smaller than for agriculture. These

model structures place secondary forest at the fringes of the disturbed landscape.
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Table 3-7. Estimated coefficients for multinomial logit models for each categorical
explanatory variable. Models describe log odds ratios of secondary forest and old
growth vs. agriculture. Subtracting columns 1 from 2 yields model of old growth vs.
secondary forest. Reduced model LogL = -340 (see Table 3-6 and text). Numbers in
parentheses are coefficient standard errors. LIFEZONEO, RURURBO, LEVPROTO and
SLOPES 30-60% were intercepts for each model. LM = lower montane, M = montane
forest zones. Significance levels indicated are j99% (***), j95% (**), or t90% (*)

Logit coefficients Marginal effects coefficients
Variable Secondary

(Log L, x2 forest Old growth
D.F.) (1) (2)

Agriculture
(3)

Secondary
forest

(4)
Old

growth (5)

LIFEZONE (-271, 138,4)
LIFEZONEO 1.609* 2.303* 0.2651* 0.045 -0.310
(LM-moist) (0.78) (1.05) (0.11) (0.19) (0.28)

LIFEZONE1 1.213 1.798 -0.205 -0.043 0.248
(LM-wet) (0.80) (1.07) (0.11) (0.20) (0.27)

5.21 l***LIFEZONE2 2.8131*1 0.569*** -0.254 0.823*1

(M-rain) (0.86) (1.10) (0.18) (0.20) (0.31)

RURURB (no. persons /.2) (-282, 117, 4)
RURURBO 1.253* _2.639** 0.355*1* 0.127 -0.482

(>501km2) (0.57) (1.04) (0.12) (0.15) (0.29)
RURURB 1 0.8 17 1.192 -0.172 -0.011 0.184
(10-50/km2) (0.63) (1.11) (0.13) (0.17) (0.28)

4.5291*1RURURB2 1.692*1* 0.587*** -0.301 0.888*1*

(0-10/km2) (0.62) (1.05) (0.16) (0.16) (0.32)

LEVPROT(-293, 95.3,4)
LEVPROTO 0.642* 0.747** 0.109*1* -0.988E -02 -0.099
(Unprotected) (0.28) (0.29) (0.04) (0.04) (0.07)
LEVPROT 1 0.923*1 1.8721*1 0.249*** -0.080 0.329***

(Forest (0.35) (0.34)
reserve)

(0.07) (0.05) (0.09)

LEVPROT2 0.642 4.288*1* 0.5l8** 0.409** 0.927*1*

(National (1.04) (0.77)
park)

(0.20) (0.18) (0.14)

SLOPE (-308, 64.4, 2)
SLOPES 0.478* -0.4 16 0.0681* -0.028 -0.040

30-60% (0.23) (0.22) (0.03) (0.04) (0.05)
2.244*1*SLOPES 0.8711* 0.295*** 0.138*** 0.433*1*

>60% (0.34) (0.30) (0.07) (0.05) (0.08)
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Logit and marginal effects coefficients for the other two road distance variables

were similar to, but did not have as much explanatory value as, the variable for distance

to cantonal roads (ROAD2DIST).

Logit and marginal effects coefficients for univariate models using any of the

remaining human demographic and land tenure variables were all similar in direction to

those for population density, however, they had less explanatory power than POPDENS.

The surfaces of human demographic data were all created from a point data set with

points spatially distributed according to population density. Possibly, the inverse distance

weighted algorithm that I used to create data surfaces from these points diluted the values

of other human demographic data according to population density.

Univariate model results for several of the categorical variables also had similar

influences on odds ratios of the two forest classes relative to agriculture. These variables

included the odds ratios of both secondary forest and old growth relative to agriculture,

which were significantly lower on unprotected lands, in highly populated areas (>50

persons km2), in the lower montane moist forest zone and for the slope class of 30-60%

slopes (Table 3-6). Conversely, secondary forests and old growth, relative to agriculture,

were significantly more likely to occur in forest reserve, in the most rural areas (0 10

persons km2), in the montane rain forest zone, and on steeper slopes. The odds ratios of

old growth relative to agriculture were highly significant for national park, but

insignificant for secondary forest relative to agriculture. Again, marginal effects often

revealed contrast between disturbed and undisturbed lands. The categories of national

park and slopes >60% significantly negatively influenced the probability of both
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agriculture and secondary forest and positively influenced the probability of old growth.

No other marginal effects were significant for secondary forest. Unprotected lands, lower

montane moist forest zone, dense human populations, and lower slopes had a

significantly positive influence on probability of agriculture, while slopes >60%,

protection, the montane rain forest zone, and very rural areas, had a negative influence on

agriculture and positive influence on the probability of old growth.

Multivariate models-As discussed above, most univariate models were highly

significant, and landscape variables yielded the most significant models. No other

variables improved the fit of models that already contained one of the landscape variables

0G250, OG100, or AG250. Using forward variable selection to derive a multivariate

model that excluded all landscape variables resulted in a model that contained the

variables ELEV, ROAD2DIST, and LEVPROT (Table 3-8).

For each of the binomial models, the landscape variables AGDIST and OGDIST

also were highly significant and had the most explanatory power relative to other

variables. While no other variable added explanatory power to the model using OGDIST,

several other variables, when individually added to the binomial model using AGDIST,

added to the model significantly.

Maximum likelihood classification-Based on the logistic modeling results, I

selected the variables AGDIST, ELEV, ROAD2DIST and POPDENS for simulating a

maximum likelihood classification that would map secondary forest relative to old

growth using ancillary data. This combination of variables yielded an overall

classification accuracy of the two classes of 74%, which consisted of 62% for secondary

forest and 77% for old growth.



Table 3-8. Estimated coefficients of multivariate multinomial logistic model resulting from forward variable selection.
Model describes the log odds ratios of secondary forest and old growth relative to agriculture. Subtracting columns 1 from
2 yields model for old growth vs. secondary forest. Models are presented from highest to lowest Chi-squared statistic (x2)
for 2 degrees of freedom (D.F.). The parameter estimates for the log odds ratio (logit) of old growth relative to secondary
forest are found by subtracting the values in column 1 from those in column 2. Asterisks indicate significance levels
greater than 99% (***), 95% (), or 90% (*). Reduced model LogL = -340 (see text and Table 3-6). Numbers in
parentheses are standard errors of coefficients.

Logit models Marginal effects coefficients

Variable
(LogL, , D.F.)

Secondary
forest Old growth

(1) (2)
Agriculture

(3)
Secondary forest

(4)
Old growth

(5)
ELEV + ROAD2DIST + LEVPROT
(-242, 197,8)
ELEV 0.156E 02** 0.418E 02*** -0.251E 03* -0.387E

Q3***
0.638E 03**t

(0.63E -03) (0.68E -03) (0.11E -03) (0.13E -03) (0.17E -03)

ROAD2DIST 0.661E 03*** 0.764E 03*** -0.524E -04 -0.476E -05 0.572E 04s**

(0.22E -03) (0.22E -03) (0.34E -04) (0.1 3E -04) (0.1 6E -04)

LEVPROTO (Ref.) 4.340*** 10.598*** 0.642* 0.915*** -1
557***

(Unprotected) (1.35) (1.54) (0.29) (0.28) (0.43)

LEVPROTI 0.044 0.078 -0.491E -02 -0.45 lB -02 0.942E -02
(Forest reserve) (0.42) (0.44) (0.03) (0.07) (0.08)

LEVPROT2 -0.425 2.038** -0.102 -0.397 0.499***

(National Park) (1.10) (0.89) (0.08) (0.20) (0.14)



DISCUSSION

Characterization of land-use/land-cover pattern

The landscape patterns of old growth vs. agriculture that I observed in this study

generally agree with themes observed in other studies of LULC. In this montane region

of Costa Rica, I observed that below about 2500 m elevation, smaller patches of old-

growth forest and secondary forest occurred embedded within a matrix of agriculture. By

contrast, a matrix of old-growth forest dominates the study area above about 2500 m

elevation, with smaller patches of secondary forest and agriculture occurring at the higher

elevations or along the edges of human settlements. Most of this old growth occurred in

protected zones of forest reserve or national park. This contrast, between a lower

elevation matrix of agriculture and a higher elevation matrix of old growth within

protected zones, parallels with a similar pattern observed by Spies et al. (1994) in western

Oregon, U.S. In the Oregon study, patches of forest occurred within a matrix of

unprotected, privately owned lands previously harvested for timber. However, on

publicly owned, non-wilderness lands, cleared patches occurred within a forest matrix.

Spies et al (1994) also found that public wilderness areas usually occurred at the highest

elevations and were more than 90% closed forest, which parallels with the high-elevation

national park land in this study. Public non-wilderness was 70% closed forest in the

Oregon study, while unprotected, privately-owned lands had only about 30% closed

forest. Similarly, a study by Turner et al. (1996) found that in the Olympic Peninsula and

southeast Appalachian highlands, privately owned lands had lower proportions of forest

cover than publicly owned lands.

86
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I found that larger old-growth forest patches were present at higher elevations or

on protected lands. Because this analysis encompasses LULC at one time period, rather

than changes between time periods, the relative influence of protected vs. unprotected

lands on old growth is not easily separable. Most of the forest clearing in these areas

began prior to designation of protected areas, which implies that elevation is primarily

responsible for differences in proportion of forest interior. Turner et al. (1996) likewise

found that patch sizes of conifer were smaller on private, unprotected lands than on

public lands, and edge/area ratios were generally higher. Similarly Spies et al. (1994)

found that higher elevations and public lands consistently had a greater percentage of

forest interior habitat.

My findings also agree with studies that have shown that forest recovery occurs

most commonly at the edges of uncleared forest. By comparing patch metrics for old

growth with those calculated after combining secondary forest with old growth, I found

that forest patch size increased and numbers of patches decreased greatly. In the Oregon

study, regrowth of conifer forest followed a spatial pattern in which areas of conifer forest

regrew from relatively smaller foci (Spies et al. 1994). Kramer (1996) observed these

same trends in tropical evergreen forests of Costa Rica's Guanecaste National Park,

where forest regrowth resulted in expansion and coalescence of existing forest patches

between 1979 and 1985. As a result, the proportion of evergreen forest in the Guanecaste

landscape increased between those two dates, evergreen forest patch size increased, and

patch number and mean distance between forest patches decreased.

These results have important management implications. As for many tropical

countries, foresters have projected that Costa Rica will experience future wood shortages
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(Butterfield 1994). Managing secondary forest for wood production or other

environmental benefits, in a landscape structured like this one, would have multiple

values. Wood products from such managed forest could, for example, alleviate

harvesting or clearing pressure on remaining undisturbed forest. Furthermore, secondary

forest surrounding undisturbed forest should reduce edge effects on the undisturbed forest

(Saunders 1991).

Integrated modeling of land use/land cover

Many of the variables often important to LULC were collinear in this montane

study area. Consequently, I presented models based on single explanatory variables to

illustrate relationships between each variable and LULC. Rosero-Bixby and Palloni

(1998) also used this approach in their analysis of deforestation in Costa Rica. I

subsequently used forward variable selection to derive models in which each added

variable resulted in significant model improvement. I rejected variables whose model

coefficients were not significant at the 90% level. The process resulted in spatially

explicit logit models that were relatively simple because of multicollinearity between

variables in my study area. Elevation, for example, seemed to act as a proxy variable for

life zone and slope in my study area. In fact, no variables contributed significantly to

models using either proportion of old growth or proportion of agriculture in buffer

regions surrounding observations. These univariate models using landscape variables fit

observed LULC better than other models.
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The approach that I used to spatially explicit modeling of LIILC differed slightly

from similar studies in that it resulted in comparatively simple models (few explanatory

variables). Other studies, which considered most variables simultaneously (e.g. Chomitz

and Gray 1996, Turner et al. 1996, Hardie and Parks 1997), typically have more

significant explanatory variables in their model (e.g. Nelson and Hellerstien 1997). These

studies used thousands of observation points and a systematic sampling scheme, as

compared with the hundreds that I used. The larger the number of observation points in a

model, the smaller the standard errors for coefficient estimates, resulting in a higher

likelihood that multiple collinear variables will have significant coefficients and be

retained in a model.

Spatially explicit modeling of LULC is relatively recent, as is consideration of

spatial autocorrelation in such models. According to Bockstael (1996), no complete

solutions have been found to deal with spatial autocorrelation in discrete dependent

variable models. Some researchers have recently incorporated an index of spatial

autocorrelation, also referred to as a neighborhood or spatial lag variable, into LULC

models as an explanatory variable (e.g. Nelson and Hellerstien 1997). The variable's

value is the proportion of like cells in the eight neighboring cells surrounding each

observation. The rationale for the variable is that it should alleviate bias that

autocorrelation introduces into estimates of explanatory variable coefficients.

Two drawbacks of the neighborhood variable become apparent. First, the spatial

resolution of digital LULC maps varies. Simply selecting a specific number of

neighboring pixels makes the variable dependent on cell resolution rather than the grain

(sensu Turner 1989) of the landscape patterns and processes under study. Secondly,
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modeling studies could approach spatial context as an opportunity to explicitly recognize

one or more contagious ecological or socioeconomic landscape process. However,

whether the landscape variable is a rectangular neighborhood or circular buffer, its

specific quantification is still somewhat arbitrary.

I took two steps to minimize bias from spatial autocorrelation, including a random

sampling and a minimum distance buffer of 250 m between observations that together

limited my sample number. Random sampling helps to reduce bias that a systematic

sample could introduce. Rather than using an arbitrary neighborhood variable for

quantifying spatial autocorrelation, I chose minimum buffer distances within which I

constructed landscape variables. I chose buffer distances that would capture ecologically

or socioeconomically meaningful landscape attributes while avoiding multiple sampling

of identical old-growth forest landscapes within 250 m. These landscape variables were

highly significant in my logit models and have meaningful interpretations, as I discuss

further in the next section. Bockstael (1996) used percentages of forest, pasture, crop and

preserved open space in 0.1 and 1 km buffers surrounding observation points in a model

to project expected housing prices in the Patuxent watershed of Maryland, outside of

Washington, D.C. The last two landscape variables were highly significant in her model.

Comparison of secondary forest spatial attributes to those related to forest clearing for
agriculture

One drawback of this work is that it is cross-sectional, rather than temporally

dynamic. In my case, the dependent variable is occurrence of LULC rather than change

over a specified time. Although my study was cross-sectional, the secondary forest in this
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study was at some point undisturbed forest, so a non-specific temporal dimension exists.

I found that old-growth forest is most likely to occur at high elevations and in the wetter

life zones, on steeper slopes, where population density is lowest, where roads are furthest

away, and in protected areas. Other researchers have shown these same relationships for

Costa Rica and elsewhere (Sader and Joyce 1988, Harrison 1991, Southgate et al. 1991,

Veldkamp 1992, Liu et al. 1993, Chomitz and Gray 1996, Nelson and Hellerstien 1997).

I did not find a significant relationship between soil type and LULC, although Chomitz

and Gray (199) and Veldkamp (1992) documented positive relationships between forest

clearing and soil fertility.

Several studies have also linked forest clearing to human migration for agriculture

or to forest clearing to gain land entitlement (Southgate et al. 1991, Rudel and Horowitz

1993, Hecht 1993, Rosero-Bixby and Palloni 1998). I believe that because my study was

cross-sectional, it did not capture relationships that others have shown between LULC

change and variables related to land entitlement (my variables NOLAND,

LANDOWNER) or population growth (e.g. NETREPR). In my study, population density

provided the best fit for modeling static LULC and thus seemed to dominate the other

human demographic variables, including land entitlement. By contrast, when modeling

where LULC changes, the other human demographic variables may be more important. In

fact, I observed only five areas as large as 10-20 ha in size where deforestation occurred

between 1986 and 1992. These were areas with low population density but relatively

high population growth and degree of landlessness. Using the same demographic data for

all of Costa Rica, Rosero-Bixby and Palloni (1998) documented that degree of

landlessness (NOLAND) was an important factor in deforestation.
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Less is known about the factors controlling secondary forest. However, relative to

agriculture, the probability of secondary forest occurrence increased in my study area at

higher elevation, on steeper slopes, further from roads, where population density was

lower, and in forest reserve as opposed to unprotected lands. The relationships for

secondary forest are the same relative relationships that old growth has with agriculture.

Secondary forest occurs most abundantly at the edges between old-growth forest and

agriculture that is intensive in its spatial continuity. Although the history of cloud-free

satellite data was too short to measure change in secondary forest, these results regarding

secondary forest were consistent across the dozens of communities my study area

encompassed. As with old-growth forest in this part of Costa Rica, secondary forest

spatial attributes of elevation, slope, road distance, population density and level of

protection tend to be collinear. Consequently, this study cannot distinguish their relative

impact on secondary forest occurrence.

Despite the multicollinearity in the region, my results do point toward two broad

categories of spatial influences on secondary forest pattern, which probably operate

simultaneously. First, secondary forest in this tropical landscape occurs at the outskirts of

human settlements or at less accessible areas within them. Although it is strongly

associated with a certain amount of agriculture in its vicinity, it is more strongly

associated with old-growth forest or remnants. All else equal, the theory of rent or utility

maximization to some extent seems to regulate occurrence of secondary forest. Further

evidence of this concept exists in the study of Belize by Chomitz and Gray (1996), that

modeled secondary forest together with undisturbed forest. This combined class fit their

rent maximization model of land use. Indeed, in two Amazonian study regions Moran et
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al. (1994) and Behrens et ai. (1994) found that secondary forest was most common in

settlements where wage labor became available, which presumably yielded greater returns

than farming. In my model, secondary forest included forest recovering from logging or

escaped field fires. Such secondary forest also fits within the context of a utility or rent

maximization model if farmers do not clear such lands because that would not be

profitable or feasible. Support for this concept occurs in temperate regions. In the

southeastern and Pacific northwestern U.S., Turner et al. (1996) found significant positive

associations between transitions from nonforest to forest and slope, elevation or distance

to road, or negative associations with population density.

The second idea that these findings support is that forest recovery in this region is

strongly associated with presence of at least some remnant forest. A biological

explanation for this pattern is that the landscape structure of forest impacts the transfer of

shade, seed, seed vectors, etc., between forest and cleared land. The better fit of models

using old-growth landscape variables also supports this concept. In the two Amazonian

study regions mentioned previously, where secondary forest became relatively abundant

in certain settlements, undisturbed forest was probably close enough to provide adequate

seed supply.

The tendencies for remnant forest vegetation to spur succession, and for human

disturbances to spread, exemplify how landscape structure, the spatial relationships

between ecosystems or features, relates to ecological function over landscapes, which

refers to the flow of energy and materials between component ecosystems (Turner 1989).

Other examples of landscape structure-function relationships include the degradation of

biomass (Brown et al. 1994, Laurance et al. 1997). loss of species diversity (Bierregard et
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al. 1992) and change in microclimate (Saunders 1991) associated with forest

fragmentation. Whether viewed merely as a consequence of spatial autocorrelation or as

having a biological and socioeconomic basis, I have provided evidence in this study of

the landscape contagion of both the processes of human disturbance and forest

regeneration. However, I have also provided evidence that tropical secondary forest in

this landscape is dependent on the landscape structure of remnant forest.

Tropical forest ecosystems persist because after disturbances such as treefalls or

hurricanes, regenerating interactions between species normally result in forest recovery.

Through altering the spatial distribution of successional stages over a landscape, forest

clearing becomes a disturbance that is intense because it impacts large areas. Extensive

forest clearing therefore may interfere with normal regeneration mechanisms present in

tropical forest. Deforestation can thereby become a destabilizing ecosystem disturbance

that is self-reinforcing over landscapes (sensu Perry 1995).



Chapter 4

Conclusions

Several conclusions are possible from this research regarding the landscape

ecology of secondary tropical forest. First, in montane tropical regions, the relative

differences between spectral responses of old-growth forest, secondary forest and

agricultural lands vary over landscapes. Complex topography causes varying spectral

responses of land covers through influencing illumination angles and changes in

ecological zones. These factors are also important to consider when mapping multiple

secondary forest age classes because forest regrowth will occur at different rates in

different ecological zones. Relatively undisturbed subalpine vegetation, for example,

including old-growth subalpine forest, can have spectral responses similar to secondary

forest developed at lower elevations on abandoned agricultural lands. Similarly,

undisturbed lower montane rain forest had spectral responses similar to montane

secondary forest, probably because Quercus spp. dominate old growth in montane zones

but a variety of species dominate both secondary forest in montane zones and mature

forest in premontane and lower montane rain forest zones. This conclusion is significant

for mapping LULC changes in montane tropical terrain, and to my knowledge has not

been addressed in the remote sensing literature. Stratification by ecological zone or

incorporation of other ancillary data appears necessary for mapping forest successional

stage in complex tropical regions using satellite imagery. When digital elevation models

are not available, stratifying each land cover class into two illumination classes alleviates

confusion caused by aspect differences. Large-scale mapping projects that do not pay
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close attention to these factors in complex regions may easily over- or underestimate

relative extents of old-growth and secondary forest.

Secondly, I found that occurrence of secondary forest is not random in the

landscape. Despite the difficulties in mapping forest successional stage, Chapter three

identified several potential predictors of secondary forest. Such ancillary information

may provide data to supplement satellite imagery in future mapping efforts. However,

until now little was known about which spatial attributes control the pattern of secondary

forest pattern over regional scales. I found that the probability of secondary forest

occurrence increased in my study area at higher elevation, on steeper slopes, further from

roads, where population density was lower, and in forest reserve as opposed to

unprotected lands. Knowledge of such factors can assist in modeling secondary forest

occurrence and satellite image classification. Efforts to quantify forest carbon storage and

fluxes over landscapes could, for example, model locations of secondary and old-growth

forest.

Ancillary data can indeed help to predict occurrence of secondary forest,

especially if some land covers are previously identified. I conducted a maximum

likelihood analysis, which is a common method for supervised classification of satellite

imagery, as a test of whether significant continuous explanatory variables from land-

use/land-cover (LULC) models might distinguish secondary from old-growth forest

without using satellite-derived spectral data. Assuming that identifying agriculture would

be easier than distinguishing secondary from old-growth forest, I included distance to

agriculture among possible classification variables. The combination of the variables of
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agriculture distance, road distance, population density and elevation yielded an overall

classification accuracy, for distinguishing secondary from old-growth forest, of 74%.

Thirdly, the directions of relationships between the factors that predict secondary

forest relative to agriculture are the same relative relationships that old growth has with

agriculture. Secondary forest occurs most abundantly at the outskirts of human

settlements or at less accessible areas within them, and between old-growth forest and

agriculture that is intensive in its spatial continuity. Although the history of cloud-free

satellite data was too short to measure change in secondary forest, these results regarding

secondary forest were consistent across the dozens of communities my study area

encompassed. All else equal, the theory of rent or utility maximization to some extent

seems to regulate occurrence of secondary forest.

Finally, while secondary forest is strongly associated with a certain amount of

agriculture in its vicinity, it is more strongly associated with old-growth forest or

remnants, and a biological explanation exists for this secondary forest pattern. The

landscape structure of forest impacts the transfer of shade, seed, seed vectors, etc.,

between forest and cleared land. The better fit of models using old-growth landscape

variables also supports this concept. The socioeconomic and biological forces probably

interact to create the secondary forest pattern that I observed.

The tendencies for remnant forest vegetation to spur succession, and for human

disturbances to spread, exemplify how landscape structure, the spatial relationships

between ecosystems or features, relates to ecological function over landscapes, which

refers to the flow of energy and materials between component ecosystems (Turner 1989).

I tested landscape variables as predictors of LULC, such as distance to agriculture and
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percent of old growth in surrounding landscape. The high explanatory value of these

variables provided evidence of the landscape contagion of the processes of both human

disturbance and forest regeneration. However, I have also provided evidence that tropical

secondary forest in this landscape is dependent on the landscape structure of remnant

forest.

Tropical forest ecosystems persist because after disturbances such as treefalls or

hurricanes, regenerating interactions between species normally result in forest recovery.

Through altering the spatial distribution of successional stages over a landscape, forest

clearing becomes a disturbance that is intense because it impacts large areas. Extensive

forest clearing therefore may destabilize normal species interactions present in tropical

forest regeneration and thereby be self-reinforcing over landscapes (sensu Perry 1995).
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