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FOREWORD

Under the mandate of its 8th Capital Replenishment, one of the Inter-American Development Bank:s fun-
damental objectivesisto foster sustainable development in Latin America and the Caribbean by integrat-
ing social, economic, and environmental objectives in its operations. An innovative example of this com-
mitment is the Program for the Sustainable Development of Darien Province in Panama, a $70 million
operation approved in 1998. The programrs goals are to promote socia equity, economic growth and en-
vironmental protection in a province that has the highest incidence of poverty in the country, diverse in-
digenous cultures, and a rich and irreplaceable ecosystem represented by the Darien National Park, an
area of such valuable biodiversity that UNESCO has declared it both a World Heritage Site and a Man
and the Biosphere Reserve.

A major component of the program involves the resurfacing of the Pan American highway, which runs
roughly north south through the province to a point about 70 kilometers from the Colombian border.
Given the unique cultural and environmental endowments in the region, any potentially negative envi-
ronmental effects of the road resurfacing had to be anticipated and mitigated, if necessary, in conformity
with the Bank=s environmental impact review process. Consequently, the Environment and Natural Re-
sources Management Division of the Bank:=s Regional Operations Department 2, in collaboration with the
Sustainable Development Department=s Environment Division, commissioned a series of baseline and
impact analyses, of which this analysis was a part.

The paper illustrates the use of spatial analysis techniques to predict the land use changes that would oc-
cur after the road is resurfaced and other project interventions completed. The predictions are based on a
spatial econometric model relating categories of land use to geophysical and socioeconomic variables,
including transportation costs and distance from markets. The results of this model are used to predict the
spatialy explicit effects of road resurfacing on economic activities. The methods explored in this paper
offer a promising way to combine behavioral models of human activity with geographic information to
realistically assess the prospective land use changes induced by development projects. We hope the paper
will encourage project developers to consider similar exercises when the environmental impacts of land
use alterations are of critical concern.

Robert Kaplan, Chief Walter Arensberg, Chief
Environment and Natural Resources Management Division Environment Division
Regional Operations Department 2 Sustainable Development Department



INTRODUCTION

Rura development projects seek to enhance so-
cial welfare by altering the mix of economic ac-
tivities in the target region. Infrastructure in-
vestments, changes in property rights regimes,
and development of new rural institutions are
examples of project activities that change pro-
duce and consumer incentives to improve wel-
fare. Project elements interact with existing
natural and manmade resources to determine
new optimal economic activities.

With any rural economic activity, negative and
positive environmental externalities are possible.
Land use changes are especialy likely to gener-
ate externalities. Lower prices for consumption
goods may reduce local production on environ-
mentally sensitive lands. Higher prices, or lower
production and transportation costs, for products
exported from the region may encourage pro-
duction with negative externalities. Improved
property rights provide incentives for invest-
ments with longer payoffs that may have fewer
environmental costs. The magnitude of these
changes depends crucially on where project in-
vestments take place, what the existing socio-
economic and geophysical characteristics are at
various places and what the range of technologi-
ca choiceis. In short, location matters.

In the past, it has been difficult and expensive to
investigate the specific geographical and envi-
ronmental impacts of these investments due to
the high costs of collecting and analyzing spa-
tially explicit data. However, new developments
in geographic information software, the rapidly
declining costs of computational capacity, and
the development of new analytical techniques
are making spatially explicit, quantitative as-
sessments of project effects more feasible.*

In this paper, we take advantage of this conver-
gence of technology, data, and techniques to
provide an ex-ante assessment of the conse-
guences of a recently financed (1998) Inter-
American Development Bank (IDB) rural devel-
opment project in Panama' s Darién province. A
major element of the project is the resurfacing of

! For ageneral discussion of spatial analysis and ex-
amples of its use in development projects, see Nelson
and Gray.

the Pan American highway which runs roughly
north south through the province to a point about
70 kilometers from the Colombian border. The
project also includes some port infrastructure
and assignment of property rights.

Given the unique cultural and environmental
endowments in the region, IDB was concerned
about potentially negative environmental effects
of the road resurfacing. To study the potential
impacts of the project and inform the project
design, IDB financed a series of baseline and
impact analyses, of which this analysis was a
part.

The goal of this paper is illustrate the use of
spatial analysis techniques to predict land use
changes that would occur after the road is resur-
faced and other project interventions completed.
We use the basic von Thunen insights on the
role of location and transportation costs to de-
velop a spatial econometric model of land use as
a function of geophysical and socioeconomic
variables and estimate it using spatial data for
the province. The results of this model are used
to predict spatially explicit effects of road resur-
facing on economic activities. We aso examine
the effects of adding aferry from Puerto Quimba
to La Pama and changing the property rights
regime, other key parts of the project. We use
spatial analysis techniques to simulate how the
project will affect land use at every location® in
the province.

ENVIRONMENTAL AND CULTURAL RE-
SOURCES OF DARIEN PROVINCE

Darién province is at the southeastern end of
Panama (Figure 1). Its southern border is with
Colombia and is the point where the Central
American land bridge meets the South American
continent. To the east is San Blas province, a
narrow strip of land that runs from the peaks of
the Serrania de Darién to the Caribbean. The
Pacific Ocean is to the west.

The province is a region of extremely diverse
ecosystems. It contains a wide range of habitats
ranging from sandy beaches to pam forest
swamps and lowland and upland moist tropical

2 For this study the unit of analysisis a square one
half km on aside.



forest. The most abundant tree speciesis “cuipo”
Cavanillesia platanifolia. At higher elevations
several types of interesting ecosystems, includ-
ing cloud forest and the elfin forest of Cerro
Pirre, are found. Wetland forest along the Chu-
cunaque and Tuira rivers often contains pure
stands of “cativo” Prioria copaifera (1), a com-
mercialy desrable species (http://www.cmc.
org.uk/prtected_areas/data/wh/darien.html).

The Darién Nationa Park, located in the south-
ernmost portion of the province, is a major
world environmental resource. The park has
been designated both a World Heritage Site and
a Biosphere reserve.

Darién province also has important cultural re-
sources. Three indigenous groups — Emberd and
Wounaan (from the Colombian Chocd) and
Kuna (Houseal, MacFarland et. a. 1985) are
found in the province. The Amerindians have
extensive knowledge of the forest, and despite
long contact with outside societies, have man-
aged to keep some of their traditional forest
cultures. The Kuna have been studied exten-
sively (see D’Arcy and Correa-A. 1985); their
language and behavior are in part directed by
their relationships with wild animals and plants
and the symbolic and magical features they rep-
resent (see Chapin 1991 and Web address
http://nmnhwww.s .edu/botany/projects/centres/

darien.htm#E). Three areas within the province
have been set aside for indigenous groups — the
Kuna de Wal4, Morti y Nurrd Indigenous Re-
serve in the headwaters area of the Chucunaque
River, the Chocd homelands Comarca Embera
No. 1 in Cemaco District and Comarca Embera
No. 2 in Sambl District. This protection has
been provided to support traditional property
rights against the encroachment of immigrants,
sometimes called colonists, from other parts of
Panama. A key part of the project is to support
the integrity of the reserves.

THE PAN AMERICAN HIGHWAY IN
DARIEN

The Pan American highway was originally in-
tended to extend from Alaska in North America
to Tierra del Fuego in South America passing
directly through the province, and what is now
Darién Park. Construction of the highway in the
province began in the 1970s and reached

Y aviza, about two thirds of the way south of the
northern provincial border, in 1984 (Figure 1).
The highway was not completed, with a portion
in Darién province from Yaviza south, the
Darién Gap, never begun. The reasons for this
omission include a concern that foot and mouth
disease would enter Central America from South
America and the high costs of completing the
stretch through rugged territory.

Since the stretch of highway to Yaviza was
completed in 1984, maintenance efforts have not
kept up with weather and traffic-induced dam-
age. The road surface has deteriorated to the
point that in some places the road is only pass-
able during the dry season months of January to
March. The Panamanian government asked the
Inter-American Development Bank to support a
sustainable development project in the province.
Project e ementsinclude:

Designation of new protected areas of vari-
ous types,

Land titling,

Rehabilitation of the transport infrastructure;
in particular, the resurfacing of the Pan
American Highway in the province,

Strengthening of institutional capacity to
enforce land use and resource management
administrative capability, and

Improved access to basic services (health,
education, potable water, sanitary systems,
and electricity).

The possibility for negative externalities was of
particular concern because of the unique cultural
and environmental attributes of the Darién. The
road resurfacing lowers the cost of transporting
goods to and from the province. All economic
activities that use inputs from or sall output to
the rest of Panama become more profitable,
thereby raising land values and increasing the
opportunity cost of conservation. It is possible
that either expansion of existing activities or
new activities could have negative environ-
mental consequences. Effective land titling, on
the other hand, lowers the implicit discount rate,
making profitable long-term investments that are
sometimes more environmentally friendly.
Designation of new protected areas, accompa-



nied by effective enforcement, should also re-
duce environmental degradation.

A MODEL OF THE DETERMINANTSOF
LAND USE?

To predict land use changes as a result of vari-
ous project activities, we use a spatially explicit
model of land use. A given parcel of land has a
variety of characteristics that determine its in-
herent productive capacity. These characteris-
tics might be vegetative (timber, productive
soil), mineral, or even atmospheric (rainfal,
evapotranspiration). Another set of attributes
that determine profitability (and therefore land
rent) is location-specific (e.g., proximity to a
harbor, road, or market center).

We assume the operator (the person with effec-
tive control over the land) uses these resources
to increase his or her utility. For this model de-
velopment we equate utility and profit maximi-
zation. However, we relax that assumption in the
empirical anaysis.

The operator chooses a particular land use by
comparing the net present value of the profit-
ability of all possible land uses. If we assume
that a given land use has a single marketed
product, the net present value of the return to
that land use, its net present rent (Ry) at time T,
isgiven by:
¥

Rnt= (\)(tht Quret - Ch|T+tXh|T+t)e' itdt (1)

t=0

where P is the output price, Q is the quantity of
output, C is avector of input costs, X is a vector
of inputs under operator control and i, is the lo-

3 The static version of this model was originally de-
veloped in Chomitz and Grey and used to assess the
effects of roads on land use in Belize. Nelson and
Hellerstein extended the theoretical model to multiple
time periods and used the approach to smulate the
land use effects of complete removal of aroad net-
work in central Mexico. Other authors who have used
this methodol ogy to study determinants of land usein
developing countries include Deininger and Minten.
Bockstael and associates at Maryland have used a
similar methodology to study urban expansion in the
Washington, DC/Baltimore, Maryland corridor. See
Kaimowitz and Angelsen for areview of deforesta-
tion models.

cation-specific discount rate, all for each land
use h a location | a time t. The operator
chooses the land use that has the highest R+ for
the parcel.

The theoretical derivation, presented in an ap-
pendix, makes several restrictive assumptions to
arrive at a theoretically consistent reduced form
equation that includes prices of inputs and out-
put, a vector of geophysical characteristics (G),
parameters of the production function (a and b),
and alocation-specific discount rate, it

1

T= bthhIGl O Céﬁk“aﬁ‘hkhﬂ 03 "t
e k u

2

= bhePhIG O Ckrikhaakhljl ?8
a

In addition, data restrictions impose additional

congtraints. As discussed below, we use only

cross-section information. Hence we cannot use

time series variation in prices to estimate pa

rameters. However, we do have spatial variation
in prices caused by transportation costs.

Since we have no data on either location-specific
or final destination prices, we proxy location-
specific prices by measures of cost-of-access to
different final destinations. We use location-
specific price proxies with the following func-
tional form:

Pn = €Xplg +0, D]
Cn= eXp[d o tdu D|]

D, - cost of access measure from final
destination or source of input to location
l.

Note that this form assumes that the price prox-
ies for al inputs (Cyn) are the same. We make

3)

* The discount rate, i, is location-specific to capture
differences in effectiveness of property rights. It is
not uncommon for informal use rules to play a more
important role in determining land use than officia
rules and regulations. If data on land tenure are avail-
able, they can act as a proxy for the location-specific
effects of changing discount rates.



this assumption because we do not have input-
specific data®

For this analysis we assume there are four dis-
tinct final destinations that might be of relevance
to land use choice. Some activities produce
goods for home or location consumption. Two
final destinations for this type of activity are
proxied by the nearest village and the nearest
local population center. In addition, some goods
are transported out of the province. From most
of the province, goods move either along the Pan
American highway north or to El Real and onto
a coastal sea-going vessel. We combined these
two destinations, estimating the cost to the near-
est. Our fourth destination was the Pacific coast
town of Puerto Pifia in the southwest. Puerto
Pifia is a viable destination only for goods pro-
duced nearby since mountains surround the
town.

Substituting the price proxies and doing addi-
tional manipulations (see appendix) gives:

ln Rr|IT :hOh +é hlihDI + é h2hrGr +h3h IniI +uhl (4)

Parcel h will be devoted to land use k if
Rur> Rur, | k. If the u are Weibull dis-

tributed and uncorrelated across land uses,
equation (4) is equivaent to a multinomial logit
model where:

K

SeVI ?j

]

Probp = %)

For estimation, the V vector consists of three
sets of explanatory variables, G — site-specific
geophysical variables, C — cogt-of-access (D)
and other socioeconomic variables, and S — spa-
tial effects geophysical variables (discussed be-
low).

We use the estimated hs to generate probability
predictions for each land use at every location in
the province.® These probabilities can then be

® This assumption does not mean the effect of a
change in access cost is the same for all land uses.
See Greene for atheoretical explanation and Nelson
and Hellerstein for an example.

® For example, we might find the following land use
probabilities at alocation in the middle of the park —
forest without cuipo — 72%, forest with cuipo — 18%,

used to predict land use at each location. The
predicted land use is determined by the highest
probability vaue of the land uses. We compare
the predictions to the actual land use values to
assess the predictive power of the regression. A
“prediction matrix” is calculated by comparing
actual and predicted categories. The matrix rows
show the number of locations actually in a given
category; its columns show the number of loca-
tions predicted to be in a given category. Di-
agonal elements are correct predictions.”’

With estimates of the hs, we simulate changesin
the socioeconomic variables brought about by
the project. The project has two main elements
— changes in transportation infrastructure and in
property rights. To assess the effects of the pro-
posed transportation infrastructure, we smulate
the effects of road resurfacing alone and with a
ferry from Puerto Quimba to La Palma. Both
investments will lower transport costs from all
points in the province to final consumption
points (except Puerto Pind). We replace the
origina transport costs, based on existing infra-
structure, with lower transport costs and re-
estimate the predicted land use.

Changes in property rights influence the choice
of land use through the effect on the discount
rate. More secure property rights lower the ef-
fective discount rate for the operator of a parcel
and increase the net present value of investments
with longer-term payoffs. Project staff suggested
that the inhabitants of the Cemaco reserve have
the most effective property rights over land in
the province. We simulate the expansion of this
degree of control to the entire province to illus-
trate how improved property rights for the in-
digenous population might change land use.

For al aternatives, we generate transition matri-
ces® and land use change maps.

orest without cuipo — 72%, forest with cuipo — 18%,
agriculture — 3%, pasture — 6%, etc. The sum of
probabilities for all nine categoriesis 100%.

" The prediction matrix is like a“confusion matrix”

in the remote sensing literature that compares catego-
riesidentified by a classification scheme to categories
identified by ground observation (Richards 1993).

8 A transition matrix has one state of nature (e.g.,
1987 land use) along the vertical and a second state



DATA SOURCESAND DATA MANIPU-
LATION

The principal source of data was a spatial data
set prepared by the Dames and Moore Panama
office as part of project preparation. The data
consist of over 80 coverages® stored in Arc Info
and Arc View file formats. Variables include
land use, location of population centers by eth-
nic group, soil type, rainfall, elevation, and po-
litical boundaries.

Land Use

Dames and Moore derived land use data sets for
1987 and 1997 from a variety of sources, in-
cluding interpretation of satellite images and
ground-truthing (Table 1 and Figure 2). The
origina land use classification had 15 catego-
ries, but some represent areas — interior waters
and populated areas — that are essentially ‘no
data’ for the purposes of our analysis. To sim-
plify the interpretation, we aggregated the origi-
nal land uses into 9 categories (0 to 8 in Table
1). The origina data were in vector coverages,
we converted these to raster coverageswith each
pixel representing an area 500 meters on a side
(0.25 sg. km.).

The data set identifies five categories of land use
involving forest. In 1997, forests accounted for
about three-fourths of the land area in the prov-
ince, a decline of about 10 percent from 1987.
Two categories — forest with and without cuipo
(bosgue con cuipo and bosgue sin cuipo) — ac-
count for most of the forest area.’® The principal
distinguishing characteristic of the two is the

of nature along the horizontal (e.g., 1997 land use). A
meatrix cell contains the number of members common
to both the first and second state. For example, if 9
square kilometers of cativo forest in 1987 were con-
verted to pasture in 1997, the intersection of the 1987
forest column with the 1997 pasture row would be 9.
° A coverageis set of location-specific values for a
variable. In avector coverage, location information is
given as a polygon or other vector format. In araster
coverage, location informationis given in agrid of
squares, sometimes called cells or pixels (short for
picture element). Pixel and cell are used here syn-
onymously with location of a parcel.

19t is unclear whether the presence of cuipo is pri-
marily afunction of elevation or degree of human
intervention.

presence or absence of cuipo trees. This tree re-
sembles the African baobob in appearance. Its
wood is unsuitable for most timber needs. The
cuipo-dominated forest is located at lower ele-
vations and relatively close to human activities.
The non-cuipo forest is located in more remote
locations and locations with higher elevation and
steeper average dopes (Table 3). The third im-
portant forest category is cativo. This is the most
important single species, used principaly in the
plywood industry. Since it often grows in pure
stands it is especialy susceptible to clear cut

logging.

During the 1987-97 period, the largest decline in
forest area was in the forest with cuipo category.
Almost 20 percent of this category was lost with
brush, pasture, and agriculture taking about 5
percent each (Table 2).

The Dames and Moore analysts identified about
700 sguare kilometers of mangrove and other
wetland areas. These are located almost exclu-
sively around the Gulf of San Miguel. There
was relatively little change in this area between
1987 and 1997.

The remaining categories reflect human inter-
vention. The largest categories are livestock
pasture (ganaderia) and brush (matorrales). Proj-
ect staff described the brush category as the land
cover following dash and burn cropping prac-
tices or where pastures were abandoned. There
was a very large increase in both these catego-
ries with the brush area doubling and the live-
stock area increasing by more than 50 percent
(Table 2). As can be seen in Figure 2, most of
this increase came in the northwest part of the
province, largely at the expense of the forest
with cuipo category.

Agricultural areaincreased by amost 75 percent
between 1987 and 1997, but from a relatively
small base. Much of the increase took place at
the edges of existing cultivation and from cuipo
forests (Table 2). One exception is a large area
of agricultural activity near the northernmost
corner of the province.



Table 1: Land Use Categories and Areas, 1987 and 1997.

Category (number in parentheses) 1987 | 1997 Change
Area (sq km) % change
Forest 13,529 12,133 -10
Bosque sin Cuipo (forest without cuipo) (O) 4,631 4,613 -0.4
Bosque con Cuipo (forest with cuipo) (1) 8,085 6,608 -18.3
Cativo (2) 246 234 -4.9
Plantaciones Forestal es (plantation forest) (3) 0 5
Bosque Intervenido (disturbed forest) (3) 568 673 18.6
M angr ove and other wetlands 729 717 -2
Mangle (mangrove) (4) 442 416 -5.9
Mangle Arbustivo (4) 21 27 29.9
Mangle con Alcornoque (4) 37 37 -0.2
Pantanos (freshwater wetland) (5) 229 237 35
Human intervention 1,852 3.268 76
Matorrales (brush, often after dash and burn agriculture) 566 1,134 100.3
(6)
Ganaderia (livestock) (7) 903 1,469 62.6
Agricola (agriculture) (8) 383 665 73.8
Other 147 30
Aguas Interiores 132 15
Pablados (village) 15 15
Total area 16,258 16,148

Source: Calculations based on data collected by Dames and Moore.

Note: The difference in total provincial area between the two
fied asinterior waters between 1987 and 1997.

It is aso informative to look at the spatial distri-
bution of changesin land area. The center graph
in Figure 2 shows that most of the change took
place in the northern part of the province. Land
use changes took place on both sides of the
highway. However, the changes on the east side
were located predominately in the narrow strip
between the highway and the Chucunaque River,
outsde the Cemaco Reserve. Changes on the
west side of the highway took place throughout
the northwest corner of the province.

Geophysical data

Geophysical variables determine the potential
productivity of different land uses at a location

periods come from an apparent decline in area classi-

(see Table 3). We darted with the basic data
provided by Dames and Moore and then ma-
nipulated them to generate other variables for
the analysis.

Precipitation

The precipitation data set provided by Dames
and Moore rainfall values in 1,000 mm incre-
ments, ranging from 0 to 5,000 mm. Further-
more, the rainfall polygons are quite large, sug-
gesting these data are not too reliable. Average
rainfall was highest in the mangrove areas
(3,650 mm/yr) and lowest in the forest without
cuipo areas (1,840 mm/yr).




Table 2: Land Use Transitions, 1987 to 1997 (sg. km.)

1987 Land Use 1997 Land Use
0 1 2 3 4 5 6 7 8| Total, 1987
Forest without cuipo 0 4,588 11 1 5 1 0 9 3 7 4,624
Forest with cuipo 1 5 6,499 1 377 1 26 406 525 250 8,090
Forest with cativo 2 0 1 226 0 0O O 9 2 2 240
disturbed forest, secon- 0 57 0 200 0O 0 144 133 17 552
dary forest, forest plan-
tations 3
Mangrove areas 4 0 1 0 14 401 2 2 4 0 423
Fresh water marshes 5 0 17 0 5 1 197 0 0 0 220
Scrubs or secondary 0 3 0 28 0 0 457 29 46 563
growth 6
Pasture 7 0 15 0 28 1 O 76 770 8 898
Agriculture 8 0 1 0 5 0O O 29 7 341 382
Total, 1997 4593 6,604 228 663 405 225 1,130 1,473 671 15,991

Note: Entries in a cell indicate the number of sguare kilometers that were in the row land use in 1987 and the col-
umn land use in 1997. For example, 525 sg. km. that were in forest with cuipo (1) in 1987 had been converted to
pasture (7) by 1997. The entries along the diagonal are areas where land use has not changed. The totals differ from
thosein Table 1 because some locations were identified as missing in one period while other locations were missing

in the other period.
Elevation and dope

Elevation values were derived from a radarsat
raster image with pixel size of 92 meters. The
average slope was calculated from the original
data. Then both elevation and Sope data were
resampled to 500-meter cells. The highest point
in the province is 1,800 meters but much of the
province is close to sea level. The average ele-
vation is 291 meters and the average dope is 6.7
degrees. However, some land use categories
have very different average values. The average
elevation of a forest without cuipo location is
658 meters and its average dlope is 13.51 de-
grees. These values indicate the rugged topogra-
phy where forest without cuipo grows; the rea-
son it remains inaccessible and well-conserved.

Socioeconomic Data

The socioeconomic variables are chosen to re-
flect the influence of humans on land use (see
Table 3). Four 0-1 dummy variables — for the
national park, the Cemaco and Sambu reserves
and concession areas — are included to capture
variations in the degree of human control over
the land use. If park protection is effective we
expect to see less human intervention there than
would otherwise be the case. Forty seven per-
cent of forested pixels are in the park and a fur-
ther 28 percent are in the Cemaco reserve. Only

3 percent of the pixels with human intervention
were inside the park, 7 percent in the Cemaco
reserve, and 5 percent in the Sambu reserve.

Darién National Park

Darién Nationa Park was established in 1980. It
is located on the southern border of the province
and makes up about one third of the provincial
area. UNESCO designated the park a World
Heritage Site in 1981 and a biosphere reserve in
1983. With a few exceptions (such as minera
concessions that preceded the park creation), no
economic activity is supposed to take place
within these boundaries. However, the ability to
enforce this restriction is limited by the small
number of park personnel.

Concession areas

The Dames and Moore data set includes infor-
mation on the two types of concession areasin
the province — forest and mineral. Two mineral
concessions are located in the park and the re-
mainder are just outside the park boundaries.
The forest concessions are in three groups — one
near the park border, one in the middle of the
province and several in the northeast corner of
the province.




Table 3: Mean values for explanatory variables for the province and within each land use category, 1997.

Name Forest |Forest |Forest [Disturbed [Mangrove|Fresh |Scrubsor |Pasture |Traditional [Province [Units
without with |with forest, areas water  [secondary agriculture
cuipo [cuipo |cativo |secondary marshes |growth
forest,
forest
plantations
ID 0 1 2 3 4 5 6 7 8
Area 4,594| 6,604 228 663 408 225 1,131 1,473 671 15,995|sg. km
Geophysical variables
ELEV 6.58 1.79 0.72 112 0.36 0.43 0.89 121 0.80 2.91| 100 meters
RAIN 184 272 3.47 3.47 3.65 357 3.42 3.38 2.86 2.66|meters
SLOPE 1351 4.80 113 3.79 214 0.93 2.45 3.52 2.32 6.70|degrees
Spatial lag variables
COLINDX 164 145 119 94 73 122 112 73 147  137.00|increases from east to west;
each unitis.5km
ROWINDX 259 202 145 148 170 206 171 131 218 207|increases from north to south;
each unitis.5km
Socioeconomic variables
DARPARK 0.76] 0.27 0.00 0.01 0.00 0.01 0.03 0.00 0.13 0.34{1- in park
CONCESSN 0.02| 0.05 0.18 0.03 0.00 0.01 0.05 0.03 0.08 0.04{1- in concession
CEMACO 0.22| 0.23 0.36 0.02 0.00 0.00 0.10 0.01 0.24 0.18(1- in Cemaco reserve
SAMBU 0.13| 0.07 0.14 0.01 0.00 0.00 0.06 0.02 0.11 0.08{1- in Sambu reserve
COST2PTS | 126.36| 36.20] 14.95 10.02 1329 12.69 14.27| 7.88 28.95 55.33|$/mt cost to nearest of northern
border or El Real
COSTPP 255.49( 241.82| 231.60 223.04| 219.84| 229.83| 220.76( 223.54 214.09] 239.76/$/mt cost to Puerto Pina
COSTVILL 7257 16.30 341 1.18 2.09 6.49 1.29 0.56 1.85 28.03|$ cost to nearest inhabited
village
COSTTWN 87.80| 26.08 8.98 3.22 4.00 7.61 3.35 251 5.27 37.14|$/mt cost to nearest town

Source: Own calculations using Dames and Moore data set.

Cemaco and Sambu Reserves

Although three areas have been set aside for in-
digenous groups in the province (see above) we
have included only two in the econometric esti-
mation — the Choc6 homelands Comarca Em-
berd No. 1 in Cemaco District and Comarca
Embera No. 2 in Sambu District. These reserves
were set up in 1983. Discussions with project
staff suggested that residents in these reserves
had been most successful in using the reserva-
tion status to gain effective property rights. The
third reserve, the Kuna de Wald, Morti y Nurréa
Indigenous Reserve in the headwaters area of the
Chucunague River, was only created in 1997.

Cost of Access Data

Ideally, we would use prices of important inputs
and outputs to determine the most profitable

land use at each location. These data are un-
availlable. However, we do have information on
the cost of transporting wood, an important
product of the region. We used timber as a
proxy for all transported outputs.™ In a study of
logging in Brazil, Stone estimated the costs of
transporting a cubic meter of wood over various
land surfaces and navigable waters (Stone
1998). We calibrated these cost estimates to re-
flect local conditions based on information pro-
vided by project staff.

1 Timber is similar to other agricultural productsin

weight and volume. It may be the case that other ag-
ricultural products are exported from the provincein
less than full truckload lots and hence we are under-
estimating the transport cost for those commodities.

This possibility would need to be checked in follow

up work on monitoring and evaluation.



Project staff identified several stretches of rivers
in the province that are navigable by small boats.
These include the Chucunagque River as far north
asthe Meteti area, the Tuira River as far south as
Boca de Cupe and the Sambu River to Boca de
Sabalo. In addition, we assumed that the gulf
waters were navigable at the same cost as the
rivers. We added an additional fixed cost to
move goods onto or off the gulf to reflect load-
ing costs. An important implication of these as-
sumptions is that the cost of moving goods out
of the province via a water route (river and gulf)
is similar to using the Pan American highway.
Where cost information was not available from
Stone, we used estimates based on our best
guesses and discussions with project staff.

Table 4 presents our estimates of the cost of
moving a cubic meter of wood over a kilometer
of various land use categories, assuming a flat
surface. These costs are then adjusted to reflect
the higher cost of moving over sloping ground.*

Table 4: Cost of traversing different land surfaces.

Land use category Cost per cubic
meter per km ($)

Primary road 0.10 (0.05 after
resurfacing)

Secondary road 0.15

Navigable river 0.08

Bosque con Cuipo 3.00

Bosqgue sin Cuipo 3.00

Cativo 3.00

Bosque Intervenido 0.50

Plantaciones Forestales 0.50

Mangle 3.00

Mangle Arbustivo 3.00

Mangle con Alcornoque 3.00

Matorrales 0.50

Pantanos 3.00

Ganaderia 0.20

Agricola 0.20

Poblados 0.20

Source: (Stone 1998, discussions with project staff,
and own estimates).

Figure 3 presents graphs of the minimum cost of
moving a cubic meter of wood to various desti-

12 The formula for the final cost was (1 + slope’/50)
times land cover cost from Table 4. Thisformulais
arbitrary. It has the desirable properties that as slope
increases, cost increases more rapidly. When the
slopeis 10 degrees, the cost doubles.

nations. We include four destinations — the
nearest village (COSTVILL), the nearest large
town (COSTTWN), Puerto Pifia on the Pacific
Coast (COSTPP), and the lowest-cost option to
exit the province, either north along the Pan
American highway or through El Rea to the
Pacific Ocean (COST2PTYS).

As might be expected the lowest cost points are
those nearest the destinations and along roads
and navigable rivers that provide easy access to
those destinations. The average cost of access to
different land use categories varies quite dra-
matically (Table 3) and is indicative of their lo-
cational rents. The average cost from a forest
without cuipo pixel to the lowest cost destina-
tion outside the province is $126 because these
locations are both remote and have a large slope.
The average cost from a pasture pixel is only $8
because these are located on relatively flat
ground in the northern part of the province near
the highway.

Spatial lag variables

The variables described above are derived from
data where potentially important spatial relation-
ships exist. For example, all else equal, a loca-
tion is more likely to have human intervention if
the neighboring locations have human interven-
tion. In order to correct for spatial dependence
and autocorrelation (Anselin), two additional
variables were included in the analysis - one
each for latitude and longitude (see Table 3).
The latitude grid has a value of one for the first
row of pixels, two for the second row, and so on.
Each unit is .5 km further away from the north-
ernmost part of the province. The longitude grid
has a value of one for the left-hand side column
of pixels, two for the column to its right, and so
on. Each unit is .5 km west of the previous unit.

RESULTS
Changesin access cost and the profit frontier

A principal concern about the highway resur-
facing is that it will expand the areas were land
use activities with negative externaities are
profitable, especially timber harvesting and crop
and livestock agriculture. One way to envision
this effect is to think of a “ profit frontier” for
land use activities. This frontier is a line (or
curve) that divides the province into regions



where an activity isand is not profitable. Within
the frontier it is profitable to undertake the ac-
tivity. Outside the frontier, the transport cost is
greater than the value at the destination.

One of the authors (Stone) collected prices of
wood products processed from various tree spe-
cies in August 1998 (Table 5). Mahogany is by
far the most valuable species at over $400 per
cubic meter in Yaviza. Cedar is worth about

Table 5: Price of wood at various locations (August 1998)

half as much as mahogany and pavé is worth
only about $130 in Yaviza

For most of the province, transport costs to a
fina destination are below $50 per cubic meter.
The highest cost with existing transport infra-
structure is $431 per cubic meter. However, this
cost is found only in the most remote southern
corner of the province (Figure 3).

Product Location Price ($/board  Equivalent Price ($/ Condition
ft.) cubic meter)*

Mahogany Yaviza 1.00 424 Rough sawn
Cedar (cedro espinosa) Yaviza 0.50 212 Rough sawn
Pavé (softwood) Yaviza 0.30 127 Rough sawn

“ M eteti 0.35 148 Rough sawn

“ Panama City 0.53 225 Rough sawn

“ Panama City 0.70-75 297 — 318 Finished sawn

1. One cubic meter = 424 board feet.

For essentialy the entire province, the value of
mahogany is higher than the cost of transporting
it out of the province. The mahogany profit
frontier lies outside the province. The frontiers
for cedar and pavé are also relatively remote.
Regions where it is unprofitable to harvest these
species are mainly near Puerto Pifia (assuming
that the outlets are either through the Gulf or
along the highway). Hence, even without resur-
facing the road or completing the ferry it is
highly profitable to harvest mahogany anywhere
and to harvest cedar and pavé in most locations
in the province.

In other words, resurfacing the road has little
effect on the profitability of extraction of high
value timber. The primary effect came when the
road was opened in the 1980's. The practica
significance of this finding is that it is likely that
the entire province has aready been “high
graded” or selectively cut for high value species.
We do not have prices for other agricultural
products of the province. It seemslikely that the
profit frontier would be much closer to the road.

Predictive power of the regresson

We estimated the multinomial logit model
(equation 5 above) using 1997 data. We have 9
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land use categories (see Table 6) and the 13 ex-
planatory variables listed in Table 3. Table 6
presents the prediction matrix for the regression.
The predictive power is high (70 percent of lo-
cations or more predicted correctly) for four of
the nine categories — forest with and without
cuipo, mangroves, and pasture. For severa of
the categories involving human intervention, the
misclassified pixels were identified as a smilar
category. For example, category 6 is scrubs and
secondary growth after abandoned agricultural
production or pasture. Over 25 percent of these
pixels were misclassified as pasture and another
8 percent were misclassified as agriculture. |If
al categories involving human intervention are

13 We do not report the coefficients of the model nor
their standard errors for two reasons. First, the num-
ber of coefficients equals the number of independent
variables (14 including the constant) times the num-
ber of land use categories (9) for atota of 146 coef-
ficients. Second, there is no intuitive explanation for
their values. It is possible to calculate marginal ef-
fects coefficients but their values are a function of the
values of the independent variables and hence vary
by location. See Nelson and Hellerstein for an exam-
ple of this calculation.



aggregated (3,6,7,8), the predictive power for
this aggregate category is 82.3 percent.

Another source of misclassification is border
effects. Pixels that lie on the border between
land use categories are frequently misclassified.
This can be seen most clearly in Figure 5 in
combination with Figure 2. For example, in the
southeast part of Figure 5, the border between
the forest with cuipo and without cuipo is clearly
delineated by misclassified pixels.

An additional test of the predictive power of the
model is to simulate the complete removal of
roads from the province and compare the results
to actual land use in 1987. The Pan American
highway to Yavisa was completed in 1984. If
land use changes are driven primarily by ease of
access, land use changes in 1987 would reflect
the early stages of the effects of the road. We
simulate removing roads by reestimating the
cost surfaces. For pixels that include a road, the
transport cost is increased to the cost of moving
across the underlying land use category.

As Figure 6 indicates, smulated land use
changes from “removing” the roads are similar
in location to those of the actua land use
changes. The change in land use brought about
by removing roads is in the direction of less hu-
man intervention. In particular, most of the land
in pasture in 1997 reverts to brush or forest
when the roads are removed. These results give
additional confidence that the model correctly
estimates the effects of changes in transport
costs.
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COST REDUCTIONS FROM RESURFAC-
ING THE HIGHWAY AND ADDING A
FERRY TO LA PALMA

A comparison of the transport costs before and
after road resurfacing indicates that resurfacing
the road has a relatively small effect on the cost
of access to the two exterior destinations (Figure
4). The length of the road to be resurfaced is
approximately 80 km within the province. We
assumed that resurfacing reduces the transport
cost per cubic meter from $0.10 to $0.05 per
kilometer. Thisimplies that the total saving from
a point that uses the entire road for transporta-
tion is approximately $4 per cubic meter. How-
ever, we have also assumed that transport along
navigable rivers to the Gulf of San Miguel is
also possible. A good may exit the province ei-
ther along the highway to the north or through
the Gulf, depending on the least-cost routing.
Hence, there are virtually no points where the
cost reduction from the resurfacing will attain
the $4 maximum.

Addition of the ferry crossing from La Paima to
Puerto Quimba across the Gulf of San Miguel
would reduce the cost of transporting goods
from the southwest of La Palma north along the
Pan American highway somewhat (Figure 4).
However, since goods can be transported
through the Gulf, the effect of the ferry on re-
ducing costs is confined to the area around La
Palma.



Table 6: Prediction matrix, 9 land use categories, 1997 data (sg. km.).

Predicted-> 0 1 2 4 5 6 7 8| Tota| Percent

Actudl correct

Forest without cuipo 0| 4,209 373 0 2 2 0 0 71 4,594 91.6

Forest with cuipo 1 243 6,053 6] 31 30 38 83 66 54| 6,604 91.7

Forest with cativo 2 0 149 25 15 1 24 3 11 228 10.9

disturbed forest, sec- 5 50 0 26 36 9| 189 327 22 663 03.8
ondary forest, forest
plantations 3

Mangrove areas 4 0 27 0 296 24 23 33 5 408 725

Fresh water marshes 5 0 62 0 411 111 10 2 0 225 49.1

Scrubs or secondary 5 216 14| 18 22 3| 322 438 95| 1,131 285
growth 6

Pasture 7 13 27 4 29 0| 132| 1,239 22| 1,473 84.1

Agriculture 8 6 232 22 6 0 51 60| 295 671 44.0

Total| 4,480 7,188 71 83| 475 187 836 2,165/ 510| 15,995

Note: Diagonal (bold) cells indicate correct predictions.
Simulated effects of infrastructur e investment

To model the effects of the project, we do three
simulations (in addition to the no roads smula-
tion described above) — resurfacing the road,
resurfacing the road and adding a ferry to La
Palma, and expanding the land management re-
gime of the Cemaco reserve to the entire prov-
ince. Thislast simulation is not meant to repre-
sent an actual project element. Rather, it is in-
cluded to suggest the potentially important im-
pact on land use of effective control for particu-
lar groups.

The effects on gross land use changes are re-
ported in Table 7, the transition matricesin Table
8, and maps of simulated land use are in Figure
7 to Figure 9. We simulate the effects of the
road resurfacing and addition of the ferry by re-
placing the original cost variables (cost to near-
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est export destination, cost to nearest village,
cost to nearest town, cost to Puerto Pina) with
updated variables that reflect the reduced cost.
Setting the 0-1 reserve location dummy variable
to 1 for the whole province smulates the change
in property rights.

Two caveats about the assumptions implicit in
this analysis are appropriate here. First, the
simulated changes in land use should be viewed
as a move from an existing equilibrium to a new
equilibrium or as a change that occurs in addi-
tion to any ongoing changes. The infrastructure
investment adds economic incentives to change
land use in selected locations in addition to the
incentives that already exist. Second, the analy-
sis says nothing about the how fast these
changes might take place.



Table 7: Predicted changesin land use from infrastructure investments (square kilometers).

Categories 1997, Predicted
actua 1997 | After road resur- | After road resurfacing All Cemaco
base? facing and ferry
Forest without cuipo 0 4594 | 4,481 |4,465 (-16) 4,463 (-18) | 4,971 (490)
(-0.4%) (-0.4%) (10.9%)
Forest with cuipo 1 6,604 7,188 | 7,238 (50) 7,246 (58) | 9,305 (2,118)
(0.7%) (0.8%) (30.4%)
Forest with cativo 2 228 70 31 (-39) 26 (-44) 239 (169)
(-55.7%) (-62.9%) (241.4%)
Disturbed forest, sec- 663 84 | 199 (115) 199 (115) 0 (-84)
ondary forest, forest (136.9%) (136.9%) (100%)
plantations 3
Mangrove areas 4 408 475 | 471 (-4) 468 (-7) 0 (-475)
(-0.8%) (-1.5%) (100%)
Fresh water marshes 5 225 187 | 187 (0) 187 (0) 0 (-187)
(0%) (-0.0%) (100%)
Scrubs or secondary 1,131 835 | 362 (-473) 337 (-498) 330 (-506)
growth 6 (-56.6%) (-59.6%) (-60.6%0)
Pasture 7 1,473 2,166 | 2,624 (458) 2,679 (513) 911 (-1,255)
(21.1%) (23.7%) (-57.9%)
Agriculture 8 671 510 | 419 (-91) 337 (-173) 239 (-271)
(-17.8%) (-33.9%) (-53.1%)
Tota 15,995 | 15,995 15,995 15,995 15,995

Note: Numbers in parentheses are changes from, and percentages of, 1997 predicted area. The current areas (the
second column) in this table are somewhat smaller than in Table 1 because only areas used in the analysis are in-
cluded here. Some areas were omitted because of missing data for one or more variables.

1. Thevaluesin this column are the 1997 areas.

2. Thevaluesin this column are logit model predictions for 1997.

Resufacing the Pan American Highway

As expected, most of the land use change occurs
along the road, in the northern two-thirds of the
province (Figure 7). Resurfacing the highway
has little effect on the forest without cuipo areas,
especialy in the south and southeast. Disturbed
forest area (category 3) more than doubles with
most of the increase coming at the expense of
scrub.

The two most significant changes are to cativo
forest and pasture. The cativo forest area de-
clines dramatically, from 70 sg. km to 31 sq. km.
This area is converted into cuipo forests and
pasture. This result requires qualification. The
predictive power of the moddl for cativo forest is
not high. The actual areain 1997 was 228 square
km but the predicted area before project invest-
ments was only 70 km. One explanation for this
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difference is that something has slowed the cut-
ting of cativo forests in the past. If so, the losses
from arising from the transportation investments
might also be less. Another explanation is that
the cativo forest areais not in equilibrium as the
model assumes. Then we might expect more
rapid loss of cativo forest. Given the economic
importance of cativo, this result deserves further
investigation.

Area devoted to pasture increases by almost 500
square kilometers, much of it near the road. That
increase comes primarily from areas that are
currently in scrub (360 sg. km.) but other land
use categories also are converted to pasture. In-
terestingly, the model predicts that the agricul-
tural land use declines by 91 sq. km. with about
half that decline moving into pasture and scrub.




Table 8: Transition Matrices for Land Use Simulations, 1997 (square km)

Simulated Land Use
Categories

Base Land Use Categories

Road Resurfacing

0 1 2 3 4 5 6 7 8 Total
Forest without cuipo 0 4,465 0 0 0 0 0 0 0 0 4,465
Forest with cuipo 1 15 7,129 28 1 0 1 25 0 40| 7,238
Forest with cativo 2 0 0 31 0 0 0 0 0 0 31
disturbed forest, secon- 0 32 0 56 0 1| 103 0 7 199
dary forest, forest plan-
tations 3
Mangrove areas 4 0 2 0 Of 451 4 13 1 1 471
Fresh water marshes 5 0 4 0 0 1] 181 1 0 0 187
Scrub 6 0 3 4 0 0 1] 335 0 20 362
Pasture 7 1 18 5 28 23 0 360] 2,165 25 2,624
Agriculture 8 0 0 2 0 0 0 0 0f 417 419
Total 4,481 7,188 70 84| 475 187 835 2,166] 5101 15,995
Road Resurfacing and Ferry
0 1 2 3 4 5 6 7 8 Total
Forest without cuipo 0 4,463 0 0 0 0 0 0 0 1 4,463
Forest with cuipo 1 18 7,126 28 1 0 1 28 0 45| 7,246
Forest with cativo 2 0 0 26 0 0 0 0 0 0 26
disturbed forest, secon- 0 33 0 55 0 1| 103 0 7 199
dary forest, forest plan-
tations 3
Mangrove areas 4 0 2 0 O 447 4 12 1 2 468
Fresh water marshes 5 0 4 0 0 1] 181 1 0 0 187
Scrub 6 0 3 4 0 0 1] 311 0 20 337
Pasture 7 1 20 11 28 27 0 381 2,165 47) 2,679
Agriculture 8 0 0 2 0 0 0 0 0f 390 391
Total 4,481 7,188 70 84| 475 187 835 2,166] 5101 15,995
All Areain Cemaco Reservation
0 1 2 3 4 5 6 7 8 Total
Forest without cuipo 0 4,481 474 0 1 0 0 0 12 4 4971
Forest with cuipo 1 0f 6,706 0 81 343] 186 741| 1,002 248 9,305
Forest with cativo 2 0 8 70 0 93 1 28 12 26 239
disturbed forest, secon- 0 0 0 0 0 0 0 0 0 0
dary forest, forest plan-
tations 3
Mangrove areas 4 0 0 0 0 0 0 0 0 0 0
Fresh water marshes 5 0 0 0 0 0 0 0 0 0 0
Scrub 6 0 0 0 2 25 0 66| 236 0 330
Pasture 7 0 0 0 0 9 0 0f 902 0 911
Agriculture 8 0 0 0 0 5 0 1 2| 232 239
Total 4481 7,188 70 84| 475 187 835 2,166] 5101 15,995

Note: Entries in a cell indicate the number of square kilometers with column land use in 1997 and row land use in the
simulation. For example, if the entire province is assumed to have the same land management as the Cemaco reserve, 1,002
sq. km. of land moves from pasture to forest with cuipo. The entries along the diagonal are areas where land use does not

change.
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Resurfacing the Pan American Highway and
adding a Ferry to La Palma

Including the ferry and resurfacing the highway
results in some additional land use change in the
ferry area and around La Pama. As before, for-
est with cuipo changes little. Even more cativo
forest is lost, as much of the remaining stands
near La Palma are converted to cuipo forest or
pasture. We suspect that this outcome arises be-
cause the pasture area expands substantially in
the Rio Sambu valley, at the expense of cativo
forest, brush, and agriculture.

Extending the Cemaco Reserve to the Province

It is obvious from a land use map that land use
in the Cemaco reserve already differs from the
rest of the province. Project staff also report that
the inhabitants have been able to use the reserve
status to keep colonists from the land. For hy-
pothetical purposes, we tested the effect of
stronger property rights and indigenous land use
practices. The purpose of this smulation is to
see what effect an equivalent level of protection
throughout the entire province would have on
land use. In essence, we are assuming the same
level of effective control over land and the same
utility function derived from land use for the
entire province that currently exists in the re-
serve.

The effects on land use are striking (Figure 9).
All kinds of land use involving human interven-
tion are reduced. Cativo forest area almost tri-
ples. Cuipo forest area increases by over 2,000
sq. km. with that area coming from pasture,
scrub and agriculture. Clearly, cultural land use
ethics as well as effective property rights make a
difference in land use in Darien province. More
research is needed distinguish between the two.

CONCLUSIONSAND CAVEATS

This paper has demonstrated some of the poten-
tial of spatial analysis — combining spatial data,
geographic information systems and economet-
ric techniques — in this case, to estimate land use
changes for project analysis. While the integra-
tion of these techniques is still an imperfect art,
the results indicate the potentially important role
in determining ex-ante effects of project inter-
ventions with spatial components. In cases
where gpatial data exists, the marginal costs of
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using this data to predict economic behavior is
minimal and its potential to inform project de-
sign quite large.

In the case of the Darien, the results of this
analysis suggest that, by itself, the road resur-
facing will have relatively little effect on overall
deforestation, especialy in the nationa park.
And even outside the park, the without-cuipo
areas will not decline much. This land use cate-
gory is remote, at high elevations and with steep
slopes. However, cativo forests could be dra-
matically reduced, and pasture areas will expand
substantially.  The land use change areas are
concentrated in the northern two-thirds of the
province about equally on either side of the
highway, outside the Cemaco reserve. The addi-
tion of the ferry brings more loss of cativo forest
and more expansion of pasture areas, especially
in the Sambu River valley, southwest of La
Pama  These results suggest specific geo-
graphic areas for project monitoring and en-
forcement efforts.

The results also indicate that resurfacing the
road does not extend the area of economic ac-
cessibility for high value timber extraction. The
primary effect of the road on timber extraction
came when it was completed in the 1980s. The
practical significance of this finding is that it is
likely that the entire province has been “high
graded” or selectively cut for high value species.
It is possible that the profit frontier for lower-
value agricultural crops has been expanded but
we do not have enough specific data on produc-
tion or prices to tell. There is likely to be large
complementarities between selective (expensive)
on the ground monitoring and spatial analysis.
More research in this area is needed.

Cultural land use practices, combined with ef-
fective property rights extended in our hypo-
thetical example, clearly make a difference in
the resulting landscape. The inhabitants of the
Cemaco reserve use their land resources differ-
ently than those on the other side of the Chucu-
nague River. We cannot say how much of this
land use choice is due to the property rights re-
gime per se rather than a different ethic about
land use. Extending this type of control to other
parts of the province could mean sower conver-



sion of forest areas and less human-induced land
use change.

The model does not address directly non-project
economic incentives to convert land from forest
to other activities such as macroeconomic policy
changes, speculation in land value or rent-
seeking; and “micro” environmental changes
the project might bring about. For example, if
logging takes place one or two trees at a time
(high-grading) and does not change the gross
structure of the forest, remotely sensed data will
not pick up these changes. In order to capture
these effects it is necessary to combine remotely
sensed data of various kinds with on-the-ground
surveys.

As with any new analytical approach there are
many potential shortcomings that have not been
completely addressed. We have discussed some
of these throughout this document and others
could be added. The key advantages of this ap-
proach are its ability to utilize spatial data to
make quantitative assessments that are location
specific. When time and resources are scarce,
this type of analysis can be of great value in de-
signing projects that allocate these resources to
areas where they will have the largest economic
returns. They can also provide some assurance
of likely environmental impacts of project inter-
ventions and provide a basis for incorporating
strategic and cost-effective mitigation measures.
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THEORETICAL APPENDIX
We assume that a Cobb-Douglas relationship governs all production technologies.

=G, x* 0<a, <1,0<§a,<1 (6)
k k

Lo —a multiplicative combination of |ocation-specific geophysical fa&
G = g Ge°*=  turesthat affect land use.
s=1 1]

Let b =1- § a,
k

The indirect net present value function i$*;

B e
Rir = 6§b héPr«G OCkﬁﬁhﬂaakhg e "dt @)
t=0 e u B

Because we have no time-series data on land use, we have no time variability in prices. Then (7) can be
rewritten as:

1

N

é ~ (V8 |
T :bhgpmGuOCkﬁkhaEﬁhu 03 dt
k

a
L ®)
A A Vil ﬂo
= bherG Ockmkha n g &
u & z
Taking the log of (7) gives:
1 é o u
INR,; =Inb, +b—§n P, +InG+§ (-a,,InC,, +akhlnakh) Ini, (9)
h e k U

Since we have no data on either location-specific offinal destinationprices, we proxy prices by measures
of cost-of-access to several final destinations We assume that location-specific price proxies take the
following furctional form:

Pn = eXp[go| 0y Dl]
Cn = eXp[d o tdy D|]

D, - cost of access measure from final destination (or source of input) to loation .

(10)

Note that this form assumes that the price proxies for all inputs (Gn) are the same. We make this &
sumption because we do not have input-specific data.

14 See Beattie, Bruce R. and C. Robert Taylor. The Economics of Production Malabar: Krieger Publishing Can-
pany, 1993, page 248.
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Substituting the price proxiesinto (9) and performing some additional manipuattions yields:

InR; =hyg, +é D, +é h,, G, +hg, Ini; +u,

hon @ Iy + 3+ 1 (d, )b, - )+ & (@ Ina,)
b, by, b, %
1
hlih ° b_(gil +(dn )(bh - 1)) (12)
h
1
h2h ° b_hhr
h,,©° -1

We have the following hypotheses about signs of the structural coefficients:

O<a, <ZL'éak <:I;8% =1- éakg; from production function
k e k g

g, <O0; Location-specific output price declines with distance to final destiation.
d,, >0; Location-specific input price increases with dstance from input source.

These hypotheses implyhg and the h ; vector are negative, h , to be positive for G ordered so that an n-
crease in G increases output per unit of land, andh ; to be negative (and equal to negative 1).Parcel h will
be devoted to land use k if Ryr> Ryr, |1 K. If the u are Weibull distributed and uncorrelated across
land uses, then (11) is equivalent to a multinomial logit model where:

Vi?h

e

Probn = —<—— (12)
SeV|?j
i
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Figure 1: Darién province overview.
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Figure 2: Darién Province Land Use, 1987 and 1997

Note: The land use legend applies to the 1987 and 1997 figures. The colors in the center figure indicate where land
use change has taken place.
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Figure 3: Minimum Cost to Nearest Destinations.
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Note: The northwest corner is served by a secondary road; the southeast is served by navigable rivers.

Figure 4: Reduction in transport cost to lowest export cost destination with road resurfeing and ferry.
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Figure5: Spatial distribution of pseudo errorsin land use prediction.

Note: The numeric value at alocation is the number of the true category minus the predicted category number at that
location. If predicted and actual categories are the same the location value is 0 and the color is white.
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Note: Each land use is assigned a number. The land use change values are generated by subtracting the initial land use value at a location from the new land use value
For example, avalue of -8 at alacation could only be generated if the initial value was & and the final value was 0

Figure 6: Land use change: 1987 to 1997 and 1997 current to simulated no roads.
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Figure 7: Land use change with road resurfacing.

Note: SeeFigure 6 for explanation of colorsin land use change map.
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Figure 8: Land use change with road resurfacing and ferry.
Note: SeeFigure 6 for explanation of colorsin land use change map.
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Figure 9: Land use change with all province in @&maco reserve.
Note: SeeFigure 6 for explanation of colorsin land use change map.
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