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Abstract

There is a general concern with regards to effectiveness of protected areas due to their progressive isolation caused
by massive land use change in their surroundings. We examined the extent of natural vegetation fragmentation
both within and around two protected areas over a period of 32 years, in the Argentine Chaco Region, in two
contrasting ecoregions: Humid Chaco and Dry Chaco. We describe type and rate of change around each protected
area, and discuss the potential implications for biodiversity conservation on the basis of a percolation/connectivity
model for two endemic species. The results show that the rate and type of land use change is unique in each study
area, and that the risk of isolation is imminent in both cases. This situation cancels the conservation objectives of
protected areas, jeopardizing their effectiveness.
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1. Introduction

Massive land use change around protected areas threatens the integrity of their ecosystems. Protected areas are
usually embedded in larger ecological systems, whose components exchange matter, organisms, information and
energy through the borders. Habitat deterioration around the protected areas delays these flows, especially when it
does not fulfill all major functions of the greater ecosystem, defined by DeFries, Hansen, Turner, Reid, and Liu
(2007) as the wider ecosystem embracing the protected area and its context. Isolation reduces likelihood of
exchange across the borders, alters metapopulation dynamics by disconnecting source and sink habitat patches,
reduces the amount of habitat for animals that use patches outside the protected area. The proximity of humans
accelerates the progress of agricultural and urban frontiers (Curran et al., 2004), increases poaching and illegal
fishing within the protected area, and may affect animal population density and dynamics due to hunting or traffic
collisions in the outside. Humans and their pollution sources scare off some species of wildlife, and may affect the
health of the organisms within the protected area (Liu et al., 2001; Vester et al., 2007).

Scientists have noticed the isolation risk of protected areas since the 1990s, and the number of publications on this
issue has increased considerably since then (Hansen & DeFries, 2007). Studies on effectiveness of protected areas
in a fragmented landscape (Kiringe & Okello, 2007; Ashley, Russell, & Swallow, 2006), show that there are large
differences in their vulnerability, depending on internal (size) and external (location) factors, and on social,
economic and political factors (Joppa, Loarie, & Pimm, 2008). The consensus is that the criterion based on the
conservation of 10 to 15% of the total area to achieve biodiversity conservation has no scientific support (Stewart,
Ball, & Possingham, 2007).

Protected areas offer an opportunity for natural and cultural heritages preservation inside and outside their borders,
through the introduction of sustainable management strategies to simultaneously protect biodiversity in the
protected area and improve quality of life in their surroundings. To achieve this, one needs to identify and
understand the causes of land use change, including social conflicts (DeFries et al., 2007). In most Latin American
countries, this knowledge is lacking because sustainable management of natural reserve surroundings is not
perceived as a tool for nature conservation within the protected area, nor is it recognized the opportunity for
building capacity offered by the presence of local communities.

The Chaco plain is a good example of the likely consequences of land use change on natural and social subsystems,
due to the massive land conversion in the last three decades. The Argentine Chaco is part of the Great American
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Chaco, covering over 1 000 000 km?, between latitude 17° and 33° south and longitudes 65° and 60° west. It is one
of the major wooded grassland areas in South America, in the tropical and subtropical zones of Bolivia, Paraguay,
Brazil and Argentina. It houses an exceptional biodiversity, with unique ecological processes.

The Argentine Chaco occupies around 500 000 km?, across a wide east-west humidity gradient and north-south
temperature gradient. Its main characteristic is the lack of relief, with a regional slope of 0.04% from east to west.
Forests are dominated by three endemic quebracho (ax-breaker) species (Aspidorperma quebracho-blanco;
Schinopsis lorentzi, Schinopsis balansae). The Argentine Chaco comprises two ecoregions: Dry Chaco to the west
and Humid Chaco to the east (Figure 1). The Dry Chaco ecoregion has mean annual rainfall between 500 and 700
mm, and seven month of water deficit. Intensive riverbed migration shaped its landforms in the post-Pleistocene.
High morphological instability, with ancient riverbeds that shift between active and inactive, and natural fire
regimes, maintain forested savannas and forests in a climate in which one would expect a desert biome to occur
(Morello 1967; Morello & Adamoli, 1974). The Humid Chaco ecoregion, with a mean annual rainfall of 1200 mm,
is covered by a parkland formation, where patches of quebracho forest alternate with open grasslands. Areas
dominated by palm trees (Copernicia alba) occupy swampy soils with salt accumulation. Low riparian forests skirt
watercourses, and aquatic plants cover flooded areas. Terrain flatness, rain in the upper basin of main rivers, and
heavy local seasonal rainfall favor the formation of numerous shallow lagoons that are fringed by bogs.
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Figure 1. Study area

Left: South America. Argentina in grey, Formosa and Santiago del Estero Provinces in black. Right: Protected
areas in dark grey, the black line shows the limits between Cry and Humid Chaco ecoregions, thin grey lines are
Province borders.

The impact of human activity in the Argentine Chaco is of long standing (Morello, Pengue, & Rodriguez, 2007).
By the end of the 19th century, the introduction of cattle brought an increase in population and timber requirement
for building and energy. At the beginning of the twentieth century, quebracho was used for railway ties and
charcoal production; forests were heavily exploited and timber exported for use in the tannin industry in the first
half of the 20th century. Cattle ranching have caused shrubland encroachment on grassland. Recent deforestation
for soybean cropping, mainly in the Dry Chaco, is causing further fragmentation of forest remnants (Grau,
Gasparri, & Aide, 2005).

There are several features that make the Chaco Region a peculiar complex of ecosystems worthy of protection,
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such as the presence of the three endemic quebracho species, and forests with winter-deciduous trees that mitigate
the harsh environment of dry summers in the undergrowth (Caceres & Sanchez, 2004). The Chaco region may
provide invaluable genetic resources for tropical zones that may become increasingly hot and arid, as various
scenarios of global warming have predicted (Redford, Taber, & Simonetti, 1990). Among these genetic resources
there are species of quebracho and the chacoan peccary. The large and medium-sized mammal biodiversity
compares favorably with that of the tropical rainforest (Redford et al., 1990). Its ecosystems are highly vulnerable
to degrading human activities, such as massive tree felling, overgrazing, and forest conversion into cropping.
Finally, the Chaco region houses several unique aboriginal cultures whose management strategies are adjusted to
the environmental conditions (Alcorn, Zarzycki, & de la Cruz, 2007).

In the last two decades, agricultural expansion driven by modern agribusiness enterprises oriented to the soybean
international market (Gasparri & Grau, 2009) has accelerated the continuous loss of natural and cultural heritage
suffered by the region for more than a century. In the Humid Chaco, only 7% of the area is suitable for agricultural
use. The main activity has been cattle ranching, and subsistence cropping of a great variety of cultivated species.
There is a small proportion of agricultural lands on higher elevations, thus agricultural expansion is not as
aggressive as in the Dry Chaco. However, soybean cropping has recently displaced some of the aboriginal and
other small communities, and it has reduced crop diversity.

In this study, we used various landscape metrics to examine the extent of natural vegetation fragmentation both
within and around two protected areas over a period of 32 years. Evidence is provided regarding the risk of
protected area isolation in the Argentine Chaco Region, in two contrasting ecoregions: Humid Chaco and Dry
Chaco. We describe the types and rates of change around each protected area. A percolation/connectivity model
was developed for two endemic animal species to show the potential implications of isolation for biodiversity
conservation.

2. Methods
2.1 The Study Areas

We chose two study areas in contrasting ecoregions of the Argentine Great Chaco: Copo area comprises the
National Park, the Provincial Reserve and their surroundings (from now on, Copo) in the Dry Chaco ecoregion,
and the Pilcomayo area includes the National Park and its surroundings (from now on, Pilcomayo) in the Humid
Chaco ecoregion (Figure 1). Only 6.41% of the Dry Chaco and 3.26% of the Humid Chaco are under protection in
several National Parks and other reserves (Burkart, 2007).

Copo National Park, located in Santiago del Estero Province, has an extension of 1142.5 km?. Provincial authority
created a natural reserve in 1968, and in 2000, it was transferred to the national jurisdiction. Its main objective was
the protection of endangered species, such as jaguar (Panthera onca), giant anteater (Myrmecophaga tridactyla),
giant armadillo (Priodontes maximus), and chacoan peccary (Catagonus wagneri), and of quebracho forests. Side
by side to the west of the National Park is the Provincial Reserve of 850 km?, established in 2002 for multiple uses.
This study area comprises the National Park and the Provincial Reserve (Copo PA), and their surroundings.

The outstanding feature of Copo is its peculiar landscape, consisting of a large plain of very gentle slope and
sluggish watercourses draining to the southeast. Parallel strips of grassland and shrubland in ancient watercourses
filled in with sand traverse the open forest matrix. Quebracho blanco (Aspidorperma quebracho-blanco),
quebracho colorado santiaguefio (Schinopsis lorentzii) and mistol (Ziziphus mistol) are the most frequent forest
species. Distinctive patches of burned vegetation stretching in a south-north direction, originated by natural and
human fires, interrupt both physiognomies.

Rio Pilcomayo NP, nearly 520 km?, was established in 1951 to preserve a wilderness section of the Humid Chaco
ecoregion, and protect its genetic diversity and plant and animal assemblages. Among the fauna there are three
monkey species (Cebus nigritus, Alouata caraya, and Aotus azarai azarai), the aguara guazu or maned wolf
(Chrysocyon brachyurus), carpincho (Hydrochaeris hydrochaeris), several species of caiman, aquatic birds,
including the muitu (Crax fasciolata), which is threatened by local extinction since it is present only in the
National Park.

The main landscape feature of the Pilcomayo is the great abundance of rivers, swamps, natural levees, oxbow lakes,
and its dense vegetation cover that strongly contrasts with the marked aridity of the Dry Chaco. The vegetation
forms a tangled mosaic of palm savanna and dense forest patches, spotted with marshes, lagoons, flooded riverside
forests, forested levees, and back swamp forests, with or without quebracho species. It is characterized by an
alternating flood and drought regime, and many species are adapted to the natural rhythm of alternating wet and
dry periods. In 1992, the Rio Pilcomayo NP was included in the list of Wetlands of International Importance
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(Ramsar Convention), for its value as habitat for aquatic species.
2.2 Datasets

In order to evaluate type and rate of land use change, we chose landscape elements easily identified on satellite
images, such as human corridors, urban patches, and crop parcels. Forest fragments in Pilcomayo were also
considered because they show high contrast with surrounding land cover physiognomies. The chosen landscape
elements are visible in all images, regardless of the sensor, date of capture and landscape feature.

Maps of the landscape elements were produced using an object-oriented strategy, based on cloud free MSS, TM
and ETM+ Landsat imaginery of four dates for each study area: 1976, 1988-91; 2000-01 y 2007 for Copo; 1975,
1987-89; 2000 y 2007 for Pilcomayo. Human corridors, parcels and urban patches were manually digitized on
screen with the satellite images as backdrop. The forest fragments in Pilcomayo were delimited with the “Find like
areas” extension of ArcView software. This extension operates using training data to perform a supervised
classification of a single class. Core areas of forest patches were used as training data. Structural landscape metrics
were calculated from the digitized maps for each date and each landscape element.

Connectivity/percolation was approached from the perspective of one species in each area: the owl monkey (4otus
azarai azarai) in Pilcomayo, and the chacoan peccary (Catagonus wagneri) in Copo. Both species are endemic to
the Great Chaco, they are considered endangered but are still present in the study areas, data about their home
range size in our study area are available, and they use forests or woodlands as their habitat. We recognize that this
is a simplified exercise, and that it has no application for conservation management since these species are not
umbrella species; however, the model fulfills our objective of examining isolation risk of protected areas.

The input data for connectivity measurement was a raster habitat map with each grid cell assigned a value of one to
habitat cells and zero to cells that were considered non-habitat, for both study areas. This binary map assumes that
the non-habitat cover behaves in an ecologically neutral way, which is not the case for most species. The owl
monkey lives within the forest, and the non-habitat is a hostile environment; however, the chacoan peccary could
traverse grasslands though with high risk of being hunted. A theoretical landscape model (TLM) with minimum
human impact was constructed for each study area, to represent the situation before the 20th century, when human
impact was low. This model was used to assess changes in connectivity due to human activity in 1987-89 and 2007.

In Pilcomayo, the TLM was obtained by calculating a maximum neighborhood statistics in a 3x3 cells kernel on
the 1987-89 habitat map. In the resulting map, habitat fragmentation caused by roads and single non-habitat pixels
within habitat patches disappeared. A one-pixel border was added to all habitat patches to account for edge erosion.
The spatial arrangement of forest patches was not changed. The map had a 30 x 30 m resolution.

In Copo, the model map was obtained from the 1988-1989 land cover map, derived from unsupervised
classification of the satellite images in ten land cover classes. A recent vegetation map of Copo PA provided by the
Administration of National Parks (Caziani et al., 2003) was used to aggregate the 10 classes into five cover types:
dense forest, open forest with emergent trees, woodland, grassland and denuded surfaces. A 3 x 3 cells kernel
filtering was performed to eliminate noise (isolated pixels). The map was reclassified in habitat (forests and
woodlands) and non-habitat (grasslands, denuded soils), since the chacoan peccary prefers forests and woodlands
as habitat, and is less frequently seen in grasslands (Altrichter & Boaglio, 2004). In order to reduce data set size,
we resampled the map to obtain a 50 m resolution grid map. Human corridors, parcels and urban patches in 1976
were compiled in a polygon map, which was used to remove humanized elements from the habitat map.

2.3 Sampling Design

Land use change was assessed within buffer zones delineated arround each protected area. We chose a fixed 10 km
width buffer to minimize border effects caused by patch truncation, and to keep constant the border effect. The
buffering analysis provided six groups of land cover and landscape context information, including the protected
area and five buffer zones. The procedure aimed at exploring the magnitude and sequence of land cover change
with increasing distance from the protected area. The buffer zones are of varying size because their extension
increases with distance. Thus, metric values were estimated relative to each buffer zone area.

Percolation/connectivity was assessed in a buffer zone of 50 km wide around Copo PA and 30 km wide around Rio
Pilcomayo NP. The 30 km buffer around Rio Pilcomayo NP includes the fringe of urban growth along the National
Route, where all forest patches appeared truncated in the 2007 image. In Copo, a 50 km buffer captures land use
change at the furthest distance from the protected area border. In both cases, connectivity within the protected areas
was also calculated in order to evaluate their effectiveness in conserving habitat spatial extent. Connectivity is
scale-sensitive, and values for the study area cannot be compared to values for the protected area. For the same
reason, differences between narrower buffers may mask the effect of land use change if large patches become
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truncated at buffer borders; thus, we performed the analysis in a single wide buffer, which allows us to examine
temporal changes.

2.4 Indicators of Land Conversion and Calculation of Landscape Metrics

Human corridors are all the constructed structures that divide the space into plots with the same content on both
sides; i.e., they dissect the natural vegetation cover. They include mostly roads and plot edges marked for future
conversion to agriculture or forestry. The demarcation of plots well in advance of land conversion is a common
event in the Chaco region. Human corridors are straight, except in the case of roads linking small villages. Rivers
and streams were not considered landscape dissections, since they are part of the natural landscape. Human
corridors are one of the most harmful forms of fragmentation (Trombulak & Frissel, 2000). They disrupt water
flow and movement of organisms, and facilitate water erosion and introduction of exotic species. When a
landscape is dissected, land conversion is expected through urban expansion along dissections, or through land
conversion to agriculture or forestry. Roads have been identified as relevant indicators of integrity loss of
ecosystems (Noss & Cooperrider, 1994).

Urban areas include human settlements of various characteristics, from small scattered villages to dense cities with
their suburban areas and periurban fringe. Large cities show a dense center, a suburb and a periurban fringe. The
periurban is a mosaic of constructed plots, small horticultural parcels, junkyards, poultry farms, slaughterhouses,
small industries, etc., with no characteristic spatial pattern, except for the variability in plot size and the irregularity
of spatial configuration.

Crop parcels are larger than periurban plots, and are identified by their regular geometric shape, and by their
content, which differs from the forest or savanna. The content may be active crops, fallow lands, or dismantled
vegetation ready to be sown.

We measured metrics of constructed elements with Patch Analyst extension in ArcView 3.3. The metrics were
human corridor density (HCD) as total length in relation to area; patch density (PD) as number of patches per unit
area; proportion of land occupied by each land use type (PLAND) as land use type area divided by total unit area.

We used the correlation length (CL) to quantify habitat connectivity. CL is a mathematical representation derived
from percolation theory, and assesses the average distance that a randomly placed individual can disperse until it
reaches a habitat border. Low values indicate isolated habitat patches, whereas high values result from a
percolating patch expanding across the study area. CL is computed as the area-weighted average of the patch
radius of gyration, which is the mean distance between each cell in the patch and the patch centroid. We calculated
radius of gyration and patch size with Fragstats version 3 (McGarigal, Marks, Holms, & Ene, 2002) using as an
input the raster map exported from ArcView in ASCII format. Correlation length was calculated in a spreadsheet,
by summing up the area weighted patch radius of gyration. The area-weighted radius of gyration of a patch is
obtained by multiplying the patch radius of gyration by the fraction of the total habitat area in the patch (Area of
patch/Total habitat area). The sum includes all patches larger than the minimum home range size for the species,
which is of 4 ha for the owl monkey (Fernandez-Duque, 2009) and 600 ha for the chacoan peccary (Taber, 1993).
Total habitat area, habitat patch number and largest habitat patch index (LPHI) were also calculated. LPHI
represents the percentage of the total habitat area in the largest habitat patch.

3. Results
3.1 The Landscape Dissection Process

In both study areas, an increase in the total extent of human corridors was observed. In Copo the total length almost
quadrupled in the first 25 years, from 2,492 km in 1975 to 9,925 km in 2000. In Pilcomayo, where corridors are
less developed, the value more than tripled in 32 years, 601 km in 1975 to 1,986 km in 2007. In both study areas,
corridor density was less than 100 m/km? at the beginning of the study period. In Pilcomayo, density increased
steadily along the 32 years. In Copo, density peaked in 2001, and declined in 2007. Both study areas were traversed
by main national and provincial roads at the beginning of the study period, and new connections between villages
and trails entering new agricultural parcels were later constructed. Thus, mean length of human corridors
decreased, while their number increased. In Copo, many of the corridors established during the 1980’s were
afterward fragmented by the conversion to agriculture, and corridors mean length and number decreased in the last
period.

Human corridor density tended to increase around protected areas and in all buffer zones along the study period. In
Copo, the largest increment occurred between 1976 and 1988 at all distances (Figure 2a). The decrease in the last
period was due to the conversion to agriculture of previously demarcated plots, a process that occurred at all
distances but in a higher proportion at 20 km or more from the PA border. In Pilcomayo, corridor density was
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higher near the protected area than further away (Figure 2b). It also increased within the National Park in the last
period due to the construction of a road connecting the national route with the main river as a tourist facility.
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Figure 2. Change in density of human corridors in space and time
Human corridor density within the protected area and in each buffer zone is shown for each year.

3.2 Urban Expansion

At the beginning of the study period, urban settlement number was over 13 times higher in Copo than in Pilcomayo
(136 to 10); however, total area, patch density and mean patch size were higher in Pilcomayo. In Copo most of the
136 urban patches were small villages, including single house settlements (posts), with a total area of 63.21 km”
and PLAND of 0.31 %. The few middle size cities were located along the national route that traverses the region in
a NW-SE direction. These were relatively small settlements with reduced suburban and periurban fringes. From
1988 to 2000, urban expansion almost duplicated (133.59 km?®), mostly along the route, and urban patch number
increased to 204. In Pilcomayo, the 10 urban patches present at the beginning were large settlements, with a very
dense impervious nucleus surrounded by suburban areas occupying around 95% of the patch area. These
settlements lay along the national route, which runs very near the National Park border. Urban total area and
PLAND were 796 km* and 11.5%, respectively. From these cities, a corridor type expansion (Forman, 1995) took
place from 1975 on, new villages and posts appeared, and the periurban zone expanded to 70% of the urban patch
area. From 2000 to 2007, very small urban patches appeared to the south, patch number increased with very little
increase in total urban area. To the north, the urban area formed a wide strip along the National Route and spread to
the south along two provincial roads.

In Copo, the percentage of buffer land occupied by urban patches was very low as compared to Pilcomayo. Urban
expansion occurred in all buffer zones and within the protected area, but the larger increments occurred at a
distance of 10 to 20 km from the border (Figure 3a). Within the protected area, urban expansion was observed in
the Provincial Reserve, caused by the establishment of loggers’ posts, which disappeared between 2000 and 2007
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together with human corridors, after it was officially established as a protected area. In this last period, urban area
decreased slightly at all distances, due to encroachment of agriculture on small villages and posts. In Pilcomayo,
the percentage of land occupied by urban settlements was very small in all buffer zones in 1975. Urban expansion
occurred at all distances, but it was higher next to the protected area, and it decreased with distance from its border.
The highest increment took place between 1975 and 1987; by 2007 urban expansion seemed to have ceased at all
distances (Figure 3b).
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Figure 3. Change in percentage of urban area in space and time
Percentage of total area (PLAND) occupied by urban land use in the protected area and in each buffer zone is
shown for each year.

3.3 Agricultural Expansion

Agricultural plot total area and number increased during the study period in both study areas; however, in Copo
both metrics have higher values than in Pilcomayo. At the beginning of the study period, total area was 27.23 and
15.7 km”® in Copo and in Pilcomayo; in 32 years these numbers were 1861.1 and 104.28 km?, respectively. The
percentage of parceled land was almost the same in both areas in the 1970’s, however, in Copo it increased more
than in Pilcomayo. In Pilcomayo, agricultural expansion did not follow a pattern. Plots established between 1975
and 1987 disappeared in the following period, and new locations were parceled. Between 1987 and 2001 a few
plots enlarged, and new large plots arose elsewhere. The small total area is a consequence of the low productivity
capacity of soils for commercial crops, and the shifting of parcel location may be explained by alternating dry and
flood periods, and fire occurrence.

In both study areas agricultural expansion occurred at larger rate far from the protected area borders (Figure 4). In
Copo, the total area occupied by crop parcels was small in 1976 at all distances, and it increased substantially along
32 years in all the buffer zones. Agriculture expanded towards the protected area (Figure 4a). In Pilcomayo, the
spatial and time patterns of total agricultural land area was not evident. In 1975 total area peaked between 40 and
50 km from the reserve border; in 1988 the peak had shifted to the third buffer ring (20 to 30 km), and in 2001 and
2007, the largest extension occurred in the fourth buffer ring (Figure 4b). This is explained by the shifting of plot
location mentioned above.
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Figure 4. Change in percentage of cropland area in space and time
Percentage of agricultural cover (PLAND) within the protected area and in each buffer zone.

3.4 Forest Patch Conversion in the Pilcomayo Area

Closed forest patch number and size, and total forest area decreased considerably during the study period. In 1975,
total area was 1304 km? distributed in 13,304 patches. In 32 years, total area was reduced in 69% and patch number
in 34%. Patch size also decreased considerably. Since agriculture has always been a minor activity, the impact on
dense forest cover was a consequence of urban expansion.

In 1975, forests covered large extensions and patch distribution was homogeneous in the study area. The lower
PLAND in the first buffer zone (0 to 10 km from the National Park border) coincides with the presence of the
National Route, and the more intense urban development around it. Forest percent cover decreased within the
protected area and at all distances, but at a higher rate near the National Park (Figure 5a). Forest loss occurred
earlier next to the protected area, and it is highest next to the National Park between 1975 and 1987. Forest patch
density increased between 1987 and 2001 due to fragmentation of the remnant patches. Later some patches
disappeared and density decreased again. Thus, fragmentation and disappearance of the smaller patches caused
alternating increments and reductions of patch number. This happened at all distances, but the process fades away

with distance. Within the National Park there was some fragmentation in the first 26 years, and patch loss from
2001 to 2007 (Figure 5b).
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Figure 5. Change in forest percent cover (a) and patch density (b) in space and time
Percentage of forest land cover, and patch density in the protected area, and in each buffer zone.

3.5 Habitat Connectivity

In both study areas, correlation length (CL) is substantially lower in the real landscapes than in the theoretical
landscape model, and it decreases in the 20 years span of our study. As total habitat area decreases, there is a
decreasing likelihood that habitat patches will merge and expand over the landscape. This is confirmed by the
largest habitat patch index (LPHI), which decreases as CL decreases.

In Pilcomayo, CL is 64% lower than in the theoretical landscape model by 1987 and even lower in 2007 (Table 1).
In 1987, the LPHI is 50% lower than in the model landscape, and both total habitat area and number of patches
decrease. Even though there are more habitat patches in 2007 than in 1987, CL decreases in about 36% in relation
to the value in 1987. The results show that urban growth, which is the mayor form of land use change, affects
habitat connectivity. We do not know which is the minimum habitat area required to maintain a viable population
of owl monkey, or if all habitat patches are occupied; we know that their median maximum natal dispersal distance
is around 650 m (Fernandez-Duque, 2009). Until 2007 there was enough habitat space to allow survival and avoid
inbreeding. Availability of space does not ensure the persistence of a minimum viable population, but it suggests
that a study of dispersion behavior of owl monkeys in Pilcomayo is worthwhile.
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Table 1. Correlation length and supplementary landscape metrics, in Copo and Pilcomayo

Study area Protected Area
Landscape Metric TLM 1988/87 2007 1988/87 2007
Total habitat area (sq km) 12,909.68 9473.6 7754.22 1715.78 1714.39
g Number of patches 40 291 214 22 19
S LHPI (%) 71.28 10.71 13.76 59.18 65.25
Correlation length (m) 32,334.82 4281.91 5187.03 9168.95 10,326.05
o Total habitat area (sq km) 893.56 536.32 425 144.11 86.13
g Number of patches 1126 958 1103 176 171
é LHPI (%) 41.95 21.45 14.2 45.07 7.58
= Correlation length (m) 11,524.63 4102.49 2619.14 3275.22 866.05

The Study area comprises the protected area and the 30 km buffer. TLM: theoretical landscape model. Columns 2
to 4: Values in the study area, for the model landscape, and for initial and final years. Initial years are 1988 for
Copo and 1987 for Pilcomayo. Columns 5 and 6: Values in the National Park area, for initial and final years. LHPI
(Largest habitat patch index) represents percent of total habitat in the largest patch. Comparison across areas is not
valid (see text for explanation).

In Rio Pilcomayo NP, CL and the LHPI decreased considerably in 20 years; however, number of patches is almost
the same. This indicates the occurrence of patch edge erosion. It appears that the protected area has not been
effective in the conservation of habitat quality.

In Copo, the results show considerable fragmentation caused by landscape dissection when comparing the
theoretical landscape model to the 1988 land use cover. Habitat patch number increased over seven times, and the
fraction of habitat in the largest patch decreased by almost seven times. Changes in these metrics result in a
decreased CL of almost eight times. This may be the reason why jaguar has not been found recently, and the
chacoan peccary population seems to be declining due to subsistence hunting (Altrichter, 2005). Between 1988 and
2007, habitat area decreased further, but the fraction of habitat in the largest patch and CL show a slight increase,
probably because of an intensified control and forest recovery since 2000, when the reserve was transferred to the
National jurisdiction. In the protected area, changes have been very slight in the almost 20 year span of our study,
showing that it has been effective in habitat protection.

4. Discussion

The results show that land use change around the protected areas puts them at risk of ecological isolation. There are
great differences between the study areas concerning type and rate of land use change. Differences between areas
are a consequence of differences in biogeophysical, socioeconomic and political factors, as was reported for other
regions (Joppa et al., 2008).

The demographic censuses for 1980, 1991 and 2001, used to estimate population in 2007 and 1975 at the county
level, and in the study area, show a population increase of 1.9 in Pilcomayo and 2.2 in Copo, from 1975/76 to 2007.
However, in 2001 total population in Copo was much lower than in Pilcomayo (44,322 and 104,675 inhabitants,
respectively); which shows the rural nature of Copo and the urban nature of Pilcomayo.

Copo is more vulnerable to changes in land use than Pilcomayo, according to the rate of increase in human corridor
density. In both areas human population and urban area increased in parallel (Figure 6), however in Copo both
variables are smaller than in Pilcomayo.

Around Copo, the increase in human corridor total length between 1976 and 1988 is followed by an increase in
agricultural plot total area in the following period (Figure 6a), attesting to the suggestion that landscape dissection
predicts future land use change. Thus, in Copo, isolation risk comes mainly from agricultural expansion. During
the first 12 years, human population increased at lower rates and in parallel to agricultural expansion. In the next 12
years population increased faster, while agricultural expansion continues increasing at a higher rate (Figure 6a). In
the last seven years, rate of agricultural expansion continues high while population growth tends to level off,
probably because subsistence cropping and family enterprises give way to industrial soybean cropping in large
extensions.
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The situation of Rio Pilcomayo NP is critical because urban growth is taking place within a few meters to 20 km
from its border; at some points urban settlements were at 200 m of the border in 2007, and they were at less than 1
km at several points in its southern edge. Forest loss is associated with urban growth (Figure 6b), and the impact of
human corridors on forest fragmentation is masked by the large magnitude of urban expansion. Human population
increases at almost the same rate as urban growth along 32 years. Even though agricultural expansion is not a threat
in Pilcomayo, it may become so in a near future, given the great impulse of agribusiness enterprises (Gasparri &
Grau, 2009).
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Figure 6. Change Tendency
Metric values were standardized to mean 0 and standard deviation 1, in order to compare indicator tendencies.

4.1 Representativeness and Effectiveness

Representativeness refers to the need for reserves to sample the full variety of biodiversity (Pressey, Humphries,
Margules, Vane-Wright, & Williams, 1993). The choice of the sample is a decision to take at the time of planning
a protected area and selecting its location. From a functional point of view, representativeness is achieved when the
greater ecosystem is fully sampled (DeFries et al., 2007). In Argentina, the establishment of protected areas has
been based on opportunity rather than on a regional planning process (Burkart, 2007). It seems that none of our
study areas fulfills the requirement of representativeness. Copo protected area and Rio Pilcomayo National Park
comprise 3.3 and 1.1% of their greater ecosystems, respectively. In both cases, the representativeness seems very
low. Both protected areas are located in the center of elongated ecosystems characterized by strong climatic and
hydrologic gradients along their longest axis, and most likely they do not represent the whole ecocline. The lack of
representativeness can be avoided by designing nature reserve networks connecting habitat patches along the full
environmental gradient.

Effectiveness is defined as the successful conservation of biodiversity, or the fulfillment of whatever the protected
area objective is. A full range of methods has been developed to assess protected area effectiveness for a wide
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scope of purposes (Bruner, Gullison, Rice, & da Fonseca, 2001). Effectiveness is assessed in relation to the
protected area objectives; if objectives are fulfilled, the protected area and its management are effective. Rio
Pilcomayo NP was created to preserve a wilderness section of the Humid Chaco ecoregion, but no explicit
statement is made of the species, populations, landscapes or landscape elements as targets of the conservation plan.
The lack of a clear choice of conservation targets and goals hinders effectiveness assessment. The conservation
target of Copo PA is a set of endangered animal species and the quebracho forests. However, effectiveness cannot
be assessed because there is scarce information on species dispersal behavior, habitat use, population size, and
source-sink relationships. This knowledge is essential to design management strategies within and outside the
protected areas, especially for the establishment of nature reserves networks covering the whole climatic gradient.

Representativeness and effectiveness may change in time due to natural and human-induced landscape dynamics,
thus long term monitoring is essential. In the Argentine Great Chaco the biodiversity conservation process is
limited to the demarcation of a reserve and the preparation and implementation of a management plan, no
monitoring is done.

In view of the massive land conversion outside the protected areas, permanent updating of the initial diagnosis is a
must. The large urban area located south of Rio Pilcomayo NP has encroached on a large mosaic of the eastern
Chaco, in which wetlands, grasslands and fertile soil patches intermingle. These formations can have source-sink
relations with those inside the protected area. Resident species in the National Park may use uplands outside, and if
these have been converted to agriculture, habitat and resource availability may be reduced for them. Proximity of
humans outside the protected area is another cause of ecosystem deterioration within the reserve. Incursions for
poaching, firewood gathering and other activities are inevitable; large animals are in competition with humans, and
habitat is lost for small animals (Woodroffe & Ginzberg, 1998). In Copo PA, high human corridor density and
increase use of motorcycles, facilitates a higher accessibility to forests and higher risk of collisions, poaching, and
live-animal hunting for the pet market.

If we define effectiveness as the successful conservation and regeneration of natural land cover within the
protected areas, Copo has been effective in both objectives, as shown by connectivity measurements done along
the 20 years of the study period, considering CL change before and after its transfer to the National jurisdiction in
2000. Rio Pilcomayo NP has not been as effective in the protection of habitat quality, as shown by the substantial
reduction in correlation length and large habitat patch index between 1988 and 2007. From the comparison of
within and context conditions, it arises that none of the two protected areas has been effective in conserving habitat
extent or quality in their surroundings, as a result of lack of global management policies and appropriate land use
allocation.
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