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Abstract 

This dissertation consists of four chapters. The first three chapters examine 

protected areas (or parks) from multiple perspectives. Parks are the first, and often only, 

line of defense in efforts to conserve biodiversity. Understanding of their promise and 

problems is necessary to achieve conservation outcomes. Chapter One determines 

vegetation patterns in and around parks of differing management categories across the 

Amazon, Congo, South American Atlantic Coast, and West African forests. Within these 

forests, protected areas are the principle defense against forest loss and species 

extinctions. In the Amazon and Congo, parks are generally large and retain high levels 

of forest cover, as do their surroundings. In contrast, parks in the Atlantic Coast forest 

and West Africa show sharp boundaries in forest cover at their edges. This effective 

protection of forest cover is partially offset by their very small size: little area is deep 

inside park boundaries. Compared to West Africa, areas outside parks in the Atlantic 

Coast forest are unusually fragmented.  

Chapter Two addresses a human dimension of protected areas. Given certain 

characteristics, parks areas may either attract or repel human settlement. 

Disproportionate increases in population growth near park boundaries may threaten 

their ability to conserve biodiversity. Using decadal population datasets, we analyze 

population growth across 45 countries and 304 parks. We find no evidence for 

population growth near parks to be greater than growth of rural areas in the same 
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country. Furthermore, we argue that what growth does occur near parks likely results 

from a general expansion of nearby population centers. Parks may experience unusual 

population pressures near their edges; indeed, individual case studies provide 

examples. There is no evidence, however, of a general pattern of disproportionate 

population growth near their boundaries. 

Chapter Three provides a review of common approaches to evaluating 

protection’s impact on deforestation, identifies three hurdles to empirical evaluation, 

and notes that “matching” techniques from economic impact evaluation address those 

hurdles. The central hurdle derives from the fact that protected areas are distributed 

non-randomly across landscapes. Matching controls for landscape characteristics when 

inferring the impact of protection. Applications of matching have revealed considerably 

lower impact estimates of forest protection than produced by other methods. These 

results indicate the importance of variation across locations in how much impact 

protection could possibly have on rates of deforestation. 

Chapter Four departs from the focus of protected areas and instead addresses a 

more theoretical aspect of community ecology. Ecological theories suggest that food 

webs might consist of groups of species forming “blocks”, “compartments” or “guilds”. 

Chapter Four considers ecological networks — subsets of complete food webs — 

involving species at adjacent trophic levels. Reciprocal specializations occur when (say) 

a pollinator (or group of pollinators) specializes on a particular flower species (or group 
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of such species) and vice versa. We characterize the level of reciprocal specialization for 

various classes of networks.  Our analyses include both antagonistic interactions— 

particularly parasitoids and their hosts — and mutualistic ones — such as insects and 

the flowers that they pollinate.  We also examine whether trophic patterns might be 

“palimpsests” — that is, there might be reciprocal specialization within taxonomically 

related species within a network, but these might be obscured when these relationships 

are combined. Reciprocal specializations are rare in all these systems even when tested 

using the most conservative null model.  
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Introduction 

The first chapter of this dissertation deals with vegetation patterns in and around 

protected areas in four tropical moist forest regions (Amazon, South American Atlantic 

Coast, West Africa, and Congo) and was published in March of 2008 in the journal 

Proceedings of the National Academy of Sciences USA. Tropical moist forests contain the 

majority of terrestrial species. Human actions destroy between 1 – 2 million km2 of such 

forests per decade with concomitant carbon release into the atmosphere. Within these 

forests, protected areas are the principle defense against forest loss and species 

extinctions. Four regions — the Amazon, Congo, South American Atlantic Coast, and 

West Africa — once constituted about half the world’s tropical moist forest. I measured 

forest cover at progressively larger distances inside and outside of protected areas 

within these four regions, using datasets on protected areas and land-cover, and found 

important geographical differences. In the Amazon and Congo, protected areas are 

generally large and retain high levels of forest cover, as do their surroundings. These 

areas are protected de facto by inaccessibility and will likely remain protected if they 

continue to be so. Deciding whether they are also protected de jure — that is, whether 

effective laws also protect them — is statistically difficult, for there are few controls. 

In contrast, protected areas in the Atlantic Coast forest and West Africa show 

sharp boundaries in forest cover at their edges. This effective protection of forest cover is 

partially offset by their very small size: little area is deep inside protected area 
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boundaries. Areas outside protected areas in the Atlantic Coast forest are unusually 

fragmented. As a final methodological task, I asked if global databases on protected 

areas are biased towards highly protected areas and ignore “paper parks”. Analysis of a 

Brazilian database does not support this presumption. 

The second chapter moves from analyzing vegetation patterns around protected 

areas to studying patterns of human population density. This chapter was published in 

January of 2009 in the journal PLoS ONE. Protected areas might be detrimental or 

beneficial to rural communities depending on how they alter economic opportunities 

and access to natural resources, and as such, may attract or repel human settlement. 

Most importantly, disproportionate increases in population growth near protected area 

boundaries may threaten their ability to conserve biodiversity (Karanth 2007).  

To assess human population patterns around protected areas, I use decadal 

population datasets to analyze population growth across 45 countries and 304 protected 

areas. I did not find any evidence for population growth near protected areas to be 

greater than growth of rural areas in the same country. Furthermore, what growth does 

occur near protected areas likely results from a general expansion of nearby population 

centers. This is an important finding aside from mere scientific inquiry as these results 

directly contradict those from a recent study by Wittemyer et al. (Wittemyer et al. 2008). 

In that analysis, the authors claim overwhelming evidence for increased human 

population growth near protected areas. The policy implications of getting the wrong 
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answer to the right question are enormous in this instance, and to understand the 

disagreement I re-analyzed the protected areas in Wittemyer et al.’s paper.  Their results 

are simply artifacts of mixing two incompatible datasets. Protected areas may experience 

unusual population pressures near their edges; indeed, individual case studies provide 

examples. There is no evidence, however, of a general pattern of disproportionate 

population growth near protected areas. 

In the third chapter I review previous methods used to evaluate the impact, or 

effectiveness, or protected areas, and highlight the advantages of quantitative 

“matching” methods from the field of economics. This chapter has been accepted for 

publication in the journal Ecological Economics Reviews. Increasingly, protected areas are 

not only the leading tools in efforts to slow global species loss, but are also beginning to 

appear to have a role in climate change policy. This means that understanding 

protection’s impacts on deforestation has the potential to inform environmental policies. 

Unfortunately, many past protected area analyses do not provide the necessary 

substantiation of impact to credibly inform policy choice.  

In this review I outline several of these past approaches to evaluating 

protection’s impact on deforestation, identify three hurdles to empirical evaluation, and 

note that “matching” techniques from economic impact evaluation address those 

hurdles. The central hurdle derives from the fact that protected areas are distributed 

non-randomly across landscapes. Non-random location can be intentional, and for good 
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reasons, including biological and political ones. Yet even so, when protected areas are 

biased in their locations towards less-threatened areas, many methods for impact 

evaluation will overestimate protection’s effect. Matching controls for landscape 

characteristics when inferring the impact of protection. Applications of matching have 

revealed considerably lower impact estimates of forest protection than produced by 

other methods. A reduction in the estimated impact from existing parks does not 

suggest, however, that protection is unable to lower clearing. Rather, it indicates the 

importance of variation across locations in how much impact protection could possibly 

have on rates of deforestation. Matching, then, bundles improved estimates of the 

average impact of protection with guidance on where new parks’ impacts will be 

highest. While many factors will determine where new protected areas will be sited in 

the future, the variation across space in protection’s impact on deforestation rates should 

be included to help inform site choice. 

In the fourth chapter I switch my focus from protected areas and instead address 

a more theoretical aspect of community ecology - the prevalence of reciprocal 

specialization in ecological networks. This chapter has been accepted for publication in 

the journal Ecology Letters. Reciprocal specializations occur when (say) a pollinator (or 

group of pollinators) specializes on a particular flower species (or group of such species) 

and vice versa. Reciprocal specialization has been long acknowledged in the fields of 

evolution and ecology, and is thought to structure and maintain much of the world’s 
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biodiversity. Indeed, the majority of tropical plants dependent on reciprocal interactions 

with animals for seed dispersal (Jordano 2000) and pollination services (Bawa 1990).  

Recent methodological advances have led to considerable gains in our 

understanding of how webs of species interactions are structured (they are thought to be 

nested (Bascompte et al. 2003) and asymmetric (Vazquez and Aizen 2004, Bascompte et 

al. 2006), for example). However, proper null models have been lacking to test the true 

prevalence of reciprocal interactions (Montoya et al. 2006). For a given set of interactions 

between sets of species, are those interactions more or less specialized than predicted? 

Using a large (93) compilation of mutualistic and antagonistic networks (as well as 

taxonomically resolved subsets of these networks), I use a constrained matrix 

randomization algorithm to test which model is correct. While there are exceptions to 

the rule, I found reciprocal specializations to be rare in all systems tested, even 

compared to the most conservative null model.  

While at Duke I have had the opportunity to work on several other projects 

separate from my formal dissertation. Several of these have resulted in publications in 

peer-reviewed journals. I was second author on a paper with Scott Loarie and Stuart 

Pimm titled “Satellites Miss Environmental Priorities” in Trends in Ecology and Evolution 

(Loarie et al. 2007a). The paper examined the distribution of high resolution satellite 

images around the world, and I was also second author on a response to several letters 

regarding the original publication (Loarie et al. 2007b). With a long team of American 
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and Mongolian collaborators, I was second author on a paper in Ecological Applications 

modelling spawning dates of the highly endangered Hucho taimen (Vander Zanden et al. 

2007). Along with several other graduate students and faculty in the Nicholas School I 

co-authored a manuscript in Ecology Letters (“Understanding movement data and 

movement processes: current and emerging directions”) that both reviewed previous 

methods and proposed a new hierarchical Bayesian framework for modelling animal 

movement (Schick et al. 2008).  With a former lab mate (Clinton Jenkins), I co-authored a 

study titled “Expansion of the global terrestrial protected area system” recently 

published online in Biological Conservation (Jenkins and Joppa In Press). Also, a 

manuscript I am lead author on, where I assessed the success of artificial cover objects 

for sampling herpetofauna communities, was accepted for publication at Herpetological 

Biology and Conservation. Most recently, I had a piece I wrote about the role for citizen 

science in conservation published in Nature.  

While the above lists manuscripts published or accepted, I currently have two 

manuscripts in review at the Proceedings of the National Academy of Sciences. The first is 

titled “How many species of flowering plants are there?” and uses a fully synonymised 

list of flowering plants to estimate the number of species that remain to be described. 

The second manuscript is titled “High & Far: how the world’s protected areas have 

avoided threat”, and assesses the landscape characteristics common to protected areas 

globally. 
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Chapter 1. Are “protected areas” protected? 

1.1 Introduction 

With species extinction rates running ~100 times the background rate and poised 

to increase another ten-fold (Pimm et al. 2006), assessing the success of conservation 

efforts is vital. For birds, the best-known taxon, recent efforts have substantially reduced 

the extinction rate, even as the number of species threatened with extinction has 

increased dramatically (Butchart et al. 2006, Pimm et al. 2006). Does such success apply 

to all species? Habitat destruction is the leading cause of species endangerment, and 

establishing protected areas is the principal defense (Pimm 2001, Pimm et al. 2001). 

Protected areas cover ~12% of the earth’s land surface, and serve many strategic 

purposes, including the preservation of species. An obvious question is whether 

protected areas “work” to protect biodiversity by retaining natural vegetation cover 

(Terborgh 2002). Such protection is necessary, if not sufficient, to protect biodiversity 

(Parrish et al. 2003).   

Tropical moist forests contain the large majority of terrestrial species (Pimm 

2001) and so we focus on them. Human actions such as logging and shifting and shifted 

cultivators (Myers 1984) destroy between 1 – 2 million km2 of such forests per decade 

with concomitant releases of carbon into the atmosphere (Pimm 2001). Even more forest 

is damaged by fires and selective harvesting (Nepstad et al. 1999, Cochrane 2003, 

Oliveira et al. 2007). Four regions — the Amazon, Congo, South American Atlantic 
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Coast, and West Africa — once constituted about half the world’s tropical moist forest 

(Pimm 2001). We measure forest cover at progressively larger distances inside and 

outside of protected area boundaries for these regions. 

We ask three questions of protected areas. First, at a given distance, do protected 

areas retain more natural vegetation than adjacent unprotected lands? (And if there are 

differences, do these relate to differing management objectives?) Second, how 

fragmented is the natural vegetation within protected areas? (Other things being equal, 

highly fragmented vegetation will be of less value for protecting biodiversity (Burkey 

1989).) Finally, are protected areas large enough to sustain viable populations of the 

species we wish to protect (Woodroffe and Ginsberg 1998)?  

1.1.1 Measuring success 

There are many measures of a protected area’s success (Hockings 2003). When 

considering just species protection, many protected areas may be in the wrong place to 

be most effective in saving species (Rodrigues et al. 2004a).  

Studies asking if particular protected areas are effective range from emphatic 

“no” (Liu et al. 2001a, Curran et al. 2004, Roman-Cuesta and Martinez=Vilalta 2006) to 

equally emphatic “yes” (Sanchez-Azofeifa et al. 2002, Nepstad et al. 2006a, Oliveira et 

al. 2007). The range of answers means that effectiveness must depend on many local 

factors, including political and economic ones.  
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Are there any generalities, or must we analyze each protected area one-by-one? 

There are two large-scale quantitative assessments. Vanclay (2001) has disparaged one of 

these (Bruner et al. 2001) as statistically flawed. Certainly, its measure of effectiveness — 

questionnaire results from park employees and researchers (Bruner et al. 2001) — clearly 

lacks independent quantification.  

The second assessment comes from DeFries et al. (DeFries et al. 2005), who 

explicitly quantify deforestation in and around 198 (moist and dry tropical forest) 

protected areas worldwide. The main conclusion is the paper’s declarative title 

“Increasing isolation of protected areas in tropical forests over the past twenty years”. 

Certainly, the paper itself fleshes out this result in detail and recognizes considerable 

geographical variation in the results. To understand this paper better, we mapped out 

these results (see Section 1.3.4). In doing so, we found the geographical differences to be 

the most compelling — as we shall relate. While this is essentially only a matter of 

emphasis, it opens new paths of inquiry. 

Our data and analyses differ from Defries et al. in that we do not describe rates of 

change. This limits some inferences of whether protected areas actually protect forest. 

That said, we find that whether protected areas do protect natural vegetation cover 

depends on a complex of factors than vary geographically and contextually.  
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We use global datasets to quantify remaining natural vegetation in and around 

protected areas in four tropical moist forests. We also estimate the fragmentation of the 

forests and how much area lies within a given distance inside the protected area 

boundaries. We do this for several different management categories. The Amazon and 

Congo are “wilderness forests”, the two largest remaining tracts of tropical moist forest, 

while the Atlantic Coast and West Africa Forests are biodiversity “hotspots” (Myers et 

al. 2000). These are regions with high numbers of endemic species (>1000 endemic 

plants) and high levels of habitat loss (<30% of natural habitats remaining.) We initially 

chose the two New World regions because we have extensive field experience there and 

feel that they provide the important geographical contrasts that we wish to explore. We 

have added the two areas in Africa because they are clearly analogous to the two New 

World regions. Importantly, we compare our results from the global protected area 

database with an independent one that covers most of the two New World regions.  

We survey tropical moist forests because they contain the large majority of 

terrestrial species (Raven 1981, Pimm and Brown 2004) and their conversion to open 

pastures, crops, and other human-dominated ecosystems is clear in remotely sensed 

images.  

Quantifying deforestation, fragmentation, and the size of remnant habitats is a 

coarse approach to an issue as complicated as determining whether protected areas 

protect species. It overlooks many threats, only some of which we discuss below, and 
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ignores the fact that some protected areas are not established for that purpose. There is 

always a trade-off between generality and specificity. As we noticed above, there are 

many specific studies, they are certainly interesting in themselves, but they completely 

miss the general patterns we uncover in this paper. 

Unlike other studies, ours is geographically and categorically comprehensive — 

we examine protected areas of multiple management types across four large tropical 

forests on two continents. Ours is an all-inclusive assessment of how natural vegetation 

changes with distance across protected area boundaries. With this scope comes 

limitations, of course, and our data are static — we do not look at changes over time. 

Nonetheless, visualizing the distribution of natural vegetation in and around protected 

areas is essential if conservation scientists are to make informed decisions regarding 

current and future protected areas (DeFries et al. 2007). 

1.2 Materials and Methods 

The World Wildlife Fund provides a product that separates the earth into unique 

vegetative biomes and ecoregions (Olson et al. 2001). Biome 1 defines the extent of moist 

forest, from which we selected those forests occurring in four regions. Within these 

regions, we used the Global Land Cover 2000 product (Bartholome and Belward 2005) as 

the source for current land cover. The GLC 2000 classifies the earth into 23 categories of 

vegetation at a one km2 resolution, with high accuracy (Mayaux et al. 2006). The GLC 

2000 is one of the most current global land cover datasets available. We considered each 
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one km2 pixel to have human disturbance if it was in categories 16 (cultivated and 

managed areas), 17 (mosaic of cropland with tree cover or other natural vegetation), 18 

(mosaics of cropland, with shrubs or grass cover), 19 (bare areas), or 22 (artificial 

surfaces and associated areas). We considered all other categories to be natural 

vegetation. 

We calculated percent fragmentation from the revised GLC2000. We did this by 

summing the length of edge (the boundary between human dominated landscapes and 

natural vegetation) within each distance interval. The length of edge was calculated at 

the one square kilometer resolution of the GLC2000 map. Each sum was divided by the 

maximum possible edge within each distance bin — a one km2 checkerboard of natural 

and human dominated landscapes — to obtain a percentage. 

We included in our analysis all protected areas available as polygons in the 2006 

World Database on Protected Areas (WDPA) (UNEP-WCMC 2006). The WDPA includes 

areas the World Conservation Union (IUCN) classifies into I, II, III, IV, V, VI, 

“Indigenous Areas”, and areas remaining unclassified “Miscellaneous” (Appendix 1). 

For ease of analysis, we combined these categories in various ways, noting that they 

differ substantially in their promise of conservation effectiveness. While many protected 

areas are surrounded by management buffer zones, the WDPA does not delineate these, 

thus hindering our ability to address these areas explicitly. 
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Because our analysis provides a complete enumeration of the status of all pixels 

inside and outside the boundary of protected areas, we are not dealing with statistical 

samples.  

We projected all data into WGS 1984 Cylindrical Equal Area. For each of the 

three protected area datasets, we recorded distances from the boundary of all protected 

areas in each of the four protected area categories (I/II, III/IV, V/VI/Misc., Indigenous 

Areas). We did this both inside and outside the reserves. Combining the two distance 

datasets (inside: negative; outside: positive) formed one distance dataset per category. 

We performed all distance calculations using the Euclidian Distance tool in ArcGIS 9.1. 

We binned the distance dataset into two kilometer increments (within 30 

kilometers inside and 30 kilometers outside protected area boundaries), and recorded 

the kilometers of human modified and natural vegetation at each increment. We chose 

two kilometer increments for two reasons. First, for geometric reasons, the Euclidean 

distance function output contained less odd distances than even. Binning the distance 

output by two kilometers smoothed the distribution of distances. The second reason 

results from a projection error that occurred in certain polygons in the WDPA dataset. In 

certain areas of the world (Ghana, for example), the dataset supplied by the WDPA 

contains polygons with a nonlinear shift in projection. Binning compensated for this as 

the amount of discrepancy was generally less than two kilometers. (See Figure 5)  
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Because of the way in which our distances were calculated, an Indigenous Area 

or Category III, VI, V, VI, or Miscellaneous protected area within 30 kilometers of a 

Category I or II protected area would be classified as unprotected in the combined 

distance analysis for categories I and II. This misrepresents the vegetative cover of 

unprotected lands. To correct for this, we recorded the protected area category of each 

square kilometer. We retained only those square kilometers classified as the current 

category of analysis (negative distance values) or as unprotected (positive distance 

values). From the square kilometers of natural vegetation versus total vegetation at each 

distance increment, we were able to determine percentage natural vegetation. 

1.2.1 Data sources 

Original forest cover: We used WWF Ecoregions (Olson et al. 2001) to determine 

historic land cover. The Ecoregions product delineates 8 biogeographic realms, 14 

biomes, and 867 ecoregions. Our analysis was restricted to Tropical and Subtropical 

Moist Broadleaf Forests (Biome 1) occurring in the Neotropic and Afrotropic realms. 

Within these two realms, we further refined our selection to the Amazon and Atlantic 

Coast Forests of South America, and the West African and Congo Forests of Western 

and Central Africa. Within these four forests, we excluded all ecoregions not classified as 

containing moist tropical forest, including adjacent areas such as cerrado in Brazil and 

embedded savannas or wetlands of various kinds. Because of the resolution of the 
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ecoregions, it is likely that small sections of non-moist tropical forest occurred in our 

analysis.  

Present day land cover: We obtained estimates of recent land cover from the Global 

Land Cover 2000 product (Bartholome and Belward 2005), which provides classification 

of land cover in one square kilometer pixels. The GLC2000 provides 23 classifications of 

land cover, including categories indicating some level of human disturbance. We 

reclassified the GLC2000 product into two categories: natural and human modified. In 

this process, we only included as human modified those categories included in the 

GLC2000 product as such. We classified all other categories as natural, even if not 

considered the primary vegetation of each ecoregion. This allowed us to compensate for 

the small pieces of non-moist tropical forest remaining in our analysis. Although 

available on a regional scale, we used the global GLC dataset in order to provide 

consistency across the analysis. 

Protected areas: The World Database on Protected Areas (WDPA) is the source for 

our protected areas (UNEP-WCMC 2006). These include classifications by the World 

Conservation Union, “Indigenous Areas”, and areas remaining unclassified 

(Miscellaneous).  

The WDPA makes available two types of spatial data on protected areas. The 

most explicit have 1131 sets of polygons delineating boundaries within our four regions. 
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We call these data “WDPA I”. Some protected areas have several disjoint polygons. Of 

these, IUCN did not classify 856, (~75%), but often provided a country-specific 

designation — such as “national park.” For 200, that designation was “indigenous 

reserve” which we separate as a special category. A further 22, we classified according to 

their nearest in-country match. For example, if IUCN listed the area as a national park 

and, for that country, other national parks were usually IUCN category II, then we 

assigned them that category. The 434 unclassified protected areas we called 

“miscellaneous.”  

There was often overlap between protected area polygons. In each instance, we 

allowed the most protected IUCN category to determine the category. That is, if an area 

was separately classified as I and II, we classified it as I.  

The WDPA also includes 565 named protected areas listed only as a point 

location and an area, 187, 284, 55, and 39 for the Amazon, Atlantic Coast, West Africa, 

and Congo, respectively. Of these, IUCN did not classify 210 (37%). For these we used 

the same categorization process as before. In doing so, we classified 17 into IUCN 

classes, 67 into Indigenous Reserves, leaving a residual of 126 as “miscellaneous”.  

In order to combine these point data with the polygon data, we formed a circular 

buffer with the given area around the point to represent a protected area of the correct 

size (Mora et al. 2006, Jenkins and Joppa In Press). We then merged these buffered point 
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data with WDPA I to create the dataset we call WDPA II. When creating WDPA II, we 

gave preference to polygon data during cases of overlap between polygon and buffered 

point data. In all other cases, the most protected IUCN category determined the 

categorization during overlap. 

For Brazil, which covers most of the Amazon and Atlantic Coast forest, there is 

an independent protected areas data base available from Instituto Brasileiro do Meio 

Ambiente e dos Recursos Naturais Renováveis (IBAMA, http://www.ibama.gov.br/).  

We used this country-specific database to compare our results from the WDPA. 

We recognize that each source of data has limitations. The ecoregion boundaries 

are our least concern, since they largely serve to define the arena in which we perform 

the other analyses. The GLC2000 classification can make two kinds of errors that would 

disturb our results. Within protected areas, we excluded ecoregions classified as non-

moist tropical forest, but that are natural habitats, such as wetlands and savannas. 

Nonetheless, some of the habitats GLC2000 classifies as human-dominated may be 

misclassified natural ones instead and this may explain why even in wilderness forests, 

forest cover is close to, but not at, 100%. The other more serious error is that apparent 

forest habitat within reserves may be natural forest with fine-scale habitat modification. 

This would lessen the apparent effectiveness of protected areas. By far our most serious 

concern involves the database on protected areas, for protected area boundaries may be 

poorly defined, incomplete, or totally absent. We have attempted to address these issues 
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by binning distance intervals in our analysis, by including a more complete, but spatially 

distorted, database on protected areas (WDPA II) as described above, and by analyzing 

an independent dataset on protected areas only for Brazil.  

1.3 Results 

1.3.1 The World Database on Protected Areas (WDPA) I 

The distribution of natural vegetation in and around protected areas differs 

greatly depending on the region. Figure 1 shows maps of the various protected areas for 

each of the four regions.  
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Figure 1: Vegetation types inside and outside protected areas in the four 

geographic areas of analysis: (A) Amazon Forest, (B) Atlantic Coast Forest, (C) Congo 

Forest, (D) West African Forests. Light Grey represents natural vegetation. Black 

indicates some level of human modification to the landscape. The GLC 2000 product 

served as the source of vegetation type. Green: IUCN Category I and II protected 

areas. Yellow: IUCN Category III and IV protected areas. Orange: IUCN Category V, 

VI, and Miscellaneous. Dark grey: Indigenous Areas. Protected areas come from the 

unmodified World Database on Protected Areas (WDPA I). 

 

Figure 2 shows percent natural vegetation in two-kilometer annuli in from, and 

out from, the boundary of protected areas in the Amazon, Atlantic Coast, West African, 

and Congo Forests in various categories of World Conservation Union (IUCN) protected 

areas. 
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 IUCN categories descend in order of protection from I to VI. Categories I – IV 

are managed for biodiversity protection, while categories V and VI are subject to 

multiple-use management (see methods for details and Supplemental materials for 

definitions of management categories). Protected areas of all management categories 

located in wilderness forests (Amazon, Congo) contain high percentages of natural 

vegetation, as do the lands around them. In contrast, protected areas of all management 

categories in hotspots (Atlantic Coast, West Africa) show a sharp change at the protected 

area boundary with much more natural vegetation inside than out. In West Africa, the 

amount of natural vegetation inside protected areas is lower than the other three regions 

and remains so until well inside the reserve boundary. 

Figure 2 breaks down protected areas by IUCN category within region. The 

percent natural vegetation within protected areas is very similar in all categories in 

every region, with one exception: West Africa. Here, IUCN categories V, VI, and 

“miscellaneous” perform poorly relative to categories I and II, and III and IV.  
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Figure 2: Percent natural vegetation inside and outside protected areas in the 

four geographic areas of analysis: (A) Amazon Forest, (B) Atlantic Coast Forest, (C) 

Congo Forest, (D) West African Forest. Green circles: IUCN Category I and II 

protected areas. Yellow circles: IUCN Category III and IV. Orange circles: IUCN 

Category V, VI, and Miscellaneous protected areas. Black circles: all categories 

combined (IUCN I, II, III, IV, V, VI, Miscellaneous). Grey circles: Indigenous Areas 

(Figure 2a only). IUCN categories descend in order of protection from I to VI. 

Categories I – IV are managed for biodiversity protection, while categories V and VI 

are subject to multiple-use management. All protected areas are taken from the World 

Database on Protected Areas. Negative distances are inside protected areas, while 

positive distances are outside. 
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Figure 3 shows the areas involved in these calculations. The different shapes of 

the relationships reflect geometric constraints. Inevitably, there is progressively less area 

at increasing distances inside a reserve. For regions where protected areas are small — 

the Atlantic Coast and West African forests — there is almost no area further than 10 

kilometers inside the boundary. Outside the boundary, the available land at different 

distances reflects the size and isolation of the protected areas. In the Atlantic forest, the 

protected areas are small and isolated, so the area outside the boundary increases with 

distance. In West Africa, the reserves are also small, but the amount of land outside 

protected areas declines with distance because of the high density of protected areas 

(primarily uncategorized “forest reserves”).  
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Figure 3: Number of square kilometers included in the analysis at each two 

kilometer distance increment in the four regions. Legend same as in Figure 2. 

Significantly, while putatively well-protected areas (IUCN categories I and II) 

have the largest total areas in both regions of South America, they constitute only a 

small component of West Africa’s protected areas. Table 1 contains a regional 

breakdown of the number of protected areas of by category, average size, and 

corresponding variability of sizes. 
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Table 1: The total number of protected areas (#), their average size (Mean), and 

the variability in sizes (SD) by region and by IUCN category. SD is measured as the 

standard deviation. Mean and SD are recorded in km2. 

Region Cat. I & II Cat. III & IV Cat. V, VI, Misc. Indig. Reserves 

  # Mean SD # Mean SD # Mean SD # Mean SD 

Amazon 74 4804 6835 18 3480 9465 50 6197 11954 199 3156 8815 

Atl. Coast 36 198 329 9 79 89 3 530 236 NA NA NA 

W. Africa 20 488 958 4 274 297 507 158 369 NA NA NA 

Congo 34 3817 6474 26 970 1679 82 1227 2869 NA NA NA 

 

Also apparent is that West Africa is the only region with most reserves classified 

in the lowest IUCN categories, if classified at all. Indeed, unclassified protected areas 

(primarily extractive forest reserves) make up the bulk of protected areas in the region. 

This has large implications for the combined results for West Africa, especially as 

compared to the Atlantic Coast, where very few protected areas lack IUCN 

classification. Across all regions, IUCN categories III and IV are consistently the least 

represented. 

For a given amount of deforestation, the degree of fragmentation can vary. 

Natural vegetation may cluster in a single large fragment, or it can be widely scattered. 

In practice, the amount of fragmentation follows the patterns of deforestation, but it 

need not. The top panel of Figure 4 shows how different amounts of fragmentation, (two 
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200 km2  plots, both with between 40% and 45% remaining forest) can result in two 

radically different landscapes. One has many small forest fragments (Figure 4a), the 

other has mostly intact forest cover in the southeast and few forests elsewhere (Figure 

4b). The corresponding values of the metric explained in the methods are shown in 

Figure 4e as points A and B.  

Our metric readily compares points with different fragmentation but similar 

deforestation, but has an obvious limitation when it comes to comparing different levels 

of deforestation. At very low and very high levels of deforestation (the results are 

trivially symmetric) there can be only low levels of fragmentation; only at intermediate 

levels can there be widely different levels of fragmentation. We simulated 1000 

randomly deforested landscapes to illustrate in Figure 4d the likely ranges of 

fragmentation for varying levels of deforestation. Real landscapes will be non-random, 

with contingent fragments and so will generally be much less fragmented than random 

ones.  

To compare landscapes, one should simply plot the fragmentation metric against 

deforestation, expecting the former to peak when deforestation is 50%. We do this in 

Figure 4e.  

The Amazon and the Congo show nearly identical patterns of fragmentation — it 

increases in both places as deforestation increases. For deforestation of <10%, the 
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Atlantic Coast Forest and West Africa are also broadly similar. It is at higher levels that 

differences emerge. For a given level of deforestation, the Atlantic Coast forest is far 

more fragmented than West Africa. Importantly, where the boundaries of the protected 

areas lie on the two axes of deforestation and fragmentation is also very different. In 

West Africa, areas both immediately inside and outside of protected areas have about 

50% deforestation — and so the maximum amount of fragmentation as expected by 

chance. In contrast, in the Atlantic coast there is much less deforestation near the 

boundaries (~10%) and somewhat less fragmentation. Some 10 kilometers outside a 

protected area, West Africa is mostly deforested (~75%) and so has a low fragmentation, 

while Coastal Brazil is 50% deforested and is highly fragmented.  
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Figure 4: Top Panel:  Two areas (A, B, both 200 square kilometers) 

experiencing similar deforestation (40-45%) but different levels of fragmentation. The 

map outline on far right (C) highlights the locations of the two plots in the Atlantic 

Coast region of analysis. Green indicates natural vegetation, while orange indicates 

human modified vegetation and blue represents water. Bottom Panel: (D) displays the 

range of fragmentation possible from 1000 randomly deforested landscapes. (C) 

displays the fragmentation and deforestation values in and around protected areas in 

the four regions of analysis.  The Atlantic Coast (red line) and West Africa (blue line) 

are shown in the main graph. The Amazon (black line) and Congo (green line) are 

shown in the upper left.  Black circles on lines correspond to the distance in (negative 

values) or out (positive values) from protected area boundaries.  Distance values 

(kilometers) are located immediately above each circle.  All protected area categories 

were combined for the analysis. The deforestation and fragmentation results of the 

two areas shown in the top panel (A, B) are highlighted by the letters A and B. 
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In all areas of analysis, the highest deforestation and fragmentation patterns 

inside protected areas occur within four kilometers of the boundary. For the Amazon 

and Congo forests, less than 30% of the protected land is further inside the protected 

areas than this distance. For the Atlantic Coast and West African forests, the equivalent 

numbers are 85% and 70%, respectively. This places most protected land in the two 

hotspots near the sharply defined boundaries seen in Figure 2a and 2c. 

 

Figure 5: Images of four protected areas of differing IUCN categories using 

satellite (LandSat 5) imagery. (A) Brazil: Jau National Park (IUCN II). (B) Brazil: 

Sooretama Biological Reserve (IUCN Ia). (C) Nigeria: Okomu Forest Reserve (IUCN 

II). (D) Ghana: Nini-Suhien National Park (IUCN II) and Ankasa River Forest Reserve 

(Miscellaneous). The white line indicates the boundary of the protected areas (as 

reported by the World Database on Protected Areas), which are all enclosed, except 

for the top left, where the park lies to the east of the boundary. 
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Figure 5a-d provides finer-scaled (Landsat 5 imagery) examples of the broad 

patterns seen in Figure 2. For example, Figure 5a shows a portion of Jaú National Park 

— a remote IUCN class II protected area within the Brazilian Amazon. There is no 

obvious difference inside and outside the park. Figure 5b shows Sooretama Biological 

Reserve (IUCN Category Ia, Brazilian Atlantic Coast Forest); and Figure 5d shows Nini-

Suhien National Park (IUCN Category II protected area) and Ankasa River Forest 

Reserve (herein classified as a “miscellaneous” protected area) in Ghana, West Africa. 

Both images highlight a remarkable change at the reserve’s boundary. Nonetheless, the 

protected areas are in three different IUCN classes. Okomu Forest Reserve, (IUCN 

Category II, Nigeria, Figure 5c) provides a case history of the difficulties of managing 

protected areas, explored at length by Oates (Oates 1999). As originally planned, it was 

one of only five West African protected areas covering >1000 km2. Less than 200 km2 of 

natural forest remain within the reserve, albeit with a sharply defined boundary.  

1.3.2 The World Database on Protected Areas (WDPA) II 

Figure 6 is the same as Figure 2, but uses the WDPA II dataset. The results for the 

Amazon, Congo, and West Africa do not change appreciably from WDPA I. Regionally, 

the results for IUCN categories are similar. Both the Amazon and Congo show high 

percentages of natural vegetation both inside and outside protected areas. Little edge 

effect is present, and natural vegetation is above 95% for all categories within six 

kilometers of the boundary. Category V/VI/Miscellaneous protected areas continue to 
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drive the overall analysis in West Africa. WDPA II Category III/IV protected areas in 

West Africa do show a large deviation from WDPA I Category III/IV results. 

Contrary to the other three regions, results shown in Figure 6 for the Atlantic 

Forest do differ substantially from the WDPA I results with noticeable differences 

between protected area categories. Unlike results from the WDPA I dataset, percent 

natural vegetation is low immediately inside the boundary and remains so for up to 20 

kilometers. Category V/VI/Misc. actually shows a decreasing trend in percentage natural 

vegetation from the border to 16 kilometers inside protected areas. 
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Figure 6: Percent natural vegetation inside and outside protected areas in the 

four geographic areas of analysis: (A) Amazon Forest, (B) Atlantic Coast Forest, (C) 

Congo Forest, (D) West African Forest. Legend same as in Figure 2. Protected area data 

come from the modified World Database on Protected Areas (WDPA II). 

Figure 7 shows the amount of land at two kilometer intervals in and around 

protected areas in the four regions of analysis. This figure is analogous to Figure 3, but 

comparison between the two shows the relative increase in area provided by buffered 

points. Only in the Amazon and the Atlantic Coast do the rankings of square kilometers 

available in each category change from WDPA I. In the Amazon, Indigenous Areas and 
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Category V/VI/ Miscellaneous gain large areas with the inclusion of buffered point data. 

Category V/VI/ Miscellaneous overtakes Categories I/II and III/IV as containing the most 

square kilometers. The same trend occurs in the Atlantic Coast region. The rankings do 

not change for the Congo and West Africa. 

 

Figure 7: Number of square kilometers included in the analysis at each 2 

kilometer distance increment in the four regions. Legend as Figure 3. Protected area 

data come from the modified World Database on Protected Areas (WDPA II). 

Table 2 shows the difference in region coverage between the WPDA I and WDPA 

II datasets. The largest discrepancy between the two datasets occurred in the Amazon 
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forest (5.6% increase in coverage), followed by the Atlantic Coast Forest with a 3.0% 

increase. The West Africa and Congo Forest regions displayed similar increases in 

coverage, at 0.6% and 0.7%, respectively.  

Table 2: The difference in coverage between the unmodified (WDPA I) and 

modified (WDPA II) World Database on Protected Areas datasets. Total Area is the 

area (kilometers) included in each region’s analysis. WDPA I and II Area are the total 

square kilometers contained within the two respective datasets. WDPA I and II 

Coverage is the percent of the region that is covered by the two datasets. % Change is 

the difference in the coverage from the WDPA I dataset to the WDPA II dataset. 

 

Region 

Total 

Area (km) 

WDPA I 

(km) 

WDPA II 

(km) 

WDPA I 

Coverage 

WDPA II 

Coverage 

% 

Change 

Amazon 6,379,206 674,657 1,029,003 10.6 % 16.1 % 5.6 % 

Atlantic Coast 1,189,404 9,454 44,907 0.8 % 3.8 % 3.0 % 

West Africa 526,031 90,579 93,762 17.2 % 17.8 % 0.6 % 

Congo 1,875,813 230,864 244,772 12.3 % 13.0 % 0.7 % 

 

These results are not surprising. Protected areas represented as points with 

arbitrary circles around them will capture some land that is indeed protected, miss other 

protected land, and certainly capture some land that is not protected at all (Mora et al. 

2006). In the wilderness forests, this makes little difference for reasons already 

explained. In West Africa, much land within protected areas is human-dominated, so 

there will be little change. Only in the Atlantic Coast forest where protected areas have 

clear boundaries should there be a difference — and it is exactly as we expected it to be. 
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1.3.3 The IBAMA protected areas database 

As we shall discuss presently, a key concern is whether the WDPA provides a 

reasonable set of protected areas from which to draw our conclusions. An obvious 

limitation of the WDPA is that it presents data in two forms: the mapped protected areas 

we have analyzed thus far, and point locations with associated data on the size of the 

protected area. For West Africa, the Congo, and many other areas worldwide, the point 

data add only a few percent extra to the mapped protected areas. However, for the 

Amazon the point data increase the total area by 50% and for the Atlantic Coast by 

nearly five fold. Fortunately, for Brazil, which covers most of the Amazon and Atlantic 

Coast forest, there is an independent database available from Instituto Brasileiro do 

Meio Ambiente e dos Recursos Naturais Renováveis (IBAMA, 

http://www.ibama.gov.br/).   

Figure 8 contrasts data from IBAMA and from WDPA. The far greater areas 

encompassed by the IBAMA data are obvious. For the Amazon, the two datasets 

broadly agree in the percentage cover of natural vegetation inside and outside of 

protected areas. For the Atlantic coast forest of Brazil, they do not. There is much less 

forest within the areas IBAMA specifies, a point to which we will return.   
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Figure 8: Comparison between the World Database on Protected Areas (open 

circles) and the IBAMA dataset (closed circles) for two regions of Brazil.  On the left is 

the number of square kilometers included in the analysis at each two kilometer 

distance interval for the Brazilian Amazon Forest (A) and Brazilian Atlantic Coast 

Forest (C). On the right is percent natural vegetation inside and outside protected 

areas in the Brazilian Amazon Forest (B) and Brazilian Atlantic Coast Forest (D). All 

protected area categories have been combined. Negative distances are inside protected 

areas, while positive distances are outside. 

1.3.4 Mapping the results of DeFries et al. (2005) 

As explained in the text, we mapped out the results of DeFries et al. (2005). 

Figure 9 (bottom) shows deforestation inside some selected protected areas, and (top) 

deforestation in a 50km boundary outside these areas. While we agree with their 
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methods and results, we draw conclusions that have a different emphasis. In particular, 

we notice that for important areas — in the Amazon, for example— there is not 

extensive deforestation (>1%) outside of many reserves. Where there is, we know the 

reserves to be in the so-called “arc of deforestation”, that runs from the southwest 

Amazon, eastwards and then northwards through Para. This is a major area for forest 

loss, but it is not typical of the protected area network in the Amazon. Moreover, the 

authors did not include indigenous reserves, which cover large areas of the Amazon 

and, in our experience, are very well protected.  

Finally, the figure shows that some important areas for biodiversity — the 

Atlantic Coast hotspot, for example, are represented by few examples in this study. 

Simply, from these results, we see very important differences in geography and 

consequences for biodiversity, and we chose to explore those differences in our paper.  
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Figure 9: World Conservation Union Category I and II protected areas 

analyzed by Defries et al. (DeFries et al. 2005).  Top Panel:  Rates of deforestation over 

the last 20 years within a 50 kilometer buffer around 198 protected areas. Bottom 

Panel:  Rates of deforestation over the last 20 years within the administrative 

boundaries of the same protected areas as in the top panel.  Green circles represent < 

1% deforestation, Yellow circles represent deforestation > 1% but < 5%, and Red 

circles represent deforestation > 5%. Coordinates and deforestation rates taken from 

Defries et al. (2005). 

1.4 Discussion 

Most protected areas in the Congo and Amazon are remote, large, almost 

completely forested, and sit within large, also nearly completely forested landscapes. 

The Amazon and Congo forests contain reserve networks of all management categories 
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that incorporate multiple large protected areas. Large forested areas exist far inside 

protected area boundaries. Under such circumstances, an analysis of vegetation change 

is unnecessary: there could not have been extensive changes in forest cover either inside 

or outside the boundaries. Relatively few protected areas are on the fringe of these 

regions. They are in areas of rapid and extensive deforestation. As DeFries et al. (DeFries 

et al. 2005) demonstrate, they are becoming ever more isolated, even if the protected 

areas are not losing much forest cover. 

In contrast, protected areas in West Africa and the Atlantic Coast typically house 

the last remaining forests in these regions. They are generally small. The Atlantic Coast 

forest has only 15 protected areas (IUCN classes I or II) that are >200 km2 for a total area 

of ~7500 km2 (some of which is not tropical moist forest); the comparable numbers for 

West Africa are 10 for ~8500 km2.  

Deforestation inside protected areas reduces the effective size (DeFries et al. 

2005) of the protected areas still further. Within protected areas, intact core-areas in the 

Atlantic Coast and West African regions are almost invariably small. While areas further 

than two kilometers inside IUCN class I – IV reserves in the Atlantic Coast Forest and 

West Africa retain >97% and > 90% of their area as natural forest cover, <3,000 km2 and 

<7,000 km2 of those regions are that deep within protected areas, respectively. This is 

only 39% and 54% of all protected land in the two regions. The furthest interior points 
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are only 12 km and 26 km from the nearest boundary in the Atlantic Coast and West 

Africa, respectively. 

In the Atlantic Coast, the forest outside protected areas is highly fragmented, but 

forest does remain. That this area still retains forest cover outside of protected areas 

reflects legal considerations. Most of the Atlantic Coast study area falls within Brazil, 

where the local laws and practices regulate deforestation and, in conjunction with 

topography, result in a highly fragmented but relatively well-forested landscape. (The 

contrast in Figure 4 is between fragmented forests in Brazil and an equally forested but 

far more continuous forest in Argentina.) High fragmentation is ecologically 

detrimental, but does create more opportunities to connect existing protected areas 

(Anderson and Jenkins 2006), as well as to create new ones.  

So: are protected areas protected? The superficial answer is “yes” — forest cover 

is high inside reserves and strikingly higher than in surrounding areas with high human 

impacts. Additionally, there seems to be negligible differences between management 

categories, perhaps allaying concerns about the globally increasing designation of IUCN 

V and VI protected areas. The complexity of our results rejects any such simple 

summary, however. There are several issues.  
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1.4.1 De facto versus de jure protection 

Landscapes may escape deforestation because, like those in the Amazon and 

Congo, they are remote, or elsewhere, because they are on steep mountain slopes, have 

poor soils, or other features that protect them from human exploitation (Scott et al. 

2001). Such places are protected de facto and the effects of their designation as reserves 

may be negligible. Their effectiveness at withstanding human impacts is simply 

untested.  

A more subtle comparison of reserves within, say, the Amazon to detect whether 

protected reserves do better (by some metric) than unprotected areas is definitely 

possible. Clearly, such studies need to carefully constrain confounding factors that are 

shown here to be substantial when inter-regional comparisons are involved. Such 

carefully constrained regional comparisons suffer the obvious lack of generality.  

Conversely, protected areas may be ostensibly protected de jure. Many reserves 

in West Africa and the Atlantic Coast —Sooretema (Figure 5b), for example — seem to 

be obvious examples of areas that retain forest only because of the laws that protect 

them. Outside such reserves, the forest is gone. Examples such as Sooretema 

notwithstanding, there are other examples in the Atlantic Coast where the distinction is 

not so clear — many of the protected areas are in mountains and involve land too steep 

to support crops or grazing.  
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To claim that de jure protection works requires not just the illusion of a sharp 

distinct boundary paired with a lack of some natural feature that might otherwise 

provide that protection (Ferraro and Pattanayak 2006). Rather, the all-important proof is 

that deforestation inside the protected area has stopped. DeFries et al. (DeFries et al. 

2005) find only two examples of >5% loss of forest inside protected areas over 20 years in 

the regions we consider, out of a total of over 80 possible. While not common, other 

well-documented examples exist (Liu et al. 2001a, Curran et al. 2004, Fuller et al. 2004), 

including Okomu (Figure 5c) in West Africa (Oates 1999).  

The apparent scarcity of such examples suggests that most reserves are protected 

de jure, but a higher level of proof is required. Simply, claiming de jure protection 

requires studies of (say) forest cover over time across a set of protected areas that are 

unlikely to be protected de facto. Again, these constraints mean that while one might 

obtain locally specific conclusions, generalities are difficult.  

IUCN categories are intended to summarize the different extents of de jure 

protection. Indeed, the recently observed increase in global coverage of the protected 

area network is due in large part to the designation of lowly categorized reserves (IUCN 

V, VI) (Locke and Dearden 2005). This has prompted discussion as to whether these 

protected areas differ from more highly categorized areas in their ability to conserve 

biodiversity (Locke and Dearden 2005).  Descriptions of their management objectives 
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would certainly lead to that conclusion (Appendix 1). We find that IUCN categories do 

not differ much in their relative forest covers inside and outside reserves, except in West 

Africa, where most protected areas lack IUCN categories. Although this would seem 

promising for the inclusion of Category V and VI  protected areas into the global 

network, it may be that our analysis is simply too coarse to pick up on the differences 

related to management categories.  Alternatively, the results may indicate that it is on-

the-ground management that dictates the outcome of protected areas, not global 

classification schemes. 

1.4.2 Size matters… and so, too, must the matrix 

Preserving forest cover may be a necessary criterion for assessing protected area 

effectiveness, but it is not sufficient (Redford 1992). While effectively retaining natural 

vegetation, many protected areas in the hotspot regions are too small to hold species 

with large ranges. For example, surveys of forest fragments find that those less than 100 

km2 lose their most vulnerable forest birds on a time scale of several decades or shorter 

because their populations are too small to be viable (Brooks et al. 1999, Ferraz et al. 

2003). Such results clearly depend on the species concerned — some species might 

survive in fragments this small, while wide ranging top predators would likely be lost 

from areas substantially larger (Woodroffe and Ginsberg 1998).  
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More generally, our results are optimistic: natural forest cover may remain > 2 

km inside protected areas, but that does not mean that hunting, logging, and other 

activities do not eliminate species from inside them (Redford 1992, Kramer et al. 1997). 

We do not address the issue of how isolated the protected areas are. Using a 50-

kilometer buffer, DeFries et al. (DeFries et al. 2005) found that ~70% of the buffers 

experienced habitat loss over the last 20 years, as opposed to only 25% of 

administratively protected areas. Importantly, protected areas with the greatest 

deforestation were those in South and Southeast Asia that were relatively small, an 

attribute held by most protected areas in the Atlantic Coast and West African regions of 

our analysis. Based on their results, Defries et al. concluded that protected areas do 

protect, but that the loss of habitat adjacent to protected areas has severe ecological 

implications. 

1.4.3 Where are the “paper parks”? 

Globally, there are parks gazetted with administrative enthusiasm that provide 

little or no protection. Pimm (2001) provides an example from Cebu in the Philippines 

and Oates (Oates 1999) discusses the problem generally for West Africa. We do not find 

such places, but it is possible that our results are circular. We take the areas that IUCN 

considers to be protected and from them analyze only those for which the WDPA 

provide digitized boundaries. Likely, these are the best of the best-protected areas. We, 

or anyone else, claiming them to be effective may be looking at a highly biased sample. 
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Might there be large numbers of parks designated only on paper that provide little 

protection (Myers 1984) but which we have omitted?  

This concern motivated our looking at the IBAMA data for the Atlantic Coast 

forest. The inclusion of these data suggests that large fractions of protected areas are 

deforested (Figure 8), but it would be wrong to think these are poorly-protected “paper 

parks.”  The protected areas that IBAMA defines include the Tres Picos state park in Rio 

de Janiero, an extensive area of forest well-protected by its mountainous terrain. It also 

includes a large planning region that, certainly, is mostly cattle pasture — but has long 

been so. Yet, this region encompasses the reserves of Poço das Antes, União, active land 

acquisition, and conservation easements on private land (Pimm and Jenkins 2005). Thus, 

the low forest cover within many of the putative protected areas in the IBAMA dataset 

reflects an ambition to protect more land, not the failure to protect existing protected 

areas. 

1.4.4 Management implications 

In the Amazon and Congo forests, protected areas are large and remote. Keeping 

them remote will likely keep them protected. But, the challenge will be formidable. 

Extensive infrastructure developments are planned for the Amazon (Laurance et al. 

2001), and several Congo basin countries such as Gabon have leased large areas for 

logging (Laurance et al. 2006). For the Amazon, Laurance et al. (Laurance et al. 2004) 

refute claims that roads yet-to-be-built will be less damaging than existing roads. 
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Human impacts, including fires that destroy forest, are almost all close to roads (Kirby et 

al. 2006). Hence, environmental advocates should consider opposing roads and other 

infrastructure developments. De facto, these actions would create “mega-reserves” 

(Laurance 2005). 

As noted, the efficacy of de jure protection is not yet obvious in the Amazon and 

Congo. Deforestation challenges some peripheral protected areas of the Amazon. 

Whether they continue to retain their forest cover requires a more detailed analysis than 

that presented here.  

In the Atlantic Coast and West African forests, protected areas are small. In West 

Africa, deforestation and fragmentation encroach further within administrative 

boundaries than any other region in our analysis. In both places, because of their small 

size, protected areas will likely lose species however well they protect forest cover per 

se. Thus, any opportunities to connect forest fragments by restoring degraded habitats 

should be a priority (Anderson and Jenkins 2006). The unusually fragmented forests 

(Figure 4) outside protected areas in the Atlantic Coast provide an opportunity to do just 

that, unique within the four regions we consider. 

1.5 Citation 

This chapter was published in March of 2008 in the journal Proceedings of the 

National Academy of Sciences USA 
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(http://www.pnas.org/content/early/2008/04/30/0802471105.abstract). The complete 

citation is: 

Joppa, L.N., Loarie, S.R., Pimm, S.L. 2008. On the protection of “protected area”. 

Proceedings of the National Academy of Sciences (USA) 105(18): 6673-6678. 
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Chapter 2. On population growth near protected areas 

2.1 Introduction 

Protected areas are often the primary defense against species extinctions and 

habitat loss (Pimm et al. 2001). The global network of protected areas now covers more 

than 12% of the terrestrial earth surface (UNEP-WCMC 2006). With rapid population 

growth, human activity increasingly dominates landscapes surrounding this network 

(DeFries et al. 2007). Do protected areas influence human activity near their borders (Liu 

et al. 2001a)? The answer is critical to assessing the effectiveness of protected areas 

towards conserving biodiversity as well as the contribution of biodiversity towards rural 

development.  

Many argue that protected areas are detrimental to rural development by 

excluding people from traditional lands and further marginalizing them by denying 

access to natural resources (Peluso 1993, Adams et al. 2004). In that regard, there are 

concerns as to whether allocating resources away from rural economies, and towards 

biodiversity, is justified. In contrast, increasing numbers of rural people are moving to 

cities and towns in search of economic opportunities (Myers and Kent 2003). This 

argument would suggest that human activity and population growth near rural 

protected areas would be below the country average. Such a trend would benefit 

biodiversity. A recent study across African and Neotropical moist forests (Joppa et al. 
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2008) found no evidence of increased deforestation near protected area boundaries, 

lending support for this argument. 

Others suggest that protected areas provide benefits for rural communities 

(Scherl 2004). Protected areas require infrastructure, such as roads leading to their 

entrance, and people to work in them. Natural areas also provide many ecosystem 

services (Daily 1997, Costanza et al. 1998). Whether used sustainably or not, protected 

areas are often the last remnants of natural resources available to rural communities. 

Theoretically, the combination of infrastructure, employment, and necessary goods and 

services could cause protected areas to serve as surrogate urban centers, attracting 

human settlement and population growth. Such a trend would be a testament to the 

value associated with ecosystem services, ecotourism, and natural resources for rural 

economies. This optimism comes at a cost. By encouraging population growth and 

accelerating the isolation of the protected area from natural landscapes, the net impact of 

protected areas on conserving biodiversity may be negligible. 

Wittemyer et al. (Wittemyer et al. 2008) claim to provide the first consistent 

evidence supporting this latter argument. The title of their paper, “Accelerated Human 

Population Growth at Protected Area Edges”, is a succinct summary of their results, 

claiming population growth rates near park boundaries are higher than national rural 

growth rates. The authors compared growth rates in a single 10km buffer around each of 

306 protected areas (UNEP-WCMC 2006) in 45 African and South and Central American 
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countries from geographically explicit data (UNEP-CIESIN 2004a, b) with a UN-

supplied single estimate of the country’s rural growth rate (UN 2007). 

Using a more spatially explicit approach, we re-analyzed population growth 

around protected areas. There is no evidence to support disproportionate population 

growth near protected areas. There are systematic differences between the two 

independent datasets Wittemyer et al. used to generate the study’s results and this 

discrepancy is sufficient to explain their results.  

2.2 Materials and Methods 

All datasets are global in scale, in raster (grid) format, and projected into Albers 

Equal Area projection at a resolution of 5km grid square (25km2). We used ArcGIS 9.1 to 

harmonize projections, cell size, and extent across datasets. We carried out all further 

analyses in R 2.6.  

We obtained information on park location from the 2007 World Database on 

Protected Areas (UNEP-WCMC 2006). The 304 protected areas in our analysis are a 

sample of the 306 protected areas included in the analysis by Wittemyer et al. A full 

description of the criteria used to choose the sample of protected areas can be found in 

their supplemental materials (Wittemyer et al. 2008), but in brief Wittemyer et al. only 

chose areas greater than 10km2, established before 1995, not on oceanic islands, and 

IUCN category I or II (non-consumptive use categories) or World Heritage Sites.  They 
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also excluded protected areas with no people in the 10km buffer zone at the time of 

protected areas establishment, or with urban settlements greater than 1000 people. 

We calculated human population growth rates using decadal modeled 

population datasets for Africa (UNEP-CIESIN 2004a) and South and Central America 

(UNEP-CIESIN 2004b). To replicate Wittemyer et al.’s results, we obtained country-

specific rural growth rates from (UN 2007). To calculate rural growth rates from the 

decadal population datasets, we masked out all areas identified as “urban” by (UNEP-

CIESIN 2006). Wittemyer et al. provide further details of the analysis in their 

supplemental materials. 

 We then created 10km wide annuli in and around each protected area, from 

20km inside the protected area to 50km outside. Using the decadal datasets, we were 

able to calculate growth rates at ten-year intervals for each of the annuli. We obtained 

the annual growth rate by dividing the total growth rate by the number of years the 

analysis encompassed. In order to summarize these results, for each protected area we 

then divided the growth rate in the 0-10km buffer by the growth rate in the 10-20km 

buffer. Values greater than one indicate higher population growth near protected areas 

than away. When repeating Wittemyer et al.’s analysis, we followed their methodology 

of calculating population growth inside the 0-10km buffer using the decadal datasets 

(UNEP-CIESIN 2004a, b) and subtracting from that the UN-supplied rural growth rate 
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of the country (UN 2007). Positive values indicate protected areas with higher human 

population growth than rural areas of the same country. 

2.3 Results 

Using methods we employ elsewhere (Joppa et al. 2008), we create a series of 10-

km wide buffers inside and outside of our sample of 304 protected areas (the same as 

those analyzed by Wittemyer et al.) and calculate the population densities within these 

annuli. This technique is necessary to avoid inherent problems with creating a single 

buffer, as doing so ignores events immediately outside the buffer. Figures 10a and 10b 

show these annuli around Kafue National Park (NP) in Zambia. We use Kafue NP as an 

example because Wittemyer et al. highlighted the area in their study and we have 

extensive experience working there. 

Figure 10c plots the population densities against distance from 20 km inside to 50 

km outside the boundary of Kafue NP. From these densities, we derive the 

corresponding annual growth rates directly. Plots similar to Fig. 10c for all 304 protected 

areas are available on request. As is clear in Figure 10c, annual growth rates remain 

virtually unchanged with increasing distance outside of Kafue National Park. High 

growth rates are sometimes found inside park boundaries (as in Kafue), but here data are 

very sparse and prone to measurement error. Our results for Kafue NP contradict those 

of Wittemyer et al.’s. We provide an explanation for this disagreement presently.  
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Figure 10: Changes in population density in and around Kafue National Park, 

Zambia, from 1970 to 2000. A, B) Population density around Kafue National Park 

(established 1971) in 1970 (A), and 2000 (B) expressed as people per 25km2, the unit of 

analysis. Parks are outlined in heavy black, and lighter black lines radiating from 

them represent increasing 10km intervals. From 1970 to 2000, growth in the buffer 

zone around Kafue increases because of increasing and multi-directional growth from 

pre-existing populations outside the 10km buffer. C) Population densities at 10km 

intervals inside and outside of Kafue National Park (left-hand y axis) and annual 

growth rates (right-hand y axis). We show densities for 1970, 1980, 1990, and 2000. 

There is no tendency for population densities to increase near the boundary. 

It is difficult to convey results for all 304 protected areas in the same manner as 

Figure 1c. Nevertheless, Figures 11a and 11b provide an adequate summary for all the 

protected areas in our sample. If people were immigrating to protected area boundaries, 
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population growth 0-10km away from the boundary would be higher than growth 10-

20km away. (And, by extension 10-20 should be larger than 20-30, 0-20 larger than 20-40, 

and so on.) 

 

Figure 11: Differences in annual population growth at increasing distances 

from all 304 parks. A) Annual population growth in 10km buffer zones minus the 

annual population growth in 20km buffers on the x-axis, number of protected areas 

on the y-axis (304 parks). If 10km buffers were experiencing accelerated growth, most 

values would be greater than zero. This is not the case. B) Same as for (A), but 

comparing 0-20km buffer zones with 20-40km buffer zones. Again, there is no 

evidence for disproportionate population growth near protected area boundaries. 



 

 54

If one assumes that protected areas draw people to them, then population 

growth of the 0-10km buffer minus that in the 10-20km buffer should be greater than 

zero. As found for Kafue, and shown for all 304 protected areas in Figures 11a and 11b, 

there is no tendency for growth rates to be higher adjacent to park boundaries (0-10km) 

than further away (10-20km) in either Africa (mean = -0.0013) or South America (mean = 

-0.0007).  We repeat this analysis for the comparison of 0-20km and 20-40km buffers and 

find the same result (Figure 11b).  Indeed, we have made many such comparisons and 

always find no differences. Such comparisons refute Wittemyer et al., but match our 

previous results on land use changes near parks (Joppa et al. 2008).  

Although we find no evidence that population growth is disproportionate near 

protected area boundaries, populations are indeed growing. This is inevitable as human 

population continues to expand worldwide. Here it is the mechanism of the growth that 

matters, and again, Kafue NP provides an example (Figures 10a and 10b). If rural 

protected areas attract human settlement, one might expect isolated population centers 

to spring up, unassociated with preexisting population centers. This should be obvious 

through visual inspection. 

Instead, what one sees around Kafue NP follows well-understood features of 

human demography. What growth does occur in buffers is often from the growth of 

existing population centers incidentally expanding towards protected areas. Figures 10a 

and 10b show this clearly for Kafue NP, where we map human density in the decade of 
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Kafue NP’s establishment (Figure 10a), and human density in the current decade (Figure 

10b). When Kafue NP was established, there were few people living immediately 

outside the boundary, but several population centers existed at distances greater than 

30km to the northwest and east. Over time, these population centers grew multi-

directionally. Kafue NP, which remained stationary on the landscape, was simply in the 

way of population expansion. Inspection of many other parks shows this to be a 

common trend. 

2.3.1 Wittemyer et al.’s results are artifacts of comparing incompatible 

data 

To understand why Wittemyer et al. found spurious results, we repeated their 

analysis as best we could. Using their methodology, we closely matched their results 

and found 253 of 304 (83%) parks with higher growth in the buffers (obtained from one 

data set) compared to rural growth (from the other). This compares well with Wittemyer 

et al.’s 245 of 306 (80%) parks. 

These results are artifacts of mixing two incompatible datasets. Wittemyer et al. 

calculated population growth rates near protected areas using geographically explicit 

data (UNEP-CIESIN 2004a, b), and compared these rates to a UN-supplied single 

estimate of the country’s rural growth rate (UN 2007). Unfortunately, the geographically 

explicit dataset provides consistently higher rural growth rates than does the UN-
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supplied one. We show this is true by deriving an alternative calculation of rural 

growth, one originally presented in Wittemyer et al.’s supplemental materials. 

Using a global map of urban and rural extents, it is possible to mask out areas 

identified as “urban” in the geographically explicit data (UNEP-CIESIN 2006). This is 

ideal, as doing so allows one to calculate rural growth rates from the same dataset used 

to calculate growth rates near protected areas. A comparison between UN-supplied 

rural growth rates and those independently derived from consistent datasets shows why 

Wittemyer et al.’s results could have been no other way. 

As UN-supplied rural growth rates increase, so too did those from the country’s 

synoptic data on rural growth (UN 2007) (Spearman’s rank correlation: r = 0.501, n = 45, 

p < 0.001). Wittemyer et al. found a similar correspondence (Spearman’s rank correlation: 

r = 0.501, n = 45, p < 0.001), and used this highly significant correlation to justify mixing 

the two datasets.  

Unfortunately, what is needed here is not simply a strong correlation but a one-

to-one correspondence. Figure 12a shows the strong correlation but also that the 

geographically explicit data are, with just one exception, higher than the UN-estimates. 

This relationship between the two datasets ensures Wittemyer et al.’s results. 
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Figure 12: Replication and re-analysis of Wittemyer et al.’s (Wittemyer et al. 

2008) methods and results. A) Evidence for the incompatibility of the two datasets 

used to calculate growth rates in Wittemyer et al.’s study. We plot rural growth rates 

from (UN 2007) on the x-axis, and rural growth rates derived from (UNEP-CIESIN 

2004a, b, 2006) on the y-axis. Red points represent South American countries, while 

black indicates African countries. Almost all (44 of 45) countries are above the 1:1 line, 

indicating that the datasets used to calculate buffer growth rates provide consistently 

higher rural growth rates than does the UN dataset. The point below the 1:1 line is 

Belize, one of only two countries in South and Central America where Wittemyer et 

al. failed to find a positive result. B) The difference between average growth rates in 

park buffer zones and rural growth rates for all 45 countries, when we calculate rural 

growth from the same dataset as buffer growth. C) The same as “B”, but this time 

displaying the results for 304 individual parks. Neither “B” nor “C” is statistically 

significant (p = 0.766, p = 0.774, respectively). 

We then repeated Wittemyer et al.’s analysis, calculating both rural and buffer 

growth rates from (UNEP-CIESIN 2004a, b, 2006). Using these derived rural growth 

rates, we calculated dramatic differences from Wittemyer et al.’s main results. Using 

incompatible datasets, they found buffer growth to be higher than rural growth for 245 

of 306 (80%) parks and 38 of 45 (84%) countries. In Figures 12b and 12c, we show that by 

using a single dataset those results reduce to 155 of 304 (51%) parks and 24 of 45 
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countries (53%). There are no more parks with higher growth rates near them than parks 

with lower growth rates (p = 0.774, p = 0.766, respectively; binomial test). 

2.3 Discussion 

Do protected areas, and their perceived benefits, attract people to them? The 

question is of utmost importance. Conservation efforts can draw both positive and 

negative actors to the scene. In a manner similar to locating the last remaining 

population of an endangered species, the creation and funding of a protected area could 

potentially cause more harm than ignoring the area altogether (Liu et al. 2001a).  We find 

no evidence that human population growth near protected area boundaries is higher 

than in rural areas and show that Wittemyer et al.’s counter-result is methodologically 

flawed.  

The geographically explicit data are not raw population counts, but predictions 

from a complex model that, in perhaps indirect and complex ways may include the 

proximity of a park boundary as a factor. Original population data comes from the level 

of census unit. The average resolution for all African countries (excluding South Africa) 

is 82km2/census unit. Some countries, such as Chad and Angola, have much lower 

resolutions (303 and 263 km2/census unit, respectively). While individual maps appear 

highly resolved, much of this cancels out when one divides the two datasets to calculate 

growth rates. Maps of growth collapse to the coarse level of census unit or lower, calling 
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into question the suitability of these modeled population datasets for fine spatial-scale 

analyses. As these numbers show, the data are likely too sparse to draw fine-scale 

conclusions about population growth.  In contrast, our analyses of land-use changes are 

consistently of 1km2 resolution (Joppa et al. 2008).   

More generally, the scarcity of suitable datasets poses a challenge for 

conservation (Loarie et al. 2007a) and we note the need for more high-resolution 

biological and social data. 

When assessed using much finer-scale metrics such as land-cover, we find that 

protected areas perform admirably (Joppa et al. 2008). However, efforts to keep 

protected areas protected must increase as the global network becomes increasingly 

isolated [3] and ever more in contact with growing human populations. As both the 

protected area network and human population grow, collisions between these areas and 

people struggling to find land on which to survive will continue. Kafue NP (Figures 10a 

and 10b) provides an example of this. Connecting existing protected areas through 

corridors (Anderson and Jenkins 2006), creating future protected areas in places they can 

be most effective (Pimm et al. 2001), and effectively managing all protected lands will be 

essential to ensure the future of biodiversity. 
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2.4 Citation 

This chapter was published in January of 2009 in the journal PLoS ONE 

(http://www.plosone.org/article/info:doi/10.1371/journal.pone.0004279). The complete 

citation is:  

Joppa LN,  Loarie SR,  Pimm SL, 2009 On Population Growth Near Protected 

Areas. PLoS ONE 4(1): e4279. doi:10.1371/journal.pone.0004279   
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Chapter 3. Re-assessing the forest impacts of protection: 

the challenge of non-random location & a corrective 

method 

3.1 Introduction 

Species extinctions are estimated to be occurring at approximately 100 times the 

baseline rate (Pimm et al. 1995, Pimm and Raven 2000), and habitat loss is the leading 

cause of species endangerment (Pimm and Raven 2000, Pimm et al. 2001). Protected 

areas have been the principle defense of habitat to this point and they surely will 

continue to play a role in efforts to prevent species loss (Myers et al. 2000, Pimm 2001). 

In addition, protected areas may now be looked to for support of carbon storage goals.  

While habitat protection through land preservation goes back thousands of years 

(e.g., sacred groves in Africa), the first call to protect areas for this purpose is 

conventionally credited to Frederick Von Mueller in 1890 (as cited in (Scott 1999)). Since 

that time, a considerable area has been protected (Brooks et al. 2004). Most of the 

currently protected areas were established in the twentieth century (Zimmerer et al. 

2004, Chape et al. 2005, Naughton-Treves et al. 2005). Protected areas now cover 

approximately 12% of the earth’s land surface and assessing the success of these 

conservation efforts is vital (Joppa et al. 2008).  Protected areas benefit many plants, 

animals, and people (Hansen and DeFries 2007, Karanth 2007), yet they cost money and 
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other resources such as time and political capital. An important question in 

conservation, then, is whether protected areas actually “work”. 

Which type of protection one is talking about, and what it means for a protected 

area to “work” are important points to clarify. Protection is established for a variety of 

reasons or goals and with a range of land-use strictures (both within and across 

countries (Locke and Dearden 2005)).1 An effort in 1993 by the World Conservation 

Union (IUCN) created an international categorization system that differentiates 

categories by management objectives. This complements protected area agreements such 

as the Convention on Wetlands of International Importance (Ramsar), the World 

Network of Biosphere Reserves under UNESCO’s Man and Biosphere Programme, the 

Convention Concerning the Protection of the World Cultural and Natural Heritage, and 

others, but it does not erase differences among commentators in the definition of 

success. Some look mainly at economic opportunities for people around or in protected 

areas (see the review by West et al. (West et al. 2006)), while others focus almost 

exclusively on ecological outcomes such as whether animal populations remain stable 

(Newmark 1995, Woodroffe and Ginsberg 1998) or resistance to biological invasion 

(Pysek et al. 2002, Pauchard and Alaback 2004).  

                                                      

1 While terminology is important, given that there are differences in the descriptors used in this field, we 
will use “protected areas” and “park” interchangeably to refer to protected lands of any sort. 
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We focus on the impact of protection on rates of deforestation (two studies we 

review also report on fires). Deforestation reduces natural forest habitat and thus non-

human species’ populations (Baillie et al. 2004). It is also important for carbon 

sequestration and hence climate change and is readily observable using remotely sensed 

data. Here, we focus on methods for evaluating protected areas’ deforestation impacts. 

First we review previous evaluation efforts from a rich literature base. In this, our paper 

complements and updates a 2005 review by Naughton-Treves (Naughton-Treves et al. 

2005) as well as two more recent reviews by Nagendra (Nagendra 2008) and Campbell et 

al. (Campbell 2008) Second, we stand apart from these prior reviews by emphasizing the 

hurdles faced by methods previously used and highlighting a new method that we 

believe better addresses those hurdles and generates different findings. In brief, the 

failure of most previous assessments to consider and explicitly control for the landscape 

characteristics within protected areas can significantly bias their conclusions. 

In most countries, protected areas are not randomly distributed across the 

landscape. While there are often good reasons for this, if the resulting distribution 

means that protected areas are biased to favor areas of lower threats of deforestation 

then it also indicates that most previously used methods will overestimate the impact of 

protection on reducing deforestation.  

Matching—a statistical impact-evaluation technique widely used in economic 

evaluations of policy impact—addresses such non-random location bias. It seeks to 
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explicitly force “apples to apples” comparisons by pairing protected and unprotected 

locations that are similar in their landscape characteristics. It does that more directly 

than prior methods, which fail to consider non-random location or to carefully describe 

and control for it. Matching can evaluate impacts within the boundaries of protection as 

well as assess the prevalence of “spillovers.” We discuss recent applications of the 

matching method to review evidence that controlling for landscape characteristics can 

make a big difference on impact estimates. Compared to methods that ignore location 

characteristics, emerging evidence suggests that matching can significantly lower impact 

estimates at national (Andam et al. 2008, Pfaff et al. In Press) and global scales (Joppa 

and Pfaff 2009). 

Matching provides not only (reduced) average impact estimates, however. 

Results from matching also directly imply where a new protected area’s forest impact 

could be relatively high or low. An example of this would be where even effective 

protection could not contribute that much given the lack of threat to the landscape. 

While many factors determine where new protected areas are sited, information on the 

variation across space in protection’s impact on forest can inform site choice.  

In section 2, we review past evaluations of the impacts of protected areas on 

forest systems. In section 3 we discuss hurdles for typical previous methods. We use 

section 4 to describe “matching”, while in section 5 we review the few studies that 

employ matching or matching-like methods. Section 6 then adds discussion.  
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3.2 Literature evaluating protected areas’ impacts 

We have not tried to comprehensively include all studies that analyze 

deforestation in and around protected areas. Further, the studies that we do mention 

overlap those discussed in recent reviews (Naughton-Treves et al. 2005). Our novelty 

goal is to categorize the methods that are predominant in such literatures, citing some 

examples. We are, then, trying to be comprehensive concerning estimation methods.  

The evaluation methods that we review use measures of forest within the 

protected area (or “treated” location). Deforestation is observed through direct visual 

observation or through remote sensing such as satellite imagery, radar, and aerial 

photography. Increasing access to remotely sensed products and increased skills in 

analyzing these products has meant that the remotely sensed data dominate the 

literature.2 On-the-ground observational data are rare because of the large scale of the 

study areas; plot-level vegetation surveys are impractical when considering the large 

areas often involved, even if useful when analyzing small protected areas or if 

considering practices such as selective logging.3 As our focus is on the methods used to 

                                                      

2 A recent paper by Loarie et al. (2007a) provides an overview of the availability of these emerging 
technologies and their resulting data output. 

3 Banda et al.(2006) used plot-level data to compare tree species richness across protected areas with 
differing management priorities in western Tanzania, finding that fully protected National Parks did not 
necessarily contain the highest diversity. Also, Hayes (2006) used an extensive plot-level dataset from 163 
forest plots across 13 countries to examine vegetation density in protected (76 plots) and unprotected (87 
plots), finding no difference in vegetation density between legally protected forests and those forests 
governed by users who establish and recognize their own forest management rules. Again in 2006, Bleher 
et al. (2006) analyzed disturbance parameters at 22 plots across Kakamega Forest in western Kenya. Using 
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compare such data, beyond these comments we do not focus on the data themselves, 

despite their importance for quality results.  

3.2.1 Compare to nowhere 

To start, when evaluating protected areas one may be tempted to consider only 

the current state of the protected area, without attention to the status of surrounding 

areas. For instance, at least in informal public discussions, many people consider Costa 

Rica’s protected areas as successful because they are almost fully forested. Alternatively, 

some protected areas seem to be thought of as unsuccessful because significant 

deforestation has taken place there.  

Fuller et al. (2004)  analyzed deforestation from 1996–2002 in Kalimantan 

(Indonesian Borneo). The authors included all existing and proposed protected areas, 

comparing them with the unprotected portions of the region. Protected areas smaller 

than 100,000 ha had lost 23.6% of their forests, those between 100,000 and 250,000 ha had 

lost 52.4%, and areas larger than 250,000 ha had lost only 16.9%. Based upon these large 

percentages of forest loss, the authors suggest that Kalimantan’s protected network was 

no longer viable. 

                                                      

 

these data they found high levels of human impact across the entire forest, but that logging was much less 
prevalent within highly protected National and Nature Reserves compared to high levels of logging within 
lesser protected Forest Reserves. 

 



 

 67

However, it is problematic to condemn the viability of a network based on the 

forest loss in the protected areas alone. A reasonable perspective can only be achieved 

by comparing the status of the protected areas to unprotected areas. As an example in 

the case of the Kalimantan forests, if a study of the surrounding unprotected area 

showed that deforestation had occurred at a rate of 85%, then one might conclude that 

the protected network was working to reduce deforestation. Continuing hypothetically, 

if zero deforestation occurred within a protected area, one might conclude that 

protection deterred clearing. Yet the truth might be that protection had no impact at all, 

if deforestation likewise had not occurred elsewhere across the country either. 

A 2001 study by Liu et al. (2001b), which applies many assessment approaches 

(see below), appears to suggest that any degradation of Giant Panda habitat in the 

Wolong Nature Reserve (an important protected area for this species), could be 

considered a failure. At the end of Liu et al.’s study period in 1997, Zeng et al. (2005) 

found human-impacted landscapes to cover approximately 30% of Wolong Nature 

Reserve. Yet if deforestation in unprotected locations that are similar to the protected 

area is higher than in the protected area, even imperfect protection had some gain.4 

                                                      

4 The Chico Mendes extractive reserve located close to the InterOceanic Highway in Brazil provides an 
example of a protected area that has been cleared yet has nevertheless had an impact.  
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More generally, to assess impact one must compare what happened in protected 

areas to what would have happened in those same locations had the areas not been 

protected. It is not possible to observe what would have happened without protection. 

Thus, one must infer it from other locations. In the next three subsections we consider 

three methods of doing so, citing from prior studies, before moving on to the difficulties 

park location bias presents for these methods. 

3.2.2 Compare to everywhere 

One seemingly logical method to assess the impact of protected areas on 

deforestation is to compare deforestation inside a protected area to deforestation on all 

unprotected land outside. Thus if no deforestation occurred inside, for instance, then 

one could estimate the amount of deforestation that was avoided by understanding the 

extent of regional deforestation outside.  

Gaveau et al. (2007) measured deforestation over the entire unprotected area on 

the Indonesian island of Sumatra and compared it to deforestation within three 

protected areas. From 1972 to 2002, the average rate of forest loss across the region was 

approximately 2.9% per year, with a total reduction of 84%. Because the deforestation 

rates inside the three protected areas they analyzed (2.7%, 2.1%, 0.64%) were lower than 

this outside rate, one would conclude that the protected areas reduced deforestation 

rates. 
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In similar work, albeit with a twist, Messina et al. (2006) analyzed Cuyabeno 

Wildlife Production Reserve in the Ecuadorian Amazon. Parts of the area formerly 

protected had been re-gazetted to be “patrimony forests” where colonization and land 

titles were allowed. A comparison was made between the officially protected reserve 

and these patrimony forests. From 1986 to 1996, there was an increase in forest within 

the reserve but not within the various patrimony forests (which lost forest), and also not 

in the unprotected landscape, which experienced even higher deforestation than did the 

patrimony forests. This comparison suggests, at least implicitly, that the level of 

protection itself explains the differences. 

In 1999, Sanchez-Azofeifa et al. (1999) analyzed deforestation rates inside 

protected areas in the Sarapiqui region of Costa Rica and compared them with the rest of 

the region. Deforestation inside protected areas was low and decreased over time. The 

opposite was true outside protected areas. Sanchez-Azofeifa et al. (2002) used the same 

approach for Corcovado National Park in the Osa Peninsula of Costa Rica. From 1979 to 

1997, they detected no deforestation inside the park but high clearing outside, leaving 

the park with some of the region’s only (43%) remaining forest cover. 

The largest-scale assessment of protected area deforestation comes from DeFries 

et al. (2005), where the authors examined the isolation of protected tropical forests. This 

study used satellite imagery separated by 20 years to explicitly quantify deforestation 

inside versus 50km zones outside 198 protected moist and dry tropical forests 
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worldwide (the majority of which were also included in the Bruner et al. (2001) analysis 

described below). They showed that approximately 70% of the regions outside of 

protected areas were cleared from 1982 to 2000, while only 25% of protected areas 

experienced deforestation.5 

3.2.3 Compare to nearby land 

The most common method of assessing the impact of protected areas on 

deforestation levels has been to compare deforestation within the protected area to that 

in a specific subset of land immediately outside protected areas – that is, the area 

immediately surrounding the site. In past studies this delineated area around the site is 

generally referred to as a “buffer zone”. 

 In an early work, Bruner et al. (2001) used survey data to analyze deforestation 

in and around 93 protected areas across 22 tropical countries. Survey respondents were 

asked to quantify the percentage of area cleared inside the protected area and within a 

10 km buffer zone. Using these data, Bruner et al. claimed that protected areas were 

largely effective (compared to the percent of forest cover at the time of park creation, 

more than 83% of protected areas had no net clearing, and more than 90% experienced 

less deforestation than their 10 km buffer). They also found that the results were 

                                                      

5 This study could also fit Section 2.3 as it uses buffers. Yet, the 50km buffer was used for a regional 
perspective we feel conforms more with “compare to everywhere” than the buffer-zone logic below. 
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predicted by the presence of management activities such as law enforcement and 

boundary demarcation. This study has been widely cited, yet it also has been highly 

criticized (Vanclay 2001, Hayes 2006). Protected area managers likely have a vested 

interest in the perceptions of their “performance.” Moreover, there is a lack of 

uniformity in how respondents measured or estimated deforestation, which can lead to 

widely varying deforestation estimates. 

Liu et al. (2001b) provided not only the observations noted in 2.1 but also 

measured the difference in deforestation between the reserve and a 3 km buffer around 

the Wolong Reserve. In doing so, Liu et al. found that deforestation inside the reserve 

was equal to or higher than in the buffer zone. Later, Vina et al. (2007) revisited the 

Wolong analysis, analyzing habitat loss in temporal increments from 1965 to 2001. 

Across all time periods analyzed, “highly suitable” panda habitat was lost steadily both 

inside and outside the reserve. 

Sanchez-Azofeifa et al. (2003) analyzed 1960–1997 deforestation rates within 

Costa Rica, in and around 132 protected areas. Instead of comparing inside protected 

areas with all of the larger landscape (as in Sanchez-Azofeifa et al.’s (2002) analysis), this 

work compared land use within 0.5, 1.0, and 10.0 km buffer zones. Deforestation within 

all protected areas was negligible, and net forest growth actually occurred within the 1 

km buffer zones. In the 10 km buffer, however, significant forest loss was found for all 
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time periods. The authors used these results to claim that, in Costa Rica, “the boundaries 

of protected areas are respected.” 

The northern Guatemalan Maya Biosphere Reserve is composed of nine national 

parks and reserves and one mixed-use area. In a 2001 study, Sader et al. (2001) compared 

deforestation in each of them to a buffer zone surrounding the entire biosphere reserve, 

across four time periods. Deforestation had occurred in more than one-third of grid cells 

in the biosphere reserve, but in no period was any protected area cleared as extensively 

as the buffer zone.  

Kinnaird et al. (2003) assessed deforestation around Bukit Barisan Selatan 

National Park on the Indonesian island of Sumatra, the same park analyzed by Gaveau 

et al. (2007). From 1985 to 1999, forest cover declined from 80% to 52% inside the park 

and from 15% to 1.6% in a 10-km buffer zone. Extrapolating, the researchers predicted 

that by 2010 almost 70% of the park would be under agriculture or occupied with 

villages.  

Working in the same region as Fuller et al. (2004), Curran et al. (2004) showed 

that Kalimantan’s protected forests declined by 56% from 1985 to 2001. Further, the 

authors provided a detailed case study of Gunung Palung National Park, comparing 

deforestation in the park to that in a 10-km buffer zone. For a while, the buffer zone was 

deforested while the park maintained its forest cover. However, after less than 26% of 

the buffer forest remained, the park was deforested at a rate of 9.5% per year. 
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Also in Indonesia, Linkie et al. (2004) analyzed deforestation around Kerinci 

Seblat National Park in Sumatra. The park itself is 13,300 km2, makes up approximately 

37% of the region within which it is located, and was the first officially recognized 

protected area in Indonesia. From 1995 to 2001, it lost on average 0.28% of its forest per 

year. The unprotected region lost 0.96%, causing the authors to speculate that the legal 

existence of the park “played an important role.”  

Nagendra et al. (2004) compared Celaque National Park in Honduras with a 5 km 

buffer zone, finding that very little (approximately 4%) of the park was deforested—only 

1 km in the park’s core experienced deforestation. This contrasted sharply with the 

approximately 25% of the buffer zone that was converted between 1989 and 2000 

(Southworth et al. 2004). 

In the Tadoba Andhari Tiger Reserve in India, a 2006 study (Nagendra et al. 

2006) compared the central core of the reserve with a 2 km inner buffer zone inside the 

park boundary, a 2 km buffer around villages inside the boundary, and a 5 km boundary 

outside the reserve. The 2 km inner buffer zone represented the section most threatened 

by villages located on the park periphery between 1989 and 2001. Considering “stable 

forest” (i.e., forest that remained unchanged) during the study period, 64% of the 

reserve core, 62% of the 2-km inner buffer, and 62% of the 2 km village buffers remained 

stable. This contrasts with 36% of the outer 5 km buffer that remained stable. 
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Nepstad et al. (2006b) looked at deforestation and fire incidence in a 10 km strip 

inside versus a 10 km strip outside 15 parks, 121 indigenous lands, 10 extractive 

reserves, and 18 national forests in the Brazilian Amazon from 1997 to 2000. They found 

that deforestation ranged from 1.7 (extractive reserves) to 20 (parks) times higher in the 

10 km buffer zone outside protected areas than in the 10 km buffer zone inside protected 

areas, yielding their claim that: “Reserves significantly reduced both deforestation and 

fire.” 

Analyzing fire incidence, Wright et al. (2007) used 5, 10, and 15 km buffer zones 

around 823 tropical and subtropical moist forest reserves. For all 823, the authors found 

fire detection density to be significantly lower inside the reserve than in any of the three 

buffer zones. Using the inside-outside differential, they then found that poverty and 

corruption levels of the countries in question strongly predicted the park’s effectiveness 

in reducing fire density. 

Maiorano et al. (2008) asked if size affected the ability of 716 protected areas in 

Spain to halt deforestation from 1990 to 2000. Like Wright et al.(Wright et al. 2007), they 

examined three buffer widths (1, 2.5, and 5 km). They found that protected areas 

experienced less deforestation than buffers and claimed “the majority of parks have 

been effective at protecting the ecosystems within their borders.”  
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3.2.2 Compare to nearby time 

Finally, another option is to analyze only the protected location while using 

temporal variation in clearing to do so. Thus, one might compare deforestation rates 

within the area before protection with deforestation in the same exact area after it was 

given legal protection, with the assumption being that any change in rate is due to the 

change in its status. This was done in, e.g., Liu et al.’s 2001 analysis of Wolong Nature 

Reserve (Liu et al. 2001b), where the authors examined both pre- and post-reserve 

deforestation, finding that deforestation actually increased after the reserve had been 

established, with some counter-intuitive reasons offered for the clearing increase. 

Gaveau et al. (2007) also contrasted pre- and post-protection deforestation rates 

in Sumatran reserves. Protection covered approximately 54% of the landscape, and 

deforestation in the protected areas varied. Gunung Raya Wildlife Sanctuary lost 81% of 

its forest (approximately 2.7% yr-1), the forest of the Hydrological Reserve were reduced 

by 62% (approximately 2.1% yr-1), and the most highly protected area, Bukit Barisan 

Selatan National Park, lost 19% of its forest cover (0.64% yr-1). However, Gaveau et al. 

found deforestation rates unchanged when they analyzed pre- and post-reserve trends. 

While Bukit Barisan Selatan National Park experienced 0.64% deforestation per year, this 

rate was no more or less than had occurred on the landscape prior to its protection.  
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3.3 Challenges for evaluating protected areas’ impacts 

Claims of protected-area effectiveness based on studies like those described 

above have been hugely influential in the conservation community. We argue that many 

of these claims are insufficiently supported. Core challenges for accurate inference have 

not yet been addressed. 

Three issues can confound evaluations of the consequences of assigning 

protective status on an area. The first one (and the focus of this review) is that protection 

is often distributed non-randomly across the landscape. This is as one may expect and 

often even prefer, given the spatial distributions of conservation priorities. However, 

this location bias can confound the methods in sections 2.2 and 2.3. The second issue is 

that protection may cause spatial spillovers, for example decreased deforestation in 

other locations including within the immediately adjacent buffer zone. Any such 

spillovers can confound comparisons with nearby land. The third issue is that rates of 

deforestation tend not to be constant over time; this can confound purely temporal 

comparisons. 

3.3.1 Non-random location 

Protected areas may remain forested due to the protection itself (we will call this 

de jure protection) or because the landscape characteristics of the protected lands 

discourage deforestation (de facto protection). In the latter case, protection may have no 
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impact at all. Impact evaluation aims to reveal a causal (i.e., de jure as opposed to de facto) 

impact to inform conservation choices.6 

If protection were randomly distributed across a landscape, regressions or other 

analyses comparing protected to unprotected areas would reveal protection’s causal 

impact. The landscape characteristics of protected and unprotected areas would be the 

same, so that differences in such characteristics would not confound inferences about the 

degree to which protection mattered.  

Yet protected area networks are very often not representative of their region’s 

landscape (Joppa 2009).7 For just a few examples, Figure 13 shows distributions of 

                                                      

6 For instance, if protected areas are located at high elevation, on steep slopes, and in places with poor 
agricultural suitability, there is likely to be less threat of deforestation. This is exactly what Kinnaird et al. 
(Kinnaird et al. 2003, Nagendra et al. 2004) find in their analysis of Bukit Barisan Selatan National Park. 
Inside the park, deforestation occurred at a rate of 25km2/year in lowland forests, and at only 3.9km2/year 
in hill/montane forests. The same trend occurred with flatter slopes (0-200, 16.5km2/year) compared to 
steeper ones (>400, 0.8km2/year). Nagendra et al. (2004) also recognized this, claiming that the likely 
reason the park had remained forested was its topographic inaccessibility. 
7 At larger scales, GAP analysis using spatial datasets to find gaps in land protection has furthered our 
understanding of the bias in protected area locations. Such biases have been found at national and regional 
scales. Scott et al.(2001) showed for the coterminous United States that protected areas were predominately 
located on higher elevation and less productive soils than were private lands. Worryingly, in the United 
States the greatest number of species is found at lower elevations. Similar results were found for Nepal’s 
protected area network, with a large portion of the network was located at much higher elevations than 
most birds, mammals, or humans occupied (Hunter and Yonzon 1993). In England, more than 60% of the 
land higher than 600m has been protected in some way, but less than 20% of lands less than 400m have 
been (Oldfield et al. 2004). At a regional scale, in north-eastern New South Wales, Australia, most 
protected lands are on lands with low soil productivity and/or steep slopes (Pressey et al. 2002). In an early 
analysis, Fearnside and Ferraz (1995) found that of 111 vegetation zones in the Brazilian Legal Amazon, 
only 37 had any amount of protection. In the region of highest deforestation, only 1 of 10 zones was 
protected. In Costa Rica, Sanchez-Azofeifa et al. (2003) found that two of the most dominant land-cover 
categories (tropical humid and wet forest premontane) were also two of the least protected. In an active 
example of this non-random bias in protected area location, Kerinci Seblat National Park’s boundary was 
actually redrawn in 1999, from the original 1986 demarcation. Doing so allowed for the removal of 
valuable timber from protection (Linkie et al. 2008). As Messina (2006) makes clear, this is not as 
uncommon as it may seem. 
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elevation (Figure 13a for Afghanistan), of slope (Figure 13b for Georgia) and of 

agricultural suitability (Figure 13c for New Zealand) for national protected area 

networks. Differences between the protected network and the unprotected landscape are 

clear here and they appear to exist for many protected area networks. 

There are many reasons for this. They may be very good reasons in terms of 

gains from and costs of protection. Conservation priorities, land prices, and politics 

affect where protection occurs (Ando et al. 1998, Pfaff and Sanchez-Azofeifa 2004). The 

phrase “rock and ice” refers to the tendency for protected areas to be located more 

frequently on less desirable lands within a landscape.8 Also, the species that many 

protected areas are meant to protect are very likely to be non-randomly distributed. We 

simply argue that landscape characteristics must be taken into account when inferring 

the impact of protection on observed forest outcomes.  

 

                                                      

8 Globally, there has yet to be a comprehensive analysis of the distribution of protected area networks 
relative to geophysical attributes such as elevation, slope, and agricultural suitability (although Rodrigues et 
al. (Rodrigues et al. 2004a, Rodrigues et al. 2004b) do so for species coverage). We currently have such an 
analysis underway (Joppa 2009). Our preliminary findings suggest that across multiple countries, protected 
and unprotected lands often differ in regard to variables affecting deforestation. This provides further proof 
that location must be accounted for when assessing the effectiveness of protected areas. 
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Figure 13: Location bias in three national protected area networks. A) The 

distribution of elevation across the entire country of Afghanistan, and across 

Afghanistan’s protected area network. The x-axis shows elevation in thousands of 

meters, while the y-axis represents the proportion of the country in each elevation 

class (binned in 100m increments) subtracted from the portion of the protected 

network in each respective class. Positive values (above the dashed horizontal line) 

indicate a disproportionate presence of protected areas, while negative values show 

an absence. Black dots represent the median elevation for the country and network, 

respectively. Clearly, Afghanistan’s protected areas are preferentially located on areas 

of high elevation. B) The same as in Figure 2a, but for the distribution of slope 

(measured in degrees) in Georgia. C) The proportion of New Zealand in each category 

of agricultural suitability (1 = most suitable, 7 = least suitable), and the same for New 

Zealand’s protected network. On suitable lands protected areas are disproportionately 

absent, and the trend switches as one moves onto unsuitable lands. 

The “compare to everywhere” approach in section 2.2 is particularly vulnerable 

to the problem of non-random distribution of protected lands. In this analysis, the 

deforestation rate on all unprotected lands provides the estimate for what would have 

happened to protected land were it not protected. “Everywhere” can be a poor 

comparison when the protected areas are located on landscapes with clearly different 

characteristics. Specifically, if the parks are on lands with lower deforestation 

probabilities, a “compare to everywhere” method likely provides an overestimate. 
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Figure 14: Characteristics determining protected area boundaries. A) Satellite 

image of Egmont National Park in New Zealand. A sharp delineation of forest is 

easily seen at the boundary of the park, with deforestation dominating the landscape 

outside. A 10km buffer zone has been drawn for comparison to the legal park 

boundary. B) Again Egmont National Park, as an example of how a buffer zone, while 

close in distance to the park, can contain widely different landscape characteristics. 

Colors represent elevation with blues higher and reds lower, and a sharp elevation 

difference can be seen at the park boundary. C) A satellite image of Jau National Park 

in Brazil provides a good example of how protected area boundaries often conform to 

pre-existing landscape delineations such as rivers. 

The “compare to nearby land” approach in section 2.3 can also be vulnerable to 

the non-random distribution problem.9 Consider Egmont National Park in New Zealand 

(Figure 14a), where the protected area contains a large volcanic cone and stops at the 

cone’s lower edge. Figure 14b shows that areas near the park can have a very different 

distribution of elevations. More generally, if there are thresholds or boundaries in the 

natural landscape, those who created protected areas were likely to be aware of them 

                                                      

9 It seems that 10 km has been chosen as a standard buffer. Intuitively, the shorter the distance one chooses 
from the boundary the more representative of the protected area the sample should be. Liu et al. (2001b) 
chose a 3 km buffer zone because it most closely matched the topology of the Wolong Nature Reserve, 
although their choice was also constrained by the lack of remotely sensed imagery beyond 3 km. Although 
Defries et al. (2005) chose a 50 km buffer in their study on the grounds of analyzing regional trends, 
choosing such a large buffer most likely decreases the relevance of their conclusions on park effectiveness. 
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and even to have planned around them (Figure 14c). Thus, adjacency may help with 

“apples to apples” comparisons but that is not guaranteed.  

3.3.2 Spatial spillovers 

The “compare to nearby land” approach is also vulnerable to the issue that 

deforestation in the buffer zone could be affected by the protected area nearby. For 

instance, if farmers were producing in an area that became protected, or were planning 

to, they may relocate production to the buffer zone. This “spillover” possibility, which 

can be local (as in this example) or global (if reduced production raises prices and thus 

production far away (Sohngen et al. 1999, Sohngen and Brown 2004)), means that 

protected areas’ total impacts in reducing deforestation are less than the observed 

impacts within their borders.  

The problem for the “compare to nearby land” approach is that even if buffer 

zone land is essentially the same as protected land, when factoring in leakage the buffer 

deforestation may be higher than what would have been observed in the buffer if there 

had not been a protected area. Thus observed buffer deforestation is not be a good 

estimate of what would have happened in the protected area without protection.10 

                                                      

10 One incremental improvement on the standard buffer method is to analyze several different buffer sizes 
to check for robustness of results across them (Arturo Sánchez-Azofeifa et al. 2003, Wright et al. 2007). A 
concern when using buffers is that an arbitrary buffer zone size can result in a buffer with significantly 
more or less area than the park itself. This problem is particularly exacerbated when analyzing and 
comparing results across many protected areas simultaneously. 
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Specifically, with leakage the buffer’s observed deforestation would be an overestimate of 

what would have happened within the park without legal protection. 

The buffer-comparison approach can also underestimate park impact if spatial 

spillovers reduce clearing. Creating a protected area could draw tourists and thus could 

lead farmers nearby to create forested supplementary tourist attractions (this could 

explain, e.g., Sanchez et al.’s (2003) increased forest growth in the 1 km buffer). In either 

direction, a non-zero spatial spillover from the protected area can confound estimates of 

avoided deforestation from comparing to the buffer. 

3.3.3 Temporal shifts 

The “compare to nearby time” approach in section 2.4 may have had all the 

challenges above in mind. Using solely the protected site seems an excellent response to 

the problems with comparing sites that differ in characteristics. Here land characteristics 

are the same but protection changes. Protection is assumed to be the causal mechanism 

in any change in deforestation rates.  

This approach is severely hampered, though, if deforestation rates would not 

have been constant over time in the absence of protection. Since this approach uses past 

deforestation to estimate what would have happened, if other possible drivers can shift 

deforestation over time then this approach can mistakenly include their effects in 

evaluating the impacts of protection. 
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Consider, for instance, that annual clearing in the Brazilian Amazon over recent 

decades varied significantly (Skole and Tucker 1993, Achard et al. 2002). Demand for 

timber can rise and fall drastically over 20 years, as can currency exchange rates, the 

productivity of new variants of soybeans, and any other number of potentially critical 

drivers of deforestation rates including government subsidies. This evidence of shifts in 

clearing rates over time suggests limits on the “compare to nearby time” method.  

3.4 Matching’s explicit controls address challenges 

Commonly used in the field of program evaluation (Heckman et al. 1997, 

Heckman et al. 1998, Dehejia and Wahba 2002), matching methods that seek to compare 

“apples to apples” are useful here. In short, if we know deforestation is affected by land 

characteristics such as elevation and slope, then comparisons of protected and 

unprotected lands that differ greatly along these dimensions are “apples to oranges”. 

Matching selects the subset of the unprotected lands that have characteristics most 

similar to the land within the protected areas. The more similar are the protected and the 

matched or selected unprotected groups, the cleaner or more “apples to apples” is the 

comparison. This improves estimates of protection’s impact. 

3.4.1 The meaning of ‘similar’ 

People’s opinions will differ about the meaning of ‘similarity’. Two different 

matching estimators dominate recent applications and they use quite different 

definitions. The first is a propensity-score estimator (Rosenbaum and Rubin 1983, Hill et 
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al. 2003) defining similarity based upon an estimated probability of being treated.11 In 

the case of matching for protected compared to unprotected lands, that probability is 

“how likely to be protected is a parcel?”. That probability estimate is the index of 

similarity used to select which unprotected parcels are most similar to a given protected 

parcel. It is generated by a regression explaining the presence of a protected area using 

landscape characteristics. Regression followed by prediction of this probability is one 

way of collapsing the differences in the parcels along multiple dimensions into a single 

index in order to summarize similarity in a useable way. 

Perhaps more intuitive is the nearest-neighbors covariate matching estimator 

(Abadie and Imbens 2006a). This method defines similarity without a first-stage 

regression. It uses a multi-dimensional distance, within the space of all the land 

characteristics, between the treated and matched land parcels.12 

For any definition of similarity, after the best possible control comparison set is 

chosen, one must check how equivalent or balanced are the resulting sets of parcels to be 

compared. A first check is to compare average characteristics in protected areas and the 

                                                      

11 Many choices remain to be made even upon choosing this form of defining similarity for matching. For 
instance, one might choose a fixed number of unprotected parcels, e.g. the three most similar, to construct 
the comparison set for the protected areas. Yet a natural alternative would be to set an ‘acceptable 
similarity window’ defining how good a match is required to be for inclusion and to let the number of 
matches be endogenous to the quality of the match for each treated observation. 
12 The computation of standard errors is another difference in technique. Abadie and Imbens (2006b) show 
that bootstrapping standard errors is invalid with non-smooth, nearest-neighbor estimators such as the 
propensity score matching estimator with a fixed number of matches (contrasted with kernel versions that 
assign smoothly declining weights to progressively less-well-matched untreated observations). For 
propensity score matching, many follow Hill et al. (2003) in calculating weighted standard errors while 
Abadie and Imbens (2006a) provide the covariate matching standard errors. 



 

 85

subset of unprotected areas chosen by matching. The selected subset should be 

significantly more similar to protected areas than is the full set of unprotected areas. 

Ideally, the subset should be statistically equal. 

3.4.2 The importance of match quality 

What happens if the matched unprotected lands remain different from the 

protected lands in terms of characteristics that affect deforestation?  This might not be 

seen as a major problem, since a standard regression of deforestation on protection 

could control for such characteristics. 

However, if the characteristics of protected and unprotected lands are quite 

different (e.g., if their distributions overlap somewhat but for the most part do not), the 

burden on a regression specification can be considerable. In an early work on matching, 

Rosenbaum and Rubin state: 

“Unless the regression equation holds in the region in which observations are 

lacking, covariance will not remove all the bias, and in practice may remove only a small 

part of it. Secondly, even if the regression is valid in the no man’s land, the standard 

errors of the adjusted means become large, because the standard error formula in a 

covariance analysis takes account of the fact that extrapolation is being employed. 

Consequently the adjusted differences may become insignificant merely because the 

adjusted comparisons are of low precision. When the groups differ widely in x, these 
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differences imply that the interpretation of an adjusted analysis is speculative rather 

than soundly based.” (Rosenbaum and Rubin 1984) 

We emphasize that this challenge to controlling using a regression applies to 

matching as well when the quality of matching is poor—that is, if protected and 

matched unprotected lands are quite different. This makes it more likely that effects of 

landscape characteristics confound results.13 

3.4.3 Revisiting the three challenges 

Matching addresses the issue of non-random location of protection raised in 

section 3.1. To the extent possible, matching forces the characteristics of the unprotected 

control group to be the same as the protected areas being evaluated. If similar 

unprotected lands do not exist because the protected lands are simply too different, then 

matching explicitly documents that constraint. 

Matching has no trouble with the issue of temporal shifts raised in section 3.3 

because it compares within a time period. The challenge of spatial spillovers raised in 

section 3.2 can also be addressed with attention. If spatial spillovers may exist, then one 

                                                      

13 Crump et al. (2008) address the issue of a lack of covariate overlap, noting that many common estimators 
become sensitive to the choice of specification (much as Cochran (Rosenbaum and Rubin 1984) had noted 
for regression and following also related prior work that includes the studies by Heckman, Ichimura and 
Todd (Heckman et al. 1997, Heckman et al. 1998). Crump et al. characterize optimal sub-samples for 
which treatment effects can be estimated most precisely, which under some conditions can be characterized 
by a rule based on the propensity score. 
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must specify that the control points will not be drawn from the buffer zone, i.e. areas 

contiguous to the area being evaluated.  

3.5 Controlling for characteristics in evaluating impact 

3.5.1 Without matching 

3.5.1.1 Controlling for distance from protection 

Joppa et al. (2008) examine four regions of moist tropical forest—the two largest 

remaining tracts of such forest (Amazon and Congo regions) and two of Norman Myers’ 

original “biodiversity hotspots” (Myers et al. 2000) (the West Coast of Africa and the 

Atlantic Coast of South America). For areas within different management categories, 

they describe percent deforestation, at 2-km intervals, from 30 km inside protected areas 

to 30 km outside.14 This shows change as the protected-area boundary approaches. It 

helps to reveal “leakage” (Ewers and Rodrigues 2008), as disproportionate increases in 

deforestation on the nearby unprotected landscape can be readily observed. 

Distance from protection as a summary characteristic is particularly revealing 

when more remote regions are compared to more human-dominated areas. Joppa et al. 

find that in regions (Amazon and Congo) where the majority of protected areas are large 

and remote, there is little deforestation inside or outside of the boundaries (Figure 2a, c). 

These areas are most likely de facto protected due to their isolation. In the “hotspot” 

regions distinguished by both high species endemism and high rates of habitat loss, the 
                                                      

14 Joppa et al. (2009) also use this method also to study human population growth around parks. 
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story differs. Deforestation dominates at distances greater than several kilometers from 

protected areas, but land cover abruptly switches to natural vegetation at park 

boundaries (Figure 2b, d).  The transition to natural vegetation at boundaries suggests de 

jure protection, yet controlling for other characteristics would help make the case. 

3.5.1.2 Regression to control for multiple characteristics 

If protected areas differ in their land characteristics, one might strip out the 

effects of those differences using regressions.15 One of the earliest studies to try this was 

done by Deininger and Minten (Deininger and Minten 1996) for the Mexican states of 

Chiapas and Oaxaca. The study combined biophysical data (slope, soil fertility) with 

property rights, irrigation, and socioeconomic data (e.g., distance to infrastructure, 

human population density) and protection. Looking at deforestation for a single point in 

time (1980), the authors found altitude, distance to infrastructure, slope, and protection 

to be the most important determinants of forest cover—these characteristics 

encompassed more than 70% predictive accuracy. Controlling for those characteristics 

permitted an estimate of what would have happened on currently protected lands 

without protection. The authors predicted that protected areas without protection would 

have been 43% deforested rather than the 9% observed. 

                                                      

15 There is a rich literature modeling deforestation using regressions that include many such land 
characteristics, with several comprehensive reviews (Lambin 1997, Kaimowitz and Angelsen 
1998). Although most studies we review below borrow significant methodologies from this literature, we 
wish to restrict our focus to those studies that have explicitly considered the role that protected areas play in 
reducing deforestation. 



 

 89

For northern Thailand, Cropper et al. (2001) estimated a bivariate probit model 

for separate probabilities that a location was cleared and protected. Combined, these 

allowed an estimate of the impact of protection on clearing. Steep slopes, high elevation 

and poor agricultural suitability accurately predicted forest cover. Given the de facto 

protection derived from park locations, the estimated de jure effect of protected areas on 

forest was not significantly different from zero for national parks and wildlife 

sanctuaries together. Wildlife sanctuaries alone did have some effect. 

For Tanzania, Pelkey et al. (Pelkey et al. 2000, 2003) compare protected and 

unprotected lands controlling for elevation, slope, and distances to roads and refugee 

camps. Logistic regression models find that national parks and game reserves increase 

vegetation gains. Forest reserves and the Ngorongoro Conservation Area showed 

insignificant vegetation gains, while game- controlled and open areas displayed 

insignificant losses (Pelkey et al. 2000). Pelkey et al.’s 2003 results differed only slightly 

from this (Pelkey et al. 2003). 

3.5.2 Matching (and related) results 

We know of two complete papers that use matching to estimate avoided 

deforestation. Both examine protected areas in Costa Rica: Andam et al. (2008) find much 

lower impacts using matching, including by carrying out other methods such as 

comparing to nearby lands; Pfaff et al. (In Press) then show that subsets chosen using 

characteristics easily observable to policy makers have very different impacts, such that 
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targeting additionality could increase protection’s impact on deforestation.16 New efforts 

examine Mexico (Zepeda et al. 2009), the InterOceanic Highway area (Delgado et al. 

2008) and the entire globe (with data trading some detail in single-country datasets for 

coverage (Joppa and Pfaff 2009)). In all of these cases, both reduction in average impact 

and variation in impacts are core results.17 

3.5.2.1 Matching-like analyses 

Vogt et al. (2006) analyzed protected areas in Uganda. Along the lines of 

matching’s “apples to apples” comparisons, they assert that legal protection must be a 

factor in the stability of forest cover in the region because deforestation occurred less on 

the legally protected lands than on the unprotected lands even when there were similar 

soil characteristics between the two land areas. 

                                                      

16 Related work exists on avoided deforestation from payments for ecosystem services. Sanchez et al. 
(2007) use a regression approach while Pfaff et al. (2009) for 1997-2000 and Robalino et al. (2009) for 
2000-2005 apply matching methods to address non-random payment allocation in Costa Rica. Juxtaposed, 
the latter show potential to shift policy implementation as non-randomness vanished. 
17 Just as no global analysis has yet to be completed on quantifying location bias in protected area networks, 
no global matching effort has been attempted on protected area impact. Similar to our location bias efforts, 
we have such a global matching analysis underway (Joppa and Pfaff 2009). Our preliminary results from a 
random sample of countries suggest that results vary significantly across space. We have verified existing 
results from Costa Rica, Brazil, and Mexico and show that compared to the “Compare to Everywhere” 
method, matching techniques significantly lower estimated impact of protected areas on avoided natural 
land conversion. Moving to countries with no previous results to compare ours to, we find similar trends in 
Congo, Mongolia, Tanzania, and the United States. In some countries, such as Niger and Mozambique, 
matching provides little improvement on the “Compare to Everywhere” technique. In Chad and Sudan, 
however, matching estimates increase the estimated impact. Further analysis of all countries, as well as a 
combined global estimate, are required before any significant conclusions can be drawn. Besides the 
general impact estimates, it will be interesting to see the role country-level attributes such as size play in 
determining the impact of a country’s protected network. 
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Oliveira et al. (2007)  examined land around Peruvian protected areas. They 

quantified both deforestation and forest disturbance; we refer to damage as a 

combination of the two. While Peru averaged approximately 1,277 km2 of damage per 

year, only 1–2% of this occurred in protected areas. Noting the important connection 

between roads and forest damage in Peru (approximately 75% of deforestation occurred 

within 20 km of roads), Oliveira et al. analyzed land within 20 km of a road inside and 

outside of protected areas. They found that protected forests near roads were more than 

four times as likely to remain forested than were unprotected lands near roads. 

Mas (2005) estimated the effectiveness of Calakmul Biosphere Reserve in Mexico. 

First, he used a chi-square test and logistic regression to determine five variables (soil 

type, elevation, slope, distance from settlement, distance from roads) that most 

influenced deforestation in the region surrounding the reserve. Next, he quantified the 

area belonging to each of the unique combinations of the variables (variables were 

binned to decrease the possible combinations). Mas then set a buffer area and retained 

any unprotected land that contained a combination of the five deforestation drivers in 

the same proportion as any piece of land within the reserve. The rest were discarded, 

resulting in what he referred to as a “similar buffer area.” Inside the reserve, 

deforestation was 0.3%/yr. The buffer lost forest at a rate of 1.3%/yr. However, 

deforestation within the similar buffer area was only 0.6%/year, indicating that the 
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estimated impact of protection was considerably lower than would have been predicted 

by other methods. 

3.5.2.2 Matching results for Costa Rica 

For Costa Rica, Andam et al. (2008) used matching for more than 150 protected 

areas over the period of 1960–1997. During the 1960s and 1970s, Costa Rica had one of 

the world’s highest deforestation rates. Andam et al. controlled for land productivity 

and distances from forest edge, roads, and cities, and required a perfect match for land 

productivity (a dominant factor in protected area location, as most parks were on 

medium/medium-low productivity lands). Matching on these covariates greatly 

increased the similarity values of each covariate from the unmatched to matched 

samples, creating a much more representative control sample.  

Estimating avoided deforestation using a covariate-balanced sample, Andam et 

al. calculated that approximately 11% of the protected sites would have been deforested 

in the absence of protection. This result was robust to use of a “caliper”, which is a 

technique to set a threshold concerning the minimal acceptable similarity in the 

matching. For the same data, the “compare to everywhere” method estimated that 44% 

of protected locations would have been deforested, while a “compare to nearby land”  
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approach with 10 km buffer zone yielded an impact estimate of 38%.18 With an eye to 

guiding future protected area siting, Pfaff et al. (In Press) revisited Costa Rica protected 

areas using matching methods for 1986–1997. As in Andam et al., matching impact 

estimates were found to be less than a third of other methods’ findings, but the focus of 

this study was on variation in park impacts (Pfaff and Sanchez-Azofeifa 2004). 

Pfaff et al. found that protected areas within 85 km of San Jose, a major 

metropolitan area, had an impact of 3% avoided deforestation during the period 

studied, while those further away had an impact of only around 1%. For parks within 6 

km of a national road, they find that 5% of the forest was saved while in forests farther 

away the impact was essentially zero. Slope, a good proxy for agricultural suitability, 

was a critical factor in assessing the impact of protection. Parks on flatter land blocked 

14% deforestation but protecting steeper lands had close to zero impact.19 

3.6 Discussion 

Protected areas are often not distributed equally across landscapes. This location 

bias, no matter why it comes about, affects the potential impact of protected areas upon 

deforestation. Only by controlling for landscape characteristics can the best possible 

                                                      

18 In Andam et al. (2008) the percent differences between matching and traditional results are large. In 
actual areas, matching estimates that of the ~483,000ha of land protected from 1960 to 1980, ~54,000–
60,000 ha remained forested due to protection. Conventional estimates are ~ 181,000–240,000 ha. 
19 The authors note that one need also take care in interpreting results. Pfaff et al. (In Press) get a result that 
smaller parks have greater impact than larger ones, but smaller parks tend to be on flatter lands, nearer to 
roads and nearer to San Jose. Additionally, it may be financially or politically difficult to put a larger park 
on more highly pressured lands. 
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estimates of impact be obtained. To this point, improved controls for landscape 

characteristics considerably lower estimates of average impact. However, the same 

methods of explicitly characterizing protection’s context can guide future protected area 

siting with an eye towards raising potential impact. 

Good estimates are important because protected areas have been and may 

remain the leading global conservation tool. Nations have relied on them heavily in the 

past and very likely will continue to do so into the foreseeable future for biodiversity 

preservation and also for climate change mitigation.  

That new methods of assessment lower the estimated impact of existing 

protected areas does not mean that protection is incapable of preventing deforestation. 

Rather, it highlights the importance of variation across space in the potential for 

avoiding deforestation; in some places, protection has little to no impact since almost no 

deforestation would have occurred even in the absence of protection. In light of this 

variation in potential impact, one might preferentially locate protected areas where their 

impact would be highest. However, in doing this there will be tradeoffs with benefits 

(like ecosystem uniqueness) and costs (like land prices) of protection. Local management 

practices, funding levels, effective law enforcement, and community involvement and 

support all affect impact. When allocating these scarce or costly resources planners can 

consider these tradeoffs and choose to apply them in the places they can be most 

effective.  
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Chapter 4. Reciprocal specialization in ecological networks 

4.1 Introduction 

From the outset, discussions of food web structure recognized the possibility of 

groupings of species interactions, variously called “guilds”, “compartments”, or 

“clusters”. The evidence for such “blocks” — as May (1972) first called these groupings 

— is complex. Certainly, there are relatively fewer trophic interactions across habitat 

boundaries than within habitats (Pimm and Lawton 1980). Whether compartments or 

clusters exist within broadly similar habitats is less clear, with evidence both for and 

against (May 1974, Montoya et al. 2006, May and McLean 2007). Here, we consider the 

evidence for how trophic relationships might group species of consumers and their 

resources. Our analyses include both antagonistic interactions— particularly parasitoids 

and their hosts — and mutualistic ones — such as insects and the flowers that they 

pollinate. We call these ecological networks, for simplicity, for they are not complete 

food webs. 

The notion that such interactions group is familiar (May and McLean 2007). 

“Guilds” are species that exploit similar resources, implying that species outside the 

guild use distinct resources and perhaps belong to a different guild. Another perspective 

on reciprocal specializations is Ehrlich & Raven’s (1964) influential idea of “coevolution” 

— the observation that taxonomically related insects might exploit taxonomically related 

groups of plants. Other examples of reciprocal patterns include hummingbirds (and 
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other nectar-feeding birds) and the flowers that they exploit (Temeles and Kress 2003), 

and most famously, the Malagasy orchid and the moth Darwin predicted would 

pollinate it (Darwin and Darwin 2001). 

If trophic interactions are grouped there are important implications for how 

disturbances, particularly the loss of species, propagate through communities (Pimm 

and Lawton 1980, Pimm 1991, Jordan et al. 1999, Jordan et al. 2006, Montoya et al. 2006). 

We define strict one-to-one reciprocal interactions as when a consumer exploits 

only a single resource and that resource has no other consumer. We ask, simply: are 

such specializations more common than expected in the ecological networks we 

consider? In practice, Ehrlich and Raven (1964) imagined circumstances whereby one or 

a small set of species — “a guild” — might exploit one or a small set of resources, and 

those resources would have no other exploiters. Considering this, we also count “close” 

reciprocal patterns (see Materials and Methods for a definition of “close” reciprocal 

patterns). 

4.1.1 Crafting the null hypothesis 

Conceptual and methodological issues have hampered examining whether 

reciprocal specialization is common in large ecological networks. Studies of 

compartments and clusters had previously required the feeding relationships for species 

at three or more trophic levels (Montoya et al. 2006). For example, some methods used 

two trophic levels to define possible compartments and then the third to confirm them 
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(Pimm and Lawton 1980). It is the null hypothesis necessary to detect compartments at 

adjacent levels that has been lacking (Montoya et al. 2006). 

The feeding relationships between species and their resources are simple enough 

to depict using bipartite graphs — Figure 15 provides examples. The relationships in 

Figure 15 can also be represented as a binary matrix with “1” to indicate that a given 

species exploits a given resource, and “0” otherwise.  

Figure 15 shows six representations of networks, and Figure 15a is the observed 

one. All six networks have the same number of birds (15, blue circles), fruits (21, yellow 

circles), and trophic interactions (51). Given this observed network, we must create a 

random sample of networks, each of which satisfies sensible ecological constraints. 

Within that sample, we ask if the network we observe is in some way (or ways) unusual.  
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Figure 15: An example network, with row-column sum constrained 

randomized networks of minimum and maximum reciprocal specializatons. A: An 

observed network of frugivore birds and fruiting plants. B: An example of a “string of 

beads” model using the same number of interactions between consumers and 

resources as in (A). C-F: Keeping exactly the same number of fruit species (bottom 

row) exploited by each bird species (top row) and exactly the same number of bird 

species using each species of fruit we show the maximum and minimum number of 

one-to-one interactions and close interactions (see text) in a sample of 1,000 null 

networks. See Chapter 4’s Materials and Methods for how we produced those nulls. 
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4.1.2 How are niche overlaps organized? 

What constitutes “sensible ecological constraints?” In considering the broad 

patterns of niche overlaps, ecologists have had several expectations and not all are 

correct. In our experience, ecologists often assume a “string of beads” model (Pimm 

1991) for niche overlaps [See, for example, Figure 10.3 in Townsend et al.’s (2003) well-

cited textbook]. Figure 15b is an example of this “string of beads” model. In this model, 

each consumer tends to exploit a unique core of resources, overlapping with other 

consumers only in its use of less important resources. Not only does each consumer 

have a unique core of resource species, reciprocally, a unique set of consumer species 

threatens each resource species. One can imagine those overlaps as being along some 

“dimension”. Body size is one possible example: with largest bodied consumers taking 

the largest resources, smaller species taking smaller resources, and so on, but it could 

also be something more abstract (Cohen et al. 1993). Such a model underlies May’s work 

on the limits to niche overlaps (May 1986).  

If this description were a good one, one could readily imagine how coevolution 

might lead to ever-tighter reciprocal specialization. For example, there might be mutual 

convergences in morphologies — as in the moth-orchid case. In a well-cited paper, Grant 

and Grant referred to this as the “lock and key” model (Grant and Grant 1965). In Figure 

1b, the removal of only a few linkages could quickly produce mutual specializations.  
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We have highlighted the popularity of the “string of beads” model and its 

compatibility with increased reciprocal specialization because it is likely not the correct 

one. Increasing evidence supports a very different “flower petal” model (Pimm 1991) of 

niche overlaps (Bascompte et al. 2003, Vazquez and Aizen 2004, Bluthgen et al. 2007, 

Thebault and Fontaine 2008) as being the most common pattern in nature. Consumers 

exploit a shared, rather than distinct, core of resource species, (the “base of the flower”) 

even as they exploit a few idiosyncratic resources (“the petal tips”). In figure 15a (the 

observed network), fruit #1 is exploited by 11 of 15 bird species, and species #3 by seven 

of them.  

This pattern of niche overlaps might seem to preclude the extensive reciprocal 

specialization that seems so plausible in the “string of beads” model. While eliminating 

or moving a few interactions in Figure 15b could produce numerous pairs of species 

with reciprocal specialization, this is less easy to achieve in Figure 15a. It is still possible, 

however, and Figure 15d provides an example.  

Under the “flower petal” model, there need be no symmetry between resources 

and their consumers. For example, a pollinator may be most important to a plant but get 

most of its resources from a different plant (Pimm et al. 1991, Vazquez and Aizen 2004, 

Bascompte et al. 2006). One can consider Figure 15a, where three species of birds (#12, 

#13, #14), exploit only resource (fruit) #2. This fruit is likely essential to these bird species 
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but four other bird species also take its fruits. Collectively, those four may be more 

important for its seed dispersal.  

Figure 15a and Figures 15c-f not only have the same number of species of birds, 

fruits, and interactions; the distributions of trophic interactions per species are identical. That 

is, there is still a fruit species exploited by 11 bird species and another by 7. If we depict 

the networks in Figures 15c-f as binary matrices, their row and column sums would be 

the same as in Figure 15a, if sorted in each case from most to fewest interactions. Figure 

15b is exceptional in that its row and column sums are not the same as the observed 

network.  

Null models always have to be assessed in relation to the trade-off between type 

I error (false rejection of a true null hypothesis) and type II error (incorrectly accepting 

the null hypothesis) (Ulrich and Gotelli 2007). Here we decide to build a sample of 

randomized networks (against which to compare the observed network) that maintain 

the original network’s row and column sums. The rational is that this is the most 

conservative null model and therefore any significant result is a very solid one. To do 

this the model maintains the fact that consumer species differ in the number of species 

they exploit — some are more generalized, some more specialized — and they are so for 

a variety of ecological reasons. Likewise, resource species differ in how vulnerable they 

are to exploitation.  
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Fixing row and column sums has an exact parallel in studies of the presence of 

species on islands, where the topic has generated extensive discussion (Sanderson 2000). 

Many factors determine whether an island will hold few or many species, and likewise 

whether a species will occur on few or many islands. Ecologically realistically 

constrained randomized networks have the same numbers of species on each island, and 

species present across the islands, as in the observed species-island network. 

4.1.3 The confounding issue of nestedness 

Most prior work on networks has not used null models that constrained row and 

column sums. To confound matters further, previous studies have also found that 

networks are nested (Bascompte et al. 2003). Nestedness measures the tendency for 

consumer A to feed on resources that are mostly a subset of those B feeds on, B to feed 

on mostly a subset of C’s resources, and so on. The flower-petal model describes trophic 

interactions that are nested (Bascompte et al. 2003). In Figure 15a, the relatively 

specialized consumers — those taking only one or two consumer species — often take 

resource species #1 or #2. Most consumers exploit these resources. They are not 

distinctive ones, as expected under the “string of beads” model.  

This paper would be simpler if we could simply ignore nestedness. We cannot 

ignore this, however, and so ask the question of whether reciprocal specialization is 

unusually common, given what we know about observed nestedness.  
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This pertains to logical primacy. Do the observed row and column constraints of 

the network provide a more logically basic explanation of observed patterns than does 

the constraint of observed nestedness? Rather than justify an answer apodictically, we 

tackle both issues and ask the following questions.  

4.1.4 The questions 

We ask: 

(1) Do networks have a predominance of reciprocal specialists given the 

observed distributions of consumer species using resource species, 

and resource species exploited by consumer species? 

(2) Do networks have a predominance of reciprocal specialists given the 

observed distributions of consumer species using resource species, the 

resource species exploited by consumer species, and the observed 

pattern of nestedness? 

(3) Finally, do the answers to these questions differ in different kinds of 

networks? 

4.2 Materials and Methods 

From the literature, we compiled 107 networks, some of which we have 

examined in previous studies (Montoya and Sole 2003, Bascompte et al. 2006, Olesen et 

al. 2007). We first classified the networks as those comprising mutualistic interactions 

(Mutualistic), and those of insect hosts and their parasitoids (Parasitic). In the former, 
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the networks were mainly insects and the flowers they pollinated, or birds and the fruits 

they exploited. We also created 35 taxonomically similar “daughter networks” from the 

five largest mutualistic networks. When creating these “daughter networks” we retained 

only networks that contained greater than five insect species (of the same family) and 

five plant species. These daughter networks are overlapping or “overwritten” sub-

networks within the original, mother networks. 

4.2.1 Description of the null model 

The computational problems of generating the null hypotheses involve the 

difficulty of generating null hypotheses that obey the constraints but are not 

artefactually close to the observed pattern. The issue of creating randomized interaction 

networks, or nulls, involves randomly assigning ones and zeros so that each of the rows 

and columns sums to the appropriate number. We follow Miklos & Podani (2004), but 

with a slight modification. 

Miklos and Podani’s algorithm starts with the original matrix and then 

randomizes it by performing 1,000 “swaps”. A “swap” means that the algorithm finds 

two rows and columns that can be transposed without altering the row and column 

sums. It is here that our method differs from theirs. Miklos and Podani’s method would 

only attempt 1,000 swaps, while ours completes 1,000 swaps. The reason for this is that for 

every iteration of Miklos and Podani’s algorithm, if the rows and columns chosen are 

not viable swap candidates, the algorithm simply moves on, counting that against the 
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total number of swaps. This can result in far fewer than the expected number of actual 

swaps. To ensure that all swaps are actually completed, at each step we find all possible 

swap candidates and select one uniform randomly. Doing this ensures that the 

algorithm does not become stuck in a narrowly defined range of possible swaps, as 

every swap is randomly chosen from the list of all potential swaps. 

What is important is that the algorithm samples the null space evenly, and is 

appropriately constrained by the number of interactions occurring in the observed 

network. The algorithm accomplishes this by first selecting an index from the original 

binary matrix in a uniform random fashion. 

We generated a sample of 1,000 nulls for each network we examined, 

maintaining row and column sums. We then calculated the number of one-to-one and 

close specializations in each original network, and its corresponding 1,000 nulls.  

What we call a “one-to-one interaction” is where a consumer feeds on only one 

resource while that one consumer alone exploits that resource. Second, we concede that 

a consumer might exploit a small number of species and one might still consider the 

system reciprocally specialized — especially if the consumers were taxonomically close 

and the resources likewise (Ehrlich and Raven 1964). For the latter option, we call any 

combination of one to four consumers to one to four resources “close interactions”. For 

example, two species of consumer exploiting only three species of resources that are 

themselves only exploited by those two consumers would involve a “close interaction”. 
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The limit of up to four resources or four consumers is arbitrary, but other similar 

thresholds do not quantitatively change our results.  

Figure 15 captures the essential features of our methods. We contrast the 

observed network, Figure 15a, to five null networks. Figure 15b alone has different row 

and column sums than the observed. In addition to the observed network, Figures 15c 

and d show the minimum and maximum number of one-to-one specializations from a 

sample of 1,000 randomly constructed networks that satisfy the same row and column 

total as the observed web. In the “maximum” null model, there are five pairs of 

reciprocal specialists: consumers 9, 11, 12, 14, and 15 each feed on resources (fruits, 

yellow circles) that are exploited by no other consumer. The observed network has only 

one such pair of reciprocal specialists (consumer 15 and resource 13), while some 

random networks have none at all (as in the “minimum” null network shown).  

Figures 15e and 15f show the comparable results for close reciprocal 

specializations. The observed network has seven close specializations — more than the 

minimum we find in the nulls (five), but also less than the maximum (nine).  

Using the distribution of one-to-one and close specializations in the 1,000 nulls, 

we categorized the original networks as more specialized, less specialized, or no 

different than expectation. The categories were determined by multiplying the number 

of nulls with fewer specializations than the observed network by negative one, and then 

adding to that the number of nulls with more specializations than the observed network. 
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Positive values from this calculation indicate the observed network is less specialized 

than expected. “Equal” indicates that either all 1,000 null models had the same degree of 

specialization as the observed, or there were equal numbers of nulls with more 

specializations as there were with fewer. 

4.2.2 Controlling for nestedness 

For reasons already mentioned, we control for nestedness in our analysis. We do 

this without prejudice, employing two measures of nestedness. The first is the older and 

more familiar measure — Atmar and Patterson’s “temperature” (Atmar and Patterson 

1993). By analogy to electrons in the orbits around an atomic nucleus, Atmar & Patterson 

argued the “hotter” a matrix, the further away it is from being as nested as possible. The 

second measure is more recent. Almeida-Neto et al. produced a metric termed “NODF”, 

which accounts for paired overlap and decreasing fill of the matrix(Almeida-Neto et al. 

2008). Almeida-Neto et al. claim their metric reduces type I statistical errors compared to 

Atmar & Patterson’s “temperature”, and more correctly estimates the degree of 

nestedness. 

With that in mind, we used temperature to constrain our analysis by repeating 

the calculations from above with only those nulls with nestedness values within +/- one 

degree of the observed network. Only networks with more than 10 nulls meeting the 

criteria were included in the analysis. We used the software package ANINHADO 
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(Guimarães and Guimarães 2006) to calculate Atmar & Patterson’s temperature as 

measures of network nestedness. 

4.3 Results 

4.3.1 Common patterns across divergent networks 

First, the overarching pattern is clear. Networks either show the diametrically 

opposite pattern to reciprocal specialization, or at the very least, are no different from 

what one would expect by chance in our constrained null model (Table 3). 

We find no evidence for reciprocal specialization to structure ecological 

networks. Specialist species tend to connect to generalist species, whether one looks at 

consumers and their resources, or resources and their consumers. This is true using strict 

criteria, only looking at those interactions existing between one consumer and one 

resource (Table 3), or with relaxed assumptions, looking at broad groupings of up to 

four consumers and four resources (Table 4). 
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Table 3: Summary of “One-to-One” results for all original and daughter 

networks included in the analysis. First column (“total”): number of networks 

analyzed. Column two (“reciprocal”): the number of specializations present in the 

original network. Column three (“subtotals”): the number of networks in each of the 

three categories in column two. Columns four, five, and six categorize the observed 

networks into those that are more specialized (“more”), less specialized (“less”), or no 

different from expectation (“equal”). See text for the determination of categories. The 

intersection between column “more” and where “reciprocal” equals zero is blank by 

default, as it is impossible for a null network to have less than zero specializations. 

The “sum all networks” row is the sum of all networks in the analysis, while the 

“sum networks >0 Specializations” row is the sum of all networks with one or more 

specializations. * Significant under a Sign Test at p = 0.05. 

One to One Reciprocal Interactions 

 total reciprocal subtotal equal less more 
Mutualistic 65 0 49 19 30  

  

1 12 0 6 6 
>1 4 0 3 1 

     
Parasitic 42 0 40 17 23  

  

1 1 0 1 0 
>1 1 0 0 1 

     
Daughter 35 0 16 4 12  

 

 1 8 0 3 5 
>1 11 2 5 4 

Sum all networks 83* 17 
Sum networks >0 Specializations 18 17 
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Table 4: Legend Same as for Table 3, but for “Close” specializations 

Close Reciprocal Interactions 

 total reciprocal subtotal equal less more 
Mutualistic 65 0 6 3 3  

 

 
 

1 to 10 35 1 26 8 
11 to 20 14 2 11 1 

>20 10 0 8 2 
  

Parasitic 42 0 6 5 1  

 

 

 

 

1 to 21 4 9 8 
11 to 9 1 6 2 
>20 6 0 5 1 

 
Daughter 35 0 0    

 

 

 

 

1 to 18 10 6 2 
11 to 16 13 3 0 
>20 1 1 0 0 

Sum all networks 78* 24 
Sum networks >0 Specializations 74* 24 

 

For either measure of reciprocal specialization, our most liberal accounting finds 

networks to have significantly fewer reciprocal specialists than one would expect (Tables 

3 & 4, second to last row). However, a network cannot have fewer than zero 

specializations, making it impossible for original networks with zero specializations to 

be more specialized than expected. It is perhaps unfair to include those networks in our 

comparison. Removing them does not alter our results for “close” specializations, but 

does change “one-to-one” specializations from significantly less specialized to 

insignificantly so (Tables 3 & 4, last row). Either way, we find no evidence for a 

preponderance of reciprocal specializations in the networks we examine. Moreover, 
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nestedness-constrained results agree well with the unconstrained ones (Tables 3 & 4 vs. 

Appendix IIa and b and Appendix IIIa and b).  

4.3.2 Differences between network types 

One might expect mutualistic networks to have different fractions of reciprocal 

specializations than antagonistic ones. The combination of coevolutionary 

complementarity (e.g., similar corolla and pollination tongue lengths) and 

coevolutionary convergence (e.g. convergence in fruit traits in plants dispersed by birds 

rather than animals) are thought to lead to nested, asymmetric mutualistic networks 

(Thompson 1994). In antagonistic interactions, however, coevolutionary alternation (i.e., 

selection favoring parasitoids to attack hosts with weaker defenses) should lead to more 

compartmentalized and symmetric networks (Thompson 1994, Lewinsohn et al. 2005). 

Contrary to these differing expectations, we find a similar value of asymmetric 

specialization across interaction types, confirming similar results by Thébault and 

Fontaine (Thebault and Fontaine 2008) for plant-herbivore networks. This means that at 

higher trophic levels we find a similar predominance of asymmetric specialization, 

confirming the generality of this pattern.  

For one-to-one specialization, the 15% (7 versus 39) of mutualistic networks that 

are more specialized than expected do not differ significantly from the 4% (1 versus 25) 

of parasitic networks (p=0.30, chi-square test). The comparable percentages for close 

specialization are 19% (11 versus 48) for mutualistic networks and 34% (11 versus 21) of 
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parasitic networks, and similarly do not differ significantly (p=0.16). These results also 

hold when using temperature-constrained nulls (chi-square test, one-to-one p=0.07, close 

p=0.51). 

4.3.3 Potential influence of network “modularity” 

Finally, networks may be “modular”, that is, composed of multiple sub-networks 

centered around a “hub” species and linked to the greater network through species 

acting as “connectors” (Olesen et al. 2007). We posited that networks might be over-

written subgraphs where patterns of reciprocal specializations within a taxonomically 

related set of species (those in the same family, for example), might nonetheless overlap 

in complex ways and obscure those original patterns. If true, this might help bridge 

major research agendas in coevolution —research focusing on the coevolution between 

small groups of strongly interacting species (Thompson 1999) and that analyzing 

networks of interactions (Bascompte and Jordano 2007).  

From Table 3 and b, we can compare the percentages of mutualistic mother 

networks with those of the daughter networks. For one-to-one specialization, the 31% of 

daughter networks (9 versus 20) that are more specialized than expected is higher, but 

not significantly so (chi-square test. p = 0.18) than the mother networks (7 versus 39). For 

close specializations, the percentages are essentially the same (18% daughters, 2 versus 

9; 19% mothers, 11 versus 48 (chi-square test, p =0.70). Again, the results do not differ 

when comparing nestedness-constrained networks. 
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Figure 16: An example of an observed “mother” network and its six resulting 

“daughter” networks. Top Panel: an observed “mother” network of 42 plants (bottom 

row) and 85 interacting insects (top row). Bottom two panels: the six “daughter” 

networks created from the “mother” network. Of 28 insect families, only 6 met the 

criteria to be analyzed as a daughter network. 

The daughter network idea merits further inspection, however. The top panel in 

Figure 16 is a complete “mother network”. Considering close interactions for this 

example, 1.7% of the sample null networks are the same as those observed, 97% have 

more specialized reciprocal interactions, and only 1.3% fewer reciprocal interactions. For 
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one-to-one interactions, the percentages are 39%, 20%, and 40% respectively. The mother 

network follows the general pattern of showing fewer reciprocal specializations than 

expected. We created six daughter networks for the insect families Calliphoridae, 

Muscidae, Halicidae, Tephridae, Empidae, and Colletidae. For close interactions, 100% 

of the nulls for all daughter networks are the same as those observed, so we can draw no 

inferences. For one-to-one interactions, only one daughter network has 100% of the nulls 

the same as observed (Colletidae). Four daughter networks are more reciprocally 

specialized than expected, while one, Muscidae, is the reverse. The Empidae network is 

the most reciprocally specialized sub-network, with 58% of null models less reciprocally 

specialized and 42% equal to the observed network.  

This is a hand-picked example, of course, but is particularly rich in both overall 

species and daughter networks. The contrast between the mother network, showing no 

evidence of mutual specializations, and the few daughter networks that do, suggests a 

more extensive survey of species-rich networks is required.  

4.4 Discussion 

We do not deny examples of reciprocal specialization (Pauw 1998) made known 

by the moth whose existence Darwin predicted (Rothschild et al. 1903, Darwin and 

Darwin 2001)[Darwin 1862; Rothschild et al. 1903], although even here the story is not as 

simple as it seems (Wasserthal 1998). Nor do network descriptions reject the importance 

of, for example, reciprocal selection, between particular hummingbirds and particular 
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flowers. As Temeles et al. (2002) have argued, the former could visit many flowers and 

the latter be visited by many potential consumers, but only one flower may shape the 

hummingbird’s bill and one hummingbird the flower’s shape.  

That said, we found no evidence that reciprocal specialization shapes ecological 

networks by creating an excess of reciprocally specialized trophic interactions between 

consumers and resources. We went to particular lengths to find such reciprocal 

interactions, comparing networks with mutualistic interactions and those with 

parasitoid-host interactions. There are no compelling differences, even when correcting 

for the role of nestedness in network structure. Indeed, we found ecological networks no 

more nested than expected given realistic ecological constraints. Moreover, we selected 

taxonomic subsets to produce daughter networks from larger networks to test the 

palimpsest idea, again without finding a statistical excess of reciprocal specializations. 

These results suggest that common processes and universal constraints might operate 

across such widely different networks, and lend support to the “flower-petal” model of 

network structure (Pimm 1991). 

4.5 Citation 

This chapter has been accepted for publication in the journal Ecology Letters. The 

complete citation is: 

Joppa, L.N., Bascompte, J., Montoya, J., Sole, R., Sanderson, J., Pimm, S.R. In 

Press. Reciprocal specialization in ecological networks. Ecology Letters. 



 

 117

Appendix I: Protected area categories as described by the 
World Conservation Union (IUCN) (http://www.unep-
wcmc.org/protected_areas/categories/index.html). 

Category Ia: Strict nature reserve/wilderness protection area managed mainly for science or wilderness 

protection – an area of land and/or sea possessing some outstanding or representative 
ecosystems, geological or physiological features and/or species, available primarily for scientific 
research and/or environmental monitoring. 

Category Ib: Wilderness area: protected area managed mainly for wilderness protection – large area of 
unmodified or slightly modified land and/or sea, retaining its natural characteristics and 
influence, without permanent or significant habitation, which is protected and managed to 
preserve its natural condition. 

Category II: National park: protected area managed mainly for ecosystem protection and recreation – 
natural area of land and/or sea designated to (a) protect the ecological integrity of one or more 
ecosystems for present and future generations, (b) exclude exploitation or occupation inimical to 
the purposes of designation of the area and (c) provide a foundation for spiritual, scientific, 
educational, recreational and visitor opportunities, all of which must be environmentally and 
culturally compatible. 

Category III: Natural monument: protected area managed mainly for conservation of specific natural 

features – area containing specific natural or natural/cultural feature(s) of outstanding or unique 
value because of their inherent rarity, representativeness or aesthetic qualities or cultural 
significance. 

Category IV: Habitat/Species Management Area: protected area managed mainly for conservation 

through management intervention – area of land and/or sea subject to active intervention for 
management purposes so as to ensure the maintenance of habitats to meet the requirements of 
specific species. 

Category V: Protected Landscape/Seascape: protected area managed mainly for landscape/seascape 

conservation or recreation – area of land, with coast or sea as appropriate, where the interaction of 
people and nature over time has produced an area of distinct character with significant 
aesthetic, ecological and/or cultural value, and often with high biological diversity. 
Safeguarding the integrity of this traditional interaction is vital to the protection, maintenance 
and evolution of such an area. 

Category VI: Managed Resource Protected Area: protected area managed mainly for the sustainable use 

of natural resources – area containing predominantly unmodified natural systems, managed to 
ensure long-term protection and maintenance of biological diversity, while also providing a 

sustainable flow of natural products and services to meet community needs. 
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Appendix II: Analogous to Table 3, but only testing actual 
networks against those randomized matrices within +/- 1 
degree “Temperature”. 

One to One Reciprocal Interactions 

 total reciprocal subtotals equal less more 
Mutualistic 49 0 34 18 16   

 
  

1 11 1 3 7 
>1 4 0 3 1 

        
Parasitic 41 0 39 17 22 0 

 
  

1 1  0 1 0 
>1 1 0 0 1 

        
Daughter 33 0 14 4 10   

   1 8 0 3 5 
>1 11 2 4 5 

Sum all networks 62* 19 
Sum networks >0 Specializations 14 19 

 
Close Reciprocal Interactions 

 total reciprocal subtotal equal less more 
Mutualistic 49 0 6 3 3  
  

  

  1 to 10 28 1 19 8 
11 to 20 9 2 6 1 
>20 6 0 4 2 

   
Parasitic 41 0 6 5 1  
  

  

  

  

1 to 10 20 4 8 8 
11 to 20 9 1 6 2 
>20 6 0 5 1 
 

Daughter 33 0 0       
  

  

  

  

1 to 10 18 10 6 2 
11 to 20 14 12 2 0 
>20 1 0 1 0 

Sum all networks 61* 24 
Sum networks >0 Specializations 57* 24 
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Appendix III: Analogous to Table 3, but only testing actual 
networks against those randomized matrices within +/- 1 
degree “NODF”. 

One to One Reciprocal Interactions 

 total reciprocal subtotal equal less more 
Mutualistic 55 0 41 22 19   

 
  

1 11 0 6 5 
>1 3 0 2 1 

         
Parasitic 38 0 36 16 20   

 
  

1 1 0 1 0 
>1 1 0 0 1 

         
Daughter 33 0 15 3 12   

   1 8 0 3 5 
>1 10 2 4 4 

Sum all networks 67* 16 
Sum networks >0 Specializations 16 16 

 
Close Reciprocal Interactions 

 total reciprocal subtotal equal less more 
Mutualistic 55 0 6 3  
  

  

  

   

1 to 10 35 1 22 6 
11 to 20 14 2 8 1 
>20 10 0 7 2 

   
Parasitic 38 0 6 5 1  
  

  

  

  

1 to 10 17 3 8 6 
11 to 20 9 1 6 2 
>20 6 0 5 1 
 

Daughter 33 0 0    
  

  

  

  

1 to 10 17 10 5 2 
11 to 20 15 12 3 0 
>20 1 1 0 0 

Sum all networks 68* 20 
Sum networks >0 Specializations 64* 20 

 



 

 120

References 

Abadie, A. and G. Imbens. 2006a. Large Sample Properties of Matching Estimators for 
Average Treatment Effects. Econometrica 74:235-267. 

Abadie, A. and G. Imbens. 2006b. On the Failure of the Bootstrap for Matching 
Estimators. NBER Working Paper. 

Achard, F., H. Eva, H. Stibig, P. Mayaux, J. Gallego, T. Richards, and J. Malingreau. 2002. 
Determination of Deforestation Rates of the World's Humid Tropical Forests. Science 
297:999-1002. 

Adams, W., R. Aveling, D. Brockington, B. Dickson, J. Elliott, J. Hutton, D. Roe, B. Vira, 
and W. Wolmer. 2004. Biodiversity conservation and the eradication of poverty. Science 
306:1146-1149. 

Almeida-Neto, M., P. Guimaraes, P. R. Guimaraes Jr, R. D. Loyola, and W. Ulrich. 2008. 
A consistent metric for nestedness analysis in ecological systems: reconciling concept 
and measurement. Oikos. 

Andam, K., P. Ferraro, A. Pfaff, G. Sanchez-Azofeifa, and J. Robalino. 2008. Measuring 
the effectiveness of protected area networks in reducing deforestation. Proceedings of 
the National Academy of Sciences 105:16089. 

Anderson, A. and C. Jenkins. 2006. Applying Nature’s Design: Corridors as a strategy 
for biological conservation. New York: Columbia University Press. 

Ando, A., J. Camm, S. Polasky, and A. Solow. 1998. Species Distributions, Land Values, 
and Efficient Conservation. Science 279:2126. 

Arturo Sánchez-Azofeifa, G., G. Daily, A. Pfaff, and C. Busch. 2003. Integrity and 
isolation of Costa Rica's national parks and biological reserves: examining the dynamics 
of land-cover change. Biological Conservation 109:123-135. 

Atmar, W. and B. D. Patterson. 1993. The measure of order and disorder in the 
distribution of species in fragmented habitat. Oecologia 96:373-382. 

Baillie, J., C. Hilton-Taylor, and S. Stuart. 2004. IUCN Red List of threatened species. A 
global species assessment. IUCN, Gland, Switzerland and Cambridge, UK. 



 

 121

Banda, T., M. W. Schwartz, and T. Caro. 2006. Woody vegetation structure and 
composition along a protection gradient in a miombo ecosystem of western Tanzania. 
Forest Ecology and Management 230:179-185. 

Bartholome, E. and A. Belward. 2005. GLC2000: a new approach to global land cover 
mapping from Earth observation data. International Journal of Remote Sensing 26:1959-
1977. 

Bascompte, J. and P. Jordano. 2007. Plant-Animal Mutualistic Networks: The 
Architecture of Biodiversity. Annual Review of Ecology, Evolution, and Systematics. 

Bascompte, J., P. Jordano, C. J. Melian, and J. M. Olesen. 2003. The nested assembly of 
plant-animal mutualistic networks. Proceedings of the National Academy of Sciences of 
the United States of America 100:9383-9387. 

Bascompte, J., P. Jordano, and J. M. Olesen. 2006. Asymmetric coevolutionary networks 
facilitate biodiversity maintenance. Science 312:431-433. 

Bawa, K. S. 1990. Plant-pollinator interactions in tropical rain-forests. Annual Review of 
Ecology and Systematics 21:399-422. 

Bleher, B., D. Uster, and T. Bergsdorf. 2006. Assessment of threat status and 
management effectiveness in Kakamega forest, Kenya. Biodiversity and Conservation 
15:1159-1177. 

Bluthgen, N., F. Menzel, T. Hovestadt, and B. Fiala. 2007. Specialization, constraints, and 
conflicting interests in mutualistic networks. Current Biology 17:341-346. 

Brooks, T., S. Pimm, and J. Oyugi. 1999. Time lag between deforestation and bird 
extinction in tropical forest fragments. Conservation Biology:1140-1150. 

Brooks, T. M., M. I. Bakarr, T. Boucher, G. A. B. Da Fonseca, C. Hilton-Taylor, J. M. 
Hoekstra, T. Moritz, S. Olivier, J. Parrish, R. L. Pressey, A. S. L. Rodrigues, W. Sechrest, 
A. Stattersfield, W. Strahm, and S. N. Stuart. 2004. Coverage provided by the global 
protected-area system: Is it enough? BioScience 54:1081-1091. 

Bruner, A., R. Gullison, R. Rice, and G. da Fonseca. 2001. Effectiveness of Parks in 
Protecting Tropical Biodiversity. Science 291:125-128. 

Burkey, T. 1989. Extinction in nature reserves: the effect of fragmentation and the 
importance of migration between reserve fragments. Oikos:75-81. 



 

 122

Butchart, S., A. Stattersfield, and N. Collar. 2006. How many bird extinctions have we 
prevented? Oryx 40:266-278. 

Campbell, A., S. Clark, L. Coad, L. Miles, K. Bolt & D. Roe. 2008. Protecting the future: 
carbon, forests, protected areas and local livelihoods. Biodiversity 9:117-122. 

Chape, S., J. Harrison, M. Spalding, and I. Lysenko. 2005. Measuring the extent and 
effectiveness of protected areas as an indicator for meeting global biodiversity targets. 
Philosophical Transactions of the Royal Society B: Biological Sciences 360:443-455. 

Cochrane, M. 2003. Fire science for rainforests. Nature 421:913-919. 

Cohen, J. E., S. L. Pimm, P. Yodzis, and J. Saldana. 1993. Body sizes of animal predators 
and animal prey in food webs. Journal of Animal Ecology:67-78. 

Costanza, R., R. d’Arge, R. De Groot, S. Farber, M. Grasso, B. Hannon, K. Limburg, S. 
Naeem, R. O’Neill, and J. Paruelo. 1998. The value of the world’s ecosystem services and 
natural capital. Ecological Economics 25:3-15. 

Cropper, M., J. Puri, and C. Griffiths. 2001. Predicting the Location of Deforestation: The 
Role of Roads and Protected Areas in North Thailand. Land Economics 77:172. 

Crump, R., V. Hotz, G. Imbens, and O. Mitnik. 2008. Moving the Goalposts: Addressing 
Limited Overlap in the Estimation of Average Treatment Effects by Changing the 
Estimand. NBER Working Paper. 

Curran, L., S. Trigg, A. McDonald, D. Astiani, Y. Hardiono, P. Siregar, I. Caniago, 
and E. Kasischke. 2004. Lowland Forest Loss in Protected Areas of Indonesian 
Borneo. Science 303:1000-1003. 

Daily, G. 1997. Introduction: What are ecosystem services. Nature’s services: Societal 
dependence on natural ecosystems 1:3-4. 

Darwin, C. R. and C. Darwin. 2001. The Various Contrivances by Which Orchids Are 
Fertilised by Insects. Adamant Media Corporation. 

DeFries, R., A. Hansen, A. C. Newton, and M. C. Hansen. 2005. Increasing isolation of 
protected areas in tropical forests over the past twenty years. Ecological Applications 
15:19-26. 



 

 123

DeFries, R., A. Hansen, B. Turner, R. Reid, and J. Liu. 2007. Land use change around 
protected areas: management to balance human needs and ecological function. 
Ecological Applications 17:1031-1038. 

Dehejia, R. and S. Wahba. 2002. Propensity Score-Matching Methods for 
Nonexperimental Causal Studies. Review of Economics and Statistics 84:151-161. 

Deininger, K. and B. Minten. 1996. Determinants of Forest Cover and the Economics of 
Protection: An Application to Mexico. Research Project on Social and Environmental 
Consequences of Growth-Oriented Policies Working paper. 

Delgado, C., D. Amor, J. Sexton, and A. Pfaff. 2008. Will Nearby Protected Areas 
Constrain Road Impacts On Deforestation? Presentation at the NASA LBA 
conference 'Amazon In Perspective', Manaus. 

Ehrlich, P. R. and P. H. Raven. 1964. Butterflies and plants - a study in coevolution. 
Evolution 18:586-608. 

Ewers, R. and A. Rodrigues. 2008. Estimates of reserve effectiveness are confounded by 
leakage. Trends in Ecology & Evolution 23:113-116. 

Fearnside, P. and J. Ferraz. 1995. A Conservation Gap Analysis of Brazil's Amazonian 
Vegetation. The Journal of the Society for Conservation Biology 9:1134-1147. 

Ferraro, P. J. and S. K. Pattanayak. 2006. Money for nothing? A call for empirical 
evaluation of biodiversity conservation investments. PLoS Biology 4:482-488. 

Ferraz, G., G. Russell, P. Stouffer, R. Bierregaard, S. Pimm, and T. Lovejoy. 2003. Rates of 
species loss from Amazonian forest fragments. Proceedings of the National Academy of 
Sciences 100:14069-14073. 

Fuller, D., T. Jessup, and A. Salim. 2004. Loss of Forest Cover in Kalimantan, 
Indonesia, Since the 1997-1998 El Nino. Conservation Biology 18:249-254. 

Gaveau, D. L. A., H. Wandono, and F. Setiabudi. 2007. Three decades of deforestation in 
southwest Sumatra: Have protected areas halted forest loss and logging, and promoted 
re-growth? Biological Conservation 134:495-504. 

Grant, V. and K. A. Grant. 1965. Flower pollination in the phlox family. Columbia 
University Press New York. 



 

 124

Guimarães, P. R. and P. Guimarães. 2006. Improving the analyses of nestedness for large 
sets of matrices. Environmental Modelling and Software 21:1512-1513. 

Hansen, A. and R. DeFries. 2007. Ecological mechanisms linking protected areas to 
surrounding lands. Ecological Applications 17:974-988. 

Hayes, T. M. 2006. Parks, people, and forest protection: An institutional assessment of 
the effectiveness of protected areas. World Development 34:2064-2075. 

Heckman, J., H. Ichimura, and P. Todd. 1997. Matching As An Econometric Evaluation 
Estimator: Evidence from Evaluating a Job Training Programme. The Review of 
Economic Studies 64:605-654. 

Heckman, J., H. Ichimura, and P. Todd. 1998. Matching As An Econometric Evaluation 
Estimator. The Review of Economic Studies 65:261-294. 

Hill, J., J. Brooks-Gunn, and J. Waldfogel. 2003. Sustained Effects of High Participation in 
an Early Intervention for Low-Birth-Weight Premature Infants. Developmental 
Psychology 39:730-744. 

Hockings, M. 2003. Systems for assessing the effectiveness of management in protected 
areas. BioScience 53:823-832. 

Hunter, M. and P. Yonzon. 1993. Altitudinal Distributions of Birds, Mammals, People, 
Forests, and Parks in Nepal. Conservation Biology 7:420-423. 

Jenkins, C. and L. Joppa. In Press. Expansion of the global terrestrial protected area 
system. Biological Conservation. 

Joppa, L., S. Loarie, and S. Pimm. 2008. On the protection of "protected areas". 
Proceedings of the National Academy of Sciences 105:6673. 

Joppa, L., S. Loarie, and S. Pimm. 2009. On population growth near protected 
areas. PLoS ONE In Press. 

Joppa, L. and A. Pfaff. 2009. Global Park Impacts: How much deforestation has 
protection avoided? Duke University Nicholas School of the Environment Working 
Paper. 

Joppa, L. N. 2009. High & Far: How the world's protected areas have avoided threat. 
Duke University Nicholas School of the Environment Working Paper. 



 

 125

Jordan, F., W. Liu, and A. J. Davis. 2006. Topological keystone species: measures of 
positional importance in food webs. Oikos 112:535. 

Jordan, F., A. Takacs-Santa, and I. Molnar. 1999. A reliability theoretical quest for 
keystones. Oikos 86:453. 

Jordano, P. 2000. Fruits and Frugivory. Seeds: The Ecology of Regeneration in Plant 
Communities. 

Kaimowitz, D. and A. Angelsen. 1998. Economic models of tropical deforestation: 
a review. Center for International Forestry Research, Jakarta. 

Karanth, K. 2007. Making resettlement work: The case of India’s Bhadra Wildlife 
Sanctuary. Biological Conservation 139:315-324. 

Kinnaird, M. F., E. W. Sanderson, T. G. O'Brien, H. T. Wibisono, and G. Woolmer. 2003. 
Deforestation trends in a tropical landscape and implications for endangered large 
mammals. Conservation Biology 17:245-257. 

Kirby, K., W. Laurance, A. Albernaz, G. Schroth, P. Fearnside, S. Bergen, E. Venticinque, 
and C. Da Costa. 2006. The future of deforestation in the Brazilian Amazon. Futures 
38:432-453. 

Kramer, R., C. van Schaik, and J. Johnson. 1997. Last stand: protected areas and the 
defense of tropical biodiversity. Oxford University Press, USA. 

Lambin, E. 1997. Modeling and monitoring land-cover change processes in 
tropical regions. Progress in Physical Geography 21:375-393. 

Laurance, W. 2005. When bigger is better: the need for Amazonian mega-reserves. 
Trends in Ecology & Evolution 20:645-648. 

Laurance, W., A. Albernaz, P. Fearnside, H. Vasconcelos, and L. Ferreira. 2004. 
Deforestation in Amazonia. Pages 1109-1111. 

Laurance, W., A. Alonso, M. Lee, and P. Campbell. 2006. Challenges for forest 
conservation in Gabon, Central Africa. Futures 38:454-470. 

Laurance, W., M. Cochrane, S. Bergen, P. Fearnside, P. Delamonica, C. Barber, S. 
D'Angelo, and T. Fernandes. 2001. The future of the Brazilian Amazon. 
Science(Washington) 291:438-439. 



 

 126

Lewinsohn, T. M., V. Novotny, and Y. Basset. 2005. Insects on plants: diversity of 
herbivore assemblages revisited. 

Linkie, M., R. Smith, Y. Zhu, D. Martyr, B. Suedmeyer, J. Pramono, and N. Leader-
Williams. 2008. Evaluating Biodiversity Conservation around a Large Sumatran 
Protected Area. Conservation Biology 22:683-690. 

Linkie, M., R. J. Smith, and N. Leader-Williams. 2004. Mapping and predicting 
deforestation patterns in the lowlands of Sumatra. Biodiversity and Conservation 
13:1809-1818. 

Liu, J., M. Linderman, Z. Ouyang, L. An, J. Yang, and H. Zhang. 2001a. Ecological 
degradation in protected areas: the case of Wolong Nature Reserve for giant pandas. 
Pages 98-101. 

Liu, J. G., M. Linderman, Z. Y. Ouyang, L. An, J. Yang, and H. M. Zhang. 2001b. 
Ecological degradation in protected areas: The case of Wolong Nature Reserve for giant 
pandas. Science 292:98-101. 

Loarie, S., L. Joppa, and S. Pimm. 2007a. Satellites miss environmental priorities. 
Trends in Ecology & Evolution 22:630-632. 

Loarie, S., L. Joppa, and S. Pimm. 2007b. Satellites miss environmental priorities: 
Response to Loveland et al. & Kark et al. Trends in Ecology & Evolution 23:183-184. 

Locke, H. and P. Dearden. 2005. Rethinking protected area categories and the new 
paradigm. Environmental Conservation 32:1-10. 

Maiorano, L., A. Falcucci, and L. Boitani. 2008. Size-dependent resistance of protected 
areas to land-use change. Proceedings of the Royal Society B: Biological Sciences 
275:1297-1304. 

Mas, J. F. 2005. Assessing protected area effectiveness using surrounding (buffer) areas 
environmentally similar to the target area. Environmental Monitoring and Assessment 
105:69-80. 

May, R. M. 1972. Will a large complex system be stable? 

May, R. M. 1974. Stability and complexity in model ecosystems. Princeton University 
Press, Princeton, New Jersey. 



 

 127

May, R. M. 1986. The search for patterns in the balance of nature: advances and retreats. 
Ecology:1116-1126. 

May, R. M. C. and A. R. McLean. 2007. Theoretical ecology: principles and applications. 
Oxford University Press, USA. 

Mayaux, P., H. Eva, J. Gallego, A. Strahler, M. Herold, S. Agrawal, S. Naumov, E. De 
Miranda, C. Di Bella, and C. Ordoyne. 2006. Validation of the global land cover 2000 
map. IEEE transactions on geoscience and remote sensing 44:1728-1739. 

Messina, J. P., S. J. Walsh, C. F. Mena, and P. L. Delamater. 2006. Land tenure and 
deforestation patterns in the Ecuadorian Amazon: Conflicts in land conservation in 
frontier settings. Applied Geography 26:113-128. 

Miklos, I. and J. Podani. 2004. Randomization of presence-absence matrices: Comments 
and new algorithms. Ecology 85:86-92. 

Montoya, J. M., S. L. Pimm, and R. V. Sole. 2006. Ecological networks and their fragility. 
Nature 442:259-264. 

Montoya, J. M. and R. V. Sole. 2003. Topological properties of food webs: from real data 
to community assembly models. Oikos 102:614. 

Mora, C., S. Andrefouet, M. Costello, C. Kranenburg, A. Rollo, J. Veron, K. Gaston, and 
R. Myers. 2006. Coral Reefs and the Global Network of Marine Protected Areas. Pages 
1750-1751. 

Myers, N. 1984. The Primary Source: Tropical Forests and Our Future. Norton New York 
(USA). 

Myers, N. and J. Kent. 2003. New consumers: The influence of affluence on the 
environment. Proceedings of the National Academy of Sciences 100:4963-4968. 

Myers, N., R. Mittermeier, C. Mittermeier, G. da Fonseca, and J. Kent. 2000. Biodiversity 
hotspots for conservation priorities. Nature 403:853-858. 

Nagendra, H. 2008. Do Parks Work? Impact of Protected Areas on Land Cover Clearing. 
Ambio 37:330-337. 

Nagendra, H., S. Pareeth, and R. Ghate. 2006. People within parks—forest villages, land-
cover change and landscape fragmentation in the Tadoba Andhari Tiger Reserve, India. 
Applied Geography 26:96-112. 



 

 128

Nagendra, H., C. Tucker, L. Carlson, J. Southworth, M. Karmacharya, and B. Karna. 
2004. Monitoring parks through remote sensing: studies in Nepal and Honduras. 
Environmental Management 34:748-760. 

Naughton-Treves, L., M. B. Holland, and K. Brandon. 2005. The role of protected areas in 
conserving biodiversity and sustaining local livelihoods. Annual Review of 
Environment and Resources 30:219-252. 

Nepstad, D., S. Schwartzman, B. Bamberger, M. Santilli, D. Ray, P. Schlesinger, P. 
Lefebvre, A. Alencar, E. Prinz, and G. Fiske. 2006a. Inhibition of Amazon Deforestation 
and Fire by Parks and Indigenous Lands. Conservation Biology 20:65. 

Nepstad, D., S. Schwartzman, B. Bamberger, M. Santilli, D. Ray, P. Schlesinger, P. 
Lefebvre, A. Alencar, E. Prinz, G. Fiske, and A. Rolla. 2006b. Inhibition of Amazon 
deforestation and fire by parks and indigenous lands. Conservation Biology 20:65-73. 

Nepstad, D., A. Verissimo, A. Alencar, C. Nobre, E. Lima, P. Lefebvre, P. Schlesinger, C. 
Potter, P. Moutinho, and E. Mendoza. 1999. Large-scale impoverishment of Amazonian 
forests by logging and fire. Nature 398:505-508. 

Newmark, W. 1995. Extinction of Mammal Populations in Western North American 
National Parks. Conservation Biology 9:512-526. 

Oates, J. 1999. Myth and reality in the rain forest: how conservation strategies are failing 
in West Africa. University of California Press. 

Oldfield, T., R. Smith, S. Harrop, and N. Leader-Williams. 2004. A gap analysis of 
terrestrial protected areas in England and its implications for conservation policy. 
Biological Conservation 120:303-309. 

Olesen, J. M., J. Bascompte, Y. L. Dupont, and P. Jordano. 2007. The modularity of 
pollination networks. Proceedings of the National Academy of Sciences 104:19891. 

Oliveira, P., G. Asner, D. Knapp, A. Almeyda, R. Galvan-Gildemeister, S. Keene, 
R. Raybin, and R. Smith. 2007. Land-Use Allocation Protects the Peruvian 
Amazon. Science 317:1233. 

Olson, D., E. Dinerstein, E. Wikramanayake, N. Burgess, G. Powell, E. Underwood, J. 
D'amico, I. Itoua, H. Strand, and J. Morrison. 2001. Terrestrial ecoregions of the world: a 
new map of life on earth. BioScience 51:933-938. 



 

 129

Parrish, J., D. Braun, and R. Unnasch. 2003. Are we conserving what we say we are? 
Measuring ecological integrity within protected areas. BioScience 53:851-860. 

Pauchard, A. and P. Alaback. 2004. Influence of Elevation, Land Use, and Landscape 
Context on Patterns of Alien Plant Invasions along Roadsides in Protected Areas of 
South-Central Chile. Conservation Biology 18:238-248. 

Pauw, A. 1998. Pollen transfer on birds' tongues. Nature 394:731-732. 

Pelkey, N., C. Stoner, and T. Caro. 2000. Vegetation in Tanzania: assessing long term 
trends and effects of protection using satellite imagery. Biological Conservation 94:297-
309. 

Pelkey, N., C. Stoner, and T. Caro. 2003. Assessing habitat protection regimes in 
Tanzania using AVHRR NDVI composites: comparisons at different spatial and 
temporal scales. International Journal of Remote Sensing 24:2533-2558. 

Peluso, N. 1993. Coercing conservation? The politics of state resource control. Global 
Environmental Change 3:199-219. 

Pfaff, A., J. Robalino, and G. A. Sanchez-Azofeifa. 2009. Payments for 
environmental services: Empirical analysis for Costa Rica. Terry Sanford Institute 
for Public Policy Working Paper. 

Pfaff, A., J. Robalino, G. A. Sanchez-Azofeifa, K. Andam, and P. J. Ferraro. In Press. 
Location affects protection: Observable characteristics drive park impacts in Costa Rica. 
The B. E. Journal of Economic Analysis & Policy. 

Pfaff, A. and G. Sanchez-Azofeifa. 2004. Deforestation pressure and biological reserve 
planning: a conceptual approach and an illustrative application for Costa Rica. Resource 
and Energy Economics 26:237-254. 

Pimm, S. 2001. The World According To Pimm: A Scientist Audits the Earth. McGraw-
Hill. 

Pimm, S., M. Ayres, A. Balmford, G. Branch, K. Brandon, T. Brooks, R. Bustamante, R. 
Costanza, R. Cowling, and L. Curran. 2001. Can We Defy Nature's End? Science 
293:2207-2208. 

Pimm, S. and C. Jenkins. 2005. Sustaining the variety of life. Scientific American 293:66-
73. 



 

 130

Pimm, S. and P. Raven. 2000. Biodiversity: Extinction by numbers. Nature 403:843-845. 

Pimm, S., P. Raven, A. Peterson, C. H. Sekercioglu, and P. R. Ehrlich. 2006. Human 
impacts on the rates of recent, present, and future bird extinctions. Proceedings of the 
National Academy of Sciences 103:10941-10946. 

Pimm, S., G. Russell, J. Gittleman, and T. Brooks. 1995. The Future of Biodiversity. 
Science 269:347-350. 

Pimm, S. L. 1991. The Balance of Nature?: Ecological Issues in the Conservation of 
Species and Communities. University Of Chicago Press. 

Pimm, S. L. and J. H. Brown. 2004. Domains of Diversity. Science 304:831-833. 

Pimm, S. L. and J. H. Lawton. 1980. Are food webs divided into compartments? The 
Journal of Animal Ecology:879-898. 

Pimm, S. L., J. H. Lawton, and J. E. Cohen. 1991. Food web patterns and their 
consequences. Nature (London) 350:669-674. 

Pressey, R., G. Whish, T. Barrett, and M. Watts. 2002. Effectiveness of protected areas in 
north-eastern New South Wales: recent trends in six measures. Biological Conservation 
106:57-69. 

Pysek, P., V. JarosÌk, and T. s. Kucera. 2002. Patterns of invasion in temperate nature 
reserves. Biological Conservation 104:13-24. 

Raven, P. 1981. Research priorities in tropical biology. Sound Information. 

Redford, K. 1992. The empty forest. BioScience:412-422. 

Robalino, J., A. Pfaff, G. A. Sanchez-Azofeifa, F. Alpizar, C. Leon, and C. 
Rodriguez. 2009. Changing the deforestation impacts of ecopayments: evolution 
(2000-2005) in Costa Rica's PSA program. Terry Sanford Institute for Public Policy 
Working Paper. 

Rodrigues, A., S. Andelman, M. Bakarr, L. Boitani, T. Brooks, R. Cowling, L. Fishpool, G. 
da Fonseca, K. Gaston, and M. Hoffmann. 2004a. Effectiveness of the global protected 
area network in representing species diversity. Nature 428:640-643. 

Rodrigues, A. S. L., H. Akcakaya, S. Andelman, M. I. Bakarr, L. Boitani, T. M. Brooks, J. 
Chanson, L. D. C. Fishpool, G. Da Fonseca, and K. J. Gaston. 2004b. Global Gap 



 

 131

Analysis: Priority Regions for Expanding the Global Protected-Area Network. 
BioScience 54:1092-1100. 

Roman-Cuesta, R. and J. Martinez=Vilalta. 2006. Effectiveness of Protected Areas in 
Mitigating Fire within Their Boundaries: Case Study of Chiapas, Mexico. Conservation 
Biology 20:1074-1086. 

Rosenbaum, P. and D. Rubin. 1983. The central role of the propensity score in 
observational studies for causal effects. Biometrika 70:41-55. 

Rosenbaum, P. and D. Rubin. 1984. Reducing bias in observational studies using 
subclassification on the propensity score. Journal of American Statistical Assocation 
79:516-524. 

Rothschild, L. W., K. Jordan, and E. Z. Museum. 1903. A Revision of the Lepidopterous 
Family Sphingidae. Printed by Hazell, Watson & Viney, Ld. 

Sader, S., D. Hayes, J. Hepinstall, M. Coan, and C. Soza. 2001. Forest change monitoring 
of a remote biosphere reserve. International Journal of Remote Sensing 22:1937-1950. 

Sanchez-Azofeifa, G., C. Quesada-Mateo, P. Gonzalez-Quesada, S. Dayanandan, and K. 
Bawa. 1999. Protected Areas and Conservation of Biodiversity in the Tropics. 
Conservation Biology 13:407-411. 

Sanchez-Azofeifa, G., B. Rivard, J. Calvo, and I. Moorthy. 2002. Dynamics of Tropical 
Deforestation Around National Parks: Remote Sensing of Forest Change on the Osa 
Peninsula of Costa Rica. Mountain research and development 22:352-358. 

Sanchez-Azofeifa, G. A., A. Pfaff, J. Robalino, and J. Boomhower. 2007. Costa 
Rica's payment for environmental services program: Intention, Implementation, 
and Impact. Conservation Biology 21:8. 

Sanderson, J. G. 2000. Testing Ecological Patterns. American Scientist 88:332. 

Scherl, L. 2004. Can protected areas contribute to poverty reduction?: opportunities and 
limitations. The World Conservation Union (IUCN). 

Schick, R. S., S. R. Loarie, F. Colchero, B. D. Best, A. Boustany, D. A. Conde, P. N. Halpin, 
L. N. Joppa, C. M. McClellan, and J. S. Clark. 2008. Understanding movement data and 
movement processes: current and emerging directions. Ecology Letters 11:1338-1350. 



 

 132

Scott, J. 1999. A representative biological reserve system for the United States. 
Conservation Biology Newsletter 6:1. 

Scott, J., F. Davis, R. McGhie, R. Wright, C. Groves, and J. Estes. 2001. Nature reserves: 
Do they capture the full range of America's biological diversity? Ecological Applications 
11:999-1007. 

Skole, D. and C. Tucker. 1993. Tropical Deforestation and Habitat Fragmentation in the 
Amazon: Satellite Data from 1978 to 1988. Science 260:1905. 

Sohngen, B. and S. Brown. 2004. Measuring leakage from carbon projects in open 
economies: a stop timber harvesting project in Bolivia as a case study. Canadian Journal 
of Forest Research 34:829-839. 

Sohngen, B., R. Mendelsohn, and R. Sedjo. 1999. Forest management, conservation, and 
global timber markets. American Journal of Agricultural Economics:1-13. 

Southworth, J., H. Nagendra, L. Carlson, and C. Tucker. 2004. Assessing the impact of 
Celaque National Park on forest fragmentation in western Honduras. Applied 
Geography 24:303-322. 

Temeles, E. J. and W. J. Kress. 2003. Adaptation in a plant-hummingbird association. 
Pages 630-633. American Association for the Advancement of Science. 

Temeles, E. J., Y. B. Linhart, M. Masonjones, and H. D. Masonjones. 2002. The role of 
flower width in hummingbird bill length-flower length relationships. Biotropica 34:68-
80. 

Terborgh, J. 2002. Making parks work: strategies for preserving tropical nature. Island 
Press. 

Thebault, E. and C. Fontaine. 2008. Does asymmetric specialization differ between 
mutualistic and trophic networks? Oikos 0:0-0. 

Thompson, J. N. 1994. The Coevolutionary Process. University Of Chicago Press. 

Thompson, J. N. 1999. Specific hypotheses on the geographic mosaic of coevolution. 
American Naturalist 153:S1-S14. 

Townsend, C., M. Begon, and J. Harper. 2003. Essentials of ecology. Blackwell 
Publishing. 



 

 133

Ulrich, W. and N. J. Gotelli. 2007. Null model analysis of species nestedness patterns. 
Ecology 88:1824-1831. 

UN. 2007. World Urbanization Prospects: The 2007 revision population database. UN 
Population Division. 

UNEP-CIESIN. 2004a. Africa Population Distribution Database. UN Environment 
Programme GRID. 

UNEP-CIESIN. 2004b. Latin America Population Distribution Database UN 
Environment Programme GRID. 

UNEP-CIESIN. 2006. Global Rural-Urban Mapping Project (GRUMP), Alpha Version: 
Urban Extent. Socioeconomic Data and Applications Center. 

UNEP-WCMC. 2006. World Database on Protected Areas. World Conservation Union 
(IUCN) and UNEP-World Conservation Monitoring Center Cambridge, UK. 

Vanclay, J. X. 2001. The effectiveness of parks. Science 293:U1-U2. 

Vander Zanden, M. J., L. N. Joppa, B. C. Allen, S. Chandra, D. Gilroy, Z. Hogan, J. T. 
Maxted, and J. Zhu. 2007. Modeling spawning dates of Hucho taimen in Mongolia to 
establish fishery management zones. Ecological Applications 17:2281-2289. 

Vazquez, D. P. and M. A. Aizen. 2004. Asymmetric specialization: A pervasive feature of 
plant-pollinator interactions. Ecology 85:1251-1257. 

Viña, A., S. Bearer, X. Chen, G. He, M. Linderman, L. An, H. Zhang, Z. Ouyang, 
and J. Liu. 2007. Temporal changes in Giant Panda habitat connectivity across 
boundaries of Wolong Nature Reserve, China. Ecological Applications 17:1019-
1030. 

Vogt, N. D., A. Y. Banana, W. Gombya-Ssembajjwe, and J. Bahati. 2006. Understanding 
the stability of forest reserve boundaries in the West Mengo region of Uganda. Ecology 
and Society 11. 

Wasserthal, L. T. 1998. Deep flowers for long tongues. Trends in Ecology & Evolution 
13:459-460. 

West, P., J. Igoe, and D. Brockington. 2006. Parks and Peoples: The Social Impact of 
Protected Areas. Annula Review of Anthropology 35:251. 



 

 134

Wittemyer, G., P. Elsen, W. Bean, A. Burton, and J. Brashares. 2008. Accelerated human 
population growth at protected area edges. Science 321:123. 

Woodroffe, R. and J. Ginsberg. 1998. Edge Effects and the Extinction of Populations 
Inside Protected Areas. Science 280:2126. 

Wright, S. J., G. A. Sanchez-Azofeifa, C. Portillo-Quintero, and D. Davies. 2007. Poverty 
and corruption compromise tropical forest reserves. Ecological Applications 17:1259-
1266. 

Zeng, H., D. Z. Sui, and X. B. Wu. 2005. Human disturbances on landscapes in protected 
areas: a case study of the Wolong Nature Reserve. Ecological Research 20:487-496. 

Zepeda, Y., A. Blackman, A. Pfaff, and J. Robalino. 2009. Evaluating The Impacts 
of Mexican Protected Areas on Deforestation from 1993-2000. Resources for the 
Future Working Paper. 

Zimmerer, K. S., R. E. Galt, and M. V. Buck. 2004. Globalization and multi-spatial trends 
in the coverage of protected-area conservation (1980-2000). Ambio 33:520-529. 

 

 



 

 135

Biography 

Lucas Joppa was born in Hillsborough, Wisconsin on June 22nd, 1982. He earned 

a B.S. from the University of Wisconsin-Madison in 2004 with majors in Wildlife Ecology 

and Zoology. During his senior year of undergraduate studies Lucas was awarded a 

National Science Foundation Graduate Research Fellowship. He deferred the award 

from two years, and immediately following his graduation (from 2004-2006), served as a 

United State Peace Corps volunteer (along with his wife Jamie) in Malawi. There, he 

worked as a consultant to the Malawian Department of National Parks and Wildlife. It 

was while working in Malawi, stationed at Nyika National Park, that Lucas decided to 

devote his career to the preservation of biodiversity. During his time in the Peace Corps, 

Lucas had the opportunity to travel to Pretoria, South Africa to meet with his current 

advisor, Dr. Stuart Pimm. After a short hiatus working as a researcher in the Limnology 

Department at the University of Wisconsin-Madison, Lucas began his doctoral studies in 

2006 in the Nicholas School for the Environment (University Program in Ecology) with 

Dr. Pimm. His thesis was supported entirely by his National Science Foundation award, 

and supplemented by several travel awards (Explorer’s Club, Society for Conservation 

Biology, Student International Discussion Group, Graduate School Fellowship) and two 

semesters spent as a Teaching Assistant. In 2008, Lucas and former lab-mate Dr. Scott 

Loarie started their own company, EarthAudit LLC, as a venue for ushering their 

scientific results beyond the standard end-point of publishing in peer-reviewed journals. 



 

 136

After completing his doctoral studies, Lucas is expect to begin a post-doctoral fellowship 

in the Computational Ecology and Environmental Science division of Microsoft 

Research (Cambridge, UK) under the direction of Dr. Rich Williams.  

In addition to his purely academic pursuits, Lucas served as the co-chair of the 

University Program in Ecology Seminar Series for two years, helping to plan weekly 

seminars with guest speakers from around the world. He served in the same role for the 

2008 Oosting Memorial Lecture and was given a 2009 Oosting Memorial Lecture student 

award. He also serves as a board-member for a local non-profit that specializes in 

experiential nature education for children, and for the past two years has served as the 

Vice-President of the North Carolina chapter of the Society for Conservation Biology. In 

his spare time he races his bicycle as a member of the south-eastern elite team Triangle 

Velo. 

 

 

 


