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CHAPTER I 

INTRODUCTION:  

PARAGUAY, ITS MAMMALS, AND ITS ATLANTIC FOREST 

 

General Information about Paraguay 

Paraguay is a small (406,752 km2), landlocked country nested among Argentina, 

Bolivia and Brazil in the heart of South America.  The country is divided by the Rio 

Paraguay, which is the major defining characteristic for much of its flora and fauna 

(Myers 1982; Myers et al. 2002; Lopez-Gonzalez 2004).  Five major bioregions are 

commonly cited for Paraguay (Olson et al. 2001): the Interior Atlantic Forest and the 

Cerrado in eastern Paraguay, the Dry Chaco in western Paraguay, the Humid Chaco 

along the Rio Paraguay and the Pantanal.  An alternative subdivision of Paraguay 

identifies 7 phytogeographic regions based on floral and geographic features: west of the 

Rio Paraguay these include the Matogrosense, the Alto Chaco and the Bajo Chaco; east 

of the Rio Paraguay are the Campos Cerrados, Central Paraguay, Alto Paraná and 

Ñeembucú (see Hayes 1995; Willig et al. 2000).  

Paraguay’s borders are mainly delineated by rivers, including the Paraná to the 

south, the Pilcomayo to the west and the Rio Paraguay along the southwest (Lopez-

Gonzalez 2004).  The country is intersected by the Tropic of Capricorn, so is at the 

interface between temperate and tropical zones (Willig et al. 2000; Stevens and Willig 

2002; Stevens 2003).  Climate is characterized as tropical continental with six regional 

climates (see Fariña 1973) and follows a continuum from semiarid in the northwestern 

border to semitropical in the southeast, ranging from 400 mm to 1800 mm of rainfall 
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annually (Fariña 1973).  Annual temperatures in the country vary from 25.9 to 21.4˚ C 

(Fariña 1973).  Summer can be quite hot, and the country’s latitude is far enough south to 

experience frost in the winter months (Fariña 1973).  The country’s topography is flat 

with a few hills in eastern Paraguay, which varies from 50 to 759 m above sea level 

(Gorham 1973; Bartrina 2007). 

Deforestation in the Interior Atlantic Forest of Paraguay 

According to the 2005 census, Paraguay harbors a population of 6.3 million 

people (Bartrina 2007).  The census estimated that 97% of the population is concentrated 

in the eastern part of the country, which represents about 39% of the country’s landmass 

(159, 827 km), whereas approximately 3% of  the population were estimated to live in 

western Paraguay, which represents the other 61% of the country’s landmass (246,925 

km) (Bartrina 2007).  Paraguay has experienced severe and dramatic deforestation, 

particularly of its Interior Atlantic Forest in the densely populated east, in just a few 

decades (Fleytas 2007; Hauang et al. 2007, 2009).  Paraguay has valuable tropical 

hardwoods (Rios and Zardini 1989), which induced the deforestation pressure starting in 

the early 1900s. In the late 1950s the Brazilian agricultural invasion of the eastern border 

of Paraguay had begun and in the 1970s exploded with increases in soy prices on the 

world market (Nickson 1981).  Since 1980, major cash crops (e.g., soybeans, sugar, 

cotton) and cattle ranching have increased the deforestation rates (Nickson 1981; Rios 

and Zardini 1989).  Although subsistence hunting is allowed for some native groups 

around reserves (Hill et al. 1997), many regions experience high levels of illegal hunting 

(Quinta and Morse 2005).  Only a few of the nature reserves left in Paraguay have formal 

published inventories of fauna (Yahnke et al. 1998), meaning that the forces of 
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deforestation and hunting (legally and illegally) are destroying biotic reserves that are 

still largely undescribed.   

Poverty, inequality, fear of expropriation, and land-right disputes around rural 

regions of Paraguay further exacerbate pressures on the remaining forest, with 

consequent invasions of protected areas by squatters, illegal logging, extraction of 

valuable non-wood products, fuel wood collection, and Cannabis plantations (Sanjurjo 

and Gauto 1996; Nagel 1999; Cartes 2003; Quintana and Morse 2005; Huang et al. 

2009).  Finally, there are few governmental resources available to ensure long-term 

protection of Paraguay’s fauna, flora and landscapes, and it has been suggested that high 

levels of corruption and bureaucracy in the government have curtailed any real progress.  

For more detailed accounts see Cartes (2003) and Quintana and Morse (2005). The 

current distribution of inhabitants and current state of events in eastern Paraguay has 

clearly left its mark on the Paraguayan landscape.  The current configuration of forest 

remnants is a consequence of a complex web of events and human circumstance.  

Meanwhile, we have yet to understand how it has affected the fauna of the region, 

particularly Paraguay’s non-volant small mammals. 

Mammal research in Paraguay 

 Accurate counts for the number of species of mammals are still unknown on our 

planet.  This is especially the case in Paraguay. Paraguay has had a long history of 

mammalogy since the early exploration of the Americas (Azara 1801, 1802) and no less 

than 5 marsupials (Garner 2005a), 2 armadillos, (Gardner 2005b), 1 felid, 2 canids 

(Wozencraft 2005), 2 primates (Grooves 2005), 2 cervids (Grubbs 2005), 6 chiropteran 

(López-González 2005, Simmons 2005) and 15 rodent species of 4 different families 
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including the families Cricetidae (10), Erethizontidae (1), Ctenomyidae (2) and 

Echimyidae (2) (Musser and Carleton 2005) have their type localities within its borders.  

However, Paraguay is probably among the most poorly known countries in South 

America (Pine 1982; Myers et al. 2002).  Paraguay has not had the subsequent history of 

mammalian work that its neighbors have enjoyed due in part to an assortment of political 

isolation and wars (for a more complete historical account see Myers et al. 2002). 

Historical mammal works have included expeditions, collections and research by F. de 

Azara and J. R. Rengger (Hershkovitz 1987) in the 1800s and William Foster, Moises 

Bertoni, Winkelried Bertoni (1939), J. G Kerr, Hans Krieg and B. Podtiaguin (1944) in 

the early 1900s (Myers et al. 2002).  Due to political reasons, Paraguay was isolated from 

foreigners for most of the mid-1900s and it was not until the early 1970s when 

expeditions led by Phil Myers and Ralph Wetzel stamped a new era of discovery for 

Paraguay.  In the late 1990s, expeditions led by Texas Tech University scaled up the 

efforts to better document the mammalian fauna of the country.  Some faunal groups are 

better known than others, and to date mammal works include those of armadillos (Wetzel 

1980; Frutos and Van Den Bussche 2002) and their endoparasites (Fujita et al. 1995), 

bats (Myers 1977a; Baud 1981, 1989; Myers 1981; Myers et al. 1983; Wilson and 

Gamarra de Fox 1989; Baud and Menu 1993; Myers 1997a; López-González et al 1998, 

2001; Willig et al. 2000; Andelman and Willig 2002; Stevens and Willig 2002, 2004; 

Gorreson and Willig 2004; Lopez-González 2004, 2006;  Gorreson et al. 2005; Graciolli 

et al. 2006; Stevens et al. 2007, 2010; Presley et al. 2009) and their ectoparasites  

(Durette-Desset and Vaucher 1999; Dick 2005, 2007; Dick and Gettinger 2005;  Graciolli 

et al. 2006; Presley 2004, 2005, 2007; Presley and Willig 2008), carnivores (Berrie 1978;  
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Taber 1990; Brooks 1992b; Zuercher and Villalba 2002; Zuercher et al. 2003, 2005) and 

their ectoparasites (Durden et al. 2006), marsupials (de la Sancha et al. 2007; Voss et al. 

2010), peccaries (Wetzel 1977a, 1977b, 1981; Wetzel et al. 1975; Benirshcke et al. 1985, 

1989; Taber 1990; Brooks 1992a; Taber et al. 1993; Handen et al. 1994; Yahnke et al. 

1997; Toone et al. 2003; Sutherland-Smith et al. 2004),  primates (Stallings and 

Mittermeier 1983; Stallings 1985; Stallings et al. 1989; Campos et al. 2004), rodents 

(Myers and Carleton 1981; Myers and Wetzel 1983; Giménez et al. 1997;  D’Elia et al. 

2005, 2008; Campos 2009; Campos-Krauer and Wisely 2009; de la Sancha et al. 2009a), 

rodent ectoparasites (Whitaker and Abrell 1987; Getting and Owen 2000) and zoonotic 

diseases, with special emphasis on hantavirus (Johnson et al. 1997; Yahnke 1999; 

Yahnke et al. 2001; Chu et al. 2003, 2006, 2009; Goodin et al. 2006; Padula et al. 2007; 

Owen et al. 2010), and exotic species (de la Sancha et al. 2009b).  Other more general 

subjects including biogeographic and conservation accounts (Wetzel and Lovett 1974; 

Wetzel et al. 1975; Myers and Wetzel 1979; Myers 1982; Roguin 1986; Gamara de Fox 

and Martin 1990; Hill and Hawkes 1993; Hill et al. 1997; Neris 1998; Yahnke et al. 1998; 

Owen 2000; Esquivel 2001; Myers et al. 2002; Neris et al. 2002; Yahnke 2006; Cartes 

2007; Morales 2007; Rumbos 2010).  Only two of these studies synthesized the 

knowledge of mammalian groups of Paraguay (Myers 1982; Myers et al. 2002).  Bat 

research clearly outweighs all other taxa.  

Of the previously mentioned mammalian studies just a handful have attempted to 

understand the effects of anthropogenic-induced landscape modifications on the 

community ecology of the fauna of the country (Gorreson and Willig 2004; Gorreson et 

al. 2005; Goodin et al. 2006, 2009).  Of these studies, two dealt with bats and two dealt 
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with rodent reservoirs of hantavirus.  Although a great deal of Brazilian studies (see 

following chapters) have addressed in some way or another the effects of deforestation of 

the Atlantic Forest, to date no studies have specifically attempted to study the effects of 

fragmentation on biodiversity of non-volant small mammals in Paraguay.  

Non-volant small mammals are good models for studying fragmentation because 

they have high diversity, show sensitivity to fragmentation, and have limited dispersal 

capabilities (Pires et al. 2002, Pardini 2004; Umetsu et al. 2007, 2008).  Furthermore, the 

Interior Atlantic Forest is among the least-studied portion of the wider Atlantic Forest, 

which expands from northeastern Brazil to eastern Paraguay.  These include some of the 

southernmost and innermost continental forest remnants of this South American forest 

system.  Furthermore, Paraguay’s massive and extensive landscape change is relatively 

recent--in many regions as recent as the 1980s (Fleytas 2008; Huang 2007, 2009)–unlike 

the Brazilian coastal forest that has experienced deforestation since early colonization by 

Europeans (Dean 1996; Oliverira-Filho and Fontes 2000; Pinto and Wey de Brito 2003).  

Therefore, an examination of the non-volant small mammals of this forest system is 

likely to reveal effects of deforestation that are still being manifested and not yet long-

standing, as in other portions of South America. 

This dissertation attempts to address some of the effects that these major 

landscape changes have had on the Atlantic Forest from a Paraguayan perspective.  

Chapter 2 offers a predictive model of the small mammal richness for eastern Paraguay.  

The model attempts to understand the effects of deforestation on the small mammal 

richness for 2008 for all of eastern Paraguay and then attempts to model the effects of 

continued deforestation.  Chapter 3 compares the biodiversity of four major forest 
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reserves in Paraguay to other studies along the Mata Atlantica, whose forest is found no 

further than 300 km from the Brazilian coastline, in order to understand biodiversity at 

multiple spatial scales.  Furthermore it attempts to decompose the different components 

of biodiversity–richness, evenness (dominance), and diversity–in order to understand 

which of these is the most telling about the variation and differences among the Interior 

Atlantic Forests, and the coastal Brazilian Forests.  And finally Chapter 4 attempts to 

understand the effects of latitude and the patterns of metacommunity structure along the 

entire Atlantic Forest from northeastern Brazil to Paraguay.  In doing so it attempts to put 

the Paraguayan forest into context of the overall Atlantic Forest of South America, and it 

attempts to identify pattern directly or indirectly associated to fragmentation.  
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CHAPTER II 

 

A PREDICTIVE MODEL OF NON-VOLANT SMALL MAMMAL ASSEMBLAGES 

IN EASTERN PARAGUAYAN ATLANTIC FOREST REMNANTS 

 

Introduction 

Like many of the forest systems on the planet, the Atlantic Forest of South 

America (AF, hereafter), is experiencing extreme levels of deforestation.  The AF harbors 

a unique assemblage of species, many of which are endemic species, and is thus 

considered one of the major ―hotspots‖ for biodiversity in the world (Mittermeimeir et al. 

1999; Galindo-Leal and de Gusmáo Câmara 2003).  The second-largest moist forest 

system in South America after the Amazon (Oliverira-Filho and Fontes 2000), the AF 

extends as a narrow belt from northeastern Brazil along the coastline to southern Brazil, 

and inland into eastern Paraguay.  Many authors have suggested that the interior Atlantic 

Forest of eastern Paraguay and northern Argentina is in fact a separate system from the 

coastal Atlantic Forest, with a unique set of biogeographic characteristics and endemic 

fauna and flora (Cabrera and Willink 1973; Leitão Filho 1987, 1993; Camara 1990; 

Chebez 1997; Olson and Dinerstien 2002), and thus, it sometimes is known as the Bosque 

Atlántico del Alto Parana, or Mata Paranaense.  Temperature, elevation, humidity and 

latitude are all major variables contributing to the floristic differences between the semi-

deciduous forests of the interior and coastal forests (Oliverira-Filho and Fontes 2000). 

Of its original extent, approximately 12% of the remaining Atlantic Forest is 

found in Paraguay, and approximately 44% remains in the Argentinean state of Misiones, 
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Argentina (Galindo-Leal and Gusmão Câmara 2003; Fleytas 2007).  What is left of the 

AF along the Brazilian coastline is extremely fragmented due to a long history of 

resource extraction (Dean 1996) and human settlement by Europeans over the last 300 

years (Oliveira-Filho and Fontes 2000).  However, it was not until the mid-1970s that the 

Paraguayan landscape began to experience severe and major changes due to 

anthropogenic activities (Fleytas 2007).  Most of eastern Paraguay was intact as recently 

as 1975, but by 2003 only 13.4% of the original Atlantic Forest remained, with 

approximately 1.9 million ha converted to soy production (Fleytas 2007).  A recent 

analysis of deforestation patterns in the Atlantic Forest of Paraguay from 1970-2000 

suggested that percent forest cover was reduced by 30% in 20 years (1970 to 1990) and 

by 2000 it was reduced to only one fourth of its original extension, mostly due to soybean 

cultivation (Huang et al. 2009) 

 Although Paraguay has a long history of mammalogical research which extends 

back to the early colonization by Europeans (Azara 1801, 1802; Rengger 1830), the 

country still remains among the least-studied in South America (Pine 1982; Myers et al. 

2002).  Currently the knowledge of most mammals in Paraguay is limited to preliminary 

data on habitat occupancy and basic distribution patterns (D’Elía et al. 2008).  To 

reiterate this point, recently there have been several additions to the knowledge of the 

Paraguayan fauna including marsupials (de la Sancha et al. 2006), rodents (D’Elia et al. 

2008, Percequillo et al. 2008, de la Sancha et al. 2009a), bats (Lopez-González et al. 

1998, Stevens et al. 2010) and a large, exotic hare (de la Sancha et al. 2009b).  From a 

recent checklist of new Neotropical species described for science from 1992-2002, all 

South American countries had new species descriptions except for Guyana, Bolivia and 
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Paraguay (Patterson 2002).  However since then, new species have been described for 

Guyana and Bolivia (e.g., Voss et al. 2004; Wallace et al. 2006; Salazar-Bravo and Yates 

2007), Paraguay remained without any new species records.  Thus it is safe to assume 

that there is still an unclear picture of the species composition in the interior Atlantic 

Forest of Paraguay as well as a myopic understanding of the abundance patterns of the 

small mammal fauna found within the country’s borders and, as a consequence, very little 

is known about what species are being lost and at what rates.  

With these antecedents, the aim of this study is to address two basic ecological 

questions, with profound conservation implications: 1) What are the consequences of 

deforestation on the patterns of species richness in the extant forest remnants in the 

interior Atlantic Forest of Paraguay?  2) What can we predict will happen in the future 

with continued deforestation?  To address these questions I have developed a predictive 

model based on the relationships among forest remnant area, trapping effort, and species 

richness.  I used published information on the presence data of non-volant small 

mammals throughout the extent of the Atlantic Forest.  These data were further enriched 

by incorporating data from a long-term survey of forest remnants in eastern Paraguay, 

which I conducted between 2006 and 2009.  

One of the few laws of ecology is the species-area relationship (Schoener 1976), 

which has been (and still continues to be) used as a heuristic tool to address questions like 

those posed above (May 1999).  No less than 14 functions have been described to model 

species-area relationships, most of which are linear models (Williams et al. 2009).  

Among the most-used forms of the species-area relationship are Arrhenius’ power model  

S =cAz, where c is the measure of the ‖initial trajectory‖ of the curve of the relationship 
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between species and area, and z, which is the rate of change in that trajectory (slope) with 

increasing area; and the Gleasonian ‖semi-log‖ model S=k1 +k2 Log (Area).  A similar 

positive relationship is known for diversity and trapping effort, meaning that the greater 

trapping effort that larger patches necessitate can confound estimates of species richness 

and thus the nature of the species-area relationship.  Species-area relationship models 

have not previously incorporated different trapping efforts, nor have they been developed 

for non-linear relationships between diversity and habitat area (Lomolino 2001b; Smith 

2010).  

The species-area relationship forms the basis for island biogeographic theory 

(MacArthur and Wilson, 1967), which models how many species should be present 

within a patch (island) of a given size as well as a given distance from a source of 

colonists, with the ocean surrounding the island serving to isolate terrestrial populations.  

In the case of AF deforestation, non-volant small mammals should be nearly as isolated 

within forest remnants embedded within a ―sea‖ of non-forested, open-habitat matrix as 

are non-volant animals on islands within a true sea.  Indeed, island biogeographic theory 

has been applied to examine how deforestation affects Amazonian forest biodiversity 

(Laurence, 2008).  I will adopt a similar approach for the Atlantic Forest, focusing on a 

sensitive subset of overall biodiversity, and will also incorporate a factor (trapping effort) 

that has not been previously incorporated into an examination of how patch size 

determines species diversity.   

 Herein, I develop a predictive model for small mammals in the AF of eastern 

Paraguay, which allows the calculation of the expected number of species as a function of 

both trapping effort and forest remnant area using data from the literature and my 
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Paraguayan field surveys.  From these data, three types of models were created: 1) to 

estimate the overall number of species expected to be found; 2) to estimate the number of 

forest species expected to be found; and 3) to estimate the number of endemic species to 

be found.  These models were applied to land cover shapefiles which approximate the 

area of AF remnants from the year 2008, with variants of trapping efforts.  Then the size 

of the forest remnants was reduced by intervals from 5-75% in order to estimate the 

changes of richness under scenarios of increased deforestation, with each model rerun for 

the reduced area.  

 

Material and Methods 

Basic framework: Non-volant small mammals 

 Non-volant small mammals are good models for landscape ecology questions 

because of their short lifespan, small home ranges (Barrett and Peles 1999), short 

reproductive times and high diversity.  Small mammals are a major component of many 

food chains and are thus major food sources for carnivores, raptors and other predators 

(Day 1966; Jaksic et al. 1982; Jaksic et al. 1989; Ebensperger et al. 1991; Motta-Junior 

and Talamoni 1996; Torres et al. 1997, Motta-Junior and Alho 2000; Torres 2001; 

Pardiñas and Cirignoli 2002; Bonvicino and Bezerra 2003; Teta and Contreras 2003; 

Correa and Roa 2005; Escarlate-Tavares et al. 2005; Granzinolli and Motta-Junior 2006; 

Magrini and Facure 2008). Small mammals are also important seed dispersers (Vieria et 

al. 2003a).  Furthermore, studies conducted in the Brazilian Atlantic Forest suggest that 

non-volant small mammals have limited dispersal abilities into the open-habitat matrix 

that surround forest remnants and thus should be considered sensitive to deforestation 
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(Pires et al. 2002; Pardini 2004; Umetsu and Pardini 2007; Umetsu et al. 2008).  Studies 

have documented that several species of Atlantic Forest marsupials and rodents do 

venture into the matrix surrounding forest remnants (Pires et al. 2002; Pardini 2004; 

Umetsu et al. 2007).  However, there is no evidence to support that forest species 

establish residency in the open- habitat matrix.  Therefore, we will use island 

biogeographic theory (to examine the potential effects of AF deforestation on non-volant 

forest mammals in forest remnants embedded within a matrix of open habitat (i.e., 

soybean plantations and/or cattle pastures).  

Brazilian dataset  

Data from 19 studies (Table 2.1) dealing with fragmentation and non-volant small 

mammal species conducted in Brazil from 1987 to early 2010 were used for the 

construction of a Brazilian model.  The following data were obtained from each study: 

geographic information (latitude and longitude in decimal degrees), elevation (m), size of 

the forest fragment (ha), and trapping effort (in trap nights).  Each study was represented 

by a matrix of species’ presence/absence.  Each forest fragment was assigned an 

individual identification number (1-61) and mapped using Arc GIS version 9.1 (Fig. 2.1).  

Data on the forest fragment size, trapping effort and number of species reported for each 

study are presented in Table 2.2.  

Species identification 

Specimen identifications as presented in the original reports were assumed to be 

correct, even in the case of mark recapture data, where no voucher specimens were saved; 

however, some nomenclatural changes were necessary to accommodate recent systematic 

research (e.g., Musser and Carleton 2005; Weksler and Bonvicino 2005; Weksler et al. 
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2006; Bonvicino et al. 2008).  In some studies several taxa were only documented to 

generic level (for example, Akodon sp.); in these cases, each was assumed to represent a 

different, undetermined taxon; species were then consecutively numbered (i.e., Akodon 

sp. 1, Akodon sp. 2).   

Trapping effort 

  Trapping effort for each of the studies was documented and in some cases 

calculated based on the protocols published.  In such cases, trap nights were calculated 

based the number of traps used multiplied by number of nights regardless of the type trap 

(i.e., pitfall, snap trap, Sherman, Tomahawk). 

Species predictor models 

 Two linear regressions were run in PAleontological STatistics (PAST) Version 

1.96 (Hammer et al. 2001), one between patch size and number of species and a second 

between trapping effort and number of species.  A 3D plot with the forest fragment size 

and trapping effort as independent variables and number of species as the dependent 

variable was graphed with STATISTICA v 9 (Hill and Lewicki, 2007).  

Paraguayan remnants 

 A shapefile for Paraguayan forest remnants (Fig. 2.2) (created by Oscar Rodas, 

Guyra, Paraguay), which highlights the four reserves sampled by this study, was used to 

identify forest remnants in eastern Paraguay as estimated from 2008 satellite imagery.  

This shapefile was then used to estimate the area of each of the forest remnants of eastern 

Paraguay.  

Paraguayan data/models 
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The Brazilian models were modified using field data based on 2 years of trapping 

efforts conducted in four major forest reserves in Paraguay:  1) Mbaracayú Natural Forest 

Reserve (Mbaracayú Natural Forest Reserve (Reserva Natural del Bosque de Mbaracayú, 

MB); San Rafael Managed Resource Reserve (Reserva de Recursos Manejados San 

Rafael, SR); Morombí Natural Private Reserve (Reserva Natural Privada Morombí, MO); 

Limoy Biological Reserve (Reserva Biologica Limoy, LY).  Ten grids consisting of four 

lines, with 24 stations each, including two Sherman live traps and two snap traps (one on 

the floor and one approximately one meter above ground), per grid were used to sample 

each remnant.  Each grid was sampled for eight consecutive nights, for a total of 

approximately 30,720 trap nights per reserve.  Each grid also had a pitfall line along the 

center of each grid with consisted of 11 5-gallon buckets, each separated by  ten meters 

with a drift fence, for an additional 880 pitfall trap nights per grid, and a grand total of 

31,600 net trap nights.  

A logistical error was identified at Morombí, where two grids were sampled on a 

smaller forest remnant that was disjointed from the patches surveyed for the other eight 

grids.  To correct this error, Morombí was divided into two remnants with the respective 

trapping efforts (see Table 2.2 for details).  Since these predictive models are bi-variable, 

these were easily incorporated.  

Paraguayan data for patch size, trapping effort and number of species data for 

these four reserves were included to the Brazilian model and new linear and quadratic 

models were created using STATISTICA, which produced bi-variable functions to 

estimate number of species (z) based on the dependent variables patch area (x) and a 
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number of trap nights (y).  An improvement-of-fit test comparing any quadratic model 

output relative to a linear model was conducted using the statistical software Matlab. 

Using 3D functions, the numbers of species were calculated for each forest 

remnant of eastern Paraguay (x) using a varying number of trap nights (y): 1,000; 10,000; 

20,000 and 31,600 trap nights for each forest remnant.  For 2008 there was a major gap in 

fragment size from 20,000 to 70,000 ha; therefore, simulated remnants of 30,000, 40,000, 

50,000, and 60,000 ha were included for comparative purposes.  Each of the forest 

remnant areas for eastern Paraguay from 2008 were then reduced by 5%, 10%, 15%, 

20%, 25%, 30%, 40%, 50% and 75%, and then the expected number of species was 

recalculated for each variant of  area and trapping effort.  Linear and non-linear models 

were then used for all the forest remnants as identified from the shapefile for forest 

remnants from Paraguay for 2008.  Because a total of 46,437 remnants ranging in size < 

0.1 ha to 95,758 ha were identified, biplots for area vs. expected number of species were 

created for remnants ranging from 0-96,000 ha.  Since the predicative models are 

bivariate functions, separate biplots were developed for varying trap nights at 1,000; 

10,000; 20,000; and 31,600 for both the linear and quadratic Paraguayan models.  A 

multivariate analysis of variance (MANOVA) was conducted on the matrices composed 

of the entire area reduction interval for each different trapping effort to test if trap effort 

significantly changed the numbers of expected number of species per area.  The trapping 

effort was 31,600 trap nights, a sizeable number that should provide a good comparison 

for the trapping results and a good basis for comparison along the fragment size 

spectrum. 

Endemics and non-forest species 
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In addition to the analyses described above, two subsets of the data were also 

examined: 1) a matrix excluding all non-forest species (i.e., grassland, exotic and/or other 

invasive species); and 2) a matrix excluding all non-forest species and matrix-tolerant 

forest species based on the literature (Pires et al. 2002; Pardini 2004; Umetsu et al. 2007).  

The purpose of this was to compare the response differences among all species, forest-

only species and endemic species.  Hereafter, forest species are defined simply as those 

species that have not been documented to be matrix-tolerant Atlantic Forest species.  The 

entire process of creating 3D models and plotting by reduced areas was then duplicated 

for each subset.  Finally, a MANOVA was conducted on these subsets. For these subsets, 

20,000 trap nights were used to examine any differences between the expected numbers 

of species per remnants for all the species in the forest remnants, forest-only species and 

endemic species.   

Principal Components Analysis (PCA) 

PCA is valuable tool for understanding relationships between variables because it 

can do two things for a site by variable (expected number of species) data matrix: 1) it 

can determine the eigenvector that best describes that matrix (i.e., which variable or 

combination of variables best describes the overall data matrix); and 2) what variable(s) 

represent the most variability within the matrix (i.e., which variable(s) are driving the 

patterns).  By plotting data along these principal component axes (termed PC1 and PC2), 

one can also see the how each of the variables is related to the others, and how variable 

they are relative to each other.  In this case, the data matrix was made up of the 

independent remnants ranging from < 0.1 ha to ~95,000 ha as rows, and each of the 

expected number of species calculated from the function with the varying area and 
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trapping effort combinations from the area at 2008, and the consecutively reduced areas 

to 75%.  PCA thus allowed me to understand the patterns of variation in the expected 

number of species as the remnants were reduced in size, simulating deforestation.  The 

expected number of species for the 46,437 remnants from eastern Paraguay for each area 

and trapping combination, along with the associated reduced areas, were incorporated 

into the PCA analysis.  This was done in order to understand which of the variables best 

described the variation in the number of species predicted for eastern Paraguay.  For ease 

of analysis, remnants were categorized into groups based on their size (in ha) rather than 

examined as continuous variables: < 0.1-500; 501-999; 1000-4999; 5000-10,999; and 

11,000-20,999; 30,000-69,999; and ≥ 70,000.  Analyses were performed using a 

correlation matrix in Matlab v. 6.5.   

 

Results 

Brazilian models 

 Initial regression for the Brazilian model for patch size vs. number of species 

showed a positive association, but with low explanatory power (R2 = 0.1402; Fig. 2.3), 

although trapping effort showed a reasonable linear relationship (R2 = 0.3224; Fig. 2.3).  

These relationships were then corrected with the Paraguayan data set for the area vs. 

number of species (R2 = 0.1437; Fig. 2.3) and trapping effort and number of species (R2 = 

0.2551; Fig. 2.3). 

The 3D plot that relates number of species with forest fragment size and trapping 

effort is presented in Fig. 2.4.  The linear model that explains this relationship is:  

No. spp= 5.9718 +4.965E-5*x + 0.0004*y 
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where No. spp is number of predicted number of species, x is the area (size in ha) 

of the remnant and y is number of trap nights.  Likewise, the non-linear model using the 

same variables produced the following function: 

No. spp= 4.6811+9.872E-5*x+0.0011*y-2.1049E-9*x*x+1.1307E-8*x*y-

3.9053E-8*y*y.   

Paraguay remnants 

In examining the Paraguayan remnants, there was a clear non-linear relationship 

between the size of the forest patch and the number of small mammals in the patch.  The 

sizes associated with each fragment reflect the estimated size from the shapefile: 

Mbaracayú, 95,758 ha; San Rafael, 77,351 ha; Limoy, 16,000 ha; Morombí 1, 17,507 ha; 

and Morombí 2 1,242 ha.  By far the largest forest remnant, Mbaracayú, contained only 

an estimated 12 species.  Although it was the largest forest remnant, Mbaracayú clearly 

has high levels of deforestation and harvesting of trees thoughout its edges.  San Rafael 

was the second-largest forest remnant surveyed in Paraguay and, at 16, had the highest 

number of species.  This alludes to the notion that larger area is not proportional to higher 

richness.  However it is interesting to note that San Rafael has a large ratio of perimeter 

to area when considering its star-like shape.   

Morombí was divided into two forest remnants (MO1 and MO2) because there 

were two separate forest remnants were trapping grids were placed.  MO1 was 

approximately 17,507 ha in size and had a trapping effort of 25,280 trap nights, which 

resulted in 9 species.  MO2, which was only 1,214 ha in size and was trapped for only 

6,320 trap nights, had 10 species represented.  Once again this shows that smaller forest 

remnants, even in the same reserve, harbored higher numbers of small mammals than did 
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their larger counterparts, warranting the use of a non-linear model.  Morombí was 

extremely fragmented since there is continuous harvesting of timber from throughout the 

forest reserve, and where shapefiles show contiguous forests, in reality there are major 

trails and/or roads throughout.  Lastly, Limoy is approximately 16,000 ha and had an 

estimated total of 15 species.  Limoy was the smallest forest remnant but had higher 

richness than did the other remnants.  

It is important to highlight that the largest forest remnant consistently did not 

show the highest number of species, in contradiction to the species-area relationship and 

island biogeographic theory.  Furthermore, there was not a linear relationship in the 

number of species and area, thus warranting the use of non-linear species-area models.  

Paraguayan models 

The Paraguayan data for each forest remnant including area, trapping effort and 

number of species were incorporated into the Brazilian predictive models.  The linear 

model function changed to (Fig. 2.4): 

No. Spp= 6.5764 + 2.0107E-5*x+0.0003*y 

where x is forest remnant area and y is trapping effort.  

Furthermore, the non-linear model seemed to improve particularly on the higher 

end of the patch size spectrum and the higher trapping effort end of the spectrum.  This 

new model function is: 

No. Spp= 4.5721+0.0002*x+0.0011*y-2.2907E-9*x*x*+3.4574E-9*x*y-

3.0167E-8*y*y. 
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The improvement-of-fit test between the Brazilian and Paraguayan models for 

both the linear and non-linear (quadratic) model both showed significant improvement of 

fit with a P < 0.001.  

Species-area relationships  

The basic pattern as seen in all four of the simulations is that the initial 2008 

prediction of species begins with a hump-shaped curve which has a maximum number of 

species in remnants between 50,000 to 60,000 ha.  The smaller forest remnants all had 

progressive numbers of species in a ―staircase‖-like fashion, with increases of species 

continuing until the peak then dropped off, with the most species in the largest forest 

remnant, as would be expected from island biogeography.  The different numbers of 

trapping nights have an effect on the shape and number of species expected for the same 

size forest remnants.   

Effects of trapping effort 

MANOVA showed that differences in predicted numbers of species in forest 

remnants based on trapping efforts were statistically significant (P < 0.01).  Trapping 

effort seems to affect two things, the number of species predicted and the intensity of the 

pattern (Fig. 2.5).  The initial number of expected number of species varied from six to 

16 with different trapping efforts.  Trapping effort also showed a peak for the maximum 

number of species expected to be captured and then began to wane between 20,000 and 

31,600 trap nights.   

If the goal was to maximize the number of expected number of species, then one 

would expect to focus on remnants between ~40,000 ha to ~64,000 ha and with a 

trapping effort of ~20,000 trap nights.  This highlights another valuable attribute for this 
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model in that given an understanding of trap effort success, one can predict the trapping 

effort required for a particular objective as a function of area.  This is an attribute that 

cannot be found in univariable models. 

  With an increase in trapping effort but holding all other things constant, the 

species accumulation curve seems to fluctuate the same way as with remnant size: we see 

an increase in the number of expected species both for the smallest remnants and at the 

peak number of species up to 20,000 trap nights.  At 31,600 trap nights, there is a waning 

on both (Fig. 2.5).  Second, as trapping effort increased, the curve also seemed to migrate 

to the left and show a steeper slope as the curve proceeds towards larger areas.  Finally, 

as the number of trap nights decreased, the overall curvature of the plots becomes less 

acute.   

Area reduction 

When comparing the curves of the expected number of species from the 2008 

remnants to those of the reduced areas, there are four basic trends that hold true for all of 

the trapping effort variants.  The first is that the number of species in the smallest 

remnants does not fluctuate with reduction of area, but rather stays the same even after a 

reduction of 75% area in all the simulations.  Second, the peaks in richness, which 

usually range from ~45,000 ha to ~70,000 ha, shift with the reduction of area to the right 

(representing the size of the largest remnants remaining) and experience a reduction of 

the expected number of species, as would be expected; thus the curve tends to become 

more linear vs. the original hump shape.  Third, the remnants at the end of the curve, 

which would represent the largest forest remnants, experience the largest changes in 

expected number of species and show an increase in expected number of species with 
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area reduction.  Finally, all of the medium-sized remnants experience a continual loss of 

species, usually by one species, between reduction intervals.  

Forest, non-forest, and endemic species 

 The linear relationships between area and number of species, and between 

trapping effort and numbers of species, are shown in Fig. 2.3.  For each of the linear 

models, the power of the regression decreases for both the area vs. number of species and 

the trapping effort vs. number of species.  The variation of the 3-D models for both the 

linear and non-linear models, which represent the matrices including all the species, only 

the forest species and finally the forest endemic species are shown in Fig. 2.6.  

Meanwhile the relationships between area and expected number of species for forest, 

non-forest and forest endemic species for 20,000 trap nights are compared in Fig. 2.7.  

Clearly the number of species expected reduced from all species to the forest and thence 

to the forest endemic species.  Each of these model functions was applied to 46,437 forest 

remnants and with the four trapping efforts as before.  Thus each resulted in matrices of 

different trapping efforts with the corresponding area reductions.  Results of the 

MANOVA from the 20,000 trap nights and 31,600 trap nights comparing the all species, 

forest only and endemics were statistically significantly different (P <  0.01).  For 

comparative purposes the bi-plots for each assemblage model were compared for each 

area reduction interval for 20,000 trap nights (Fig. 2.7).  These bi-plots show that the 

overall pattern holds of all of three species groups.  The forest species reached a flat 

plane and then held there for several reduction intervals, whereas the other groups 

seemed to fluctuate very rapidly from non-linear to linear.  

Principal Components Analysis  
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For the Principal Components Analysis (PCA), only the expected number of 

species for the reduction intervals for 31,600 trap nights were used since this was 

comparable to the trapping effort in Paraguay.  Although there were significant (P < 0.05) 

differences between the expected numbers of species and the trapping efforts simulated, 

the overall pattern held for all combinations of trapping effort, remnant size and species 

type (all, forest or endemic).  The PCA compiled the 10 different area reduction intervals 

for the expected number of species for 31,600 trap nights for all forest remnants of 

eastern Paraguay to two major axes (Fig. 2.8).  Herein every eigenvector represents the 

number of expected number of species per remnant when the original 2008 area of each 

remnant was reduced by that identified percentage (i.e., 5% represents all the expected 

number of species for all the sites when the 2008 areas were reduced by 5%).  

Eigenvalues for the first two principal components accounted for 97.1% of the total 

variation, with PC1 accounting for 94.5% and PC2 accounting for 2.6%, respectively.  

All the variables were significantly correlated (P < 0.05) with PC1 except for area 

reduced by 75%.  All variables were positively correlated with PC1.  Thus, PC1 appears 

to capture the variation of expected number of species with change in fragment size.  PC2 

was most correlated with reduction intervals 75% and 50%.  This principal component 

was only positively correlated with those intervals of greater forest reductions than 30% 

and was negatively correlated with those remnants with less forest reduction than 30%.  

Thus PC2 appears to capture the variation in the change of expected number of species in 

the larger forest remnants with high levels of habitat loss.  This variation becomes 

evident by comparing the area vs. expected number of species bi-plot (Fig. 2.5).  For 

2008 in all the initial bi-plot, the largest forest remnants have fewer expected number of 
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species than the peak of the hump.  The 30% margin is where one can see the change in 

the expected number of species on larger forest remnants, marking the point where the 

number of expected number of species surpasses that peak of the distribution of the 

expected number of species curve (with the curve becoming linear instead of non-linear).  

Therefore PC2 captures that change in expected number of species, but moreover also 

captures the fluctuation from non-linear to linear relationships.     

 

Discussion 

Island biogeography  

The basic premise of the model developed herein rests on the assumption that 

species-area relationships are informative in regards to the small mammal communities 

and forest fragments in the Atlantic Forest of eastern Paraguay and Brazil; clearly, the 

results presented here indicate that larger forest remnants do not have higher number of 

species than do smaller ones, and moreover, that this species-area relationship is non-

linear.   

Consequently, island biogeographic theory does not appear to hold in eastern 

Paraguay.  It seems that more fragmented systems have more species as compared to less 

fragmented forests, which show fewer species (Table 2.2).  When observing a forest 

remnant, edges show increases in numbers of species and individuals (see Chapter 3; 

Stevens and Husband 1998; Pardini 2004).  Therefore it would seem that the numbers of 

species and numbers of individuals will depend on what location within a forest remnant 

one traps, edge or interior (Fig. 2.5).  As a remnant’s percentage of edge increases, its 

edge effect will increase.  Therefore, the numbers of both species and individuals in that 
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edge will fluctuate.  In this study, therefore, intermediate size forest remnants with the 

most edge resulted in the highest number of species.    

Large-scale patterns 

 As has been calculated using the quadratic models, the forest remnants between 

40,000 ha to 70,000 ha are the areas with the highest estimated numbers of species.  The 

relationships observed (Fig. 2.5) in trapping effort clearly change the number of species 

expected to be found in each of the remnants.  Surprisingly, the 31,600 trap night 

simulation showed lower numbers of species than did the 20,000 trap night simulation.  

Clearly this is a reaction of the quadratic function utilized.   

Species loss and area reduction 

One would expect that in all remnants there should be a proportional reduction in 

number of species with a proportional reduction of area. However, both the linear and 

quadratic models failed to reveal a constant reduction of species proportional to the 

reduction of area.  Based on island biogeographic theory, one would expect major 

extinctions in the smallest forest remnants.  However, my models show a very different 

situation.  Both the linear and quadratic models for the smallest forest remnants did not 

experience a change in richness, which instead varied in size depending on trapping 

effort.  This was the same situation with the initial matrix which had all the species 

included, the forest-only species matrix and the endemics only matrix.   

 One of the tenets of island biogeographic theory is that although the number of 

species colonizing an island following a disturbance may reach their pre-disturbance 

levels (Simberloff and Wilson 1969a; 1969b), the species composition of those two 

communities may differ.  Such may be the case for the non-volant small mammals within 
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Atlantic Forest remnant patches in Paraguay and Brazil.  Furthermore, it is also important 

to highlight that these patterns may be different for volant small mammals such as bats.  

In examining the bats from Mbaracayú (Stevens et al. 2004), for example, both the 

number of species and abundances of individuals were several orders of magnitude 

higher than for the rodent and marsupial assemblages.   

 Ultimately, the finite regional species pool limits the number of species that can 

be found in a remnant, regardless of its size or of trapping effort.  Limited regional 

diversity (e.g., via extinction or dispersal restrictions) will dictate diversity within forest 

fragments.   

Models and reality 

A main question to ask at this point is, do these statistical models make biological 

sense?  The answer is yes.  It is important to remember that any survey conducted in 

these forests is only a subset of the potential entire ―real‖ number of species (i.e., the 

regional species pool).  It would make sense that the more one traps in a given area, the 

more likely that one would encounter more species.  As seen in Fig. 2.5, using a trapping 

effort of 1,000 trap nights, one would expect to find about three species in the largest 

forest remnants.  This does not mean, however, that there are only three species in 

fragments of that size.  It simply says that given the relationship of trapping efforts and 

area, one would expect to catch three non-volant species.  Given my trapping experience 

in the Atlantic Forest in Paraguay, it does not seem unreasonable that in the interior of 

large forest remnants, with 200 traps open for five nights, the number of captured species 

would be about three.  On several of our expeditions when we trapped in the interior of 

primary forest in remote localities, the capture rates were repeatedly very low.  While 
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trapping in smaller forest remnants with grids closer to the edge, we consistently found 

higher numbers of individuals and species.  As seen in the models, as one increases 

sampling efforts, the number of species expected to occur in any forest remnant also 

increases.  Only after a considerable increase in trapping effort (e.g., 20,000 trap nights) 

does it seems that one finds the peak expected number of species.  Thus, my model 

results appear realistic and logical from a field perspective, at least in eastern Paraguay. 

Figure 2.9 provides a way to explain why in some situations larger forest 

remnants might have fewer species than smaller ones.  One of the key questions to ask is 

how do some remnants gain species as area decreases?  The answer lies in the nature of 

fragmentation itself.  Forest remnants should be more homogenous if they are from 

within the forest interior than compared to its edges.  This is because the center of a large 

forest patch is more similar in microclimate, structure and even in plant composition to a 

contiguous, unfragmented forest than the patch is to its own edges.  Furthermore, given 

the high levels of sunlight at patch edges relative to patch interiors, there is more 

photosynthetic activity and thus more seedlings and young leaves on all plants.  At the 

same time these plants are trying to deposit more seeds and take advantage of the amount 

of sun.  This in turn provides a large food basis of seeds and insects, providing large food 

bases for rodents and marsupials (Pardini 2004).  Indeed, it has been shown that the 

interiors of forest patches have lower abundances and numbers of mammal species than 

do their relatively more attractive edges (see Chapter 3; Stevens and Husband 1998; 

Pardini 2004).   
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   The question still remains, why would a 95,000 ha patch have fewer species than 

would a smaller forest remnant?  There are at least three possible mechanisms to explain 

this.   

1. Trapping in large forest remnants has logistical biases.  Perhaps finding 

individuals in large forest remnants is simply more difficult because of the greater 

potential for dispersal of individuals in a large area (as opposed to restrictions to 

movement within a smaller area).  Thus, the chances of finding fewer numbers of 

individuals (or even the same number of individuals) in larger vs. smaller areas are just 

higher.   

2.  Following the idea demonstrated in Fig. 2.9, for any forest remnant, there are 

diversity rings or rings of suitability, which extend from the interior of a patch remnant 

towards its edge, representing an edge effect.  With each ring there are specific species 

that are mainly associated with that zone.  Assuming that these rings are based on 

distance to patch edge, larger forest remnants would have lower edge effects.  The 

presence of such edge effects diminishes the overall homogeneity found within forest 

interiors.  By homogenous I refer to structural niches, where a mouse needs a forest of a 

certain height or structure independent of the types of tree.  Thus if one were to trap 

within the interior of remnants, more interior species would be captured.  As forest 

remnants are reduced in area, one would trap in more of these different rings and in turn 

capture higher number of species (because of encountering edge species).  These new 

species could be species which were there before fragmentation but only in low 

abundances.  As their particular ring expands, these species increase in abundance.  

Additionally as edge increases then invasive and exotic species may influx into the 
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remnants.  Thus, encountering more species is a construct of the trapping itself.  As one 

traps, even with the same trapping effort within a smaller forest remnant, one is tapping 

in more of these other rings, which consequently results in higher species richness.  Thus 

this explanation outlines a pattern of natural transition for any forest remnant from the 

edge to the interior. 

3. Due to anthropogenic disturbances, some remnants might experience more 

disturbances beyond the edge effect, i.e., selective extraction of trees.  These then add 

additional disturbances.  A similar but slightly different explanation is the ―intermediate 

disturbance hypothesis.‖  As described by several authors (Horn 1975; Grime 1973a, 

1973b, 1979; Connell 1978; Wilkinson 1999) this hypothesis explains how a habitat 

experiencing intermediate levels of disturbance can have more species than would a 

completely undisturbed habitat or a completely disturbed habitat due to competitive 

advantages of the species at each extreme of the disturbance continuum.  Therefore, 

remnants experiencing additional disturbances should have more species than would 

another remnant of the same size but with fewer disturbances.  Size being equal, more 

fragmented remnants will have more species than will those with less fragmentation. 

At some point it would seem that the forest remnants would become so small that 

the entire remnant is only influenced by edge and thus species numbers would no longer 

fluctuate with increased habitat loss.  However, as mentioned before, it is very important 

to keep in mind that the same number of species does not mean the same types of species: 

there is probably some sort of species turnover that qualitatively cannot be identified by 

these models.  It is also noteworthy to point out that the increase in richness might be 
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attributed to invasive species (i.e., grassland or other matrix species) or exotic species 

(i.e., Rattus spp. or Mus spp.), depending on the configuration of remnants.   

Current and future deforestation consequences 

 1.  What are the consequences of current deforestation on richness of species on 

the remaining forest remnants?  

 With these models we can begin to hypothesize how deforestation up to 2008 has 

affected the richness of Paraguay’s Atlantic Forest.  The 20,000 and 31,600 trap night 

models suggest that the highest numbers of species should be found in forest remnants 

ranging from 40,000 to 60,000 ha.  However, in the 2008 forest remnant shapefile for 

eastern Paraguay, there were no forest remnants of that size, and there was a gap between 

20,000 to ~70,000 ha.  In 2008, the highest expected number of species was found in 

forest remnants of ~70,000 ha (21 and 20 species for 21,000 and 31,600 trap nights, 

respectively).  Including the simulated 30,000 ha to 60,000 ha forest remnants allows the 

filling of the gap and for one to understand the ways that the model functions at a full 

scale.  

2. What will happen in the future to the richness of these forest remnants if they are 

further reduced? 

As forest remnants are reduced in size, my results indicate that they will actually 

see an increase in the number of species, at least for those remnants of initial size 

between ~72,000 ha and 95,000 ha.  In the 31,000 trap night model, only the 95,000 ha 

remnant showed an increase of expected number of species.  Once the forest remnants are 

reduced beyond ~45,000 ha one does begin to see the expected relationships predicted by 
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island biogeography.  In the simulations after reduction of area by 75%, the largest 

(45,000 ha) remnants show the largest expected number of species.   

If these predictive models are indicative of what might happen if the forest 

remnants of eastern Paraguay are further reduced in size, we can see that the smallest 

forest remnants, although they have the lowest initial values, will not fluctuate much.  It 

is the middle-sized forest remnants, between about 10,000 ha to about 40,000 ha, that will 

see considerable drops in numbers of species. 

 In many ways these models are idealized, and it is highly unlikely that reduction 

of forests remnants will be constant.  Certainly some areas of Paraguay experience more 

deforestation and pressures differently.  With the initial function one should be able to 

predict an expected number of species that could be applied to any circumstance of 

reduction of the forest remnant.  

Species-area relationships 

 Island biogeographic theory was created for oceanic islands.  Its application to 

fragmented systems has a logical and intuitive appeal when it comes to people 

understanding the importance of habitat size and connectivity vs. isolation (Laurence 

2007).  In a fragmented landscape, all species do not behave or react the same way to 

area reduction or edge increase (Laurence 2007).  Whereas an assortment of variants for 

linear, power and exponential relationships between number of species and area have 

been proposed (Williams et al. 2009), they all assume a relationship of continual increase 

with area.  Herein I would argue that this relationship does hold, but rather that it is scale- 

and even taxon-dependent.  As seen in the original linear regression model for area vs. 

the number of observed forest only and endemic species (Fig. 2.3), one would expect an 
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increase in the associations compared to all species if island biogeography applied to 

these groups. However, there was a decrease in that association, indicative of a non-linear 

species-area relationship.  Clearly a 100 ha grid can contain more species than can a 5 ha 

site, but the models proposed here show that when comparing 70,000 ha, 95,000 ha and 

larger remnants, these area-species relationships seem to break down.  Even in the case of 

Paraguay, medium-sized remnants seemed to have comparable or even more species than 

larger forest remnants, and this may just be a consequence of a lag or lack of ‖relaxation‖ 

in species diversity (Brooks 1999; Gonzalez 2000), i.e., ―extinction debt‖ (Tilman 1994).  

Geographic implications in Paraguay 

When the forest remnant sizes are separated into the groups utilized by the PCA and 

highlighted on a map, we can detect a few emergent patterns.  In Fig. 2.10 all the patch 

size groupings are highlighted in gray over all the forest remnants from 2008 (green).  As 

would be expected in a highly fragmented landscape, there are more of the smaller forest 

remnants.  Large forest remnants become rarer and fewer as they get larger (i.e., as small 

patches ―coalesce‖ into larger remnants).  The smaller forest remnants including those of 

< 499 ha are the greatest in number, can be found thoughout eastern Paraguay and are 

found in all the departments east of the Rio Paraguay.  These are the forest remnants 

where in all of the expected number of species simulations, there was no change in the 

expected richness from the area of 2008 to a reduction of 75%.  Remnants from 500-999 

ha are much fewer, and by looking comparatively with those of 1000-4999 ha, do not 

seem to differ substantially in number.  Remnants up to about 5,000 ha in size did not 

change in expected number of species with trapping efforts up to 10,000 trap nights, and 

at least one species was lost with trapping efforts higher than 21,000 trap nights.  For 
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forest remnants between ~11,000 ha to ~20,999 ha there is a loss of 2, 3, 2 and 3 species 

for 1,000, 10,000, 20,000 and 31,600 trap nights, respectively.  This is the origination of 

the serpent-like PCA analysis pattern.  Smith (2010) highlights that species increases 

show non-power behavior and that there are changes in slopes with changes in scale.  The 

PCA and the bi-plots seem to capture a ―phasic‖ or sigmoidal pattern, consisting of rapid 

rises of expected number of species, followed by a plateau, then another quick rise and so 

on as suggested by Smith (2010) with log-log models.  This effect, as the PCA suggests 

with PC1, is a construct of the variation on the area of forest remnants within the 

landscape.  

Significance to conservation  

 It is clear that one of the key goals of any conservation effort is to protect and 

conserve endangered or threatened species on our planet.  As more taxa are being studied 

and we understand more about their ecology, one should consider ecosystem welfare.  

My models indicate that in the largest forest remnants, there would be increases in 

richness if the remnants were fragmented.  Thus one could argue that for biodiversity it is 

best to keep clear-cutting forest.  However, it is important to think about what species are 

most abundant in primary forests.   When comparing the predicted numbers of all species 

to the numbers of forest species to the numbers of endemics across the Paraguayan forest 

fragments, one can see a gradual reduction in species.  It should be highlighted that given 

these relationships and the non-linear pattern, the model becomes inflated and distorted at 

the extremes.  For example, the expected number of endemics is higher than the expected 

number of forest species at 1000 trap nights for 95,000 ha.  Moreover, a key distinction 

lies in which species are captured.  Highly fragmented forests tend to have what are 
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typically considered grassland species, like Calomys spp and/or Necromys lasiurus.  

Certainly any time that Rattus spp. or Mus musculus in any Neotropical habitat, this is a 

sign of human intervention.  Therefore, number of species alone is not an indicator of 

healthy ecosystems. 

 This work is important because it allows for a null model that can be tested with 

empirical data throughout the forest remnants of Paraguay.  This model is limited to 

richness and clearly only focuses on one component of biodiversity.  Species-area 

relationships are among the most constant relationships for many systems.  However, it is 

noteworthy to point out that for non-volant species, species-area relationships are not a 

predictor for abundance, but rather distance from edge (Chapter 3).  

  Comparing the lower trapping efforts (1000 trap nights) to the largest trapping 

efforts (31,000 trap nights), one can see the consequences of rapid biodiversity 

assessments.  According to this analysis, in a rapid analysis, the larger forest remnants 

would show lower numbers of species, which would increase with larger trapping efforts.  

This suggests that, for scientific accuracy, larger forest remnants require larger trapping 

efforts whereas small forest remnants would typically capture about the same number of 

species with increased sampling. With this knowledge it would seem that rapid 

assessments would benefit from adjusted the time of trapping efforts according to area 

being evaluated to maximize the accuracy of the list formulated.   

 The most important point to make is that in this system, more area is not 

congruent with more species.  From a conservation perspective, more species are not 

necessarily indicative of a more pristine or important habitat.  Therefore, the paradigm of 

conserving more species would be better applied to conserving areas with the highest 
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number of endemic species.  However, this can only be learned from understanding more 

about the basic natural history and ecology of more endemic species in Paraguay.  
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Table 2.1: Listed on this table are the sites and locality information for each of the remnants used for this study. 

Latitude  Longtitude Locality State/Department SiteID Citation Year 

-13.525 -39.035 Faz. Subaúma W1, Cairu Bahia 1 Moura 2003 

-13.579 -39.707 
Estaço Ecológica Nova Esperança W3, 
Wenceslau Guimarães Bahia 2 Moura 2003 

-13.701 -39.233 Faz. São João W2, Nilo Peçanha Bahia 3 Moura 2003 
-13.865 -39.673 Faz, São Roque M3, Itarnari Bahia 4 Moura 2003 
-13.953 -39.451 Faz. Pedra Formosa M2, Ibirapitanga Bahia 5 Moura 2003 

-14.018 -39.143 
Projeto de assentamento Zumbi dos 
Palmares M1, Camamu Bahia 6 Moura 2003 

-14.344 -39.087 Faz. Rio Capitão CO1, Itacaré Bahia 7 Moura 2003 
-14.424 -39.060 Faz. Caititu CO, Uruçuca Bahia 8 Moura 2003 
-15.155 -39.527 RPPN Serra do Teimoso E3, Jussari Bahia 9 Moura 2003 
-15.166 -39.060 RPPN EcoParquede Una E1, Una Bahia 10 Moura 2003 
-15.167 -39.050 Una Biological Reserve Bahia 11 Pardini 2004 
-15.167 -39.050 Una Biological Reserve Bahia 12 Pardini 2004 
-15.172 -39.061 Reserva Biológica de Una RBU1, Una Bahia 13 Moura 2003 
-15.197 -39.391 Faz. Orion-Serra das Lontras E2, Arataca Bahia 14 Moura 2003 
-15.620 -39.161 Faz. Monte Cristo C1, Canavieiras Bahia 15 Moura 2003 
-15.927 -39.636 Faz. Palmeiras C3, Itapebi Bahia 16 Moura 2003 
-15.967 -47.950 Fazenda Agua Limpa Brasilia, Distrito Federal 17 Nitikman and Mares 1987 
-15.974 -39.374 Faz. Taquara C2, Belmonte Bahia 18 Moura 2003 

-16.286 -39.424 
Mata da Cara Brancs-Veracel Celulose P2, 
Santa Cruz de Cabrália Bahia 19 Moura 2003 

-16.324 -39.121 RPPN Esatção Veracruz P1, Porto Seguro Bahia 20 Moura 2003 

-16.512 -39.304 
Parque Nacional do Pau Brasil PNPB, 
Porto Seguro  Bahia 21 Moura 2003 

-16.599 -39.914 Faz. Vista Bela P3, Guaratinga Bahia 22 Moura 2003 

-17.107 -39.340 
Parque Nacional do Descobrimento D1, 
Prado Bahia 23 Moura 2003 
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-17.169 -39.842 Faz. Princessa do Pajaú D3, Itamaraju Bahia 24 Moura 2003 
-17.292 -39.673 Faz.Alcoprado D2, Teixeira de Freitas  Bahia 25 Moura 2003 
-19.397 -42.301 Fazenda Montes Claros  Minas Gerais 26 Fonseca and Kierulff 1989 
-19.633 -42.550 Rio Doce State Park Minas Gerais 27 Fonseca and Kierulff 1989 
-19.633 -42.550 Rio Doce State Forestry Park Minas Gerais 28 Stallings 1989 
-19.800 -42.633 Parque Estadual do Rio Doce Minas Gerais 29 Grelle 2003 
-19.805 -42.642 Fazenda Esmeralda, Rio Casca Minas Gerais 30 Fonseca and Kierulff 1989 
-19.950 -40.533 Estação Biológica de Santa Lúcia Espírito Santo 31 Passamani et al. 2000 

-19.967 -40.583 Santa Teresa Espírito Santo 32 
Passamani and 

Riberiro 2009 

-20.317 -41.717 Caparaó National Park (PNC) 
Minas Gerais/Espírito 
Santo  33 Bonvicino et al. 2002 

-20.775 -40.592 
Samarco Mineração S.A., Município de 
Anchieta Espírito Santo 34 Passamani et al. 2005 

-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  35 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  36 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  37 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  38 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  39 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  40 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  41 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  42 Pires et al. 2002 
-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  43 Castro and Fernandez 2004 
-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  44 Castro and Fernandez 2004 
-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  45 Castro and Fernandez 2004 
-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  46 Castro and Fernandez 2004 
-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  47 Castro and Fernandez 2004 
-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  48 Castro and Fernandez 2004 
-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  49 Castro and Fernandez 2004 
-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  50 Castro and Fernandez 2004 
-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  51 Castro and Fernandez 2004 
-22.533 -42.867 Cachoeiras de Maccau, Rio de Janeiro  52 Vieira et al. 2009 
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Guapimirim,Itaboraí 

-22.533 -42.867 
Cachoeiras de Maccau, 
Guapimirim,Itaboraí Rio de Janeiro  53 Vieira et al. 2009 

-22.717 -46.917 Pedreira (PD) São Paulo State 54 Bonvicino et al. 2002 
-23.633 -46.883 Morro Grande Reserve São Paulo State 55 Naxara et al. 2009 
-23.767 -47.117 Resera Florestal do Morro Grande, Grilos São Paulo State 56 Pardini and Umetzu 2006 
-23.767 -47.117 Morro Grande Reserve São Paulo State 57 Umetsu and Pardini 2007 
-23.767 -47.117 Caucaia do Alto São Paulo State 58 Umetsu and Pardini 2007 

-24.233 -48.067 
Parque Estadual Intervales (PEI) Saibadela 
Barra Grande São Paulo State 59 Vieira and Monterio 2003 

-24.533 -47.250 Juréia-Itatins Ecological Station São Paulo 60 Bergallo 1994 
-26.067 -48.633 Resera Volta Velha Santa Catarina 61 Quadrosetal. 2000 
-24.149 -55.432 Reserva Biologica Mbaracayú Canindeyú/Caaguazú MB This Study 

 -26.459 -55.758 Reserva San Rafael  Caazapá/Itapua SR This Study 
 -24.816 -54.467 Reserva Limoy, Itaipu Binacional  Alto Parana LY This Study 
 -24.538 -55.351 Reserva Privada Morombí Canindeyú MO1 This Study 
 -24.713 -55.438 Reserva Privada Morombí Canindeyú MO2 This Study 
 



Texas Tech University, Noé U. de la Sancha, December 2010 

68 

 

Table 2.2: The variable information for each of the sites utilized in this study including remnant 
size, trap nights, and number of species are included in this table. Asterisks identify the 
Paraguayan remnants.   

Site ID 

 

Remnant 

Size Trapnights 

Number 

spp 

1 3446 1,000 8 
2 2210 1,000 7 
3 914 1,000 8 
4 2025 1,000 8 
5 1897 1,000 4 
6 7530 1,000 2 
7 89 1,000 3 
8 10224 1,000 3 
9 2228 1,000 3 

10 20128 1,000 5 
11 7022 4,032 9 
12 <100 4,032 9 
13 20128 NA 19 
14 3135 1,000 5 
15 220 1,000 3 
16 3215 1,000 3 
17 4062 12,170 10 
18 2324 1,000 2 
19 230 1,000 4 
20 8090 1,000 1 
21 17629 1,000 5 
22 465 1,000 7 
23 18126 1,000 2 
24 1450 1,000 6 
25 574 1,000 6 
26 860 9,520 11 
27 35973 9,520 12 
28 35973 31,960 14 
29 36000 5,880 11 
30 80 9,520 9 
31 440-800 21,982 24 
32 8 1,950 10 
33 26000 3,231 21 
34 390 3,331 11 
35 7 3,014 9 
36 1 168 4 
37 10 977 6 
38 9 4,551 7 
39 11 1,075 4 
40 12 1,220 7 
41 9 874 7 
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42 15 1,618 9 
43 6300 NA 12 
44 11 NA 11 
45 9 NA 10 
46 13 NA 8 
47 6 NA 8 
48 11 NA 7 
49 9 NA 7 
50 10 NA 6 
51 1 NA 5 
52 12-250 600 16 
53 10000 600 14 
54 NA 1,830 12 
55 860-1075 2,700 18 
56 10700 8,160 21 
57 9400 336 9 
58 50-275 336 7 
59 49000 17,361 21 
60 80000 4,704 8 
61 586 1,920 13 

MB* 95758 31,600 10 
SR* 77351 31,600 16 
LY* 16000 31,600 15 

MO1* 17507 25,280 9 
MO2* 1214 6,320 10 
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Figure 2.1: Identifies all the localities used for these analyses, including all the Brazilian literature 
studies (solid triangles) and the Paraguayan field studies (solid circles). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Displays all the forest 
remnants identified for 2008. In 
dark gray are the Paraguayan 
reserves that were sampled.  
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Figure 2.3: Above are the linear models for remnant size vs number of species (left) and trap 
nights vs. number of species (right) respectively for; A) the Brazilian forest remnant data only, B) 
the Brazilian data corrected with the Paraguayan data, C) the forest only species, and D) the forest 
specialists only. 
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Figure 2.4: Shows the linear and non-linear 3-D models for the Brazilian data (lefts) and the 
Paraguayan data corrected 3-D models on the right. 
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Figure 2.5: Shows the bi-plots for area (of forest remnants) and expected number of species. Each row is divided by trapping effort A) 
1000 trap nights, B) 10,000 trap nights, C) 20,000 trap nights and D) 31,600 trap nights. Each row then follows the progression from the 
areas predicted for 2008, then reduced by 10%, 20%, 30%(top), 40%, 50% and 75% (bottom).  
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Figure 2.6: Shows the linear and non-linear 3-D models for the A) Paraguayan data, B) the forest 
only species data, and C) the forest specialists only.  
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Figure 2.7: Shows the difference in the expected number of all species (A), the forest only species (B), and forest specialists species (C) for 20,000 
trap nights for area reductions of 10%, 20%, 30%, 40%, 50% and 75%.  
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Figure 2.8: Shows the PCA results for PC1 and PC2 and the correlations for all the eigenvectors 
for the estimated number of species for the 31,600 trap nights. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: Shows a diagram to explain the diversity rings and the effect that these might have on 
reduced areas when trapping in forest remnants. Then trapping in large forest remnants the area 
appears to be more homogeneous whereas the smaller ones appear to have greater heterogeneity.  
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Figure 2.10: 
Identifies the 
locations of the 
forest remnants of 
varying sizes in 
eastern Paraguay 
for 2008.   
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CHAPTER III 

AN EVALUATION OF SMALL MAMMAL BIODIVERSITY IN THE ATLANTIC 

FOREST REMNANTS OF SOUTH AMERICA 

 

Introduction 

 The Atlantic Forest of South America is a one of the major ―hotspots‖ for 

biodiversity in the world due to its high number of endemic species (Mittermeimeir et al. 

1999; Olson and Dinerstien 2002; Galindo-Leal and de Gusmáo Câmara 2003).  The 

second-largest moist forest behind the Amazon in South America (Oliverira-Filho and 

Fontes 2000), this rainforest ecosystem is commonly and loosely defined as the forest 

extending from northeastern Brazil down along the Atlantic coastline and then inland into 

eastern Paraguay.  However, there are in fact two forest systems found here.  The coastal 

Atlantic Forest is found up to 300 km inland from the Atlantic coast (Azevedo 1950; 

Oliverira-Filho and Fontes 2000).  The interior Atlantic Forest is found further inland 

beyond 300 km. Many authors have suggested that this interior Atlantic Forest is a 

separate ecosystem from the coastal Atlantic Forest, with its own floristic, 

biogeographical (Cabrera and Willink 1973; Leitão Filho 1987; Câmara 1992; Olson et 

al. 2001) and faunistic characteristics (Chebez 1997).  Also known as the Bosque 

Atlántico del Alto Parana, or Mata Paranaense, the interior Atlantic Forest is the 

beginning of a continuum that extends from semi-deciduous forests bordering the 

Cerrados and Humid Chaco of Paraguay, becoming Araucaria mixed forests along the 

Parana River basin, and eventually forming the coastal Atlantic Forest.  At some points it 

even joins gallery forests of the Amazon in northern Brazil (Oliverira-Filho and Ratter 
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1995).  Variation in temperature, elevation, humidity and latitude are all major variables 

contributing to the differences between the semi-deciduous forests and coastal rain 

forests (Oliverira-Filho and Fontes 2000).  The semi-deciduous forests of the region, 

which are the focus of this dissertation, stretch from western Brazil into eastern Paraguay.  

The Atlantic Forest as a whole has witnessed dramatic habitat alteration since 

European settlement of South America began, and now roughly only 8% of the original 

Atlantic Forest is left on the planet.  Of the remaining forest, 12% is found in Paraguay 

and 44% in Argentina.  The remainder lies along the Brazilian coastline and is extremely 

fragmented due to a long history of resource extraction (Dean 1996) and settlement by 

early Europeans (Oliverira-Filho and Fontes 2000).  However, it was not until the 1940s 

that the Paraguayan landscape began to experience severe and major changes due to 

anthropogenic activities (Fleytas 2007; Huang et al. 2007, 2009), a comparatively recent 

event for the interior Atlantic Forest.  According to Fleytas (2007), most of the eastern 

Paraguayan forest was intact as recently as 1945, but by 2003 just 13.4% of the original 

Atlantic forest remained, with approximately 1.9 million hectares converted to 

agriculture.  A recent study of the deforestation of Paraguay utilizing satellite imagery to 

track landscape changes from 1970-2000 concluded that most of the country’s 

deforestation occurred in the 1970s, decreasing by the 1990s, and further decreasing by 

2000 (Huang et al. 2009).  The authors stressed that even though some forests remain in 

forest reserves, most of the forests around these reserves have been changed to some 

other cover type, chiefly soy cultivation or livestock pasturage (Huang et al. 2009).  

  Even though Paraguay has a long mammalogical history, relatively little is known 

about what mammal species are being lost from deforestation.  Since the early 
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colonization by Europeans (Azara 1801, 1802) until today, Paraguay is among the least-

studied countries in South America (Pine 1982; Myers et al. 2002).  In a recent checklist 

of new Neotropical species described for science from 1992-2002, all South American 

countries recorded new species except Guyana, Bolivia and Paraguay (Patterson 2002).  

More recently, new species records have been added to Paraguay, including two 

marsupial species (de la Sancha et al. 2006), several rodent species (D’Elia et al. 2008; 

Percequillo et al. 2008; de la Sancha et al. 2009a), a new rodent family (D’Elia et al. 

2008), a bat (Stevens et al. 2010) and even an exotic species of hare that had never before 

documented (de la Sancha et al. 2009b).  

In light of high biotic diversity coupled with recent and rapid deforestation, it is 

important to document how fragmentation affects the animals of the Atlantic Forest.  

However, due to the variety of metrics available, evaluating the impacts of fragmentation 

is difficult.  Numerous studies have shown that measures of evenness, richness and 

biodiversity all have varying results and even vary as a function of latitude (Stevens and 

Willig 2002).  The purpose of this study is to compare the small mammal assemblages of 

four forest remnants in Paraguay to those from 22 forest remnants in southeastern Brazil.  

In this paper I employ a multivariate analysis decomposition to describe biodiversity, 

richness and evenness as a function of forest remnant size using diversity indices.  To 

date, no one has evaluated how these parameters of evenness, richness and biodiversity 

fluctuate as a function of remnant size, nor whether there is a difference between the 

Atlantic Forest remnants of Paraguay and Brazil.  Thus this chapter is divided into two 

major sections; the first compares the four reserves in Paraguay where field work was 

conducted for this dissertation, and the second compares the results from Paraguay to 
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several Brazilian studies from the literature.  The idea behind this chapter is to compare 

biodiversity patterns at two different scales: 

1. Assemblages between the four reserves in Paraguay; and 

2. Forest reserves at a regional scale between Paraguay and Brazil. 

For each spatial scale, different metrics were used since in some cases the data available 

and sample sizes varied.  Thus the same comparisons were not possible in all cases.  

However, an effort was made to try to use comparable statistical analyses to discern 

overall relationships. 

 

Methods and Materials 

Study data sets 

 Data for 26 forest remnants (Fig. 3.1) from 13 studies – 12 Brazilian studies plus 

this research in eastern Paraguay (Table 3.1) – were collected, including latitude, 

longitude, locality, forest remnant size, elevation, species collected, abundance of each 

species, elevation and trapping effort.  Only studies that included abundance per species 

(rather than solely presence/absence) were used.  

Paraguayan study sites  

 Data from the Paraguay sites were collected from December 2006-March 2009, 

whereas data from the Brazil sites were obtained from existing literature.  Trapping was 

conducted in four major forest reserves of eastern Paraguay: Mbaracayú Natural Forest 

Reserve (Reserva Natural del Bosque de Mbaracayú, MB); San Rafael Managed 

Resource Reserve (Reserva de Recursos Manejados San Rafael, SR); Morombí Natural 

Private Reserve (Reserva Natural Privada Morombí, MO); and Limoy Biological Reserve 
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(Reserva Biologica Limoy, LY).  These reserves were used because they are among the 

largest remaining forest remnants left in the country, and given the current rate of 

surrounding deforestation it was imperative that these areas be sampled before they were 

further altered.  Each of these reserves differs in configuration and surroundings.  At 

95,758 ha, Mbaracayú is part of a much larger forest, the largest left in Paraguay.  

Morombí is a private reserve and has about 24,000 ha of forest in different stages of 

succession, which surround both cattle pastures and industrial-scale soy plantations.  

Within Morombí, two forest remnants adding up to approximately 18,721 ha were 

sampled.  San Rafael has fluctuated in status from private reserve to national park, to now 

a reserve of ‖sustainably managed‖ resources; the area that was sampled was 

approximately 77,351 ha.  Finally, Limoy is one of a series of small reserves along the 

Parana River that were developed by Itaipu Binational Hydroelectric Company as a 

means for erosion control.  Limoy spans approximately 16,000 ha.  

Trapping effort in Paraguay 

 The trapping effort consisted of ten trapping grids per forest reserve.  Each grid 

had a pitfall trap line at the center of each grid, running south to north, consisting of 11 

five-gallon buckets with a drift fence.  Each trap line was run for eight consecutive 

nights, for a total of 88 trap-nights per grid and a total of 880 trap nights per remnant.  

Paralleling the pitfalls to the east and west were two trap lines with 24 stations each, with 

the lines approximately eight meters apart.  Each station consisted of two Sherman live 

traps (2 x 2.5 x 6.5 inches) and two Victor-style snap traps (one on the ground and one at 

about 1.5 meters in height).  Each grid was set in continuous tall forest with a dense fern 
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understory.  Grids were sampled for a total of 30,720 Sherman and snap trap nights and 

880 bucket trap nights per grid, summing to a total 31,600 trap nights per forest remnant.   

Diversity vs. distance to edge of forest remnants in Paraguay 

 Although it was always intended to sample in the interior of each of the forest 

remnants, on many occasions sampling occurred where logistically possible.  In most 

cases, the trapping grids were set up to avoid remnant edges; however, in some cases the 

forest perimeters were so complex that grids were only a few hundred meters from the 

forest remnant edge.  All of the grids were mapped on the corresponding forest remnant 

using the shapefile for 2008.  Using the ArcGIS v. 9.1 ruler tool, the distance to the 

nearest edge was calculated for each forest remnant.  Regressions for distance to edge vs. 

number of species collected and also distance to edge vs. number of individuals were run 

using the statistical package PAST for each of the grids from Paraguay.  

Rank/abundance plots in Paraguay 

 Species abundances were plotted on linear scales for each remnant in histogram 

form in order to qualitatively compare assemblages for each grid within each Paraguayan 

reserves.  The assemblages were then pooled by reserve to compare each of the four 

reserves; all four resulting pooled assemblages were grouped on the same plot on a linear 

scale.  These data were then used to create rank/abundance plots (Whittaker curves) on 

logarithmic scales in the statistical software program PAST.  These plots allow for the 

comparison of assemblages even when these differ greatly in size (Whittaker 1965).  

These plots aid to contrast patterns of richness easily and allow for the easy comparison 

of relative abundances, especially in assemblages with low sample sizes; moreover, they 

can highlight any differences in evenness among assemblages (Magurran 2004).  
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 Whittaker curves are useful for comparing both abundances and richness between 

species in different ways than abundance plots.  Given that the X-axis represents the 

number of species, one can very easily and quickly determine and compare quantitatively 

which assemblages contain the highest and lowest number of species.  The Y-axis on 

these plots is log-normalized, so one cannot identify numbers of individuals per se but 

one can directly compare the shapes of the curves created.  Steep slopes suggest high 

dominance whereas those that show a gradual slope suggest higher evenness.  At a small 

spatial scale (such as the scale of a single trapping grid), the steepness of curves might be 

artificially inflated because in cases of very small sample sizes, an increase by one or two 

individuals shows a steep increase in the slope.  Furthermore, it is noteworthy to highlight 

that the log transformation of one is zero and does not indicate in any way that there are 

no specimens. Finally, samples comprised of only one individual will show only one 

point.   

Species accumulation curves in Paraguay 

Species accumulation curves capture the number of species recorded during the 

data collection period.  As outlined by Gotelli and Colwell (2001), sampling protocols 

can be either individual-based or sample-based.  Individual-based protocols use 

individuals sampled within a plot as the units of analyses.  Sample-based methods, on the 

other hand, pool all the individuals within a plot as one unit, which is then compared to 

other plots.  

For this study, sample-based accumulation curves were used since they are more 

appropriate for grid sampling vs. individual sampling (Gotelli and Colwell 2001).   In 

doing so, the species accumulation curves and rarefractioning curves (see below) for each 
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remnant can be compared.  Sample-based accumulation curves tend to be jagged, directly 

reflecting the collected individuals and having the total number of individuals or species 

captured as the end of the curve.  Each grid was used as the unit of trapping, so the 

accumulation of new species was plotted as a function of each grid.  Ten grids per reserve 

were pooled for analysis in PAST.  Accumulation of individuals was plotted in the same 

fashion to compare the abundance variations between grids and among remnants.  These 

curves were then compared by rarefraction.  

Rarefractioning curves for Paraguay 

 Rarefraction is a process to normalize samples that differ markedly in size 

(richness or abundance), so that more equitable comparisons can be made between 

assemblages.  Rarefraction curves are created from the mean values of randomly selected 

samples in ―runs‖ according to the number of samples of the original data.  Unlike 

accumulation curves, rarefractioning curves are smoother and continually decrease from 

the expected maximum number of individuals down to the least number of expected 

individuals.  Species accumulation curves are read from left to right as a number of 

individuals accumulate.  In contrast, rarefraction curves are read from right to left as 

―rarefying‖ is increased (Gotelli and Colwell 2001).   

 Rarefraction curves were generated based on several richness estimators, 

including the abundance-based Chao 1 (Chao et al. 2000) and abundance-based Coverage 

Estimator of species richness (ACE) (Chazdon et al. 1998; Chao et al. 2000);  the sample-

based Chao2 mean (Chao 1984, 1987); the incidence-based coverage estimator of species 

richness (ICE; Chazdon et al. 1998; Chao et al. 2000); Jack 1, a first-order Jackknife 

richness estimator (Burnham and Overton 1978, 1979; Heltshe and Forrester 1983; Smith 
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and van Belle 1984); and Jack 2, a second-order Jackknife richness estimator (Burnham 

and Overton 1978, 1979; Smith and van Belle 1984; Palmer 1991).  Finally, Bootstrap, a 

bootstrap richness estimator (Smith and van Belle 1984), was estimated using the 

software package EstimateS (Colwell 2005).  Each of these estimators has unique 

properties, outlined by Magurran (2004), that place different emphases on rare or 

common species.  The seven that I utilized were selected to represent a spectrum of 

emphasis on rare and common species, using abundance or presence/absence data.  

Colwell and Coddington (1994) used the methods of estimating the absolute number of 

species for an assemblage developed by Chao (1984), given different abundances per 

sampling unit and focusing on the number of rare species.  This method was coined 

Chao1 by Colwell and Coddington (1994); following suggestions from Chao they 

modified Chao1 for presence/absence data and called it Chao2. 

The coverage estimators ACE and ICE are based on the idea that abundant or 

widespread species add little to the overall estimation of the number of species found in a 

particular area (Magurran 2004).  Using the principals developed by Chao, Chazdon et al. 

(1998) suggested a formula for an abundance-based coverage estimator (ACE) that 

incorporates the number of rare species (< 10 individuals), abundant species (> 10), total 

number of species and number of singletons.  A presence-absence version of this is also 

available, which is the incidence-based coverage estimator, or ICE (see Chazdon et al. 

1998; Magurran 2004).   

Burnham and Overton (1978, 1979) used a Jackknife estimator for mark-recapture 

data, which later became employed for species richness estimation (Magurran, 2004).  A 

first-order Jackknife estimator (Jack1) was first used and later modified as a second-order 
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Jackknife estimator (Jack2) (Burnham and Overton 1978, 1979; Heltshe and Forrestor 

1983).  Both of these require only incidence data.  Similarly, Smith and van Belle (1984) 

used a bootstrap estimator (termed Bootstrap) based on incidence data as an estimator for 

species richness.   

  All of these estimators were compared and tested to see how they function for 

this data set using EstimateS.  Diversity settings were set at 100 runs and ―randomize 

samples without replacement.‖  Estimators were set at ―use classic formula for Chao1 and 

Chao2‖ and ―coverage estimators‖ set at 10.  Finally, on the other options, ―diversity 

indexes‖ and ―individual run export‖ were checked.   

Similarity Cluster Analysis  

 Similarity cluster analyses were conducted in order to understand the complexity 

of biodiversity at multiple scales.  Cluster analysis is can be used to visualize which 

localities are more similar to each other at multiple scales, given the hierarchical nature 

of the dendograms produced.  First, this was done to quantify the assemblage similarity 

between grids in the forest remnants of Paraguay on a basis of distance to edge.  Second, 

this was performed for the different forest remnants in Paraguay and Brazil to 

understand: 1) Is there is a valid cut-off between Paraguay and Brazil? and 2) What is the 

effect of presence/absence vs. abundance when comparing remnants at a regional scale?  

A similarity analysis was conducted for each grid (i.e., local scale) in each reserve 

in Paraguay.  In this analysis, 40 grids were compared in order to identify which grids 

were more similar as a function of species composition and abundance.  Jaccard, Dice, 

Bray-Curtis and Horn algorithms were used and were compared and contrasted for 

variation, as suggested by Magurran (1998, 2004).  Jaccard and Dice are 
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presence/absence algorithms whereas Bray-Curtis and Horn are both abundance-based 

algorithms; the members of these pairs of algorithms differ in their relative sensitivity to 

sample size.  These algorithms were used to compare patterns among the four Paraguayan 

reserves with pooled species lists from their independent grids, and then utilized to 

compare the Paraguayan remnants to 22 forest remnants from Brazil. 

Diversity Indices 

Nine diversity indices were calculated in PAST for each forest remnant.  These 

diversity indices were used because they are well-established and are relatively easy to 

calculate.  The diversity indices used were Dominance (Simpson 1949), Simpson index 

(Simpson 1949), Shannon index (Shannon 1948), Buzas and Gibson’s evenness (Buzas 

and Gibson 1969), Menhinick’s richness index (Whitaker 1977), Margalef’s richness 

index (Clifford and Stephenson 1975), Shannon Equitability (Pielou 1969, 1975), Log 

Series-Fisher’s alpha (Fisher et al. 1934; Hayek and Buzas 1997; Magurran 2004), and  

Berger-Parker (Berger and Parker 1970).  Richness (number of species) and the pooled 

number of individuals of all species were also calculated.  All of these indices are 

described in (Table 3.2). 

Dominance, a reciprocal of evenness, ranges from 0 (all taxa equally represented) 

to 1 (an assemblage that is completely dominated by one taxon).  Dominance was 

calculated as D=∑ ((ni/n)2) where ni  is the number of individuals of taxon i.  The 

Shannon index is a diversity index that varies from 0 (in assemblages with only a single 

taxon) to an infinite number, with higher values indicative of assemblages with many 

species with few individuals.  This was calculated as H= ∑ ((ni/n) ln(ni/n)).  The Simpson 

index is actually 1-Dominance and is a measure of evenness.  This measure ranges from 0 
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to 1, where those assemblages closest to 1 are most even and those closest to 0 are 

dominated by one taxon.  Buzas and Gibson’s evenness index is calculated as e
H
/S.  

Menhinick’s richness index measures the ratio of number of taxa to the square root of the 

sample size.  Margalef’s richness index is calculated as (S-1)/ln (n), where S is the 

number of taxa and n is the number of individuals. Equitability is an evenness index that 

is calculated by dividing Shannon diversity by the logarithm of the number of taxa.  

Fisher’s alpha () is a diversity index that is calculated from S= *ln(1+n/), where S 

is the number of taxa and n is the number of individuals.  Finally, the Berger-Parker 

dominance index is the number of individuals in the dominant taxon relative to n (number 

of individuals).  

Principal Components Analysis (PCA) 

One of the primary problems with diversity indices is that they are ratios.  While 

for descriptive comparisons this may suffice, statistical significance testing, such as a t-

test, can contain considerable additive error.  Using a multivariate approach, each of the 

components can be decomposed and statistical comparisons thereby made.  A modified 

approach to Stevens and Willig (2002) was used for this analysis.  Each diversity value 

was used as a descriptive variable of biodiversity for a Principal Components Analysis 

(PCA) for each of the different forest remnants.  Since the units for each of these indices 

differ, a covariance matrix was used, as these are unit-less associations.  PCA is valuable 

because it can do two things for a site by index value matrix: 1) It can find the 

eigenvector (index) that best describes that matrix, and 2) It can identify which variable 

captures the most variability within the matrix.    
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 PCA was conducted at two different scales--local (each Paraguayan reserve) and 

regional (incorporating Paraguayan and Brazilian remnants)--to understand how diversity 

was structured at different scales, and in the case of the regional scale, to understand how 

diversity was structured between different-sized forest remnants.  

Discriminant Function and MANOVA 

 Discriminant Function Analysis (DFA) was conducted at the regional scale.  

Herein three main approaches were taken.  First, all the remnants were divided into three 

groups based on size, including small (smaller than 1,000 ha), medium (1,000 ha to 

10,000 ha), and large (> 10,000 ha).  The goal was to test if size was the driver for 

differences in biodiversity, independent of the locality of the remnants.  This would 

follow island biogeographic theory in that larger remnants should contain more 

biodiversity than would smaller remnants, and whether any differences in biodiversity are 

significant.  Second, Paraguayan and Brazilian remnants were divided by latitude into 

two geographical zones, north and south of the parallel 23.45˚, in order to separate the 

remnants that lie within the temperate and subtropical regions of South America.  The 

purpose of this was to try to determine whether different latitudes within the Atlantic 

Forest exhibit differences in terms of the behavior of biodiversity indices.  Third, all of 

the remnants were separated by those that fall between the coastline and 300 km inland, 

and those that fall 300 km inland and beyond.  This is the definition of the division 

between the coastal Atlantic Forest and the interior Atlantic Forest.  The objective of this 

was to test if there were legitimate differences in biodiversity for small mammals 

between these two putative forest types.  All DFA analyses were performed by 

comparing the separate groups by first including all the variables and then systematically 
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testing for individual component of biodiversity, including richness, evenness, dominance 

and biodiversity.  This was followed by a MANOVA to test for significance between 

groupings.  

 

Results  

Paraguay 

 All Paraguayan grids (10 grids per forest remnant) are outlined in Fig. 3.2 and 

Table 3.3.  Grids are numbered in order of sampling, with each sampling expedition 

including three grids per trip.   

Distance to edge 

 Clearly there is a negative relationship between number of individuals as well as 

number of species and an increase in remnant size (see also Chapter 2).  There were 

considerably more individuals and species found toward the edges of forest remnants.  In 

the interior of large forest remnants there was a considerable drop in number of 

individuals and species (Fig. 3.3).  At Limoy the longest distance to the edge was only 

2000 m, 2112 m for San Rafael, 2979 m for Morombí and 9857 m for Mbaracayú.  The 

average distances at Limoy, San Rafael, Morombí and Mbaracayú were 747.3 m, 877.1 

m, 1138.5 m and 6054.9 m, respectively.  Mbaracayú had the longest distance to edge, 

primarily due to its shape.  These patterns show that there is a relationship between edge 

of a remnant and abundance of species; consequently, remnant size is not the only factor 

affecting abundances and richness.  Furthermore, it is at the edge of remnants where the 

highest concentrations of non-volant small mammals were located and abundances of 

individuals were least evenly spaced. 
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Species abundance plots in Paraguay 

 Species abundances varied considerably between and among Paraguayan sites 

(Fig. 3.4). Limoy and San Rafael had the highest numbers of species and abundances.  In 

contrast, Mbaracayú and Morombí had several grids where only one specimen was 

collected.  There were also differences noted in the species captured between grids within 

a reserve.  In Limoy, for example, Akodon montensis was the most abundant species on 

all occasions.  At San Rafael, A. paranensis was the most abundant species, followed by 

A. montensis, followed by two grids dominated by Oligoryzomys nigripes and 

Gracilinanus agilis.  At Morombí, a single grid (MO39) had the highest numbers of both 

species and individuals.  Three of the 10 trapping grids there had only one specimen, and 

four grids had only two specimens.  In seven of the 10 grids, A. montensis was the most 

abundant species, often the only specimen, or one of two specimens.  Following A. 

montensis in abundance were Calomys tener, C. sp. 2, O. nigripes, Hylaeamys 

megacephalus and G. agilis; for the grids where only one species was collected, A. 

montensis and Sooretamys angouya were encountered.  At Mbaracayú, H. megacephalus 

was the most abundant species on the most speciose grid (MB28).  In contrast, MB29 had 

the greatest number of individuals, with A. montensis as the most abundant species (as 

was the case at four other grids in this reserve).  Five grids had just a single individual, 

which included A. montensis, Rhipidomys sp., C. callosus, G. microtarsus and O. 

flavescens.  Overall, A. montensis was the predominant species found in the Atlantic 

Forest of Paraguay.  

At Limoy, it would appear that there is a pattern of dominance by one or two 

species, although there was a great deal of variation in numbers between grids and 
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expeditions (sampling dates).  It was at Limoy that the first reported record for Paraguay 

of Juliomys pictipes (Jpi), a rare arboreal species, was captured during the first field 

expedition.  Marsupials that were captured in decent numbers during all of the trips 

included Didelphis albiventris (Dal), Cryptonanus chacoensis (Cch), Gracilinanus agilis, 

Micoureus paraguayana and an undescribed Gracilinanus species.  Although for the 

most part the species captured at Limoy were ―Atlantic Forest‖ species, we did capture 

one Calomys cf. callosus and one of the only specimens of Rattus rattus. 

San Rafael exhibited the same pattern of dominance by one or two species as did 

Limoy.  At both San Rafael and Limoy, the dominant species were consistently in the 

genus Akodon, a predominantly terrestrial group.  San Rafael did see a fairly constant 

large number of individuals and only one grid dropped to only three specimens (all 

different species).  It is noteworthy to highlight that in San Rafael both A. montensis and 

A. paranaensis were captured sympatrically in high abundances in a number of grids, and 

in at least one grid it was A. paranensis that was the predominant species.  At San Rafael, 

O. nigripes was also very common.  In many grids it was the second-most abundant 

species, and at one grid was in fact the most abundant species.  Oligoryzomys are 

considered arboreal, or at least semi-arboreal, by most authors.  At least three species of 

Oligoryzomys were found sympatrically in this reserve, with numbers varying from grid 

to grid.  Thaptomys nigrita, a semifossorial or fossorial species, was much more abundant 

here than at any of the other reserves.  Four species of marsupials were captured in this 

reserve, including G. agilis, G. undescribed, C. chacoensis and M. paraguayana.  Other 

noteworthy species included E. russatus (the only specimens captured in any of the 

reserves) and the only specimens of Oecomys unidentified.  Furthermore, specimens of C. 
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cf. tener and Necromys lasiurus, both considered grassland species, were also captured 

here.  

In contrast to Limoy and San Rafael, Mbaracayú and Morombí showed very 

different patterns.  First of all, they both had several grids with only one or two 

specimens captured.  Second, in examining the grids with more than a few specimens, 

there was no clear dominance of any one particular species.  In general there were small 

sample sizes even in the grids with the highest numbers of individuals.  However, Akodon 

species were present in nearly all grids in both of these two reserves, although not in 

nearly the same proportions as at Limoy or San Rafael.  

Morombí seemed to vary quite a bit in the variety of species captured, even if 

these were in low numbers.  In some grids there were some Calomys species, which are 

typically considered grassland species.  Meanwhile, a few Gracilinanus, M. 

paraguayana, Cryptonanus chacoensis and D. albiventris specimens were found.  Rare 

rodents (for Paraguay) like S. anguoya and the second known specimen of Juliomys for 

the country were also captured here. 

Mbaracayú in general had low numbers of individuals but had a good variety of 

species, most notably two specimens of R. macrurus that happen to be the second and 

third known specimens from the country.  At least three species of Oligoryzomys were 

captured in sympatry in this reserve, with varying numbers by grid, including O. nigripes, 

O. flavescens, O. cf. fornesi and an unidentified Oligoryzomys. Only two species of 

marsupials were captured: C. chacoensis and G. cf. microtarsus.  Several specimens of 

Calomys were also captured in several of the grids.  H. megacephalus seemed to be fairly 
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common in general as well.  At all reserves, rodents clearly outnumbered marsupials in 

terms of richness and abundance.  

 Whittaker plots for all 40 Paraguayan grids are shown in Fig. 3.4.  Grids are 

separated by reserve, with Limoy, San Rafael, Morombí and Mbaracayú from left to 

right, and the numbering system is based on the chronological order in which each grid 

was sampled.  These plots reiterate the apparent dichotomy in assemblage structure 

between Limoy and San Rafael versus Morombí and Mbaracayú.  Clearly the highest 

numbers of species were found in Limoy and San Rafael.   

Species accumulation/rarefraction in Paraguay 

 Table 3.4 illustrates the differences in the number of species predicted by the 

different species estimators.  For all species estimators, results were calculated to the 

nearest whole number since these represent the number of estimated species.  The 

differences seem to illustrate the importance of using multiple indices, but some clear 

patterns emerge: San Rafael is consistently the most diverse of the four Paraguayan 

reserves, and Mbaracayú is the least (Fig. 3.5). 

Similarity Cluster Analysis in Paraguay 

 The four algorithms used (Jaccard, Dice, Bray-Curtis and Horn) displayed at least 

three different configurations of relationships of similarity between the four reserves in 

Paraguay (Fig. 3.6).  The first pattern, which is very notable for all four algorithms, is 

that grids did not group based on the forest remnant in which they were situated.  Thus, 

spatial autocorrelation is not the driver for similarity.  Indeed, there does not seem to be 

one single factor that clearly clumps the grids with any of the four algorithms.  Second, 

grids from the same expedition tended to clump together or be more similar to each other; 
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they were also more similar to other expeditions made during the same time period, even 

if in different reserves.  Expeditions made to the same reserves during earlier or later time 

periods were not necessarily more similar.  Third, there was a tendency for grids with 

similar distance from the edge to cluster together even when they were not from the same 

reserve or the same expedition.  When each grid is compared between reserves, one 

would expect that grids within any particular reserve would be more similar than those in 

another reserve since assemblages within a remnant should be representative of the same 

pool of species, unless there is another mechanism driving assemblage structure.   Time 

period (trapping date) and spatial characteristics were found to be more important drivers 

for biodiversity similarity were than site or size.    

Similarity Cluster Analysis in Paraguay and Brazil 

 The Paraguay and Brazil cluster analyses had varying results (Fig. 3.7).  The 

Jaccard and Dice (incidence-based) analyses both produced two major clusters.  The first 

clade is made up of the Paraguayan remnants and Brazilian sites that lie past the 300 km 

distance from the coastline.  The only exceptions were sites 60 and 34.  The other cluster 

was made up of sites/remnants on the coastline of Brazil.  In general, remnants that were 

spatially closer to one another tended to group together.  Both Jaccard and Dice 

clustering revealed that the Paraguayan remnants Limoy and Morombí were the most 

similar, and these were most similar to San Rafael and then Mbaracayú.  

 In contrast, Bray-Curtis and Horn, which are abundance-based, had different 

clustering both at the tips of the dendograms and with the number of groups.  Bray-

Curtis, like Jaccard and Dice, recovered two major groups.  Like Jaccard and Dice, one 

group included all the Paraguayan remnants as well as those remnants past the 300 km 
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mark from the coastline, with the exceptions of sites 33, 60 and 34.  The remnants along 

the coastline did not cluster by locality like they did with the Jaccard and Dice analyses.  

The Paraguayan grids had a completely different grouping.  Limoy and San Rafael 

clumped together, and these were more similar to site 55 in Brazil; meanwhile, 

Mbaracayú and Morombí clustered together, and these clustered with the former cluster.  

Not surprisingly, abundance then had a considerable effect on how remnants were 

grouped by these indices.  

 The Horn algorithm also recovered two major groups, one that included the 

Paraguayan remnants and those sites past the 300 km mark from the coastas well as 

remnants 18, 28 and 33; the other group was composed of the coastline remnants, which 

did not necessarily cluster by latitude, as was the case with Bray-Curtis.  With this 

grouping scheme, the Paraguayan remnants did cluster together; however, Limoy and 

Morombí were the most similar, then Mbaracayú and then San Rafael, all of which then 

clustered with site 55 and then site 18, which had not clustered with the inland remnants 

before (Fig. 3.7).  

Diversity Indices in Paraguay 

 There was considerable variation between the indices (variables) at both the local 

and regional scales.  Comparisons between sites were conducted following Stevens and 

Willig (2002).  Two separate analyses were conducted, one including the raw data 

numbers of species and numbers of individuals, and the other comprised of the indices in 

order to understand how the indices themselves function.  In Paraguay, diversity and 

number of individuals were the most variable whereas evenness and richness had the 

lowest variation based on the coefficient of variation (Table 3.5).  More specifically, 
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Buzas and Gibson’s evenness and Margalef’s richness had the lowest variation based on 

the coefficient of variance. 

As shown in Table 3.5, there was variation in diversity index values from grid to 

grid and from reserve to reserve.  The grids at Limoy were relatively comparable to each 

other, whereas those at San Rafael seemed to fluctuate the most as far as maximum and 

minimum values for indices.  Morombí had a high number of grids with the same index 

values, likely due to the high number of grids with only one or two specimens.  Note the 

differences in the behaviors of the various metrics by grid.  For example, the highest 

numbers of species and individuals occurred at MO39, which showed the highest values 

of the Shannon, Simpson, Menhinick and Margalef indices, along with the lowest value 

of the Berger-Parker index.  Finally, Mbaracayú also had a high number of repeated 

maximum and minimum values on multiple grids because of the high number of grids 

with only one specimen collected.   

Diversity Indices in Paraguay and Brazil 

 When comparing the diversity indices for the reserves as a whole, San Rafael had 

the largest numbers of species and individuals (Table 3.6).  Morombí had the highest 

values for diversity.  Morombí and Mbaracyu´ had the highest values of evenness, 

depending on the index used.  Dominance was highest in Limoy.  The behaviors of 

related indices were fairly consistent; for example, even in cases where the same reserve 

did not have the highest value for an index measuring the same metric, it usually was the 

second highest value.  Reserves had less fragmentation, tended to be the sites with more 

equitable distributions of species and tended to have fewer individuals.  Limoy, the 
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smallest forest remnant surveyed, had high numbers of individuals but also high 

dominance, which tends to happen in disturbed habitats.    

Diversity by remnant size and latitude 

 Linear models were constructed in order to evaluate the relationships between 

each of the diversity indices versus remnant size and latitude (Fig. 3.8).  Surprisingly, the 

diversity indices were not consistent in how they behaved in relation to remnant size and 

latitude. Even indices that were supposed to measure the same thing did not result in 

similar trends and in some situations actually demonstrated opposite relationships.  

Richness tended to increase with forest remnant size, whereas it tended to 

decrease from south to north.  Dominance tended to decrease with remnant size, which 

would indicate that as remnants get larger, their assemblages become more even.  

However, of the three evenness metrics, two showed a decrease of evenness with remnant 

size increase whereas the third showed a decrease in evenness with increase in remnant 

size.  Dominance in the assemblages seemed to increase from south to north, meaning 

that the remnants in the south were more even than those in the northern localities.  In 

assemblages that had the same numbers of individuals across the board and even when 

numbers of species changed, the evenness was 1 for both Equitability (J) and Buzas and 

Gibson’s evenness, which both showed increased in values from south to north.  In those 

same assemblages, even if the number of individuals was the same, if the number of 

species changed, then the diversity values changed considerably.  Thus these two metrics 

would seem to be more reliable measures for large-scale trends on evenness since each 

study differed in number of species per site.  This was why evenness was problematic as 

well with latitude because there were contrary trends.  Evenness seemed to fluctuate in 
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trend simulations with different assemblages, showing that Dominance (D) and Simpson 

(1-D) were very sensitive to changes in number of species at any particular assemblage. 

PCA - Paraguayan grids 

For Paraguay, the PCA analysis reduced the 11 diversity metrics to two major 

axes, of which the sum of the eigenvalues accounted for 99.6% of the total variance (Fig. 

3.9).  The PCA analysis included the raw data for the number of species and number of 

individuals per grid and only incorporated the eigenvalues for the indices.  Abundances 

of individuals were the only variables that were significantly (P < 0.05) correlated with 

PC1 (Table 3.6).  For the Paraguayan forest remnants, PC1 was most highly positively 

associated with number of individuals per grid, and at the same time highly negatively 

associated with Buzas and Gibson’s evenness.  Thus PC1 accounts for the variation in 

number of individuals.  PC2 is mostly positively associated with richness indices 

(Fisher’s alpha and Menhinick’s) while negatively associated with dominance 

(Dominance D and Berger-Parker).   

On the PCA for only the indices, PC1 was positively associated with Fisher’s 

alpha diversity (P < 0.01).  PC2 was most positively associated with evenness (Simpson 

index and Equitability) and negatively associated with dominance (Dominance D and 

Berger Parker). Thus PC1 describes the variation in overall diversity along this distance 

to edge gradient.  Meanwhile, PC2 describes the variation in numbers of individuals.   

PCA - Paraguay and Brazil remnants 

 All the data associated with each of the sites including size of remnant, latitude, 

locality, diversity indices, and PCA associations are reported in Table 3.6. When this 

same analysis was expanded to the regional scale to compare Paraguay and Brazil, the 
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PCA analysis for biodiversity was reduced to two major axes (Fig. 3.10).  The first 

principal component alone accounted for 99.9% of all the variation, which was number of 

individuals.  PC1 was most positively associated with number of individuals and most 

negatively associated with Simpson Index (evenness).  PC1 captured the variation 

between remnants in terms of evenness (number of individuals).  PC2 was most 

associated with Fisher’s alpha diversity (P < 0.05).    

When evaluating the PCA for only the indices, the first two PCs accounted for 

94.7% of the variation.  PC1 was most positively associated with Equitability (P < 0.01).  

PC1 was mainly influenced by evenness.  PC2 was highly negatively associated with the 

Shannon index of diversity (P < 0.05) and most positively associated with evenness 

(Buzas and Gibson’s evenness), although not significantly.  Therefore, for the Paraguay 

and Brazilian forest remnants most of the variation seemed to be captured by evenness.    

 Discriminant Function Analysis and MANOVA  

 Discriminant Function Analyses were conducted to test if biodiversity and its 

varying components could discriminate between different-sized forest remnants and 

different parts of the Atlantic Forest as a whole.  Only the plots showing all the variables 

are included (Fig. 3.11).  With the remnant size DFA, DF1 accounted for 68.2% of 

variation and DF2 accounted for an additional 31.8%.  Most of the variables tended to be 

positively correlated with DF1 except for Shannon, Buzas and Gibbson’s evenness and 

Berger-Parker. Independently, differences in size of remnants were significant for the 

richness indices only, including number of species and richness-based diversity indices.  

This would indicate that number of species is the main factor that varies between 
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different-sized remnants, whereas evenness, dominance and/or overall diversity indices 

are not (Table 3.7).  

The grouping north and south of the Tropic of Capricorn revealed that DF1 

accounted for 100% of the variation and only Berger-Parker was negatively correlated, 

whereas Fisher’s alpha diversity and number of individuals were the variables most 

positively associated with DF1.  Richness indices and evenness indices, excluding 

number of species and number of individuals, respectively, were both significant between 

sites north and south of the Tropic of Capricorn.  This indicates that there is some sort of 

change in richness and evenness between subtropic and temperate regions, although not a 

very strong one (Table 3.7). 

Finally, for the coastal Atlantic Forest (< 300 km from the coast) and the interior 

Atlantic Forest (> 300 km from the coast), DF1 accounted for 100% of the variation.  

Number of individuals, Simpson’s 1/D evenness and Berger-Parker dominance were all 

negatively correlated with DF1, while all the others were positively correlated most 

strongly with Fisher’s alpha diversity.  All the diversity indices were independently 

significant except for dominance.  However, when all the indices were put together, these 

differences were not significant.  This indicates that the differentiation between the 

coastal and the interior Atlantic Forest is a natural division that can be seen with most 

diversity indices and the varying components of biodiversity including richness, evenness 

and overall biodiversity, but not dominance (Table 3.7).   
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Discussion 

 The Atlantic Forest of South America is an important system that has much to 

offer to investigators in ecology and biogeography.  The increasing anthropogenic 

influence throughout its range makes it an ideal model system for understanding 

fragmentation.  However, understanding biodiversity as a whole is still a complex task.  

Given that there is still a great deal to learn about very basic natural history and 

distributions of most small mammals in South America, we are still very far from 

understanding biodiversity patterns and trends at the most basic of levels and at different 

scales.  As has been shown from a recent increase in new species records for the country, 

this is especially the case with the Paraguayan small mammal fauna (de la Sancha et al. 

2006, 2009; D’Elia et al. 2008; Percequillo et al. 20089; Stevens et al. 2010).  It is 

encouraging that, through the efforts of many independently published works, we can 

begin to tackle multi-scale studies.  

 It should be noted that unfortunately there is little standardization as far as 

trapping efforts, techniques and even collected or published data sets.  This clearly is a 

construct of logistical and financial limitations; however, there are still major gaps in our 

access to data which in turn limit our analysis.  The types of analysis which could be 

conducted at different scales were limited by available data.  Although there are many 

more fragmentation studies throughout Brazil, many do not incorporate abundance data, 

trapping effort or size of individual remnants.  

  PCA was very helpful when attempting to decipher and interpret the relationships 

with the diversity indices measured in this study.  Furthermore, it was very helpful in 

comparing relationships at different scales.  At both the Paraguayan and regional scales, 
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the number of individuals seemed to be the major driver of variation.  When comparing 

the indices alone, Fisher’s alpha diversity seemed to be an important variable at both 

scales.  However, equitability was the most descriptive variable for the regional scale.  

Berger-Parker dominance was consistently and negatively associated at both scales.  

Comparatively, the overall associations between indices varied considerable between 

scales.  

 Thus, biodiversity appears to be structured in different ways at different scales.   

At the local scale we can see that the interior and edge of forest fragments have 

considerable differences in numbers of species and individuals, so as far as the indices 

alone are concerned, diversity seems to best explain variation.  The interior of large forest 

remnants tend to have low abundances and few species.  However, forest remnants 

independent of size tend to have high dominance of one or two species, as has been noted 

by other researchers (Stevens and Husband 1998; Pardini 2004).  Therefore, it would 

make sense that with biodiversity metrics, those that include both abundance and richness 

would capture the variability from the interior to the edge, as was also shown by the 

linear models for distance to the edge (Fig. 3.3).  This is a very common situation in 

tropical forest systems in which low numbers of non-volant mammals are found.  

At the regional scale, when comparing different-sized forest remnants, evenness 

was the most influenced metric.  Therefore, most of the variation between remnants was 

due to fluctuations in number of individuals per species.  As forests become fragmented 

and experience edge effects, more individuals are found.  Thus, when comparing large to 

small forest remnants, evenness will fluctuate considerably even when the number of 

species does not.  If there are high numbers of individuals towards the edges of remnants, 
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then a good indicator for forest fragmentation is high abundances in the interior of forest 

fragments, which one would not expect in large, intact forest remnants with stable ―forest 

conditions.‖  A similar response was illustrated through the similarity clustering analysis.  

Moreover, when comparing similarity between forest remnants, it is important to note 

that remnants tended to cluster by regions.  And it can be said that remnants of a similar 

size tended to group together.  

Relationships with latitude suggested that numbers of both species and individuals 

decreased with latitude.  Stevens and Willig (2002) suggested that in bat assemblages, 

those closer to the equator were more influenced by richness, whereas those further away 

tended to be more influenced by evenness.  However, my linear models showed that 

evenness tended to increase with latitude for non-volant species and that richness tended 

to decrease with latitude.  

 Although Paraguay has been fortunate in recent years to see an explosion of 

ecology and biogeography analyses at multiple scales of bats (Lopez-Gonzalez 1994, 

2004; Willig et al. 2000; Stevens and Willig 2002; Stevens 2003; Gorresen and Willig 

2004; Stevens et al. 2004; Gorresen et al. 2005; Presley et al. 2009), only a few studies 

have focused on non-volant small mammal ecology in Paraguay with most emphazing 

infectious diseases (Yanke 1999, 2006; Chu et al. 2003, 2006, 2009; Goodin et al. 2006, 

2009; Owen 2010).  These species tend to be more limited dispersers, are sensitive to 

deforestation and are perhaps more effective models for assessing habitat fragmentation 

and biogeographical patterns of distributions than are the more commonly studied bats.  

The discriminant function analyses allowed for effective discrimination between 

groups via diversity indices and avoided the problem of additive error when attempting 
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to compare ratios (indices).  DFA raised two important points: 1) Not all diversity 

indices are equally helpful in discriminating between groups and 2) Different 

components of biodiversity show differences with remnant size, latitude or other 

groupings.  Richness and diversity were different between different-sized forest 

remnants whereas evenness was not.  Richness and evenness indices showed 

differences between tropical and temperate regions.  And finally, richness, evenness 

and diversity indices all showed differenced between different forest systems.  What 

this means is that there is not one metric that fits all.  It is important when comparing 

biodiversity that a multitude of diversity metrics be incorporated.  Depending on scale 

and the types of questions asked, different metrics will be more applicable.  The day of 

using only Shannon or Simpson indices should be laid to rest and a multivariate 

approach to understanding biodiversity between sites, regions and systems should be 

incorporated more readily.    
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Table 3.1.  Localities, size, trapping effort, number of species collected and source for each of the sites in Brazil and Paraguay.  
Latitude Longitude Locality State/Department Sites Aera(ha) Trapnights #Spp Citation Year 

-15.97 -39.37 Faz. Taquara C2, 
Belmonte 

Bahia 18 2324 1,000 2 Moura 2003 

-19.63 -42.55 Rio Doce State 
Forestry Park 

Minas Gerais 28 35973 31,960 14 Stallings 1989 

-19.80 -42.63 Parque Estadual do 
Rio Doce 

Minas Gerais 29 36000 5,880 11 Grelle 2003 

-19.81 -42.64 Fazenda Esmeralda, 
Rio Casca 

Minas Gerais 30 80 9,520 9 Fonseca and 
Kierulff 

1989 

-20.32 -41.72 Caparaó National 
Park (PNC) 

Minas Gerais and 
Espírito Santo  

33 26000 3,231 21 Bonvicino 
et al. 

2002 

-20.78 -40.59 Samarco Mineração 
S.A., Município de 
Anchieta 

Espírito Santo 34 390 3,331 11 Passamani 
et al. 

2004 

-22.50 -42.25 Poço das Antas 
Biological Reserve 

Rio de Janeiro  35 7 3,014 9 Pires et al. 2002 

-22.50 -42.25 Poço das Antas 
Biological Reserve 

Rio de Janeiro  36 1 168 4 Pires et al. 2002 

-22.50 -42.25 Poço das Antas 
Biological Reserve 

Rio de Janeiro  38 9 4,551 7 Pires et al. 2002 

-22.50 -42.25 Poço das Antas 
Biological Reserve 

Rio de Janeiro  39 11 1,075 4 Pires et al. 2002 

-22.50 -42.25 Poço das Antas 
Biological Reserve 

Rio de Janeiro  40 12 1,220 7 Pires et al. 2002 

-22.50 -42.25 Poço das Antas 
Biological Reserve 

Rio de Janeiro  41 9 874 7 Pires et al. 2002 

-22.50 -42.25 Poço das Antas 
Biological Reserve 

Rio de Janeiro  42 15 1,618 9 Pires et al. 2002 

-22.50 -49.25 Poço das Antas 
Biological Reserve 

Rio de Janeiro  43 6300 NA 12 Castro and 
Fernandez 

2004 

-22.53 -42.87 Macacu River 
watershed,Cachoeiras 

Rio de Janeiro  53 10000 600 14 Vieira et al. 2009 
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de Maccau, 
Guapimirim,Itaboraí 

-23.63 -46.88 Morro Grande 
Reserve 

São Paulo State 55 860-1075 2,700 18 Naxara et al. 2009 

-23.77 -47.12 Resera Florestal do 
Morro Grande, Grilos 

São Paulo State 56 10700 8,160 21 Pardini and 
Umetzu 

2006 

-23.77 -47.12 Morro Grande 
Reserve 

São Paulo State 57 9400 336 9 Umetsu and 
Pardini 

2007 

-23.77 -47.12 Caucaia do Alto São Paulo State 58 50-275 336 7 Umetsu and 
Pardini 

2007 

-24.23 -48.07 Parque Estadual 
Intervales (PEI) 
Saibadela Barra 
Grande 

São Paulo State 59 49000 17,361 21 Viveros and 
Monterio 

2003 

-24.53 -47.25 Juréia-Itatins 
Ecological Station 

São Paulo 60 80000 4,704 8 Bergallo 1994 

-26.07 -48.63 Resera Volta Velha Santa Catarina 61 586 1,920 13 Quadrosetal. 2000 

-24.15 -55.43 Reserva Biologica 
Mbaracayu 

Canindeyú-
Caaguazú 

MB 95758 31,600 10 This Study ND 

-26.46 -55.76 Reserva San Rafael  Caazapá/Itapua SR 77351 31,600 16 This Study ND 

-24.82 -54.47 Reserva Limoy, 
Itaipu Binacional  

Alto Parana LY 16000 31,600 15 This Study ND 

-24.54 -55.35 Reserva Privada 
Morombi 

Canindeyú MO 18721 31,600 14 This Study ND 
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Table 3.2.   List of the different indices used in the analyses and the short name assigned to each.  Each of these measures a different 
component of biodiversity, including richness, evenness, dominance (inverse of evenness) or diversity.  Each index is also numbered for 
identification in other analyses. 

 Index Name used Measure Citation 

1 Number Species Taxa S Richness 
 2 Number of Individuals Individuals Abundance 
 3 Dominance Dominance D Dominance Simpson, 1949 

4 Shannon Index  Shannon H Diversity Shannon 1948 
5 Simpson Index Simpson 1-D Evenness Simpson, 1949 
6 Buzas and Gibson’s Evenness Evenness e^H/S Evenness Buzas & Gibson, 1969 
7 Menhinick’s Richness Index Menhinick Richness Whittaker 1977 
8 Margalef’s Richness Index Margalef Richness Clifford and Stephenson 1975 
9  Shannon Equitability Equitability J Evenness Pielou 1969, 1975 

10 Fisher’s Alpha Diversity Index Fisher alpha Diversity Hayek and Buzas, 1997; Magurran, 2004 
11 Berger-Parker Dominance Berger-Parker Dominance  Berger and Parker, 1970 
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Table 3.3.  Locality, grid identification, and distance to edge for each of the 40 Paraguayan grids. 

Latitude Longtitude Locality Department Grid DistanceEdge (m) 

-24.73 -54.40 Limoy Alto Parana LY1 531 
-24.74 -54.42 Limoy Alto Parana LY19 1077 
-24.73 -54.41 Limoy Alto Parana LY20 647 
-24.71 -54.40 Limoy Alto Parana LY21 651 
-24.77 -54.48 Limoy Alto Parana LY31 411 
-24.86 -54.47 Limoy Alto Parana LY32 591 
-24.87 -54.45 Limoy Alto Parana LY33 655 
-24.75 -54.45 Limoy Alto Parana LY7 100 
-24.82 -54.47 Limoy Alto Parana LY8 2000 
-24.76 -54.47 Limoy Alto Parana LY9 810 

        Average 747.3 

-26.54 -55.77 San Rafael Itapua SR10 835 
-26.54 -55.75 San Rafael Itapua SR11 924 
-26.54 -55.74 San Rafael Itapua SR12 773 
-26.58 -55.69 San Rafael Itapua SR22 1356 
-26.57 -55.68 San Rafael Itapua SR23 2112 
-26.59 -55.67 San Rafael Itapua SR24 904 
-26.53 -55.78 San Rafael Itapua SR3 535 
-26.46 -55.76 San Rafael Itapua SR34 250 
-26.47 -55.76 San Rafael Itapua SR35 250 
-26.47 -55.75 San Rafael Itapua SR36 832 

        Average 877.1 

-24.60 -55.43 Morombi Canindeyu MO16 516 
-24.56 -55.43 Morombi Canindeyu MO17 1685 
-24.54 -55.41 Morombi Canindeyu MO18 2979 
-24.56 -55.32 Morombi Canindeyu MO25 871 
-24.55 -55.31 Morombi Canindeyu MO26 2010 
-24.53 -55.30 Morombi Canindeyu MO27 1600 
-24.54 -55.35 Morombi Canindeyu MO37 689 
-24.54 -55.35 Morombi Canindeyu MO38 558 
-24.72 -55.43 Morombi Canindeyu MO39 66 
-24.71 -55.44 Morombi Canindeyu MO40 411 

        Average 1138.5 

-24.12 -55.51 Mbaracayu  Canindeyu MB13 3510 
-24.13 -55.49 Mbaracayu  Canindeyu MB14 5043 
-24.13 -55.39 Mbaracayu  Canindeyu MB15 7343 
-24.15 -55.43 Mbaracayu Canindeyu MB2 9857 
-24.12 -55.51 Mbaracayu Canindeyu MB28 3704 
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Table 3.4.  Calculated number of species for both the species estimators and rarefractioning curves.  
Reserve Accum. Chao1 Chao2 ACE ICE Jack1 Jack2 Bootstrap 

Limoy 16 19 19 20 19 20 22 18 
San Rafael 19 36 36 25 23 23 28 20 
Morombi 14 26 26 27 35 22 28 17 

Mbaracayu 10 12 12 13 12 13 13 12 
 

-24.14 -55.39 Mbaracayu Canindeyu MB29 6614 
-24.14 -55.39 Mbaracayu Canindeyu MB30 5855 
-24.12 -55.51 Mbaracayu Canindeyu MB4 3669 
-24.12 -55.47 Mbaracayu Canindeyu MB5 6550 
-24.12 -55.45 Mbaracayu Canindeyu MB6 8404 

        Average 6054.9 
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Table 3.5.  Each of the diversity index values calculated for each of the Paraguayan grids, with the PC1 and PC2 values associated with 
the PCA that includedall the metrics and the PCA that included only the diversity indices.  

.  Richness Evenness Diversity Dominance Evenness Eveness Richness Richness Evenness Diversity Dominance All All Index Index 

Group # Spp Individuals Shann H Domin D 

Simp 1-

D 

Even 

e^H/S Menhinick Margalef Equit J 

Fish 

alpha 

Berg-

Parker PC1 PC2 PC1 PC2 

LY1 9 95 1.55 0.29 0.71 0.52 0.92 1.76 0.70 2.44 0.46 95.4 2.8 2.8 1.9 

LY7 13 162 1.75 0.27 0.73 0.44 1.02 2.36 0.68 3.33 0.46 162.5 3.3 3.7 2.2 

LY8 10 78 1.74 0.26 0.74 0.57 1.13 2.07 0.76 3.05 0.45 78.6 4.1 3.4 2.2 

LY9 10 72 1.74 0.26 0.74 0.57 1.18 2.10 0.75 3.15 0.44 72.6 4.4 3.5 2.2 

LY19 3 5 1.06 0.36 0.64 0.96 1.34 1.24 0.96 3.17 0.40 5.2 4.0 3.4 1.5 

LY20 4 14 1.20 0.34 0.66 0.83 1.07 1.14 0.86 1.87 0.43 14.3 2.8 2.1 1.6 

LY21 7 19 1.63 0.24 0.76 0.73 1.61 2.04 0.84 4.00 0.37 19.5 5.6 4.4 2.2 

LY31 7 35 1.60 0.26 0.74 0.71 1.18 1.69 0.82 2.63 0.43 35.5 3.9 3.0 2.0 

LY32 7 29 1.60 0.26 0.74 0.70 1.30 1.78 0.82 2.93 0.41 29.5 4.3 3.3 2.1 

LY33 6 16 1.55 0.25 0.75 0.78 1.50 1.80 0.86 3.49 0.38 16.4 4.9 3.8 2.1 

MB2 1 1 0.00 1.00 0.00 1.00 0.00 0.00 0.00 0.00 1.00 1.1 0.2 -0.1 -0.6 

MB4 3 3 1.10 0.33 0.67 1.00 1.73 1.82 1.00 0.00 0.33 3.2 1.1 0.4 2.5 

MB5 1 1 0.00 1.00 0.00 1.00 0.00 1.82 0.00 0.00 1.00 1.1 0.3 0.1 0.3 

MB6 1 1 0.00 1.00 0.00 1.00 0.00 1.82 0.00 0.00 1.00 1.1 0.3 0.1 0.3 

MB13 1 2 0.00 1.00 0.00 1.00 0.71 0.00 0.00 0.80 1.00 2.1 1.0 0.8 -0.3 

MB14 1 1 0.00 1.00 0.00 1.00 0.00 0.00 0.00 0.00 1.00 1.1 0.2 -0.1 -0.6 

MB15 4 5 1.33 0.28 0.72 0.95 1.79 1.86 0.96 9.28 0.40 5.3 10.2 9.6 1.3 

MB28 7 8 1.91 0.16 0.84 0.96 2.48 2.89 0.98 26.78 0.25 8.6 27.8 27.1 0.1 

MB29 6 12 1.58 0.25 0.75 0.81 1.73 2.01 0.88 4.78 0.42 12.5 6.3 5.2 2.1 

MB29 6 12 1.58 0.25 0.75 0.81 1.73 2.01 0.88 4.78 0.42 8.3 4.2 3.5 1.8 

MB30 4 8 1.32 0.28 0.72 0.94 1.41 1.44 0.95 3.18 0.38 1.1 0.2 -0.1 -0.6 

MO16 1 1 0.00 1.00 0.00 1.00 0.00 0.00 0.00 0.00 1.00 2.2 0.8 0.3 1.8 

MO17 2 2 0.69 0.50 0.50 1.00 1.41 1.44 1.00 0.00 0.50 2.2 0.8 0.3 1.8 

MO18 2 2 0.69 0.50 0.50 1.00 1.41 1.44 1.00 0.00 0.50 2.2 0.8 0.3 1.8 
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MO25 2 2 0.69 0.50 0.50 1.00 1.41 1.44 1.00 0.00 0.50 1.1 0.3 0.1 0.1 

MO26 1 1 0.00 1.00 0.00 1.00 0.00 1.44 0.00 0.00 1.00 1.1 0.3 0.1 0.1 

MO27 1 1 0.00 1.00 0.00 1.00 0.00 1.44 0.00 0.00 1.00 3.2 1.1 0.4 2.5 

MO37 3 3 1.10 0.33 0.67 1.00 1.73 1.82 1.00 0.00 0.33 2.2 0.8 0.3 1.8 

MO38 2 2 0.69 0.50 0.50 1.00 1.41 1.44 1.00 0.00 0.50 13.5 7.9 6.6 2.4 

MO39 7 13 1.85 0.17 0.83 0.90 1.94 2.34 0.95 6.18 0.23 10.5 7.8 6.7 2.1 

MO40 6 10 1.61 0.24 0.76 0.83 1.90 2.17 0.90 6.33 0.40 83.3 2.0 2.1 1.7 

SR3 7 83 1.50 0.29 0.71 0.64 0.77 1.36 0.77 1.82 0.46 23.6 6.2 4.8 2.4 

SR10 8 23 1.80 0.21 0.79 0.76 1.67 2.23 0.86 4.35 0.35 26.4 3.7 2.8 2.0 

SR11 6 26 1.61 0.23 0.77 0.84 1.18 1.54 0.90 2.45 0.35 25.6 7.1 5.5 2.5 

SR12 9 25 1.83 0.21 0.79 0.69 1.80 2.49 0.83 5.04 0.36 7.5 21.0 20.3 0.7 

SR22 6 7 1.75 0.18 0.82 0.96 2.27 2.57 0.98 19.95 0.29 3.2 1.1 0.4 2.5 

SR23 3 3 1.10 0.33 0.67 1.00 1.73 1.82 1.00 0.00 0.33 8.4 7.0 6.1 1.8 

SR24 5 8 1.39 0.31 0.69 0.80 1.77 1.92 0.86 5.71 0.50 24.7 8.8 6.9 2.8 

SR34 10 24 2.08 0.15 0.85 0.80 2.04 2.83 0.90 6.44 0.21 27.6 5.6 4.3 2.5 

SR35 8 27 1.91 0.17 0.83 0.84 1.54 2.12 0.92 3.84 0.26 34.7 6.9 5.2 2.7 

SR36 10 34 2.04 0.16 0.84 0.77 1.72 2.55 0.89 4.77 0.26 
    

Mean 5.12 21.37 1.18 0.42 0.58 0.86 1.26 1.71 0.72 3.57 0.51 
    

Variance 10.66 1069.54 0.47 0.09 0.09 0.02 0.46 0.49 0.14 26.77 0.07 
    

CV 0.64 1.53 0.58 0.71 0.52 0.18 0.54 0.41 0.51 1.45 0.51 
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Table 3.6.  The size (ha), latitude, distance from the coast (> 300 km is interior, < 300 km is coastal) and diversity index values including 
richness (Rich.), evenness (Even.), dominance (Domin.), and diversity (diver.), calculated for each of the Paraguayan and Brazilian 
remnants plus the PC1 and PC2 values associated with the PCA that included all the metrics and the PCA that included only the diversity 
indices. 

 

  

 

  Rich. Even. Diver. Domin. Even. Even. Rich. Rich. Even. Diver. Domin.  All All Index Index 

Site 

Size 

(ha) Latitude Locality 

# 

Spp Indivd. 

Shann 

H 

Domin 

D 

Simp 

1-D 

Even 

e^H/S Menhinick Margalef 

Equit 

J 

Fish 

alpha 

Berg-

Parker PC1 PC2 PC1 PC2 

18 2,324 -15.97 Coastal 10 97 2.09 0.14 0.86 0.81 1.02 1.97 0.91 2.80 0.24 97.2 8.9 3.7 1.3 

28 35,973 -19.63 Coastal 14 408 2.04 0.17 0.83 0.55 0.69 2.16 0.77 2.81 0.23 408.2 7.3 3.7 1.2 

29 36,000 -19.80 Coastal 12 43 1.44 0.42 0.58 0.35 1.83 2.93 0.58 5.52 0.63 43.2 13.0 6.6 0.3 

30 80 -19.81 Coastal 11 64 2.01 0.16 0.84 0.68 1.38 2.40 0.84 3.83 0.25 64.2 10.9 4.8 1.2 

33 26,000 -20.32 Coastal 10 95 1.79 0.22 0.78 0.60 1.03 1.98 0.78 2.82 0.38 95.2 9.0 3.7 1.0 

34 390 -20.78 Coastal 20 371 2.44 0.12 0.88 0.57 1.04 3.21 0.82 4.53 0.22 371.3 14.2 5.7 1.4 

35 7 -22.50 Coastal 7 232 1.43 0.25 0.75 0.60 0.46 1.10 0.73 1.36 0.31 232.1 3.2 1.9 0.9 

36 1 -22.50 Coastal 9 265 1.13 0.50 0.50 0.34 0.55 1.43 0.51 1.80 0.68 265.1 4.6 2.4 0.4 

38 9 -22.50 Coastal 6 41 0.95 0.56 0.44 0.43 0.94 1.35 0.53 1.94 0.73 41.1 5.8 2.5 0.2 

39 11 -22.50 Coastal 7 61 1.42 0.33 0.67 0.59 0.90 1.46 0.73 2.04 0.52 61.1 6.4 2.7 0.7 

40 12 -22.50 Coastal 4 23 1.08 0.41 0.59 0.73 0.83 0.96 0.78 1.40 0.57 23.1 4.0 1.9 0.5 

41 9 -22.50 Coastal 7 57 1.83 0.17 0.83 0.89 0.93 1.48 0.94 2.10 0.23 57.1 6.5 2.8 1.2 

42 15 -22.50 Coastal 7 47 1.26 0.43 0.57 0.50 1.02 1.56 0.65 2.28 0.64 47.1 6.8 3.0 0.5 

43 6,300 -22.50 Coastal 9 110 1.63 0.25 0.75 0.57 0.86 1.70 0.74 2.32 0.38 110.2 7.5 3.1 0.9 

53 10,000 -22.53 Interior 16 613 1.75 0.22 0.78 0.36 0.65 2.34 0.63 3.01 0.27 613.2 5.7 3.9 0.9 

55 1,000 -23.63 Interior 12 140 2.11 0.14 0.86 0.69 1.01 2.23 0.85 3.14 0.21 140.2 10.2 4.1 1.3 

56 10,700 -23.77 Interior 16 455 2.02 0.20 0.80 0.47 0.75 2.45 0.73 3.23 0.37 455.2 8.5 4.2 1.1 

57 9,400 -23.77 Interior 22 253 2.42 0.13 0.87 0.51 1.38 3.80 0.78 5.79 0.30 253.4 18.6 7.1 1.2 

58 150 -23.77 Interior 9 54 1.77 0.23 0.78 0.65 1.23 2.01 0.81 3.08 0.39 54.2 8.9 3.9 1.0 

59 49,000 -24.28 Interior 7 24 1.72 0.21 0.79 0.80 1.43 1.89 0.89 3.32 0.33 24.1 7.7 4.2 1.0 

60 80,000 -24.53 Coastal 21 657 1.92 0.26 0.74 0.33 0.82 3.08 0.63 4.14 0.43 657.3 10.0 5.2 0.9 

61 586 -26.07 Coastal 7 112 1.58 0.25 0.75 0.69 0.66 1.27 0.81 1.66 0.38 112.1 5.4 2.3 1.0 

LY 12,000 -24.73 Interior 15 209 0.30 1.71 0.70 0.37 1.04 2.62 0.63 3.70 0.50 209.2 11.9 4.5 -1.2 
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MB 64,000 -24.12 Interior 12 44 2.12 0.15 0.85 0.70 1.81 2.91 0.85 5.44 0.27 44.2 12.9 6.6 1.1 

MO 20,000 -24.72 Interior 16 37 2.35 0.15 0.85 0.65 2.63 4.15 0.85 10.71 0.32 37.3 19.1 12.0 0.9 

SR 72,000 -26.46 Interior 19 259 0.16 2.18 0.84 0.46 1.18 3.24 0.74 4.72 0.25 259.3 15.2 5.7 -1.7 

   
Mean 11.73 183.50 1.64 0.38 0.75 0.57 1.08 2.22 0.75 3.44 0.39 

    

   
Variance 25.56 33147.94 0.33 0.23 0.01 0.02 0.22 0.70 0.01 3.79 0.02 

    

   
CV 0.43 0.99 0.35 1.25 0.16 0.27 0.43 0.38 0.15 0.57 0.40 

     

 

Table 3.7.  The lambda, F statistic, p-value, and degrees of freedom for the different Discriminant Function Analyses with the different 
independent diversity indices, the diversity indices only, and all the metrics together including number of species and number of 
individuals.  The analysis is divided into three sections, with one based on size of forest remnants, a second based on remnants north and 
south of the Tropic of Capricorn, and a third based on remnants of the Interior Atlantic Forest (> 300 km from the coast) and those of the 
Mata Atlantica (< 300 km from the coast).  Asterisks identify significant values. 

  Remnant Size     Tropic Capricorn     
Mata/Interior 
Atlantic     

 
lambda 

     
fStat         pr        dfs lambda 

     
fStat         pr        dfs lambda: fStat: pr: dfs 

RichnessAll 0.4899 3.0013 0.0157* [6 42] 0.7501 2.4428 0.0911 [3 22] 0.6798 3.4539 0.034* [3 22] 

Richness 0.535 4.0388 0.0071*    [4  44] 0.751 3.8129 0.0371*  [2 23] 0.6903 5.1594 0.0141* [2 23] 

EvennessAll 0.597 1.471 0.1984 [8 40] 0.6977 2.2752 0.0952  [4 21] 0.6293 3.092 0.0378* [4 21] 

EvennessONLY 0.6402 1.7489 0.1334 [6 42] 0.7036 3.0899 0.0481*  [3 22] 0.7014 3.1214 0.0466* [3 22] 

Dominance 0.8561 0.8886 0.4788  [4 44] 0.861 1.8573 0.1788 [2 23] 0.87 1.7186 0.2016 [2 23] 

Diversity 0.6516 2.6274 0.0471* [4 44] 0.7845 3.159 0.0614 [2 23] 0.7611 3.6089 0.0433* 
[ 2 

23] 

IndicesONLY 0.3507 1.1477 0.3593 [18 30] 0.4841 1.8942 0.127 [9 16] 0.4817 1.9126 0.1235 [9 16] 

ALL 0.2807 1.0488 0.4496  [22 26] 0.4492 1.5607 0.2141 [11 14] 0.4733 1.4164 0.2662 
[11 
14] 

RichDom 0.5196 2.7113 0.0257* [6  42] 0.7213 2.8328 0.0618 [3 22] 0.6804 3.4454 0.0342* [3 22] 
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Figure 3.1.  Identifies all the sites compared in this study, the Brazilian study sites from the 
literature (black triangles) and the Paraguayan sites from this study (black circles). 

 
Figure 3.2.  Identifies the 40 grids sampled at each of the four Paraguayan reserves, Mbaracayú 
Natural Forest Reserve (Reserva Natural del Bosque de Mbaracayú, MB); San Rafael Managed 
Resource Reserve (Reserva de Recursos Manejados San Rafael, SR); Morombí Natural Private 
Reserve (Reserva Natural Privada Morombí, MO); and Limoy Biological Reserve (Reserva 
Biologica Limoy, LY).
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Figure 3.3.  Above are the regression models showing the relationships between the distances to 
edge of all the Paraguayan grids and number of species captured (top) and the distance to edge 
and number of individuals captured (bottom).  
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Figure 3.4.  Above are the abundance plots (left) and Whittaker plots (right) for each of the 
Paraguayan reserves in this study. The abundance plots show the species captured vs. the number 
of individuals for hat species. Meanwhile the Whitaker plots show number of species on the x-
axis vs. abundance of. All the species captured and the abbreviations are as follows: Akodon 

montensis (Amo), A. paranaensis (Apa), Calomys callosus (Cca), C. tener (Cte), Cryptonanus 

chacoensis (Cch), Didelphis albiventris (Dal), Euryoryzomys russatus (Eru), Gracilinanus agilis 
(Gag), G. microtarsus (Gmi), G. nov (Gnov) Hylaeamys megacephalus (Hme), Juliomys pictipes 
(Jpi), Marmosa paragauayana (Mpa), Necromys lasiurus (Nla), Oligoryzoyms flavescence (Ofl), 
O. fornesi (Ofo), O. nigripes (Oni), Oecomys sp. (Oe sp), Rhipidomys macrurus (Rma), Rattus 

rattus (Rra), Sooretamys angouya (San), and Thaptomys nigrita (Tni). 
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Figure 3.5.  Above are the different species estimators and rarefraction curves for each reserve: 
Mbaracayú and San Rafael. Each graph was divided by reserve into A) Species estimators Choa1 
and Choa2; B) Species estimators ACE and ICE: and C) rarefraction curves for Jack knife 1, Jack 
knife 2, and bootstrap algorithms. For each plot the X-axis represents each individual samples or 
grid for each of the reserves and the Y-axis is the estimated number of species. 
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Figure 3.6.  Above are the different species estimators and rarefraction curves for each reserve: 
Morombi and Limoy. Each graph was divided by reserve into A) Species estimators Choa1 and 
Choa2; B) Species estimators ACE and ICE: and C) rarefraction curves for Jack knife 1, Jack 
knife 2, and bootstrap algorithms. For each plot the X-axis represents each individual samples or 
grid for each of the reserves and the Y-axis is the estimated number of species. 
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Figure 3.7.  Above are the similarity cluster analyses including A) Jaccard, B) Dice, C) Bray-
Curtis and D) Horn algorithms, for the Paraguay grids in the four reserves, Limoy (LY), San 
Rafael (SR), Morombí (MO) and Mbaracayú (MB). Each of the algorithms was bootstrapped 
1000 times and the numbers between clusters identify the support for each cluster.  
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Figure 3.8.  Above are the similarity cluster analyses including A) Jaccard, B) Dice, C) Bray-
Curtis and D) Horn algorithms, for the Paraguay and Brazilian sites utilized for this study. Each 
of the algorithms was bootstrapped 1000 times and the numbers between clusters identify the 
support for each cluster.  
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Figure 3.9. Above are the linear models plotting the relationships for patch size (left) and latitude (right) for all the sites in Paraguay and 
Brazil vs each of the separate diversity indices utilized including A) number taxa, B) number of individuals, C) Shanon index, D) Simpson 
Dominance, E) Simpson evenness, F) Buza and Gibson’s evenness, G) Menhinck’s richness, H) Margalef’s richness, I) Equitability J,  J) 

Fisher’s alpha, and K) Berger Parker diversity.  
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Figure 3.10.  Displays the results of the PCA for the Paraguayan 
sites utilizing all diversity indices plus the number of species and 
number of individuals (top) followed by only the diversity indices 
were used (bottom). Diversity indices are identified in Table 3.1.  
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11.  Displays the results of the PCA for the Paraguayan 
and Brazilian sites utilizing all diversity indices plus the number of 
species and number of individuals (top) followed by only the 
diversity indices were used (bottom). Diversity indices are 
identified in Table 3.1. 
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Figure 3.12.  Show the results for the Discriminant Function Analyses for the Paraguayan and Brazilian remnants divided into three different 
groupings. A) Discriminates the patches by size as large, medium and small (top); B) discriminates the patches by those north and south of the 
Tropic of Capricorn; C) discriminates the patches by those past the 300 km from the coastline and those restricted to less than 300 km from the 
coast.  
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CHAPTER IV 

LATITUDINAL AND METACOMMUNITY STRUCTURING OF NON-VOLANT 

SMALL MAMMALS IN THE ATLANTIC FOREST OF SOUTH AMERICA 

 

Introduction 

The Atlantic Forest (AF) of South America is a complex ecosystem with an 

extensive latitudinal range encompassing tropical to temperate regions of South America.  

This forest system is the most diverse for its size, is second in the number of endemic 

species in the continent (Costa et al. 2000) and is the second-largest moist forest behind 

the Amazon (Oliverira-Filho and Fontes 2000).  Commonly defined as the fringe of forest 

extending from northeastern Brazil down along the Atlantic coastline, the Atlantic Forest 

also extends inward into eastern Paraguay, where it is often recognized as the Bosque 

Atlántico del Alto Parana, or Mata Paranaense, by virtue of its unique floristic and 

faunistic characteristics (Azevedo 1950; Cabrera and Willink 1973; Leitão Filho 1987, 

1993; Câmara 1992; Chebez 1996; Oliverira-Filho and Fontes 2000; Olson et al. 2001).  

The AF differs from other forests in western Brazil and eastern Paraguay in terms of 

temperature, elevation, humidity and latitude (Oliverira-Filho and Fontes 2000).   

Throughout its extent from northeastern Brazil to eastern Paraguay, the Atlantic 

Forest has experienced massive and severe deforestation, and estimates suggest that only 

about 9-12% of the original forest cover now remains (Dean 1996; Pinto and Wey de 

Brito 2003; Fleytas 2007; Huang et al. 2007, 2009).  Furthermore, because this forest 

system has been identified to contain multiple centers of endemism (Müller 1973; Kinzey 
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1983; Costa et al. 2003), it is a major hotspot for conservation (Mittermeimeir et al. 1999; 

Olson et al. 2001; Galindo-Leal and de Gusmáo Câmara 2003).  

Few large-scale studies have tried to tackle the relationships existing throughout 

the extent of the AF (Costa et al. 2000), mainly because large-scale studies are usually 

costly and logistically difficult, requiring the gathering of data from many smaller, 

localized studies to be put together in order to see ―the big picture‖ (Stevens and Willig 

2002).  Alternatively, one could construct hypothetical distributions from expert-based 

information (Costa et al. 2000) or from museum records, as is suggested for 

macroecology (Brown 1995).  Without large-scale information, we will lack an 

understanding of how deforestation is affecting community structure in the AF, which is 

necessary for effective conservation in the future.  This understanding will be 

complicated by two potential influences on biodiversity in this region—a latitudinal 

gradient in species richness, and metacommunity structure among spatially separated 

assemblages (such as those existing within remnant forest patches following 

deforestation).   

The concept of a latitudinal increase in species richness from polar to equatorial 

regions on the planet (Rosenzweig 1995; Gaston 1996; Brown and Lomolino 1998; 

Willig 2001) is a well-established pattern in mammalian groups (Mares and Ojeda 1982; 

Willig and Selcer 1989; Willig and Gannon 1997; Willig and Lyons 1997; Lyons and 

Willig 1999, 2002; Stevens and Willig 2002; Stevens et al. 2003).  The presence of such 

a gradient complicates an examination of how deforestation in South America affects 

biodiversity, because diversity will not simply be a function of patch area, quality or 
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isolation.  However, previous examinations of forest fragmentation have not accounted 

for effects from the latitudinal gradient.   

In addition to the latitudinal gradient, another complicating factor is the presence 

of metacommunity structure in a fragmented system.  The metacommunity concept 

attempts to address two major issues in ecology: the first is in mechanistically 

understanding spatial variation in site composition of species, and the second is in 

understanding the pattern of species distributions along environmental gradients (Leibold 

and Mikkelson 2002; Cottenie 2005; Presley et al. 2009).  Recently, analyses of 

metacommunity structure have laid down a path for understanding differences in 

assemblage structure between localities (Kusch et al. 2005; Zimmerman 2006; Bloch et 

al. 2007; Burns 2007; Stevens et al. 2007; Werner et al. 2007; Barone et al. 2008; Presley 

et al. 2009; Presley and Willig 2010).  In examining the metacommunity structure within 

the Atlantic Forest, one must compare several idealized metacommunity patterns, such as 

nestedness (Patterson and Atmar 1986), checkerboards (Diamond 1975), Clementsian 

(Clements 1916), Gleasonian (Gleason 1926), evenly spaced gradients (Tilman 1982) 

and/or random (Simberloff 1983) patterns of community structure, to determine which 

metacommunity structure is present, which can then lead to deductions regarding the 

mechanisms accounting for the particular structure observed.  Utilizing current 

approaches to test these patterns (Leibold and Mikkelson 2002; Presley et al. 2009), I 

attempt to evaluate the spatial structure of non-volant small mammal assemblages in 

forest patches at multiple scales and, in doing so, examine the mechanistic effects of 

habitat fragmentation along the Atlantic Forest.  At the same time, I attempt to evaluate 

the influence of an environmental (latitudinal) gradient from northeastern Brazil to 
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eastern Paraguay, as well as the gradient from the coastal to in interior forests of the 

larger Atlantic Forest of South America.   

The main goal of this study is to understand the large-scale patterns of structure 

within the Atlantic Forest by employing the elements of a metacommunity structure 

approach as defined by Presley et al. (2009), using non-volant small mammals as a 

model.   In order to do so, data were compiled from 19 studies that spanned the extent of 

the Atlantic Forest.  Using empirical data, I explored patterns of diversity along the 

Atlantic Forest as a function of habitat fragmentation, latitudinal gradients and 

metacommunity structure; additionally, the differences in relationships between tropical 

and temperate portions of the Atlantic Forest are assessed.  

 

Materials and Methods 

 Non-volant small mammals and the South American Atlantic Forest  

This study utilized data from published studies along the extent of the Brazilian 

Atlantic Forest from approximately 13º S to 26º S in southern Brazil, with the addition of 

field data from four Paraguayan sites: Mbaracayú Natural Forest Reserve (Mbaracayú 

Natural Forest Reserve (Reserva Natural del Bosque de Mbaracayú, MB); San Rafael 

Managed Resource Reserve (Reserva de Recursos Manejados San Rafael, SR); Morombí 

Natural Private Reserve (Reserva Natural Privada Morombí, MO); and Limoy Biological 

Reserve (Reserva Biologica Limoy, LY) (Fig. 4.1).  Data from 20 studies and Paraguay 

field data (Table 4.1) that included 66 remnants were utilized for this analysis.  All the 

selected studies reported on small mammal surveys within forest fragments of varying 

sizes; data collected included latitude, longitude, locality, elevation, forest remnant size, 
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number of trap nights and number of species captured.  All remnants were given an 

identification number, from one to 61, following latitude from north to south.  A total of 

43 localities (Table 4.1) were tallied from the 19 studies.  These data were incorporated 

into a site by species incidence matrix.  

In these studies, species identifications were assumed to be correct as presented in 

the studies listed in Table 4.1 above, although many of the species have gone through 

taxonomic revisions in the last few years (e.g., Weksler et al. 2006; Costa et al. 2007; 

Percequillo et al. 2008).  Accordingly, the most current name for each taxon was used.  

However, several studies failed to identify taxa to specific levels.  In order to account for 

the effect of this taxonomic uncertainty on the patterns of metacommunity structure, two 

approaches were taken: 1) Treating each taxon without specific nomenclature as a unique 

species, although this approach may overestimate the number of species present; and 2) 

All taxa for which a specific name could not be assigned were eliminated from the site 

vs. species matrix, although this approach underestimates the number of species included.  

The working assumption for this study is that the true effect of taxonomic uncertainty is 

found somewhere in between the approaches above. 

Cluster analysis was conducted using PAleontological STatistics (PAST) Version 

1.96 (Hammer et al. 2001) with Jaccard and Dice algorithms for presence/absence data.  

This analysis allowed identification of the relationships between remnants under the 

assumption that remnants that are spatially closer to each other should be more similar to 

each other than to those that are spatially farther apart, especially if there is a latitudinal 

gradient effect.  Furthermore, cluster analysis allowed for visualization of hierarchical 

relationships among sites and for the grouping of sites rather than simply lining up sites 
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next to each other by those that are more similar (i.e., reciprocal averaging or maximum 

packing as in nestedness examinations).  

Linear models were constructed to identify the correlations between latitude 

versus number of species, trapping effort and forest remnant size.  Latitude vs. number of 

species was tested for a latitudinal gradient effect on species numbers.  A survey closer to 

the equator should on average have larger numbers of species than surveys farther away 

from the equator.  Like latitude, trapping effort also has a positive correlation with 

number of taxa.  The higher the trapping effort conducted at any one locality, the higher 

the number of species expected to be found; thus, a linear model to show the relationships 

between trapping effort and number of species was constructed.  This was followed by 

another linear model for the combined effect of latitude and trapping effort in order to 

correct for any bias due to trapping effort.  The relationship between forest remnant size 

and number of species (i.e., species-area relationship) was also evaluated.  Finally, a 

model for latitude vs. forest remnant size was created in order to understand where the 

different size forest remnants were located along the latitudinal gradient (Fig. 4.3).   

Elements of metacommunity structure 

Prior to the above analyses, reciprocal averaging was used as an ordination 

approach of the initial site and species matrix, as outlined by Leibold and Mikkelson 

(2002) and Presley et al. (2009, 2010).  This approach aligns sites so that those with the 

most similar species and those species with the most similar distributions are placed close 

together within the matrix.  This approach has been suggested as the best way of ordering 

such matrices along a single axis of variation (Leibold and Mikkelson 2002) and 

furthermore allows species to be ordinated at multiple scales simultaneously (Presley et 
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al. 2009).  For this approach, ordination serves three purposes.  It allows: 1) A reduction 

in the interruption of species’ ranges; 2) A visual basis to judge nestedness or turnover; 

and 3) A visual basis to judge boundary clumping (Leibold and Mikkelson 2002). 

Metacommunity analyses were then conducted to assess species distribution 

patterns along the Atlantic Forest.  The Matlab function metacommunity.m, developed by 

Chris Higgins (http://www.tarleton.edu/Faculty/higgins/EMS.htm) and published in 

Presley et al. (2010), attempts to quantify coherence, species turnover and boundary 

clumping within a site-by-species incidence matrix via comparisons to null models 

(Leibold and Mikkelson 2002) and was used for the statistical analysis of 

metacommunity structure.  

The data were then compared to idealized patterns of metacommunity structure, 

including checkerboards (Diamond 1975), nestedness (Patterson and Atmar 1986), 

Clementsian (Clements 1916), Gleasonian (Gleason 1926), evenly spaced gradients 

(Tilman 1982) and random (Simberloff 1983), in addition to three quasi-nested (clumped 

species loss, stochastic species loss and hyperdispersed species loss) and three quasi-

clumped (quasi-Clemensian, quasi-Gleasonian and quasi-evenly spaced) patterns that can 

be thought of  as intermediates between clumped and nested patterns (Presley et al. 

2010).  These latter patterns account for situations with significant coherence, resulting in 

non-significant turnover, which previous studies erroneously dismissed as random 

(Leibold and Mikkelson 2002).  Each of these quasi structures is characterized by the 

same distributional features of the associated idealized structures, except that range 

turnover is not significant. Although significant associations do suggest strong nested or 

clumping patterns, these are not required for Gleasonian, evenly spaced or nested 

http://www.tarleton.edu/Faculty/higgins/EMS.htm
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distributions (Presley et al. 2010).  Thus non-significant turnover may be characteristic of 

weaker structuring forces (Presley et al. 2010).  

These distributional comparisons are required to understand diversity patterns 

along several scales of the Atlantic Forest, since this ecosystem traverses several 

latitudinal boundaries and an extensive habitat gradient from the coast to inland 

Paraguay.  Furthermore, as suggested by Presley et al. (2009), these comparisons 

examine the occurrence of species and composition of communities to identify the 

gradient that defines metacommunity structure and ordinates species and communities 

along those gradients.  This is different from other analytical approaches that require that 

the variables which are important for these structures to be understood or hypothesized a 

priori.  

There are six idealized structures of hierarchy that are recognized for 

metacommunity structure.  One primarily has to test for coherence, which is measured by 

counting the number of embedded absences in a presorted (i.e., averaged or packed 

species) matrix (Presley et al. 2009).  If a matrix exhibits perfect coherence, there would 

be no species absences.  However, when the number of embedded absences is higher than 

would be expected by chance, this is indicative of a checkerboard metacommunity 

structure (Diamond 1975).  When the embedded absences are not significantly different 

from a null model, then the species from that matrix are not responding to the same latent 

environmental gradient, and thus the metacommunity would be considered to show a 

random structure (Presley et al. 2009).  When a matrix shows fewer embedded absences 

than would be expected by chance, then there is a turnover or boundary clumping 

structure.  Turnover can be explained as the replacement of species from site to site, and 
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the contrary, called no turnover, is perfect nestedness (Leibold and Mikkelson 2002).  

When compared to a null model of replacements, significantly low (negative) turnover is 

consistent with nestedness; significantly high (positive) turnover is consistent with 

Gleasonian, Clementsian and evenly spaced distributions.  Meanwhile, non-significant 

turnover is representative of quasi-structures.  Gleasonian, Clementsian and evenly 

spaced distributions can be compared with a χ
2 goodness-of-fit test by comparing the 

observations to an expected (equiprobable) distribution of range boundary locations 

(Hoagland and Collins 1997; Leibold and Mikkelson 2002).  Morisita’s (1971) index (I) 

is used to distinguish among these structures, where I > 1.0 represents clumped 

boundaries or Clementsian structure, I < 1.0 represents a hyperdispersed boundary or 

evenly spaced distributions, and randomly distributed boundaries represent Gleasonian 

structure (Presley et al. 2009).  

Nestedness (Patterson and Atmar 1986) has traditionally dealt with predicted 

losses of species among or between sites.  In the same way as clumping, nestedness can 

be divided into three groups.  Presley et al. (2009) compared different perfectly nested 

metacommunities by changing possible combinations of clumped boundaries and tested 

them with χ
2 goodness-of-fit tests compared to an equiprobable distribution.  In this 

scenario, perfectly nested metacommunities with no clumping are characterized by 

hyperdispersed species loss, with I = 0 and P < 0.001.  Randomly clumped nested 

structure would not be significantly different from an equiprobable distribution.  And 

those structures that are significantly different but have I < 1 are characterized as 

clumped species loss.   
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The Matlab function metacommunity.m follows the procedure outlined by 

Leibold and Mikkelson (2002).  The framework begins by testing coherence, which can 

be defined by the number of embedded absences in the species matrix after reciprocal 

averaging.  The function counts the number of embedded absences (Abs) and tests for 

significance versus a null model that also estimates the mean expected number of 

embedded absences (MA) and its standard deviation (SA).  Coherence is defined by a 

lower number of embedded absences than expected.  Non-significant results of embedded 

absences suggest a random distribution of species, whereas significant embedded 

absences suggest either coherence or a checkerboard pattern.  A larger number of 

observed than expected absences is indicative of a checkerboard pattern, whereas a lower 

number of observed absences vs. expected suggests coherence.  

The next test is for turnover, which can be defined as the replacement of species 

from site to site.  Thus a second null model is constructed to compare the number of 

observed vs. expected number of turnovers.  The Matlab function estimates the observed 

(Re), expected (MR), standard deviation (SR) and significance of turnover after 1000 

iterations.  Non-significant turnover suggests a quasi-stucture.  Significant turnover, with 

observed turnover lower than expected, is characteristic of a nested pattern, whereas a 

significant turnover with an observed lower than expected turnover suggests a clumped 

pattern. 

Expanding on the six structures Leibold and Mikkelson (2002) suggested, Presley 

et al. (2010) defined a total of twelve coherent metacommunity structures defined by a 

combination of range turnover and boundary clumping.  These quasi–structures include: 

quasi-Clementsian, quasi-Gleasonian, quasi-evenly spaced and three quasi-nested divided 
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as clumped species loss, stochastic species loss and hyperdispersed species loss, which 

can be defined by range turnover and boundary clumping.    

Metacommunity analyses were run for the following: a) The entire dataset of the 

Atlantic Forest, b) The coastal Atlantic Forest (i.e., the forest within 300 km of the coast), 

c) The Interior Atlantic Forest (i.e., the forest remnants beyond 300 km from the coast),  

d)  A Brazilian locality approximately 350 km from the coast that represented several 

remnants, each tested independently for the Mata Atlantica vs. the Interior Atlantic 

Forest, e)  The Paraguay localities only f) Localities north of the Tropic of Capricorn, and 

g) Localities south of the Tropic of Capricorn.  These last two analyses were run 

independently to compare regions in the subtropical and temperate regions, respectively.  

 

Results 

Cluster analysis 

The cluster analysis showed that fragments did not cluster according to latitude, 

as would be expected (Fig. 4.2).  Since these are all numbered on basis of latitude, with 1 

as the northernmost locality and 61 the southernmost locality, one would expect to find a 

sequential alignment of remnants.  For both Jaccard and Dice similarity indices, patch 53 

was the most distinct of all of the forest remnants (Fig. 4.2).  

 There were four major clusters recovered with both analyses, although the 

immediate relationships in some varied a bit.  There was a northern cluster (NC) that 

included mostly northern remnants as far south as remnant 25 (approximately 

17.29201˚S), a large central and southeastern Brazil coastal cluster (SC), a third, interior 

cluster (IC) that captured most of the remnants past 300 km from the coast along with the 
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Paraguayan remnants, and a fourth miscellaneous cluster (MI) that was completely 

unique and included remnants mainly from central to northern Brazil along the coastline, 

including 6, 20, 7 and 16.  Finally, site number 53 was again the most different of all the 

analyzed remnants. 

 The Paraguayan remnants did cluster together as would be expected, and these 

clustered within the southern Brazilian forest remnants that were at least 300 km inland.  

Unexpectedly, the Paraguayan remnants were not recovered as the most dissimilar, as 

would be expected since these are the innermost continental expansions of the Atlantic 

Forest.  In both analyses, Limoy was most similar to Morombí, which were collectively 

most similar to San Rafael, and then these were most similar to Mbaracayú (Fig. 4.2).   

Linear model 

Relationships among trapping effort, remnant size and number of species all 

showed negative relationships with latitude (Fig. 4.3).  Studies in southeastern Brazil and 

Paraguay had higher trapping efforts than did those of more northern latitudes and were 

conducted in larger forest remnants than in more northern latitudes.  Studies from more 

southern latitudes had higher number of species than in northern latitudes.   

Metacommunity analyses  

An examination of the various distributions revealed very similar metacommunity 

patterns among sites and scales.  The sole exception was found when the entire Atlantic 

Forest was analyzed with or without the non-identified species (Table 4.2); if these 

species were included, the idealized pattern resembled a Clementsian distribution, 

whereas if they were excluded the distribution fit a random pattern.  Whether unidentified 

species are included or not, the coastal Atlantic Forest fit a Clementsian pattern.  The 
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interior Atlantic Forest also fit a Clementsian pattern, whether unidentified species were 

included or not.  Interestingly, sites north of the Tropic of Capricorn recovered a random 

pattern, while those south of it recovered a quasi-Clementsian community structure, in 

both cases independently of whether unidentified species were included or not.  

 

Discussion 

Latitudinal gradient 

One of the best-recognized patterns of biodiversity on the planet is the gradient of 

biodiversity from Polar Regions to the equator (Rosenweig 1995; Gastron 1996; Willig 

and Gannon 1997; Brown and Lomolino 1998; Willig and Lyons 1998; Willig 2001; 

Stevens and Willig 2002; Stevens et al. 2003; Willig et al. 2003).  The extension of the 

Atlantic Forest as a whole encompasses a transition from approximately 12˚ South 

latitude to potentially as far south as 31˚ South based on ecoregional distributions (Olson 

et al. 2001).  Utilizing idealized distributions of South American forest species, Costa et 

al. (2000) suggested that there is a natural cutoff of the Atlantic Forest at around 18˚ 

South, with three centers of endemism: 1) the Pernambucoan, 2) the Southeastern Coast, 

and 3) the Paulista, which are all in accordance with Muller’s (1973) vision for centers of 

endemism of the Atlantic Forest.  

The linear model for trapping effort clearly showed a strong negative association 

towards the northernmost trapping sites.  Unlike what would be expected in Brazil, it was 

Rio Doce State Forestry Park in the state of Minas Gerais, and the Estação Biologica de 

Santa Lúcia in the state of Espríto Santo, that had the highest trapping efforts (at 31,960 

trap nights and 21,982 trap nights, respectively).  The latter was the remnant with the 
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highest number of species.  However, a large portion of the studies were in the States of 

São Paolo or in Rio de Janerio, which did not bias the over-patterns since the analysis 

was conducted by site and not by geographic unit (as was the case in Costa et al. 2000). 

There was a trend for larger remnants to occur in southern latitudes, and likewise, 

smaller remnants in more northern latitudes.  Although one would expect that larger 

forest remnants should have higher numbers of species as according to species-area 

relationships, that pattern does not seem to hold in the Atlantic Forest, being driven more 

by trapping effort than patch size (see Chapter 2).  Moreover, given the latitudinal 

gradient, one would expect that on average sites closer to the equator would show higher 

richness comparatively to more southern sites.  However, the linear model showed a 

strong association in the opposite direction, where southern localities showed higher 

number of species, and there seemed to be a peak between 19˚S and 20˚S.  Thus the 

linear model results are counterintuitive to the latitudinal gradient of biodiversity.  

Instead we see the opposite, possibly due to the forest remnant size bias (and thus a 

trapping effort bias) that also occurs along a latitudinal gradient; thus it could be said that 

fragmentation is driving large-scale patterns of diversity in this system to a greater extent 

than latitude. 

Metacommunty structure in the Atlantic Forest 

   As outlined by Leibold and Mikkelson (2002), the criteria required for an 

idealized nestedness pattern include: 1) A formerly continuous habitat that started with 

the same set of species and is now fragmented; 2) Lack of subsequent immigration; 3) 

Extinction rates that occur at all fragments, and 4) Species go extinct faster in smaller 

fragments than in larger ones.  Based on these criteria, the Atlantic Forest would seem to 
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be an ideal setting for a nested pattern to arise.  However, the remnants of Atlantic Forest 

do not show a faster extinction of non-volant small mammals in smaller forest remnants 

compared to larger ones; as a matter of fact, more fragmented and smaller remnants tend 

to have higher abundances and richness of species than very large ones (see Chapters 2 

and 3).  Clearly, nestedness would make much more biological sense for oceanic and sky 

islands, where the matrix is not hospitable for the island species (Patterson and Atmar 

1986).  In areas where the matrix is permeable, however, as is the case for forest 

mammals of the AF, two phenomena are at work: dispersal among forest remnants is 

possible, and at the same time non-forest species (i.e., those adapted to the matrix itself) 

invade the forest patches.  Consequently, it is not surprising that nested structure was not 

seen in my data. 

The metacommunity analysis recovered a pattern of Clementsian clumping, which 

indicates that communities are arranged in clusters at multiple scales (e.g. Atlantic Forest 

as a whole, coastal AF and interior AF; Table 4.2).   The presence of Clementsian 

clumping therefore suggests that coastal and interior Atlantic Forests are legitimately 

natural units.  At the same time, however, the analyses of sites north and south of the 

Tropic of Capricorn retrieved a pattern of random structure for the northern sites and a 

quasi-Clementsian for the southern sites.  This would suggest that mammal community 

structure is more driven by distance from the coast than the subtropical/temperate divide 

around 23˚ S.  However, when sites from the cluster analysis were superimposed with the 

regions outlined by Costa et al. (2000) as the northern Atlantic Forest cluster and the 

southern Atlantic Forest with a break at about 18˚ S, my sites divided surprisingly well, 

where cluster NC in this analysis fell within Costa et al.’s (2000) northern groupoing.  
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Meanwhile, cluster SC included all the remnants from localities south from about 18˚ S 

that were within 300 km from the coastline.  Finally, as would be expected from an 

independent interior Atlantic Forest grouping, cluster IC included all the interior 

southernmost Brazilian sites beyond 300 km from the coast as well as the Paraguayan 

remnants.   

Thus the coupling of the metacommunity analysis with the similarity analysis 

show strong support for a natural division of the Atlantic Forestinto at least three units 

within the Atlantic Forest: northern and southern coastal Atlantic Forest, with a division 

at about 18˚S, and an independent interior Atlantic Forest (Mata Misionera or Bosque 

Atlantico del Alto Parana) at least 300 km from the coast.  Furthermore, the innermost 

sites of interior Atlantic Forest in Paraguay seemed to maintain a separate entity, 

although this is likely a construct of low sample size. Thus independent of trapping 

efforts the pattern suggested by Costa et al. 2000 was supported. Furthermore, a unique 

Interior Atlantic Forest cluster, which includes Paraguay and those sites past 300 km 

from the coastline, is recovered. And additionally another cluster nested within northern 

cluster might help to address these more local centers of endemism.  

 This is the first time that these hypotheses have been put to test with empirical 

data. Although we still have a great deal to learn about the Atlantic Forest as a whole, 

particularly the Interior Atlantic Forest, this study helps to shed some light on large-scale 

patterns.  It is important to highlight that research concerning the Atlantic Forests of 

Argentina and of Paraguay have been highly neglected, which why there is a need for 

more research as well as for standardized assemblage or community studies.   The more 

we understand about metacommunity structure and latitudinal patterns, the more that 
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conservation strategies can be tailored for particular regions, making them more effective 

and relevant.  Although latitude has a major effect on species diversity, it is important to 

understand that patch and matrix configuration along that gradient is equally important.  

In this study, I examined how fragmentation affects biodiversity on a continental scale, 

the results of which indicated that anthropogenic disturbances are having profound 

impacts.  Indeed, even well-established patterns, i.e., latitudinal gradients, are now being 

changed by habitat fragmentation along the extent of this forest system.  As in many parts 

of South America, and particularly in Paraguay, there is still a great deal we do not 

understand about the distribution of species, as has been clear with recent new species 

accounts for Paraguayan mammals (Lopez-González et al. 1998; de la Sancha et al. 2006, 

2009a, 2009b; D’Elia et al. 2008; Percequillo et al. 2008; Stevens et al. 2010).  It is 

imperative that we collect as much knowledge about what is left in our natural systems 

and that we document and understand them before these natural patterns are altered and 

lost for good. 
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Table 4.1.  The sites utilized in this project including, locality, remnant size and source of data. 

Latitude Longtitude Locality 

State 

Department SiteID 

Patch 

size Citation Year 

-13.525 -39.035 Faz. Subaúma W1, Cairu Bahia 1 3446 Moura 2003 

-13.579 -39.707 
Estaço Ecológica Nova Esperança W3, 
Wenceslau Guimarães Bahia 2 2210 Moura 2003 

-13.701 -39.233 Faz. São João W2, Nilo Peçanha Bahia 3 914 Moura 2003 
-13.865 -39.673 Faz, São Roque M3, Itarnari Bahia 4 2025 Moura 2003 
-13.953 -39.451 Faz. Pedra Formosa M2, Ibirapitanga Bahia 5 1897 Moura 2003 

-14.018 -39.143 
Projeto de assentamento Zumbi dos 
Palmares M1, Camamu Bahia 6 7530 Moura 2003 

-14.344 -39.087 Faz. Rio Capitão CO1, Itacaré Bahia 7 89 Moura 2003 
-14.424 -39.060 Faz. Caititu CO, Uruçuca Bahia 8 10224 Moura 2003 
-15.155 -39.527 RPPN Serra do Teimoso E3, Jussari Bahia 9 2228 Moura 2003 
-15.166 -39.060 RPPN EcoParquede Una E1, Una Bahia 10 20128 Moura 2003 
-15.167 -39.050 Una Biological Reserve Bahia 11 7022 Pardini 2004 
-15.167 -39.050 Una Biological Reserve Bahia 12 <100 Pardini 2004 
-15.172 -39.061 Reserva Biológica de Una RBU1, Una Bahia 13 20128 Moura 2003 
-15.197 -39.391 Faz. Orion-Serra das Lontras E2, Arataca Bahia 14 3135 Moura 2003 
-15.620 -39.161 Faz. Monte Cristo C1, Canavieiras Bahia 15 220 Moura 2003 
-15.927 -39.636 Faz. Palmeiras C3, Itapebi Bahia 16 3215 Moura 2003 

-15.967 -47.950 Fazenda Agua Limpa 
Brasilia, Distrito 
Federal 17 4062 

Nitikman and 
Mares 1987 

-15.974 -39.374 Faz. Taquara C2, Belmonte Bahia 18 2324 Moura 2003 

-16.286 -39.424 
Mata da Cara Brancs-Veracel Celulose P2, 
Santa Cruz de Cabrália Bahia 19 230 Moura 2003 

-16.324 -39.121 RPPN Esatção Veracruz P1, Porto Seguro Bahia 20 8090 Moura 2003 

-16.512 -39.304 
Parque Nacional do Pau Brasil PNPB, 
Porto Seguro  Bahia 21 17629 Moura 2003 

-16.599 -39.914 Faz. Vista Bela P3, Guaratinga Bahia 22 465 Moura 2003 

-17.107 -39.340 
Parque Nacional do Descobrimento D1, 
Prado Bahia 23 18126 Moura 2003 
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-17.169 -39.842 Faz. Princessa do Pajaú D3, Itamaraju Bahia 24 1450 Moura 2003 
-17.292 -39.673 Faz.Alcoprado D2, Teixeira de Freitas  Bahia 25 574 Moura 2003 

-19.397 -42.301 Fazenda Montes Claros  Minas Gerais 26 860 
Fonseca and 

Kierulff 1989 

-19.633 -42.550 Rio Doce State Park Minas Gerais 27 35973 
Fonseca and 

Kierulff 1989 
-19.633 -42.550 Rio Doce State Forestry Park Minas Gerais 28 35973 Stallings 1989 
-19.800 -42.633 Parque Estadual do Rio Doce Minas Gerais 29 36000 Grelle 2003 

-19.805 -42.642 Fazenda Esmeralda, Rio Casca Minas Gerais 30 80 
Fonseca and 

Kierulff 1989 

-19.950 -40.533 Estação Biológica de Santa Lúcia Espírito Santo 31 440-800 
Passamani et 

al. 2000 

-19.967 -40.583 Santa Teresa Espírito Santo 32 8 
Passamani 

and Riberiro 2009 

-20.317 -41.717 Caparaó National Park (PNC) 
Minas Gerais 
Espírito Santo  33 26000 

Bonvicino et 
al. 2002 

-20.775 -40.592 
Samarco Mineração S.A., Município de 
Anchieta Espírito Santo 34 390 

Passamani et 
al. 2004 

-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  35 7 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  36 1 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  37 10 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  38 9 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  39 11 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  40 12 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  41 9 Pires et al. 2002 
-22.500 -42.250 Poço das Antas Biological Reserve Rio de Janeiro  42 15 Pires et al. 2002 

-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  43 6300 
Castro and 
Fernandez 2004 

-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  44 11 
Castro and 
Fernandez 2004 

-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  45 9 
Castro and 
Fernandez 2004 

-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  46 13 Castro and 2004 
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Fernandez 

-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  47 6 
Castro and 
Fernandez 2004 

-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  48 11 
Castro and 
Fernandez 2004 

-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  49 9 
Castro and 
Fernandez 2004 

-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  50 10 
Castro and 
Fernandez 2004 

-22.500 -49.250 Poço das Antas Biological Reserve Rio de Janeiro  51 1 
Castro and 
Fernandez 2004 

-22.533 -42.867 
Cachoeiras de Maccau, 
Guapimirim,Itaboraí Rio de Janeiro  52 12-250 Vieira et al. 2009 

-22.533 -42.867 
Cachoeiras de Maccau, 
Guapimirim,Itaboraí Rio de Janeiro  53 10000 Vieira et al. 2009 

-22.717 -46.917 Pedreira (PD) São Paulo State 54 NA 
Bonvicino et 

al. 2002 
-23.633 -46.883 Morro Grande Reserve São Paulo State 55 860-1075 Naxara et al. 2009 

-23.767 -47.117 Resera Florestal do Morro Grande, Grilos São Paulo State 56 10700 
Pardini and 

Umetzu 2006 

-23.767 -47.117 Morro Grande Reserve São Paulo State 57 9400 
Umetsu and 

Pardini 2007 

-23.767 -47.117 Caucaia do Alto São Paulo State 58 50-275 
Umetsu and 

Pardini 2007 

-24.233 -48.067 
Parque Estadual Intervales (PEI) Saibadela 
Barra Grande São Paulo State 59 49000 

Viveros EM 
and Monterio 2003 

-24.533 -47.250 Juréia-Itatins Ecological Station São Paulo 60 80000 Bergallo 1994 
-26.067 -48.633 Resera Volta Velha Santa Catarina 61 586 Quadrosetal. 2000 

-24.149 -55.432 Reserva Biologica Mbaracayú 
Canindeyú 
Caaguazú MB 95758 This Study  

-26.459 -55.758 Reserva San Rafael  Caazapá Itapua SR 77351 This Study  
-24.816 -54.467 Reserva Limoy, Itaipu Binacional  Alto Parana LY 16000 This Study  
-24.538 -55.351 Reserva Privada Morombí Canindeyú MO1 17507 This Study  
-24.713 -55.438 Reserva Privada Morombí Canindeyú MO2 1214 This Study  
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Table 4.2.  Outlined below are the metacommunity structures at different scales including the entire extent of the sites utilized 
in this project, coastal forest (< 300 km from the coast), Interior Atlantic Forest (> 300 km from the coast), the Paraguayan 
remnants only, those remnants in the tropic zone (north of the Tropic of Capricorn) and those remnants in the temperate zones 
(south of Tropic of Capricorn). 
 

Results with Spp                     

  Abs  Apr  MA  SA  Re  Rpr  MR  SR  M  Mpr  Metacommunity 

All 2274 0.0433 2698 210 129845 0.0089 100890 11071 3.40 0.0000 Clementsian 

MataAll 1711 0.0262 2106 178 79145 0.0021 58445 6731 3.40 0.0000 Clementsian 

MataNO35-

51 1467 0.7196 1420 132 45505 0.0415 37347 4002 2.52 0.0000 Random 

Inland300+ 137 0.0000 330 30 10474 0.0000 6005 743 2.50 0.0000 Clementsian 

Inland350+ 35 0.8695 36 7 543 0.0715 423 67 1.47 0.0026 Rndom 

Paraguay 18 0.9567 18 4 185 0.2828 149 34 1.37 0.0194 Random 

Tropical 1164 0.0590 1406 128 35712 0.0009 23731 3599 4.57 0.0000 Random 

Temperate 131 0.0001 218 23 5534 0.1339 4946 392 1.35 0.0000 Quasi-Clemesian 

            

Results  No Spp                   

  Abs  Apr  MA  SA  Re  Rpr  MR  SR  M  Mpr  Metacommunity 

All 2817 0.1895 3169 268 139797 0.1868 123860 12075 3.07 0.0000 Random 

MataAll 2106 0.0442 2560 226 87310 0.0097 69603 6843 3.11 0.0000 Clementsian 

MataNO35-

51 1950 0.3070 1772 174 54149 0.0830 46493 4416 2.35 0.0000 Random 

Inland300+ 137 0.0000 332 32 10474 0.0000 6022 736 2.50 0.0000 Clementsian 

Inland350+ 35 0.8754 36 7 543 0.0660 418 68 1.47 0.0026 Random 

Paraguay 18 0.9041 18 4 185 0.2442 146 34 1.37 0.0194 Random 

Tropical 1744 0.1830 2020 207 58269 0.0047 43223 5318 3.76 0.0000 Random 

Temperate 145 0.0003 230 24 6147 0.0852 5440 411 1.41 0.0000 Quasi-Clementsian 
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Figure 4.1.  The map identifies all the sites (n=66) utilized for this study.  Brazilian 
studies are in solid triangles and the Paraguayan sites are in solid circles, with the historic 
extent of the Atlantic Forest in green.  
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Figure 4.2.  Jaccard (top) and the Dice (below) analyses for the all the 65 forest remnants 
from northeastern Brazil down to eastern Paraguay, based on presence/absence data. The 
analysis recovered 4 major clusters: 1) northeastern Mata Altantica (NC); 2) southeastern 
Mata Altantica (SC); 3) Interior Atlantic Forest group including Paraguay and the 
westernmost localities of Brazil (IC); 4) a miscellanous grouping (MI) with site 53 as an 
outgroup . This cluster structure corresponds well with the north-south division proposed 
by Costa et al. (2001), and the sensu stricto definition of the Mata Atlantica and Interior 
Atlantic Forest.    
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Figure 4.3.  Shows the relationships among trap nights, remnant size, and number of 
species with latitude along the Atlantic Forests of South America. Each of these variables 
appears to have a negative relationship with latitude.  
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Figure 4.4.  Identified are the different clusters identified for the Atlantic Forest of South 
America. The forest was divided into 4 major clusters with an outgroup of remnant 53 
(black star). The coastal Atlantic Forest was divided into two major groups, a northern 
cluster (solid black triangles) and a southern cluster (white triangles) which separate 
about 18˚ latitude consistent with Costa et al. (2001). A cluster is made with all the sites 

past 300 km from the coastline, which are considered the Interior Atlantic Forest (solid 
black circles). Finally a miscellaneous cluster including sites is nested within the northern 
coastal clade sides 6, 20, 7 and 16 (white circles).   
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CHAPTER V 

CONCLUSION 

The goal of my dissertation research was to improve the understanding of the 

Atlantic Forests of South America by applying the knowledge gathered through data 

collected over this three-year, in-depth study of Paraguay’s forest remnants to the rest of 

the Atlantic Forest remnants.  Specifically, my aims were to increase our knowledge of 

the non-volant small mammal assemblages in the eastern Paraguay forests, examine the 

relationship between species and forest remnant area in Paraguay, compare biodiversity 

between Paraguay and Brazil and examine the similarity between different parts of the 

Atlantic Forests through an examination of metacommunity and latitudinal relationships. 

By examining this system achieved the following:  1) I conducted several 

standardized surveys for forest remnants of Paraguay in order to document the 

assemblages of non-volant small mammals; 2) I established species-area relationships for 

four of the major forest remnants of Paraguay; 3) I uncovered similarity relationships 

between different coastal and non-coastal  Brazilian and Paraguayan sites; 4) I identified 

differences in biodiversity in different-sized forest remnants, tropical and temperate sites 

and coastal and inland remnants for a variety of diversity components (richness, 

evenness, dominance and biodiversity);  5) I categorized the metacommunity structure of 

the mammal assemblages of the Atlantic Forest at different scales, most of which showed 

a Clementsian clumping structure; 6) and finally, I detected latitudinal relationships 

between biodiversity and assemblage structures throughout the Atlantic Forest.   

In Chapter 2 I modeled richness of non-volant small mammals in remnants of 

Atlantic Forest following decades of large-scale deforestation.  With few prior 
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standardized surveys of Paraguayan mammals, my first objective was to try to understand 

the consequences of the current deforestation of eastern Paraguay.  Utilizing studies and 

survey information from the Brazilian Atlantic Forest, richness models were created to 

predict the number of species for each of the forest remnants of eastern Paraguay.  Then a 

three-dimensional model was built to predict number of species as functions of trapping 

effort and remnant size.  Unlike traditional species-area models, this three-dimensional 

model allowed for the incorporation of different trapping efforts from different studies.   

In Paraguay there was evidence to suggest that the species-area relationships of 

forest fragments are not linear.  Given the data from Brazil, the Paraguayan field data and 

an understanding of species richness from field experience, I suggest that in these forest 

systems, the largest remnants are not necessarily those with the highest richness, a result 

different from what would be predicted by island biogoegraphy.  A non-linear three-

dimensional function was better able to predict non-volant small mammal diversity for 

the remnants of Atlantic Forest. 

Each remnant was reduced in size by varying percentages from 5% to 75% to 

simulate continued deforestation, and richness was then recalculated.  The results 

demonstrated that changes in richness do not seem to be proportional for different-sized 

forest remnants.  The largest forest remnants actually increased in species richness with 

decreased area, whereas the smallest forest remnants, those less than 100 ha, did not seem 

to fluctuate in number of species with increased habitat loss.  All remnants in between 

these size extremes seemed to decrease in richness as area was reduced.  

This approach helped to understand the effects of trapping effort and forest 

remnant size.  Given these factors and using the non-linear model approach, the forest 
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remnants predicted to have the highest richness were those ranging in size from 40,000 

ha and 70,000 ha.  If the remnants in Paraguay were reduced in area, they were predicted 

to increase in richness in a non-linear fashion.  Thus, it would seem that richness can only 

be utilized for conservation when the species-area relationships for the taxa and system in 

question are better understood. 

In Chapter 3, I examined biodiversity at two scales: 1) within the forest fragments 

of Paraguay, comparing the various grids sampled within the fragments; and 2) between 

forest fragments of Paraguay and Brazil.  Biodiversity is composed of two basic and 

independent components: richness (number of species) and evenness (relative 

abundances of individuals).  These in turn are the basic blocks for all diversity indices.  I 

employed a multivariate approach to examine how each of these indices behaved as a 

function of scale, forest size and locality.  

Grids in the forest remnants of Paraguay showed that forest remnants experience 

an increase in both abundance and richness as one proceeds from the remnant interior to 

the edge.  Therefore, smaller remnants actually showed an overall increase in biodiversity 

due to edge effects.  

Cluster analyses, which utilized both presence/absence and abundance algorithms, 

revealed various patterns.  The presence/absence algorithms and one of the abundance 

algorithms separated the Paraguayan and Brazilian remnants, whereas the other two 

abundance algorithms  divided the Paraguayan remnants into two groups, one of which 

grouped Limoy and San Rafael with another Brazilian remnant, and then these remnants 

grouped with Mbaracayú and Morombí.  In general, the cluster analyses recovered a 

clade that included all of the Paraguayan sites and most of the Brazilian remnants past 
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300 km from the coast, and another group of mainly coastal sites that were generally 

divided into a northern cluster and a southern cluster along the Brazilian coastline.  

The results showed that diversity indices do not act the same at different scales.  

Utilizing PCA, the indices that were the most descriptive were identified at two spatial 

scales (between grids within remnants, and between remnants), and the relationships 

among the indices were compared.  Two different PCAs were conducted at each scale; 

the first included the raw data (numbers of species and individuals) and the other 

comprised of only the indices.  At both scales, the number of individuals was the metric 

that explained most of the variation.  However, each of the other indices varied in 

association and magnitude of effect.  When the diversity indices were analyzed 

independently, Fisher’s alpha was most closely associated with the Paraguayan remnants 

and seemed to capture the variation in overall diversity between the interior and edges of 

remnants.  At the regional scale, equitability seemed to capture most of the variation 

between Paraguay and Brazil. 

Various Discriminant Function Analyses (DFA) were conducted; the first 

discriminated three size categories of forest remnants, independent of where they were 

situated; richness, diversity and the combination of richness with dominance showed to 

be significantly different.  A separate DFA was run on groupings of remnants north and 

south of the Tropic of Capricorn, to determine if biodiversity differed between tropical 

and temperate regions.  Only richness and the evenness indices were significantly 

different.  Finally, forest remnants were categorized as less than or greater than 300 km 

from the coastline, which represented coastal and interior Atlantic Forest;  richness, 

evenness, diversity and richness combined with dominance were found to be significantly 
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different.  DFA showed two important points: 1) not all diversity indices are equally 

helpful in distinguishing groups; and 2) different components of biodiversity show 

differences with remnant size, latitude and other groupings.  Richness and diversity 

differed with forest remnant sizes.  Richness and evenness differed between tropical and 

temperate regions.  And finally, richness, evenness and diversity differed in different 

forest systems.  In conclusion, a multivariate approach utilizing various diversity indices 

that assess different components of richness and relative abundance is needed to quantify 

assemblage structure. 

In Chapter 4, effects of latitude and metacommunity structure were assessed for 

remnants from northeastern Brazil down to eastern Paraguay.  The aim was to understand 

how fragmentation may affect large-scale patterns of the Atlantic Forest, and in doing so, 

to understand how Paraguay fits into the structural framework of this system.   

Presence/absence cluster analyses were conducted to understand the similarity 

between sites.  Cluster analyses recovered two coastal forest groups, a northern and 

southern cluster, an interior Atlantic group with remnants from Brazil past the 300 km 

from the coast, and a miscellaneous group nested within the northern clade.  A 

straightforward latitudinal gradient, however, was not found. 

Linear models were created to understand the relationships between trapping 

efforts of each study, species richness, fragment size and latitude.  The results suggested 

that for the studies analyzed there was a trend of lower trapping efforts, lower numbers of 

documented species, and smaller forest remnants sampled from south to north.  If this is 

indicative of the landscape, then there is more fragmentation further north.  Therefore, the 
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opposite of the traditional latitudinal gradient in species richness was found.  Therefore, 

forest fragmentation is potentially overriding large-scale patterns of latitudinal gradients.   

Many of the Brazilian studies (from the literature) included specimens that were 

not identified to the species level.  Thus a metacommunity analysis was performed from 

two different approaches: 1) including each species that was not identified to the species 

level as a different species, which clearly overestimates number of species per site; and 2) 

omitting all the species not identified to the species level, which then underestimates the 

number of species estimated per site.  For the metacommunity analysis, the approach by  

Presley et al. (2009) was utilized to determine which idealized distribution pattern best 

described the diversity patterns at different scales, including divisions of coastal vs. 

interior Atlantic Forest, and north vs. south of the Tropic of Capricorn (i.e., tropic vs. 

temperate zones).  The results revealed a clumped metacommunity structure that supports 

categorizing the Atlantic Forest into unique units, including: 1) a coastal Atlantic Forest 

of two groups divided at approximately a latitude of 18 ˚S; 2) a unique interior Atlantic 

Forest unit 300 km inland from the coast; and 3) a unique, miscellaneous group nested 

with but clearly separate from the northern coastal cluster.  This is the first time these 

categorizations have been supported with empirical data.      

Relevance of this dissertation 

Although a great deal of work has been conducted throughout the coastal forest 

remnants of Brazil, few standardized,ecology-based projects have been conducted in 

Paraguay, and even fewer have focused on non-volant small mammals. Species 

distributions, basic natural history and ecological patterns are still poorly understood for 

most non-volant species in this part of the world.   
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In addition to the poor knowledge of Paraguay’s non-volant mammals, the 

deforestation of the eastern Paraguayan forest is a relatively recent event.  To date, few 

studies have attempted to understand the effects of deforestation on mammalian 

communities in Paraguay.  Furthermore, few studies have attempted to compare 

biodiversity patterns between the remnants of the interior Atlantic Forest and the 

Brazilian coastal forests, and even fewer have focused on the effects that the current, 

rapid and massive deforestation is having on biodiversity.  Knowledge of what existed in 

these forests is being lost at a very rapid rate, making studies like this one all the 

 more urgent, relevant and important. 

Future directions 

The next step for this ongoing research is to ground-truth the predictive model in 

Paraguay.  One of the advantages of the predictive models generated in this dissertation is 

that effects of both area and trapping effort can be tested.  Therefore, a multitude of 

configurations for testing these factors can and should be incorporated.  It may be 

possible that the interior Atlantic Forest may function differently from the coastal forest.  

A phylogenic component would clearly provide an entirely new dimension to the 

understanding of the relationships between the different grids and the different forest 

remnants. Species in the genera Akodon, Calomys and Oligorizomys would be perfect 

models for these analyses because each of these had large sample sizes and were 

represented in every grid sampled.  Although cytochrome b might be an adequate marker 

to reveal any genetic structure, microsatellites might be more useful at a local scale.  

 Now that the base data for large remnants exists, a logical next step would be to 

sample different-sized forest remnants around the large forest remnants.  Furthermore, it 
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would be interesting to test the effect of the configuration of remnants throughout a 

landscape (i.e., distance to next patch, isolation, shape of remnant, shape of configuration 

of multiple remnants etc.).  Likewise, it would be valuable to compare different remnants 

of comparable size but with different levels of disturbance, and to continue to sample in 

the matrix around different remnants, including different cover types within the matrix.  

Although several valuable studies have been conducted in the coastal Brazilian 

forest, nothing like this current study exists for the interior Atlantic Forest. The forests of 

Paraguay have four unique features; 1) They are the innermost continental remnants with 

unique landlocked properties; 2) They are among the furthest south and climate variations 

throughout the year are more intense than the coastal forests of Brazil; 3) The forest 

fragmentation of eastern Paraguay is very recent event, and much of the deforestation is 

just a few decades old (unlike the much of the Brazilian coastal forests); and 4) The 

understanding of the fauna present in the region is still poorly understood, as has been 

demonstrated by the number of new, recent species records (de la Sancha et al. 2006; de 

la Sancha et al. 2009a,  2009b;  D’Elia et al. 2008; Percequillo et al. 2008;  Lopez-

González et al. 1998; Stevens et al. 2010). 

 As was shown in Chapter 4, the Parguayan sites showed a random 

metacommunity structure, which likely is due to low sample sizes.  It would be valuable 

to see how these metacommunity structures are defined in the remnants of eastern 

Paraguay.  The way to do so would be to sample in more of the smaller remnants in a 

systematic fashion throughout eastern Paraguay.  

 Anthropogenic pressures are rapidly changing landscapes all over the planet.  The 

more data we have from different parts of the planet’s vast forest systems, the better we 
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can understand the processes that are affected by natural and anthropogenic forces on the 

landscape.  Only then can we begin to understand the consequences of these changes.  
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